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Baicalin Rescues Cognitive Dysfunction, Mitigates 
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Purpose: This study aims to evaluate the beneficial effects of anti-epileptic mechanisms of 
baicalin (BA) on cognitive dysfunction and neurodegeneration in pentylenetetrazol (PTZ)- 
induced epileptic rats.
Methods: First, PTZ-induced epileptic rats were administered intraperitoneally a sub- 
convulsive dose of PTZ (40 mg/kg) daily, and the seizure susceptibility (the degree of 
seizures and latency) was evaluated using Racine’s criterion. Then, classical behavioral 
experiments were performed to test whether BA ameliorated cognitive dysfunction. 
Neurodegeneration was assessed using Fluoro Jade-B (FJB), and NeuN staining was used 
to determine whether BA offered a neuroprotective role. After BA had been proven to 
possess anti-epileptic effects, its possible mechanisms were analyzed through network 
pharmacology. Finally, the key targets for predictive mechanisms were experimentally 
verified.
Results: The epileptic model was successfully established, and BA had anti-epileptic effects. 
Epileptic rats displayed significant cognitive dysfunction, and BA markedly ameliorated 
cognitive dysfunction. Further, we also discovered that BA treatment mitigated neurodegen-
eration of the hippocampus CA3 regions, thereby ameliorated cognitive dysfunction of 
epileptic rats. Subsequent network pharmacology analysis was implemented to reveal 
a possible mechanism of BA in the anti-epileptic process and the TLR4/MYD88/Caspase- 
3 pathway was predicted. Finally, experimental studies showed that BA exerted an anti- 
epileptic effect by activating the TLR4/MYD88/Caspase-3 pathway in PTZ-induced epileptic 
rats.
Conclusion: In conclusion, BA had a protective effect against PTZ-induced seizures. BA 
improved cognitive dysfunction and exerted a neuroprotective action. The anti-epileptic 
effects of BA may be potentially through activation of the TLR4/MYD88/Caspase-3 
pathway.
Keywords: baicalin, pentylenetetrazol, epilepsy, cognitive dysfunction, network 
pharmacology, TLR4/MYD88/Caspase-3

Introduction
Epilepsy, a global public health problem, is mainly characterized by sudden sen-
sory, motive, psychic, or autonomic symptoms.1 Psychiatric and behavioural dis-
orders are highly prevalent among people with epilepsy, such as depression, 
cognitive dysfunction, and anxiety.2 Such unprovoked seizures affect 1% of the 
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global population and all ages.3 At present, drug therapy is 
the first choice to treat this disease. Patients with epilepsy 
often required lifelong medication, but some patients are 
resistant to currently available anti-epileptic drugs.4 

Moreover, plenty of clinical reports imply that anti- 
epileptic drugs have specific side effects, such as terato-
genicity, glaucoma, agranulocytosis, and paraesthesia.5 

Therefore, exploring safe and effective anti-epileptic meth-
ods has become a medical research hotspot.

Epilepsy is a complex disease characterized by multi-
ple clinical features that cannot be explained by a single 
pathogenic mechanism.6 Diverse studies have confirmed 
that the pathological features are abnormal discharge of 
nerve cells, loss of neurons, activation of glial cells, and 
the eventual occurrence of convulsions, but its entire 
pathology remains unknown.7 Therefore, establishing 
a suitable epilepsy model is crucial for epilepsy research. 
The kindling model, a method of studying the mechanism 
of epilepsy and evaluating the efficacy of new anti- 
epileptic drugs, is a process of inducing gradual intensity 
of convulsive activity as a result of repetitive administra-
tion of chemical or electrical sub-convulsive stimulation. 
Pentylenetetrazol (PTZ) is a selective antagonist of the 
GABAA receptor.8 The PTZ-induced kindling rat model 
is a conventional epileptic model with recurrent features 
and typical pathophysiology.9 This model is a gold stan-
dard to study epilepsy and evaluate epileptic drugs.

Pharmacology is an emerging discipline that focuses 
on drug design based on the theory of biology, backed up 
with a Bioinformatics database.10,11 It reveals the mystery 
of multi-molecular drugs in the cooperative treatment 
against diseases by integrating abundant pharmacokinetics 
assessment, target prediction, pathway enrichment, and 
network pharmacology analysis.12 In addition, pharmacol-
ogy unifies with the Traditional Chinese Medicine (TCM) 
syndrome, emphasizing the etiologic mechanisms. 
Network pharmacology provides a workable and powerful 
tool for elucidating the complicated interrelationships 
among compounds, targets, pathways, and diseases.13

Baicalin (BA) is a type of flavonoid compound isolated 
from the dry root of Scutellaria baicalensis Georgi, with 
continuous in-depth research, it has been attracting broader 
attention in the treatment of dozens of diseases, such as 
neurodegenerative disorders, gastrointestinal infections, car-
dio-cerebrovascular diseases, cancer, and inflammation.14,15 

No side effects are reported at a conventional dose of BA.16 

However, BA is removed quickly from the body and does 
not easily reach the brain.17 BA also has a low aqueous 

solubility.18 The neuroprotective effect of BA could be 
dependent on the continuous presence of the drug.19,20

In this study, we evaluated the anti-epileptic potential of 
continuous administration of BA in a PTZ-induced epileptic 
model and investigated whether the repeated seizures were 
associated with kindling induce cognitive function and BA 
ameliorated cognitive dysfunction. Furthermore, to continue 
exploring and explaining the mechanism of BA in epilepsy, 
this study used network pharmacology analysis, gene ontol-
ogy (GO) analysis, and Kyoto encyclopedia of genes, and 
genomes (KEGG) pathway to predict underlying molecular 
mechanisms of the anti-epileptic potential of BA. Finally, 
the key targets were verified in the epileptic model. 
Information grasped in the current study will assist in 
developing BA as adjuvant therapy for epilepsy.

Materials and Methods
Materials
BA (purity ≥ 98%, batch number: K198628) was received 
from the Xian YunYue Company (Xian, China) as 
a therapeutic drug. Valproate tablets (VPA) were pur-
chased from Hunan Xiang Zhong Pharmaceutical 
Company (Hunan, China) as a controlled drug. 
Pentylenetetrazol (PTZ) was obtained from Sigma 
Chemical Company (St. Louis, MO, USA) to induce sei-
zures. All other analytical reagents were purchased from 
Sigma Chemical Company (St. Louis, MO, USA).

Animals
To avoid the effects of estrogen on epilepsy, only male rats 
were used in this experimental research. Male Sprague 
Dawley rats (4 weeks old, 100 ± 20 g) were purchased 
from the Animal Experiment Center at Hebei Medical 
University (certificate number: SCXK(JI) 2018–004, 
Hebei, China). Two rats were housed per cage in 
a pathogen-free room (22 ± 2°C) under a 12-h light/dark 
cycle with free access to food and water. All rats were 
habituated for 7 days to adapt to the cage environment 
before the experiment. The study was approved by Hebei 
Key Laboratory of Turbidity, Hebei Academy of Chinese 
Medicine Sciences. The rats’ study protocol was con-
ducted following the National Institute of Health Guide 
for the Care and Use of Laboratory Animals. 56 rats were 
randomly divided into two groups (8 for the control group 
and 48 for the epileptic group). All efforts were made to 
decrease the number of animals used and their suffering.
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PTZ Kindling
Figure 1A shows the animal experimental procedure. The 
model for the kindling procedure followed a previous method 
with minor modifications.21 Briefly, the model group was 
intraperitoneally injected (i.p.) with a dose of the subconti-
nent (40 mg/kg) of PTZ, and the control group was adminis-
tered an equal volume of saline for 28 days. All rats were 
weighed before each injection and monitored for signs of 
seizure over 30 min after each PTZ treatment. According to 
Racine’s criterion (Table 1), stage 4 or 5 limbic motor sei-
zures or higher on the Racine scale for 3 consecutive days 
indicated the successful ignition of the model.22 If there were 
a stage 5 seizure without remission that could intervene in 
death caused by convulsive symptoms during epileptic sei-
zures in epileptic rats, an immediate injection of 10% chloral 
hydrate (5 mL/kg) should be used for sedation and 
anticonvulsion.21,23 Animals were excluded from the study 

if they did not kindle (animals score less than stage 4 accord-
ing to the Racine) after 28 days.24,25

Groups
Figure 1B shows the groups. The epileptic rats that met the 
Racine’ criteria were randomly divided into four groups: 
(1) epileptic rats treated with normal saline (NS) (Epilepsy 
group, n = 11), (2) epileptic rats treated with VPA 

Figure 1 (A) Representative diagram for the experimental process. Epilepsy was induced by intraperitoneal injection of PTZ for 28 days. The model was maintained once 
per week for the next 21 days. The drug administration was began on day 29 and continued for 21 days to assess the effect of BA on epilepsy. The MWM and NORT were 
performed to investigate the effects of BA on cognitive dysfunction. Then further verified the results of network pharmacology. (B) Representative diagram for the 
experiment group.

Table 1 Racine’s Criterion

Racine Score Behavioural Characteristics

Stage 0 No obvious abnormal behavior
Stage 1 Facial activity, ear and whisker twitching

Stage 2 Facial clonus or head nodding

Stage 3 Unilateral limb spasm
Stage 4 Bilateral limb spasm

Stage 5 Tonic-clonic seizure
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(300 mg/kg/day, VPA group, n = 8), (3) epileptic rats 
treated with BA low-dose (50 mg/kg/day, L-BA group, 
n = 8), and (4) epileptic rats treated with BA high-dose 
(100 mg/kg/day, H-BA group, n = 8). The control group 
and epilepsy group were given NS in the same 
volume.26,27 The dose of BA depends on the previous 
report.28 The treatments started from day 28 till 49 and 
were given between 9:00 and 11:00 hours once daily via 
gastric gavage. During the treatment, the model was main-
tained once every 5 days and continued up to day 21.

On day 49, 24h after the final drug administration, all 
rats underwent Morris water maze test to assess spatial 
learning and memory for 5 days. On day 55, all rats 
underwent the novel object recognition task to assess 
object learning and memory. On day 56, all rats were 
anesthetized intraperitoneally with 2% sodium pentobarbi-
tal. 5 rats from each group were subjected to transcardiac 
perfusion, and their cerebral hemispheres were removed 
and fixed in 4% paraformaldehyde solution. The remaining 
3 rats were decapitated, and their hippocampus was 
removed and stored in liquid nitrogen for further analysis.

Morris Water Maze Test
The Morris water maze test (MWM) was performed follow-
ing the previous method.29 In a word, the MWM test was 
composed of a black circular pool (diameter 62 cm, height 
43 cm) filled with water (depth 10 cm, temperature 21 ± 
1 °C) and a circular platform (diameter 10 cm) for animals 
to escape.30 The pool was divided into four quadrants with 
different marks: quadrants W, N, E, and S. All rats were 
subjected to four training sessions per day for 4 consecutive 
days, with the interval between trials was 5 min. Each trial 
lasted for 60 s to find the circular platform. If the subjects 
did not find the platform within 60 s, the researchers could 
manually lead them to the platform to remain for 
20 s. On day 5, the circular platform was removed to per-
form the probe test. Each rat was allowed to swim for 
60 s. The trial began with the same quadrant to assess the 
exploration time in the target area and other quadrants.

The Novel Object Recognition Task
In the process of the novel object recognition task (NORT), 
we used a 60×60 × 40 cm wooden box.31 Two identical 
objects were placed in two corners of the box so that the tip 
of the rat’s nose was able to explore the two objects. One of 
the initial objects was removed after 60 min and replaced 
with a new object in its position. All rats were monitored by 
cameras mounted 5 m above the wooden box, and objects 

were thoroughly cleaned with 70% ethanol between trials. 
NORT was exploited for assessing recognition memory. 
A recognition index (RI) was calculated for a novel object, 
defined as the amount of time spent to explore a novel object 
over the total time spent exploring both objects. RI = (Novel 
Time/(Novel Time + Familiar Time) × 100).

Fluoro-Jade B Staining
The rats were anesthetized intraperitoneally with 2% 
sodium pentobarbital, and brain tissues were removed on 
ice and then placed in an EP tube filled with 4% parafor-
maldehyde for 24 h. Tissues were embedded using paraffin 
and cut into 4-μm-thick sections. Floating slides (n = 3 
animals per group, six sections per animal), collected in 
0.01 M phosphate buffer saline (PBS), were mounted on 
gelatin-coated slides and dried at room temperature 
overnight.32 Brain sections were washed two times for 
15 min in xylene. After immersing two times for 5 
min in absolute ethanol, 5 min in 85% ethanol, and 5 
min in 75% ethanol and distilled water, they were trans-
ferred to a solution of 50% glacial acetic acid and 
a 0.0004% FJB staining solution. Finally, a fluorescence 
microscope was used to collect an image.

Immunofluorescent Staining of NeuN
The perfused brain tissues were soaked in 4% paraformalde-
hyde for at least 24 h, and tissues were embedded using paraf-
fin and cut into 4-μm-thick sections (n = 3 animals per group, 6 
sections per animal). After conventional dewaxing and hydra-
tion, tissue sections were stained with Immunofluorescent 
staining of NeuN.33 The tissue sections were placed in a box 
filled with citric acid antigenic repair buffer (pH = 6.0) for 
antigen retrieval. After natural cooling, the samples were 
washed thrice with PBS, for 3 min, dripped and sealed with 
goat serum for 30 min. Then, the primary antibody of rabbit 
anti-NeuN (Servicebio, Wuhan, China; Catalog: GB11138, 
diluted at 1:500) was added to the sections and incubated 
overnight at 4°C. After washing with PBS, secondary goat 
anti-rabbit antibody (Servicebio, Wuhan, China; Catalog: 
GB21303, diluted at 1:300) were incubated for 50 min. 
Finally, the sections were stained with diamidinophenylindole 
(DAPI) and examined under a microscope.

Assessment of Absorption, Distribution, 
Metabolism, and Excretion Properties of BA
The absorption, distribution, metabolism, and excretion 
(ADME) properties of BA were acquired from the 
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TCMSP database.34 Which was a pharmacology platform 
designed for TCM or related ingredients.35 Oral bioavail-
ability (OB) and drug-likeness (DL) were used to identify 
their potential bioactive compounds of BA, OB and DL 
were set to ≥ 30% and ≥ 0.18.

Predicting Functional Targets of BA and 
Mining Known Epilepsy-Related Genes
The 2D molecular structure of BA was collected from 
PubChem (https://pubchem.ncbi.nlm.nih.gov/).36 The 
compound targets were screened by Similarity 
Ensemble Approach (SEA) (http://sea.bkslab.org/).37 

The Comparative Toxicogenomics Database (CTD) 
(http://ctdbase.org/about/).38 STITCH Database (http:// 
stitch.embl.de/).39 HERB (http://herb.ac.cn/) and 
TargetNet (http://targetnet.scbdd.com).40,41

Epileptic targets were predicted and gathered using 
the GeneCards database (http://www.genecards.org).42 

DrukBand platform (https://www.drugbank.ca/).43 

Therapeutic Target Database (TTD, https://db.idrblab. 
org/ttd/) and a Database of Gene-Disease Associations 
(DisGeNET, http://www.disgenet.org/).44,45 Venny 
(http://bioinfogp.cnb.csic.es/tools/venny/index.html) was 
used to build the Venn diagram for common targets.

The above common target proteins were used to con-
struct the protein-protein interaction (PPI) network model 
via the Search Tool for the Retrieval of Interacting Genes 
(STRING) (http://string-db.org/). Cytoscape 3.7.1 was 
used to construct networks.46 The top 10 core PPI net-
works were obtained by analyzing the corresponding net-
works by MCODE, a Cytoscape plugin.47

GO and KEGG Pathway Analyses
Metascape (http://metascape.org/) was used for GO and 
KEGG pathway analyses.48 GO enrichment analysis was 
exploited to explain and annotate genes by three aspects, 
including cellular component (CC), molecular function 
(MF), and biological process (BP) analyses. The KEGG 
database was utilized for pathway analysis. Apart from this, 
enriched GO terms and relevant pathways with P-values < 
0.05 were selected for better prediction and verification of the 
biological process and mechanism. More detailed pathway 
analysis data are provided in Supplementary Table S1.

Immunohistochemistry
Tissues were embedded using paraffin and cut into 
4-μm-thick sections (n = 3 animals per group, 6 sections 

per animal). Sections were deparaffinized and rehydrated, 
then placed in a box filled with citric acid antigenic repair 
buffer (pH 6.0) in a microwave oven for antigen retrieval. 
Later, they were incubated with 3% H2O2 for 10 min at room 
temperature. After blocking with 5% BSA for 30 min, the 
tissue sections were incubated with primary antibody anti- 
Caspase1 (ABclonal, Wuhan, China; Catalog: A0964, 
diluted at 1:200), anti-Caspase3 (Servicebio, Wuhan, 
China; Catalog: GB11009-1, diluted at 1:200), anti-TLR4 
(Bioss, Beijing, China; Catalogue: bs-20594R, diluted at 
1:200), anti-MYD88 (Bioss, Beijing, China; Catalogue: bs- 
1047R, diluted at 1:200), anti-BAX (ABclonal, Wuhan, 
China; Catalog: A0207, diluted at 1:500), and anti-BCL-2 
(ABclonal, Wuhan, China; Catalog: A0208, diluted at 
1:500). The secondary antibody was incubated at room 
temperature. After PBS washing, the sections were moni-
tored and captured under a microscope.

Enzyme-Linked Immunosorbent Assay
Serum samples were separated from whole blood using 
high-speed centrifugation for a minimum of 3 rats per 
group. The content of inflammatory cytokines IL-1β 
(Multi Sciences, Hangzhou, China; Catalog: EK301B/ 
3-02) and IL-6 (Multi Sciences, Hangzhou, China; 
Catalog: EK306/3-01) was measured using their respective 
enzyme-linked immunosorbent assay enzyme-linked 
immunosorbent assay (ELISA) kits according to the man-
ufacturer’s protocol.

Western Blotting
Western blotting analysis was performed by proteins 
extracted from brain tissues (n = 3 rats per group). 
Briefly, the hippocampus tissues were crushed and frozen 
at −80°C in a mortar. Radioimmunoprecipitation assay, 
phenylmethylsulfonyl fluoride, and a small amount of 
liquid nitrogen were added and ground into a uniform 
liquid state. The sample was transferred to an Eppendorf 
tube, incubated on ice for 15 min, and centrifuged by 
a cold centrifuge. Then, the target protein was separated 
and stored in the refrigerator at −80°C.49 According to 
the protein concentration result, 5 × loading buffer 
was added to the total protein sample, denatured at 
95°C for 10 min and stored on ice. During electrophor-
esis, the protein sample was added to the well, the power 
was turned on, the voltage adjusted to 80v for approxi-
mately 25 min, then increased to 120 v. After gel electro-
phoresis, the protein bands separated on the gel were 
transferred to Polyvinylidene fluoride (PVDF) 
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membrane, and poly cloned with anti-Caspase1 
(ABclonal, Wuhan, China; Catalogue: A0964, diluted at 
1:200). The PVDF membrane was incubated with 
a horseradish peroxidase-labeled secondary antibody. 
Finally, the bands were visualized by enhanced chemilu-
minescence. Image J software was used to analyze the 
intensity of the bands.

Statistical Analysis
The data were expressed as the standard error of the 
mean. One-way analysis of variance was exploited for 
multiple-group statistical analyses. The Student Newman 
Keuls was used to analyze the equal variance data. 
SPSS Version 22.0 (SPSS Inc, Chicago, IL, USA) was 
used for the analyses. P < 0.05 is considered statistically 
significant.

Results
The General Condition of PTZ-Induced 
Epileptic Rats
In this section, the PTZ-induced epileptic rats’ behavior 
was discussed. During the experimental process, 42 of 
48 epileptic rats (87.5%) developed epileptic status. 3 of 
42 epileptic rats (7.1%) died due to severe generalized 
clonic tonic seizures, and 4 rats were withdrawn from 
the experiment (10.25%) due to intraperitoneal injection. 
During the absence of epileptic seizures, most epileptic 
rats showed general aggressiveness and irritability. The 
rat’s body weight was measured during PTZ intraperito-
neal injection. No significant changes were noted in the 
bodyweight of different groups during the ignition, and 
no significant changes were found among the groups 
during medication.

Effects of BA on PTZ-Induced Seizure 
Susceptibility
Figure 2 shows the effect of BA on the seizure suscept-
ibility of rats. The seizure stage score (stage 4 or greater) 
and seizure latency (interval from PTZ injection to first 
seizure) were used to assess seizure susceptibility. 
A continuous PTZ administration gradually increased the 
susceptibility of rats to seizures. On the 50th day, 3 ani-
mals in the epilepsy group died because of serious general-
ized seizures. However, no dead animals in other groups. 
Compared with the epilepsy group, treatment with BA and 
VPA reduced the seizure stage score and extended seizure 
latency on the 20th day. Importantly, a significantly longer, 
but not statistically significant seizure latency for the BA 
(100 mg/kg) was recorded compared to the VPA group, 
indicating that BA exhibited anti-epileptic activity in PTZ 
kindled rats.

Effects of BA on Spatial Learning and 
Memory
Figure 3 shows the effects of BA on spatial learning and 
memory, spatial learning, and animals’ memory were eval-
uated by MWM (Figure 3A). All animals were tested to 
adapt to the water, and there was no significant difference in 
swimming speed during the 120 s of habituation in the pool 
(P > 0.05, Figure 3B), which could eliminate the influence 
of sensorimotor ability on the results. In the place naviga-
tion trial, the escape latency of each group gradually 
decreased during the 5 days of training (Figure 3C). 
Compared with the control group, the epilepsy group exhib-
ited significantly longer escape latency (P < 0.01, 
Figure 3C). However, compared to the epilepsy group, 
VPA and BA (100 mg/kg) treatment significantly decreased 
escape latency (P < 0.05 and P < 0.01, respectively). 

Figure 2 Effects of BA on PTZ-induced seizures. (A) Seizure grade. (B) Seizure latency. The values were presented as the mean ± SEM. (n = 8. * P < 0.05, ** P < 0.01 vs 
epilepsy group).

https://doi.org/10.2147/DDDT.S314076                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2021:15 3168

Yang et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Interestingly, escape latency did not differ significantly 
between the H-BA and VPA groups (P > 0.05). In the 
spatial probe test, compared with the control group, cross-
ing-platform time was significantly reduced by PTZ expo-
sure (P < 0.01, Figure 3D), and VPA or BA effectively 
increased platform crossing (P < 0.05 and P < 0.01, respec-
tively). Notably, no substantial difference between the 
H-BA and control groups was found (P > 0.05).

Effects of BA on Object Learning and 
Memory
Figure 4 shows the effects of BA on object learning and 
memory. To further probe cognitive ability, NORT was 
performed following the MWM trial (Figure 4A). 
Compared with the control group, the resistive index (RI) 
was significantly reduced based on the PTZ toxicity (P < 
0.01, Figure 4C). Compared to the epilepsy group, the BA- 
treated groups demonstrated a significant increase of RI in 
a dose-dependent manner (P < 0.05). All study groups 
showed similar motive ability in the MWM trial, so we 
tested the movement of all rats again in the NORT, which 

was shown by the total time of exploring (Figure 4B). 
Interestingly, the PTZ group decreased total time to explore 
objects compared to the control group (P < 0.01) and the 
administration of VPA or BA induced a significant reversal 
of this effect (P < 0.05). Unexpectedly, no substantial 
difference between the H-BA and L-BA groups was found.

Effect of BA on Neurodegeneration in the 
Hippocampal CA3
Figure 5A shows the effect of BA on the expression of 
degenerating neurons in the hippocampal subfield CA3. 
FJB staining was evaluated to test whether BA treatment 
shows neuroprotective effects. The epilepsy group exhib-
ited a significant increase (P < 0.01, Figure 5C) in the 
number of neuronal injuries compared to the control 
group. In comparison with the epilepsy group, the number 
of neuronal injuries was significantly low after the admin-
istration of VPA (P < 0.01) or BA (P < 0.01) treatment 
distinctly prevented this reduction. Also, neuronal injury 
in the H-BA group was slightly higher than in the L-BA 
group. However, the difference was not significant.

Figure 3 Effects of BA on spatial learning and memory. (A) Diagrams of MWM. (B) Averages swimming speed in target quadrant. (C) The escape latency time. (D) Platform 
crosses in target quadrant. The values were presented as the mean ± SEM. (n = 8. ## P < 0.01 vs control group; * P < 0.05, ** P < 0.01 vs epilepsy group).
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Figure 5B shows the effect of BA on the expression of 
surviving neurons in the hippocampus CA3. No NeuN- 
positive neurons were found in the epilepsy group when 
compared with the control group (P < 0.01, Figure 5D). 
Compared with the epilepsy group, the expression levels 
of NeuN-positive cells in the VPA group and H-BA group 
were significantly increased (P < 0.01). However, no sig-
nificant differences were noted between the VPA group 
and the H-BA group. NeuN-positive cell expression levels 
in the L-BA group were not significantly different from the 
epilepsy group (P > 0.05).

ADME Properties of BA
For drug screening and evaluation, Table 2 shows the 
ADME properties of BA, which involved 12 main key 
points, like DL and BBB, for drug screening and evalua-
tion. Significantly, OB was the primary feature of oral 
medications because it played a critical part in assessing 
the effectiveness of drug distribution for systemic circula-
tion. DL was a criterion for evaluating drug similarity. BA 
had a relatively small molecular weight and moderate 
blood-brain barrier permeability with a BBB value 
of −1.74.

The TLR4/MYD88/Caspase-3 Signaling 
Pathway Was Predicted by Network 
Pharmacology
Figure 6 shows the network pharmacology of BA for 
epilepsy. The molecular formula of BA was C21H18O11, 
and the molecule structure is shown in Figure 6A. A total 
of 112 targets of BA were obtained by CTD, SEA, HERB, 
and STRING. Bioinformatics (http://www.bioinformatics. 
com.cn/) was exploited to show the distribution of poten-
tial targets (Figure 6B).

A total of 1442 epilepsy-related targets were obtained 
from the databases. Among them, DrugBank returned 68 
potential human targets; GeneCard returned 1253 potential 
human targets; TTD returned 35 potential human targets, 
and DisGeNET returned 282 potential human targets. 
These epilepsy-related genes with relevance scores > 
4.45 were used for subsequent biological network con-
struction and network analysis. Metascape was used to 
show the distribution of potential targets (Figure 6C).

Combining targets of BA with epilepsy-related targets, 
all 32 targets of BA were commonly found to be epilepsy- 
related targets (Figure 6D). A BA-epilepsy-related net-
work was constructed (Figure 7A). The PPI network was 

Figure 4 Effects of BA on object learning and memory. (A) Diagrams of NORT. (B) Total time of exploring. (C) The percentage of NORT recognition index. The values 
were presented as the mean ± SEM. (n = 8. ## P < 0.01 vs control group; * P < 0.05, ** P < 0.01 vs epilepsy group).
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Figure 5 Effects of BA on the expression of FJB and NeuN. (A) Expression of degenerating neurons (green) in the CA3 was determined by immunofluorescent staining. (B) 
Expression of NeuN (green) in the CA3 was determined by immunofluorescent staining. Nuclei were stained with DAPI (blue). Scale bars = 100 μm (200 ×) and scale bars 
for magnified = 50 μm (400 ×). White arrows in photomicrographs indicated the positive expression. (C and D) The quantitative analysis of positive expression was 
determined in five groups. The values were presented as the mean ± SEM. (n = 3, ## P < 0.01 vs control group; * P < 0.05, ** P < 0.01 vs epilepsy group).

Drug Design, Development and Therapy 2021:15                                                                             https://doi.org/10.2147/DDDT.S314076                                                                                                                                                                                                                       

DovePress                                                                                                                       
3171

Dovepress                                                                                                                                                             Yang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


constructed, and the top 10 core genes were screened: 
TP53, MAPK1, VEGFA, AKT1, TNF, TLR4, PTGS2, 
CASP3, IL-6, and IL-1β (Figure 7B).

Figure 8 shows the results of GO term enrichment and 
KEGG pathway analyses. To elucidate the function and phar-
macological mechanism of BA, we conducted GO enrichment 
and KEGG pathway analyses of the 32 determined targets. GO 
analysis was determined by the biological process (BP), cell 
component (CC), and molecular function (MF) terms. The 
enrichment data were made into the bar diagram (Figure 8A). 
The top 20 significant pathways, correlated with the targets of 
BA for epilepsy, were Hepatitis B, human cytomegalovirus 
infection, Tuberculosis signaling pathway, Salmonella infec-
tion, and other major signaling pathways were closely related 
to the targets of BA for epilepsy (Figure 8B). Based on the 
enriched pathway of Tuberculosis, and combine the top 10 core 

genes, the key targets of the TLR4/MYD88/Caspase-3 path-
way were obtained through further screening in the epilepsy 
mechanism. The mechanism for the protection of BA against 
epilepsy.

Effects of BA by Activating TLR4/MYD88/ 
Caspase-3 Signaling Pathway
Figure 9 displays the effect of BA on the expression of key 
proteins in the TLR4/MYD88/Caspase-3 signaling pathway 
by using immunohistochemistry. Compared to the control 
group, the expressions of Bax appreciably increased in the 
epilepsy group (P < 0.01, Figure 9B), while Bcl-2 expression 
was markedly reduced in the epilepsy group (P < 0.01, 
Figure 9C). However, after treatment with BA, Bax was 
appreciably down-regulated (P < 0.05). Meanwhile, Bcl-2 
expression was increased in the VPA and H-BA groups 

Figure 6 The collective targets of BA and epilepsy were identified. (A) Chemical structure formula of BA. (B) Distribution of potential targets of BA. (C) Distribution of 
potential targets of epilepsy. (D) The Venn diagram of 32 overlapping gene symbols between the epilepsy and BA.

Table 2 Pharmacological and Molecular Properties of BA by TCMSP

Name MW AlogP Hdom Hacc OB(%) Caco-2 BBB DL TPSA

Baicalin 446.39 0.64 6 11 40.12 −0.85 −1.74 0.75 187.12
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(P < 0.01) compared with the epilepsy group. Furthermore, as 
illustrated by immunohistochemistry, the hippocampus experi-
enced in the epilepsy group contained an up-regulation of 
TLR4, MYD88 and Caspase-3 compared with the control 
group counterparts (P < 0.01, Figure 9E–G, relatively). 
Nevertheless, the expression of three proteins in VPA and 
BA groups was markedly decreased versus epilepsy group.

Effects of BA on the Expression of 
Inflammatory Cytokines in the 
Hippocampus
Figure 10 shows the effect of BA on the expression of 
inflammatory cytokines using ELISA in the hippocampus. 

The IL-1β and IL-6 levels in the hippocampus were ele-
vated in the epilepsy group compared to the control group 
(P < 0.05, Figure 10A and B). After BA administration, 
the levels of IL-1β and IL-6 markedly decreased (P < 
0.01). Moreover, the H-BA group had significantly 
reduced the expression of IL-1β compared to the epilepsy 
group (P < 0.05).

Effects of BA on the Expression of 
Caspase-1 Protein in the Hippocampus
The Caspase-1 protein expression level in the hippocam-
pus was determined to assess the effect of BA against 
epileptic seizures. Compared with the control group, the 
Caspase-1 expression level in the epilepsy group was sig-
nificantly increased (Figure 10C). Compared with the epi-
lepsy group, Caspase-1 expression levels in the VPA group 
and H-BA group were significantly decreased (P < 0.01). 
At the same time, the Caspase-1 expression level in the 
H-BA group was similar to the control group (P > 0.05, 
Figure 10D).

Discussion
Our findings in the current research demonstrate that sub- 
convulsive doses of PTZ were first administered, which 
did not cause seizures. After multiple administration of 
PTZ, epileptogenic fitness was developed via intraperito-
neal injection at 40 mg/kg, and BA treatment reduced the 
severity of epilepsy at various doses in a progressive man-
ner from day 10 to day 20. These results were consistent 
with previous study in vivo.28 And these effects were 
translated into seizure latency and Racine score levels 
(Figure 2). In this study, BA in its highest dose (100 mg/ 
kg) was able to effectively alleviate epilepsy. Hence, from 
the findings and the supporting data, BA is a hypothetical 
compound for anti-epilepsy.

An epileptic seizure is closely linked to socio- 
economic, psychological, and behavioural changes due 
to abnormal electrical activity in the brain.50 Cognitive 
dysfunction is one of the epilepsy complications. These 
problems are correlated with the disease seizures, neu-
ropathology, and drug side effects. Multiple cognitive 
domains in these patients could be widely affected, 
which is becoming a major health threat and bringing 
a heavy economic burden on society and families.51,52 

In recent years, improving cognitive dysfunction is 
a crucial factor that must be considered when treating 
epilepsy.53 Therefore, to verify whether BA could 

Figure 7 (A) Protein-Protein Interaction (PPI) network analyze. The color and 
depth of the nodes (blue→ yellow→ orange) represent the size of the degree value, 
and the thickness of the line reflected the size of betweenness centrality. (B) The 
top 10 targets of PPI network analysis were TP53, MAPK1, VEGFA, AKT1, TNF, 
TLR4, PTGS2, CASP3, IL-6 and IL-1β (Oval represents the targets, color from red 
to yellow indicated decreasing importance).
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Figure 8 GO analysis and KEGG analysis for the major targets of BA against epilepsy. (A) GO enrichment analysis of target proteins. The number of GO entries in the 
functional categories of cell biological process (BP), composition (CC) and molecular function (MF), (P < 0.05). The green, orange, and purple color rectangles represent BP, 
CC, MF respectively. (B) The top 20 KEGG pathways (P < 0.05). The colour dots indicate the different thresholds for the P-values and the sizes of the dots represent the 
number of genes corresponding to each term.
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Figure 9 Effects of BA on the expressions of BAX, Bcl-2, Caspase-3, TLR4 and MYD88. (A and D) Expression of BAX, Bcl-2, Caspase-3, TLR4 and MYD88 in the CA3 was 
determined by immunohistochemistry of the five groups. (B, C, G and E, F) The quantitative analysis of positive expression was determined in five groups. Scale bar = 100 
µm (200×). Black arrows in photomicrographs indicated the positive expression. The values were presented as the mean ± SEM. (n = 3. ## P < 0.01 vs control group; * 
P < 0.05, ** P < 0.01 vs epilepsy group).
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improve cognitive impairment in the treatment of epi-
lepsy, MWM and NORT are common behavioural para-
digms used to evaluate spatial learning and object 
cognition in rodents, and the order of different tasks 
will not have an impact particularly if cognitive tasks 
are involved.54 We were pleasantly surprised to find that 
the prominent comorbidity of learning and memory 
impairment in epilepsy was evidenced by MWM and 
NORT of epileptic rats, and BA could improve spatial 
and object memory in PTZ-kindled models (Figures 3 
and 4). Our results are consistent with previous 
research, and these results suggest that BA can attenuate 
the cognitive impairment.55

In addition to changes in behaviour, the pathological 
changes that are triggered in the first few hours after 
seizures, which can cause initial damage and extensive 
neuronal loss in different brain areas, such as the hippo-
campus, endopiriform nucleus, and piriform cortex.56 The 
hippocampus has long been thought to be crucial for 
learning and memory in rodents, and since it is highly 
susceptible to injury, these functions can be easily 
impaired in patients with epilepsy.57,58 Hence, neuronal 
damage and disorder in this area will cause cognitive 
deficits. Besides, numerous findings demonstrate that epi-
lepsy, neurodegeneration and inflammatory cytokines are 
not autonomous, but mutually influence each other. Severe 

Figure 10 Effects of BA on the expressions of IL-6, IL-1β, and Caspase-1. (A) Expression of IL-6 in the hippocampus was determined by ELISA of the five groups. (B) 
Expression of IL-1β in the hippocampus was determined by ELISA of the five groups. (C and D) Representative protein bands and relative protein expressions of Caspase-1 
in the hippocampus were determined by Western blotting of the five groups. The band intensities were analyzed by normalization to β-actin. The values were presented as 
the mean ± SEM. (n = 3. ## P < 0.01 vs control group; * P < 0.05, ** P < 0.01 vs epilepsy group).
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seizures induce neuroinflammation with a rapid increase in 
the level of protein and gene expression of pro- 
inflammatory cytokines.59 Neuroinflammation triggered 
may accelerate neuronal loss and apoptosis. And it is 
worth noting that neuroinflammation apparently can 
cause epileptogenesis even in the absence of prominent 
neuronal death.60,61 Parallel to these observations, we 
found obvious neuronal damage in the CA3 region of 
epileptic rats concomitantly with a reduced population of 
viable neuronal cells relative to control rats (Figure 5). 
Also, epileptic rats had serious cognitive impairment, but 
BA treatment reversed these effects. These findings pro-
vide further experimental evidence for the essential role of 
BA in cognitive improvement.

The effectiveness of Traditional Chinese medicine 
(TCM) has been demonstrated in nervous system disease, 
for instance, depression, insomnia, stroke, and 
Alzheimer’s disease.62–65 TCM has shown the better clin-
ical effects in treating epilepsy than conventional treat-
ment, and it is an alternative or supplementary therapy 
owing to its advantages in syndrome differentiation and 
safety.66,67 However, it often interacts with multiple pro-
tein targets to generate unpredictable reactions, creating 
significant challenges for drug research.68 From the per-
spective of macro or global regulation, network pharma-
cology accounts for the effects of drugs on the biological 
network and provides new research for the mechanism of 
drug compounds.69,70 It is an interactive network based on 
the concept of “disease-gene-target-drug” to reveal the 
complex mechanism of drugs on the human body.71

In this study, we have adopted a combination of net-
work pharmacology and experimental verification to 
explore the anti-epileptic possible regulatory mechanism 
of BA in PTZ-induced epileptic rats. 112 targets of BA 
were collected from different databases. A total of 1442 
epilepsy-related targets and 32 overlapping genes were 
detected by matching the potential targets of BA with 
epileptic genes (Figure 6). The PPI network was con-
ducted, and the top ten core genes were identified: TP53, 
MAPK1, VEGFA, AKT1, TNF, TLR4, PTGS2, CASP3, 
IL-6 and IL-1β (Figure 7). To obtain a more in-depth 
understanding of BA on epilepsy, we implemented GO 
function and KEGG pathway enrichment analyses 
(Figure 8). Accordingly, TLR4/MYD88/Caspase-3 signal-
ing pathway was obtained through further screening. 
Based on the ADME properties of BA (Table 2), BA 
passes through the blood-brain barrier and has broad phar-
macological activities, the finding was directly in line with 

previous finding.72 Thus, BA is a prospect for drug 
development.

Biological verification is a crucial step to verify that 
the predicted key targets are the actual key targets and to 
remove the existence of non-objective signaling 
pathways.73 For this reason, based on the network phar-
macology analysis results and literature reviews, TLR4/ 
MYD88/Caspase-3 signaling pathway was further verified 
in animals to explore the anti-epileptic mechanism of BA. 
TLRs, a family of pattern recognition receptors, most of 
them have been confirmed to be expressed in central 
nervous diseases.74 And previous studies have revealed 
that TLR4 plays a major role in various neuropathological 
processes, including neuroinflammation and 
neurodegeneration.75 Activated TLR4 signaling upregu-
lates the protein expression levels of TLR4 pathway- 
associated mediators, including upstream (TLR4 and 
MyD88) and downstream (IL-1β and IL-6) factors.76,77 

MYD88 plays a crucial role in signal transduction in the 
TLR4 signaling pathway and it was reported that the 
TLR4/MyD88 signaling pathway plays an important role 
in neuroinflammation.78,79 IL-1β and IL-6 are typical mul-
tifunctional cytokines involved immune responses and 
inflammation.80 IL-1β has a wide range of effects and 
may mediate inflammation or be directly involved in the 
inflammatory process. Likewise, activation of hippocam-
pal IL-1β has been established hallmarks of temporal lobe 
epilepsy both in experimental and clinical evidences, and 
also has been implicated in mechanisms of 
epileptogenesis.81 IL-6 was involved in physiological 
brain development and several neurological disorders 
such as schizophrenia, major depression, and 
Alzheimer’s disease. It also promotes neural growth and 
provokes neuronal death.82,83 In epileptic rats, we found 
that the expression of TLR4, MYD88 was significantly 
increased in the hippocampus CA3, this result ties well 
previous study wherein epilepsy.84 Bcl-2/Bax/caspase-3 
signalling is a crucial regulator in cell survival and apop-
tosis, which is considered as a potential strategy to reduce 
the apoptosis of neurons in various neurological 
diseases.85 The induction of epilepsy regulates the expres-
sion of Caspase-3 protein, Bcl-2 and Bax have also chan-
ged in parallel with Caspase-3 (Figure 9), a similar pattern 
of results was obtained in other experimental research.86 

Correspondingly, regulating the TLR4/MYD88/Caspase-3 
signaling pathway with BA reversed the PTZ-induced 
seizures and decreased the release of IL-1β and IL-6 
inflammatory cytokines (Figure 10).
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Conclusion
In conclusion, BA had a protective effect against PTZ- 
induced seizures. BA improved cognitive dysfunction and 
exerted a neuroprotective action. The anti-epileptic effects 
of BA may be effective through activation of the TLR4/ 
MYD88/Caspase-3 signaling pathway.
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