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Abstract: Hippocampal neuronal death plays a causal role in the cognitive impairment of temporal lobe epilepsy
(TLE). Ferroptosis, a novel form of regulated cell death, is strongly linked to cognitive impairment. However, whether
ferroptosis is associated with cognitive comorbidities of TLE is unknown. In this study, it was demonstrated that
ferroptosis occurs in the hippocampus following kainic acid (KA)-induced TLE in rats. Treatment with ferrostatin-1,
a specific inhibitor of ferroptosis, prevented the initiation and progression of ferroptosis in the hippocampus of KA-
treated rats. This was through decreased expression of glutathione peroxidase 4, glutathione (GSH) depletion as
well as lipid peroxides and iron accumulation. It was also found that ferrostatin-1 prevented hippocampal neuronal
loss and rescued cognitive function in KA-induced TLE in rats. These results suggest that ferroptosis is involved in
the cognitive impairment of KA-induced TLE in rats, and inhibition of ferroptosis processes ameliorates cognitive

impairment in KA-induced TLE in rats.
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Introduction

Epilepsy is a common chronic neurological dis-
order affecting more than 68 million individuals
worldwide [1]. It is associated with both physi-
cal distress and psychological stress [2]. Up to
50% of patients with epilepsy suffer from psy-
chiatric or cognitive comorbidities. Moreover,
the burden of comorbidities severely affects
the quality of life [3]. Temporal lobe epilepsy
(TLE) is the most prevalent form of epilepsy,
accounts for 60% of all epilepsy cases. It is
originating primarily from hippocampus and
amygdala. Since the hippocampus is the main
structure involved in learning and memory, da-
mage to this structure often results in cogni-
tive impairment [4]. Neuroimaging studies show
that hippocampal atrophy, neuronal cell loss in
the hippocampus and decreased neuronal den-
sity in the dentate gyrus positively correlate
with memory impairment in patients with TLE
[B]. Inhibition of hippocampal neuronal death
and oxidative injury improves cognitive dys-

function in temporal lobe epilepsy in rats [3,
6]. Although damage to the hippocampal struc-
tures is a common cause of seizures and cogni-
tive dysfunction, a growing body of literature
suggest that the anesis of cognitive comorbidi-
ties of epilepsy is associated with neuroprotec-
tion but not with a concomitant decrease in
seizure burden. Further, there are few target-
ed therapies for the management of cognitive
comorbidities of epilepsy. In addition, our un-
derstanding of the mechanisms of the current
drugs is not sufficient [3].

Ferroptosis, a novel form of regulated cell de-
ath, was previously been found in an organo-
typic hippocampal slice culture model of rats
with glutamate-induced neurotoxicity [7]. Fer-
roptosis initiation and execution lies in three
critical events: iron accumulation, GSH deple-
tion, and lipid peroxides accumulation [8]. On
the other hand, numerous clinicopathological
features of dementia are consistent with ferrop-
tosis [9]. Inhibition of hippocampal ferroptosis
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ameliorates cognitive function in diverse dis-
ease models, such as stroke, Alzheimer’s dis-
ease [10, 11]. It is, however not know if ferrop-
tosis is involved in epilepsy induced cell death
and associated cognitive comorbidities of TLE.

Intrahippocampal administration of kainic acid
(KA) is particularly useful in studying the be-
havior and neuropathological characteristics
of TLE. Activation of the KA receptor results in
the release of excess glutamte caused neuro-
nal death and sustained epileptic activity in the
hippocampus [12]. Central KA injections results
in progressive increase in iron concentration in
the rat hippocampus, leading to accumulation
of a large amount of lipid peroxides, accompa-
nied by the depletion of glutathione (GSH),
which could promote free radical damage in the
lesioned areas [13]. These facts suggest that
ferroptosis might occur in KA induced TLE in
rats.

In this current, the hypothesis that ferroptosis
is involved in epilepsy induced cell death and
associated cognitive comorbidities of TLE was
tested. Using ferrostatin-1 (Fer-1), a potent and
selective inhibitor of ferroptosis [14], it was
found that inhibition of hippocampal ferropto-
sis process prevented hippocampal neuronal
loss, and ameliorated cognitive decline in TLE
rats.

Materials and methods
Animals

All experiments were conducted on adult male
Sprague-Dawley (200 g-220 g, n = 30), obtain-
ed from Hunan slake jingda laboratory animal
co.,Ltd. (Changsha, China). 3-4 rats/cage were
kept in a temperature controlled room under a
12 h-light/dark cycle (lights on at 07:00a.m.)
with free access to food and water. Procedures
involving animals were approved by the Animal
Care and Use Committees of Guangxi Medical
University. Rats were randomly divided into
three equal-sized groups namely: sham, KA +
Fer-1, and KA groups. For intrahippocampal in-
jections, the rats were anesthetized with chlo-
ral hydrate (350 mg/kg; i.p.), placed into the
stereotaxic frame (Stoelting Co., USA) with the
incisor bar set at 3.3 mm below the interaural
line. The dorsal surface of the skull was expos-
ed and a burr hole was drilled in the skull using
the following stereotaxic coordinates according
to the atlas of Paxinos and Watson: anteropos-
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terior, 4.3 mm caudal to bregma, 4.1 mm lat-
eral to the midline (right side), and 4.2 mm ven-
tral to the surface of the skull. A micro syringe
filled with 2 yl of normal saline containing 0.5
pg/ul of KA was placed over the burr hole and
the kainic acid solution was injected at a rate
of 1 pl/min in order to induce an experimental
model of status epilepticus (SE) and TLE [15].
All rats showed convulsive SE after 30-60 min
following intrahippocampal injection of KA. KA
(Sigma-Aldrich, USA) was dissolved in cold nor-
mal saline just prior to surgery. The sham group
received an equivalent volume of normal saline
at the same stereotaxic coordinates. Treatment
on rats was commenced 3 h following overt SE
[16]. Rats in the Fer-1 group were administered
once a day for 2 weeks with an i.p. dose of Fer-1
(2.5 umol/kg; Selleck, USA), the dose of Fer-1
was selected from previous reports [17] and
this pilot study. Fer-1 was dissolved in vehicle.
The sham group and KA group were injected
with vehicle (200 pl PBS containing 10%
DMSO0).

Assessment of seizure behavior

From day 30 to day 36 after intrahippocampal
injection, all rats were continually monitored via
24/7 video to record the spontaneous recur-
rent seizures (SRS) and scored according to
Racine’s classification [16].

Assessment of cognitive function

Cognitive function of all rats was assessed by a
Y-maze test, novel recognition test and morris
water maze. If a rat experienced a seizure be-
fore testing, they were tested at least 1 h after
the seizure. If a rat experienced a seizure dur-
ing testing, the rat data were excluded at the
time of analysis.

Y-maze test

At day 37 after intrahippocampal injection, the
Y-maze test, was performed as previously des-
cribed [18]. The Y-maze consisted of three ran-
domly designated A, B, and C arms (50 cm len-
gth,18 cm width, and 18 cm height) with an
angle of 120° between each of the two arms.
During the study, each rat was first placed at
one end of the arm and the total number (N)
and the order of the arm entries were recorded
by a video camera for every 8 min. Successful
spontaneous alternations were defined as con-
secutive triple entries of different arms choic-
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es. The spontaneous alternation response rate
was calculated as: spontaneous alternation
rate (%) = number of successful alternation/(N
-2) x 100.

Novel object recognition test

From day 38 to day 39 after intrahippocampal
injection, the novel object recognition (NOR)
test was performed in an open circle arena
(50 cm x 50 cm) as previously described [19].
During the training trial, two identical objects
were placed along the center line of the arena
and the rats were allowed to explore it for 5
min. After each trial, the arena and objects
were cleaned with 40% ethanol solution to
minimize olfactory cues. Twenty four hours fol-
lowing the training trial, one of the objects was
replaced with a novel object and rats were
allowed a 5 min exploratory trial. The time ex-
ploring familiar object (TF) and exploring novel
object (TN) were recorded. Memory was evalu-
ated by discrimination index. Discrimination
Index (DI) = (TN - TF)/(TN + TF).

Perls’ staining

The brains were removed from the skulls and
immediately put in 4% paraformaldehyde, then
dehydrated and embedded in paraffin, and fi-
nally sliced into 4 ym thick coronal sections by
a microtome. Perls’ staining was used to detect
iron accumulation as previously described [20].
After dewaxing, the sections were washed with
distilled water and incubated for 20 min in
freshly prepared Perls stain solution (Solarbio,
Beijing, China). This was followed by washing
with distilled water 6 times for 5 min each.
Sections were finally counterstained with eosin
for 20 s. After rinsing several times in PBS,
the sections were clear-mounted. Iron deposi-
tion was digitized and analyzed with Image J
software.

Nissl staining

After dewaxing, the sections were washed with
distilled water and incubated with Nissl Staining
Solution (Beyotime Institute of Biotechnology,
Nanjing, China) for 10 min at room tempera-
ture. The sections were then dehydrated using
95 and 100% ethanol solutions, made trans-
parent using xylene, placed under coverslips
and analyzed by microscopy.
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Transmission electron microscope (TEM)

Sham and KA group rats were perfused with
2% paraformaldehyde and 2% glutaraldehyde
in 0.1 M sodium cacodylate buffer, followed by
post fixation in 2% osmium tetroxide with 1.6%
potassium ferrocyanide in 0.1 M sodium caco-
dylate. Samples in CA3 region were then cut
and stained en bloc with 2% uranyl acetate
(UA), dehydrated in ethanol, and embedded in
eponate. The sections (70-90 nm) were then
placed on copper slot grids and stained with
2% UA and lead citrate. TEM images were cap-
tured with a Hitachi 7560 TEM in the micros-
copy core of Guangxi Medical University. 10
random micrographs were taken in the hippo-
campus and measurements made using Image
J software for each rat. We quantified the mito-
chondrial area in neuronal (no morphologic evi-
dence of classic necrosis, apoptosis, and au-
tophagy). The mitochondrial length was deter-
mined by measuring the major length from one
side to another.

Immumohistochemical staining

After dewaxing, the sections were sequentially
treated with 3% hydrogen peroxide for 15 min
to block endogenous peroxidase activity, the
sections were preincubated with 10% normal
goat serum for 10 min in the microwave proces-
sor. The sections were incubated overnight at
4°C with primary antibody rabbit-anti- glutathi-
one peroxidase 4 (1:200, Abcam, UK). Following
incubation of primary antibody, the sections
were washed in PBS and incubated for 10 min
with horseradish peroxidase labeled goat anti-
rabbit 1gG (1:100, Zhongshan Biotechnology,
Beijing, China), washed with PBS, and then ex-
posed to diaminobenzidine for 5 min. The sec-
tions were washed in distilled water and dehy-
drated with xylene, mounted, and observed by
light microscopy.

Measurement hippocampal lipid peroxidation
and GSH

The rats were perfused transcardially with ice-
cold physiological saline, hippocampi were qui-
ckly excised and stored at -80°C until assayed.
Concentrations of MDA, used as a marker of
lipid peroxidation, were measured with the thio-
barbituric acid (TBA) method spectrophotomet-
ric assay kit (Nanjing Jiancheng Bioengineering
Institute, China) as previously described [21].
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Figure 1. Fer-1 attenuates cognitive impairment of KA-treated rats. A. Spon-
taneous alternation rate was evaluated in the Y maze test. B. Discrimination
index was assessed in the novel object recognition test. *P < 0.05 (vs KA) by

one-way ANOVA (n = 10, each group).

Briefly, this assay was based on the spectro-
photometric measurement of the color gener-
ated during the reaction to TBA with MDA. MDA
concentrations were calculated by reading the
absorbance of TBA reactive substances in the
supernatant at 532 nm. GSH was determined
by a GSH assay kit (Nanjing Jiancheng Bioen-
gineering Institute, China) as commercially rec-
ommended by the manufacturer's protocol.
The absorbance of samples were read at 420
nm by spectrophotometer and the values rep-
resented the final concentration according to
the plotted standard curves.

Statistical analysis

Data were analyzed using the IBM SPSS soft-
ware 17.0 package and expressed as Mean +
SD. Percentage of rats with spontaneous sei-
zure was examined by x2 test. The data of mito-
chondrial area were analyzed by Student’s t
test. Data in this study, including spontaneous
alternation rates, discrimination indexs, MDA
levels and GSH levels, number of nissl positive
staining cells, average percentages of iron posi-
tive area and number of GPX4 immunoreactive
cells/field, were analyzed by one-way ANOVA.
Values were considered statistically significant
when P < 0.05.

Results

Fer-1 does not attenuate spontaneous seizure
of KA induced TLE in rats

Sham group of rats did not show any signs of

seizure after 4 weeks. In contrast, 70% in KA
and 50% of rats in Fer-1 groups of rats had
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spontaneous seizures. There
% was no significant difference
between the Fer-1 and sham
groups (x> = 0.833, P =
0.361).

Fer-1 attenuates cognitive
impairment of KA-treated rats

Cognitive function was asse-
Qo"\ ssed using three hippocam-
pal-dependent learning and
memory tasks (Y-Maze test,
Novel object recognition test
and Morris water maze tests).
The data of the Y-Maze test
showed that the spontaneous
alternation rate of KA group of rats decreased
significantly compared with the sham group of
rats (P < 0.01).

The spontaneous alternation rate was signifi-
cantly improved in the Fer-1 group compared
to KA group (P < 0.05) (Figure 1A). The Novel
object recognition test showed that the dis-
crimination index of KA group decreased sig-
nificantly compared with the sham group (P <
0.01). The discrimination index was significant-
ly improved in the Fer-1 group compared to KA
group (P < 0.05). There were not significantly
different between the Fer-1 and sham groups
(Figure 1B).

Fer-1 attenuates neuron cell death in hippo-
campus of KA-treated rats

As shown in Figure 2, the results of Nissl stain-
ing indicated that the number of Nissl stained
cells in CA1 and CA3 regions of the hippocam-
pus decreased remarkably in the KA group as
compared to the sham group (P < 0.01). Treat-
ment with Fer-1 resulted in significant attenua-
tion of prominent neuronal loss in CA1 and CA3
regions of hippocampus of KA induced TLE rats
(P <0.01).

Presence of Ferroptosis in the hippocampus of
KA-treated rats

The occurrence of ferroptosis in the hippocam-
pus of KA treated rats was measured by TEM.
Our results showed that the average mitochon-
drial area of the hippocampus neuron of KA
group was smaller than that of sham group (P <
0.05), indicating the existence of ferroptosis in
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Figure 2. Fer-1 attenuates neuron cell death in hippocampus of KA-treated rats. A. Representative photomicro-
graphs of Nissl-stained neurons in CA1 and CA3 area of hippocampus. B. Quantitative analysis of the number of
Nissl-stained neurons. *P < 0.05 (vs KA) by one-way ANOVA (n = 3-5, each group). Scale bars: yellow bar = 200 ym,

black bar = 50 pm.
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Figure 3. Occurrence of Ferroptosis in the hippocampus of KA-treated rats.
A. Ultrastructure of neuron somas. n, nuclei; ¢, cytoplasm; m, mitochondria.
Red arrows show representative mitochondria in somas. B. Quantification
of the average mitochondrial area. *P < 0.05 (vs KA) by Student’s t test.
Number of mitochondria: sham, n = 60, KA, n = 60. Scale bar: 500 nm. (n =

3 rats each group).

the hippocampus following KA treatment in
rats (Figure 3).

Fer-1 attenuates iron accumulation in the hip-
pocampus of KA-treated rats

As shown in Figure 4, the results of Perls’ stain-
ing showed that the average percentages of
the iron positive area in CA1 and CA3 regions
of the hippocampus increased significantly in
the KA group compared with the sham group (P
< 0.01). Treatment with Fer-1 deceased promi-
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%,

nently the average percentag-
es of the iron positive area in
the hippocampus of KA-treat-
ed rats (P < 0.01), indicating
that Fer-1 attenuates iron ac-
cumulation in hippocampus
of KA induced TLE rats.

Fer-1 restores GPX4 expres-
sion in the hippocampus of
& KA-treated rats

The number of GPX4 immuno-
reactive cells in the hippoca-
mpus was compared by im-
munohistochemistry. The re-
sults showed that, the num-
ber of GPX4 immunoreactive
cells in CA1 and CA3 regions
of hippocampus decreased
significantly in the KA group
compared to the sham group,
and this effect can be attenuated by Fer-1 (P <
0.05) (Figure 5).

Fer-1 increases GSH level and attenuates MDA
level in the hippocampus of KA-treated rats

Compared to the Sham group, the levels of GSH
in the hippocampus decreased significantly in
the KA group (P < 0.01). Treatment with Fer-1
attenuated the reduction of GSH in the hippo-
campus of KA-treated rats significantly (P <
0.05) (Figure 6A). While the levels of MDA in the
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Figure 4. Fer-1 attenuates iron accumulation in hippocampus of KA-treated rats. A. Representative photomicro-
graphs of iron positive area in CA1 and CA3 area of hippocampus. Arrows show representative iron positive area. B.
Quantitative analysis of the average percentages of iron positive area. *P < 0.01 (vs KA) by one-way ANOVA (n = 3-5,

each group). Scale bars: yellow bar = 200 um, black bar = 50 ym.
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Figure 5. Fer-1 restores GPX4 expression in the hippocampus of KA-treated rats. A. Representative photomicro-
graphs of the iron positive area in CA1 and CA3 area of the hippocampus. Arrows show representative GPX4 immu-
noreactive cells. B. Quantitative analysis of the number of GPX4 immunoreactive cells. *P < 0.01 (vs KA) by one-way

ANOVA (n = 3-5, each group). Scale bars: yellow bar = 200 um, black bar = 50 um.

hippocampus increased significantly in the KA
group (P < 0.01). Treatment with Fer-1 attenu-
ated the increases of MDA in the hippocam-
pus of KA-treated rats significantly (P < 0.05)
(Figure 6B).

Discussion

The hippocampus plays a critical role in memo-
ry processes. This is because the spatial and
temporal aspects of memory are processed
and integrated in the hippocampal circuitry,
that is from CA3 to CA1 region [22]. Notewor-
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thy, the hippocampus is more vulnerable than
other regions of the brain to insults [23]. The
selective neuronal loss in the CA1/CA3 region
of the hippocampus is one of the pathological
characteristics of hippocampal sclerosis which
is the major neuropathological feature of pa-
tients with TLE. Accumulating evidence sug-
gests that hippocampal neuronal cell death is
one of the principal causes of cognitive comor-
bidities of TLE [4]. Various forms of cell death
have been found out in epilepsy, including
apoptosis, autophagy, necrosis, necroptosis,
and pyroptosis [24, 25]. Inhibiting cell-death
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Figure 6. Fer-1 increases GSH level and attenuates MDA level in the hip-
pocampus of KA-treated rats. Quantitative analysis of GSH level and MDA
level in the hippocampus show *P < 0.05 (vs KA) by one-way ANOVA (n = 4-5,

each group).

processes such as apoptosis, autophagy, py-
roptosis, necrosis, and necroptosis, can ame-
liorate hippocampus damage, and then impro-
ve the cognitive function of epilepsy models
[26-28].

In the present study, hippocampal dependent
learning and memory were assessed using two
techniques namely, the novel object recogni-
tion test, Y-maze [29-31]. The results demon-
strated that ferrostatin-1 (Fer-1) improved cog-
nitive function and mitigated the hippocampal
neuronal loss of KA-treated rats. Further, treat-
ment with Fer-1 did not attenuate spontaneous
seizure in KA-treated rats, suggesting that
spontaneous seizures could not account for
differences in learning and memory. It should
however be noted that spontaneous seizur-
es were only evaluated by video according to
Racine’s classification during the fifth weeks
after SE, and its effects on chronic epilepsy
could not be ruled out. To our knowledge, Fer-1,
a potent and selective inhibitor of ferroptosis,
can be used as a probe to study ferroptosis in
multiple contexts. Hence, this work speculates
that ferroptosis might be involved in the mecha-
nism of cognitive dysfunction of TLE.

Ferroptosis is a novel nonapoptotic form of
programmed cell death hallmarked by the
accumulation of lethal lipid peroxidation prod-
ucts driven by iron [32]. It is morphologically
and biochemically distinguishable from other
forms of programmed cell death, including ap-
optosis, necrosis, and autophagy. The morphol-
ogy of cells that underwent ferroptosis, exhibit-
ed slightly smaller mitochondria, thicker, and
denser mitochondrial membranes; lacked rup-
ture and blebbing of the plasma membrane
(morphological features of apoptosis) and dou-
ble-membraned autophagic vacuoles (morpho-
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agy) [9]. Although ferroptosis
has been shon to be invol-
ved in various pathological
conditions, including neoplas-
tic diseases, glutamate-indu-
ced neurotoxicity, neurode-
generative diseases, liver in-
jury, renal failure, cerebral
hemorrhage, ischemia/reper-
fusion injury, it has not been
reported in an in vivo epilepsy
model to date [11, 20, 33]. In
the present research, using
TEM, shrunken mitochondria was observed in
the hippocampus of KA-treated rats, confirm-
ing the involvement of ferroptosis in the patho-
logical process of TLE.

The initiation and progression of ferroptosis de-
pend on the interactions among amino acids,
iron and lipid metabolism [8]. Excessive iron
accumulation induces lipid peroxidation, resul-
ts in accumulation of lipid hydroperoxides and
generates free radicals by the Fenton reaction
[34, 35]. If lipid hydroperoxides could not be
scavenged in time before accumulating to toxic
levels, the occurrence of ferroptosis is inevita-
ble. Potentially toxic lipid hydroperoxides can
be converted to non-toxic lipid alcohols by glu-
tathione (GSH) or activating glutathione peroxi-
dase 4 (GPX4) [36, 37]. Since depletion of GSH
makes GPX-4 inactivated, GSH metabolism is
bound up with ferroptosis [38]. The biosynthe-
sis of glutathione is dependent on the avail-
ability of cysteine that is derived from cystine.
Because intracellular glutamate and extracel-
lular cystine are exchanged in a 1:1 ratio th-
rough system Xc-, extracellular glutamate lev-
els impact cystine import and subsequently
impact biosynthesis of glutathione. High con-
centrations of extracellular glutamate deprive
the level of intracellular cysteine and induce
ferroptosis [9].

KA is the analog of L-glutamate and the agon-
ist of ionotropic glutamate receptors. After exci-
totoxic injury induced by KA injections, the mas-
sive glutamate released in the rat’s hippocam-
pus decrease the levels of GSH for six weeks
and weaken the antioxidant defenses system
[39-41]. Accompanied by GSH reduction, GPX-4
expression may be decreased. Further, the ex-
pression of divalent metal transporter-1 (DM-
T1), an iron importer, is elevated in the hippo-
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campus of rats following KA injection [42, 43],
causing progressive increase in intracellular
iron levels [44, 45]. High iron content catalyzes
lipid peroxidation and leads to the accumula-
tion of lipid hydroperoxides and oxidative stress
damage [46, 47]. Numerous studies confirmed
that the concentrations of malondialdehyde
(MDA), a biomarker of lipid hydroperoxides, we-
re increased in the hippocampus of animal
models of TLE [48, 49]. Similarly this work
showed that compared with sham group rats,
GSH and GPX-4 levels declined significantly,
and the level of both iron and MDA increased
markedly in the hippocampus of KA group rats.
These pathologic changes are the critical con-
ditions for initiating and executing ferroptosis
procedure [50]. Accompanied by these patho-
logic changes in the hippocampus of KA group
rats, hippocampal neurons were obviously lost.
This study also revealed that Fer-1 reversed
the pathologic changes (reduction of GSH and
GPX-4 levels, and elevation of the concentra-
tion of both iron and MDA), and alleviated the
hippocampal neuronal loss of KA-treated rats.

There were some limitations in this study.
Firstly, the effect of Fer-1 on normal rats was
not inspected in this study. Fer-1 is served as a
potent and selective inhibitor and played an
import role in studying ferroptosis in various
pathological conditions. In view that the initia-
tion and execution of ferroptosis is influenced
by the action of iron accumulation, glutathione
depletion, and lipid peroxidation, it is believed
that ferroptosis is a form of pathological cell
death. To date, the normal physiological func-
tion of ferroptosis has not been reported.
Further, the dynamic effects of ferroptosis on
different phases of TLE rats were not detected
in this research. Lastly, the effects of different
doses of Fer-1 on TLE rats were not studied.
Further studies are recommended to determine
the impact of these limitations on our findings.

In conclusion, ferroptosis is involved in the
cognitive impairment of KA-induced TLE, and
inhibition of ferroptosis processes ameliorates
cognitive impairment in kainic acid-induced
temporal lobe epilepsy in rats.
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