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Introduction

Epilepsy is a chronic disease in which sudden abnormal 
neuronal discharges in the brain lead to transient brain 
dysfunction. There are many clinical types of epilepsy (1),  

including temporal lobe epilepsy, idiopathic epilepsy, 

and refractory epilepsy. According to the World Health 

Organization’s statistics, in 2018, the total number of 

epilepsy patients in the world exceeded 70 million (2). New 
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Background: There is evidence that immune inflammation plays an important role in the of epilepsy. The 
toll-like receptor 4 (TLR4)/nuclear factor kappa beta (NF-κB) signaling pathway is a target for the treatment 
of epilepsy. TAK-242 is a potent TLR4 inhibitor with neuroprotective effects. No study has examined 
whether TAK-242 has a protective effect on epilepsy.
Methods: Male C57BL/6 mice were randomly divided into the following 3 groups: (I) the control group; 
(II) the model [pentetrazol (PTZ)] group; and (III) the treatment group [PTZ + TAK-242 (3 mg/kg)], 
with 8 mice in each group. A mouse model of epilepsy was established via the intraperitoneal injection of 
PTZ (37 mg/kg). The behavioral changes of the mice were observed and scored using the Racine grading 
criteria. TAK-242 (3 mg/kg) was administered to establish the treatment model. The control group was 
intraperitoneally injected with normal saline at the same dose as the PTZ epileptogenic dose, and 3 mg/kg 
of normal saline was intragastrically administered. The messenger RNA (mRNA) and protein expressions of 
TLR4, NF-κB, and the NF-κB downstream gene tumor necrosis factor alpha (TNF-α) in the mouse brain 
tissues were detected by real-time quantitative polymerase chain reaction (RT-qPCR) and Western blot.
Results: Compared to the control group, the mice in the model group showed generalized tonic convulsion 
and involuntary falling after PTZ modeling. The results of the hematoxylin and eosin (H&E) staining 
showed that the treatment group had a higher number of normal neurons than the model group, and the 
neuronal cell morphology in the treatment group was closer to the control group. However, the occurrence 
of generalized tonic convulsion and involuntary falling in the mice in the treatment group was significantly 
improved. Comparing the Western Blot and RT-qPCR results, we detected higher TLR4, NF-KB, TNF-α 
protein and mRNA expression levels in the model group than the treatment group, and there was no 
significant difference between the control group and the treatment group. 
Conclusions: TAK-242 treatment ameliorates epileptic symptoms in mice, and the mechanism by which 
this occurs may be related to the inhibition of the TLR4/NF-κB inflammatory pathway.
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patients are especially likely to be children and teenagers (2). 
In addition to causing physical harm to patients, epilepsy 
places a great burden on patients’ families and societies. It is 
an urgent social problem that needs to be addressed.

The inflammatory reaction of brain tissue as a result of 
seizures is the main cause of pathological changes to brain 
tissue after seizures. Currently, there is increasing evidence 
that there is a mutually reinforcing role between the 
inflammatory response and seizures (3,4). Toll-like receptors 
(TLRs) are innate immune receptors that recognize 
pathogen-associated molecular patterns, which initiate 
related signal transduction pathways and play an important 
role in immune and inflammatory responses (5,6). Nuclear 
factor kappa beta (NF-κB) is located in the toll-like receptor 
4 (TLR4) downstream signaling pathway and is considered 
an important initiating factor in the inflammatory 
cascade. Studies have shown that the expression of TLR4 
is significantly upregulated in the brain tissue samples 
of epileptic patients and animals with chronic epilepsy  
(7-10). Shi et al. showed that the inhibition of TLR4/NF-κB  
ameliorated coriamyrtin-induced epilepsy (11). These 
results suggest that TLR4/NF-kB and its downstream 
activated tumor necrosis factor alpha (TNF-α) may be used 
as new targets for the treatment of epilepsy.

TAK-242 is a potent TLR4 inhibitor that selectively 
binds to TLR4 and blocks the interaction of TLR4 with 
adaptor molecules, thereby inhibiting TLR4 signaling and 
its downstream NF-κB/TNF-α signaling events (12). A 
study demonstrated that TAK-242 exerted neuroprotective 

effects by inhibiting the TLR4/MyD88/TRIF/NF-κB 
signaling pathway in a rat model of neonatal hypoxic-
ischemic encephalopathy (13). However, no studies have 
examined the protective effect of TAK-242 on epilepsy in 
neurological disorders or its mechanism.

Thus, in this study, we hypothesized that TAK-242 
inhibits and protects epilepsy models through the above-
mentioned inflammatory pathways. We established a mouse 
epilepsy model via the intraperitoneal injection of pentetrazol 
(PTZ). Additionally, we intragastrically administered the 
mice with 3 mg/kg of TAK-242 to investigate the protective 
effect of TAK-242 treatment on epileptic mice and its 
possible mechanism. At present, the main research directions 
of epilepsy drugs are: ion channel drugs and neurotransmitter 
drugs. The number of patients with refractory epilepsy is 
increasing, and some patients cannot tolerate the side effects 
of long-term use of such antiepileptic drugs. Therefore, it is 
of certain research value to find other therapeutic approaches. 
The relationship between inflammatory pathways and 
epilepsy has been confirmed in recent years (14). It provides a 
new direction for the treatment of epilepsy. Our study, based 
on the anti-inflammatory activity of TAK-242, preliminarily 
demonstrated the reversal of epileptic symptoms by inhibiting 
the TLR4/NF-κB inflammatory pathway. The results of 
this study provide a theoretical basis for understanding the 
mechanism of epileptogenesis and developing new target 
drugs for the prevention and treatment of epilepsy. Figure 1  
shows our study groups and methods. We present the 
following article in accordance with the ARRIVE reporting 

PTZ injection  
TAK-242 gastric fillingPTZ injectionNS injection

Day 28Day 1

In the study

Control group PTZ group Treatment group

• Mouse behavior was observed during the study
• Remove the brains of each group of mice on day 28
• H&E staining examines the brains of various groups of mice
• RT-qPCR detects TLR4, NF-κB, TNF-α in each group of mice
• Western blot detects TLR4, NF-κB, TNF-α in each group of mice

Figure 1 Experimental flowchart. NS, normal saline; PTZ, pentetrazol; H&E, hematoxylin and eosin; RT-qPCR, real-time quantitative 
polymerase chain reaction; TLR4, toll-like receptor 4; NF-κB, nuclear factor kappa beta, TNF-α, tumor necrosis factor-α.
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checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-2707/rc).

Methods 

Grouping and administration

The study was approved by the ethics committee of 
North Sichuan Medical College (ethics No. 2021-67), and 
the experiments was conducted in compliance with the 
institutional guidelines for the care and use of animals. A 
protocol was prepared before the study without registration. 
A total of 24 4-week-old male C57 BL/6 mice (Beijing 
HFK Bio-Technology, China) were housed in an specific 
pathogen free (SPF) animal laboratory under diurnal cyclic 
light (12 h/12 h) at a temperature of (23±1) ℃. The mice 
weighed 18±1 g. We followed the principle of substituting, 
improving, or reducing (3R) the use of animals throughout 

the study.
The epilepsy model was established via intraperitoneally 

injecting the mice with PTZ. Using the random number 
table method, the mice were randomly divided into the 
control group, model (PTZ) group, and treatment [PTZ + 
TAK-242 (3 mg/kg)] group. Each group comprised 8 mice. 

PTZ and TAK-242 were freshly prepared before each 
administration in physiological saline. The mice in the 
control group were intraperitoneally injected with normal 
saline (10 mL/kg) every other day for a total of 14 times. 
The mice in the model group were intraperitoneally injected 
with PTZ (37 mg/kg) for a total of 14 times. The mice in the 
treatment group were intraperitoneally injected with PTZ 
37 mg/kg every other day and intragastrically administered 
with 3 mg/kg TAK-242 daily. The injection and gastric 
filling time ran from 9:00 to 11:00. After each injection, the 
injection site of the mice was sterilized with 75% ethanol.

After each intraperitoneal injection of PTZ, the behavior 
of the mice was observed for 30 minutes, and a seizure grade 
was recorded with reference to the Racine grading criteria. 
Under the Racine criteria (15), grade 0 indicates normal 
behavior and no abnormalities, grade 1 indicates facial 
spasms, including frequent whisker shaking and rhythmic 
mastication, grade 2 indicates nodding neck myoclonic 
manifestations, grade 3 indicates longitudinal twitching 
along the body, grade 4, indicates bilateral forelimb clonus, 
and grade 5 indicates generalized tonic-clonic “grand mal” 
seizures or death. The brain tissue of the mice was removed 
on day 28, and deep anesthesia was performed using chloral 
hydrate during tissue removal.

Detection of mRNA expression of TLR4, NF-κB, and 
TNF-α (RT-qPCR)

About 30 mg of mouse brain tissue was added to extract 
brain tissue RNA using Trizol. Reverse transcription was 
performed using a reverse transcription kit (abm; G492). 
Table 1 shows the real-time quantitative polymerase chain 
reaction (RT-qPCR) reaction system, Table 2 provides 
details of the RT-qPCR primers.

Detection of protein expression of TLR4, NF-kB, and 
TNF-α (Western blot)

Lysate was added to the mouse brain tissues, which were 
then lysed on ice for 2 h for BCA kit determination and 
adjustment (the total concentration of each histone was 
50 μg/μL). The tissue protein samples were added to 

Table 1 RT-qPCR reaction system 

Reagent Volume

Maxima SYBR Green/ROX qPCR Master Mix (2×) 10 μL

Complementary deoxyribonucleic acid 0.5 μL

Forwards primer 0.5 μL

Backwards primer 0.5 μL

Water (ddH2O) 8.5 μL

Total volume 20 μL

RT-qPCR, real time quantitative polymerase chain reaction; 
ddH2O, double distilled H2O.

Table 2 Details of RT-qPCR primers 

Primer Sequence

TLR4 forwards 5'-ATGGCATGGCTTACACCACC-3'

TLR4 backwards 5'-GAGGCCAATTTTGTCTCCACA-3'

NF-κB forwards 5'-GCCAGACACAGATGATCGCC-3'

NF-κB backwards 5'-GTTTCGGGTAGGCACAGCAA-3'

TNF-α forwards 5'-ATGTCTCAGCCTCTTCTCATTC-3'

TNF-α backwards 5'-GCTTGTCACTCGAATTTTGAGA-3'

Actin forwards 5'-GTGCTATGTTGCTCTAGACTTCG-3'

Actin backwards 5'-ATGCCACAGGATTCCATACC-3'

RT-qPCR, real time quantitative polymerase chain reaction; 
TLR4, toll-like receptor 4; NF-κB, nuclear factor kappa beta, 
TNF-α, tumor necrosis factor-α.

https://atm.amegroups.com/article/view/10.21037/atm-22-2707/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-2707/rc
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polyacrylamide gels [10% sodium dodecyl sulfate (SDS)] for 
electrophoresis, transfer membrane and primary antibody 
[diluted TLR4 (Abcam, USA, ab217274), NF-κB (CST, 
USA, 8242S), TNF-α (Abcam, USA, ab6671), or β-actin 
(Affinity, USA, AF7018) antibodies were added at a ratio 
of 1:1,000] was incubated overnight. After washing the 
membranes every other day, secondary antibody (Abcam, 

USA) was added. Diaminobenzidine (DAB) chromogenic 
solution was used for color development. A Bio-Pro gel-
imaging analyzer was used to scan the bands for imaging. 
Quantity-one software was used to perform a gray-scale 
scanning analysis of each histone lane band to calculate the 
corresponding protein expression.

Hematoxylin and eosin (H&E) staining

The mice brain was harvested after being perfused 
paraformaldehyde through the heart and the mice brain 
was embedded in paraffin. The paraffin sections of mouse 
hippocampus were obtained by coronal section. After 
dewaxing and hydration, then the sections were stained with 
H&E. After the neutral resin was sealed, image information 
was acquired under a microscope.

Statistical methods

All the data results are presented as the mean ± standard 
error (mean ± SEM). The statistical analysis was performed 
using a 1-way analysis of variance, and the F-test was 
performed using SAS9.3 analysis software (SAS Institute 
Inc., Carry, NC, USA). A P value <0.05 indicated a statically 
significant difference.

Results

Epilepsy determination

Based on the criteria set out in Section Grouping and 
administration above, 7 mice in the model group had grade 3 
and above symptoms, and 2 mice in the treatment group had 
grade 3 and above symptoms, with statistically significant 
difference (P<0.05; see Table 3 for further details).

H&E staining results

As Figure 2 shows, the pyramidal cells and granulosa cells 
in the hippocampal area of the control mice were arranged 
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Figure 2 H&E staining results for each group. H&E staining, 
hematoxylin-eosin staining.

Table 3 Judgment results of epileptic mice in each group (animals)

Group Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Control group 8 0 0 0 0 0

Model group 0 0 1 2 3 2

Treatment group 0 4 2 1 1 0
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in a regular, dense, normal shape, with uniform staining, 
a transparent cytoplasm, round nucleus, and no clear 
morphological abnormalities. Compared to the control 

group, the number of pyramidal cells and granulosa cell 
neurons in the model group was significantly reduced, 
and the staining was more intense. In the model group, 
the cytoplasm of the neurons was constricted, and the cell 
shape was irregular, mostly conical, and polygonal, and 
the nucleus was difficult to see. The number of surviving 
nerve cells in the treatment group was higher than that in 
the model group, and the cell morphology in the treatment 
group was nearly normal.

Detection of mRNA expression of TLR4, NF-κB, and 
TNF-α (RT-qPCR)

As Figure 3 shows, the messenger RNA (mRNA) expression 
levels of TLR4, NF-κB, and TNF-α in the hippocampus 
and brain-mantle tissue of the mice in the model group 
were significantly upregulated compared to those of mice 
in the control group (P<0.05); the mRNA expressions of 
TLR4, NF-κB, and TNF-α in the hippocampus and brain-
mantle tissue of the mice in the treatment group were 
significantly decreased compared to those of mice in the 
model group (P<0.05).

Detection of protein expression of TLR4, NF-κB, and 
TNF-α (Western blot)

As Figures 4,5 show, the protein expression of TLR4 and 
TNF-α in both the hippocampus and brain-mantle tissue 
was significantly upregulated (P<0.05), and the expression of 
NF-κB tended to be more upregulated in the model group 
than the control group. The protein expression of TLR4 in 
the hippocampus and brain-mantle tissue was significantly 
downregulated (P<0.05), and NF-κB and TNF-α expression 
tended to be more downregulated in the treatment group 
than the model group.

Statistical inclusion and side effects

We reviewed the literature and found that mice had a 
higher mortality rate during PTZ modeling. During the 
pre-experiment, we found that the main cause of death in 
the mice was airway obstruction caused by spasms in the 
laryngeal muscles. During the pre-experiment and formal 
experiment, when seizures were observed in mice with 
grade 3 and above symptoms, we opened the mouth of the 
mouse by pressing on the head of the mouse with a cotton 
swab to achieve the purpose of unclogging the respiratory 
tract; the operation lasted for 1 minute. Fortunately, after 
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the above operations, most of the mice survived. Thus, in 
the formal experiments, no mouse died unexpectedly, and 
all the mice were included in the statistical analysis.

During the modeling process, the mice in the control 
group did not receive any other special treatments, as 
such treatments could have produced errors; thus, we only 
injected the control group with normal saline to reduce the 
generation of errors.

Discussion

The pathogenesis of epilepsy is complex and closely related 
to immune inflammation. Most experimental data and 
clinical evidence have shown that the expression of some 
specific inflammatory mediators, such as HMGB-1, NF-
κB, TNF-α, and cognate receptors, such as TLR4, is 
increased in chronic epileptic brain tissue, a phenomenon 
called “neuroinflammation” (16,17). Experimental epileptic 
seizures can be inhibited by drug interventions directed at 
the related inflammatory signaling pathways.

As a pattern recognition receptor, TLR4 elicits 
the body’s innate immune response and induces an 
inflammatory response by recognizing and binding to the 
corresponding pathogen-associated molecular patterns. 
In neurological diseases, neuroinflammatory responses 
play an important role in brain tissue damage. TLR4 is 
widely expressed in the nervous system, and neurological 
diseases, such as cerebral hemorrhage, cerebral ischemia, 
and traumatic brain injury, all lead to the release of 
various endogenous ligands and the upregulation of 
TLR4 expression levels, which are then involved in the 
pathophysiological process of neurological diseases through 
signaling cascade transduction mechanisms (18). 

It was found that neurotransmitters such as gamma-
aminobutyric acid (GABA), Serotonin, Glutamate, 
Dopamine were changed in neuroinflammation induced 
by TLR4 (19-21), For example (22): GABA:LPS inhibits 
GABA receptor activity at postsynaptic sites by activating 
TLR4, releasing IL-1β, and by activating protein kinase 
C (PKC) in neurons. After TLR4 activation, LPS reduced 
GABAergic activities by impelling GABA synthesis at the 
presynaptic site.

Research has shown that TLR4 and its downstream NF-
κB signaling pathway are strongly activated in epilepsy 
models (23-26). Shi et al. found that TLR4/NF-κB 
expression was significantly upregulated in the brain tissue 
of patients with intractable epilepsy, and the inhibition of its 
expression improved epileptogenesis (11). Yu et al. found that 

the TLR4/NF-κB signaling pathway was strongly activated 
in epilepsy models, and the inhibition of TLR4/NF-κB 
pathway activation had anticonvulsant and neuroprotective 
effects in a PTZ-induced acute epilepsy model in mice (23).  
Liu et al. found that the TLR4/NF-κB pathway was 
significantly activated in autoimmune encephalomyelitis (26). 
Additionally, research has shown that the TLR4 pathway 
is activated in immature rat models and pediatric temporal 
lobe epilepsy models (25). Consistent with these results, in 
this experiment, a mouse epilepsy model was established 
using PTZ, and we found that after modeling, the mice 
displayed generalized tonic convulsions and involuntary 
falling, and the expression of the TLR4/NF-κB and TNF-α 
gene and protein was significantly upregulated in the mouse 
brain tissue.

TAK-242 is a potent TLR4 inhibitor that selectively 
binds to TLR4 and blocks the interaction of TLR4 with 
adaptor molecules, thereby inhibiting TLR4 signaling 
and its downstream NF-κB/TNF-α signaling events (12). 
Research has shown that TAK-242 exerted neuroprotective 
effects by inhibiting the TLR4/MyD88/TRIF/NF-κB 
signaling pathway in a rat model of neonatal hypoxic-
ischemic encephalopathy (13). Numerous studies have 
shown that the inhibition of the TLR4/NF-κB pathway has 
a protective effect on epilepsy (27-29). Liu et al. found that 
microRNA-129-5p inhibits the development of autoimmune 
encephalomyelitis-associated epilepsy by targeting HMGB1 
through the TLR4/NF-κB signaling pathway (26). MiR-
181b attenuated autophagy and apoptosis in rats with 
juvenile epilepsy induced by kainic acid by inhibiting the 
P38 the mitogen-activated protein kinase/c-Jun N-terminal 
kinase (p38/JNK) signaling pathway by targeting  
TLR4 (30). Epigallocatechin-3 gallate protects against 
lithium-pilocarpine epilepsy by inhibiting the TLR4/NF-κB  
signaling pathway (31). Rhein attenuates PTZ-induced 
epilepsy and exerts neuroprotective effects by inhibiting 
the TLR4/NF-κB signaling pathway (23). Consistent with 
the above results, in the present study, we used TAK-242 in 
a PTZ epileptic mice model and observed the key factors 
and histomorphological changes of the inflammatory 
pathways in each group of mice. We found that TAK-242 
significantly inhibited the TLR4/NF-κB signaling pathway 
and significantly improved epileptic symptoms in mice due 
to its neuroprotective effects.

In summary, this study is the first to show that TAK-
242 has a protective effect on epileptic symptoms in mice, 
and that this effect is associated with its inhibition of 
TLR4/NF-κB signaling pathway activation. Our results 
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provide a rationale for understanding the mechanism of 
epileptogenesis and for the development of TAK-242 as 
a new target drug for the prevention and treatment of 
epilepsy.
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