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Keap1/Nrf2 signaling pathway participating in the progression of epilepsy

via regulation of oxidative stress and ferroptosis in neurons
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H I G H L I G H T S

� Role of the Keap1/Nrf2 pathway in epilepsy.

� Effects of the Keap1/Nrf2 pathway on ferroptosis and oxidative stress in neuronal cells.

� Effect of Keap1/Nrf2 pathway on neuronal cell activity in epileptic rats.

A R T I C L E I N F O A B S T R A C T

Objective: This study aims to analyze the relationship between the Kelch-like ECH-associated protein 1 (Keap1)/

Nuclear factor-erythroid 2-related factor 2 (Nrf2) and Epilepsy (EP), as well as its mechanism of action.

Methods: Thirty Wistar rats were divided into a control group (without treatment), a model group (EP modeling),

and an inhibition group (EP modeling + intervention by Keap1/Nrf2 signaling pathway inhibitor ATRA) and sub-

ject to Morris water maze experiment. Then, the expression of Oxidative Stress (OS) markers, ferroptosis-associ-

ated proteins and Keap1/Nrf2 pathway in rat hippocampus was measured. In addition, rat hippocampal neuronal

cell HT22 was purchased and treated accordingly based on the results of grouping, and cell proliferation and apo-

ptosis in the three groups were determined.

Results: Compared with rats in the model group, those in the inhibition group showed shorter escape latency and

an increased number of platform crossings (p < 0.05). Significant OS and neuron ferroptosis, increased apoptosis

rate, elevated Keap1 expression, and decreased Nrf2 expression were observed in the model group compared to

the control group (p < 0.05). The inhibition group exhibited notably improved OS and ferroptosis, as well as

enhanced neuronal viability (p < 0.05).

Conclusion: Inhibition of the Keap1/Nrf2 pathway can reverse the OS and neuron viability in EP rats.
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Introduction

Epilepsy (EP) is a chronic brain disorder characterized by recurrent

seizures, believed to be primarily caused by abnormal electrical dis-

charges in the brain.1 Epidemiological studies by the World Health Orga-

nization (WHO) have shown that EP affects the health of over 70 million

people worldwide, with approximately 6‒9 million patients in China

alone, and an average of 400,000‒600,000 new cases each year.2,3 The

repeated seizures of EP not only seriously affect the normal lives of

patients, but also disrupt their neurological function, leading to cogni-

tive disorders, cerebral atrophy, brain necrosis, and loss of the ability to

perform daily activities in severe cases.4 Due to the complex and diverse

pathogenesis of EP, the existing treatment options in clinical practice

are generally inefficient and cannot cure the disease.5 Accelerating and

deepening the research on anti-EP drugs is of great significance to safe-

guard the health of patients with EP.

In recent years, the role of the Kelch-like ECH-associated protein 1

(Keap1)/Nuclear factor-erythroid 2-related factor 2 (Nrf2) signaling

pathway in nervous system disorders has received extensive clinical

attention.6,7 As a currently recognized Oxidative Stress (OS) regulatory

pathway, the Keap1/Nrf2 pathway has been proven to affect the pro-

gression of Parkinsonism by mediating OS and mitigating neuron

ferroptosis.8,9 OS damage and neuron ferroptosis have been repeatedly

confirmed as typical pathological features in studies regarding the path-

ogenesis of EP.10,11 These findings strongly suggest that the Keap1/Nrf2

pathway may play an important role in the progression of EP. A recent

study by Kishore M et al. suggested that the development of EP might be

inhibited by modulating the Keap1/Nrf2 axis,12 but they did not
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experimentally validate this. In addition, a study by Hu QP et al. found

that Genistein protects EP-induced brain injury by regulating the JAK2/

STAT3 and Keap1/Nrf2 signaling pathways in the developing rats,13

which further confirmed the important role of Keap1/Nrf2 in EP. How-

ever, although these studies have preliminarily confirmed the relation-

ship between Keap1/Nrf2 and EP, the mechanism of Keap1/Nrf2′s

effect on EP needs to be studied and analyzed in greater depth.

Therefore, the present study analyzed the effect of the Keap1/Nrf2

pathway on OS and neuronal cell iron death in EP by constructing a rat

model of EP. This study is the first of its kind to observe the effects of the

Keap1/Nrf2 pathway on EP by regulating its expression. These results

not only confirm the mechanism of Keap1/Nrf2 effects on EP but also

provide a reference for the future clinical development of new anti-EP

drugs.

Materials and methods

Animal data

Thirty 6-week-old male Wistar rats of Specific Pathogen Free (SPF)

grade, weighing 180‒200g, were purchased from Nanjing Immuno-

phage Biotech Co., Ltd., with the certificate number SYXK (Su) 2022‒

0052. The study has been approved by the Animal Ethics Committee of

the hospital (2020192). The experimental process was performed in

strict accordance with the principle of the 3Rs (Reduction, Replacement

and Refinement) and the ARRIVE Guide.

Animal grouping and modeling

After one week of adaptive feeding, the rats were randomized into

three groups, including a control group and two EP modeling groups.

Rats in the latter two groups received intraperitoneal injections of

40 mg/kg pentylenetetrazol (Sigma, USA), twice a day, for one month.

At 1h after the last dose, the behavior of the rats was observed and eval-

uated using the Racine scale.14 The modeling was considered successful

when the rats exhibited Grade V seizures (generalized tonic-clonic activ-

ity, with loss of limb control) three consecutive times. The injection fre-

quency of pentylenetetrazol was then changed to every three days to

maintain the EP model. Of the two EP modeling groups, one was ran-

domly selected as the inhibition group, where rats received intraperito-

neal injection of 10 mg/kg ATRA (MedChemExpress, USA), an inhibitor

of the Keap1/Nrf2 signaling pathway, once a day, for four weeks. The

other group was considered as the model group, in which rats received

an equal amount of normal saline.

Behavior test

After grouping, the Morris water maze experiment was carried out.15

A circular water pool with dimensions of 40 × 90 × 30 was established,

and the temperature was maintained at 22°‒26°C The pool was divided

into four quadrants, and a circular glass platform was placed in the mid-

dle of the third quadrant below the water surface by 2 cm. Four entry

points were marked on the pool walls. Rats were placed in the pool, and

the time they spent finding the platform within the 90s (escape latency)

was recorded. Rats failed to find the platform and were placed on it for

10s. All rats were trained for 5 days, twice a day. On the 6th day, the

formal experiment began, and the escape latency and the number of

platform crossings were recorded.

Enzyme-linked immunosorbent assay (ELISA)

After behavior tests, all the rats were executed in an anesthetized

state by cervical dislocation. The hippocampus was obtained and

homogenized in tissue lysate. The supernatant was then obtained by cen-

trifugation. The levels of Glutathione (GSH), Superoxide Dismutase

(SOD), and Malondialdehyde (MDA), as well as iron (Fe) content in the

hippocampus, were measured using an ELISA kit (Beijing TransGen Bio-

tech Technology, China).

Polymerase chain reaction (PCR)

Total RNA was extracted from the hippocampus using a TRIzol

extraction kit (Thermo Fisher Scientific, USA), verified by a UV spectro-

photometer (Thermo Fisher Scientific, USA) for purity, and reversely

transcribed into cDNA. Then, a PCR reaction was performed based on

the primer sequences of Keap1, Nrf2, and GAPDH (designed by Shanghai

Dynegene Technologies Co., Ltd., as contracted). The reaction condi-

tions were as follows: 90°C for 120s (1 cycle), 90°C for 50s, 50‒65°C for

50s, and 70°C for 60s (50 cycles). The relative expression of Keap1 and

Nrf2 was calculated using the 2−△△CT method, with the primer sequen-

ces listed in Table 1.

Western blot

The total protein of rat hippocampus was extracted with tissue lysis

buffer (abcam, USA), and the protein concentration was determined by

Bicinchoninic Acid (BCA) assay (abcam, USA). Fifty μg of protein was

transferred to PVDF membrane (Sigma-Aldrich, USA) by electrophore-

sis, sealed with 10% skimmed milk powder at room temperature for 1h,

then added with Keap1, Nrf2, GPX4, PTGS2, SLC7A11, LC3-II, Beclin1

and GAPDH primary antibody (1:500) (abcam, USA) for incubation

overnight at 4°C. The membrane was washed the next day and added

with goat anti-rabbit IgG secondary antibody (1:1,000) (abcam, USA)

for incubation at room temperature for 1h. Then, quantitative analysis

was performed by Image J software after color development by

Enhanced Chemiluminescence (ECL) (Sigma-Aldrich, USA).

Cell data

Mouse hippocampal neuronal cell HT22 (BNCC358041) was pur-

chased from BeNa Culture Collection, Beijing, and cultured in a support-

ing medium (90% DMEM-H + 10% FBS). Cells that had been passaged

5 times were used for subsequent experiments.

Cell grouping and intervention

HT22 cells were randomized into a control group (normally cultured

without treatment), and a model group (cultured with medium contain-

ing glutamate to induce EP model, the cultured cells were seeded onto a

6-well plate at a density of 3.4 × 104 cells/well. After overnight incuba-

tion, cells were treated with a sample to be tested for an hour followed

by 2.5 mM glutamate insult)16 and an inhibition group (cultured with

medium containing 23 μmoL/L ATRA after EP model establishment).17

Table 1

Sequence of primers.

Keap1 Nrf2 β-actin

F (5’-3’) CATGAAGCATCGGCGAAGTG GGAGACTGAGGAAAAGACA GAACGGAGAAGGTGACAGCA

R (5’-3’) GAACAAAAACCGGCCTGACC TTTCCGATGGGATGTGTGGG GGCTTTTGGGAAGGCAAAGG

Primer length (bp) 562 260 163
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Cell Counting Kit-8 (CCK-8)

When the cell confluence in each group reached 80%, the cells were

washed with PBS 3 times, digested and resuspended, and inoculated

into a 96-well plate at 3‒6 × 103 cells/well, with 4 replicate wells in

each group. At 24h, 48h, and 72h of culture, respectively, one well was

selected for the addition of 10 μL of CCK-8 (MedChemExpress, USA)

solution and measured for the Optical Density (OD) at 450 nm using a

microplate reader after 2h of culture, and corresponding cell growth

curves were plotted.

Flow cytometry

Cells were obtained from each group, and the culture medium was

discarded. Then, trypsin was added for digestion, and 195 μL of Annexin

V-FITC (Sigma-Aldrich, USA) binding solution was added for cell re-sus-

pension. After staining with 5 μL of Annexin V-FITC and 10 μL of PI, a

flow cytometer was used to measure the cell apoptosis rate.

Statistical analysis

The data were analyzed statistically using SPSS 24.0 software. Nor-

mally distributed data were expressed as (ࣥχ±s). Analysis of variance

and LSD post hoc tests were used for comparison among multiple

groups. Non-normally distributed data were represented by the median

(interquartile range), with the Kruskal-Wallis H test for comparison; p <

0.05 was considered statistically significant.

Results

Comparison of behavior test results

Compared to rats in the control group, those in both the model and

inhibition groups showed significantly prolonged escape latency and

decreased number of platform crossings (p < 0.05). Furthermore, rats in

the inhibition group showed shorter escape latency and an increased

number of platform crossings than those in the model group (p < 0.05,

Fig. 1).

Comparison of OS results

Compared to the control group, both the model and inhibition

groups exhibited reduced SOD and GSH while elevated MDA (p < 0.05).

Specifically, SOD and GSH were higher while MDA was lower in the

inhibition group than in the model group (p < 0.05). Additionally, the

Fe content in the three groups of rats ranked from highest to lowest as

follows: the model group, the inhibition group, the control group (p <

0.05, Fig. 2).

Comparison of Keap1/Nrf2 pathway status

According to the results of PCR and Western blot, the expression of

Keap1 was significantly higher while the expression of Nrf2 was lower

in the model group compared to the control group (p < 0.05), indicating

that the Keap1/Nrf2 pathway was activated in EP. Furthermore, in the

inhibition group, the expression of Keap1 was notably reduced while

Nrf2 was increased compared to the model group (p < 0.05), indicating

that ATRA had a significant inhibitory effect, which successfully blocked

the expression of Keap1 and activated Nrf2 (Fig. 3).

Comparison of cell ferroptosis

Subsequently, the expression of ferroptosis-associated proteins was

examined. It was observed that the expression of GPX4 and SLC7A11

proteins in both the model group and the inhibition group was lower

than that in the control group, while the expression of PTGS2, LC3-II,

and Beclin1 was higher (p < 0.05), suggesting the presence of significant

ferroptosis in EP rats. Compared to the model group, the expression of

GPX4 and SLC7A11 increased while PTGS2, LC3-II, and Beclin1

decreased in the inhibition group (p < 0.05), suggesting that the ferrop-

tosis was blocked (Fig. 4).

Comparison of cell viability

Compared with the control group, the model group showed remark-

ably lower proliferation ability and higher apoptosis rate than the con-

trol group (p < 0.05). For the inhibition group, its proliferation ability

was lower than that of the control group and higher than that of the

model group; its apoptosis rate was higher than that of the control group

and lower than that of the model group (p < 0.05, Fig. 5).

Discussion

Currently, the incidence of EP is showing an increasing trend year by

year. Although EP progression in 80% of patients can be controlled

through treatment, a small percentage of patients still have a poor prog-

nosis and experience recurrent episodes.18 Since EP cannot be cured at

present, patients will face the potential risk of recurrence at any time

once they stop taking the medication.19 Molecular immunotherapy is

the key to the diagnosis and treatment of various diseases in recent

years, a thorough understanding and mastery of the molecular mecha-

nism is therefore essential.20 In this study, the authors found that the

Keap1/Nrf2 pathway was closely related to EP and regulated OS and fer-

roptosis in EP, suggesting that the Keap1/Nrf2 pathway may be impor-

tant in future clinical treatment of EP.

To identify the relationship between the Keap1/Nrf2 pathway and EP,

the authors established an EP rat model by pentylenetetrazol, which is

currently the most commonly used method for establishing an in vitro EP

Fig. 1. Behavior test results. (A) comparison of escape latency, (B) comparison of number of platform crossings. Note: ### p < 0.05 compared with control group,
&&& p < 0.05 compared with model group.
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model in clinical research, and its effectiveness has been validated multi-

ple times.21,22 By examining the status of the Keap1/Nrf2 pathway in rats

from different groups, it was observed that the Keap1 was elevated while

the Nrf2 was reduced in the model group, indicating that the Keap1/Nrf2

pathway was activated in EP. Keap1 is one of the main factors regulating

the level of Nrf2 in cells; it interacts with Nrf2 and maintains its stabil-

ity.23 The cysteine residues of Keap1 lose ubiquitin activity due to the

continuous production of Reactive Oxygen Species (ROS) under stimula-

tion by oxidative conditions, leading to the translocation of Nrf2 from the

cytoplasm to the nucleus, where it binds to ARE and initiates the expres-

sion of downstream antioxidant genes such as HO-1.24 Therefore, the

Keap1/Nrf2 pathway is also considered one of the most important path-

ways in OS, which is involved in the treatment of cardiovascular disor-

ders, nervous system disorders, tumors, and other diseases.25 Decreased

Keap1 while increased Nrf2 in the inhibition group indicated a successful

intervention in the expression of the pathway.

Prolonged escape latency and reduced number of platform crossings

in the model group in behavior tests indicated obvious neurological

Fig. 2. OS results. (A) comparison of SOD, (B) comparison of GSH, (C) comparison of MDA, (B) comparison of Fe content. Note: ### p < 0.05 compared with control

group, &&& p < 0.05 compared with model group.

Fig. 3. Keap1/Nrf2 pathway status. (A) PCR was performed to detect the expression of Keap1 mRNA, (B) PCR was performed to detect the expression of Nrf2 mRNA,

(C) Western blot, (D) expression of Keap1 protein. (E) expression of Nrf2 protein. Note: ### p < 0.05 compared with control group, &&& p < 0.05 compared with model

group.

4

D. Wang et al. Clinics 79 (2024) 100372



disorders in rats, in line with the pathological manifestation of EP,26

which preliminarily confirmed successful modeling. Compared with the

model group, rat behavior was significantly improved in the inhibition

group, with shortened escape latency and increased number of platform

crossings, indicating effective restoration of neural function, which pre-

liminarily suggests that inhibition of the Keap1/Nrf2 pathway reverses

the neurological disorders in rats with EP. In the model group, SOD and

GSH were reduced but MDA was elevated, confirming the presence of

significant OS. Enhanced OS in patients with EP is a well-established

view in the clinic and has been repeatedly mentioned in several previous

studies. In contrast, the inhibition group showed notably increased SOD

and GSH and decreased MDA compared to the model group, indicating

enhanced antioxidant capacity and reduced oxidative damage of rats in

this group. Multiple previous studies have mentioned that inhibiting

Keap1 to activate the Nrf2 pathway alleviates OS in rats with diabetic

cataracts and osteoarthritis.27,28 Therefore, the results above are

expected. EP leads to depolarization of mitochondrial membranes,

increased production of free radicals and ROS, decreased activity of anti-

oxidant enzymes such as SOD, GSH and elevated levels of MDA, Fe (a

final product of membrane lipid metabolism), thereby resulting in cell

damage.29 Therefore, the above results also suggest that immunotherapy

targeting the Keap1/Nrf2 pathway may be a new research direction for

EP treatment in the future.

Neuron ferroptosis is another focus of attention in the pathological

damage process of EP. Studies have shown that ferroptosis inducers

directly or indirectly affect GPX4, leading to the accumulation of intra-

cellular ROS and triggering cell death mechanisms through OS.30 Here

in the model group, decreased GPX4 and SLC7A11, increased PTGS2,

LC3-II, and Beclin1, lowered neuronal viability and elevated apoptosis

were observed, confirming that EP promoted excessive ferroptosis of

neurons. Significant improvement in ferroptosis in the inhibition again

verified that inhibition of the Keap1/Nrf2 pathway reversed neuron fer-

roptosis in EP. GPX4, SLC7A11, and PTGS2 are the most typical ferropto-

sis marker proteins, and when GPX4 and SLC7A11 are decreased and

PTGS2 is elevated, it indicates that excessive ferroptosis is occurring and

the normal life cycle of the cell is shortened.31 LC3-II and Beclin1, as

autophagy marker proteins, are likewise a pathological manifestation of

excessive cellular ferroptosis.32 For EP, the increased ferroptosis and

autophagy in neuronal cells is exactly the pathological manifestation of

their memory, cognitive, and neurological function impairments.33

Fig. 4. Cell ferroptosis. (A) Western blot of ferroptosis proteins, (B) expression of GPX4 protein, (C) expression of PTGS2 protein, (D) expression of SLC7A11 protein,

(E) Western blot of autophagy proteins, (F) expression of LC3-II protein, (G) expression of Beclin1 protein. Note: ### p < 0.05 compared with control group, &&& p <

0.05 compared with model group.

Fig. 5. Cell viability. (A) cell growth curves, (B) cell apoptosis rate. Note: ### p < 0.05 compared with control group, &&& p < 0.05 compared with model group.
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GPX4 and Nrf2 play a negative regulatory role in ferroptosis by respec-

tively limiting ROS production and reducing cellular iron uptake.34

Therefore, after activation of Nrf2 by the expression of Keap1 in tissues,

the cellular iron uptake capacity is enhanced and the cellular stability is

more reliably guaranteed, so that the process of ferroptosis is signifi-

cantly blocked. Such a point is also confirmed by the significant reduc-

tion in Fe content in the hippocampus of the inhibition group compared

to the model group. Similarly, Zhao S et al. also indicated in their study

that inhibition of the Keap1/Nrf2 pathway blocked ferroptosis after

acute liver damage,35 which again supports these results.

However, due to the inherent differences between animal models

and the human body, clinical trials are urgently needed to demonstrate

the relationship between the Keap1/Nrf2 pathway and EP. Additionally,

more experiments (e.g., cell cycle analysis, and pathological changes in

rat brain tissues) are needed to confirm the mechanisms and pathways

through which the Keap1/Nrf2 pathway affects EP. In the future, the

authors will also conduct supplementary experiments to address these

shortcomings, so as to improve the analysis of the impact of the Keap1/

Nrf2 pathway on EP.

Conclusion

The progress of the Keap1/Nrf2 pathway is closely related to EP.

Inhibition of the Keap1/Nrf2 pathway reverses OS and neuron ferropto-

sis in EP rats. In the future, immunotherapy targeting the inhibition of

the Keap1/Nrf2 pathway may become a promising new treatment option

for EP, which ensures the prognosis and health of patients with EP.
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