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The pathogenesis of epilepsy remains unclear; however, a prevailing hypothesis suggests that the primary un-
derlying cause is an imbalance between neuronal excitability and inhibition. Glucose-6-phosphate dehydroge-
nase (G6PD) is a key enzyme in the pentose phosphate pathway, which is primarily involved in deoxynucleic acid
synthesis and antioxidant defense mechanisms and exhibits increased expression during the chronic phase of

epilepsy, predominantly colocalizing with neurons. G6PD overexpression significantly reduces the frequency and
duration of spontaneous recurrent seizures. Furthermore, G6PD overexpression enhances signal transducer and
activator of transcription 1 (STAT1) expression, thus influencing N-methyl-p-aspartic acid receptors expression,
and subsequently affecting seizure activity. Importantly, the regulation of STAT1 by G6PD appears to be
mediated primarily through reactive oxygen species signaling pathways. Collectively, our findings highlight the
pivotal role of G6PD in modulating epileptogenesis, and suggest its potential as a therapeutic target for epilepsy.

1. Introduction

Epilepsy is a prevalent chronic neurological disorder, characterized
by recurrent and long-term seizures, affecting approximately 70 million
patients worldwide [1]. Approximately 30 % of patients exhibit clinical
resistance to antiseizure drugs (ASD), necessitating urgent research on
novel antiepileptic medications [2]. Neuronal excitatory-inhibitory im-
balances resulting from genetic factors, trauma, infection, and meta-
bolism can lead to hypersynchronous discharge, which is a crucial
mechanism underlying epileptic seizures [3]. Some studies have further
proposed that energy and metabolic abnormalities develop as the con-
sequences of seizures, whereas others have suggested that energy and
metabolic disorders contribute to the development of epilepsy and

subsequent spontaneous recurrent seizures [4,5]. Energy changes in
epilepsy depend on several metabolic pathways, most importantly
glycolysis and the pentose phosphate pathway (PPP) [6].
Glucose-6-phosphate dehydrogenase (G6PD) is a pivotal enzyme in
the PPP that is widely distribution and highly expressed in the brain [7].
Its primary roles include the regulation of ribose-5-phosphate for
nucleotide synthesis, reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) production for antioxidant defense against reactive
oxygen species (ROS) [8]. A recent study revealed that patients with
combined G6PD deficiency and Capicua transcriptional repressor mu-
tations experienced more severe seizures [9]. Additionally,
G6PD-deficient mice have been shown to exhibit increased oxidative
damage in brain tissue [10]. Conversely, transgenic mice overexpressing
G6PD and Drosophila models with elevated G6PD levels demonstrated
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Abbreviations NOX-2 NADPH oxidase-2
oS oxidative stress

AAV adeno-associated virus vectors PCR polymerase chain reaction
ACSF artificial cerebrospinal fluid PD Parkinson’s disease
AD Alzheimer’s disease PPP pentose phosphate pathway
AMPARs a-amino-3-hydroxy-5-methyl-4-isoxazo-lepropionic acid PTZ pentylenetetrazol

receptors qPCR quantitative PCR
ASD antiseizure drugs RNA ribonucleic acid
cDNA complementary DNA ROI region of interest
DMSO  dimethyl sulfoxide ROS reactive oxygen species
DNA deoxyribonucleic acid SE status epilepticus
EEG electroencephalogram sEPSCs  spontaneous excitatory postsynaptic currents
G6PD glucose-6-phosphate dehydrogenase sIPSCs  spontaneous inhibitory postsynaptic currents
KA kainic acid SRSs spontaneous recurrent seizures
NADPH nicotinamide adenine dinucleotide phosphate STAT1  signal transducer and activator of transcription 1
NMDARs N-methyl-p-aspartic acid receptors WT wild-type

enhanced NADPH concentrations that counteracted ROS-induced dam-
age, resulting in improved resistance to age-related functional decline
[11,12]. However, studies on the role of G6PD in epilepsy are lacking.

Oxidative Stress (OS) is characterized by the excessive production of
ROS or a decrease in antioxidant capacity, both of which can result in
cellular damage and death. OS further plays a crucial role in various
neurological disorders such as stroke, epilepsy, Alzheimer’s disease
(AD), and Parkinson’s disease (PD) [13-17]. A previous study by Prince
Kumar Singh et al. showed that the upregulation of NADPH oxidase-2
(NOX2) expression as the main source of ROS in different epilepsy
models [18]. Therefore, investigating the role of ROS is a pivotal step
toward understanding the mechanisms underlying epilepsy.

In this study, we investigated the expression of G6PD during each
phase following the establishment of an epileptic mouse model, exam-
ined its effect on epilepsy, and elucidated its underlying mechanism of
action.

2. Materials and methods
2.1. Antibodies and reagents

The antibodies and reagents used in this study are listed in supple-
ment Table 1-2.

2.2. Animals

Wild type (WT) C57BL/6J male mice (6-8-week-old, 20-25 g) were
purchased from the Animal Center of the Chongqing Medical University.
Map2-Cre-ERT2 mice were purchased from Shanghai Model Organisms
Center, Inc. (Shanghai, China). Target mice were identified using a po-
lymerase chain reaction (PCR). The required number of animals (sample
size) was determined using a power calculation method, based on the
prior experience. PCR analysis of the genomic DNA in the tail was per-
formed using the following primers for Cre: (5- GCATCACCCCGAC-
GACTCAG - 3), (5- GTATTGGATAGCCTTCAGGCAC - 3) and (5-
GGTGTTATAAGCAATCCCCAGAA - 3. All PCR products were visual-
ized on 1.2 % agarose gel.

All mice were housed in a specific-pathogen-free facility (five mice
per cage) at 24 + 2 °C and 60 % + 5 % relative humidity under a 12-h
light-dark cycle (lights on from 09.00 to 21.00) with food and water
available. All animal experiments were conducted under the protocols
Institutional Animal Care and Use Committee-approved protocols at
Chongging University in accordance with the National Health Research
Institute. Administration of 150 mg/kg of pentobarbital intraperitoneal
was provided to deeply anesthetized the mice. Mice were then monitor
until a lack of heart beat was noted for >60 s prior to tissue harvest.

Rapid removal of the hippocampal tissue following cervical dislocation
was followed by immediate placement on ice and collection of the
hippocampal tissue on ice for further experimental requirements.

2.3. Epilepsy model

Mice were anesthetized with pentobarbital and fixed on a stereotaxic
apparatus (RWD Life Science Co. Ltd., Shenzhen, China). Subsequently,
1.0 nmol of kainic acid (KA) (487-79-6; Sigma-Aldrich, USA) dissolved
in 50 nL of saline was injected into the right hippocampus (ante-
roposterior, —1.5 mm; mediolateral, —1.5 mm; dorsoventral, —1.5 mm)
to induced status epilepticus (SE) 2 h after the injection. SE was later
terminated with diazepam (10 mg/kg). Mice (adCtrl, adG6PD, and
adG6PD + fludarabine groups) were video monitored to quantify the
number of spontaneous recurrent seizures (SRSs) over 7 consecutive
days. Seizures (Racine’s stages I1I-V) were quantified during an offline
video review by two independent observers, one of whom was blinded to
the treatment.

2.4. Adeno-associated virus vectors (AAV) construction and hippocampal
injection

The AAV9 vectors carrying mouse full-length G6PD (adG6PD) or
eGFP alone (adCtrl) were constructed by GeneChem Co., Ltd. (Shanghai,
China). For adG6PD packaging, a rAAV-CMV-DIO-EGFP-mirl55
(G6pdx) -WPRE vector was used. Empty AAV9 vectors coding eGFP were
used as controls. Under anesthesia, AAV9 vectors (adCtrl and adG6PD
groups) were injected bilaterally into the hippocampi of Map2-Cre-ERT2
mice. All AAV deliveries were performed with a volume of 0.6 pL (0.2
pL/min). The needle was kept in place for 5 min after each injection. To
induce conditional overexpression of G6PD in the neurons, 75 mg/kg
tamoxifen (10540-29-1; Sigma-Aldrich, UAS) was intraperitoneally
administered daily for 5 d.

2.5. Pentylenetetrazol (PTZ)-induced seizures

As previously described, the convulsant PTZ (54-95-5; Sigma-
Aldrich, UAS) was administered to induce acute seizures in mice that
had received AG1 (or corn oil) and the 6-aminonicotinamide (or corn
oil). As mentioned previously, seizures were triggered by repetitive
intraperitoneal administration of PTZ every 10 min at a dose of 12.5 mg/
kg, until generalized seizures were observed, or the cumulative dose
reached 100 mg/kg. Seizures were monitored and assessed using the
Racine scale, and mice that reached Racine scores of IV or V were
considered to have epileptic kindling.
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2.6. Electroencephalogram (EEG) recordings

Mice (adCtrl and adG6PD groups) that received intrahippocampal
KA injections were used subjected to EEG recordings. After anestheti-
zation, the mice were mounted on a stereotaxic apparatus, and elec-
trodes were implanted in the brain cortex using a fixed head-mounted
device. After surgery, the mice were returned to their home cage for 1
week. Then, the electrodes were then connected to the data conditioning
and acquisition system (Pinnacle Technology) with an electrode wire,
and the EEG activities were recorded continuously for 7 d. The Sirenia
Seizure Pro software (Pinnacle Technology) was used for EEG signal
analysis. Electrographic seizure events were defined as high amplitudes
at two-folds of the baseline and durations lasting at least 10 s.

2.7. Drug administration

For G6PD activator administration, the mice received bilateral
intrahippocampal injections of AG1 (HY-123962; MCE, USA) at 4 pg or
corn oil before intraperitoneal injection PTZ.

Before the intraperitoneal injection of PTZ, mice were acclimatized
to intraperitoneal injections of either the vehicle (saline) or the 6-amino-
nicotinamide (6-An) (HY-W010342; MCE, USA) for 5 d. The doses were
based on a previous study [19].

For treatment with the STAT1 inhibitor fludarabine, mice received 5
mg/kg fludarabine (HY-B0069; MCE, USA) for 5 d [20].

2.8. Western blotting (WB)

Nuclear (R0O050; Solarbio, China) and membrane (C500049; Sango
Biotech, China) proteins were extracted in accordance with manufac-
turer’s instructions provided with the commercial kit. Tissue samples
were lysed for 30 min at 4 °C with radio immunoprecipitation assay lysis
buffer lysate and centrifuged for 16000 g, at 4 °C, for 30 min to obtain
the supernatant. Proteins were then is separated in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel (8 % and 10 %), and
transferred to a 0.45 pm polyvinylidene fluoride membrane (IPFL0O0010;
Sigma-Aldrich, UAS). After transfer, the membranes were blocked for
15 min in protein free rapid blocking buffer (PS108P; Epizyme
Biomedical Technology, China), after which they were incubated with
primary antibody at 4 °C for 12-16 h. The next day, the membrane was
washed three times with tris-buffered saline containing 0.1 % tween-20
for 5 min each. The membranes were then incubated with the secondary
antibody for 1 h, after which they were washed for 5 min/three times.
Membranes were imaged using the Fusion Imaging System and quanti-
fied using the ImageJ software. The antibodies used in this study and
their dilution ratios are listed in Supplementary Table 1.

2.9. Quantitative PCR (qPCR)

Total ribonucleic acid (RNA) was extracted from epileptic or control
hippocampal tissue samples using a Simple Total RNA Kit (DP451;
TIANGEN, China), according to the manufacturer’s instructions, after
which complementary DNA (cDNA) was generated using a reverse
transcriptase kit (R223-01; Vazyme, China). QPCR was performed using
the Cham Q SYBR gqPCR Master Mix kit (P071-01; Vazyme, China).
B-actin was used as a standard control. The primers used in this study are
listed in Supplementary Table 3.

2.10. Immunofluorescence staining

Frozen sections were prepared using previously reported methods
[21]. The sections were equilibrated to room temperature, washed with
phosphate buffer saline (PBS), permeabilized with PBS containing 0.4 %
Triton X-100 (9036-19-5; Sigma-Aldrich, USA) for 30 min, and blocked
with 10 % goat serum in PBS for 30 min. The samples were then incu-
bated with primary antibody overnight at 4 °C, after which they were
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washed thrice with PBS and incubated with fluorophore-labeled sec-
ondary antibodies at room temperature for 1 h. Images were captured
using a microscope (Nikon; Tokyo, Japan). Using Image Pro Plus soft-
ware, each cell of the brain slices was segmented as an individual region
of interest (ROI), and the mean pixel density of the ROI was measured
[22,23]. The antibodies and dilution ratios used in this experiment are
shown in Supplementary Table 2.

2.11. Oxidative stress parameters

To assess levels of ROS, including NADPH/NADP' and GSH/GSSH
detection in the control, 6-An, and 6-An and N-acetylcysteine (NAC)
groups, HT22 cells in each well plate were first exposed to 100 pM KA for
12 h24, and then treated with 6-An (10 pM) or dimethyl sulfoxide
(DMSO) for 12h [24,25]. The cells were treated with KA and 6-An prior
treatment with DMSO or NAC (5 mM) for another 12h, after which they
were collected for detection [26]. The levels of ROS, NADPH/NADP™,
and GSH/GSSH levels were measured in the control, AG1, and dimethyl
fumarate (DMF) groups. Twelve hours after the initial KA treatment,
HT22 cells were treated with DMSO or AG1 (1 pM) for another 12 h, and
cells were finally tested for ROS 12 h after receiving DMSO or DMF (100
uM) [27,28]. The ROS levels in HT22 cells were measured using 2,
7'-dichlorofluorescein diacetates (DCFH-DA) (S0033S; Beyotime, China)
and Dihydroethidium (DHE) (S0063; Beyotime, China) according to the
manufacturer’s protocol. The NADPH/NADP™ levels in HT22 cells were
determined by using the WST-8 method according to the manufacturer’s
protocol (S0179; Beyotime, China). The GSH/GSSH levels in HT22 cells
were determined by using the WST-8 method in accordance with the
manufacturer’s protocol (S0053; Beyotime, China).

2.12. Cell culture of HT22 and, HEK 293 cell

HT22 and HEK293 cells (Chinese Academy of Sciences) were main-
tained at 37 °C with 5 % CO, and cultured in Dulbecco’s modified Ea-
gle’s medium containing 10 % fetal bovine serum and 1 % penicillin-
streptomycin.

2.13. Luciferase activity assay

HEK293 cells were seeded in black 96-well plates and transfected
with luciferase reporter plasmids for 24 h. Luciferase activity was
measured using a GloMax 96-microplate luminometer (Promega) and a
Dual-Lumi Luciferase Reporter Gene Assay Kit (MA0520-1; Meilunbio,
China).The control vector 3xflag-pcDNA3.1, expression plasmid G6pd
promoter pDualuc-Basic, shuttle plasmid Znf768 (NM_146202)-pcDNA
3.1-3xFlag-C and KIf6 (NM_011803)-pcDNA 3.1-3xFlag-C were pur-
chased from YouBio (Changsha, China)

2.14. RNA-Seq

RNA extraction, library building, sequencing, and bioinformatics
analysis using RNA-Seq were conducted by LC Bio Technology Co., Ltd.,
Hangzhou., China.

2.15. Whole-cell patch-clamp recordings

Whole-cell patch-clamp recordings were conducted, as described in a
previous study from our laboratory [29]. After anesthetization, mice in
the adCtrl and adG6PD groups were sacrificed for the preparation of
brain slices. Transverse hippocampal slices (300 pM) were prepared in a
cold sterile slice solution (2 mM MgCly, 2 mM CaCly, 2.5 mM KCl, 1.25
mM KHyPO4, 26 mM NaHCOs3, 220 mM sucrose, and 10 mM glucose [pH
7.4], bubbled with 95 % O5/5 % CO,). Slices were then allowed to
recover in a storage chamber containing Mg2+—free artificial cerebro-
spinal fluid (ACSF) (2.5 mM KCl, 125 mM NacCl, 2 mM CaCly,, 1.25 mM
KH3PO4, 26 mM NaHCOs, and 25 mM glucose [pH 7.4] bubbled with 95
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% O2/5 % CO3) at 34 °C for 1 h. The slices were then fully submerged in
flowing Mg?*-free ACSF (4 mL/min) at room temperature for recording.
Spontaneous excitatory postsynaptic currents (SEPSCs) and spontaneous
inhibitory postsynaptic currents (sSIPSCs) were recorded. In the voltage
clamp mode, the pyramidal neurons were clamped at —70 mV, and
picrotoxin (100 pM) was added into the electrode fluid to record sEPSCs.
In addition, 6,7-dinitroquinoxaline-2,3-dione (20 pM) and
D-(—)-2-amino-5-phosphonovalerate (D-APV) (50 pM) were added to
record the sIPSC.

All patch-clamp data were obtained using a MultiClamp 700 B patch-
clamp amplifier (Axon Instruments, Burlingame, CA, USA) with a 2 kHz
low-pass filter and 10 kHz sample rate and were recorded using pClamp
10 software (Molecular Devices; Sunnyvale, CA, USA). The data were
analyzed using the Clampfit software (Molecular Devices).

2.16. Statistical analysis

Statistical analyses were performed using GraphPad Prism software
(version 8.0; GraphPad Software, La Jolla, CA, USA). Differences in
variables between two groups were assessed using an unpaired two-
tailed Student’s t-test. Differences in variables between more than two

Redox Biology 74 (2024) 103236

groups were assessed using one-way analysis of variance (ANOVA),
followed by Tukey’s post-hoc test. Differences between groups were
analyzed using one- or two-way ANOVA. The sample size was selected
based on a previously reported method. Data are presented as mean +
SEM. Significant differences are indicated as follows: *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001, while nonsignificant differences
are indicated by the abbreviation “ns.”

3. Results
3.1. G6PD increases in the epileptic chronic phase

We conducted a comprehensive analysis of metabolic enzymes
involved in glycolysis and PPP in epileptic and sham mice to investigate
the correlation between metabolic enzymes and epilepsy. WB results
demonstrated a significant increase in G6PD levels in the cortical and
hippocampal tissues of epileptic mice compared to those in the sham
group (Fig. 1a—d). To investigate the potential role of G6PD in temporal
lobe epilepsy (TLE), we assessed the transcript levels and enzymatic
activity of G6PD at various time points following KA-induced SE using
gPCR and the WST-8 method. At 28 d, both the transcription level and
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Fig. 1. Expression and functionality of pivotal enzymes in the glycolytic and pentose phosphate pathways. (a—d) Representative immunoblots (a, ¢) and
quantification (b, d) of metabolism enzymes in the glycolysis and pentose phosphate pathways from the cortex and hippocampus of sham and chronic epileptic mice

(n = 6). Data are presented as means & SEM. **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t-test. (¢) Quantitative real-time polymerase chain reaction
analysis of the expression of G6pd mRNA in the hippocampus at different time points after induction of status epilepticus (SE) (n = 5). Data are presented as means +
SEM. **P < 0.01, ***P < 0.001, one-way ANOVA with Tukey’s post hoc test. (f) Relative enzyme activity of G6PD in the hippocampus at different time points after
induction of SE (n = 3). Data are presented as means + SEM. **P < 0.01, ***P < 0.001, one-way ANOVA with Tukey’s post hoc test.
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enzymatic activity of G6PD were significantly higher than those in the
sham control group (Fig. 1le and f).

3.2. G6PD co-localized with neurons

The expression of G6PD in the central nervous system has previously
been confirmed; however, its localization in the hippocampus has not
yet been identified [30]. To address this gap, double-label immunoflu-
orescence labeling was performed to investigate the specific cellular
localization of endogenous G6PD. The results showed that G6PD colo-
calized with neuron-specific nucleoprotein (NeuN, a marker of neurons)
in the hippocampus, but not with glial fibrillary acidic protein (GFAP, a
marker of astrocytes) or ionized calcium-binding adapter molecule 1
(Iba-1, a marker of microglia) (Fig. 2a, b, and S1a-c). Consistent with the
increased total expression of G6PD in the hippocampus, although the
number of neurons decreased after KA modeling and the number of
activated glial cells increased (Fig. 2c), the fluorescence intensity of
G6PD increased (Fig. 2d). A similar outcome was observed in the tem-
poral cortex alongside the hippocampal CA3 region, where G6PD colo-
calized with NeuN (Figs. S2a-b).

3.3. G6PD negatively modulates seizures

We further observed an upregulation of G6PD in neurons during the
chronic phase of epilepsy; however, its role in promoting seizures or
exerting an antiepileptic effect remains unclear. G6PD plays a neuro-
protective role in cerebral ischemia by facilitating the PPP, suggesting
that increased expression of G6PD during the chronic phase of epilepsy
may exert antiepileptic properties. Considering that the intervention of
the acute phase and/or latency will not only affect the severity of sei-
zures during this period, but also affect the formation of chronic spon-
taneous epilepsy, we used Map2-Cre-ERT2 mice to overexpress G6PD at
28 days after KA modeling to detect the effect of exogenous addition of
G6PD on chronic spontaneous seizures of epilepsy [31]. The efficiency of
G6PD overexpression was confirmed after 3 weeks by immunofluores-
cence and WB (Fig. 3a-c). We further investigated the impact of
enhanced G6PD expression on epileptic behavior in a KA-induced TLE
model 40 day after SE (Fig. 3d), and found that G6PD overexpression
decreased the daily number of SRSs, as well as the duration of
seizure-like events in chronic epileptic mice (Fig. 3e-g). These results
demonstrated that G6PD decreased seizure severity in chronic epilepsy
models. We further assessed the role of G6PD in excitatory/inhibitory
(E/I) balance, and analyzed the occurrence of spontaneous postsynaptic
currents. Our findings suggest that upregulation of G6PD expression did
not influence the frequency or amplitude of spontaneous inhibitory
postsynaptic currents (Fig. 3h—j). However, it reduced the frequency and
amplitude of spontaneous excitatory postsynaptic currents (Fig. 3k-m).
These results indicated that increased G6PD expression leads to
decreased excitatory signaling in the hippocampus.

3.4. G6PD inhibited NMDARs expression by promoting STAT1 expression

To further explore the molecular mechanism of G6PD in epilepsy, we
used RNA-Sequence (RNA-Seq) technology, which revealed increased
expression of the following genes: MGP_C57BL6NJ_G0016503, Usp18,
MGP_C57BL6NJ_G0025477, Etnppl, Rnf213, Oasl2, Ifitl, Zc3havl,
MGP_C57BL6NJ_G0011418, Statl (Fig. 4a). STAT1, a member of the
STAT protein family, has been associated with seizures [32-34]. We first
demonstrated that the overexpression of G6PD after KA only increased
the total protein expression of STAT1, rather than that of STAT3 (Fig. 4b
and c). Phosphorylated STAT1 is known to dimerize, which in turn leads
to ectopic activation of the nucleus [35]. Nuclear STAT1 activation can
inhibit the expression of the NMDARs: GluN1, Glu2A, and Glu2B, by
directly binding to the promoters of GluN1, GluN2A, and GluN2B [36].
Therefore, we speculate that G6PD plays a role in inhibiting NMDARs
expression by promoting STAT1 expression. G6PD increased the
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expression of phosphorylated STAT1 (Fig. 4b and c¢) and nuclear STAT1
(Fig. 4d and e) during the chronic phase of epilepsy. Finally, we found
that G6PD inhibited the total protein expression of NMDARs rather than
a-amino-3-hydroxy-5-methyl-4-isoxazo-lepropionic ~ acid receptors
(AMPARSs) (Fig. 4f and g). Similarly, NMDARs membrane protein levels
decreased, while AMPARs (GluAl and GluA2) were not affected in the
adG6PD group (Fig. 4h and i). To determine whether G6PD regulates
NMDARs expression via STAT1. The STAT1 inhibitor fludarabine also
effectively reversed the observed decline in daily SRSs and the reduction
in total NMDARs induced by G6PD (Fig. 4j-1). These results suggested
that G6PD reduced NMDARs expression by promoting STAT1
expression.

3.5. G6PD promotes STAT1 expression by scavenging ROS

Our results show that G6PD plays an antiepileptic role in sponta-
neous seizures by affecting the expression of NMDARs through STATI;
however, the mechanism by which G6PD affects the expression of
STAT1 is not clear. NOX2, an enzyme downstream of G6PD, promotes
the expression of STAT3 by inhibiting ROS production [37]. Considering
that STAT1 and STAT3 both belong to the STAT family and are related to
epilepsy, we speculated that G6PD could promote the expression of
STAT1 by affecting ROS [32,33]. In vitro, treatment with the G6PD
agonist AG1 significantly reduced the levels ROS and increased the
NADPH/NADP" and GSH/GSSH ratio; these changes caused by G6PD
activation were reversed by the ROS agonist DMF (Fig. 5a-d). In vitro,
treatment with the G6PD inhibitor 6-An significantly increased ROS and
decreased the NADPH/NADP™ and GSH/GSSH ratios; these changes in
ROS and NADPH/NADP*' and GSH/GSSH levels caused by G6PD acti-
vation could be rescued by the ROS scavenger NAC (Fig. 5e-h). To verify
whether G6PD promotes STAT1 expression by reducing ROS production,
we pretreated HT22 cells with G6PD agonists and inhibitors and
determined whether the changes in STAT1 expression caused by G6PD
intervention could be rescued by ROS agonists or scavengers. As pre-
dicted, the ROS agonist DMF significantly attenuated the increase in
STAT1 expression induced by G6PD activation, whereas the ROS scav-
enger NAC significantly reversed the decrease in STAT1 expression
induced by the G6PD inhibitor, 6-An (Fig. 5i and j). These results indi-
cate that G6PD may promote the expression of STAT1 by limiting ROS
production, thereby limiting the synthesis of NMDARs that exert anti-
epileptic effects.

3.6. G6PD expression is regulated by the transcription factors Znf768 and
Klifé

It has previously been shown that G6PD overexpression can alleviate
the severity of seizures, while its downstream mechanisms have been
explored. Therefore, we investigated whether G6PD is regulated in
chronic epilepsy. Our previous results suggested that the transcription
level of G6PD is increased in the chronic phase (Fig. 1e). Therefore, we
sought to explain the possible reasons for the increase in G6PD levels at
the transcriptional level during the chronic phase of epilepsy. We used
gqPCR to examine the presence of transcriptional regulators in the top
five promoter regions that may control G6PD expression, as listed on the
JASPER website. We found that compared to that of ETS Transcription
Factor4 (Elk4), Kruppel-like transcription factor 2 (KIf2), and Kruppel-
like transcription factorll (KIf11), the transcriptional levels of zinc
finger protein 768 (Znf768) and Kruppel-like transcription factor 6
(Klf6) were significantly increased (Fig. 6a). Next, we performed WB to
further examine the protein expression levels of ZNF768 and KLF6 in the
hippocampus of mice with epilepsy, confirming the observed increases
in the expression of these factors (Fig. 6b and c). Furthermore, we
verified the regulation of these transcription factors by the G6PD pro-
moter. We co-transferred a plasmid containing the upstream transcrip-
tion factors Znf768 or Klf6 with a plasmid containing the target gene
G6pd into HEK293 cells. Sual-luciferase reporter assay subsequently
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Fig. 2. Localization of G6PD in epileptic brain tissues. (a—b) Immunostaining for G6PD with neuron-specific nucleoprotein (NeuN), glial fibrillary acidic protein
(GFAP), and ionized calcium-binding adapter molecule 1 (Iba-1) in the sham and kainic acid (KA) groups at 28 d. Scale bars: 50 pm. (b-c) Quantitative analysis for
the relative intensity of G6PD, NeuN, GFAP, and Iba-1 in single cells in the hippocampus CA3 region of epileptic mice at 28 d after KA injection (n = 50 cells from
nine sections of each group, from three mice). Data are presented as means + SEM. ***P < 0.001, unpaired two-tailed Student’s t-test.
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Fig. 3. G6PD modulates epileptic seizure activity. (a) Immunofluorescence labeling of enhanced green fluorescent proteins in the hippocampal CA1 region trans-
fected with AAV-eGFP-adG6PD (n = 1). (b-c) Immunoblotting images (b) and quantification (c) of G6PD protein levels in the hippocampus of mice infected with the
indicated AAVs (n = 6). Data are presented as the means + SEM, ***P < 0.001, unpaired two-tailed Student’s t-test. (d, e) Representative baseline and chronic
epileptic electroencephalogram recordings from the cortex of chronic epileptic (adCtrl group) and G6PD overexpression after chronic epilepsy modeling (adG6PD
group). (f, g) Quantitative analysis of the daily number of spontaneous recurrent seizures and duration of seizure-like events in the KA-induced epilepsy model in the
adCtrl (n = 11) and adG6PD (n = 8) groups. Data are presented as means + SEM. **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t-test. (h—j) Representative
traces and a summary of the amplitudes and frequencies of spontaneous excitatory postsynaptic currents in the hippocampal CA1 region in the adCtrl (n = 3, 6 cells)
and adG6PD (n = 3, 8 cells) groups. (k-m) Representative traces and summary of the amplitude and frequency of spontaneous inhibitory postsynaptic currents in the
hippocampal CA1 region of the adCtrl (n = 3, 8 cells) and adG6PD (n = 3, 8 cells) groups. Data are presented as means + SEM.**P < 0.01, ***P < 0.001, unpaired
Ewo—tailed Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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showed that Znf768 exerted a suppressive effect on the expression of the
G6pd gene, whereas KIf6 had a stimulatory effect on the expression of
the Gépd gene (Fig. 6d). The above experiments indicate that the tran-
scription factors Znf768 and KIf6 regulate the expression of G6PD at the
transcriptional level.

3.7. The G6PD agonist AG1 alleviates the epileptic susceptibility

Previous behavioral results suggested that increased G6PD levels in
the chronic phase could alleviate the number and duration of seizures
(Fig. 3e-g). We wanted to further explored whether existing agonists
and inhibitors of G6PD could be used as new drugs to treat epilepsy. PTZ
is a y-Aminobutyric acid type A (GABA,) receptors antagonist, for which
previous research has shown that continuous low-dose intraperitoneal
administration can induce severe tonic clonic seizures [38]. Neuronal
damage observed in this model is consistent with histological changes in
the brain of epileptic patients [39]. Therefore, this epilepsy model is
commonly used to screen for antiepileptic drugs and epilepsy-related
genes [40]. We chose the PTZ model to verify the effects of the G6PD
agonist AG1 and inhibitor 6-An on susceptibility of epilepsy. Initial re-
sults demonstrated that the intraperitoneal injection of PTZ caused
seizures and electrophysiological changes (Fig. 7a). We subsequently
intraperitoneally injected mice with 6-An for five consecutive days to
inhibit G6PD enzyme activity. After 2 days of rest, the mice were
intraperitoneally injected with PTZ to facilitate behavioral observation
[19]. The results showed that 6-An reduced the time of the first induc-
tion of excitatory toxicity, shortened the latency, and triggered all mice
in a shorter period (Fig. 7c—e). These findings suggest that 6-An pro-
motes seizures. As the role of AG1 in the central nervous system has not
previously been reported, we directly injected AG1 into the hippocam-
pus (excluding the effect of the blood-brain barrier) to activate G6PD.
Overall, we found that a dosage of 4 ug exerts a significant excitation
effect, and is more appropriate (Fig. 7f and g). Therefore, we intraper-
itoneally injected PTZ 24 h after 4 pg of AG1 was injected into the
hippocampus and observed the behavioral changes in the mice. We
found that, compared with the 100 % kindling rate of the control group,
the AG1 group had a kindling rate of only 37.5 % (Fig. 7h). Further, the
mice were kindled later, with some not showing any kindling until the
end of the induction protocol (10 intraperitoneal injections) (Fig. 7i).
Overall, these results suggest that the G6PD agonist, AG1, may relieve
seizures and could therefore represent a new target for the selection of
clinical drugs.

4. Discussion

The brain is an organ with a robust energy metabolism that relies
heavily on glycolysis, the tricarboxylic acid cycle, and oxidative phos-
phorylation [41]. In the brain, glucose is converted into
glucose-6-phosphate by hexokinase 1/2 (HK1/2), which produces lactic
acid through the action of glycolytic enzymes (fructose-2,6-biphospha-
tase 3, PFKFB3, phosphofructokinase, PFK1) and pyruvate kinase m2
(PKM2). Additionally, 5-phosphate ribose and NADPH are generated by
the PPP enzymes G6PD, 6-phosphogluconate dehydrogenase (6PGD),
and transketolase (TKT). The inhibition of the glycolysis pathway using
2-dehydroglucose may promote seizures [42]. Furthermore, during the

onset of spontaneous recurrent epilepsy, the increased accumulation of
lactic acid produced by glucose metabolism exacerbates seizures, while
inhibition of lactic acid production leads to more severe seizures.
NOX2/4 metabolizes the NADPH produced by the PPP, thereby pro-
moting ROS production. Research has shown increases in NOX2/4 in
epilepsy, while inhibition of NOX2/4 has been shown to play a neuro-
protective role in epilepsy [43,44]. Interventions involving HK2 and
PKM2 affect the learning and memory abilities of AD mice [45,46].
Additionally, G6PD protects against ischemic brain injury by enhancing
the PPP [30]. Furthermore, the inhibition of TKT in PD leads to dopa-
minergic neuron toxicity [47]. In the present study, we investigated the
alterations in the expression of glycolytic and PPP-related enzymes in
epilepsy, and only G6PD expression was elevated in the hippocampal
neurons of epileptic mice.

The imbalance between excitatory and inhibitory signals within
neural networks is a direct cause of TLE [40]. The development of
chronic spontaneous epilepsy is associated with long-term progressive
changes in these networks [48]. In the present study, we found that
changes in G6PD levels were most significant in mice with chronic ep-
ilepsy. G6PD, a crucial enzyme in the PPP, is involved in both physio-
logical and pathological processes [7]. Further, it regulates the
production of 5-ribose, DNA synthesis required for nucleotide synthesis,
and NADPH required for antioxidant production, thus affecting rapid
cell growth [49]. Furthermore, compared to normal mice, G6PD defi-
cient mice are more susceptible to oxidative stress injury with aging,
whereas overexpression of G6PD can potentially extend the lifespan by
combating oxidative stress injury [11,50]. Based on these findings, we
hypothesized that G6PD plays a protective role against epilepsy. We
validated this hypothesis by overexpressing G6PD in the
Map2-Cre-ERT2 mice with chronic epilepsy.

In our mice, we injected KA into the hippocampus, resulting in
epileptiform discharges originating from the hippocampus that subse-
quently spreading to the cortex [51,52]. Previous studies on chronic
spontaneous epilepsy typically employed KA modeling after interven-
tion, followed by behavioral assessments and mechanism investigation
[53,54]. However, a limitation of this approach is its susceptibility to
acute seizure severity, which affects the development of chronic spon-
taneous epilepsy [31]. Consequently, employing viral intervention
proteins prior to KA epilepsy modeling fails to account for potential
alterations in acute-phase-related proteins that may influence chronic
seizures. In this study, we used a Map2-Cre-ERT2 mouse model com-
bined with viral injection into the hippocampus. Furthermore,
Map2-Cre-ERT2 mice combined with viral hippocampal injections were
used to induce the specific overexpression of G6PD in neurons for
behavioral evaluation and mechanistic exploration during the chronic
stage of epileptic seizures. Specifically, KA was modeled in
Map2-Cre-ERT2 mice pre-infected with the virus (adCtrl or adG6PD
group), while tamoxifen was injected intraperitoneally at 28 days after
KA modeling to induce the specific overexpression of G6PD in neurons
for behavioral evaluation and mechanistic exploration during the
chronic stage of epileptic seizures [23]. This method effectively avoids
the influence of changes in acute phase-related proteins on chronic
seizures, and facilitates the intervention of specific cell types in specific
brain regions at specific time points. The findings of this study demon-
strated that increased G6PD expression can mitigate both the number
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Fig. 4. G6PD negatively regulates the expression of N-methyl-p-aspartic acid receptors (NMDARs) through increasing STAT1 (a) RNA sequencing revealed that GGPD
increased the transcription of Stat1 in epileptic mice. (b-e) Representative immunoblots (b, d) and quantification (c, e) of total STAT1 (n = 6), STAT3 (n = 6), p-
STAT1 (n = 3), and nuclear STAT1 (n = 6) expression in the hippocampi of mice from the adCtrl and adG6PD groups. (f-i) Representative immunoblots (f, h) and
quantification (g, i) of total and surface protein expression of NMDARs in the mouse hippocampus from the adCtrl and adG6PD groups (n = 6). Data are presented as
means + SEM. **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t-test. (j) Effect of G6PD overexpression on the number of daily spontaneous recurrent

seizures in the adCtrl, adG6PD, and adG6PD + fludarabine groups (n = 8). Data are presented as means + SEM.

***P < 0.001, one-way ANOVA with Tukey’s post-

hoc test. (k-1) Representative immunoblots (b) and quantification (c) of NMDARs (Glu2A, Glu2B, and GluN1) in the hippocampi of mice in the adCtrl, adG6PD, and
adG6PD + fludarabine groups (n = 6). Data are presented as means + SEM. *P < 0.05, ***P < 0.001, one-way ANOVA with Tukey’s post-hoc test.

and duration of spontaneous seizures in mice with

In the rodent brain, neuronal excitability can be increased by acti-
vating glutamate (an excitatory neurotransmitter), which acts on the

AMPARs, NMDARs, and kainic acid receptors

composed of two GluN1 subunits and two identical GluN2 subunits or

two different GluN2 subunits [56]. These receptors

chronic epilepsy.

[55]. NMDARs are

play crucial roles in

the regulation of neuronal plasticity, excitatory neurotransmission, and
neurotoxicity regulation [57,58]. Maintaining the activity of NMDARs
within a stable range is essential to ensure normal physiological function
and the prevention of disease development [58]. In patients with re-
fractory temporal lobe epilepsy, elevated levels of extracellular gluta-
mate during seizures activate NMDARs, leading to neuroexcitatory
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P < 0.0001, one-way ANOVA with Tukey’s post-hoc test. (i-i) Representative

immunoblots (i) and quantification (j) of STAT1 in agonist (Con, AG1, and AG1+DMF groups) and inhibitor (Con, 6-An, and 6-An + NAC groups) groups after KA
treatment of HT22 cells. Data are presented as means & SEM. **P < 0.01, ***P < 0.001, one-way ANOVA with Tukey’s post-hoc test.

toxicity [59,60]. Excessive NMDARs excitation has also been associated
with seizure occurrence [61]. As such, direct targeting of NMDARs can
affect seizure control. Our study further confirmed that STAT1 acts as a
transcription factor that inhibits NMDARs [36,62]. Additionally, G6PD
overexpression suppressed NMDARs expression, which was reversed by
STAT1 intervention. Thus, we propose that the G6PD-STAT1-NMDARs

10

axis plays a significant role in antiepileptic mechanisms. As part of the
STAT family of proteins, combining STAT1 with STAT3 has shown po-
tential for alleviating seizures by suppressing NMDARs expression; this
avenue warrants further investigation [63,64].

G6PD plays a role in oxidative stress damage, such as ROS produc-
tion by providing NADPH [65]. Prior research has shown that a
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or KIf6 (n = 6). Data are presented as means + SEM, **P < 0.001, unpaired two-tailed Student’s t-test.

reduction in oxidative stress can reduce seizures [66]. Our results sug-
gest that G6PD reduces the ROS levels in epilepsy. For the first time, we
proposed the existence of a GGPD-ROS-STAT1 axis. The impact of ROS
on STAT1 regulation remains a topic of debate. ROS can enhance STAT1
expression; however, our experiment revealed that ROS inhibits STAT1
expression by ROS [67]. We speculate that the possible reasons for this
are as follows: 1) our study specifically focused on investigating the
pathogenesis of epilepsy, which differs from the previous models
examined; 2) after overexpressing G6PD in our study, we confirmed its
potential involvement in seizures through the G6PD-ROS-STAT1 axis;
however, considering the complex pathogenic environment in mice,
G6PD may also alleviate seizures through other mechanisms; and 3)
notably, ROS also inhibits STAT3 expression [37]. STAT1 and STAT3
belong to the same family and have similar functions; therefore, it is
plausible that ROS may also inhibit STAT1 expression [68].

Currently, more than 30 types of ASD are used in clinical practice
[69]. Most drugs, such as sodium phenytoin, ethyl ketamine (which
regulates ion channels), and clonazepam (which regulates E/I imbal-
ance), primarily function as symptomatic treatments for seizure control
[70,71]. However, some patients remain unresponsive to these medi-
cations, necessitating the development of novel anti-recurrent sponta-
neous epilepsy drugs [2]. Animal models used for antiepileptic drug
screening must have an etiology, clinical manifestations, and patho-
logical features consistent with those of patients with epilepsy and can

11

show the characteristics of drug resistance to antiepileptic drugs [72,
73]. PTZ is a nonselective GABA inhibitor with attributes such as high
utilization rates, strong permeability, short incubation periods, and
rapid distribution throughout all organs of the body [38,74]. The
PTZ-induced model is widely recognized both domestically and inter-
nationally, and has been utilized as a preclinical drug screening models
[40]. In our study, which used the PTZ epilepsy model, we discovered
that the G6PD agonist AG1 significantly reduced the susceptibility to
seizures. Consequently, we hypothesized that AG1l could potentially
represent a new small-molecule drug with clinical anti-seizure applica-
tions. Further investigation is required to validate the effects of AG1 on
seizures in different epilepsy models.

In conclusion, our study showed that the overexpression of G6PD
reduced the severity of SRSs and exerted antiepileptic effects through
action on the G6PD-ROS-STAT1-NMDARs axis. The administration of a
G6PD agonist significantly alleviated seizure susceptibility in the PTZ
model, providing a novel approach for the clinical management of sei-
zures. Overall, our results revealed a promising novel therapeutic target
for epilepsy.
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**P < 0.01, unpaired two-tailed Student’s t-test. (f, ) Inmunoblot images and statistical analysis of hippocampal G6PD after AG1 administration (n = 4). Data are
presented as means + SEM. *P < 0.05, one-way ANOVA with Tukey’s post-hoc test. (h, i) The seizure susceptibility in the sham and AG1 groups following the
injection of PTZ (n = 8). Data are presented as means + SEM, *P < 0.05, unpaired two-tailed Student’s t-test.
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