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Abstract

Background Epilepsy affects over 65 million people worldwide and significantly burdens patients, caregivers,

and society. Drug-resistant epilepsy occurs in approximately 30% of patients and growing evidence indicates that oxi-
dative stress contributes to the development of such epilepsies. Activation of the Nrf2 pathway, which is involved

in cellular defense, offers a potential strategy for reducing oxidative stress and epilepsy treatment. Dimethyl fumarate
(DMF), an Nrf2 activator, exhibits antioxidant and anti-inflammatory effects and is used to treat multiple sclerosis.

Methods The expression of Nrf2 and its related genes in vehicle or DMF treated rats were determined via RT-PCR
and Western blot analysis. Neuronal cell death was evaluated by immunohistochemical staining. The effects of DMF
in preventing the onset of epilepsy and modifying the disease were investigated in the kainic acid-induced status
epilepticus model of temporal lobe epilepsy in rats.

The open field, elevated plus maze and T-Maze spontaneous alteration tests were used for behavioral assessments.
Results We demonstrate that administration of DMF following status epilepticus increased Nrf2 activity, attenu-
ated status epilepticus-induced neuronal cell death, and decreased seizure frequency and the total number of sei-

zures compared to vehicle-treated animals. Moreover, DMF treatment reversed epilepsy-induced behavioral deficits
in the treated rats.

Moreover, DMF treatment even when initiated well after the diagnosis of epilepsy, reduced symptomatic seizures
long after the drug was eliminated from the body.

Conclusions Taken together, these findings suggest that DMF, through the activation of Nrf2, has the potential
to serve as a therapeutic target for preventing epileptogenesis and modifying epilepsy.
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Background
Over 65 million people worldwide suffer from epilepsy,
one of the most prevalent and debilitating neurological
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have not improved [5-7]. Almost one-third of adults
with epilepsy continue to experience seizures, and their
disease remains uncontrolled [8, 9]. However, in respon-
sive cases, ASMs can only symptomatically suppress sei-
zures but do not modify the underlying pathophysiology
of epilepsy [10]. Therefore, there is a clear need for new
treatment strategies with effective anti-epileptogenic
therapies to prevent, modify, or reverse the cellular and
molecular mechanisms of epileptogenesis [11, 12]. More-
over, ASM resistance is of particular concern in patients
with temporal lobe epilepsy (TLE), as is progressive hip-
pocampal atrophy and subfield neuronal loss [13-15].
Strategies to prevent the emergence of drug-resistant epi-
lepsy (DRE) would be of significant value to patients and
their healthcare providers.

In the last few decades, growing attention has been
focused on the mechanisms by which endogenous cyto-
protective defense processes combat the pathological
mechanisms underlying many neurodegenerative dis-
eases including epilepsy [16]. Unregulated production
of reactive oxygen species (ROS) and oxidative stress
are among the pathological features [17, 18] that might
contribute to oxidative stress-induced neuronal cell
death and disease pathogenesis [19, 20]. The pathophysi-
ological features associated with an imbalance between
harmful ROS and protective antioxidant defenses are
primarily controlled by endogenous cytoprotective plei-
otropic transcription factor nuclear factor-erythroid
2-related factor 2 (Nrf2) [21]. Therefore, the functionality
of the Nrf2-kelch-like erythroid-cell-derived protein with
the CNC homology (ECH)-associated proteinl (Nrf2-
Keapl) axis is necessary for protection against diseases
that involve oxidative stress and ROS as a pathophysi-
ological mechanism. Nrf2 plays a significant role in cellu-
lar cytoprotective responses by regulating the expression
of several antioxidant and cytoprotective genes [22].
Under basal conditions, Nrf2 is sequestered in the cyto-
plasm by the repressor protein Keapl [23]. However,
under cellular stress (i.e., oxidative stress), it translocates
to the nucleus, where it utilizes its transcriptional activ-
ity to induce the production of many defense proteins,
including heme oxygenase 1 (HO-1) and NAD(P)H: qui-
none oxidoreductase-1 (NQO1) [22, 24, 25]. Kraft et al,
reported that Nrf2 knockout mice were more sensitive to
kainate toxicity, as evidenced by elevated seizure severity,
duration, hippocampal neuronal damage, and mortality
[26]. Wang et al, also found that kindled seizures in rats
caused oxidative stress. Moreover, it was demonstrated
that the expression of Nrf2 and its downstream genes
HO-1 and NQOJ, at the protein and gene levels, signifi-
cantly increased in the hippocampus following seizure
induction, suggesting that the Nrf2 signaling pathway
was activated in the hippocampus after a seizure [27].
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DMF was approved by the FDA for the treatment of
multiple sclerosis in 2013, and its application in the treat-
ment of various tumors, inflammatory bowel disease, and
intracranial hemorrhage has been reported in subsequent
studies [28, 29]. Although its exact mechanism of action
is unknown, orally administered DMF is thought to exert
its therapeutic (e.g., neuroprotective, anti-inflammatory)
effects via activation of the Nrf2 antioxidant response
pathway [30, 31]. It has also been shown that Mono-
methylfumarate, the primary active metabolite of DMF,
induces Nrf2 activation in vitro in cells transfected with
rat Keap-1, a protein that facilitates Nrf2 proteolysis,
resulting in translocation of Nrf2 to the nucleus and sub-
sequent induction of antioxidant response genes [32].

In the present study, we demonstrated that DMEF,
administered shortly after SE and before the onset of
spontaneous recurring seizures, elevated Nrf2 activity
and attenuated SE-induced neuronal cell death in the
CA1 and CA3 regions of the hippocampus of treated ani-
mals. Moreover, DMF treatment significantly decreased
the total seizure burden compared to vehicle-treated
animals and prevented epilepsy development in 3/10
animals. Furthermore, we found that 1 week of DMF
treatment in rats with established epilepsy significantly
decreased seizure frequency and cumulative number of
seizures compared to vehicle (Veh) rats. Interestingly,
this effect persisted for 3 weeks after DMF treatment,
suggesting that Nrf2 activation may be disease-modify-
ing, even when the presence of the circulating drug has
been eliminated.

Together, these results suggest that DMF, an FDA-
approved drug, may be repurposed as a safe and effective
therapy, offering a potential first-in-class disease-modi-
fying agent in newly diagnosed epilepsy and therapy for
people at risk of developing epilepsy following a brain
insult, as well as for patients with established epilepsy.

Methods

Experimental epilepsy models

Animals

The study was conducted on male Sprague Dawley (SD)
rats (weighing 150-200 g) obtained from the Harlan
strain of Hebrew University of Jerusalem, Israel. Ani-
mals were individually housed with free access to food
and water under standard conditions (23+1 °C, 50-60%
humidity; 12-h light/dark cycle). Standard rodent chow
was provided ad libitum. The total number of ani-
mals was 82 rats:12 were used as sham animals, and 70
received kainic acid (KA), of which 62 survived SE and
surgery and were included in the study (Scheme 1). All
procedures described herein were conducted accord-
ing to the Association for Assessment and Accreditation
of Laboratory Animal Care International and approved
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Scheme 1 Schematic overview of the experimental design. SD rats were subjected to kainic acid-induced status epilepticus (KA-SE) followed

by treatment with either vehicle or DMF (200 mg/kg/day, ip). Treatments were initiated within 10 min after diazepam injection (for termination

of SE), followed by once daily administration for an additional 6 days. The vehicle group received an equivalent volume and number of injections,
similar to those in the DMF group. A For biochemical and histological analyses, rats were sacrificed 2 h after the last dose (7 days after SE). B To
evaluate the anti-epileptogenic effect, ECoG devices were implanted into rat brains 1 week before KA-SE, followed by treatment with vehicle

or DMF for one week after SE. Video-ECoG monitoring was conducted for up—16-18 weeks after SE. Behavioral testing was performed at week 13
after SE (the time of chronic epilepsy). At the end of the video-ECoG recording, the rat brains were harvested for histological analysis. C To test
the anti-seizure effect of DMF, we induced KA-SE in rats, then 10-12 weeks later, we implanted ECoG devices into rats and conducted video-ECoG
monitoring. We performed baseline video-ECoG monitoring for 3 weeks, followed by treatment with the vehicle or DMF for 1 week. Rats were

sacrificed at the end of the video-ECoG monitoring period

by the Institutional Animal Care and Use Committee
of the Hebrew University of Jerusalem (Approval No.:
MD-20-16254-5).

The KA-induced SE epilepsy model and treatment

To induce SE, rats were injected with KA according to a
previously described protocol [33, 34]. Rats were injected
intraperitoneally with KA (Hello Bio) dissolved in sterile
0.9% saline (5 mg/ml) at a dose of 5 mg/kg hourly, fol-
lowed by continuous monitoring of the development of
convulsive motor seizures. KA injections were contin-
ued until repeated class IV or V seizures were evoked
(scored according to a modified Racine’s scale) [35]. Rats
were included in the study only when they reached class
V seizures (i.e., excessive rearing with concomitant fore-
limb clonus and falling) or repeated stage IV seizures
within one hour. To reduce mortality, SE was terminated

in all animals after 2 h by intraperitoneal administra-
tion of diazepam (10 mg/kg). Animals were randomized
into treatment groups at the beginning of the injection
scheme to prevent any bias in the duration of SE or the
total dose of KA. Baseline SE characteristics of the Veh
and DMF groups are shown in Additional file 1: Fig. S1.

Surgery: implantation of wireless electrocorticography
(ECoG) transmitters

Before surgery, rats were anesthetized with isoflu-
rane (3%) and shaved at the site of the planned incision
for electrode insertion. The animals were then placed
in a stereotaxic frame (Kopf, CA, USA) under isoflu-
rane anesthesia (1.5-2%). Rats received buprenorphine
(0.2 mg/kg; SC) and Metacam (1 mg/kg; SC) for pain
relief. The head was sterilized with a povidone-iodine
antiseptic solution and the skull was exposed using a
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single rostrocaudal scalp incision. Burr holes were drilled
into the skull using a high-speed stereotaxic drill at the
following coordinates (relative to bregma), recording
electrode:+2.5 mm ML, —3.0 mm AP; reference elec-
trode: —2.0 mm ML, —6.0 mm AP. The electrode wires
were inserted into the burr holes and secured in posi-
tion with stainless-steel screws. The ECoG transmitter
(A3028E; Open-Source Instruments, OSI) was placed in
a subcutaneous cavity formed over the left flank with a
single skin incision.

The incision was sealed with dental cement at the
end of the surgical procedure. Warm Ringer’s solution
(3-5 mL) and amoxicillin (100 mg/kg Betamox LA, Nor-
brook, UK) were administered to individual rats before
returning them to their home cages for recovery.

Rats were housed individually in Faraday cages and
allowed to recover for seven days before commencing the
experiment. During the time that KA was being injected,
rats were subjected to ECoG recording (to monitor for
the development of SE). Rats were subsequently sub-
jected to continuous video-ECoG recording for up to
18 weeks following the SE to monitor for the efficacy of
treatment on epilepsy development.

Video-electrocorticography analysis

Continuous electrocorticography (ECoG) was acquired
from a subdural electrode 24/7 using Neuroarchiver soft-
ware (OSI) and analyzed as previously reported [34, 36].

In brief, the ECoG data were segmented into 4-s
epochs, and six metrics were evaluated (power, inter-
mittency, coastline, coherence, asymmetry, and power
between 12 and 30 Hz). Each metric was mapped onto
an interval of 0—1 and then compared to a user-generated
seizure library containing seizures from at least three
different animals (https://www.opensourceinstruments.
com/Electronics/A3018/Event_Detection.html).

Epochs were considered seizure-like events if their
Euclidean distance was less than 0.2 of a validated sei-
zure epoch. All electrographic seizures were validated
by visual inspection by a researcher who was blinded to
treatment.

A selection of seizures was also characterized by a
researcher blinded to treatment by video monitor-
ing obtained using digital time-locked CCTV cameras
(Microseven) placed outside the cages.

Drug administration

Dimethyl fumarate (DMF; Sigma) was dissolved in a mix-
ture of methylcellulose 0.5% (80%) and PEG 400 (20%)
(Sigma-Aldrich) at a concentration of (50 mg/ml) and
administered intraperitoneally once daily to rats at a
total dose of 200 mg/kg/day for 1 week. Control animals
were treated with an equivalent volume and number of
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injections of the vehicle as the DMF-treated animals.
For biochemical and antiepileptogenic experiments,
rats were treated with either DMF or vehicle for 1 week
after SE. For the chronic epilepsy experiment, rats with
spontaneous recurrent seizures (SRS) were treated with
either DMF or vehicle for 1 week after a 3-week baseline
recording period.

Behavioral tests

Anxiety-like behavior was evaluated in rats using Ele-
vated plus maze (EPM) and open-field (OF) tests. The
spontaneous alternation T-Maze was used to assess spa-
tial learning and decision-making processes.

Elevated plus maze

The EPM consists of two opposing open arms
(50%x 12 c¢cm) and two enclosed arms (50 X 12 ¢m) extend-
ing from a central platform (12x 12 cm), elevated 50 cm
above the floor. The rats were habituated to the testing
room for 1 h before testing. On the day before the test,
each animal was placed in the center of the maze and
allowed to explore for approximately 10 min. After the
exploration phase, the rat was placed at the intersection
of the open and closed arms of each maze to start the
5-min test (a beam break in this area triggered the start
of the test). During the 5 min of the test, the animal may
spend time either in a closed safe area (closed arms) or in
an open area (open arms). The movements of the animals
were recorded using an overhead camera. A semi-auto-
matic script written in DeepLabCut' " (https://github.
com/DeepLabCut) was used to analyze the video record-
ings to assess the entries and time spent in the open arms
of the maze. The maze was cleaned with a 70% ethanol
solution between each animal.

Open field

The OF maze was made of a plexiglass box with dimen-
sions of 100x100%x40 cm. The animal was introduced
into the OF arena and allowed to move freely for 10 min
while being recorded using an overhead camera. Footage
was then analyzed using a semi-automatic script writ-
ten in DeepLabCut" (https://github.com/DeepLabCut).
During the 5 min of the test period, the total distance
moved by the animal and the time spent in the center of
the arena (50 cm x50 cm) were tracked and measured.
The maze was cleaned with 70% ethanol between each
animal.

Spontaneous alternation T-maze

The T-maze apparatus employed in this study consisted
of a symmetrical T-shaped structure comprising a central
stem and two perpendicular arms (50X 12 c¢m) extend-
ing from the stem to form a T-shape. In each trial, the
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rat was initially placed in the start box and allowed to
navigate through the stem of the maze, where it could
choose either of the maze arms. To be considered as hav-
ing entered a specific arm, the rat had to enter that arm
with all limbs. Once the rat entered a goal arm, a guillo-
tine door was closed for 30 s. The rat was returned to the
starting box to begin the next trial. The intertrial interval
was 1 min. The arms selected by the rats were recorded
for each trial. After completion of the experimental
period, consisting of six trials for each rat, the total num-
ber of alternations was recorded. The percentage bias
for each rat was calculated using the following formula:
(total number of correct alternations/6)x100. All the
experiments were conducted by an experimenter blinded
to the treatment group.

Immunohistochemistry

For immunohistochemistry studies, rats were eutha-
nized on day 7 post-SE, 2 h after the final dose of DMF
or VEH, with intraperitoneal administration of ketamine
and xylazine (100 mg/kg and 10 mg/kg, respectively).
The rats were then perfused with heparinized ice-cold
PBS, followed by transcardial perfusion with 4% para-
formaldehyde (PFA; Sigma) in PBS (pH 7.4). The brains
were removed, fixed overnight with 4% paraformalde-
hyde solution (PFA, Sigma) in PBS (pH 7.4), and cryo-
protected in sucrose phosphate buffer (10%, 20%, and
30% solutions for 24 h each) at 4 ,C. After freeze-mount-
ing, brain samples were immersed in O.C.T compound
(Scigen) and stored at—80 ,C. For immunohistochemi-
cal studies, coronal sections of 20 um selected from the
hippocampus were cut in a cryostat (Leica CM1950)
at—20 °C, fixed on poly L-lysine coated slides (Thermo
Fisher Scientific), and left to dry for 2 h. Each slide con-
tained 2-3 sections per animal. The primary antibody
was added after washing thrice with PBS for 10 min each.
Washed sections were incubated overnight at 4 °C with
rabbit primary antibody against the neuronal marker
NeuN (1:500, ab177487, Abcam, Cambridge, UK) in a
solution of PBS, 0.1% Triton X-100 and BSA 1%. Follow-
ing three washes with PBS for 10 min each, the sections
were incubated with Alexa Fluor® 488 goat anti-rabbit
secondary antibody (1:500; ab150081, Abcam, Cam-
bridge, UK) for 2 h at room temperature in the dark. The
sections were washed three times with PBS for 10 min
each and mounted with Vectashield and 4”, 6-diamidino-
2-phenylindole (DAPI) mounting medium (Vector Labs).
Images were obtained at a resolution of 1024 X 1024 using
a Nikon confocal AIR microscope with 20X and 40X
objectives. Images were acquired at 405 nm excitation
wavelength and 455 nm emission wavelength for DAPI
and at an excitation of 495 nm and emission of 519 nm
for NeuN. Image analysis was performed using Image]
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software with a manual cell counting image-based tool,
and the investigators were blinded to the treatment. The
results are expressed as cell density, that is, the average
number of NeuN+cells per mm? for 2-brain sections
per rat in 2—3 images of ROIs of CAl and CA3 subfields
of the hippocampus.

Western blotting

Rats were sacrificed 2 h after the final dose of DMF or
vehicle at 7 days post-SE. The rats were euthanized by
intraperitoneal administration of ketamine and xylazine
(100 mg/kg and 10 mg/kg, respectively). Frozen brains
were immediately extracted and stored at — 80 °C until
they were thawed on ice, resuspended in RIPA buffer
(Thermo Fischer), homogenized, and incubated at 4 °C
for 2 h under constant rotation. Protein samples were
centrifuged and prepared, and 25 pg of each sample was
transferred onto nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA). Nonspecific binding sites on the
membrane were blocked with SuperBlock buffer in TBS
containing 0.1% Tween-20, 0.05% Tris-Chloride, and
0.03% 5 M NaCl (TBS-T) for 1 h at 22—24 °C. Membranes
were subsequently incubated overnight at 4 °C with pri-
mary anti-NFE2L2 antibody (1:5000, 16,396-1-AP, Pro-
teintech), anti-NQO1 antibody (1:1000, ab34173), and
B actin (1:2000, ab8226). The preparative membranes
were probed with appropriate secondary antibodies con-
jugated to HRP. Immunological complexes were visual-
ized using electrochemiluminescence (ECL, Bio-Rad).
Densitometry analysis was performed using Image Lab
software (5.1, Bio-Rad, Hercules, CA, USA). Data were
normalized to the loading control (B-actin).

Quantitative real-time polymerase chain reaction

Immediately following euthanasia, total RNA was
extracted from brain tissue using TRI Reagent (Sigma-
Aldrich, St. Louis, MO, USA) and kept at — 80 °C follow-
ing animal sacrifice. One microgram of RNA was used
as Complementary DNA (cDNA) using the GoScript "
Reverse Transcription System (Promega, Madison, WI,
USA) with an oligo-dT15 primer. Real-time PCR was
carried out in a final volume of 15 pL (7.5 pL of SYBR
Green, 3 pL of primers (500 nM each), 1.5 uL of DEPC
water, and 3 puL of cDNA template was added to the mix-
ture) with SYBR Green (PerfeCTa SYBR Green FastMix,
Quantabio) and monitored by CFX Connect Real-Time
PCR Detection System (Bio-Rad). The following cycling
parameters were used: 10 min at 95 °C, followed by 40
cycles of denaturation at 95 °C for 5 s, and 60 °C for 15 s.
Finally, 5 s at 65 °C, and 30 s at 95 °C. Primer sequences
are reported in Table 1. Each RT-PCR was performed
in duplicate. The level of target mRNA was quantified
relative to the housekeeping gene (GAPDH) using the
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Table 1 Primers sequences used for RT-PCR
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Name Accession number Forward Reverse

Nrf2 NM_031789 GCAACTCCAGAAGGAACAGG GGAATGGCTCTCTGCCAAAAGC
GAPDH NM_017008 GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT
NQO1 NM_017000 GTTTGCCTGGCTTGCTTTCA ACAGCCGTGGCAGAACTATC
HO-1 NM_012580 ACAGGGTGACAGAAGAGGCTAA CTGTGAGGGACTCTGGTCTTTG
GCLC-1 NM_012815 GAGTAGAGTTCCGACCAAT GCTCCTGTGCCACTTTCA

Nrf2, nuclear factor E2-related factor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase

NQO1 NAD(P)H: quinone oxidoreductase-1 gene, HO-1 haem oxygenase 1 gene, and GCLC1 glutamate-cysteine ligase catalytic subunit

AACT method [37]. GAPDH expression was not signifi-
cantly different between treatments.

Statistical analysis
Data are expressed as meanztstandard error of the
mean (SEM). Statistical analyses were performed using
the GraphPad Prism 9.5.0 software. Data were analyzed
using ordinary one-way analysis of variance (ANOVA)
followed by the Tukey post-hoc test or generalized log-
linear mixed model, followed by the Sidak posthoc test.
Sample sizes were chosen based on our previous calcu-
lations of experimental variability. The number of animals
used is described in the corresponding figure legend.
The statistical significance threshold was determined as
a error with a value of P <0.05.

Results
DMF increases Nrf2 expression in the cortex
and hippocampus following KA-SE
We first determined the effect of DMF on mRNA and
protein levels of Nrf2 in the brain following kainic acid-
induced status epilepticus (KA-SE). After SE induction,
the rats were treated with either vehicle or DMF for
7 days and then sacrificed 2 h after the final dose. The
mRNA and protein levels of Nrf2 were examined in the
cortex and hippocampus.

In agreement with our previously published study [38],
a positive non-significant trend to increase Nrf2 mRNA
level was observed in the cortex (Fig. 1A), and signifi-
cantly increased in the hippocampus 1 week after KA-SE
(Fig. 1D). DMF treatment was associated with a signifi-
cant increase in Nrf2 protein levels in the cortex (Fig. 1B,
C), and a higher increase in the hippocampus (Fig. 1E, F).

DMF increases Nrf2 downstream genes in the cortex

and hippocampus following KA-SE

The functional effect of DMF on the activation of the
Nrf2 pathway was evaluated. We measured the mRNA
and protein levels of the downstream genes of Nrf2,
NQOI1, HO-1, and GCLC-1. We found that NQO1 and
HO-1 mRNA levels followed a similar regional increase
as that observed for Nrf2 in the cortex (Fig. 2A, B;

NQO1, Sham vs. SE+DMF: p=0.0113; HO-1, Sham vs.
SE+DMF: p=0.0283), and the hippocampus (Fig. 2D, E;
NQO1, Sham vs. SE+DMEF: p<0.0001; HO-1, Sham vs.
SE + DME: p <0.0001).

Importantly, the protein levels of NQO1 and HO-1 also
increased in both cortex (Additional file 1: Fig. S2), and
the hippocampus (Additional file 1: Fig. S3).

Interestingly, the GCLC-1 mRNA level in the cortex
significantly decreased following SE compared to sham
animals (p=0.0474), and treatment with DMF prevented
this decrease (Fig. 2C; Sham vs. SE4+DMF, p=0.5897).
Moreover, the mRNA levels of GCLC-1 in the hippocam-
pus were not reduced following SE (p=0.6370). However,
DMEF treatment increased the expression of both mRNA
(Fig. 2F; SE+ Veh vs. SE4+DMEF, p=0.0201), and protein
levels (Additional file 1: Fig. S2, S3).

DMF decreases SE-induced neuronal cell death

The induction of KA-SE has been previously reported to
result in notable hippocampal neuronal damage [39-41].
We previously reported that the KA-SE model caused
significant neuronal loss in the CA1 and CA3 subfields of
the hippocampus 1 week after SE [24, 34].

In light of these findings, we measured neuronal cell
densities in the CA1 and CA3 subfields of the dorsal hip-
pocampus 1 week after SE in rats treated with vehicle
or DMF (Fig. 3A). In agreement with previous findings,
our results indicated that SE caused a significant loss of
neurons in the CAl and CA3 regions 1-week post-SE,
as evidenced by the decrease in cell density (Fig. 3B—E).
Treatment with DMF for one week after SE signifi-
cantly ameliorated neuronal cell death (Fig. 3B-E; CAl,
SE+Veh vs. SE4+DMF: p=0.0052; CA3, SE+Veh vs.
SE+DMF: p=0.0023).

DMF suppresses the development of spontaneous
recurrent seizures following SE

This study also determined whether the DMF-associated
increase in the expression of Nrf2 and neuroprotec-
tion might translate into an anti-epileptogenic effect.
We performed continuous video-ECoG recordings from
rats subjected to 2 h of KA-SE and treated with vehicle
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Fig. 1 DMF increased Nrf2 expression in the cortex and hippocampus after SE. A, D Relative gene expression of Nrf2 measured by quantitative
Reverse transcription-polymerase chain reaction (RT-PCR) in the cortex (A) and the hippocampus (D) of control rats (n=6), and rats after kainic
acid-induced SE (KA-SE) treated with either vehicle (n=6) or DMF (ip, 200 mg/kg/day, 7 days, n=6). B, E Representative western blot images of Nrf2
in the cortex (B) and the hippocampus (E). C, F Quantification of western blotting results for Nrf2 in the cortex (C; n=6) and hippocampus (F; n=6).
Gene expression was normalized to GAPDH expression and is presented as fold-change compared to the level in sham rats. Protein levels were
expressed as relative protein expression normalized to B-actin. Data are reported as the mean + SEM. **p <0.01 and ***p <0.001 after one-way

ANOVA followed by Tukey's posthoc test

or DMF. The ECoG data were analyzed for spontane-
ously recurring convulsive seizures, and all seizures were
manually verified. Representative EEG traces from both
vehicle- and DMF-treated rats are shown in Fig. 4A. The
seizure frequency in vehicle-treated rats progressively
increased after SE. Treatment with DMF for 1 week after
SE significantly decreased seizure frequency in treated
rats (Fig. 4B, F (13, 234)=16.33, p<0.0001, generalized
log-linear mixed model). Moreover, DMF-treated rats
experienced significantly fewer seizures than vehicle-
treated rats (Fig. 4C, p=0.001, unpaired t-test).
Interestingly, 10/10 vehicle-treated animals developed
spontaneous seizures within 4 weeks after SE. In contrast,
of 3/10 animals in the DMF-treated group remained
seizure-free for the duration of the 14-week monitoring
period post-SE (Fig. 4D). A log-rank test was calculated
to test if DMF treatment can affect the distribution of
time for seizure occurrence in all animals. Indeed, the
distribution of time for seizure occurrence in the DMF
treatment group significantly differs from the vehicle
treated animals (p=0.0051). Finally, the latency period

(i.e., the time from SE onset until the emergence of the
first spontaneous seizure) was significantly increased fol-
lowing DMF treatment (Median, Veh=7 vs. DMF=13
days, Fig. 4E).

DMF reverses SE-induced behavioral changes in the open
field and elevated plus-maze tests
As shown in Fig. 5, a 7-day treatment with DMF begin-
ning shortly after attenuation of SE resulted in normali-
zation of behavior as assessed in the open field (OF;
Fig. 5A) and elevated plus-maze tests (EPM; Fig. 5B),
respectively. As noted in (Fig. 5A1), DMF-treated SE rats
spent more time in the center of the arena and traveled
longer distances than vehicle-treated rats (Fig. 5A2, A3).
However, these outcomes were not statistically different
from those of sham rats. As shown in (Fig. 5B), DMF-
treated rats displayed more entries into the open arm of
the EPM and spent more time in the open arm than vehi-
cle-treated animals (Fig. 5B1, 5B2).

To evaluate memory function, we used the Sponta-
neous Alternation T-Maze test (Fig. 5C). Rats treated
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Fig. 2 DMF increases the mRNA expression of Nrf2 downstream genes after KA-SE. Relative gene expression of Nrf2 downstream genes NQOT,
HO-1, and GCLC-1, in the cortex (A—C) and the hippocampus (D-F) of control rats (n=6), and rats after kainic acid-induced SE (KA-SE) treated
with either vehicle (n=6) or DMF (ip 200 mg/kg/day, 7 days, n=6). Gene expression was normalized to GAPDH expression and is presented

as fold-change compared to the level in sham rats. Data are reported as mean +SEM. *p <0.05; **p <0.01; ***p < 0.001 after one-way ANOVA
followed by Tukey’s posthoc test
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Fig. 3 DMF prevents neuronal cell loss in the hippocampus following SE. A Representative images of the hippocampi of rats subjected

to KA-SE and treated with vehicle (n=6, left) or DMF (200 mg/kg/day over 7 days, n=6, right). CA1 and CA3 (highlighted in yellow) regions were
analyzed for neuronal density 1 week following KA-SE onset. Scale bar=500 um. B, D Representative images (zoom view) of the CA1 region (B)
and CA3 (D) of animals, as in (A), illustrating the staining of neurons (NeuN, green). The nuclei were stained with DAPI (blue). Scale bars =50 pm.
C, E Quantification of the number of NeuN cells per 1 mm? of tissue in CA1 (C) and CA3 (E). Data are expressed as the mean = SEM. **P <0.01
and ***P <0.001 after one-way ANOVA followed by Tukey's post hoc test

with vehicle after SE showed a significant decrease in  p=0.0011; Fig. 5C2). In DMF-treated animals, there
the percentage of spontaneous alterations compared was a slight increase in the percentage of spontaneous
to sham animals, suggesting that epileptic animals alterations compared to vehicle-treated animals (74% vs.
exhibited impaired spatial memory (one-way ANOVA, 59%, respectively); however, this difference was not sta-
F (2,24)=8.580; p=0.0015; Sham vs. SE+vehicle: tistically significant (p=0.0666). Importantly, there was
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Fig. 4 DMF suppresses the development of epilepsy after SE.

A Representative seizures from two animals after KA-SE treated
with either vehicle (red) or DMF (blue), scale bar, 10 s, and 0.5 mV.
B Seizure frequency (per week, mean + SEM) for animals treated
with vehicle (n=10 animals) or DMF (200 mg/kg/day for 7 days
starting post-SE; n=10 animals). Data were analyzed using

a generalized log-linear mixed model followed by the Sidak
post-hoc test. Time effect: P<0.0001, F (13, 234)=16.33;
Treatment effect: P=0.001, F (1, 18)=15.00, Treatment X Time
interaction effect: P<0.0001, F (13, 234)=6.228.*< 0.05, ** < 0.01
for comparison between groups in each time point. C Cumulative
absolute number of seizures in animals in B. P=0.0011, Student’s
unpaired t-test. D Kaplan-Meier curve for the seizure-free effect
of vehicle- or DMF-treated animals. E Latency period (days after SE
until emergence of the 1st seizure) in vehicle- or DMF-treated
animals. P=0.0221, Student’s unpaired t-test

no significant difference between sham-operated and
DMF-treated animals (p=0.2012), suggesting that DMF
treatment shortly after SE can prevent epilepsy-induced
memory dysfunction.

DMF reduces symptomatic seizures in rats with chronic
epilepsy

Finally, we investigated the therapeutic potential of DMF
for chronic epilepsy. Rats were first subjected to KA-SE,
and 10-12 weeks later, wireless electrocorticography
(ECoG) transmitters were implanted to monitor the
development of spontaneous seizures. We then recorded
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baseline ECoG activity for 3 weeks. Rats with confirmed
epilepsy were randomized to receive treatment with
either vehicle or DMF (200 mg/kg/day for 7 days; n=9
rats/group). Video-ECoG recordings were continued dur-
ing the treatment period for an additional 10-12 weeks.
We found that treatment with DMF significantly reduced
the normalized seizure frequency compared to that in
vehicle-treated animals (generalized log-linear mixed
model on weeks 1-10, treatment group X week interac-
tion effect: F (8, 59) =20.66, P <0.001; Fig. 6A). Further-
more, the normalized cumulative number of seizures
post-treatment was significantly lower in the DMEF
group than that in the vehicle control group (Fig. 6B, C,
P=0.0235, Student’s t-test).

Discussion

In the present investigation, we demonstrated that early
and late treatment with the Nrf2 activator DMF is dis-
ease-modifying in the post-SE rat model of acquired epi-
lepsy. One week of DMF treatment beginning two hours
after SE onset activated Nrf2-associated genes, enhanced
neuroprotection in the hippocampus, attenuated epilep-
togenesis progression, and reversed SE-induced behav-
ioral changes in the open field and elevated plus maze.
Moreover, DMF treatment in rats with established epi-
lepsy was associated with both an acute symptomatic
improvement in seizure control and a prolonged reduc-
tion in seizure burden that extended well beyond the
period when DMF was expected to be eliminated from
the circulation. Collectively, these findings suggest
that DMF, an Nrf2 activator, can modify the course of
acquired epilepsy in a post-SE rat model.

We have previously shown that the protective response
of Nrf2 signaling is endogenously activated in response
to KA-induced SE [38] in a brain region-specific manner,
with antioxidant systems being upregulated to a greater
degree in the hippocampus than in the cortex. However,
this study is the first to identify that exogenous treatment
with DMF increases the activation of the Nrf2 pathway
to higher levels than SE alone, which may explain the
enhanced neuroprotection in the hippocampus of DMF-
treated animals. These data suggest that the antioxidant
capacity induced by SE alone is not sufficient for neuro-
protection following SE. However, augmenting the natu-
ral antioxidant mechanisms of cells with Nrf2 activators
represents a possible neuroprotective strategy. A previ-
ous study with a different Nrf2 activator, omaveloxolone,
demonstrated similar effects on neuroprotection and
subsequent epileptogenesis in rats following SE [34], sup-
porting the hypothesis that Nrf2 activation is a possible
therapeutic target for neuroprotection following neuro-
logical insults.
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Fig. 5 DMF reverses SE-associated behavioral changes in rats. Behavioral analysis of sham and KA-SE rats treated with vehicle or DMF in the open
field (A), elevated plus-maze (B), and T-maze spontaneous alteration tests. A1 Representative path of locomotion illustrating average activity in each
group. A2, A3 Distance traveled (cm) in the whole arena (A2) and percentage of time spent in the center (A3) during the 5-min testing sessions.
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T-maze paradigm. C2 Spontaneous alternation rate in sham-operated animals and animals subjected to KA-SE and treated with vehicle or DMF.
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followed by Tukey’s post hoc test
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Fig. 6 DMF reduces symptomatic seizures in rats with chronic epileptic animals. A Normalized seizure frequency (per week, mean + SEM)

in epileptic animals treated with either DMF (200 mg/kg/day for 7 days (shaded area), blue; n=9 animals) or vehicle (equivalent doses of DMF;
n=9). Data were analyzed using a generalized log-linear mixed model followed by the Sidak post-hoc test. Time effect: P <0.0001, F (13,
208)=4.514; Treatment effect: P=0.018, F (1, 16) =6.947, Treatment x Time interaction effect: P=0.0009, F (13, 208)=2.833.* < 0.05 for comparison
between groups at each time point. B Normalized cumulative number of seizures in animals in A. The number of seizures was normalized

to the average number before treatment. C Total number of seizures at week 10 post-treatment of animals in a, normalized to baseline=0.018,
Student’s unpaired t-test
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The kainic acid-induced status epilepticus (KA-SE)
model is a widely used, well-validated model of tempo-
ral lobe epilepsy [42]. Neuronal damage across limbic
regions, including the hippocampus, has been extensively
characterized following KA-SE [35], and there is a mass
of human and animal data supporting this following a
brain insult. For example, there is evidence in humans
that following SE (using longitudinal MRI), there is pro-
gressive hippocampal atrophy, which continues beyond
6 months [43]. The damage in these brain regions has
been implicated in the development of epilepsy in these
models. Hence, we hypothesized that DMF’s antiepi-
leptogenic effects were mediated, in part, through neu-
roprotection in limbic brain structures. Therefore, we
have analyzed neuronal cell density in CAl and CA3
subregions of the hippocampus of DMF therapy vs. vehi-
cle treated rats. Moreover, in our recent work [38], we
found that Nrf2 expression following KA-SE model was
increased predominantly in neurons of the CAl and CA3
regions of the hippocampus, and no significant increase
was detected in the cortex.

Prolonged seizures and SE initiate inflammatory
responses, resulting in the production of reactive oxy-
gen species (ROS), which contribute to neuronal damage
[44-46]. Together, unresolved neuroinflammation and
oxidative stress contribute to the development of epilep-
togenesis and network hyperexcitability [47-49].

In a recent study, Lucchi et al.[50] have demonstrated
that human microglia have the capability to produce allo-
pregnanolone, a neurosteroid that is released in higher
amounts in response to oxidative stress, potentially
contributing to microglial survival. Using the human
microglial clone 3 (HMC3) cell line, it was found that
in response to rotenone, an inhibitor of the mitochon-
drial complex I which produces oxidative damage, ROS
levels were increased and the microglia viability was
significantly reduced. Interestingly, these changes were
accompanied by the decreased expression of multiple
neurosteroids; whereas allopregnanolone levels exhibited
a significant increase.

Moreover, Costa et al. [51] studied the therapeutic
effect of trilostane, repeatedly reported to increase allo-
pregnanolone levels in the brain. Despite not affecting
the onset or duration of kainic acid-induced SE, trilos-
tane exhibited a delayed onset of spontaneous seizures
and reduced microglia activation. Repeated trilostane
injections elevated allopregnanolone levels significantly,
with a subsequent return to baseline after drug cessation,
indicating allopregnanolone-associated protracted effects
on epileptogenesis.

We found that the antioxidant response genes NQO1
and HO-1 were activated in response to DMF treatment
following SE. These genes are critical for maintaining
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intracellular redox homeostasis and regulating inflam-
matory processes [52], suggesting that Nrf2 regulation of
immune responses may explain both the anti-epilepto-
genic and acute anti-seizure effects observed with DMF.
Surprisingly, the therapeutic effects of DMF continued
well after elimination of the circulating drug, suggesting
that an early and acute period of Nrf2 activation may be
sufficient to alter disease processes after injury. However,
the rebound effect observed 3 weeks after DMF treat-
ment in rats with chronic seizures suggests that periodic
treatment may be necessary to sustain the Nrf2-medi-
ated benefits. Notably, we did not conduct an extended
time course of Nrf2 activation following DMF treatment,
which may be necessary to determine the duration of the
treatment effects.

DMF treatment reversed the behavioral changes
induced by SE, as assessed by the open field and elevated
plus maze tests. Notably, DMF-treated SE rats spent
more time in the center and traveled a greater distance in
the open-field test. Similarly, rats displayed an increase in
the number of entries and spent a greater amount of time
in the open arm in the elevated plus maze test. On the
surface, these findings suggest that SE is associated with
an anxiolytic effect; an effect that is debated in the lit-
erature [53-55]. However, long-term behavioral changes
associated with SE are strongly influenced by extrinsic
factors, such as SE duration, epilepsy onset and severity,
and age, all of which may explain the differences in anxi-
ety-like behavior reported in the literature [53—55]. How-
ever, these findings could also be explained by increased
hyperlocomotion, and the increased exploratory behavior
observed in both the open field and elevated plus-maze
tests may be a result of increased ambulation rather than
decreased anxiety. What is clear is that DMF reverses the
behavior observed in vehicle-treated post-SE rats. Given
the neuroprotective effects observed in the hippocam-
pus, it is perhaps not surprising that DMF can reverse
SE-induced behavioral effects in the open field and ele-
vated plus maze tests. Although the interpretation of
these findings is limited, they support further investiga-
tions designed to assess whether DMF can mitigate the
cognitive and behavioral comorbidities associated with
SE and other brain insults.

Our study is not the first to evaluate the role of oxida-
tive stress and Nrf2 activation in seizures and epilepsy.
For example, the Nrf2 pathway is activated in the brains
of amygdala-kindled rats [27], and further increases
in Nrf2 expression via pharmacological or genetic
approaches have been associated with anti-seizure and
neuroprotective properties in pentylenetetrazol (PTZ)-
kindled rats [56] and pilocarpine-induced SE in mice
[57]. However, it is important to note that the adminis-
tration of DMF before PTZ in these studies suggested
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that Nrf2-mediated protection was attributed to insult
modification and not to disease modification. None of
these studies evaluated the disease-modifying potential
of DMF after a kindling stimulus or after the establish-
ment of SE. Thus, this study is the first to evaluate the
true disease-modifying potential of DMF in an etiologi-
cal animal model of epileptogenesis. However, previous
work with a different Nrf2 activator, omaveloxolone, has
demonstrated both neuroprotective and disease-modify-
ing properties in post-SE rats. Unlike DMF, the efficacy of
omaveloxolone may be limited by its low tolerability; that
is, weight loss was recorded at neuroprotective and dis-
ease-modifying doses [34]. In contrast to omaveloxolone,
DMEF is well tolerated at repeated doses ranging from 50
to 500 mg/kg [58], supporting its favorable safety profile
in patients.

Few clinical trials have investigated the use of antioxi-
dants in the treatment of epilepsy. Results with vitamin
E, tirilazad, N-acetylcysteine, and ebselen [59-61] were
mixed; however, these studies focused on the sympto-
matic treatment of epilepsy and were not designed to
detect a disease-modifying effect. Importantly, therapy
with antioxidants may need to be administered early and
for a prolonged duration in chronic insidious neurologic
diseases, such as epilepsy, to achieve an appreciable clini-
cal benefit. Another factor limiting the efficacy of anti-
oxidants is their poor penetration across the blood—brain
barrier. DMF is ideally suited as a clinical candidate for
the prevention and modification of insult-induced epi-
lepsy because it is selective for Nrf2, orally bioavailable,
and well-tolerated at repeated doses [58]. Clinical stud-
ies and post-marketing experiences further suggest that
DME is generally well-tolerated, with an acceptable safety
profile [62]. Thus, targeting the Nrf2 pathway with the
small-molecule activator DMF presents an attractive
opportunity, because the target is an intrinsic cellular
pathway designed to be dynamically modulated. While
30% of animals treated with DMF remained seizure-free
in our study (vs. 0% in VEH animals), we envision that
adjunctive DMF therapy to conventional antiseizure
medicine therapy may provide better seizure control
than ASM alone. Thus, given the fact that DMF is already
approved, our current efforts are aimed at obtaining
strong in vivo data in an etiologically relevant model of
temporal lobe epilepsy that supports the central hypoth-
esis that DMF treatment is disease modifying. This evi-
dence can then serve to inform a future clinical trial.

Conclusions

Overall, the effects observed following DMF treat-
ment suggest that Nrf2 is a promising therapeutic tar-
get for preventing or attenuating epileptogenesis and
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associated comorbidities of epilepsy. DMF increased
the expression of the downstream Nrf2 genes NQO1
and HO-1, which is consistent with its known effects
on the Nrf2 pathway and provides a potential mecha-
nism by which it could exert its therapeutic effects
in preclinical models of epilepsy. However, further
research is needed to fully understand the relationship
between DMF and the Nrf2 pathway and its potential
therapeutic effects in epilepsy and other neurological
disorders. Regardless, the findings reported herein are
important, as they support further evaluation of DMF
as a potential first-in-class disease-modifying agent for
the prevention and modification of epilepsy and atten-
dant comorbidities of epilepsy following an insult to
the brain, such as traumatic brain injury, stroke, brain
tumor, infection, neurodegeneration, or prolonged sta-
tus epilepticus.
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Additional file 1: Figure S1. a Total KA doses administered to rats in

the vehicle and DMF treatment groups (about Fig. 4). No difference

was detected between the groups. a The duration of SE as recorded by
ECoG device in animals in (a). Data are displayed as the mean +SEM. A
P=0.6435; B P=0.3408) analyzed by students'unpaired t-test. Figure S2.
Protein expression of Nrf2-related genes in the cortex. a Representative
western blots of the Nrf2 downstream genes NQO1, HO-1, and GCLC-1

in the cortex of sham rats (n=6), as well as rats subjected to KA-SE and
treated with either Vehicle (n=6) or DMF (n=6). b—d Quantification of
western blot results in (A). Data are displayed as the mean + SEM, analyzed
by one-way ANOVA followed by Tukey posthoc test. *P < 0.05; **P <0.01;
***<0.001. Figure S3. Protein expression of Nrf2-related genes in the hip-
pocampus. a Representative western blots of the Nrf2 downstream genes
NQOT, HO-1, and GCLC-1 in the hippocampus of sham rats (n=6), as well
as rats subjected to KA-SE and treated with either Vehicle (n=6) or DMF
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