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Background: Temporal lobe epilepsy (TLE) is a common neurological disorder
frequently resistant to pharmacological treatment, yet its molecular mechanisms
remain incompletely understood. Cytoplasmic polyadenylation element-binding
protein 1 (CPEBL1) is a post-transcriptional regulator implicated in neuronal stress
responses; however, its role in epilepsy and redox-in ammatory signaling
remains unclear.

Methods: An integrative multi-omics strategy combining single-cell
transcriptomics, bulk RNA sequencing, and bioinformatics analyses was
employed, followed by validation in human epileptic hippocampal tissues,
kainic acid (KA)- and pentylenetetrazol (PTZ)-induced mouse models, as well as
in vitro glutamate-induced neuronal injury models. Mechanistic investigations
were performed using adeno-associated virus (AAV)-mediated CPEB1
overexpression and knockdown, together with pharmacological modulation of
the SIRT1 and NRF2 pathways.

Results: CPEB1 was markedly upregulated in neurons from both TLE patients and
experimental models. Neuronal overexpression of CPEB1 increased seizure
susceptibility, exacerbated neuronal loss, and promoted oxidative stress,
proin ammatory cytokine release, and ferroptosis, whereas CPEB1 knockdown
exerted robust neuroprotective effects. Mechanistically, CPEB1 suppressed SIRT1
activity, leading to enhanced acetylation-dependent destabilization of NRF2,
impaired downstream SLC7A11/GPX4 antioxidant signaling, and excessive
reactive oxygen species (ROS) accumulation, ultimately triggering ferroptotic
neuronal death. Importantly, pharmacological inhibition of SIRT1 or NRF2
abolished the neuroprotective effects of CPEB1 knockdown, con rming the
critical role of the CPEB1—SIRT1—NRF2 acetylation axis in TLE pathogenesis.
Conclusion: CPEB1 aggravates neuronal injury in TLE by driving ferroptosis—
neuroin ammation crosstalk through suppression of the SIRT1—NRF2 acetylation
axis. Targeting this pathway may provide a promising therapeutic strategy for
drug-resistant epilepsy and related neurodegenerative disorders.
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1 Introduction

Epilepsy remains one of the most prevalent chronic
neurological disorders globally, with Temporal Lobe Epilepsy
(TLE) representing the most common and pharmacoresistant
subtype (1). TLE is pathologically characterized by hippocampal
sclerosis, aberrant synaptic remodeling, and progressive neuronal
loss, yet the molecular mechanisms driving this neurodegeneration
remain incompletely de ned (2). While traditional research has
focused on apoptosis (3) and autophagy (4), recent evidence
implicates ferroptosis—an iron-dependent form of regulated cell
death driven by lethal lipid peroxidation—as a critical pathogenic
mechanism (5). Emerging evidence indicates that ferroptosis plays a
pivotal role in neurological disorders such as stroke (6), Parkinson’s
disease (7), and Alzheimer’s disease (8), and its potential
involvement in epilepsy has garnered increasing attention. For
instance, several studies (9) have demonstrated that epileptic
seizures elevate Fe ™ levels in the brain, promote reactive oxygen
species (ROS) accumulation, and suppress antioxidant defense
systems—hallmarks of ferroptotic cell death. Moreover,
ferroptosis inhibitors such as Ferrostatin-1 have been shown to
mitigate neuronal damage and cognitive de cits in animal models
of post-traumatic epilepsy (10). Epileptic seizures induce hallmark
features of ferroptosis, including glutathione (GSH) depletion,
GPX4 inactivation, and mitochondrial shrinkage, suggesting that
targeting ferroptotic pathways offers a novel therapeutic strategy to
mitigate seizure-induced neuronal injury.

Concurrently, neuroin ammation acts as a pervasive driver of
epileptogenesis rather than a mere bystander. Seizures trigger the
release of proin ammatory cytokines (IL-1b, IL-6, TNF-a) from
activated microglia and astrocytes, which disrupts the blood—brain
barrier and exacerbates neuronal excitability (11). Crucially,
ferroptosis and neuroin ammation are not isolated events; they
are mechanically coupled through oxidative stress, forming a
vicious feedback loop that perpetuates brain damage (12-14).
However, the upstream molecular “switches” that orchestrate the
crosstalk between these two lethal processes at the post-
transcriptional level remain largely unknown.

Cytoplasmic polyadenylation element-binding protein 1
(CPEB1) is a core member of the CPEB protein family and
contains a highly conserved RNA-binding domain that
speci cally recognizes cytoplasmic polyadenylation elements
(CPEs) within the 3’ untranslated regions of target mRNAs,
thereby regulating their polyadenylation and translational
elongation (15). CPEB1 is widely expressed throughout the
central nervous system and plays a pivotal role in neuronal
plasticity, synaptogenesis, and higher-order processes such as
learning and memory (16-18). Dysregulated CPEB1 expression
has been implicated in a variety of neurological disorders,
including Alzheimer’s disease (16), spinal cord injury (19), and
schizophrenia (20). In addition, studies in cancer biology (21) have
shown that CPEB1 regulates the translation of speci ¢ mMRNAs
involved in oxidative stress responses and iron homeostasis, thereby
promoting ferroptosis. Although the roles of CPEB1 in the nervous
system have been increasingly recognized, direct evidence of its
contribution to epilepsy pathogenesis, particularly TLE, remains
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lacking. Our previous multi-omics analyses revealed that CPEB1 is
signi cantly upregulated in TLE neurons and is closely associated
with the ferroptosis pathway. These ndings suggest that CPEB1
may represent a critical regulatory molecule in the pathological
progression of TLE, underscoring the need for further investigation
into its mechanistic roles and clinical signi cance.

In this study, by integrating single-cell transcriptomic and bulk
RNA sequencing analyses, we identi ed markedly elevated expression
of CPEBL1 in neurons of TLE patients and epileptic mouse models,
with predominant localization in hippocampal and cortical neurons.
Functional assays revealed that CPEB1 overexpression promoted the
release of proin ammatory cytokines, ampli ed neuroin ammatory
responses, and aggravated neuronal ferroptosis, whereas CPEB1
knockdown attenuated in ammation, reduced ferroptosis, and
conferred signi cant neuroprotective effects. These ndings suggest
that CPEBL1 acts as a critical molecular nexus linking in ammation
and ferroptosis, thereby playing a pivotal role in the pathological
mechanisms of TLE. This study elucidates the essential function of
CPEB1 in TLE pathogenesis, underscoring its potential as a
therapeutic molecular target and providing new insights for the
treatment of drug-resistant epilepsy.

2 Materials and methods

Detailed experimental protocols, including transcriptome
sequencing, t-SNE-based clustering, differential gene expression
analysis, GO and KEGG enrichment, RNA and protein structure
modeling, molecular docking, and various biochemical assays (ROS,
MDA, GSH, Fe *, SOD, LDH, ELISA), are provided in the
Supplementary Materials.

2.1 Human brain tissue

Brain tissue samples used in this study were obtained from the
Department of Neurosurgery at the Second Af liated Hospital of
Harbin Medical University. Written informed consent was obtained
from all participants or their legal guardians (n = 12, including TLE
patients and controls; 9 males and 3 females; mean age, 55.42 —
11.89 years). The study protocol was approved by the hospital’s
Ethics Committee (Approval No.: YJSKY2024-180), and all
experimental procedures were conducted in strict accordance
with relevant laws, regulations, and ethical standards.

Prior to surgery, all participants underwent neurological
examinations, electroencephalogram (EEG) monitoring, and
neuroimaging assessments to localize epileptogenic foci and exclude
other brain lesions. Postoperative resected tissues were subjected to
pathological examination to con rm histopathological features.
Samples in the TLE group were derived from clinically con rmed
patients who required surgical resection of epileptogenic lesions.
Control samples were collected from non-epileptic patients who
underwent craniotomy for benign brain tumors or traumatic brain
injury. These control patients had no history of epileptic seizures, no
evidence of epileptiform discharges, and were matched to the TLE
group in terms of age and sex distribution.
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All surgically resected tissues were immediately processed: a
portion was snap-frozen for molecular analyses (including RNA
extraction and protein detection), while another portion was
preserved for immunohistochemical evaluation. To ensure accuracy
and scienti c rigor, all procedures adhered to standardized protocols
and principles of patient privacy protection. No nancial compensation
was provided to participants. Detailed clinical and pathological
characteristics of the study samples are presented in Table 1.

2.2 Animals

Male C57BL/6J mice (6-8 weeks old, weighing 20-25 g) were
used in this study. All animals were obtained from the Animal
Experimental Center of the Second Af liated Hospital of Harbin
Medical University. Based on preliminary variance estimates and
power analysis (a = 0.05, power = 0.8), a minimum of 6 animals per
group was required to detect biologically meaningful differences. To
ensure suf cient statistical power while accounting for potential
model failure or mortality, we included 10-12 mice per group in the
experimental design, resulting in a total of approximately 160 mice.
For speci ¢ biochemical or histological analyses, 4-8 biological
replicates were randomly selected per group depending on tissue
availability and technical feasibility. Mice were housed in an
individually ventilated cage (IVC) system under controlled
temperature and humidity conditions, with a 12-hour light/dark
cycle, and were provided ad libitum access to standard chow
and water.

All animal experiments were conducted in strict accordance
with the Regulations on the Administration of Laboratory Animals
and relevant ethical guidelines. The experimental protocol was
reviewed and approved by the Animal Ethics Committee of the
Second Af liated Hospital of Harbin Medical University (Approval
No.: YJISDW2024-266). The principles of the 3Rs (Replacement,
Reduction, and Re nement) were rigorously followed to minimize
animal use and suffering while ensuring scienti ¢ integrity.

For all surgical procedures, including epilepsy model induction,
mice were anesthetized with tribromoethanol (250 mg/kg,
intraperitoneal injection). The depth of anesthesia was con rmed

TABLE 1 Clinical information of the human subjects in this study.
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by the absence of pedal withdrawal and corneal re exes before
initiating any surgical manipulation.

At the end of the experiments, prior to tissue collection, animals
were re-anesthetized with the same agent and dose, and euthanasia
was performed by intraperitoneal administration of an overdose of
tribromoethanol ( 400 mg/kg) while the animals remained under
deep anesthesia. All tribromoethanol solutions were freshly
prepared and Itered before use to ensure stability and minimize
tissue irritation. All procedures complied with the AVMA
Guidelines for the Euthanasia of Animals (2020) and institutional
policies for the care and use of laboratory animals.

2.3 Kainic acid model

In this study, a mouse model of temporal lobe epilepsy (TLE)
was established using kainic acid (KA) induction. Prior to
experimentation, mice were anesthetized via intraperitoneal
injection of 4% sodium pentobarbital and secured in a stereotaxic
apparatus. A microsyringe was then used to bilaterally inject 0.6 L
of KA solution (0.5 ¢/ L, Sigma, USA) into the hippocampal CA1
region. Injection coordinates were determined relative to the
bregma: anteroposterior (AP) = —2.0 mm, mediolateral (ML) = —
1.5 mm, and dorsoventral (DV) = —2.0 mm (22). Control mice
received an equivalent volume of sterile saline. To ensure adequate
diffusion, the needle was retained in place for 5 minutes before
being slowly withdrawn.

Following induction, seizure behaviors were assessed using the
Racine scale (23), with mice reaching grade IV or higher considered
successfully modeled. Twenty-eight days post-induction, brain
tissues were harvested for histological, molecular, and biochemical
analyses to evaluate CPEB1 expression and its biological functions
in the epilepsy model.

2.4 Pentylenetetrazol model

To establish a chronic epilepsy model, seizures were induced in
mice through repeated intraperitoneal injections of pentylenetetrazol
(PTZ). A sub-convulsive dose of 35 mg/kg was administered every

Number Patient Histology Sample Sample Experiments
localization type

1 TLE1 M 65 TLE, Left hippocampal sclerosis neocortex, hippocampus | fresh sample WB

2 TLE2 M 31 TLE, Right hippocampal sclerosis neocortex, hippocampus | fresh sample WB

3 TLE3 M 46 TLE, Left hippocampal sclerosis neocortex, hippocampus | fresh sample WB

4 TLE4 M 56 TLE, Left hippocampal sclerosis neocortex, hippocampus | fresh sample WB

5 TLE5 F 68 TLE, Left hippocampal sclerosis neocortex, hippocampus | fresh sample WB, IF
6 TLE6 M 43 TLE, Left hippocampal sclerosis neocortex, hippocampus | fresh sample WB, IF
7 Normall M 51 The right basal ganglia hemorrhage | neocortex fresh sample WB, IF
8 Normal2 F 48 Intracranial hematoma neocortex fresh sample WB

9 Normal3 M 70 Intracranial hematoma neocortex fresh sample WB

10 Normal4 F 67 Intracranial hematoma neocortex fresh sample WB

11 Normal5 M 59 The right basal ganglia hemorrhage | neocortex fresh sample WB

12 Normal6 M 61 Intracranial hematoma neocortex fresh sample WB
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48 hours for a total of 14 injections. Following each injection, mice
were continuously monitored for 30 minutes, and seizure severity was
assessed using the Racine scale. Parameters recorded included seizure
scores, latency to the  rst generalized tonic—clonic seizure (GTC), and
GTC duration. This protocol reliably reproduces the chronic
progression of epilepsy and enables systematic evaluation of the
role of CPEB1 in regulating seizure susceptibility. After the 14th
injection, mice were euthanized, and brain tissues were harvested for
molecular and morphological analyses.

2.5 Adeno-associated virus injection

The CPEBI1-related adeno-associated viruses (AAVs) used in
this study were provided by Obio Technology (Shanghai, China)
Corp., Ltd. The overexpression vector was pcAAV-CMV-Cpebl-
linker-EGFP-3xFLAG-WPRE, with a titer of 2.73 10 v.g./mL,
while the knockdown vector was pAAV-U6-shRNA(Cpebl1)-CMV-
EGFP-WPRE, with a titer of 81 10 v.g./mL.

Under anesthesia, mice were positioned in a stereotaxic
apparatus, and viral solutions were bilaterally injected into the
hippocampal CA1 regions using a 1.0 mL microsyringe. Injection
coordinates relative to the bregma were as follows: anteroposterior
(AP) = —2.0 mm, mediolateral (ML) = — 1.5 mm, and dorsoventral
(DV) = -1.7 mm. Each side received 0.5 mL at a controlled rate of
0.2 mL/min. To ensure suf cient viral diffusion, the needle was kept
in place for 5 minutes before withdrawal.

Three weeks after viral delivery, mice were subjected to KA- or
PTZ-induced epilepsy models to assess the functional role of
CPEBLI regulation in seizure activity and neuronal ferroptosis.

2.6 Western blotting

In this study, Western blotting was performed to assess protein
expression levels in tissue samples. Total hippocampal proteins
were extracted from mice using RIPA lysis buffer (Beyotime, China)
supplemented with protease inhibitors, following the
manufacturer’s protocol. Protein concentrations were determined,

TABLE 2 Antibody details.

10.3389/fimmu.2026.1727784

and equal amounts of protein were separated by SDS-PAGE and
subsequently transferred onto polyvinylidene uoride (PVDF)
membranes (Millipore, USA). After transfer, membranes were
blocked with 5% non-fat milk at room temperature for 2 hours to
minimize nonspeci ¢ binding. Speci ¢ primary antibodies (detailed
in Table 2) were then applied and incubated overnight at 4 C. The
following day, membranes were washed three times with TBST
buffer and incubated with HRP-conjugated secondary antibodies at
room temperature for 2 hours. Protein bands were visualized using
an ECL chemiluminescence detection kit (Epizyme, China) and
imaged with a chemiluminescence detection system. Relative
protein expression levels were quanti ed through grayscale
analysis software, with GAPDH serving as the internal control
for normalization.

2.7 Quantitative real-time PCR

Total RNA from mouse hippocampal tissues was isolated using
the TRIzol reagent (Invitrogen, USA) following the manufacturer’s
protocol. RNA concentration and purity were assessed using a
Nanodrop spectrophotometer. Complementary DNA (cDNA) was
synthesized from 1 mg of total RNA using the TransScript® One-
Step cDNA Synthesis Kit (TransGen Biotech, China) according to
the manufacturer’s instructions. Quantitative real-time PCR
(qPCR) was performed using the PerfectStart® Green gPCR
SuperMix kit (TransGen Biotech, China) on a CFX96 Real-Time
PCR System (Bio-Rad, USA). Relative gene expression was
calculated using the 2°-DDCt method, with GAPDH serving as
the internal normalization control. Primer sequences are listed
in Table 3.

2.8 RNA immunoprecipitation assay

To validate the direct interaction between CPEBL1 protein and
SIRT1 mRNA, RIP assays were performed using the Magna RIP™
RNA-Binding Protein Immunoprecipitation Kit (Millipore, USA)
according to the manufacturer’s instructions. Brie y, hippocampal

Antibody Source Catalog number Species Applications
WB (1:1000)
CPEB1 Proteintech 13274-1-AP Rabbit IF (1:100)
RIP (10mg)
GAPDH Proteintech 10494-1-AP Rabbit WB (1:5000)
NeuN Proteintech 66836-1-Ig Mouse IF (1:100)
GFAP Proteintech 60190-1-lg Mouse IF (1:100)
Iba-1 Proteintech 10904-1-AP Rabbit IF (1:200)
SLC7A11 Abmart T57046S Rabbit WB (1:1000)
GPX4 Proteintech 67763-1-lg Mouse WB (1:2000)
BAP-1 Proteintech 10398-1-AP Rabbit WB (1:1000)
P53 Proteintech 10442-1-AP Rabbit WB (1:10000)
NRF2 Proteintech 80593-1-RR Rabbit WB (1:2500)
AC-NRF2 (Lys599) Uptbio PLN000063 Rabbit WB (1:1000)
SIRT1 Proteintech 13161-1-AP Rabbit WB (1:3000)
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TABLE 3 Primer sequences used for gRT-PCR.
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Gene target Species Forward primer (5'-3") Reverse primer (5'-3")
NFE2L2 (NRF2) Mouse TCTTGGAGTAAGTCGAGAAGTGT GTTGAAACTGAGCGAAAAAGGC
SLC7ALL Mouse GGCACCGTCATCGGATCAG TCCCAAGAGCCAAAGTGCCA
GPX4 Mouse GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA
SIRTL Mouse GATACGTTGGCACCGAGTG TGCCATCTCCAGTGTTCTTG
GAPDH Mouse AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

and cortical tissues were lysed in RIP lysis buffer containing protease
and RNase inhibitors. The lysates were immunoprecipitated
with magnetic beads conjugated to an anti-CPEB1 antibody
(Abcam) or normal rabbit 1gG (negative control) at 4 C overnight.
After washing, proteinase K was added to digest proteins, and
the immunoprecipitated RNA was puri ed using phenol-
chloroform extraction. The enrichment of SIRT1 mRNA in the
immunoprecipitates was quanti ed by qRT-PCR using speci ¢
primers. The results were normalized to the Input fraction and
expressed as fold enrichment relative to the IgG control. Relevant
antibody information is listed in Table 2, and primer sequences are
provided in Table 3.

2.9 Immuno uorescence staining

To examine the expression and cellular localization of target
proteins in brain tissues, immuno uorescence staining was
performed on paraf n-embedded sections. Brie y, tissue sections
were deparaf nized and immersed in 1 citrate buffer, followed by
antigen retrieval using a high-pressure heat treatment at high
temperature for 10 minutes. The sections were then incubated in
0.3% Triton X-100 solution (Beyotime, China) at room temperature
for 15 minutes to enhance membrane permeability. To block
nonspeci ¢ antibody binding, 10% goat serum (Boster, China)
was applied at 37 C for 30 minutes. After blocking, sections were
incubated overnight at 4 C with speci c primary antibodies (listed
in Table 2). The next day, sections were thoroughly washed with
PBS and incubated with uorescently conjugated secondary
antibodies for 1 hour at room temperature in the dark. Finally,
nuclei were counterstained with DAPI solution (Beyotime, China),
and uorescence images were captured and analyzed using a
microscope (Nikon, Japan).

2.10 Drug administration

To further validate the molecular mechanisms by which CPEB1
regulates neuroin ammation and ferroptosis, pharmacological
interventions were conducted in CPEB1 knockdown mice using
the NRF2 inhibitor ML385 and the SIRT1 inhibitor EX-527. ML385
(MCE, USA) was dissolved in PBS containing 5% dimethyl
sulfoxide (DMSO) and administered intraperitoneally at a dose of
30 mg/kg (24). This dosage was selected based on prior
pharmacokinetic studies in mice, which reported a plasma half-
life (ti/,) of approximately 2.8 hours and demonstrated effective
blood-brain barrier penetration suf cient to inhibit NRF2-
mediated transcriptional activity in the brain (25, 26). Control
mice received an equivalent volume of vehicle solution (5%
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DMSO in PBS). Drug administration commenced prior to KA
model induction, given once daily for three consecutive days, and
continued after KA injection for a total of four days to ensure
adequate steady-state drug levels during the acute phase of
excitotoxicity (27).

Similarly, EX-527 (MCE, USA), a highly selective SIRT1 inhibitor
(IC50 = 38 nM), was dissolved in PBS containing 5% DMSO and
administered intraperitoneally at a dose of 10 mg/kg. This dosing
regimen is well-established to achieve pharmacologically active
concentrations in the central nervous system, given its lipophilic
nature and ability to cross the blood-brain barrier (28). The
administration schedule was identical to that of ML385, consisting
of once-daily injections prior to KA induction and continued dosing
after KA injection until the animals were sacri ced (29). All drugs
were freshly prepared immediately before use under light-protected
conditions. Dosage and administration frequency were determined
based on published literature and adjusted according to body weight
to ensure both ef cacy and safety of the intervention.

2.11 Cell culture

To investigate the mechanisms by which CPEB1 contributes to
epilepsy-associated neuronal injury, we established a glutamate-
induced excitotoxicity model to mimic in vitro neuronal damage
under epileptic conditions (30, 31). The immortalized mouse
hippocampal neuronal cell line HT22 was obtained from Procell
Life Science & Technology Co., Ltd. (Wuhan, China; Catalog No.:
CL-0697). Cells were maintained in Dulbecco’s Modi ed Eagle
Medium (DMEM, Sigma, USA; Catalog No.: D5796) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/
mL streptomycin, and cultured in a humidi ed incubator at 37 C
with 5% CO,. Prior to experimentation, cells were seeded at
appropriate densities into 6-well or 96-well plates and allowed to
adhere for 24 hours before treatment. Excitotoxicity was induced by
adding 5 mM glutamate (Glu) to the culture medium, thereby
replicating the neuronal injury environment associated with
epileptic seizures and providing an in vitro platform for
investigating the functions and mechanisms of CPEB1.

2.12 Transfection experiment

To assess the role of CPEBL in regulating ferroptosis-associated
mechanisms in neuronal cells, transient transfection of HT22 cells
was performed using LipofectaminewI 8000 reagent (Beyotime,
China). Cells were transfected with either a CPEB1 expression
plasmid [CPEB1-pcDNA3.1(+)] or an empty vector control
[PcDNA3.1(+)], strictly following the manufacturer’s instructions.
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Six hours post-transfection, the medium was replaced with fresh
complete medium, and cells were further cultured for 48 hours to
ensure suf cient expression and functional activity of the target
gene. Subsequently, glutamate (5 mM) and the protein synthesis
inhibitor cycloheximide (CHX, 15 mmol/L; MCE, USA) were added
to the culture system. After 24 hours of treatment, cells were
harvested for protein extraction and subsequent analyses (32).
This experiment was designed to determine whether CPEB1
overexpression promotes neuronal ferroptosis by regulating
protein stability and thereby modulating NRF2 and its
downstream effectors.

2.13 Nissl staining

To evaluate the effects of CPEB1 on neuronal survival in
epilepsy models, Nissl staining was performed for histological
analysis of mouse brain tissues, following standard protocols
described in previous studies (33). Mice were anesthetized using
conventional procedures and subjected to cardiac perfusion with
phosphate-buffered saline (PBS), followed by xation with 4%
paraformaldehyde. Brain tissues were subsequently dehydrated,
embedded, and sectioned into continuous slices of 10 mm
thickness. The sections were incubated in cresyl violet staining
solution (Beyotime, China; Catalog No.: C0117) at room
temperature for 10 minutes. After staining, dehydration, clearing,
and mounting were conducted according to routine protocols.
Images were then captured and analyzed using a Nikon optical
microscope (Nikon, Japan). Staining results were used to assess
neuronal morphological integrity and changes in neuronal density
across different hippocampal regions (including CA1 and CA3),
thereby determining the impact of CPEBL regulation on epilepsy-
associated neuronal injury.

2.14 Transmission electron microscopy

To investigate ultrastructural changes in neuronal mitochondria
during ferroptosis, transmission electron microscopy (TEM) was
employed for morphological analysis of mouse brain tissues.
Hippocampal or cortical tissues were rst xed in 2.5%
glutaraldehyde at 4 C overnight. The tissues were then dehydrated
through a graded ethanol series and embedded in epoxy resin
according to standard procedures. Ultrathin sections were prepared
using an ultramicrotome and mounted onto 200-mesh copper grids.
Sections were sequentially stained with 2% uranyl acetate and 0.04%
lead citrate to enhance organelle contrast. Mitochondrial
ultrastructure was subsequently examined, and images were
captured using a Hitachi transmission electron microscope. This
experiment was designed to evaluate the effects of CPEBL1 regulation
on characteristic ferroptotic mitochondrial morphology in epileptic
neurons—including mitochondrial shrinkage, cristae reduction, and
increased membrane density—thereby providing morphological
evidence for the occurrence of ferroptosis.

2.15 Enzyme-linked immunosorbent assay

After dissection, cortical and hippocampal tissues were
immediately isolated from mouse brains under ice-bath
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conditions. The tissues were homogenized in PBS buffer and
centrifuged at 5000 rpm for 15 minutes at 4 C, after which the
supernatants were collected. The concentrations of interleukin-1b
(IL-1b), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a)
in cortical and hippocampal tissues were quanti ed using
commercial ELISA kits (Solarbio, Beijing, China; Catalog Nos.:
SEKM-0002, SEKM-0007, SEKM-0034), strictly according to the
manufacturer’s instructions (34).

2.16 Statistical analysis

All experimental data were analyzed using GraphPad Prism 9.0
software, and results are presented as mean — standard deviation
(Mean — SD). Normality of the data distribution was assessed using
the Shapiro-Wilk test, and homogeneity of variance was veri ed
using Levene’s test. Comparisons between two groups were
conducted using Student’s t-test, while one-way ANOVA or two-
way ANOVA was applied for multiple-group comparisons
according to the experimental design, followed by Tukey’s
multiple comparison test to evaluate intergroup differences.
Statistical signi cance was de ned as p < 0.05, with notations as
follows: ns, not signi cant (p  0.05); *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. All statistical analyses were performed under
the assumptions of normality and homogeneity of variance to
ensure the rigor and reliability of the results.

3 Result

3.1 Single-cell transcriptomics reveals
differentially expressed genes and
functional reprogramming in neurons of
TLE

To identify key molecular drivers of neuronal injury in TLE, we
performed an integrated multi-omics analysis combining single-cell
RNA sequencing, bulk RNA sequencing, epilepsy-related gene
annotation, and ferroptosis databases. The overall analytical
work ow and hypothesis-generation strategy are summarized in
Figures 1A, which illustrates the stepwise identi cation of CPEB1
and the proposed SIRT1-NRF2 regulatory axis.

In this study, the single-cell transcriptome dataset GSE190452
from TLE patients was obtained from the GEO database,
comprising four human hippocampal tissue samples. Data
integration and quality control were performed using the Seurat
package. The quality control thresholds were de ned as follows:
number of detected genes per cell (nFeature_RNA) > 500, total
transcript counts (nCount_RNA) between 1000 and 20000, and
mitochondrial gene percentage (percent.mt) < 10% (Supplementary
Figure 1A). Cells meeting these criteria were retained for
subsequent analyses, whereas low-quality cells were excluded.

Correlation analysis of sequencing depth con rmed that the
retained cells exhibited consistent and reliable expression pro les,
ensuring high-quality data (Supplementary Figure 1B). The top
2000 highly variable genes were then selected for downstream
dimensionality reduction and clustering analyses (Figure 1B).
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FIGURE 1

scRNA-seq cell clustering and annotation. (A) Schematic overview of the integrative analytical strategy combining single-cell RNA sequencing, bulk
RNA sequencing, epilepsy-related gene annotation, and ferroptosis database intersection, leading to the identi cation of CPEB1 and the proposed
SIRT1-NRF2 regulatory axis. (B) Differential gene expression analysis identi ed highly variable genes, with red representing the top 2000 highly
variable genes and black representing low-variable genes; the top ten genes ranked by expression among the highly variable genes are labeled.

(C) Distribution of cells along PC1 and PC2 dimensions, with each dot representing a single cell. (D) Standard deviation distribution of principal
components, where larger standard deviations indicate greater importance of the corresponding principal component. (E) t-SNE clustering
visualization, with different colors representing distinct cell clusters, showing cellular aggregation and distribution patterns. (F) Cell annotation results
based on t-SNE clustering, with each color representing a cell subpopulation. (G) KEGG pathway enrichment analysis of neuronal differentially
expressed genes, where the x-axis represents the GeneRatio and the y-axis represents KEGG terms; circle size indicates the number of enriched
genes, and color indicates enrichment p-value. (H) GO functional analysis of neuronal differentially expressed genes, including biological process
(BP), cellular component (CC), and molecular function (MF); the x-axis represents the GeneRatio and the y-axis represents GO terms, with circle size
indicating the number of enriched genes and color indicating enrichment p-value.
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Principal component analysis (PCA) was performed for initial
dimensionality reduction, followed by visualization of the top
principal component gene expression patterns (PC1-PC4;
Supplementary Figure 1C) and a two-dimensional distribution of
cells along PC1 and PC2 (Figure 1C), both of which demonstrated
no signi cant batch effects. Based on the ElbowPlot (Figure 1D), the
top 20 principal components were selected for clustering.
Subsequently, the t-SNE algorithm was applied for nonlinear
dimensionality reduction, identifying 20 distinct cell clusters
(Figure 1E), from which marker genes were extracted
(Supplementary Figure 1D). Cell type annotation was performed
using the singleR package in combination with the CellMarker
database, ultimately identifying six major cell types: neurons,
microglia, oligodendrocytes, astrocytes, endothelial cells, and
oligodendrocyte precursor cells (Figure 1F).

Focusing on neurons, 175 differentially expressed genes (DEGS)
were identi ed in TLE neurons. KEGG pathway enrichment
analysis revealed signi cant enrichment in neurotransmitter-
associated pathways, including calcium signaling, cholinergic
synapse, glutamatergic synapse, and GABAergic synapse
(Figure 1G). GO functional enrichment analysis further
demonstrated that, under “Biological Process” (BP), DEGs were
involved in neuronal development, neurogenesis, and synaptic
signaling; under “Cellular Component” (CC), they were enriched
in neuronal and synaptic structures; and under “Molecular
Function” (MF), they were predominantly associated with ion
channel activity and transmembrane ion transport (Figure 1H).

In summary, single-cell transcriptomic analysis revealed
profound gene expression reprogramming in TLE neurons. These
DEGs may play central roles in TLE pathogenesis, providing a
foundation for identifying key functional molecules and potential
therapeutic targets.

3.2 Multi-omics integrative analysis
identi es CPEBL1 as a key candidate gene
involved in ferroptosis

To further investigate the potential molecular mechanisms
underlying TLE, we analyzed the bulk RNA-seq dataset
GSE256068 from the GEO database. Differential expression
analysis identi ed 1919 differentially expressed genes (DEGS)
(Figure 2A). To screen for genes most closely associated with
epilepsy, these DEGs were intersected with 9638 epilepsy-related
genes from the GeneCards database and the 175 neuron-speci ¢
DEGs identi ed in our single-cell analysis (Figure 2B), yielding 13
core DEGs strongly associated with TLE neurons (Table 4). GO
functional enrichment analysis revealed that these 13 genes were
predominantly involved in key biological processes, including
neuronal structural organization, protein deacetylation, and
cellular oxidative stress responses (Figure 2C), suggesting their
potential contribution to TLE pathophysiology.

To further identify candidate molecules implicated in
ferroptosis, the 13 core genes were intersected with 728
ferroptosis-related genes from the FerrDb database (Figure 2D),
ultimately highlighting two potential key regulators: CPEB1 and
SIRT1. Previous studies have reported that CPEB1 participates in

Frontiers in Immunology

08

10.3389/fimmu.2026.1727784

ferroptosis in pancreatic and gastric cancers (21, 35), yet its role and
mechanisms in neuronal ferroptosis within the context of TLE
remain poorly understood. Elucidating the function of CPEB1 may
provide critical insights into TLE pathogenesis and establish a
foundation for novel therapeutic strategies. Therefore, CPEB1 was
designated as the central focus of this study, with the aim of
determining whether it contributes to TLE-associated neuronal
injury through regulation of the ferroptosis pathway and
clarifying its mechanistic role in disease progression.

3.3 Expression and distribution of CPEB1 in
the TLE brain

To validate the expression pro le of CPEBL in TLE, we rst
examined its protein levels in hippocampal and cortical tissues from
TLE patients and compared them with non-epileptic controls. Given
that TLE primarily originates from the hippocampus but progressively
involves extrahippocampal regions, including the cortex, during
chronic seizure propagation and network remodeling (36, 37), both
regions were systematically analyzed to determine whether CPEB1
dysregulation represents a focal or network-wide pathological feature.
Western blot analysis revealed that CPEB1 protein levels were
signi cantly elevated in both the hippocampus and cortex of TLE
patients (Figure 3A; Supplementary Figure 2A). We next assessed
CPEB1 expression in experimental models of chronic epilepsy. In the
kainic acid (KA)-induced model, which recapitulates key pathological
features of hippocampal sclerosis, CPEB1 expression was markedly
increased in both hippocampal and cortical tissues (Figure 3B;
Supplementary Figure 2B). Similarly, in the pentylenetetrazol (PTZ)-
kindling model, Western blot analyses demonstrated robust
upregulation of CPEBL in both regions (Supplementary Figures 3A,
B). These ndings indicate that CPEBL elevation is a reproducible and
model-independent molecular alteration across distinct
epilepsy paradigms.

Although bioinformatics analyses predicted that CPEB1 is
predominantly expressed in neurons, its precise cellular
localization in epileptic brain tissue required experimental
validation. High-resolution immuno uorescence staining was
therefore performed in hippocampal sections from TLE patients,
KA-induced epileptic mice, and PTZ-kindled mice. In all conditions
examined, CPEB1 exhibited prominent colocalization with the
neuronal marker NeuN and was primarily localized within
neuronal soma (Figure 3C; Supplementary Figures 2C, 3C).
Quantitative analyses demonstrated that the majority of CPEB1-
positive cells were NeuN-positive neurons, and uorescence
intensity pro ling and Pearson’s correlation analyses con rmed a
high degree of spatial overlap between CPEB1 and NeuN signals.

To determine whether CPEBL1 is also expressed in non-neuronal
cell types, double immuno uorescence staining was performed with
astrocytic (GFAP) and microglial (Ibal) markers. In both human
TLE samples and epileptic mouse models, CPEB1 showed minimal
colocalization with GFAP-positive astrocytes or Ibal-positive
microglia in the hippocampus (Figures 3D, E), as well as in the
cortex (Supplementary Figures 2D, E, 3D, E). Quantitative
colocalization analyses revealed low correlation coef cients and
limited signal overlap, indicating that neuronal enrichment
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FIGURE 2

DEGs in TLE, and ferroptosis-related genes.

represents the predominant pattern of CPEB1 upregulation in
epileptic brain tissue.

Taken together, these results demonstrate that CPEBL is
consistently upregulated in both hippocampal and cortical regions

TABLE 4 Thirteen core DEGs highly associated with TLE neurons.

Gene log,(fold change) pvalue Type
NRG1 -1.07014328 0.0295358558553416 Down
DLGAP2 1.39625763355877 4.81491873403764e-06 Up
CPEB1 1.51803402251251 0.00150661047659342 Up
CBLN2 -1.499203308 0.00101845981698571 Down
VSNL1 -1.205229639 4.26006494466196e-05 Down
CUX2 -1.518774504 0.0227270324913663 Down
MERTK -1.403572482 0.0345087529205321 Down
SLC9A9 1.18362855601696 0.000140659864927933 Up
ATP1A2 -1.172629379 0.000855754877977101 Down
DISC1 -1.726324496 5.18177359361067e-06 Down
ADARB2 -3.528476247 0.0330073424252848 Down
GLIS3 -1.037313395 0.000840049460471197 Down
SIRT1 -2.707068209 0.00279426879221806 Down
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Identi cation of target genes in TLE. (A) Volcano plot of differentially expressed genes in the transcriptome (x-axis: log2(FoldChange), y-axis: -log10
(pvalue); green triangles indicate downregulated genes, red triangles indicate upregulated genes, and black dots indicate non-signi cant genes;
control group n=11, TLE group n=59). (B) Venn diagram showing the intersection of differentially expressed genes (DEGs), epilepsy-related genes
from the GeneCards database, and neuronal DEGs in TLE. (C) Circular GO enrichment plot of the 13 core DEGs highly associated with TLE neurons,
showing the top 10 GO terms. (D) Venn diagram showing the intersection of DEGs, epilepsy-related genes from the GeneCards database, neuronal

across human TLE samples and multiple experimental epilepsy
models, with predominant localization in neurons. Given the
central role of the hippocampus as the primary epileptogenic
focus in TLE, subsequent mechanistic and functional analyses
were therefore focused on hippocampal neurons, while cortical
data are presented to support the network-wide relevance of
CPEBL1 dysregulation.

3.4 CPEBL increases seizure susceptibility
and neuronal death following status
epilepticus

To further elucidate the role of CPEBL in epileptic seizures, we
employed an adeno-associated virus (AAV)-mediated strategy to
establish CPEB1 overexpression (ad-CPEB1) and knockdown (sh-
CPEB1) models in the bilateral hippocampal CA1 regions of mice.
The CA1 subregion was selected because of its high vulnerability to
excitotoxic injury in temporal lobe epilepsy (TLE), while the CA3
region was additionally analyzed due to its strong synaptic
connectivity with CA1 and its involvement in seizure propagation
within the hippocampal trisynaptic circuit (38). Twenty-one days
after viral injection, Western blot analysis was conducted to verify
CPEBL1 expression in the hippocampus and cortex. The results
demonstrated a signi cant upregulation of CPEB1 in the ad-CPEB1
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FIGURE 3
Expression and cellular localization of CPEBL in the hippocampus of TLE patients and KA-induced epileptic mice. (A) Representative Western blot
images and quantitative analysis showing CPEBL1 protein expression in the hippocampus of temporal lobe epilepsy (TLE) patients and non-epileptic
control subjects. GAPDH was used as a loading control. (B) Representative Western blot images and quantitative analysis showing CPEB1 protein
expression in the hippocampus of kainic acid (KA)-induced epileptic mice and control mice. (C) Immuno uorescence staining of CPEBL1 (green),
NeuN (neuronal marker, red), and DAPI (blue) in the hippocampus of TLE patients and in the CA1 and CA3 regions of KA-induced epileptic mice.
Line-scan analyses show uorescence intensity pro les indicating colocalization of CPEB1 with NeuN. (D) Immuno uorescence staining of CPEB1
(green), GFAP (astrocyte marker, red), and DAPI (blue) in the hippocampus of TLE patients and in the CA1 and CA3 regions of KA-induced epileptic
mice. Line-scan analyses indicate minimal colocalization between CPEB1 and GFAP. (E) Immuno uorescence staining of CPEB1 (green), Iba-1
(microglial marker, red), and DAPI (blue) in the hippocampus of TLE patients and in the CAl and CA3 regions of KA-induced epileptic mice. Line-
scan analyses indicate minimal colocalization between CPEB1 and Iba-1. Scale bar = 50 mm. Data are presented as mean — SEM. ***P < 0.001,
***P < 0.0001.
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