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Background: Cerebral ischemia-reperfusion injury (CIRI) is a crucial factor leading to 
a poor prognosis for ischemic stroke patients. As a novel Chinese medicine formula, 
Naotaifang (NTF) was proven to exhibit a neuroprotective effect against ischemic stroke, 
clinically, and to alleviate CIRI in animals. However, the mechanisms underlying the 
beneficial effect have not been fully elucidated.
Methods: In this study, we combined a network pharmacology approach and an in vivo 
experiment to explore the specific effects and underlying mechanisms of NTF in the 
treatment of ischemia-reperfusion injury. A research strategy based on network pharmacol-
ogy, combining target prediction, network construction, gene ontology (GO), Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, and molecular 
docking was used to predict the targets of NTF in treating the ischemic stroke and CIRI. On 
the other hand, we used HPLC and HRMS to identify biologically active components of 
NTF. Middle cerebral artery occlusion models in rats were utilized to evaluate the effect and 
the underlying mechanisms of NTF against CIRI after ischemic stroke.
Results: Network pharmacology analysis revealed 43 potential targets and 14 signaling 
pathways for the treatment of NTF against CIRI after ischemic stroke. Functional enrichment 
analysis showed that a STAT3/PI3K/AKT signaling pathway serves as the target for in vivo 
experimental study validation. The results of animal experiments showed that NTF signifi-
cantly alleviated CIRI by decreasing neurological score, infarct volume, numbers of apopto-
tic neuronal cells, increasing density of dendritic spines and survival of neurons. 
Furthermore, NTF could increase the expression of p-STAT3, PI3K, p-AKT. In addition, 
the detection of apoptosis-related factors showed that the NTF could raise the expression of 
Bcl-2 and reduce the expression of Bax.
Conclusion: This network pharmacological and experimental study indicated that NTF, as 
a therapeutic candidate for the management of CIRI following ischemic stroke, may exert 
a protective effect through the STAT3/PI3K/AKT signaling pathway.
Keywords: cerebral ischemia-reperfusion injury, stroke, network pharmacology, molecular 
docking, STAT3/PI3K/AKT signaling pathway

Introduction
Stroke is a serious threat to human health and the second leading cause of death 
worldwide owing to its high morbidity, mortality, and disability rates. Currently, stroke 
is a major cause of death in China,1 and approximately 87% of strokes are ischemic 
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strokes, which are characterized by a sudden loss of blood 
circulation in a certain area of the brain, leading to the 
corresponding loss of neurologic function.2 Timely restora-
tion of blood flow is one of the important treatment princi-
ples in clinical application.3 At present, recombinant tissue 
plasminogen activator (rtPA) remains the only recom-
mended pharmacotherapy for acute ischemic stroke 
approved by the American Food and Drug Administration 
(FDA). However, due to the limitation of a narrow thera-
peutic time window and high risk of hemorrhagic transfor-
mation, only 2–10% globally and 1.2–3.8% in China, 
ischemic stroke patients benefit from the thrombolytic 
therapy.4–6 Furthermore, blood flow recanalization could 
lead to cerebral ischemia-reperfusion injury (CIRI). CIRI 
involves multiple mechanisms, such as inflammation, oxida-
tive stress, calcium overload, cell apoptosis, and glutamate 
excitotoxicity, which are defined as biochemical cascade 
reactions leading to further deterioration of ischemic brain 
tissue, thereby reversing the benefits of restoring circulation 
following stroke occurrence.7,8 Therefore, it is crucial to 
explore an alternative or complementary medicine including 
traditional ethnical medicine to prevent or alleviate CIRI in 
ischemic stroke patients.

Traditional Chinese medicine (TCM) is characterized by 
its systematic and holistic concept. The systematic nature of 
this strategy is consistent with the holistic view of Chinese 
medicine and the multi-component, multi-target, and multi- 
pathway synergistic mechanism of Chinese medicine 
formulas.9–11 From TCM monomers12 to TCM extract 
preparations,13 as the alternative or complementary medi-
cine, TCM has been used in China and other countries to 
treat ischemic stroke for hundreds of years. TCM has 
achieved a lot of advantages due to their multiple pharma-
ceutical targets and fewer side effects.14–16 Naotaifang 
(NTF), a novel traditional Chinese formula, which is simpli-
fied and adapted from a well-known TCM prescription 
Buyang Huanwu decoction (BYHWD). The recipe for NTF 
consists of four natural medicines (Table 1), ie Radix 
Astragali (Huangqi, HQ), Rhizoma Ligustici Chuanxiong 
(Chuanxiong, CX), Pheretima (Dilong, DL), Bombyx 
Batryticatus (Jiangcan, JC).17–19 Clinical evidence showed 
that NTF exerts anti-ischemic stroke effects, such 
as mitigating the neurological symptoms of patients with 
acute cerebral ischemia.19,20 Previous animal experiments 
have well demonstrated that NTF can meliorate CIRI 
through various mechanisms.21–23 For instance, the formula 
has been shown to improve blood circulation, anticoagula-
tion, angiogenesis, anti-peroxide, anti-inflammation and 

protect neurons from programmed cell deaths including 
apoptosis and ferroptosis.16,19–23 However, the precise 
mechanisms underlying the effect of NTF have only been 
partially unraveled, and further comprehensive and systema-
tic research is needed before it can be widely applied in the 
treatment of CIRI.

Network pharmacology, which is a method to research 
the potential mechanisms of the formula in living organisms, 
elucidating the interaction between formula and disease with 
the aim of providing supporting evidence for experimental 
studies.24 The approach’s systemic and holistic traits are in 
line with the concept of TCM, through which, this study 
could have a systematic and integrative viewpoint on the 
intervention and impact of NTF on ischemic stroke and CIRI 
network. Furthermore, this study established the comprehen-
sive network pharmacology approach and molecular dock-
ing strategy, combined with in vivo experiments to explore 
the potential key targets and possible pharmacological 
mechanisms of the effect of NTF against CIRI, providing 
a scientific basis for the predicted mechanisms.

Materials and Methods
Prediction of the Mechanism of NTF 
Intervention in Ischemic Stroke by Network 
Pharmacology and Molecular Docking
Compound Database Construction for NTF
Chemical compounds in NTF were retrieved from 
Traditional Chinese Medicine Systems Pharmacology 
Database and Analysis Platform (TCMSP), and The 

Table 1 Pharmaceutical Ingredients of NTF

Latin 
Name

Species Family Part Used

Radix 

Astragali

Astragalus 

membranaceus 

(Fisch.) Bge.var. 

Mongholicus (Bge.) 

Hsiao

Leguminosae Roots

Rhizoma 

Ligustici 

Chuanxiong

Ligusticum chuanxiong 

Hort.

Umbelliferae Rhizomes

Pheretima Pheretima aspergillum 

(E. Perrier)

Megascolecidae Bodies

Bombyx 

Batryticatus

Bombyx mori 

Linnaeus.

Bombycidae Bodies infected 

by Beauveria 

bassiana (Bals.) 

Vuillamt
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TCM Database @Taiwan (http://tcm.cmu.edu.tw/zh-tw/). 
Then, the compounds that may be substandard but impor-
tant were screened out through large-scale text mining. 
The active compounds of NTF were mainly filtered with 
OB and DL. Next, we filtered out compounds that may not 
match the criteria but were important components by text 
mining. The framework of this research is shown in 
Figure 1.

Target Prediction
To provide the scientific and coherent biological basis 
between the targets of NTF, ischemic stroke and CIRI, 
the target proteins of the active compounds in NTF were 
from TCMSP, PubChem (https://pubchem.ncbi.nlm.nih. 
gov/) and Swiss Target Prediction (http://www.swisstarget 
prediction.ch/) databases with the species limited to 
“Homo sapiens”. The standard gene names of targets 

which were related with compounds were obtained from 
the UniProt database (https://www.uniprot.org/). And we 
acquired the genes related with ischemic stroke from the 
Genecards (https://www.genecards.org/) and the Online 
Mendelian Inheritance in Man (OMIM) (https://www. 
omim.org/) databases. Thus, we inquired the target genes 
associated with drugs and disease, which means that they 
could be better to elucidate the role of NTF against 
ischemic stroke and CIRI through the intersection 
between target genes of active compounds in NTF and 
relevant genes related with ischemic stroke including 
CIRI.

PPI Data and Network Construction
To provide the scientific and reasonable interpretation of 
the complex relationships between the targets of NTF, 
ischemic stroke and CIRI, we matched the prediction of 

Figure 1 The flowchart of network pharmacology and molecular docking-based strategy for deciphering the underlying mechanisms of NTF on the treatment of IS/CIRI.
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the targets of active compounds in NTF and the retrieval 
of the related targets of ischemic stroke and CIRI, then 
chose the overlapping targets as the related targets of NTF 
in treating ischemic stroke and CIRI. The targets were then 
acquired by String (https://string-db.org/) with the species 
limited to “Homo sapiens” and a confidence score >0.99 to 
draw the data of PPI, which was a database to predict 
protein interactions, including direct and indirect interac-
tions, and to evaluate the interaction information.25 All 
visualized network models were established via 
Cytoscape 3.7.2, which was an open software package 
project to visualize, integrate, model and analyze the inter-
action networks.26 The proteins derived from protein- 
coding genes locus were represented by nodes in the 
interaction network.

We selected three parameters to assess its topological 
features: (1) Degree centrality (DC) was defined as the 
number of connections between one node and other nodes. 
(2) Betweenness centrality (BC) was the ratio of the num-
ber of paths through the nodes of all shortest paths in the 
network to the total number of shortest paths, which mea-
sures the extent to which a node lies on paths between 
other nodes. (3) Closeness centrality (CC) reflected the 
mean distance from a node to other nodes. The three 
parameters played a crucial role in the network, as well 
as the important indicators for new drug discovery and 
target prediction.27 The corresponding median values of 
each parameter was regarded as the threshold values to 
analyze hub nodes in the network.28 According to these 
data, we constructed three networks in this study: (1) herb- 
compound network; (2) key targets network; (3) key tar-
get-compound network. However, the limitation of this 
study is that the interaction relationships of the nodes in 
these networks remains unclear. For example, the type of 
action such as activation, inhibition, binding, catalysis, the 
effect of action such as positive, negative, unspecified, and 
so on.

Molecular Docking
All structures of target proteins were downloaded from the 
RCSB PDB database (http://www.pdb.org), and all those 
for ingredients of NTF were obtained from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/). Molecular 
docking was performed by using the Protein Preparation, 
Ligprep, SiteMap, Glide modules of the Schrodinger. 
Target proteins as reporters were prepared by the Protein 
Preparation module in the Schrodinger, including the 
removal of water molecules and energy minimization. 

Similarly, target genes as ligands were prepared by using 
the Ligprep module of Schrodinger.29 The SiteMap mod-
ule of Schrodinger predicted the possible active binding 
site of receptors.30,31 The Glide module was used for 
analyzing the ligand-reporter binding affinity and 
interactions29 and the proteins with the absolute value of 
Glide score greater than 3 were chosen as the proteins with 
good effect.32 The docking score of each ligand was 
determined from the best pose by visual evaluation on 
Maestro(Schrodinger).33

GO and KEGG Pathway Enrichment Analysis
Metascape was a web-based portal designed to provide 
experimental biologists with a comprehensive gene list anno-
tation and analysis resource.34 To systematically explore the 
concerned biological processes of NTF as a therapy against 
ischemic stroke, we used Metascape (http://metascape.org/ 
gp/index.html#/main/step1) as a stateful web service to facil-
itate gene list analysis for GO enrichment analysis and 
KEGG pathway enrichment analysis. According to Fisher’s 
exact test, GO and KEGG pathway with P value less than 
0.05 were considered statistically significant, and further 
analysis was conducted.

Medicine Preparation
NTF Extract
NTF consists of four herbs: HQ, CX, DL, JC with ratio 
8:2:3:3. In our present study, drugs were purchased from 
the First Hospital of Hunan University of Chinese Medicine, 
Hunan province, China. A voucher specimen was deposited 
(dry conditions, normal temperature) in the College of 
Integrated Traditional Chinese and Western Medicine of 
Hunan University of Chinese Medicine, Hunan province, 
China. The dried plant material was extracted two times 
with ultrapure water (1:10) in flask heating mantles at 
100 °C, 1.5–2 hours each time and then filtered through 
a two-layer filter screen and then concentrated to 10% by 
rotary evaporator and collected the final solution (10%). 
NTF extract was stored at 4 °C before experiment. 
According to previous researches and clinical administration 
dose, the rats in the NTF group were administered with NTF 
extract (NTF, 9 g/kg per day).16,23

High-Performance Liquid Chromatography
In order to verify the quality of NTF, we used high perfor-
mance liquid chromatography (HPLC) to qualitatively ver-
ify three representative compounds in NTF: ligustrazine 
hydrochloride, calycosin 7-o-glucoside, and ferulic acid. 
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The chromatographic column consisted of the following: 
Welch Ultimate XB C18 (4.6 × 250 mm, 5 μm), moving 
phase A: water with 0.1% trifluoroacetic acid, moving 
phase B: 0.1% trifluoroacetic acid in acetonitrile, gradient 
elution flow rate: 1 mL/min, detection wavelengths: DAD 
249 nm, and injection volume: 2 μL. The gradient elution 
was 0–5.0 min, 95%A: 10%B; 5.0–15.0 min, 0%A: 70%B; 
15.0–15.1 min, 0%A: 90%B; 15.1–20.0 min, 0%A: 90%B; 
20.0–20.1 min, 95%A: 10%B; 20.1–25.0 min, 95%A: 10% 
B. Data were acquired and analyzed using ChemStatio 
software.

High Resolution Mass Spectrometer
A sensitive and rapid high-resolution mass spectrometer 
(HRMS) was also used to analyze the active ingredients 
that the NTF contained. The chromatographic separation 
was achieved by using RP C18 column (150 × 2.1 mm, 
1.8 μm), which was maintained at 35 °C. The mobile 
phase consisted of 0.1% formic acid (A) and acetonitrile 
(B). The gradient elution flow rate: 0.3 mL/min, and 
injection volume: 5 μL. The gradient elution was 0–0.5 
min, 98.0%A: 2.0%B; 0.5–6.5 min, 2.0%A: 98.0%B; 
6.5–9.0 min, 2.0%A: 98.0%B; 9.0–9.3 min, 98.0%A: 
2.0%B; 9.3–10.0 min, 98%A: 2%B. The optimized 
mass parameters were set as follows: electrospray ioni-
zation (ESI); scan mode: positive and negative; scan 
range, 50.0–500.0 m/z; spray voltage, 3.2 Kv (positive); 
capillary temperature, 300 °C; collision gas, argon gas 
(≥99.999%); sheath gas, nitrogen (≥99.999%); auxiliary 
gas, nitrogen (≥99.999%), 350 °C. Constituents were 
identified by HRMS in negative ion mode using full 
scan and two-stage threshold-triggered mass modes.

Experimental Methods
Animal Grouping and Treatment
The fifty-four adult male Sprague-Dawley rats (weighing 
220–250 g, 6–8 weeks old, 110727201100883051, 
11072721100835278 and 1107272011007367) were pur-
chased by the Animal Center of Hunan University of 
Chinese Medicine (Changsha, China) with approval num-
ber SYXK 2019–0009. All procedures regarding animals 
in this study were in compliance with and approved by the 
Ethics Committee of Hunan University of Chinese 
Medicine, and in accord with the guidelines of the 
National Institutes of Health on the care and use of ani-
mals. All rats were randomly assigned into three groups (n 
= 18 for each group), including the sham group, model 
group, NTF group. Total rats had acclimatisation periods 

of 5 days before the formal experiments. The rats in the 
NTF group were given NTF extract by gavage and rats in 
the other groups were given an equal volume of physiolo-
gical saline by gavage once daily for 7 days before tran-
sient middle cerebral artery occlusion. The rats were 
housed in a room temperature environment and resumed 
normal diet after surgery. CIRI were induced by transient 
middle cerebral artery occlusion surgery in all rats except 
for the sham group. The intraluminal filament was used to 
block the middle cerebral artery, and the blood flow was 
restored after 1.5 h. According to the requirements of the 
Experimental Animal Management Committee of Hunan 
University of Chinese Medicine, if an animal becomes 
seriously ill during experiment process, it must be huma-
nely killed by inhalation of CO2 in order to prevent the 
animal from suffering.

The Procedures of CIRI
After the pre-administration with NTF extract for 7 days, 
an MCAO model was established to simulate CIRI suc-
cessfully in accordance with the method in our previous 
researches.7,35 Briefly, the rats were anesthetized by the 
intraperitoneal (ip) injection of 10% chloral hydrate, at 
the dose of 3.5 mL/kg. After fixation and disinfection, all 
the right common carotid artery, external carotid artery 
and internal carotid artery were exposed, and the prox-
imal end of the common carotid artery was ligated. 
A nylon monofilament, about 40 mm long and 0.24– 
0.26 mm in diameter, was inserted from the right com-
mon carotid artery to the lumen of internal carotid artery 
with an insertion depth of 22 ± 0.5 mm to block the 
origin of the right middle cerebral artery according to 
the weight and the carotid diameter of the animal sub-
jected to surgery. After 90 min of occlusion, the inserted 
filament was carefully removed to restore blood flow. 
After modeling, the rats were put back in the same 
environment.

Neurological Evaluation
Five levels of neurological evaluation were evaluated 
according to Longa et al36 scale in a randomly selected 
10 rats per group of observers who were unaware of the 
animal grouping system 24 h after reperfusion on the 
following scale. Score 0: normal, no neurological deficit; 
score 1: inability to fully extend the left front paw, mild 
neurological deficit; score 2: the rat turned to the left side 
(temporal side) while walking, moderate neurological def-
icit; score 3: the rat inverted to the left side (temporal side) 
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while walking, severe neurological deficit and score 4: 
inability to walk, loss of consciousness, score more than 
3 points or elimination of the rat.

TTC Staining
After neurological evaluation, rats were anesthetized and 
decapitated. Brain tissues were quickly removed from the 
skull and then cut into five 2-mm-thick coronal sections, 
which were frozen at −20 °C for 50 minutes before all 
tissue sections were stained with 2% TTC at 37 °C for 30 
minutes and then fixed overnight in 4% paraformaldehyde. 
The infarct area was shown in white and the non-infarcted 
portion in red. Infarct volume was analyzed using Image- 
pro plus 6.0 which was unknown to the experimental 
group. To exclude the effect of cerebral edema, the infarct 
area was normalized to the non-ischemic hemisphere and 
expressed as a percentage of the contralateral hemisphere.

Golgi Staining
The Golgi-Cox staining procedure used here was based on 
previous studies.37 The brains were stored in the dark for 2 
days and then transferred into fresh Golgi-Cox solution for 
14 days. Dehydration in continuous alcohol baths of 50% 
(2x/5 min), 70% (2x/5 min), 90% (3x/5 min), and 100% 
(3x/5 min), followed by xylene baths (2x/10 min). All 
slides were then fixed, covered with coverslips and kept 
in a dark environment for 15 days without any manipula-
tion. The dendritic spines were observed in and the den-
dritic spine density of pyramidal neurons were analyzed in 
the ischemic area.

Nissl Staining
Right hemisphere tissue sections were taken for Nissl 
staining after 24 h of reperfusion. The above-prepared 
sections were dewaxed, rehydrated, immersed in toluidine 
blue (Servicebio, China) solution for 5 min, rinsed with 
distilled water, dehydrated with ethanol and xylene, and 
then cover slipped with neutral balsam. The cytoplasm of 
the stained cells in the cortex and hippocampus of the rat 
brains were observed to turn purple-blue and the nuclei 
were light blue under optical microscope. The number of 
Nissl bodies in the cortical area was quantified.

TUNEL Staining
According to the manufacturer’s instructions, a terminal 
deoxynucleotidyl transferase-mediated dUTP-biotin nick 
end labeling (TUNEL) assay was used to determine the 
apoptosis-positive cells in rat brain. Paraffin-embedded 

sections of rat brain tissue were blocked with 3% hydro-
gen peroxide for 10min and incubated at 37 °C in buffer 
for 20 min. The sections were added with terminal deox-
ynucleotidyl transferase reaction mixture at 37 °C for 2 h, 
incubated with a POD peroxidase labeling reagent at 37 °C 
for 30 min and then stained with 4ʹ6-diamidino-2-pheny-
lindole (DAPI). Sections were not incubated with terminal 
deoxynucleotidyl transferase reaction mix in negative con-
trol tissue. TUNEL-positive cells were in green with 
nucleus DAPI staining in blue. The percentage of 
TUNEL positive (apoptotic) cells apoptotic index of non- 
overlapping brain tissue was calculated.

Immunofluorescence Staining
All brain tissues were embedded in paraffin. Each paraffin 
section was fixed with 4% paraformaldehyde for 12 
min, 0.25% Triton for 5 min, blocked with 1% BSA 
diluted in PBS for 30 min at room temperature, and then 
with primary antibody anti-Bcl-2, anti-Bax, anti-p-STAT3, 
anti-PI3K, anti-p-AKT, anti-AKT (dilution of 1:1000) and 
NeuN overnight at 4 °C. After rinsing 3 times with PBST, 
sections were incubated with Cy3-conjugated anti-rabbit 
IgG (dilution of 1:300, Servicebio Co., Ltd., China) for 50 
min at room temperature, followed by incubation with 
DAPI (dilution of 1:300, Servicebio Co., Ltd., China) for 
10 min. Total positive cells were stained in red with 
nucleus DAPI staining in blue. All sections were observed 
by a researcher who did not understand the experiment 
design with a fluorescence microscope (Nikon, Japan), 
including cover lipping, imaging and photographing. 
Each experimental group included at least three brain 
sections for staining examinations.

Western Blotting
The ischemic penumbra of the cerebral cortex and hippo-
campus were obtained for Western blotting analysis, which 
were harvested at 24 h reperfusion and stored in a −80 °C 
refrigerator, and the tissues were lysed with RIPA buffer. 
The tissue samples were centrifuged at 12,000 g for 15 
min, and the supernatants were collected and boiled. The 
protein concentrations were determined with 
a spectrophotometer, and then subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis. The nitro-
cellulose membrane was blocked with skimmed milk (5%) 
in Tris-buffered saline containing Tween and then it was 
incubated with antibodies against Bcl-2, Bax, p-STAT3, 
PI3K, p-AKT and AKT overnight at 4 °C. Next, the tissue 
was incubated with secondary antibodies for 120 min at 
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room temperature, rewashed with TBST, and the protein 
bands were detected using the CLINX 6300 imaging 
system.

Statistical Analysis
All data were analyzed using SPSS 25.0 statistical soft-
ware. Quantitative data were expressed as the mean ± 
standard deviation (SD). The significant differences 
between the groups were examined by one-way analysis 
of variance (ANOVA) with the least significant difference 
test. Values of p<0.05 were considered to be statistically 
significant.

Results
Analysis of NTF Ingredients
Three representative compounds and four active ingredi-
ents in NTF had been verified respectively by HPLC and 
HRMS, which are shown in Figure 2. The main com-
pounds were quantified: ligustrazine hydrochloride 2.07 
μg/mL, calycosin 7-o-glucoside 176.23 μg/mL, and ferulic 
acid 286.96 μg/mL. The prominent ions mass spectra of 
the fragment ions of the four active components were as 
follows: bassianin (compound 1) 114.09 m/z, cholesteryl 
ferulate (compound 2) 269.08 m/z, hyrcanoside (com-
pound 3) 133.10 m/z and (4E,6E,2S,3R)-2-N-docosanoyl- 
4,6-tetradecasphingadienine (compound 4) 137.05 m/z. 
The above analysis and the standard chemical structures 
of compounds 1, 2, 3 and 4 showed that the NTF extracts 
contained bassianin, cholesteryl ferulate, hyrcanoside and 
(4E,6E,2S,3R)-2-N-docosanoyl- 
4,6-tetradecasphingadienine.

Prediction of Network Pharmacology of 
NTF on Ischemic Stroke and CIRI
Predictions of NTF on ischemic stroke and CIRI were 
investigated by network analysis as shown in Figure 3. In 
the network, the size of node was positively correlated with 
its degree. In order to clarify the relationship between the 
herbs and potential active compounds, the herb-compound 
network of NTF is constructed in Figure 3A, from which 
we could find out that the FA (MOL000433), cholesteryl 
ferulate, etc. were predicted as the important active com-
pounds in NTF. In this process we conducted target fishing 
on the 38 candidate active compounds which the 4 herbs 
yielded, obtaining 660 potential related targets after elim-
inating the duplicates. Meanwhile the targets about CIRI 
were collected from the integration of GeneCards and 

OMIM databases. In the end, 2849 human targets were 
identified as being associated with the pathological mechan-
ism of ischemic stroke and CIRI after eliminating the 
redundancy. Further analysis revealed that 367 targets 
were shared between 660 combined targets and 2849 dis-
ease targets in Figure 3B. In the database of String, a PPI 
network was established, among which 367 matching tar-
gets were regarded as the related targets of NTF and CIRI 
after two screenings, whose interaction scores were the 
highest confidence scores (>0.99). There were 367 nodes 
and 2293 edges in total. The topological feature analysis of 
the PPI network was based on three major parameters of 
DC, BC and CC which were calculated by the CytoNCA 
plug-in for Cytoscape 3.7.2. According to these values, we 
selected the median of them as potential drug targets for 
subsequent analysis, and the results settled at 116 key 
targets as DC ≥ 16, BC ≥ 0.004 and CC ≥ 0.48, and the 
results settled at 43 hub nodes and 310 edges, to better 
understand the picture more clearly, we showed the picture 
as p>0.99 (Figure 3C), which were listed in Table 2. And 
the graphical interactions of the 43 key targets were visua-
lized in Figure 3D, among which PIK3CA (degree = 29), 
STAT3, (degree = 25), SRC (degree = 25), MAPK1 (degree 
= 25), MAPK3 (degree = 25) were key targets in this net-
work. According to the related potential active components, 
we constructed the herb-compound-target network based on 
43 key targets (Figure 3E). In this network, the top seven 
compounds were ecdysterone, which holds relevancy to 14 
key targets; bassianin, which held relevancy to 13 key 
targets; cholesteryl ferulate, which was related to 12 key 
targets; beauvericin, related to 11 key targets; hyrcanoside, 
ergotamine and lupeol acetate were associated with 10 key 
targets.

Characterization of Potential Therapeutic 
Targets of NTF
The potential therapeutic target network of NTF 
is presented in Figure 4. GO enrichment analysis of 43 
potential key targets for NTF treating ischemic stroke and 
CIRI were performed, and the biological process 
(Figure 4A), molecular function (Figure 4B) and cellular 
component (Figure 4C) were included. We found that the 
top ten biological processes terms (p<0.05) were related to 
the positive regulation of locomotion, transmembrane 
receptor protein tyrosine kinase signaling pathway, taxis, 
cytokine-mediated signaling pathway, response to wound-
ing, positive regulation of kinase activity, cellular response 
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Figure 2 Chemical ingredients analysis of NTF. Representative ingredients of NTF (A) and standards (B). The chromatogram, mass spectrum and structural formula of four 
compounds: (C) Compound 1; (D) Compound 2; (E) Compound 3; (F) Compound 4.
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to lipid, phosphatidylinositol-mediated signaling, cellular 
response to growth factor stimulus and cellular response to 
organonitrogen compound. The molecular function terms 
(p<0.05) were mainly related to the protein kinase binding, 
protein kinase activity, hormone receptor binding, insulin 
receptor substrate binding, protein tyrosine kinase activity, 
G protein-coupled peptide receptor activity, MAP kinase 
activity, transcription factor binding, G protein-coupled 
receptor binding and integrin binding. Finally, the cellular 
component terms (p<0.05) were mainly related to mem-
brane raft, adherens junction and glutamatergic synapse.

To investigate the potential signaling pathways and 
functions of these key targets, the KEGG pathways for 
functional enrichment analysis were performed 
(Figure 4D). We conducted KEGG pathway enrichment 
analysis on 43 target genes and screened out 14 pathways 
based on the threshold of p<0.05 and targets-related sig-
naling pathways. To analyze the pathways and their rela-
tionships to ischemic stroke and CIRI comprehensively, 

we selected the STAT3/PI3K/AKT signaling pathway to 
elucidate the potential mechanism of the protective effect 
of NTF on ischemic stroke and CIRI. Based on the results 
of these predicted molecular mechanisms and network 
analyses, we designed experiments to test our hypothesis 
in vivo.

Molecular Docking Studies of Hit 
Compounds
Judging from the topological analysis of the key targets 
network, PIK3CA had higher DC, BC and CC than 
other protein targets. According to the degree of herb- 
compound-target results, we selected the top 7 (degree 
≥ 10) and used the Glide module of the Schrodinger 
software to calculate the docking scores of the NTF, 
which expressed the energy of ligand-receptor binding 
that was inversely proportional to the binding affinity 
between ligand and receptor. According to the docking 

Figure 3 Prediction results of network pharmacology of NTF on ischemic stroke and CIRI. (A) The herb-compound network of NTF. Green nodes represent the herbs of 
NTF, orange nodes represent the central compounds of NTF, and blue nodes represent the other active compounds of NTF. (B) The venn diagram of the targets both in 
ischemic stroke targets whose color is yellow and NTF targets whose color is blue. (C) The results of topological screening for the PPI network (p>0.99). (D) The graphical 
interactions network of the 43 key targets. The node color changes from yellow to red reflect the degree centrality changes from low to high. (E) The herb-compound- 
target network.
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score whose absolute value was greater than 5, we 
selected 3 common hub compounds, which were the 
hyrcanoside, bassianin and cholesteryl ferulate against 
the active sites of the identified protein targets PIK3CA. 
The total 2D and 3D interaction diagrams are respec-
tively shown in Figure 5.

NTF Decelerates the CIRI
To further observe the effect of pretreatment with NTF 
extract on the degree of injury in rats, a neurological 
scores system was first established to evaluate scathing 
degree based on behavioral changes in rats after 24 h of 
reperfusion. TTC staining was used to evaluate cerebral 

Table 2 Information on 43 Hub Targets

Protein Name Gene Symbol DC BC CC

Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha PIK3CA 29 0.144 0.764
Signal transducer and activator of transcription 3 STAT3 25 0.073 0.712

Tyrosine-protein kinase SRC SRC 25 0.040 0.712

Mitogen-activated protein kinase 1 MAPK1 25 0.051 0.712
Mitogen-activated protein kinase 3 MAPK3 25 0.0521 0.712

Epidermal growth factor receptor EGFR 22 0.049 0.677

Tyrosine-protein kinase Fyn FYN 19 0.021 0.646
Mitogen-activated protein kinase 8 MAPK8 18 0.027 0.636

Transcription factor p65 RELA 17 0.017 0.627
Transcription factor AP-1 JUN 17 0.023 0.609

Mitogen-activated protein kinase 14 MAPK14 17 0.020 0.609

Ras-related C3 botulinum toxin substrate 1 RAC1 17 0.014 0.627
Tyrosine-protein kinase JAK2 JAK2 15 0.009 0.609

Vascular endothelial growth factor A VEGFA 15 0.019 0.600

NF-kappa-B inhibitor alpha NFKBIA 14 0.013 0.600
Tyrosine-protein kinase JAK1 JAK1 14 0.007 0.600

Heat shock protein HSP 90-alpha HSP90AA1 14 0.008 0.600

Endothelin-1 receptor EDNRA 14 0.020 0.592
Thrombin F2 13 0.012 0.568

Estrogen receptor ESR1 13 0.008 0.592

Sphingosine 1-phosphate receptor 1 S1PR1 13 0.015 0.592
Extracellular calcium-sensing receptor CASR 13 0.009 0.545

Tyrosine-protein phosphatase non-receptor type 11 PTPN11 12 0.002 0.583

E1A binding protein p300 EP300 12 0.004 0.532
Glucocorticoid receptor NR3C1 12 0.006 0.583

Protein kinase C delta type PRKCD 12 0.003 0.583

B2 bradykinin receptor BDKRB2 12 0.005 0.538
Uracil nucleotide/cysteinyl leukotriene receptor GPR17 12 0.005 0.538

Proteinase-activated receptor 1 F2R 11 0.006 0.553

Interleukin-6 IL6 11 0.004 0.553
Cell division control protein 42 CDC42 11 0.005 0.568

Tumor necrosis factor TNF 11 0.003 0.525

Ribosomal protein S6 kinase beta-1 RPS6KB1 11 0.006 0.575
Platelet-derived growth factor receptor beta PDGFRB 11 0.002 0.575

Protein kinase C beta type PRKCB 11 0.003 0.538

Protein kinase C alpha type PRKCA 11 0.003 0.538
CREB-binding protein CREBBP 10 0.002 0.512

Type-1 angiotensin II receptor AGTR1 10 0.002 0.532

Platelet-activating factor receptor PTAFR 10 0.004 0.553
Substance-P receptor TACR1 10 0.002 0.532

Integrin beta-1 ITGB1 9 0.001 0.553

Sphingosine 1-phosphate receptor 2 S1PR2 9 0.011 0.545
C-C chemokine receptor type 5 CCR5 8 0.008 0.532
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Figure 4 Functional analysis of NTF. GO enrichment of related genes of (A) biological process, (B) molecular functions, (C) cellular components and (D) KEGG pathway 
enrichment analysis for 43 key targets.
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Figure 5 3D and 2D interaction diagrams of hyrcanoside (Aa), bassianin (Bb) and cholesteryl ferulate (Cc) in the active site of PIK3CA (PDB ID 4TUU).
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infarct volume. The results showed that the neurological 
score and infarct volume of the model group were signifi-
cantly higher than those of the sham group (p<0.01). 
Compared with the model group, NTF could significantly 
reduce the neurological score (p<0.01) and infarct volume 
(p<0.05) of rats after CIRI (Figure 6). Then the morphol-
ogy of brain nerve cells and the density of dendritic spines 
in ischemic cortex and hippocampus of rats were observed 
after the Nissl staining and Golgi staining. In model group, 
multiple neurons were destroyed, and damages were 
reduced dramatically by NTF extracts pretreatment. In 
the model group, the spines density in cortex and hippo-
campus were significantly downregulated compared to the 
sham group (p<0.01). Compared with the model group, the 
spines density was significantly increased in cortex and 
hippocampus in the NTF group (p<0.05) (Figure 7). In the 
model group, numbers of Nissl bodies in cortex and hip-
pocampus were significantly decreased compared to the 
sham group (p<0.01). Compared with the model group, the 
number of Nissl bodies were significantly increased in 
cortex (p<0.01) and hippocampus (p<0.05) in the NTF 
group (Figure 8). TUNEL staining identifies apoptotic 
neurons. As shown in Figure 9, there were many TUNEL- 

positive neurons in ischemic cortex and hippocampus of 
CIRI rats in the model group (p<0.01) compared with the 
sham group, and fewer TUNEL-positive neurons in the 
NTF group compared with the model group (p<0.01). The 
results indicated that pretreatment of NTF might exert 
a protective effect against apoptosis in rats subjected to 
CIRI.

Verification of Critical Proteins in NTF on 
CIRI by Immunofluorescence and 
Western Blotting
To explore the intracellular mechanisms of NTF extract on 
STAT3/PI3K/AKT signaling pathway in CIRI, the expres-
sions of p-STAT3, PI3K, p-AKT, AKT, Bcl-2 and Bax in 
CIRI brain tissues were evaluated. The immunofluores-
cence staining results are shown in Figures 10–14. 
Compared with the sham group, the levels of p-STAT3, 
PI3K, p-AKT and Bcl-2 in cortex and hippocampus were 
obviously downregulated in the model group (p<0.01). 
The levels of Bax in cortex and hippocampus were 
obviously upregulated in the model group (p<0.01). 
Compared with the model group, the levels of Bax were 

Figure 6 Pretreatment of NTF 7 days prior to CIRI reduced infarct volume and ameliorated neurological deficit in rats 24 h after reperfusion. (A) Representative TTC- 
stained photos of the cerebral infarct coronal sections. (B) Percentage of infarct volume. (C) Neurological scores. All data were presented as mean ± SD. ##p<0.01 versus 
sham group; **p<0.01, *p<0.05 versus model group, respectively.
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obviously downregulated in cortex (p<0.01) and hippo-
campus (p<0.05) in the NTF group. The levels of 
p-STAT3 in cortex were upregulated in the NTF group 
(p<0.01). And the levels of PI3K, p-AKT and Bcl-2 in 
cortex were obviously upregulated in the NTF group 
(p<0.05). In hippocampus, the levels of PI3K and Bcl-2 

were upregulated in the NTF group (p<0.05), as well as 
the levels of p-AKT (p<0.01). The levels of p-STAT3 were 
raised in the NTF group without significant difference 
(p>0.05). As shown in Figure 15, the Western blotting 
showed the protein expressions of Bcl-2, Bax, p-STAT3, 
PI3K, p-AKT, AKT. Compared with the sham group, Bcl- 

Figure 7 Pretreatment of NTF 7 days prior to CIRI increased the spines density in rats 24 h after reperfusion. (A) Representative Golgi-stained photos of the dendritic 
spines in ischemic cortex sections magnified 400 times. (B) Spines density in ischemic cortex. (C) Representative Golgi-stained photos of the dendritic spines in ischemic 
hippocampus magnified 400 times. (D) Spines density in ischemic hippocampus. All data were presented as mean ± SD. ##p<0.01 versus sham group; *p<0.05 versus model 
group, respectively.
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2/Bax ratio and p-STAT3 in the model group were signifi-
cantly decreased in cortex and hippocampus (p<0.01). The 
levels of PI3K were obviously downregulated in cortex 
(p<0.05) and hippocampus (p<0.01). The p-AKT/AKT 
ratio in the model group were significantly decreased in 
cortex and hippocampus (p<0.05). Compared with the 
model group, the levels of Bcl-2/Bax, p-STAT3, p-AKT/ 
AKT in the NTF group were obviously raised in cortex 
and hippocampus (p<0.05). The levels of PI3K were 
obviously upregulated in hippocampus (p<0.05). In cortex, 
the levels of PI3K were upregulated without statistical 
differences (p>0.05). These results suggested that 

pretreatment of NTF could protect the brain against 
ischemic stroke and CIRI via STAT3/PI3K/AKT signaling 
pathway.

Discussion
Successful recanalization of arterial blood flow is the 
primary therapeutic option after the onset of ischemic 
stroke. However, complications may occur after revas-
cularization, and CIRI is one of the most serious com-
plications. CIRI is defined as a biochemical cascade 
reaction causing the deteriorating effects in ischemic 
brain tissue, whose changes of function and structure 

Figure 8 Pretreatment of NTF 7 days prior to CIRI increased the neurons activity of the ischemic cortex and hippocampus in rats 24 h after reperfusion. (A) Representative 
images magnified 200 times and 400 times in ischemic cortex sections. (B) Quantitatively analyzed Nissl bodies in each group after 24 h of reperfusion in ischemic cortex. 
(C) Representative images magnified 200 times and 400 times in ischemic hippocampus sections. (D) Quantitatively analyzed Nissl bodies in each group after 24 h of 
reperfusion in ischemic hippocampus. All data were presented as mean ± SD (n = 18 rats in each group). ##p<0.01 versus sham group; **p<0.01, *p<0.05 versus model 
group, respectively.
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become conspicuous during the restoration of the blood 
flow after a period of ischemic stroke, which is 
a common and inevitable problem after revascularization 
therapy.38 The damage of tissues caused by CIRI is 
divided into two parts: ischemia injury and reperfusion 
injury. The main factor for ischemia injury is cell energy 
depletion, and for reperfusion injury, the main factors 
are interplay of oxidative and microcirculatory stress, 
along with inflammation and apoptosis.39 After the 
reperfusion stage, red blood cells restore blood flow to 
provide oxygen to ischemic tissue. Moreover, a lower 
concentration of anti-oxidative agents in ischemic cells 

increases local inflammation and ROS production, lead-
ing to secondary injury.40,41 Apoptosis is also a crucial 
mechanism of secondary damage in brain tissue after 
CIRI, the overproduction of ROS and the translocation 
of Bax (pro-apoptotic protein) trigger the intrinsic apop-
totic pathway.42,43 Delays to reperfusion, incomplete 
recanalization, hemorrhagic transformation, and second-
ary injury after reperfusion are some of the limitations 
of intravenous thrombolysis.44 The subsequent injury 
induced by CIRI is a critical condition for which phy-
sicians need to preserve organ and neurogenic function. 
As new facts became known, compound Chinese 

Figure 9 Pretreatment of NTF 7 days prior to CIRI reduced the neuronal apoptosis of the ischemic cortex and hippocampus in rats 24 h after reperfusion. (A) 
Representative images magnified 200 times and 400 times in ischemic cortex sections. (B) The apoptotic index indicates the percentage of TUNEL-positive cells in each 
group after 24 h of reperfusion in ischemic cortex. (C) Representative images magnified 200 times and 400 times in ischemic hippocampus sections. (D) The apoptotic index 
indicates the percentage of TUNEL-positive cells in each group after 24 h of reperfusion in ischemic hippocampus. All data were presented as mean ± SD. ##p<0.01 versus 
sham group; **p<0.01 versus model group, respectively.
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medicine usually contains a large number of chemical 
components, which may work together to achieve 
a therapeutic effect of CIRI.45 Our previous research 
reports pointed out that NTF extract had 
a neuroprotective effect.20–23 Therefore, it is necessary 
to explore the mechanisms underlying the protective 
effects of NTF as an alternative or complementary med-
icine to prevent or alleviate CIRI in ischemic stroke 
patients.

In recent years, network pharmacology strategy has 
been successfully applied to analyze TCM prescriptions, 
optimize prescriptions, develop new medicines, screen 
the active ingredients of TCM, and research drug- 
symptoms,46 which is useful to explore the mechanisms 
underlying NTF in ischemic stroke and CIRI. Through 
active compounds screening, drug targeting and pathway 
enrichment analysis, NTF network pharmacology analy-
sis identified 4 kinds of traditional Chinese medicine, 38 

compounds and 43 hub targets in the present research. 
Meanwhile, the molecular docking results showed that 
the key active compounds in NTF had good binding 
affinity with 3 hub targets. Judging from the topological 
analysis of the key target-compound network and dock-
ing score of the molecular docking method, we selected 
3 hub compounds, which were bassianin, cholesteryl 
ferulate, and hyrcanoside. It has been reported that 
astragaloside IV and calycosin-7-o-glucoside are the 
representative components of Radix Astragali, which 
may exert neuroprotective effects in CIRI mainly 
through their anti-oxidant, anti-inflammatory, anti- 
coagulant, and anti-apoptotic actions.47,48 Ligustrazine 
and ferulic acid are the main active ingredients of 
Rhizoma Ligustici Chuanxiong. Previous studies have 
indicated that ligustrazine can protect against I/R injury 
via activating PI3K/AKT pathway based on its anti- 
inflammatory and neuro-protective effects and ferulic 

Figure 10 Effects of NTF 7 days prior to CIRI on expression of p-STAT3 of the ischemic cortex and hippocampus in rats 24 h after reperfusion. (A) Representative images 
magnified 400 times in ischemic cortex sections examined with specific antibody against p-STAT3 (red); nuclei were stained with DAPI (blue). (B) The numbers of p-STAT3 
positive cells in each group after 24 h of reperfusion in ischemic cortex. (C) Representative images magnified 400 times in ischemic hippocampus sections. (D) The numbers 
of p-STAT3 positive cells in each group after 24 h of reperfusion in ischemic hippocampus. All data were presented as mean ± SD. ##p<0.01 versus sham group; **p<0.01 
versus model group, respectively.
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acid acts as a neuroprotective function against cerebral 
ischemia through regulating p70S6 kinase expression 
and S6 phosphorylation which are downstream targets 
of AKT.49,50 Previous reports have shown that 
Pheretima could exert anti-inflammatory effects by 
reducing the production of inflammatory mediators 
such as NO, PGE2, TNF-α and various inflammatory 
cytokines.51 There is a research revealed that Pheretima 
may have anti-coagulant and anti-thrombotic functions 
through regulating DPf3, which is a group of antithrom-
botic functional proteins purified from Pheretima.52 

Moreover, Bombyx Batryticatus has been reported to 
exhibit pharmacological activity on the nervous system, 
such as anticonvulsant and antiepileptic effects, hypnotic 
effects, and neurotrophic effects and so on.17 It has been 
also reported that (4E,6E,2S,3R)-2-N-docosanoyl- 
4,6-tetradecasphingadienine is the potential structure in 
Bombyx Batryticatus with a neurite outgrowth 

promoting activity.53 Overall, the above findings sug-
gested that the multiple-compounds of NTF may collec-
tively exert beneficial effects against CIRI. And the 
HPLC and HRMS results in our study also showed the 
existence and contents of bassianin, cholesteryl ferulate, 
hyrcanoside, (4E,6E,2S,3R)-2-N-docosanoyl-4,6-tetrade-
casphingadienine, ligustrazine hydrochloride, calycosin 
7-o-glucoside, and ferulic acid in NTF, which provided 
the pharmacological evidence for NTF to be used as an 
agent in the treatment of CIRI.

In this study, numerous targets and pathways were 
identified to be associated with multiple compounds 
from different herbs in NTF, which revealed the syner-
gistic property of the compounds in the NTF for the 
treatment of ischemic stroke and CIRI. It was mainly 
based on the effective clustering of functional genes of 
GO and KEGG pathways,54,55 clustering functional 
genes into different biological processes, and it also 

Figure 11 Effects of NTF 7 days prior to CIRI on expression of PI3K of the ischemic cortex and hippocampus in rats 24 h after reperfusion. (A) Representative images 
magnified 400 times in ischemic cortex sections examined with specific antibody against PI3K (red); nuclei were stained with DAPI (blue). (B) The numbers of PI3K positive 
cells in each group after 24 h of reperfusion in ischemic cortex. (C) Representative images magnified 400 times in ischemic hippocampus sections. (D) The numbers of PI3K 
positive cells in each group after 24 h of reperfusion in ischemic hippocampus. All data were presented as mean ± SD. ##p<0.01 versus sham group; *p<0.05 versus model 
group, respectively.
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helped to solve these problems related to the underlying 
therapeutic mechanism of NTF’s effects on ischemic 
stroke and CIRI. Notably, it has shown that the 
STAT3/PI3K/AKT signaling pathway related to hub tar-
gets are considered to be potentially correlated with 
ischemic stroke and CIRI. The STAT3/PI3K/AKT sig-
naling pathway is reported to play important roles in the 
treatment of ischemic stroke and CIRI through cell 
growth and differentiation regulation,56,57 

apoptosis,58,59 restoration and survival of ischemic 
nerve cells,60,61 neuro-inflammation,62 angiogenesis63 

and so on. In a word, the above research revealed that 
NTF could protect the brain tissue against ischemic 
stroke and CIRI via the STAT3/PI3K/AKT signaling 
pathway.

The results of this study showed that the neurologi-
cal function of CIRI rats was improved, the ischemic 
infarct volume was reduced, and the dendritic spine 

density and survival of neurons were increased after 
pretreatment of NTF for 7 days, which indicated that 
NTF pre-administration had an effective neuroprotective 
effect on CIRI. The cells of the ischemic core area 
experience a sudden reduction of blood flow, within 
just several minutes after ischemic attack with irrever-
sible injury and subsequent cell death, and the main 
form of cell death is apoptosis.59 CIRI triggers multiple 
cell apoptotic pathways.64 The JAK/STAT signaling 
pathway is the main signal mechanism for a wide 
array of cytokines and growth factors in mammals and 
it is a crucial player in promoting neurogenesis, which 
facilitates neuronal differentiation and synaptic 
plasticity.65,66 There are seven members of the STAT 
family in the cytoplasm, namely STAT1, STAT2, 
STAT3, STAT4, STAT5A, STAT5B and STAT6,67,68 

which have been reported to be involved in cell oxida-
tive stress, apoptosis, proliferation, differentiation, 

Figure 12 Effects of NTF extracts 7 days prior to CIRI on expression of p-AKT of the ischemic cortex and hippocampus in rats 24 h after reperfusion. (A) Representative 
images magnified 400 times in ischemic cortex sections examined with specific antibody against p-AKT (red); nuclei were stained with DAPI (blue). (B) The numbers of 
p-AKT positive cells in each group after 24 h of reperfusion in ischemic cortex. (C) Representative images magnified 400 times in ischemic hippocampus sections. (D) The 
numbers of p-AKT positive cells in each group after 24 h of reperfusion in ischemic hippocampus. All data were presented as mean ± SD. ##p<0.01 versus sham group; 
**p<0.01, *p<0.05 versus model group, respectively.
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signal activation and transcription.69 STAT1 has pre-
viously been involved in causing cerebral ischemia 
injury by modulating transcription and phosphorylation 
of proteins related to apoptosis and cell death.70 

A previous study discovered that the activation of 
STAT6 in both microglia and peripheral cells was con-
ductive to STAT6-afforded protection against ischemic 
brain injury.71 It has been reported that STATs, espe-
cially STAT6 and possibly STAT1, increase the tran-
scription of 12/15-LOX in neuronal cells, which is 
a key mediator of oxidative stress, leading to neuronal 
cell death and vascular leakage.72 Cerebral ischemia 
activates several growth factors, cytokines, and their 
receptor JAK, which recruits STAT3 protein for tyrosine 
phosphorylation. A dimer consisting of two phosphory-
lated STAT3 can translocate into the nucleus, 

consequently regulating the transcription of target 
genes by binding to DNA.73 Meanwhile, The activation 
of STAT3 has been reportedly associated with the neuro- 
inflammation in cerebral ischemia,74 and it could 
regulate the expression of inflammation-related genes 
encoding proteins.64 STAT3-mediated cytokine signaling 
regulates gliogenesis and neurogenesis during brain 
development, thereby exerting neuroprotective 
effects.75 Thus, we here investigated the effects of 
NTF on the STAT3 signaling pathway. The NTF pre-
treatment significantly upregulated the expression of 
p-STAT3 expression in the post-ischemic brains 
in vivo. However, the role of the STAT3 signaling path-
way remains controversial because it has been reported 
that the expression of p-STAT3 was upregulated in the 
ischemic penumbra of MCAO mouse brains.76 The 

Figure 13 Effects of NTF 7 days prior to CIRI on expression of Bcl-2 of the ischemic cortex and hippocampus in rats 24 h after reperfusion. (A) Representative images 
magnified 400 times in ischemic cortex sections examined with specific antibody against Bcl-2 (red); nuclei were stained with DAPI (blue). (B) The numbers of Bcl-2 positive 
cells in each group after 24 h of reperfusion in ischemic cortex. (C) Representative images magnified 400 times in ischemic hippocampus sections. (D) The numbers of Bcl-2 
positive cells in each group after 24 h of reperfusion in ischemic hippocampus. All data were presented as mean ± SD. ##p<0.01 versus sham group; *p<0.05 versus model 
group, respectively.
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amphibolous results may result from the difference of 
species, ischemic duration and location of vascular 
occlusion. Therefore, the role of STAT1, STAT3 and 
STAT6 in the pathological mechanisms underlying 
ischemic stroke and CIRI should be further explored in 
future studies.

A previous study has shown that inhibitors of 
PI3K decrease STAT3 phosphorylation, which further 
suggests that PI3K and STAT3 have some 
interdependence.77 Activated JAKs induce signaling 
pathways including not only the STAT signaling path-
way but also the PI3K/AKT signaling pathway, which 
plays an important role in mitosis and cell survival.78 

Previous findings have shown that the PI3K/AKT sig-
naling pathway was involved in cell proliferation, 
inflammation, differentiation, apoptosis, survival and 

other activities.79,80 The results of our present study 
showed that the expression of PI3K and p-AKT was 
reduced in CIRI rats and increased after NTF pre- 
administration, indicating that the PI3K/AKT signaling 
pathway was activated under NTF pre-treatment condi-
tions. Research illustrated that the survival of neurons 
after ischemia is related to the activation of the PI3K/ 
AKT signaling pathway, and the direct consequence is 
considered to be the suppression of apoptosis and 
inflammation,81 which was basically consistent with 
our study. Researches have shown that reducing the 
number of apoptotic cells in ischemic penumbra may 
be crucial, because the cells here may be salvaged 
after stroke.82 It has also been demonstrated that reha-
bilitation training can effectively activate the PI3K/ 
AKT signaling pathway, inhibit neuronal apoptosis, 

Figure 14 Effects of NTF 7 days prior to CIRI on expression of Bax of the ischemic cortex and hippocampus in rats 24 h after reperfusion. (A) Representative images 
magnified 400 times in ischemic cortex sections examined with specific antibody against Bax (red); nuclei were stained with DAPI (blue). (B) The numbers of Bax positive 
cells in each group after 24 h of reperfusion in ischemic cortex. (C) Representative images magnified 400 times in ischemic hippocampus sections. (D) The numbers of Bax 
positive cells in each group after 24 h of reperfusion in ischemic hippocampus. All data were presented as mean ± SD. ##p<0.01 versus sham group; **p<0.01, *p<0.05 versus 
model group, respectively.
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and promote the recovery of neurological and motor 
functions in rats with ischemic stroke.83 Activated 
AKT has been found to promote cell survival through 
phosphorylating.84 A previous study showed that acti-
vation of the PI3K/AKT signaling pathway mediates 
the protective effect against neuronal apoptosis after 
subarachnoid hemorrhage.85 Bcl-2, one of the Bcl-2 
family proteins, is known as a downstream target of 
the STAT pathway.86 The phosphorylated AKT can 
activate a variety of apoptosis regulatory proteins, 
including the pro-apoptotic protein Bax.87 Studies indi-
cated that Bcl-2 and Bax, which belong to the Bcl-2 
protein family, are crucial proteins in cell apoptosis. 
Bcl-2 can promote cell survival, while Bax facilitates -
apoptosis.88 In the present study, our data exhibited 
that NTF decreased the number of apoptotic neuronal 
cells, raised the expression of Bcl-2 and reduced the 
expression of Bax, which signified that NTF has an 
anti-apoptotic effect in CIRI. Taken together, the 
STAT3/PI3K/AKT signaling pathway may be 
a critical therapeutic target for reducing apoptosis and 
enhancing neurogenesis in the treatment of NTF in 

ischemia stroke and CIRI. Understanding of the biolo-
gical mechanism of NTF from experimental research 
may help develop the potential clinical strategy of NTF 
to treat ischemia stroke and CIRI (Figure 16).

Conclusion
Taken together, based on the systematic analysis of 
NTF by the combination of network pharmacology 
and the experimental verification, our present study 
showed that pretreatment with NTF protected the 
brain against ischemic stroke and CIRI via the 
STAT3/PI3K/AKT signaling pathway. We believe that 
NTF may serve as a promising therapy strategy for 
ischemic stroke. In the future, we will conduct further 
experiments to explore other possible predicted func-
tions and mechanisms, including laser Doppler or laser 
speckle to observe direct blood flow alterations of 
cerebral ischemia-reperfusion injury model, through 
which we will try to provide a theoretical basis for 
the prevention and treatment of ischemic stroke and 
CIRI.

Figure 15 Effects of NTF 7 days prior to CIRI on expression of Bcl-2/Bax, p-STAT3, PI3K and p-AKT/AKT of the ischemic cortex and hippocampus in rats 24 h after 
reperfusion by Western blotting. (A) The protein band of Bcl-2/Bax, p-STAT3, PI3K and p-AKT/AKT and corresponding GAPDH in ischemic cortex and corresponding bar 
graphs. (B) The protein band of Bcl-2/Bax, p-STAT3, PI3K and p-AKT/AKT and corresponding GAPDH in ischemic hippocampus and corresponding bar graphs. All data were 
presented as mean ± SD. ##p<0.01, #p<0.05 versus sham group; *p<0.05 versus model group, respectively.
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