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Abstract

Mitophagy plays a key role in epileptic neuronal injury, and recent studies have shown that FUNDCI plays an important role
in regulating mitophagy. However, the specific effect of FUNDC1 on neuronal damage in epilepsy is unknown. In this study,
we investigated the role of FUNDCI in mitophagy and neuronal apoptosis using a hippocampal neuronal culture model of
acquired epilepsy (AE) in vitro. We found that mitophagy levels were significantly increased in this model, as indicated by
elevated LC3A/B ratios. FUNDCI1 overexpression using lentiviral vectors enhanced mitophagy, whereas FUNDC1 down-
regulation using lentiviral vectors impaired this process. Overexpression of FUNDCI significantly decreased AE-induced
superoxide anion, enhanced cell viability, reduced oxidative stress, and reduced neuronal apoptosis in epileptic hippocampus,
while FUNDCI1 down-regulation caused the opposite effect. In conclusion, we demonstrated that FUNDCI1 is an important

modulator of AE-induced neuronal apoptosis by controlling mitophagy function.
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Introduction

Epilepsy is a serious chronic neurological disease, which
leads to transient brain dysfunction due to sudden abnormal
discharges of neurons in the brain, which is characterized by
occasional, repetitive and spontaneous, and can be accom-
panied by cognitive dysfunction, anxiety and depression and
other well disorders, seriously affecting the lives of loyal-
ists, causing a huge economic burden to families and society
[1, 2]. Epidemiological studies have shown that there are
currently approximately 65 million patients with epilepsy
worldwide [3]. Although there have been a large number
of studies on the pathogenesis of epilepsy in recent years,
the mechanisms involved in the development of epilepsy
have not been clarified. Seizures can damage mitochon-
dria, mainly manifested as mitochondrial cristae swelling
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and disruption of membrane integrity, while mitochondrial
dysfunction can also lead to seizures [4, 5]. Autophagy is
also closely related to epilepsy. Studies have confirmed the
presence of abnormalities in autophagy in the brain tissue
of experimental epileptic animals and epileptic patients [6].
McMabhon et al. found a significant decrease in the level of
cellular autophagy after knockout of the At97 gene in mice,
resulting in recurrent spontaneous seizures in mice [7].
Clinical studies have found that there are a large num-
ber of neurons with abnormal firing in the brain of epi-
lepsy patients, as well as neuronal damage and loss caused
by epilepsy [8]. As an essential element in life, Mg2+4 can
block the influx of calcium ions and inhibit depolarization,
maintaining the normal function of the central nervous sys-
tem and neural electrophysiological activity [9]. Studies
have shown that more than 90% of hippocampal neurons
will show epileptiform discharge after 11 days of culture
in normal medium and 3 h of culture after removing Mg2+
[10]. The action potentials of spontaneous and recurrent fir-
ing of neurons induced by magnesium-free external fluid
are similar to the electrophysiological activity of epileptic
patients during seizures. At the same time, the model of
neuronal epilepsy induced by magnesia-free external fluid
has the advantages of no blood—brain barrier, stable model
and long recording time [11, 12]. Therefore, magnesium-free


http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-022-03749-z&domain=pdf

Neurochemical Research (2023) 48:284-294

285

effluent-induced hippocampal neuronal epilepsy model is an
ideal in vitro epilepsy model.

Mitophagy, as a selective autophagy, has been consid-
ered to be a potential mechanism responsible for regulating
mitochondrial quality, mainly through autophagosome for-
mation and autophagosome and lysosome fusion to selec-
tively remove mitochondria with intracellular structural
damage and dysfunction or degrade unnecessary normal
mitochondria, prevent the accumulation of harmful prod-
ucts such as superoxide anion, while ensuring the normal
function of mitochondria, and play a key role in meeting
cellular energy needs and maintaining the balance of the
intracellular environment. Notably, dysfunctional, mainly
defective mitophagy is involved in the pathophysiology of
various human diseases, including cardiovascular diseases,
neurodegenerative diseases, cancer, autoimmune diseases
and aging [13].

FUNDCI, as a mitochondrial outer membrane protein in
mammalian cells under hypoxia, is accumulated by inter-
acting with ER-mitochondria contact sites, acting through
LIR motifs binding to the autophagy marker LC3. Under
hypoxia, FUNDCI is phosphorylated at tyrosine 18 and ser-
ine 13 by SRC kinase and CK2, which reduces its affinity for
LC3; however, dephosphorylation by PGAMS or other yet
to be identified phosphatases largely increases its interac-
tion with LC3 or other autophagy genes, thereby initiating
mitophagy [14], but the mechanism by which FUNDC1-
mediated mitophagy plays a role in the transfer of epilep-
togenic hippocampal neurons in magnesium-free exterior
fluid is not clear.

In this study, we used an in vitro hippocampal neuron epi-
lepsy model to further clarify the role of FUNDC]1-mediated
mitophagy in the development of epilepsy by intervening
FUNDCI expression by lentiviral re-extraction of Lenti-
FUNDCI1 and Lenti-FUNDC1-shRNA.

Materials and Methods
Animal and Experimental Reagents

Healthy Sprague—Dawley rats within 24 h of birth, SPF
grade (Zhengzhou University, China). All experimental
procedures were conducted in conformity with insti-tutional
guidelines for the care and use of laboratory animals in
Zhengzhou University(ZZU-LAC20211210[02]). Rea-
gents: magnesium-free external solution (2.5 mmol/L KClI,
145 mmol/L NaCl, 10 mmol/L glucose, 0.002 mmol/L gly-
cine, 2 mmol/L CaCl, and 10 mmol/L HEPES, pH 7.4) [15,
16]: normal extracellular solution (magnesium free external
solution + 1 mmol/L MgCl12),RNA kit (Invitrogen, Amer-
ica); reverse transcription kit(Yeasen, Shanghai,China);
TUNEL kit (Roche, Germany); DHE kit (Beyotime, China),

TMRE kit (Beyotime, China) NSE antibody (Abcam, UK);
FUNDCI1 antibody (Sigma, America), LC3B antibody
(Abcam,UK); lentiviral empty vector Lenti-pGV, over-
expression of FUNDCI lentiviral empty vector Lenti-
FUNDCI, low-expression FUNDCI1 lentiviral vector Lenti-
FUNDC1-ShRNA (GeneChem, Shanghai,China).

Culture of Primary Hippocampal Neurons

All animal protocols were approved by the Animal Care and
Utilization Committee of Zhengzhou University, China, con-
firming that all animal studies and experimental manipula-
tions were in strict compliance with international animal
research guidelines.

The hippocampal tissue of Sprague—Dawley rats with 24
h after birth was isolated under aseptic conditions, the sur-
face blood vessels were removed and cut into tissue blocks
and transferred to a Petri dish, digested with 0.125% trypsin
and added with implantation culture medium to terminate
digestion, the supernatant was discarded, resuspended and
washed and added with implantation culture medium to
make cells. Neuronal cells were seeded in 6-well cell cul-
ture plates previously coated with L-poly at a density of
3.5 10°cells/mL and cultured in a 37 °C incubator with
5% CO?2 for 4 h before the implantation culture medium
was replaced with the maintenance culture medium. Mainte-
nance medium was changed in half every 2 days. The purity
of hippocampal neuro was detected by immunohistochemi-
cal staining, and the next experiment was performed when
the purity was>95%.

Experimental Design

After discarding the maintenance culture medium, rat hip-
pocampal neurons were rinsed three times with magnesium-
free external solution and cultured with magnesium-free
external solution for 3 h to induce hippocampal neuron epi-
lepsy model.

Primary hippocampal neurons were randomly divided
into: (1) control group (CON group): neurons were treated
with normal extracellular solution for 3 h; (2) magnesium-
free induction group (AE group): neurons were treated with
magnesium-free external solution for 3 h: (3) Lenti-pGV
group (negative control group): neurons were successfully
transfected by Lenti-pGV and continued to be cultured with
maintenance medium and treated with magnesium-free
external solution for 3 h: (4) Lenti-FUNDCI1 group (overex-
pression FUNDCI1 group): neurons were successfully trans-
fected by Lenti-FUNDC1 and continued to be cultured with
maintenance medium, and neurons were treated with mag-
nesium-free external solution for 3 h. (5) Lenti-FUNDCI -
shRNA group (low expression FUNDCI group): neurons
were successfully transfected by Lenti-FUNDCI1-shRNA
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and continued to be cultured with maintenance medium and
treated with magnesium-free external solution for 3 h. In
each group, after treatment with normal cell extract or mag-
nesium-free extract for 3 h, culture with maintenance culture
medium was continued for 24 h before the next experiment
(Table 1).

NSE staining

Neuronal cells were seeded into 24-well plates with cell cov-
erslips for culture, and neuronal purity identification was
performed using NSE staining on day 7. The maintenance
medium of each well was aspirated and discarded, rinsed
twice with PBS buffer, fixed with 4% paraformaldehyde for
30 min, broken with 0.2% Triton X-100 for 5 min, and incu-
bated with 10% goat serum for 1 h. NSE primary antibody
(1:200) was added and incubated overnight at 4 °C. The
primary antibody was aspirated and discarded, rinsed with
PBS, and the secondary antibody was added and incubated
for 1 h in the dark. After rinsing with PBS, 10 pL of anti-
fluorescence attenuation mounting medium containing DAPI
was added to the slide, and the cells were removed from the
slide and covered on the slide. Ten fields were randomly
selected and observed under a fluorescence microscope to
calculate the positive rate of NSE positive cells and take the
mean value, that is, neuronal purity.

QPCR

Total RNA was extracted from hippocampal neurons by
columnar extraction, followed by reverse transcription of
cDNA using a reverse transcription kit and cDNA to RNA
conversion using a QPCR kit with the following primer
sequences (Table 2).

CCK8 Assay

CCKS8 is a widely used method for cell proliferation
and cytotoxicity determination based on water-soluble

Table 1 Processing flow of neuronal cells in each group

Table 2 The primer sequences for QRT-PCR

Gene Sequences

LC3-F GCACAGCATGGTGAGTGTAT

LC3-R GAAGGTTTCTTGGGAGGCATAG
FUNDCI1-F AGGTGGTGGTTTTCTTCTTCTACAG
FUNDCI1-R ATGTTCTGCTTGATAAAGTCTGTTG
GAPDH-F GACAACTTTGGCATCGTGGA
GAPDH-R ATGCAGGGATGTTCTGG

LC3 microtubule-associated proteins 1A/1B light chain 3

tetrazolium salts. The maintenance culture medium was
removed and CCK8 solution was added in the dark and incu-
bated at 37 °C for 90 min in the dark. The absorbance was
measured at 450 nm to calculate cell viability.

TMRE Assay

The changes of mitochondrial membrane potential in early
stage were determined by TMRE to determine the status of
early apoptosis. The culture medium was sucked and dis-
carded, rinsed with PBS, added with TMRE staining work-
ing solution in the dark, incubated at 37 °C for 30 min, and
rapidly imaged under a fluorescence microscope to maintain
the same exposure.

TUNEL Assay

Apoptosis was detected by terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) assay.
The reptile containing primary neurons was fixed with 4%
paraformaldehyde for 1 h, and the membrane was broken
with 0.2% Triton X-100 for 10 min. Neurons were mixed
with TUNEL reaction solution for 1 h at 37 °C and reacted
with POD for 1 h at 37 °C, DAB substrate was added, and
the reaction was performed for 1 min at room temperature,
followed by counterstaining with hematoxylin for several
seconds, gradient dehydration for 2 min, xylene transparency

Group Lentiviral transfection Modeling After modeling
CON None, normal culture Normal extracellular solution treatment for 3 h Maintenance medium for 24 h
AE None, normal culture Magnesium-free external solution treatment for
3h
NC Transfected with Lenti-pGV Magnesium-free external solution treatment for

3h

LV-FUNDCI1 Transfection with Lenti + FUNDCI1
3h

Magnesium-free external solution treatment for

Sh-FUNDC1 Transfection with Lenti + FUNDCI1 4+ shRNA Magnesium-free external solution treatment for

3h

NC negative control
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for 10 min, and mounting with neutral resin. Apoptotic cells
were observed under a fluorescence microscope, and the
number of positive cells was calculated.

Determination of Superoxide Anion

Intracellular superoxide anion levels were determined by
DHE to determine cellular oxidative stress levels. The cul-
ture medium was sucked and discarded, rinsed with PBS,
added with DHE staining working solution in the dark,
incubated at 37 °C for 30 min, and rapidly imaged under
a fluorescence microscope to maintain the same exposure.

Cell Inmunofluorescence

Immunofluorescence was used to examine whether the
magnesium-free induced in vitro epilepsy model induced
Fundc1 recruitment to mitophagy and expression of Fundcl
and LC3B. After fixation with 4% paraformaldehyde for
30 min, the membrane was broken with 0.2% Triton X-100
for 5 min and incubated with 10% goat serum for 1 h, fol-
lowed by incubation with goat anti-FUNDC1 (1:200; Sigma)
and goat anti-LC3B (1:200; Abcam) overnight at 4 °C. The
primary antibody was aspirated and discarded, rinsed with
PBS, and the secondary antibody was added and incubated
for 1 h in the dark. After rinsing with PBS, 10 pL of anti-
fluorescence attenuation mounting medium containing DAPI
was added to the slide, and the cells were removed from the
slide and covered on the slide. Observe under a fluorescence
microscope and maintain the same exposure setting.

Infection with Lentiviral Vectors

Lentivirus-transfected neuronal cells Hippocampal neurons
were placed on 6-well plates at a density of 3x 10° cells/mL,
and after 5 days of culture, neuronal cells were transfected
using Lenti-pGV, Lenti-FUNDCI, and Lenti-FUNDCI1-
shRNA, respectively, at a multiplicity of infection of 10.
After 12 h of culture, the culture medium containing len-
tiviral vectors was discarded and normal culture medium
was added; after 72 h of culture, the infection efficiency
was observed using a fluorescence microscope, and the next
intervention and detection were performed.

Statistical Processing

All results were expressed as mean + standard deviation
(SD) and analyzed using GraphPad Prism 8 software ver-
sion 3.0. Diferences between groups were determined by
using one-way ANOVA. P values <0.05 were considered
statistically significant.

Results

FUNDC1 Overexpression Attenuated AE-Induced
Neuronal Apoptosis

QPCR was used to detect the expression of FUNDCI1 to
confirm the infection efficiency of the lentiviral vector.
Pretreatment with Lenti-FUNDCI1 increased FUNDCI1
expression and pretreatment with Lenti-FUNDC1-shRNA
decreased FUNDCI1 expression compared with control
(Fig. 1A). Neuronal survival was significantly reduced in
the AE group compared with the control group as deter-
mined by the CCKS assay (Fig. 1B). FUNDCI1 overexpres-
sion using Lenti-FUNDCI could attenuate AE-induced
neuronal death, whereas downregulation of this protein
using Lenti-FUNDCI1-shRNA exacerbated AE-induced
neuronal death (Fig. 1B). Statistically, there was no signifi-
cant difference between the AE group and negative control
groups (Fig. 1B).

Early mitochondrial membrane potential was deter-
mined by TMRE to determine early apoptosis, and normal
cells showed bright red fluorescence after TMRE staining.
Neuronal apoptosis was significantly increased in the AE
group (Fig. 2A). However, overexpression of FUNDCI
attenuated AE-induced neuronal apoptosis, whereas down-
regulation of FUNDCI exacerbated this process (Fig. 2A).
There was no significant difference between the AE group
and negative control group (Fig. 2A).

The apoptosis cell was measured by TUNEL assay.
Neuronal apoptosis was significantly increased in the AE
group (Fig. 2B). However, overexpression of FUNDC1
attenuated AE-induced neuronal apoptosis, whereas down-
regulation of FUNDCI1 exacerbated this process (Fig. 2B).
There was no significant difference between the AE group
and negative control group (Fig. 2B).

In this study, overexpression of FUNDCI1 significantly
reduced the apoptosis of hippocampal neurons in epileptic
models, and had a protective effect on hippocampal neu-
rons in vitro, while knockdown FUNDCI1 did the opposite,
suggesting that FUNDC1 may protect hippocampal neu-
rons by inhibiting apoptosis pathways.

FUNDC1 Overexpression Enhanced AE-Induced
Mitophagy

LC3A/B ratio was significantly higher in the AE group
than in the control group (Fig. 3). Relative to the AE
group, overexpression of FUNDCI1 increased the LC3A/B
ratio, whereas its downregulation decreased this ratio
(Fig. 3). No difference was found between the AE group
and negative control group (Fig. 3). To further evaluate the
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Fig.1 Effect of FUNDCI on hippocampal neuronal injury induced
by acquired epilepsy (AE). A The infection efficiency of lentiviral
vectors was analyzed by QPCR analysis of FUNDCI expression.
B Hippocampal neurons were incubated with Lenti-FUNDC1 and
Lenti-FUNDC1-shRNA only for 12 h, and then cultured in mainte-
nance medium for 72 h. Cell survival was measured by CCK8 assay.
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Fig.2 Effect of FUNDCI on early apoptosis of hippocampal neu-
rons induced by acquired epilepsy (AE). A Apoptosis of hippocam-
pal neurons was detected by TMRE. Decreased red fluorescence was
observed in all AE-negative controls, while FUNDCI1 overexpres-
sion reduced AE-induced apoptosis in the Lenti-FUNDCI group. In
Lenti-FUNDC1-shRNA, down-regulation of FUNDC1 exacerbated
AE-induced neuronal apoptosis. Data are presented as mean =+ stand-
ard deviation of three independent experiments. *P <0.05 compared
with AE group. B Apoptosis of hippocampal neurons was detected

@ Springer

150
= — —
S0 T
= I 1
o)
)
S
= 50+
)
o
0- T T
S & O NN
O v \\\90 \\00
Q‘> )
X t.3
S

Hippocampal neurons were incubated with Lenti-FUNDCI, Lenti-
FUNDCI1-shRNA, or Lenti-pGV for 12 h and cultured in magnesium-
free solution for 72 h. Data are presented as mean =+ standard devia-
tion of three independent experiments. *P <0.05 compared with AE
group. ***¥P <(0.001 compared with AE group. ****P <(0.0001 com-
pared with AE group
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by TUNEL assay. Apoptotic neurons (positive cells) were observed
in the AE negative control group, while FUNDCI1 overexpression in
the Lenti-FUNDCI1 group protected against AE-induced neuronal
apoptosis. In Lenti-FUNDCI1-shRNA, down-regulation of FUNDC1
exacerbated AE-induced neuronal apoptosis. Data are presented
as mean=+standard deviation of three independent experiments.
*P<0.05 compared with AE group. **P<0.01 compared with AE
group. ****P <0.0001 compared with AE group
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Fig.3 Effect of FUNDC1 on LC3A/B ratio in acquired epilepsy
(AE). Quantitative analysis of LC3A/B ratio in hippocampal neu-
rons. by QPCR Data are presented as mean+standard deviation of
three independent experiments. *P <0.05 compared with AE group.
*#%*¥P <(0.0001 compared with AE group

effect of FUNDCI1 on mitophagy, neurons were immuno-
histochemically stained for FUNDC1 and LC3B. We found
that the expression of these proteins was increased in AE
compared with controls (Fig. 3).

Overexpression of FUNDCI further increased LC3B
expression (Fig. 4). In contrast, down-regulation of
FUNDCI1 reduced LC3B expression (Fig. 4). There was no
significant difference between the AE group and negative
control group (Fig. 4). Together, these data suggest that
mitophagy levels are regulated by FUNDCI.

Our study found that compared with the CON group, the
levels of autophagy markers were increased in the AE group,
suggesting enhanced autophagy levels in magnesium-free
induced hippocampal neurons.

FUNDC1 Overexpression Attenuated AE-Induced
Intracellular Superoxide Anion Production

Compared with the control group, the level of intracellular
superoxide anion was increased in the AE group. FUNDC1
overexpression significantly reduced intracellular superoxide
anion levels compared with the AE group (Fig. 5). In con-
trast, downregulation of FUNDC1 had the opposite effect,
exacerbating the defects observed in the AE response. There
was no significant difference the AE group and negative con-
trol group (Fig. 5).

In this study, overexpression of FUNDCI significantly
reduced AE-induced superoxide anion and the level of intra-
cellular oxidative stress, while knockdown of FUNDCI sig-
nificantly reduced the level of intracellular oxidative stress.
These results suggest that FUNDC1 can protect hippocam-
pal neurons by reducing mitochondrial oxidative stress.

Discussion

Over the years, many scholars have conducted a large num-
ber of clinical studies and animal experiments on the patho-
genesis of epilepsy, but the etiology of epilepsy is very com-
plex, and its pathogenesis still needs to be further clarified.
Increased extracellular glutamate, a neurotransmitter and
energy metabolite, is a biochemical hallmark of epileptic
tissues in animals and humans and is thought to cause neu-
rotoxicity and seizures [17, 18]. Excitatory neurotransmit-
ters such as glutamate act on the postsynaptic membrane,
increasing its depolarization, leading to mitochondrial dam-
age in neurons, and inhibiting mitophagy response [19-21].
Thus, mitophagy and oxidative stress play an important role
in the pathological process of epilepsy. Lemasters formally
proposed the term "mitophagy" in 2005 to describe the
selective degradation process of mitochondria by autophagy.
Since then, the molecular mechanism of selective mitophagy
has attracted extensive attention. Mitophagy is an important
pathway for mitochondria to maintain quality. As a mito-
chondrial outer membrane protein, FUNDCI is a novel
mitophagy receptor, which can mediate mitophagy under
hypoxia by binding to LC3. In this study, QPCR and cel-
lular immunofluorescence were used to detect the increase
of FUNDC1 and autophagy markers in epileptogenic hip-
pocampal neurons in vitro, indicating that the increased
expression of FUNDC1 may promote mitophagy in the
process of epileptogenesis. In order to investigate the exact
role of FUNDCI in epilepsy, we used the lentiviral vec-
tors overexpressing FUNDC1 and knocking down FUNDCI1
respectively to establish an in vitro magnesium-free epilep-
tic model of hippocampal neurons by interfering with the
expression of FUNDCI1. The mitophagy indexes, oxidative
stress and apoptosis-related indexes of the cells were meas-
ured in groups.

In recent years, more and more studies have found that
mitophagy plays an important regulatory role in the sei-
zure process of epilepsy. Autophagy marker protein LC3B
and mitochondrial marker TOMM?20 were used to detect
the autophagy level in the hippocampus of patients with
refractory temporal lobe epilepsy [22], and it was found
that mutations in the gene encoding mTORCI1 autophagy
inhibitor were associated with increased susceptibil-
ity to epilepsy [23]. In addition, neurotoxicity is also
involved in epileptic seizures. For example, excitatory
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Fig.4 Effect of FUNDCI on acquired epilepsy (AE)-induced immu-
nostaining for FUNDCI1 and LC3B, blue is the nucleus, red is the
marker protein (A is FUNDCI1, B is LC3B). Representative images
of FUNDC1 and LC3B immunofluorescence in hippocampal neu-

neurotransmitters such as glutamate act on the postsyn-
aptic membrane, increasing its depolarization, leading to
continuous influx of synaptic cleft, mitochondrial damage,
and blocking mitophagy response [19, 20, 24]. Focal Cor-
tex Dysplasia (FCD) is a common cause of severe epilepsy
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rons. Data are presented as mean +standard deviation of three inde-
pendent experiments. *P <0.05 compared with AE group. **P <0.01
compared with AE group ***P<0.001 compared with AE group.
##4%P <(0.0001 compared with AE group

in children, and the over-activation of mTOR and accu-
mulation of P62 play an important role in the pathogen-
esis of FCD [25]. Rapamycin is an inducer of mitophagy
and an inhibitor of mTOR, which can prevent the further
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Fig.5 Effect of FUNDCI on
intracellular superoxide anion

production in acquired epilepsy CON
(AE) cells. Levels of super-
oxide anion in hippocampal
neurons. Data are presented as
mean + standard deviation of
three independent experiments. AE
*P <0.05 compared with AE
group
NC
LV+
FUNDC1
Sh+
FUNDC1

development of epilepsy in the early stage, and late treat-
ment can reduce the seizure frequency of epileptic mice
[26, 27].

Mitophagy is a process of autophagy degradation medi-
ated by mitochondria and lysosomes. This process is used to
remove damaged and dysfunctional mitochondria from cells
[28, 29]. It allows the removal of dysfunctional mitochondria
in cells and is important for the maintenance of normal mito-
chondrial function [30]. Studies have shown that mitophagy
is closely related to the pathogenesis of epilepsy. Early stud-
ies have shown that the loss of mitochondrial membrane
potential is a signal of mitophagy [31, 32]. We found that
the levels of autophagy markers increased in the AE group
compared with the CON group, suggesting that the level of
autophagy was enhanced in magnesium-free hippocampal
neurons.

FUNDCI1 mediates selective mitophagy through the
interaction between LIR and LC3 to be coupled to the core
autophagy mechanism [33]. LC3B is a well-known marker
that is now widely used to monitor autophagy. The num-
ber of LC3B is significantly correlated with the number
of autophagosomes [34-36]. Previous studies have shown
that autophagy activity is related to different seizure types
[37, 38]. Studies have shown that autophagy is increased in
mice induced by kfucine or pilarpine during seizures, and
LC3B-positive autophagic vacuoles accumulate in the hip-
pocampus of mice after repeated seizures [39, 40]. These
damaged mitochondria can be removed by mitochondrial
protective mechanisms (decreased ATP synthase, membrane
depolarization) [41-43]. FUNDCI binds to LC3 through
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its LIR domain to form an autophagic bilayer that wraps
around mitochondria and induces mitophagy. The result-
ing mitophagy inhibits apoptosis and protects neurons [44].
The change of FUNDC1 phosphorylation level promotes
mitophagy and thus affects cell apoptosis. These results
suggest that mitochondrial damage may activate mitophagy
in rTLE, thereby removing damaged mitochondria, and the
resulting mitophagy inhibits apoptosis and protects neu-
rons. Our results were consistent with the above studies:
compared with the CON group, LC3A/B and LC3B were
increased, superoxide anion levels were increased, and cell
viability was decreased in the AE group, which suggested
that the level of autophagy, damaged mitochondria, cellular
oxidative stress and apoptosis were increased in magnesia-
free hippocampal neurons. Moreover, overexpression of
FUNDCI increased the level of mitophagy in neurons and
inhibited the level of intracellular oxidative stress and apop-
tosis, which played a protective role in neurons. In general,
insufficient mitophagy can lead to accumulation of dam-
aged mitochondria, resulting in increased excitability and
neuronal death in rTLE neurons, which may be involved in
the mechanism of epileptogenesis [21].

This study showed that overexpression of FUNDCI sig-
nificantly increased the total amount of autophagy marker
LC3B in magnesia-free epileptic hippocampal neurons.
At the same time, we also found that overexpression of
FUNDCI could significantly reduce AE-induced superox-
ide anion, intracellular oxidative stress, and apoptosis of
epileptic hippocampal neurons. Knockdown of FUNDCI1
has the opposite effect, inhibiting the expression of
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FUNDCI, reducing the level of mitophagy, accumulating
damaged mitochondria, increasing the level of apoptosis
and oxidative stress, and promoting neuronal death. This
suggests that FUNDC1 may protect hippocampal neurons
by promoting mitophagy, reducing mitochondrial oxida-
tive stress and inhibiting apoptosis pathway.

In addition, increasing evidence has shown a link
between autophagy and various physiological and path-
ological environments, and suggests that autophagy is
involved in the treatment of a variety of human diseases
[45-47]. As a novel mitophagy receptor, FUNDCI has
been reported to be involved in regulating mitophagy and
mitochondrial dynamics, and plays an important role in
maintaining the structure and function of mitochondria
[48]. Targeting FUNDCI1 has been proposed as a new
avenue to develop therapeutic interventions for a variety
of human diseases, including cardiovascular diseases,
metabolic syndrome, cancer, and COPD [48]. However,
the exact mechanism of FundCl-mediated mitophagy
and the specific role of FUNDCI in epilepsy remain
undefined,therefore, more studies are needed to elucidate
the role of FUNDCI1 in mitochondrial dynamics and regu-
lation of mitophagy, and to elucidate its role in different
diseases. Clearly, further studies on FUNDCI1 are still
needed to reveal the specific mechanism of mitophagy,
which could also help to provide new therapeutic strate-
gies for various diseases.

In conclusion, our study found that FUNDCI can allevi-
ate mitophagy, apoptosis and oxidative stress of hippocam-
pal neurons induced by epileptic seizure process, and the
underlying mechanism may be related to the regulation of
mitophagy. In future experiments, we also need to explore
the role of FUNDCI in animal epilepsy models, so as to
provide new treatment strategies for epilepsy patients.
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