
Article Discovery Medicine 2026; 38(206): 892–905
https://doi.org/10.24976/Discov.Med.202638206.73

Copyright: © 2026 The Author(s). Published by Discovery Medicine. This is an open access article under the CC BY 4.0 license.
Note: Discovery Medicine stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

HDAC6-PRKN-KEAP1 Cascade Regulates Kainic
Acid-Induced Ferroptosis and Neuroinflammation in
HT22 Hippocampal Neurons
Junwei He1,*,†, Tianyang Wu2,†, Yukun Lin3, Yipan Zhang1

1Department of Neurology, The Affiliated Hospital of Putian University, 351100 Putian, Fujian, China
2Department of Neurosurgery, The First Affiliated Hospital of Bengbu Medical university, 233000 Bengbu, Anhui, China
3Department of Rehabilitation Medicine, The Affiliated Hospital of Putian University, 351100 Putian, Fujian, China
*Correspondence: ga2008medy@163.com (Junwei He)
†These authors contributed equally.
Submitted: 16 December 2025 Revised: 29 January 2026 Accepted: 3 March 2026 Published: 20 March 2026

Background: Ferroptosis has emerged as a pivotal mechanism in epilepsy development. Kelch-like ECH-associated protein 1
(KEAP1), a critical regulator of the nuclear factor erythroid 2-related factor 2 (NRF2) pathway, plays a pivotal role in oxidative
stress and is implicated in seizure recurrence. This study aimed to elucidate the mechanistic role of KEAP1 in kainic acid (KA)-
induced ferroptosis and neuroinflammation.
Methods: HT22 hippocampal neuronal cells were stimulated with KA to establish the in vitro excitotoxicity model. Cell viability
and apoptosis were detected using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and flow cytom-
etry, respectively. Inflammatory responses were evaluated by detecting interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNF-α) secretion levels. Ferroptosis was evaluated by measuring Fe2+, glutathione (GSH), and reactive oxygen species (ROS)
levels. The parkin RBR E3 ubiquitin protein ligase (PRKN)-KEAP1 and histone deacetylase 6 (HDAC6)-PRKN interactions
were assessed by co-immunoprecipitation (Co-IP) experiments.
Results: KEAP1 (p = 0.0008) andHDAC6 (p = 0.0004) protein levels were upregulated in the KA-inducedHT22 cells, while PRKN
expression was downregulated (p = 0.0034). Knockdown of KEAP1 alleviated KA-induced neuroinflammation by reducing the
secretion of IL-6 (p = 0.0021) andTNF-α (p = 0.0003). Furthermore, it suppressed ferroptosis, as demonstrated by decreased levels
of Fe2+ (p = 0.0022) and ROS (p < 0.01), and an increased GSH content (p = 0.0057). In addition, KEAP1 silencing attenuated
apoptosis (p = 0.0016) inKA-induced cells. Mechanistically, PRKNmediatedKEAP1 ubiquitination and degradation (p = 0.0054);
HDAC6 induced PRKN deacetylation (p < 0.001), and HDAC6 modulated KEAP1 expression via PRKN. In KA-treated HT22
cells, KEAP1 reconstitution counteracted PRKN overexpression-mediated anti-inflammatory and ferroptosis-inhibitory effects
(p< 0.05), while PRKN knockdown reversed the protective effects conferred byHDAC6 silencing (p< 0.05). Additionally, PRKN
regulated the NRF2/solute carrier family 7 member 11 (SLC7A11)/glutathione peroxidase 4 (GPX4) pathway through KEAP1 (p
< 0.05).
Conclusion: Our study uncovers a novel HDAC6-PRKN-KEAP1 cascade that critically modulates KA-induced ferroptosis and
neuroinflammation in HT22 neuronal cells.
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Introduction

Epilepsy, a chronic neurological disorder character-
ized by recurrent, unprovoked seizures, affects over 50
million individuals globally and imposes a significant bur-
den on cognitive function, mental health, and quality of
life [1]. Emerging evidence highlights the critical roles
of neuroinflammation and oxidative stress in epileptoge-
nesis, contributing to neuronal hyperexcitability, synap-
tic dysfunction, and neuronal death [2,3]. In particu-
lar, hippocampal neurons undergo significant changes in
epilepsy, including neuronal loss, axonal sprouting, and al-
tered excitatory-inhibitory balance, which are closely asso-

ciated with seizure activity and cognitive dysfunction [4].
Ferroptosis, a recently identified iron-dependent form of
regulated cell death, has emerged as a pivotal mechanism
underlying neurodegenerative and neuroinflammatory dis-
orders [5,6]. Pharmacological inhibition of ferroptosis has
shown to attenuate seizure severity and alleviate hippocam-
pal damage [7]. These findings underscore ferroptosis as a
novel therapeutic target for modulating neuronal injuries.

Kelch-like ECH-associated protein 1 (KEAP1), a crit-
ical redox-sensitive regulator of the nuclear factor erythroid
2-related factor 2 (NRF2)/antioxidant response element
(ARE) pathway, functions as a substrate adaptor for the
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Cullin3 ubiquitin ligase complex, leading to NRF2 degra-
dation under basal conditions. Under oxidative or elec-
trophilic stress, KEAP1 undergoes covalent modification,
leading toNRF2 stabilization and nuclear translocation, and
activates the transcription of cytoprotective genes [8]. Dys-
regulation of the KEAP1/NRF2 axis has been implicated
in diverse pathologies, including vascular diseases, cancer,
and neurodegenerative disorders, where altered KEAP1 ex-
pression ormutations either exacerbate oxidative damage or
promote disease progression [9–11]. Inhibition of KEAP1
activates NRF2 to reduce oxidative stress and mitochon-
drial dysfunction, thereby suppressing epilepsy develop-
ment [12]. The KEAP1/NRF2/ARE/heme oxygenase 1
(HO-1) axis represents a promising neuroprotective target
[13]. However, the mechanistic role of KEAP1 in kainic
acid (KA)-induced neuronal ferroptosis remains poorly un-
derstood.

PRKN (parkin RBR E3 ubiquitin protein ligase), an
E3 ubiquitin ligase, plays a pivotal role in regulating
ubiquitin-proteasome system and in mitochondrial qual-
ity control [14]. Recent studies highlight its neuroprotec-
tive functions in neurodegenerative disorders, where PRKN
downregulation exacerbates neuronal damage by impairing
mitochondrial homeostasis and increasing oxidative stress
[15]. Notably, PRKN has been specifically implicated
in regulating the NRF2 pathway and inhibiting ferropto-
sis through acyl-CoA synthetase long-chain family mem-
ber 1 (ACSL1) ubiquitination, suggesting a broader func-
tion in cellular stress responses [16]. Histone deacetylase
6 (HDAC6), a cytosolic enzyme, regulates protein deacety-
lation and aggregation clearance [17]. In epilepsy, altered
HDAC6 expression contributes to disease pathophysiology
by modulating cytoplasmic substrates and neurotransmitter
receptor expression [18]. Inhibition of HDAC6 promotes
neuronal survival and synaptic defects in cyclin-dependent
kinase-like 5 (CDKL5) deficiency disorder, demonstrat-
ing therapeutic potential for HDAC6-targeted approaches
in developmental epilepsies [19]. Importantly, HDAC6 ac-
tivity has been linked to the modulation of ferroptosis in
a neurodegenerative disorder [20]. Therefore, given their
established roles in mitigating oxidative stress and ferrop-
tosis, PRKN and HDAC6were prioritized for further inves-
tigation to explore their potential interaction and synergistic
effects in our experimental model.

This study established a KA-induced HT22 neuronal
injury model, revealing that KEAP1 upregulation con-
tributes to neuroinflammation and ferroptosis. Our study
further demonstrated a novel HDAC6-PRKN-KEAP1 cas-
cade that critically modulates HT22 neuronal cytotoxicity
induced by KA. We provide novel evidence that coordi-
nated post-translational modifications (ubiquitination and
deacetylation) play pivotal roles in neurotoxicity.

Materials and Methods

Cell Culture and Treatment
In this study, an immortalized mouse hippocampal

neuron HT22 cell line (Catalog #IM-M038, Immocell, Xia-
men, China) and primarymouse hippocampal neurons (Cat-
alog #CP-M107, Procell, Wuhan, China) were used. HT22
cells were authenticated using short tandem repeat (STR)
profiling and confirmed to be free of mycoplasma con-
tamination by periodic testing using a PCR-based detec-
tion assay. The primary mouse hippocampal neurons ex-
hibited rounded soma with extended, branched neurites,
characteristic of neuronal morphology. As certified by
the commercial vendor (Procell), the cells were identi-
fied via β-Tubulin-III immunofluorescence with a purity
of over 90%. Furthermore, the cells were verified to be
negative for HIV-1, HBV, HCV, mycoplasma, and other
common microbiological contaminants such as bacteria,
yeast, and fungi. Neuronal cells were maintained at 37
°C in complete growth medium composed of 89% (v/v)
Dulbecco’s Modified Eagle Medium (DMEM, Catalog
#C11995500BT, Gibco, Schwerte, Germany), 10% (v/v)
fetal bovine serum (FBS, Catalog #10099141C, Gibco),
and 1% penicillin/streptomycin (Catalog #P4333, Bey-
otime, Shanghai, China) in a humidified 5% CO2 incuba-
tor (Model #3111, Thermo Fisher Scientific, Saint-Aubin,
France). To establish an in vitro neurotoxicity model, HT22
cells were stimulated with KA (Catalog #ab120100, Ab-
cam, Cambridge, UK, purity: >99%) at a concentration of
100 µM for 12 h as previously described [21]. Addition-
ally, HT22 neurons were exposed to 1 µM Ferrostatin-1 (a
selective ferroptosis inhibitor, Catalog #SML0583, Sigma-
Aldrich, St. Louis, MO, USA) [22], 10 µM Erastin (a fer-
roptosis inducer, Catalog #E7781, Sigma-Aldrich) [23], or
50 µM MG132 (a proteasome inhibitor, Catalog #S2619,
Selleckchem, Houston, TX, USA) [24] for 12 h for differ-
ent experimental purposes.

SiRNAs, Plasmids, and Transfection of Cell Line
The pCMV-PRKN(mouse)-Flag-Neo (Catalog

#P82298, OE-PRKN), pCMV-KEAP1(mouse)-mCherry-
Puro (Catalog #P81647, OE-KEAP1), and corresponding
control (Catalog #P0860, OE-NC) plasmids were pro-
cured from Miaoling Plasmid (Wuhan, China). The
small interfering RNA (siRNA) pools (MedChemEx-
press, Shanghai, China) used in this study included KEAP1
Mouse Pre-designed siRNA Set A (Catalog #HY-RS07231,
si-KEAP1), HDAC6 Mouse Pre-designed siRNA Set A
(Catalog #HY-RS06080, si-HDAC6), and PRKN Mouse
Pre-designed siRNA Set A (Catalog #HY-RS18966, si-
PRKN), with the nontarget siRNA (Catalog #HY-150150,
si-NC) as the control. Each siRNA pool consisted of three
distinct duplexes targeting different regions of the mouse
“KEAP1”, “HDAC6” or “PRKN” transcript, thereby
significantly reducing the risk of off-target effects. The
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sequence information of siRNAs/plasmids was shown in
Supplementary Table 1.

In accordance with the manufacturer’s guidelines, the
transient transfection of siRNA or/and plasmid into neu-
rons was conducted using Lipofectamine 3000 (Catalog
#L3000150, Thermo Fisher Scientific). Briefly, for each
well of a 6-well plate, siRNA (final concentration 50 nM)
or plasmid DNA (2.5 µg) was diluted in 125 µL of Opti-
MEM reduced serummedium. Separately, 5 µL of Lipofec-
tamine 3000 reagent was diluted in 125 µL of Opti-MEM.
After 5-min incubation at room temperature, the diluted
DNA/siRNAwas combined with the diluted Lipofectamine
3000 reagent, mixed gently, and incubated for 15 min at
room temperature to allow complex formation. The result-
ing transfection complexes were then added dropwise to the
cultured neurons. After 6 h, the transfection medium was
refreshed, followed by a 24–48 h incubation period prior to
subsequent experiments, including KA induction or other
assays.

Immunoblot Analysis
Protein samples were obtained from cultured HT22

neurons through lysis in Radioimmunoprecipitation assay
buffer (RIPA) buffer (Catalog #P0013B, Beyotime) sup-
plemented with added protease and phosphatase inhibitor
cocktails (Catalog #P8340, Sigma-Aldrich). Quantified
protein samples (25 µg per lane) were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred electrophoretically onto polyvinyli-
dene fluoride (PVDF) membranes (Catalog #IPVH00010,
Immobilon-P, Millipore, Burlington, MA, USA). Im-
munoblotting was performed using specific primary an-
tibodies against KEAP1 (Catalog #ab119403, Abcam,
1:1500), PRKN (Catalog #ab77924, Abcam, 1:2000), ubiq-
uitin (Ub, Catalog #3936, Cell Signaling Technology, Dan-
vers, MA, USA, 1:1000), HDAC6 (Catalog #ab239362,
Abcam, 1:1000), Acetylated-lysine (Ac-lysine, Catalog
#ab190479, Abcam, 1:2000), NRF2 (Catalog #12721, CST,
1:1000), solute carrier family 7 member 11 (SLC7A11,
Catalog #ab307601, Abcam, 1:1000), glutathione perox-
idase 4 (GPX4, Catalog #ab231174, Abcam, 1:1000),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Catalog #2118, CST, 1:1000), followed by incubation with
horseradish peroxidase (HRP)-labeled secondary antibod-
ies (Goat Anti-Rabbit IgG, Catalog #7074S, CST, 1:2000
or Goat Anti-Mouse IgG, Catalog #7076S, CST, 1:2000).
Protein band intensities were quantified using a Chemi-
Doc XRS+ imaging system (Model #1708265, Bio-Rad,
Gladesville, NSW, Australia) and ImageJ (Version 1.53t,
National Institutes of Health, Bethesda, MD, USA) for den-
sitometric analysis. The intensity of each target protein
band was normalized to the corresponding loading control
band (GAPDH) from the same lane to calculate relative pro-
tein expression levels. These values were subsequently ex-
pressed as a fold change relative to the control group.

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) Cell Viability
Assay

Neuronal viability in HT22 cells was evaluated fol-
lowing transfection and/or KA exposure using the stan-
dard MTT assay (Catalog #C0009S, Beyotime). Briefly,
20 µL of 5 mg/mL MTT solution was added to each well,
followed by 4-h incubation at 37 °C. After removing the
supernatant, 150 µL dimethyl sulfoxide (DMSO, Catalog
#D2650, Sigma-Aldrich) was introduced to solubilize the
formazan precipitates. Following 15 min of gentle agita-
tion, absorbance measurements were taken at 490 nm us-
ing the Infinite® M200 PRO reader (Tecan, Männedorf,
Switzerland). Although the kit manufacturer recommends
measuring absorbance at 570 nm, we used 490 nm as the
detection wavelength based on established protocols in our
laboratory. This wavelength has been validated for reliable
formazan quantification in HT22 cells under our experi-
mental conditions. This adjustment has been consistently
applied in our assays and does not affect the comparative
assessment of cell viability. Cell viability was calculated as
a percentage relative to the control group using the formula:
(Mean absorbance of treatment group / Mean absorbance of
control group) × 100%.

Cell Apoptosis Assay
Apoptosis was evaluated in transfected and/or KA-

treated HT22 cells using an Annexin V-fluorescein isoth-
iocyanate (FITC)/propidium iodide (PI) Staining Kit (Cat-
alog #556547, BD Biosciences, Heidelberg, Germany) ac-
cording to the manufacturer’s instructions. Briefly, cells
were collected, washed twice with cold PBS, and resus-
pended in 1× binding buffer at a concentration of 1 × 106
cells/mL. Subsequently, 100 µL of the cell suspension was
incubated with 5 µL of Annexin V-FITC and 5 µL of PI
in the dark at room temperature for 15 min. Cell staining
was performed according to standardized procedures, with
subsequent flow cytometric analysis conducted within 60
min using an LSRII system (BD Biosciences) to quantify
apoptotic populations. Apoptosis rate was calculated as the
percentage of cells in both early (Annexin V+/PI-) and late
(Annexin V+/PI+) apoptotic quadrants relative to the total
cell population.

Determination of Interleukin 6 (IL-6) and Tumor
Necrosis Factor Alpha (TNF-α) Levels

Culture supernatants from transfected and/or KA-
stimulated HT22 cells were analyzed for inflammatory
cytokine secretion. IL-6 contents were determined with
a commercial Mouse IL-6 enzyme-linked immunosor-
bent assay (ELISA) kit (Catalog #IC50325-1, Enzyme-
linked Biotechnology, Shanghai, China), while TNF-α
levels were measured with a Mouse TNF-α ELISA Kit
(Catalog #ml002098, Enzyme-linked Biotechnology), both
performed according to standardized protocols. Briefly,
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collected supernatants were centrifuged to remove de-
bris. Standards and samples were added to the antibody-
precoated wells and incubated. After washing, biotiny-
lated detection antibody was added, followed by incuba-
tion with streptavidin-HRP. Tetramethylbenzidine (TMB)
substrate was added for color development, and the reac-
tion was stopped with the stop solution. Cytokine concen-
trations were calculated by interpolating absorbance values
(450 nm) against a standard curve generated with the pro-
vided recombinant standards.

Detection of Fe2+, Glutathione (GSH), and Reactive
Oxygen Species (ROS) Levels

Following standardized protocols provided by the
manufacturers, intracellular Fe2+, GSH, and ROS levels
in transfected and/or KA-treated HT22 cells were quan-
tified using commercial assay kits: Ferrous Iron Colori-
metric Assay Kit (Catalog #E-BC-K881-M, Elabscience,
Wuhan, China), GSH Assay Kit (Catalog #ab239709,
Abcam), and 2’,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) ROS Detection Kit (Catalog #S0036S, Bey-
otime). For quantification of Fe2+ and GSH levels, ab-
sorbance (OD = 593 nm for Fe2+ and 412 nm for GSH) was
measured using the Infinite®M200 PRO reader. Fe2+ con-
centration was calculated based on the standard curve pre-
pared from the provided ferrous iron standard. GSH levels
were determined by measuring the absorbance of the reac-
tion product at 412 nm and calculating concentrations from
a GSH standard curve. ROS levels were detected using
fluorescence imaging on a Leica SP8 microscope (Model
#TCS SP8, Leica, Wetzlar, Germany) and flow cytometric
analysis with LSRII system. For flow cytometry analysis,
the mean fluorescence intensity (MFI) of ROS was mea-
sured and expressed as a fold change relative to the control
group.

Prediction of the E3 Ubiquitin Ligases for KEAP1
Ubiquitination

The Ubibrowser2.0 web server (http://ubibrowser.bio
-it.cn/ubibrowser_v3/) was employed to predict candidate
E3 ubiquitin ligases potentially involved in KEAP1 ubiqui-
tination, with the Mus musculus genome setting.

Immunoprecipitation (IP) and
Co-immunoprecipitation (Co-IP) Experiments

HT22 neurons transfected with or without OE-NC,
OE-PRKN, si-NC, or si-HDAC6 were examined for Co-
IP and IP assays using a commercial IP Kit (Catalog
#P1836S, Beyotime) with antibodies against PRKN (Cat-
alog #14060-1-AP, Proteintech, Wuhan, China), KEAP1
(Catalog #10503-2-AP, Proteintech), HDAC6 (Catalog
#ab264565, Abcam), and IgG (Catalog #98136-1-RR, Pro-
teintech). Briefly, whole-cell lysates were prepared and
incubated with Protein A magnetic beads that had been
pre-coated with the relevant antibody. After immunocom-

plex isolation, bound proteins were obtained by boiling in
SDS loading buffer for 5 min and subsequently analyzed
by immunoblotting to assess the enriched protein levels
of KEAP1, PRKN, HDAC6, ubiquitinated KEAP1, and
acetylated-PRKN.

Analysis of KEAP1 Protein Stabilization
To assess the impact of PRKN on KEAP1 protein sta-

bility, HT22 neurons subjected to transfection with OE-
NC or OE-PRKN were cultured in complete medium sup-
plemented with 20 ng/mL cycloheximide (CHX, Catalog
#S7418, Selleckchem) [25] for specified durations (0, 5, 10,
and 20 h). After that, the levels of remaining KEAP1 pro-
tein were evaluated using immunoblot analysis.

Prediction of Potential PRKN-interacting Proteins
Proteins that interacted with PRKNwere predicted us-

ing the STRING algorithm (Version 12.0) (https://cn.strin
g-db.org/).

Statistical Analysis
All data were expressed as mean± standard deviation

(SD) from aminimum of three independent biological repli-
cates. Statistical analyses were performed using GraphPad
Prism version 8.0.2 (GraphPad Software, San Diego, CA,
USA). Comparisons were made using two-tailed Student’s
t-test or one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test, depending on experimental de-
sign. A p-value threshold of<0.05 was considered statisti-
cally significant, with asterisks denoting the degree of sig-
nificance in the figures.

Results

KEAP1 Knockdown Reverses KA-induced
Neuroinflammation and Ferroptosis in HT22 Cells

To further elucidate the function of KEAP1 in neu-
ronal cytotoxicity, this study first generated a KA-induced
HT22 neurotoxicity model. Notably, the protein levels of
KEAP1 in the model were significantly upregulated com-
pared with the corresponding control (p = 0.0008, Fig. 1A).
Functionally, KA-stimulated HT22 cells exhibited signifi-
cantly impaired cell viability (p = 0.0005, Fig. 1B) and en-
hanced apoptosis (p< 0.001, Fig. 1C) when compared with
sham controls. Moreover, KA exposure increased the pro-
duction of pro-inflammatory cytokines IL-6 (p = 0.0001),
TNF-α (p < 0.001), and IL-1β (p = 0.0002), while reduc-
ing the expression of anti-inflammatory cytokine IL-10 (p =
0.003) in HT22 cells (Fig. 1D,E and Supplementary Fig.
1A,B). KEAP1 depletion was then performed with a spe-
cific siRNA (si-KEAP1) in the cellular model to observe
the consequences. Notably, silencing of KEAP1 via si-
KEAP1 transfection, verified by immunoblot analysis (p
= 0.0017, Fig. 1A), strongly restored cell viability (p =
0.0055, Fig. 1B), diminished cell apoptosis (p = 0.0016,
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Fig. 1. KEAP1 mediates inflammation and ferroptosis in KA-induced HT22 neuronal cells. (A–E) HT22 hippocampal neuronal
cells were stimulated with KA or vehicle sham or transfected with si-KEAP1 or si-NC prior to KA stimulation. (A) Representative
immunoblot of treated HT22 cells and quantification of KEAP1 protein expression. (B) Viability of treated HT22 cells by MTT assay.
(C) Apoptosis of treated HT22 cells by flow cytometry. (D,E) Levels of IL-6 and TNF-α cytokines in the medium of treated HT22
cells using ELISA. (F) MTT assay for viability of HT22 cells treated with sham, KA, KA+Ferrostatin-1, or KA+Erastin. (G,H) Levels
of Fe2+ and GSH in HT22 cells treated as A–E. (I,J) Representative fluorescence images and flow cytometry analysis of HT22 cells
treated as A–E and quantification of relative ROS content. *p < 0.05, **p < 0.01, ***p < 0.001. KA, kainic acid; KEAP1, Kelch-like
ECH-associated protein 1; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ELISA, enzyme-linked immunosorbent
assay; GSH, glutathione; ROS, reactive oxygen species.

Fig. 1C), and reversed the KA-induced alterations of IL-6
(p = 0.0021), TNF-α (p = 0.0003), IL-1β (p = 0.0015), and
IL-10 (p = 0.0124) secretion levels (Fig. 1D,E and Supple-
mentary Fig. 1A,B).

Ferroptosis has emerged as a key contributor to
epilepsy pathogenesis, promoting to neuronal loss and dis-
ease progression [26]. To evaluate whether ferroptosis
is responsible for KA-induced viability loss, KA-induced
HT22 cells were exposed to either the ferroptosis inhibitor
Ferrostatin-1 or the ferroptosis inducer Erastin. As ex-
pected, treatment of Ferrostatin-1 rescued KA-caused vi-
ability loss (p = 0.0198), while Erastin exposure exacer-
bated KA-induced viability impairment (p = 0.0389) in
HT22 cells (Fig. 1F), demonstrating the contribution of fer-
roptosis to KA-mediated cytotoxicity. Intriguingly, KA-
induced HT22 cells increased Fe2+ levels (p = 0.0006,
Fig. 1G), reduced GSH content (p = 0.0015, Fig. 1H), and
elevated ROS amount (p < 0.001, Fig. 1I,J) compared to
control cells, indicating that KA-induced HT22 cells en-

hance ferroptosis. However, KEAP1 knockdown attenu-
ated ferroptosis induced by KA, as presented by decreased
Fe2+ (p = 0.0022) and ROS (p < 0.01) levels and elevated
GSH content (p = 0.0057) following KEAP1 knockdown
in KA-induced HT22 cells (Fig. 1G–J). Taken together, our
data suggest that KEAP1 is upregulated in the KA-induced
HT22 cells and is responsible for enhanced inflammation
and ferroptosis.

PRKN Mediates KEAP1 Ubiquitination and
Degradation, Thereby Alleviating Inflammation and
Ferroptosis in KA-Induced HT22 Cells

Ubiquitination of KEAP1 can lead to the activation
of NRF2, thereby playing critical roles in human disorders
[27,28]. Among candidate E3 ubiquitin ligases predicted
via Ubibrowser screening, PRKN was prioritized for ex-
perimental validation (Fig. 2A). This selection was based
on its well-established neuroprotective functions, including
maintaining mitochondrial homeostasis and mitigating ox-
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Fig. 2. PRKNmediates KEAP1 ubiquitination and degradation. (A) Schematic model of the relationship between PRKN and KEAP1
through Ubibrowser screening. (B) Representative immunoblot of HT22 cells treated with vehicle or KA and quantification of PRKN
protein expression. (C,D) Representative immunoblot of HT22 cells transfected with OE-NC or OE-PRKN and quantification of PRKN
(C) and KEAP1 (D) protein expression. (E) Immunoblot of KEAP1 protein in OE-NC- or OE-PRKN-transfected HT22 cells with or
without MG132 treatment. (F) Co-IP experiments using an anti-PRKN or anti-KEAP1 antibody with lysates of HT22 cells, and the
subsequent immunoblot analysis of proteins bound to immunoprecipitates. (G) Representative immunoblot of HT22 cells transfected
with OE-NC or OE-PRKN under CHX treatment and quantification of the remaining KEAP1 protein. (H) IP assays using an anti-
KEAP1 antibody with lysates of OE-NC- or OE-PRKN-transfected HT22 cells, and the subsequent immunoblot analysis of ubiquitinated
KEAP1. *p < 0.05, **p < 0.01, ***p < 0.001. CHX, cycloheximide; PRKN, parkin RBR E3 ubiquitin protein ligase; Co-IP, co-
immunoprecipitation; IP, immunoprecipitation.

idative stress in neurological disorders [29,30], alongside a
recent report that PRKN promotes ACSL1 ubiquitination

and activates the anti-ferroptotic NRF2/SLC7A11/GPX4
pathway [16]. These previous findings suggest PRKN as
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Fig. 3. The PRKN-KEAP1 axis mediates KA-induced neuroinflammation and ferroptosis in HT22 neuronal cells. (A) Represen-
tative immunoblot of HT22 cells transfected with OE-NC or OE-KEAP1 and quantification of KEAP1 protein expression. (B–J) HT22
hippocampal neuronal cells were stimulated with KA or vehicle or transfected with OE-NC, OE-PRKN, or OE-PRKN+OE-KEAP1 prior
to KA stimulation. (B) Cell viability assessed by MTT assay. (C) Apoptosis rate measured by flow cytometry. (D,E) Secreted IL-6 and
TNF-α levels measured by ELISA. (F,G) Intracellular Fe2+ and GSH contents using the assay kits. (H–J) ROS production analyzed by
fluorescence microscopy (H,I) and flow cytometry (J). *p < 0.05, **p < 0.01, ***p < 0.001.

a potential regulator of the KEAP1/NRF2 axis. Contrary
to KEAP1 expression, KA-induced HT22 cells exhibited
lower protein levels of PRKN than sham controls (p =
0.0034, Fig. 2B). To clarify the precise role of PRKN in
regulating KEAP1, this study first examined its effect on
KEAP1 expression. HT22 cells were transfected with a
PRKN expression plasmid (OE-PRKN) to increase PRKN
expression. Upregulation of PRKN upon OE-PRKN in-
troduction, confirmed by immunoblot assay (p = 0.0008,
Fig. 2C), resulted in decreased expression of KEAP1 pro-
tein (p = 0.0032, Fig. 2D). Notably, treatment with the pro-
teasome inhibitor MG132 abolished the PRKN-mediated
reduction in KEAP1 protein levels in HT22 cells (p =
0.0446, Fig. 2E). Our study then evaluated the interaction
between PRKN and KEAP1. After Co-IP experiments us-
ing an anti-PRKN antibody, immunoblot analysis revealed
that KEAP1 was observed in PRKN immunoprecipitates
(Fig. 2F). Reciprocally, PRKNwas observed in KEAP1 im-
munoprecipitates (Fig. 2F). This study also tested whether
PRKN modulates KEAP1 protein stability. Under CHX
conditions for translational suppression, increased PRKN
expression markedly reduced KEAP1 stabilization (p =
0.0054, Fig. 2G). Next, this study assessed whether PRKN

is indeed able to catalyze ubiquitination and degradation of
KEAP1 protein in HT22 cells. As illustrated in Fig. 2H, the
levels of ubiquitinated KEAP1 were increased after over-
expression of PRKN. Together, these findings establish the
fact that KEAP1 is a bona fide substrate of PRKN.

To understand the functional consequence of this in-
teraction in KA-induced neuronal cytotoxicity, this study
transfected OE-PRKN alone or with a KEAP1 expres-
sion vector (OE-KEAP1) into HT22 cells and primary hip-
pocampal neurons before KA exposure. Upregulation of
PRKN mediated by OE-PRKN in primary hippocampal
neurons was confirmed by immunoblot assay (p = 0.0008,
Supplementary Fig. 2A). Immunoblot analysis confirmed
the upregulation efficiency of OE-KEAP1 in KEAP1 ex-
pression (p < 0.01, Fig. 3A and Supplementary Fig. 2B).
In the KA-induced HT22 cells and primary hippocampal
neurons, increased PRKN expression conferred neuropro-
tection by enhancing cell viability (p < 0.01, Fig. 3B and
Supplementary Fig. 2C), suppressing cell apoptosis (p <

0.01, Fig. 3C and Supplementary Fig. 2D,E), reducing
IL-6 and TNF-α levels (p < 0.01, Fig. 3D,E and Supple-
mentary Fig. 2F), decreasing Fe2+ content (p = 0.0048,
Fig. 3F), increasing GSH amount (p = 0.013, Fig. 3G), and
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Fig. 4. Deacetylation of PRKN is mediated by HDAC6. (A) Schematic of the interaction between HDAC6 and PRKN using the
STRING algorithm. (B) Representative immunoblot of HT22 cells treated with vehicle or KA and quantification of HDAC6 protein
expression. (C) Representative immunoblot of HT22 cells transfected with si-NC or si-HDAC6 and quantification of HDAC6 protein
expression. (D) Co-IP assays were performed using HT22 cell lysates with either an anti-PRKN or anti-HDAC6 antibody, followed
by immunoblotting analysis of the precipitated protein complexes. (E) Representative immunoblot of si-NC- or si-HDAC6-transfected
HT22 cells and quantification of the PRKN protein. (F) IP assays using an anti-PRKN antibody with lysates of si-NC- or si-HDAC6-
transfected HT22 cells, and the subsequent immunoblot analysis of acetylated PRKN. *p < 0.05, **p < 0.01, ***p < 0.001. HDAC6,
histone deacetylase 6.

downregulating ROS production (p < 0.01, Fig. 3H–J and
Supplementary Fig. 2G). Notably, these protective effects
were significantly counteracted byKEAP1 reconstitution (p
< 0.05, Fig. 3B–J and Supplementary Fig. 2C–G). Col-
lectively, these results demonstrate the involvement of the
PRKN-KEAP1 axis in KA-induced neuroinflammation and
ferroptosis in neuronal cells.

HDAC6 Mediates Deacetylation of PRKN

Using the STRING algorithm, HDAC6, a crucial
deacetylase associated with epilepsy pathogenesis [18],
was predicted to physically interact with PRKN (Fig. 4A).
Given that HDAC6 inhibition synergistically suppresses
ferroptosis, a process implicated in neurodegeneration [20],
and considering the established role of PRKN in regulating
anti-ferroptotic pathways, we hypothesized that the inter-
action between HDAC6 and PRKN may play a function-
ally significant role in our model. Supporting this notion,
HDAC6 protein levels were significantly elevated in KA-
induced HT22 cells (p = 0.0004), contrasting with the re-

duction in PRKN (Fig. 4B). HT22 cells were transfected
with a HDAC6-specific siRNA (si-HDAC6), which ef-
fectively knocked down HDAC6 expression as confirmed
by immunoblotting (p = 0.0009, Fig. 4C). To investigate
HDAC6’s regulatory effects on PRKN, this study first ver-
ified their physical interaction. Co-IP assays using an
anti-PRKN antibody, followed by immunoblotting, demon-
strated HDAC6 presence in PRKN immunoprecipitates
(Fig. 4D). Reciprocally, Co-IP assays using an anti-HDAC6
antibody identified PRKN in the precipitated complexes
(Fig. 4D). Subsequent experiments examined the functional
implications of this interaction. Notably, siRNA-mediated
HDAC6 downregulation resulted in a significant eleva-
tion of PRKN protein levels (p = 0.0022, Fig. 4E). Our
study further investigatedwhether HDAC6mediates PRKN
deacetylation in HT22 neurons. Immunoblot analysis after
Co-IP assays showed enhanced PRKN acetylation follow-
ing HDAC6 depletion (p < 0.001, Fig. 4F). All these data
suggest that deacetylation of PRKN is induced by HDAC6.
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Fig. 5. The HDAC6-PRKN axis regulates KA-induced neuroinflammatory responses and ferroptotic pathways in HT22 neuronal
cells. (A) Representative immunoblot of HT22 cells transfected with si-NC or si-PRKN and quantification of PRKN protein expression.
(B–K) HT22 hippocampal neurons were stimulated with KA or vehicle or transfected with si-NC, si-HDAC6, or si-HDAC6+si-PRKN
prior to KA stimulation. (B) Cell viability assessed by MTT assay. (C) Flow cytometry for apoptosis rate of treated HT22 cells. (D,E)
IL-6 and TNF-α secretion levels measured by ELISA. (F,G) Fe2+ and GSH levels in treated HT22 cells using the assay kits. (H–J) ROS
production analyzed by fluorescence microscopy (H,I) and flow cytometry (J). (K) Immunoblot assay of KEAP1 protein in treated HT22
cells. *p < 0.05, **p < 0.01, ***p < 0.001.

PRKN Knockdown Counteracts si-HDAC6-Mediated
Anti-Inflammatory and Ferroptosis-Inhibitory Effects
in KA-Induced HT22 Cells

To elucidate the functional relationship between
HDAC6 and PRKN in KA-induced HT22 neuronal injury,
this study transfected si-HDAC6 alone or together with a
siRNA targeting PRKN (si-PRKN) into HT22 cells prior to
KA induction. Immunoblot assay showed efficient PRKN
silencing in the si-PRKN transfected cells (p = 0.0150,
Fig. 5A). HDAC6 knockdown provided significant neuro-
protection in the KA-induced HT22 cells. First, it markedly
improved neuronal viability (p = 0.0008, Fig. 5B) while re-
ducing apoptotic cell death (p = 0.0019, Fig. 5C). Second, it
substantially decreased the production of pro-inflammatory
cytokines IL-6 (p = 0.0004) and TNF-α (p = 0.0004,
Fig. 5D,E). Third, HDAC6 knockdown restored oxidative
balance by decreasing Fe2+ content (p = 0.0009, Fig. 5F),
increasing GSH amount (p = 0.0054, Fig. 5G), and effec-
tively diminishing ROS production (p< 0.001, Fig. 5H–J).
Importantly, when PRKN expression was simultaneously
reduced, these protective effects were significantly abol-
ished (p < 0.05, Fig. 5B–J). In addition, in the cellular

model, HDAC6 downregulation resulted in decreased pro-
tein levels of KEAP1 (p = 0.0108), which was reversed by
PRKN reduction (p = 0.0224, Fig. 5K), indicating the mod-
ulation of HDAC6 in KEAP1 expression via PRKN. These
findings demonstrate that the HDAC6-PRKN interaction
plays a key role in regulating KA-induced neuroinflamma-
tory responses and ferroptotic pathways in HT22 neuronal
cells.

PRKN Regulates the NRF2/SLC7A11/GPX4 Pathway
Through KEAP1

The NRF2/SLC7A11/GPX4 pathway plays a neuro-
protective role in epilepsy by suppressing ferroptosis, re-
ducing oxidative stress, and preserving neuronal viability
[31]. Suppression of KEAP1 leads to the activation of
NRF2, thereby mitigating oxidative stress and ferroptosis
[32,33]. Since PRKN mediates KEAP1 ubiquitination and
degradation, this study sought to investigate the regula-
tion of PRKN in this pathway. In the KA-induced HT22
neuronal cells, the protein levels of NRF2 (p = 0.0012),
SLC7A11 (p = 0.0033), and GPX4 (p = 0.0002) were
significantly downregulated compared with control cells
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Fig. 6. PRKN regulates the NRF2/SLC7A11/GPX4 pathway through KEAP1. (A–C) HT22 hippocampal neurons were stimulated
with KA or vehicle or transfected with OE-NC, OE-PRKN, or OE-PRKN+OE-KEAP1 prior to KA stimulation. Representative im-
munoblot of treated HT22 cells and quantification of NRF2 (A), SLC7A11 (B), and GPX4 (C) proteins. *p< 0.05, **p< 0.01, ***p<
0.001. NRF2, nuclear factor erythroid 2-related factor 2; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4.

Fig. 7. Schematic model of the HDAC6-PRKN-KEAP1 cascade in modulating ferroptosis and neuroinflammation in KA-induced
HT22 neuronal cells. In this model, HDAC6 induces PRKN deacetylation, and then PRKN mediates KEAP1 ubiquitination and degra-
dation, thereby modulating cell ferroptosis, apoptosis, viability, and neuroinflammation.
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(Fig. 6A–C). When PRKN expression was increased, the
levels of these proteins were strongly upregulated in KA-
treated HT22 cells; however, increased KEAP1 expression
counteracted these effects (Fig. 6A–C). Furthermore, the
NRF2 inhibitor ML385 could reverse KEAP1 knockdown-
mediated viability promotion (p = 0.0355, Supplementary
Fig. 3A), apoptosis repression (p = 0.0293, Supplemen-
tary Fig. 3B), IL-6 (p = 0.0162) and TNF-α (p = 0.0025) re-
duction (Supplementary Fig. 3C,D), and ferroptosis sup-
pression (p < 0.05, Supplementary Fig. 3E–G) in KA-
treated HT22 cells. These data together indicate the regula-
tion of the PRKN-KEAP1 axis in KA-induced neurotoxic-
ity in HT22 cells through the NRF2/SLC7A11/GPX4 path-
way.

Discussion

Ferroptosis significantly contributes to neuronal death
and cognitive deficits in experimental epilepsy, and
its inhibition—through agents such as coenzyme Q10
(CoQ10), ferrostatin-1, or a ketogenic diet—effectively
provides neuroprotection [34–36]. KEAP1 can promote
NRF2 ubiquitination and degradation under physiological
conditions, but oxidative stress disrupts this interaction, en-
abling NRF2 to activate cytoprotective genes, thereby pro-
tecting cells against oxidative damage [8]. Emerging stud-
ies also unveil the crucial regulation of the KEAP1/NRF2
interaction in ferroptosis during various pathological condi-
tions, such as acute lung injury and atherosclerosis [32,37].
In epilepsy, KEAP1 overexpression exacerbates neuronal
damage and seizure recurrence by impairing antioxidant
defenses and amplifying oxidative stress and neuroinflam-
mation [13,38]. Moreover, inhibition of KEAP1 stabi-
lizes NRF2, enhancing cellular defenses against oxidative
stress and iron overload, ultimately mitigating ferroptosis
in epileptic neurons [39]. Consistent with these reports, our
findings demonstrate that KEAP1 depletion attenuates KA-
induced ferroptosis and inflammation in HT22 neuronal
cells. These findings suggest that KEAP1 hyperactivation
contributes to hippocampal neuronal injury by promoting
neuroinflammation and ferroptosis. This aligns with pre-
vious studies linking dysfunction of KEAP1/NRF2 axis to
neurodegenerative disorders, where KEAP1 inhibition con-
fers neuroprotection through NRF2-mediated antioxidant
and anti-inflammatory pathways [40,41].

PRKN, a pivotal regulator of mitophagy and cellu-
lar stress responses, has emerged as a critical player in di-
minishing ferroptosis. Specifically, PRKN-mediated mi-
tophagy maintains mitochondrial homeostasis by eliminat-
ing damaged mitochondria, thereby mitigating lipid peroxi-
dation and iron overload, which are key drivers of ferropto-
sis [42]. Dysregulation of PRKN is implicated in neurode-
generative disorders, such as Parkinson’s and Alzheimer’s
diseases, where unbalanced protein ubiquitination and im-
paired mitophagy exacerbate neuronal vulnerability to ox-
idative stress [43,44]. In epilepsy, recent evidence suggests

altered PRKN expression correlates with neuronal hyperex-
citability and oxidative stress, though its mechanistic con-
tributions remain underexplored [45]. Our study revealed
a mechanistic role for PRKN in mediating KEAP1 ubiqui-
tination and degradation, which alleviates ferroptosis and
inflammation in the KA-induced HT22 neuronal cells.

HDAC6, a unique cytosolic deacetylase, regulates fer-
roptosis by modulating lipid peroxidation enzymes and iron
metabolism proteins, linking epigenetic modifications to
redox imbalance in neurological disorders [20]. HDAC6
overexpression exacerbates neuroinflammation and neu-
rodegeneration in Alzheimer’s and Parkinson’s diseases,
and inhibition of HDAC6 exerts neuroprotective effects in
these disorders [46,47]. In epilepsy, HDAC6 upregulation
correlates with aberrant synaptic plasticity and neuronal hy-
perexcitability, while its inhibition attenuates seizure sever-
ity in preclinical models [18,19]. Our results reveal that
HDAC6 mediates the deacetylation of PRKN, thereby pro-
moting KA-induced neuroinflammation and ferroptosis in
HT22 cells. More importantly, our results demonstrate
HDAC6 regulates KEAP1 expression via PRKN. These
findings identify the HDAC6-PRKN-KEAP1 axis as a po-
tential regulator of KA-induced neurotoxicity.

The NRF2/SLC7A11/GPX4 axis, a central regula-
tory cascade in cellular antioxidant defense, plays a dual
role in modulating ferroptosis and neurological disorders
[48,49]. Mechanistically, NRF2 activation transcription-
ally upregulates SLC7A11 to enhance cystine uptake and
glutathione synthesis, while GPX4 utilizes glutathione to
neutralize lipid peroxides, thereby suppressing ferropto-
sis [50]. In epilepsy, emerging evidence suggests that
impaired NRF2/SLC7A11/GPX4 signaling contributes to
seizure-induced neuronal death [31]. Moreover, KEAP1
suppression results in NRF2 stabilization and subsequent
nuclear translocation, activating antioxidant responses that
attenuate oxidative stress and inhibit ferroptosis [32,33].
Our study identifies PRKN as a critical upstream modula-
tor of the NRF2/SLC7A11/GPX4 axis via KEAP1. PRKN-
mediated KEAP1 ubiquitination and degradation stabi-
lize NRF2, amplifying SLC7A11 and GPX4 expression to
counteract ferroptosis and neuroinflammation in the KA-
induced HT22 neuronal cells. Notably, a key limitation
of this study lies in the absence of pathway-specific phar-
macological interventions (e.g., NRF2 inhibitors or GPX4
activators). Without these controls, it remains challenging
to determine whether the observed effects of the HDAC6-
PRKN-KEAP1 axis are directly mediated via this pathway.
Future studies could clarify whether the observed effects
are pathway-dependent.

In addition, several limitations and future directions
should be considered. First, while the present study offers
valuable mechanistic insights, its exclusive reliance on the
in vitro HT22 neuronal model inherently limits the ability
to fully recapitulate the complex, multi-cellular pathophys-
iology of epilepsy in vivo. Key aspects such as network-
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level synchronization, glia-neuron interactions, vascular
contributions, and systemic inflammatory responses are
not represented in this system. Further validation in es-
tablished animal models of epilepsy would significantly
strengthen the translational impact of these findings. For
example, employing a KA-induced murine model of sta-
tus epilepticus would allow us to: (1) confirm the role
of KEAP1 in modulating ferroptosis and neuroinflamma-
tion within a more complex, integrated physiological en-
vironment; (2) assess the effect of KEAP1 manipulation
on electrographic seizure activity and behavioral outcomes;
and (3) investigate cell-type-specific contributions (e.g.,
astrocytes, microglia) to the observed mechanisms. Sec-
ond, although our study demonstrated that PRKN medi-
ates KEAP1 ubiquitination and HDAC6 mediates PRKN
deacetylation, the precise modification sites—the ubiqui-
tination sites on KEAP1 and the deacetylation sites on
PRKN—remain unmapped. Identification of these spe-
cific residues is crucial for mechanistic understanding of the
regulatory interplay between these proteins. Further stud-
ies employing mass spectrometry-based proteomics or site-
directed mutagenesis will be essential to precisely delineate
these modification sites and validate their functional roles
within the KEAP1-PRKN-HDAC6 signaling axis. Third,
the translational relevance of this signaling axis requires
further validation. The current study lacks functional ex-
periments using specific HDAC6 inhibitors or PRKN ac-
tivators within in vivo seizure models, which limits as-
sessment of its therapeutic potential for seizure control or
neuroprotection. Future studies employing both genetic
and pharmacological approaches, such as Tubastatin A for
HDAC6 inhibition or PRKN overexpression, in established
animal models of epilepsy will be critical to confirm the
pathway’s role in seizure pathophysiology and to assess
its suitability as an anti-epileptogenic target. Additionally,
the present study primarily employed the HT22 neuronal
cell line, which lacks functional ionotropic glutamate re-
ceptors, indicating that the observed KA-induced toxicity
likely operates through mechanisms distinct from classical
receptor-mediated excitotoxicity. While this model limita-
tion necessitates caution in extrapolating to all excitotoxic
contexts, complementary validation in primary hippocam-
pal neurons confirms the broader relevance of the identified
PRKN-KEAP1 cascade in modulating neuronal ferroptosis
and inflammation.

Conclusion

Overall, our findings highlight the crucial role of the
novel HDAC6-PRKN-KEAP1 cascade in modulating fer-
roptosis and neuroinflammation in KA-induced HT22 neu-
ronal cells (Fig. 7). These findings advance the mechanistic
understanding of neurotoxicity and identify this cascade as
a potential therapeutic target for protecting neurons from
damage.
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