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Abstract: Purpose: Tong Sheng tablets (TSTs) have long been used for treating cerebral ischemic reperfusion injury 
(CIRI) in clinic, but the underlying mechanism remains unknown. Therefore, in this study, TSTs were evaluated 
systematically using chemical analysis, network pharmacology and classical pharmacology. Methods: The first part 
was TSTs quality control including TSTs fingerprint establishment and chemicals identification. In the second part, 
network pharmacology analysis and bioinformatics were combined to construct a compound-target-disease net-
work, which can screen out key targets or pathways, revealing complex molecule mechanism of TSTs. The last part 
was experiment verification. Classical pharmacology of TSTs was investigated in vivo to verify the results of network 
pharmacology. Results: (1) Fingerprints of TSTs were established, and 11 characteristic peaks were identified using 
HPLC. (2) Network pharmacology and bioinformatics suggested that the protection of TSTs in treating CIRI might be 
related to regulation of oxidative stress, inflammation and apoptosis, and some key molecules such as Nrf2, IL-1β, 
TNF, Bcl-2 and Cyt-C involved in the pathways. (3) TSTs significantly improved neurologic behavior scores, decreased 
the areas of ischemic necrosis and neuronal necrosis, and increased Nissl body counts. Besides, TSTs significantly 
decreased pro-inflammatory cytokine (IL-1β, TNF-α) and pro-oxidative product levels (LPO, MDA) and increased anti-
oxidative product levels (NO, SOD). TSTs downregulated the protein expressions of Nrf2 and HO-1. Meanwhile, TSTs 
reduced apoptotic cell counts, downregulated the protein expressions of Cyt-C and Bax, and upregulated the pro-
tein expression of Bcl-2. In terms of autophagy, TSTs enhanced LC-3B protein expression. Conclusion: The present 
results illustrated that TSTs effectively alleviated CIRI, and the underlying mechanism might be associated with 
multiple molecular pathways. Herein, we established a primary pattern for studying Chinese herbal compounds and 
provided basic guidance for future investigation.
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Introduction

Cerebral stroke is the second most fatal dis-
ease globally, and ischemic cerebral stroke 
(ICS) accounts for 85% of the cases [1]. Cerebr- 
al ischemia and reperfusion injury (CIRI) is a 
critical pathological process in ICS. Oxidative 
and inflammatory damage are important fac-
tors for neurological dysfunction. The brain is 
sensitive to oxidative stress. ROS overproduc-
tion induces excessive oxidative stress, thereby 
damaging brain tissue. Endogenous antioxi-
dant enzymes such as NO and SOD reverse the 

accumulation of ROS [2]. Reducing inflamma-
tion and depleting inflammatory genes exert 
neuroprotective effects against brain damage 
following ischemic stroke [3]. Additionally, ne- 
crosis, apoptosis and autophagy are the main 
modes of neuronal death after CIRI. Recently, 
apoptosis and autophagy have become key 
research fields in CIRI [4].

Tissue plasminogen activator remains the only 
FDA-approved drug for ICS, but it only benefits 
3%-8.5% of patients who experienced a stroke 
for its narrow time window and adverse effects 
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[5]. Therefore, it is imperative to find novel ther-
apeutic strategies for stroke. In fact, traditional 
Chinese medicine (TCM) has a long history for 
treating ICS with Chinese herbs. In Chinese 
medicine, two or more herbs, in the form of a 
Chinese herbal compound (CHC), are applied 
together to treat diseases under inherent prin-
ciples. Chinese medicine or CHC possesses 
bioactive substances in treating diseases 
although there are abundant and complicated 
components. For example, in ancient China, 
Artemisia apiacea was used for treating malar-
ia, and modern research identified artemisinin 
as the main bioactive substance [6-8]. Other 
examples include Folium Ginkgo and arsenic 
[9, 10]. Although the specific curative me- 
chanism has not been fully illuminated, the 
CHC is characterized by an overall benefit veri-
fied by clinical application. For example, Tong 
Sheng tablets (TSTs), a successfully trans-
formed hospital preparation, have been com-
monly used to treat cerebral stroke in Dongguan 
Hospital of Traditional Chinese Medicine. TSTs, 
with some modifications of the ancient formula 
Angong Niuhuang Wan (ANW) and Fang Feng 
Tong Sheng San, have been used to treat men-
tal dizziness, delirium, and other stroke-like 
symptoms [11, 12]. TSTs consist of Rhei Radix 
et Rhizoma (Rheum officinale Baill), Saposh- 
nikoviae Radix (Saposhnikovia divaricata [Tu- 
rcz.] Schischk), Gardeniae Fructus (Gardenia 
jasminoides J. Ellis), Bovis Calculus Sativus 
(gallstones of Bos Taurus domesticus Gmelin), 
Bambusae Concretio Solicea (Bambusa te- 
xtilis McClure), Magnoliae Officinalis Cortex 
(Magnolia officinalis Rehder & E.H. Wilson), 
Paeoniae Radix Rubra (Paeonia veitchii Lynch) 
and Polygoni Cuspidati Rhizoma et Radix 
(Polygonum cuspidatum Siebold & Zucc). In the 
TSTs prescription, Bovis Calculus Sativus acts 
as a sovereign drug that has been used to treat 
stroke traditionally. ANW is a representative 
medicine, and modern pharmacological stud-
ies revealed that it can alleviate cerebral stroke 
[13]. Rhei Radix et Rhizoma, Polygoni Cuspidati 
Rhizoma et Radix, Paeoniae Radix Rubra, 
Gardeniae Fructus and Magnoliae Officinalis 
Cortex act as ministerial drugs, and their active 
ingredients rheochrysin [14], chrysophanol 
[15], polydatin [16], paeoniflorin [17], Geni- 
poside [18] and magnolol [19] all have thera-
peutic effects against CIRI. Bambusae Co- 
ncretio Solicea and Saposhnikoviae Radix, as 

conductant drugs, can facilitate the treatment 
of CIRI. 

Although many studies have focused on the 
herbs (or their monomers) involved in the 
effects of TSTs, the complete TSTs prescription 
analysis remains largely unexplored. The multi-
ple-targets and multiple-pathways characteris-
tics of TSTs also make research more difficult. 
Therefore, in this exploration, a quality control 
analysis of TSTs was initially performed by 
HPLC. Then a component-target-disease net-
work was constructed to find the potential key 
targets and possible mechanism. Further, clas-
sical pharmacology of TSTs was investigated in 
vivo to verify the results of network pharmacol-
ogy. Our research aimed to provide a scientific 
basis for the clinical application of TSTs.

Material and methods

Materials and reagents

Chromatographic-grade methanol was pur-
chased from Merck & Co., Inc (Darmstadt, 
Germany). The other regents used in this exper-
iment were all analytic reagents, and water was 
purified. Standards including geniposide, pae-
oniflorin, polydatin, magnolol, 4’-O-beta-gluco- 
pyranosyl-5-O-methylvisamminol, emodin, ch- 
rysophanol, aloe-emodin, physcion, rhein and 
prim-O-glucosylcimifugin were all obtained 
from Chengdu Must Bio-Technology Co., Ltd 
(Chengdu, Sichuan, China). ANW was bought 
from Tong Ren Tang Technologies Co. Ltd (Bei- 
jing, China). TSTs were provided by Dongguan 
Traditional Chinese Medicine Hospital (Dong- 
guan, Guangdong, China). 

HPLC analysis 

The HPLC analysis of TSTs was performed using 
a SHIMADZU LC-20A, which was equipped with 
a photodiode array ultraviolet-visible detector. 
An Agilent ZORBAX SB-C18 column was used in 
the analysis. Mobile phase A was methanol, 
and mobile phase B was 0.1% phosphate-water 
solution. The mobile phase gradient was set at 
a flow rate of 1 mL/min, and the column tem-
perature was 30°C. The injection volume was 
20 μL. The detection wavelength was 254 nm. 
The gradient elution was as follows: 0-5 min, 
5% A → 30% A; 5-40 min, 30% A → 60% A; 
50-55 min, 60% A → 100% A; and 55-60 min, 
100% A.
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Mixed standards were prepared as follows: all 
standards were weighed accurately, dissolved 
in 10 mL of methanol, and filtered through a 
0.45-μm membrane. Samples were extracted 
as follows: TSTs were crushed into powder, and 
then 1.0 g of powder was accurately weighed 
and ultrasonically extracted (250 W, 40 kHz, 
25°C) with 50 mL of methanol for 30 min. If 
necessary, methanol was added to replenish 
the weight lost during extraction. Samples were 
finally obtained after filtering the extracts 
through a 0.45-μm membrane.

Experimental animals 

Ninety male Sprague-Dawley rats (250-270 g, 
approval No. SYXK 2018-0001) were provided 
by the Experimental Animal Center of Guang- 
zhou University of Chinese Medicine. All rats 
had free access to a standard diet and drinking 
water, and they were housed in a room at 24.0 
± 0.5°C with a 12 h/12 h cyclic lighting sched-
ule. The experiment was performed in compli-
ance with the Animal Ethics Committee of 
Guangzhou University of Chinese Medicine.

Cerebral artery occlusion (MCAO)-induced fo-
cal CIRI model 

MCAO-induced CIRI was established as follows 
[20]. Rats were anesthetized via an intraperito-
neal injection of pentobarbital sodium. Then, 
the left common carotid artery (CCA), internal 
carotid artery (ICA), and external carotid artery 
(ECA) were carefully exposed. The ECA needed 
to be ligated at a proximal location. The CCA 
and ICA were temporarily nipped. A suture was 
inserted from an incision on the CCA into the 
ICA until the head of the suture arrived at the 
bifurcation of the ICA and middle cerebral 
artery (MCA). The length of the nylon suture 
was approximately 18 mm from the bifurcation 
of the CCA/ECA. After 1.5 h, the suture was 
removed to restore blood supply to the MCA 
area via reperfusion. After the surgery, neuro-
logical deficits were evaluated and scored. The 
rats in the sham group underwent the same 
surgical procedure without a suture occlusion.

Study design

All animals were randomly and averagely divid-
ed into six groups (n = 15) as follows: sham (dis-
tilled water, p.o.), model (distilled water, p.o.), 
ANW (ANW at a dosage of 0.3 g/kg, p.o.), TST-L 
(TSTs at a dosage of 0.15 g/kg, p.o.), TST-M 

(TSTs at a dosage of, 0.3 g/kg, p.o.), and TST-H 
groups (TSTs at the dosage of 0.6 g/kg, p.o.). 
Distilled water, ANW or TSTs were administered 
once daily for a week after surgery.

Application of laser speckle imaging

After successful surgery, rats (one from each 
group) were randomly chosen from the sham 
and model groups for laser speckle imaging. 
Rats were anesthetized with air-mixed isoflu-
rane (RWD, Shenzhen, Guangdong, China) th- 
roughout surgery. The cranial region between 
the coronal and lambdoid sutures was thinned 
using a 1.6-mm-diameter drill until the cortex 
vessel was clearly visible. The imager was 
installed on the thinned region polished for 
data collection.

Neurological behavior assessment

Neurologic deficit scoring was performed on 
days 1, 3 and 7 after surgery. The criteria were 
as follows: (1) lifting rats by the tail and observ-
ing the flexion-extension of their front legs (0-4 
points) [21]; (2) placing rats on the ground and 
examining the resistance force of their shoul-
ders (0-3 points); (3) placing rats on a metal net 
and examining the muscular tension of their 
front legs (0-3 points); and (4) circling to the left 
or right only (1 point). Higher scores indicated 
more severe neurological deficits.

Cerebral infarction size

Rats were sacrificed using anesthesia, and 
then whole heads were removed via decapita-
tion for sample collection. Cerebrums were 
completely peeled off, and other tissues were 
carefully removed, including cerebella, olfacto-
ry bulbs, and low brain stems. The sample-col-
lecting process was performed on ice. Samples 
were quickly frozen at -20°C for 30 min and 
later removed to be made into coronal sec-
tions. These sections were further prepro-
cessed as follows: stained in 2% TTC (2,3,5-tri-
phenyl-2H-tetrazolium chloride, Amresco, cen-
ter valley, PA, USA), incubated in the dark for 20 
min, and then fixed in 4% paraformaldehyde 
(Servicebio, Wuhan, Hubei, China) for 1 h. The 
TTC staining results were digitally scanned and 
analyzed using Image-Pro Plus 6.0.

Pathological staining

Six rats from each group were used for patho-
logical analysis. The cerebral tissue around the 
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optic chiasma were sliced into coronal sec-
tions, fixed in 4% paraformaldehyde, dehydrat-
ed through a graded alcohol series, mounted in 
paraffin, cut into cross-sections at 4 μm, and 
stained with hematoxylin & eosin (HE staining) 
or 0.1% cresyl violet-luxol (Nissl staining). HE 
staining was used to evaluate the pathological 
changes of cerebral tissue, and Nissl staining 
was used to evaluate the morphology, amount, 
and distribution changes of Nissl bodies.

Biochemical indices

The impact of TSTs on oxidative stress in acute 
ischemic stroke models was assessed by li- 
pid peroxidation (LPO), superoxide dismutase 
(SOD), malondialdehyde (MDA) and nitric oxide 
(NO). The measurements and calculations were 
strictly detected with commercial kits (Jian- 
cheng, Nanjing, Jiangsu, China). Meanwhile, the 
serum levels of inflammatory factors (IL-1β and 
TNF-α) were measured with ELISA kits (Abbkine, 
Wuhan, Hubei, China).

Western blot

Western blot was applied to detect protein 
expressions of Bax, Bcl-2, Cyt-C, LC-3, Nrf2 and 
HO-1 (Abcam, MA, USA). Briefly, tissues were 
lysed in RIPA buffer (Cwbio, Beijing, China) and 
centrifuged at 12,000×g, 4°C for 10 min. After 
dilution, degeneration and centrifugation, the 
supernatant was added to a prepared sodium 
dodecyl sulfate-polyacrylamide gel to separate 
proteins via electrophoresis. Proteins were 
then transferred to a polyvinylidene difluoride 
membrane. After blocking with 5% bovine 
serum albumin for 1 h, the membrane was 
probed overnight at 4°C with anti-Bcl-2, anti-
LC3B, anti-Bax, anti-active caspase-3, anti-Cyt-
C, anti-Nrf2, anti-heme oxygenase 1 (Abcam, 
MA, USA), anti-GAPDH or anti-β-actin antibod-
ies (Cwbio, Beijing, China). The membrane was 
incubated with secondary antibody (IRDye 
800CW Goat anti-Rabbit or IRDye 800CW Goat 
anti-Mouse were purchased from LI-COR, Inc 
(Lindon, Nebraska, USA)). Bands were quanti-
fied using Image-Pro Plus 6.0.

TUNEL assay

An apoptotic cell detection kit (Roche, Man- 
nheim, Germany) was used to stain the de- 
waxed sections according to the manufactur-
er’s recommendations. The results were scann- 

ed using a microscope, and the results were 
calculated using Image-Pro Plus 6.0.

Immunofluorescence assay

Bax, Cyt-C and LC-3B, which are mainly ex- 
pressed in the cytoplasm and mitochondria, 
were tagged with fluorescent labels and direct- 
ly visualized using a laser-scanning confocal 
microscope. 0.5% Triton-X-100 was used to 
increase the permeability of fixed cerebral tis-
sue in the dewaxed and repaired sections. 
Later, they were blocked with goat serum and 
then sequentially incubated with primary and 
secondary antibodies. The images were scann- 
ed using a laser-scanning confocal microscope 
using excitation and emission wavelengths of 
488 and 518 nm, respectively. 

Disease-drug-target network construction

ChemDIS is a tool for retrieving the chemical-
protein interactions for referencing the chemi-
cal-disease relations, and PubChem’s BioAssay 
database is a repository of small-molecule 
screening data that provides the biological 
effects of chemical compounds [22]. To identify 
potential targets of TSTs, we retrieved interact-
ing proteins and biological protein targets of 10 
major compounds from the STITCH database 
v5.0 using ChemDIS V2.4 and from PubChem’s 
BioAssay database, respectively. The score cut-
off for ChemDIS results was set as 0.4 to 
increase the confidence. Both chemical-protein 
interactions and small-molecule targets were 
integrated into a drug-target network using 
Cytoscape 2.8.3 and visualized using Cyto- 
scape 3.6.1.

The Open Targets Validation Platform is a plat-
form providing evidence about the association 
of known and potential drug targets with dis-
eases [23]. To associate a therapeutic target 
with disease, we retrieved ischemia reperfu-
sion injury (IRI)-associated therapeutic targets. 
The IRI targets were further integrated with the 
drug-target network and used to form a com-
prehensive disease-drug-target network.

Network analysis

To understand the associations of drug targets 
with IRI, we extracted the common targets of 
10 compounds and IRI and constructed an IRI-
drug-common target subnetwork. We next iden-
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tified functional clusters within this network 
using the graph-clustering algorithm TFit (for 
iterated Transfer-Fusion) in Cluster & See and 
enriched the pathways implicated in this net-
work using the Reactome FI Cytoscape plug-in 
[24].

Statistical analysis

Data were analyzed using SPSS 22.0 statistical 
software and presented as the mean ± SD. A 
t-test was used to compare two independent 
samples, whereas one-way analysis of variance 
was applied to analyze between-group differ-
ences. In addition, a least significant difference 

test was used for two-sample comparisons 
between groups. P < 0.05 was considered sta-
tistically significant. Graphs were created using 
GraphPad Prism 6.0.

Results

Chemical profile analysis of TSTs by HPLC

The chemical fingerprint of TSTs was shown in 
Figure 1. The HPLC analysis revealed 11 com-
pounds of TSTs including geniposide, paeoniflo-
rin, prim-O-glucosylcimifugin, 5-O-methylvisa- 
mmioside, aloe-emodin, physcion, rhein, mag-
nolol, emodin, chrysophanol and polydatin, and 

Figure 1. The chemical profile of TSTs determined at 254 nm via HPLC-UV analysis. Notes: A. The standard curves 
for each compound. B. The chemical contents of TSTs.
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Figure 2. Network Analysis of TSTs. Notes: A. IRI-drug-common target network. B. IRI-drug-common target network. C. IRI-drug-TNF pathway network. D. IRI-drug-
apoptosis pathway network. Abbreviations: TSTs, Tong Sheng tablets; IRI, ischemia reperfusion injury.  
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their retention times were 17.109, 18.293, 
19.691, 21.184, 28.447, 43.579, 49.171, 
50.259, 50.760, 51.518, and 52.254 min, 
respectively. To investigate the stability and 
ensure the quality of the formula, we analyze 
fingerprints of TSTs from six batches. Results 
as Figure 1B showed, the similarity among six 
batches were 0.983-0.996. 

Network analysis

We retrieved 621 potential targets of 10 com-
ponents of TSTs and 890 ISI-associated pro-
teins. The drug-target and IRI-associated pro-
tein pairs formed a comprehensive disease-
drug-target network (Figure 2A). All nodes and 
edges of this network were listed in Table S1.

A total of 111 common targets of 10 TST com-
ponents overlapped with the IRI-associated 
proteins (Figure 2B).

We enriched 372 pathways from the IRI-drug-
common target network and predicted that sig-
naling pathways could be potential targets of 
TSTs in the treatment of IRI (the full pathway list 

can be found in Table S1). Figure 2C, 2D 
showed two representative TNF and apoptosis 
signaling pathways. Major identified compo-
nents of TSTs were involved in these two 
pathways.

Pharmacodynamic evaluation

Laser speckle imaging in model assessment: 
The images of cerebral blood flow were pre-
sented in Figure 3. Compared with the sham 
group findings, the model group exhibited nar-
rower or absent dextral blood flow, which indi-
cated that the MCAO model was established 
successfully.

Neurological behavior assessment and cere-
bral infarction size: As shown in Figure 4A, on 
day 1, the scores were significantly lower in the 
sham group than in the other five groups. 
However, on day 7, the scores for all TST groups 
were lower than that of the model group.

In Figure 4B, 4C, a large area of ischemic infarc-
tion was appeared in the model group. 
Compared with these findings, the ischemic 

Figure 3. Cerebral blood flow assessed via laser speckle imaging. 
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Figure 4. Neurological behavior assessment and cerebral infarction size. Notes: A. Effect of TSTs on the neurological 
score of MCAO change in the groups. B and C. Effect of TSTs on the area of cerebral infarction of MCAO rats. D. Effect 
of TSTs on the brain tissue of MCAO rats, Black arrows point to pyramidal cells, HE staining, ×200. E. Effect of TSTs 
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areas of the TST-H and ANW groups were sig-
nificantly smaller. 

Morphological changes of the cerebrum: H&E 
staining revealed normomorphic neurons in the 
cerebral cortex, hippocampus, and ischemic 
penumbra in the sham group. However, in the 
model group, ischemic necrosis occurred in the 
left area of the cerebral cortex, along with large 
malacia, liquefactive necrosis of nerve tissues, 
the disappearance of neuronal nuclei, and sig-
nificant infiltration of microglial cells. In the hip-
pocampus, some pyramidal cells were found to 
have hyperchromatic nuclei or necrosis in the 
CA1 region, and they were lower in number of 
absent in the CA3 region, surrounded by glial 
cell proliferation and infiltration. Neurons or 
pyramidal cells in the DG region, with pyknosis 
and hyperchromatism, exhibited triangular  
or irregular shapes with invisible nucleoli. 
Compared with the model group findings, the 
abnormal cell morphology was alleviated, neu-
ral necrosis was improved, and the number of 
living cells was increased in the TST-H and ANW 
groups (Figure 4D).

As shown in the Nissl staining results, in the 
sham group, numerous blue-dyed neurons 
were densely arranged, accompanied by abun-
dant Nissl bodies. However, in the model group, 
the layer consisting of neurons became thinner. 
Most of the soma were swelled, deformed, 
necrosed, and even disintegrated. Meanwhile, 
Nissl body counts decreased sharply. However, 
more cells were alive and arranged neatly and 
normally in the TST-H and ANW groups (Figure 
4E).

Oxidative stress

LPO, MDA, NO, and SOD levels in serum were 
measured as indicators of oxidative stress. As 
shown in Figure 5A-D, the serum levels of LPO 
and MDA were significantly higher in the model 
group than in the sham group. Compared with 
the model group findings, the serum level of 
LPO was decreased in the TST-H group, and 
that of MDA was lower in the TST-L and ANW 
groups. Meanwhile, the serum level of NO was 
significantly increased in the TST-L, TST-H, and 

ANW groups, and the serum level of SOD dis-
played a similar trend.

Meanwhile, Nrf2 and HO-1, two proteins relat-
ed to oxidative stress in the cerebrum, were 
detected via western blot (Figure 5E, 5F). The 
results revealed that the protein expressions of 
Nrf2 and HO-1 in the model group were 
increased by more 100% compared with the 
sham group findings. At the same time, Nrf2 
and HO-1 expressions were lower in the TST-L, 
TST-H, and ANW groups than in the model 
group.

Inflammatory cytokines

The serum levels of IL-1β and TNF-α were sig-
nificantly higher in the model group than in the 
sham group. However, compared with the 
model group findings, serum IL-1β and TNF-α 
levels were remarkable decreased in the TST-L, 
TST-H, and ANW groups (Figure 6).

Cell apoptosis

As shown in the TUNEL result (Figure 7A), the 
number of positive neurons was much higher in 
the model group than in the sham group. 
Compared with the model group findings, the 
number of positive neurons was significantly 
lower in all treatment groups, especially in 
TST-H and ANW groups. These results indicated 
that TSTs reduced apoptotic neuron counts in 
the cerebrum in MCAO rats.

Bax, Bcl-2, and Cyt-C have close relationships 
with cell apoptosis. Compared with the sham 
group findings, the protein expressions of Cyt-C 
and Bax were increased in the model group, 
whereas Bcl-2 expression was decreased. The 
changes of these proteins were reversed in  
the TST-H and ANW groups (Figure 7B-D). 
Immunofluorescence assays confirmed the 
results of western blot for protein expressions 
of Bax and Cyt-C.

Autophagy

The expression of LC-3B, a protein related to 
autophagy, was decreased significantly in the 
model group compared with the sham group 

on the brain tissue of MCAO rats, red arrows point to Nissl bodies, Nissl staining, ×200. Data are expressed as the 
mean ± SD (n = 6). *P < 0.05 vs. sham group; #P < 0.05 vs. model group. Abbreviations: TSTs, Tong Sheng tablets; 
ANW, Angong Niuhuang Wan; MCAO, middle cerebral artery occlusion; HE, hematoxylin-eosin.
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Figure 5. The impact of TSTs on oxidative stress. Notes: (A) LPO serum level, (B) MDA serum level, (C) the activity of 
SOD serum level and (D) NO serum level in MCAO rats after TST treatment. Data are expressed as the mean ± SD (n 
= 6). (E) Nrf2 and (F) HO-1 protein expressions in MCAO rats after TST treatment. Data are expressed as the mean ± 
SD (n = 3). *P < 0.05 vs. sham group; #P < 0.05 vs. model group. Abbreviations: TSTs, Tong Sheng tablets; ANW, An-
gong Niuhuang Wan; MCAO, middle cerebral artery occlusion; LPO, lipid peroxidation; MDA, malondialdehyde; SOD, 
superoxide dismutase; NO, nitric oxide; Nrf2, nuclear factor-erythroid 2 related factor 2; HO-1, heme oxygenase-1. 

level. Its expression was remarkably increased 
in the ANW and TST-H groups (Figure 8A).

Fewer fluorescent and positive cells were found 
in the model group. However, in the treatment 
groups, both the fluorescent intensity and num-
ber of positive cells were obviously increased, 

especially in the TST-H and ANW groups (Figure 
8B).

Subnetwork of validated signaling pathways

Among the predicted signaling pathways, ex- 
perimental pharmacological studies have vali-
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dated the involvement of oxidative stress 
response, inflammatory regulation, and apop-
totic pathways in IRI treatment with TSTs. 
Figure 9 showed the potential relationship 
between drugs and IRS with testable targets in 
these pathways.

Discussion

ICS is one of the most dangerous diseases 
threatening the health and lives of humans 
[25]. Cerebral ischemia blocks the delivery of 
oxygen and nutrients, so restoration of blood 
supply (reperfusion) remains the standard ther-
apy for ischemia; however, reperfusion contrib-
utes to delayed secondary brain injury. CIRI 
often causes irreversible brain damage that 
leads to functional impairment and/or neuronal 
death. Hence, inhibition of reperfusion might 
be an effective approach for treating cerebral 
IRI. 

Inflammation and oxidative stress, as the key 
factors involved in IRI, can interact with each 
other and further create a damaging cascade 
effect. On the one hand, numerous radicals will 
break through the endogenous anti-oxidative 
system under an oxidative stress condition. 
Some endogenous products such as LPO or 
MDA can further damage surrounding tissue, 
resulting in an inflammatory reaction and even 
influencing cell apoptosis and autophagy [26]. 
On the other hand, when brain tissue damaged, 
the levels of some pro-inflammatory cytokines 
such as TNF-α and IL-1β would increase, 
enhancing other inflammatory cytokines pro-
duction such as ICAM-1 and ILs. At the same 

time, abnormally high levels of inflammatory 
cytokines might trigger the excessive produc-
tion of radicals and LPO [27]. In addition, IRI 
was reported to result in neuronal damage or 
death in ischemic regions. Neuron autophagy 
and apoptosis are activated in stroke [28]. 
Therefore, enhancing neuron autophagy and 
reducing apoptosis might be the potential treat-
ment strategies to rescue damaged neurons.

An MCAO-induced model, which was regarded 
as a classic animal model of CIRI, was adapted 
in this study because of its reliable reproduc-
ibility. In this model, the reperfusion time can 
be controlled artificially and precisely to mini-
mize adverse effects on the whole body. 
Therefore, the model induced via MCAO is suit-
able for investigating the cerebral functional 
changes of CIRI and neuroprotective effects of 
potential agents [29]. In this study, we discov-
ered that the serum levels of IL-1β, TNF-α, LPO 
and MDA were increased in model rats, where-
as NO and SOD were decreased (Figures 5A-D 
and 6). The expression of oxidative stress-
associated proteins (Nrf2 and HO-1, Figure 5E, 
5F) and pro-apoptosis proteins (Cyt-C, Bax) 
were all upregulated, whereas anti-apoptosis 
(Bcl-2) and autophagy-associated proteins (LC-
3B) were downregulated (Figures 7 and 8). 
These results indicate that oxidative stress, 
inflammatory response and apoptosis were 
enhanced whereas autophagic activity was 
inhibited in the MCAO-induced model.

TSTs, as a multicomponent formula containing 
eight Chinese herbs, the quality control analy-
sis was conducted firstly using HPLC in the 

Figure 6. The impact of TSTs on inflammatory cytokines. Notes: (A) IL-1β serum level and (B) TNF-α serum level in 
MCAO rats after TSTs treatment. Data are expressed as the mean ± SD (n = 6). *P < 0.05 vs. sham group; #P < 
0.05 vs. model group. Abbreviations: TSTs, Tong Sheng tablets; ANW, Angong Niuhuang Wan; MCAO, middle cerebral 
artery occlusion; IL-1β, interleukin1β; TNF-α, tumor necrosis factor-α.
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Figure 7. The impact of TSTs on cell apoptosis. Notes: (A) Cell apoptosis in MCAO rat brain tissue after TST treatment 
as displayed using TUNEL staining, ×200. Data are expressed as the mean ± SD (n = 6). (B) Cyt-C, (C) Bcl-2 and 
(D) Bax protein expressions in MCAO rat brain tissue after TSTs treatment. Data are expressed as the mean ± SD 
(n = 3). (E) Bax and (F) Cyt-C protein expressions in MCAO rat brain tissue after TSTs treatment as displayed via im-
munofluorescence, ×200. Scale bar: 50 μm. *P < 0.05 vs. sham group; #P < 0.05 vs. model group. Abbreviations: 
TSTs, Tong Sheng tablets; ANW, Angong Niuhuang Wan; MCAO, middle cerebral artery occlusion; Cyt-C, cytochrome 
C; Bcl-2, B-cell lymphoma-2; Bax, BCL2-associated X.
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Figure 8. The impact of TSTs on Autophagy. Notes: A and B. LC3B protein expression in MCAO rat brain tissue after TST treatment. Data are expressed as the mean 
± SD (n = 3). *P < 0.05 vs. sham group; #P < 0.05 vs. model group. Scale bar: 50 μm. Abbreviations: TSTs, Tong Sheng tablets; ANW, Angong Niuhuang Wan; MCAO, 
middle cerebral artery occlusion; LC-3B, microtubule-associated protein 1 light chain 3B.
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study. Along with referencing the Similarity 
Evaluation System for Chromatographic Fin- 
gerprint of TCM published by the Chinese 
Pharmacopoeia Commission (Version 2004A), 
we successfully identified 11 compounds in 
TSTs. Then, a network pharmacological method 
and integrated bioinformatics analysis were 
applied. Network pharmacological theory, whi- 
ch is based on systematic biology and poly-
pharmacology, was first proposed by Hopkins in 
2008 [30]. It tries to investigate a mechanism 
from an established network of drugs and 
genes as well as targets and diseases, which 
have complex interactions with each other. In 
fact, the integrality and complexity of this giant 
bioinformatics network are also similar to the 
characteristics of TCM [31]. At present, network 
pharmacology is widely used in the exploration 
of pathogenesis, drug development, identifica-
tion of drug targets and many other areas [32]. 
In this study, we screened 10 possible compo-
nents from the 11 identified chemicals by HP- 
LC to examine their working targets and con-
struct a compound-target-disease network. 
Then, we verified the possible key signaling 
pathways and mechanism using pharmacologi-
cal experiments. 

Herein, the protective effect of TSTs on CIRI 
was evaluated in a MCAO rat. TSTs alleviated 
dysneuria caused by IRI and decreased the 
cerebral infarct volume, as displayed in patho-
logical sections in which ischemic damage of 
neurons was obviously improved (Figure 4). 
Further, TSTs alleviated inflammation by reduc-
ing the serum levels of IL-1β and TNF-α (Figure 
6). TSTs ameliorated oxidization by decreasing 

tion, and regulated cell apoptosis and autopha-
gic activity.

Collectively, the most effective components 
mainly functioned through comprehensive pa- 
thways and targets, including NO and Nrf2 
pathways associated with oxidative stress, 
IL-1β and TNF pathways related to inflamma-
tion, and Bcl-2 and Cyt-C pathways associated 
with apoptosis. 

Conclusion

Taken together, our study found that TSTs have 
notable effect on alleviating MCAO-induced 
CIRI in rats. Multiple factors may be partly 
responsible for the therapeutic effect of TSTs, 
including reducing oxidative stress, inhibiting 
inflammation, and regulating cell apoptosis and 
autophagic activity. This study suggests TSTs 
could be a potential agent for treating cerebral 
IRI. 
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