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Abstract

Studies have demonstrated that LIN28 is expressed in the CNS and may exert protective effects on neurons. However, it
remains unknown whether LIN28 regulates ferroptosis in the context of epilepsy. In this study, we established an epilepsy
model by culturing hippocampal neurons from rats in a magnesium-free (Mg**-free) medium. In Mg**-depleted condi-
tions, hippocampal neurons exhibited reduced LIN28 expression, heightened miR-142-5p expression, decreased glutathi-
one peroxidase (GPX) activity and expression, elevated levels of reactive oxygen species (ROS) and malondialdehyde
(MDA), resulting in a significant decline in cell viability and an increase in ferroptosis. Conversely, overexpression of
LIN28 reversed these trends in the mentioned indices. Altogether, this study reveals that LIN28 may exert neuroprotective
effects by inhibiting the miR-142-5p expression and suppressing ferroptosis in hippocampal neurons induced by Mg?*-free
via increasing GPX4 expression.
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Abbreviations NSE Neuron specific enolase

4-HNE 4-hydroxyrenenaldehyde PD Parkinson’s disease

AD Alzheimer’s disease RBP RNA binding protein

ANOVA Analysis of variance ROS Reactive oxygen species

BCA Bicinchoninic acid SD Standard deviation

CCK-8 Cell Counting Kit-8 SDS-PAGE  SDS-polyacrylamide gel electrophoresis
CNS Central nervous system SN Substantia nigra

GPX Glutathione peroxidase TBST Tris buffer solution tween

HD Huntington’s disease TEM Transmission electron microscope
mDA Midbrain dopamine

MDA Malondialdehyde

Mg**-free  Magnesium-free Introduction

miRNA MicroRNA

Epilepsy is a prevalent neurological disorder that affects
approximately 50 million people worldwide [1]. Approxi-
mately 30% of epilepsy patients show resistance to anti-
Xiaoke Wu and Mengmeng Shi contributed equally to this work. epilepsy drugs, and temporal lobe epilepsy is a typical
representative of them [2]. Hippocampal neuronal loss is the
main pathological feature of epilepsy and involves multiple
cell death modalities such as apoptosis, necrosis, autophagy,
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programmed cell death first proposed in 2012, and several
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LIN28 is an evolutionarily highly conserved RNA binding
protein (RBP) that plays an essential role in embryogenesis,
skeletal muscle formation, germ cell development, neuronal
stem cell differentiation, and glucose metabolism. Recent
studies have found that LIN28 is likely to play an important
role in CNS diseases [7-9]. However, its role in epilepsy
and regulatory mechanisms are not fully understood.

MicroRNAs (miRNAs) are single-stranded non-cod-
ing RNAs with lengths in the range of 19-23 nucleotides
that modulate cell development, immune response, pro-
liferation, apoptosis, differentiation, and many other life
processes [10]. In our previous study, we found that a
miR-142-5p antagonist inhibited neuronal death, attenu-
ated hippocampal damage in temporal lobe epileptic mice,
improved mitochondrial function, increased mitochondrial
membrane potential, inhibited ROS production, and attenu-
ated oxygen-glucose deprivation-induced neuronal damage
[11, 12]. Other studies have reported that LIN28 reduces
its expression by binding to pre-let-7 during embryonic dif-
ferentiation. During neuronal differentiation in the mouse
embryonic carcinoma cell line P19, LIN28 inhibits miR-9
biogenesis and suppresses neuronal differentiation by bind-
ing to pre-miR-9 [13, 14]. Bioinformatics tools, it was
predicted that LIN28 can bind to the ‘GGAG’ motif of pre-
miRNA-142 to regulate miR-142-5p formation. Is it possi-
ble for LIN28 to influence the production of miR-142-5p in
a similar manner, subsequently regulating the downstream
ferroptosis process?

Ferroptosis as a non-apoptotic form of cell death that
is characterized by iron-dependent lipid peroxidation and
metabolic inhibition. GPX4 has been shown to be a nega-
tive regulator of ferroptosis, and inhibition of GPX4 func-
tion results in lipid peroxidation and leads to ferroptosis
[15]. Previously, melatonin was found to improve ischemic-
hypoxic brain injury by regulating hippocampal neuronal
ferroptosis via GPX4 signaling [16]. Therefore, we postu-
lated whether LIN28 may regulate miR-142-5p levels and
exert neuroprotective effects by controlling hippocampal
neuronal ferroptosis via GPX4 signaling.

To explore the roles of LIN28, miR-142-5p, GPX4, fer-
roptosis, and epileptogenesis, we investigated the LIN28/
miR-142-5p/GPX4 signaling pathway and its effect on fer-
roptosis in neuronal cells at the cellular level.

Methods
Bioinformatics Prediction

The effects of LIN28 on miR-142-5p were explored on the
miRBase bioinformatics database.
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Isolation of Primary Hippocampal Neurons in
Newborn Rats

Newborn SD rats obtained from the Animal Experimental
Center of Zhengzhou University were disinfected with 75%
alcohol and decapitated within 24 h of birth. Brain tissue
was excised under aseptic conditions, and hippocampal
tissue was isolated and minced. The tissue samples were
then digested by treatment with 0.125% trypsin at 37°C for
20-25 min. The digested samples were filtered using a 200-
mesh sieve, and then inoculated in a neurobasal medium
containing 2% B27, and incubated at 37°C in a 5% CO,
sterile cell culture chamber (Lishen, Shanghai, China).
After three days, cytidine was added to 5 pm in cell culture
medium, the medium was changed every three days, and
hippocampal neurons were cultured for subsequent experi-
ments. The cell morphology of hippocampal neurons was
first observed under an inverted phase contrast microscope
(OLYMPUS, Japan), and the anti-neuron specific enolase
(NSE) (Abcam, USA) was utilized to identify the purity
of hippocampal neuron cells through immunofluorescence
detection.

Experimental Design and Establishment of
Epileptiform Discharge Model

When the cell density reached a confluence of about
60-70%, lentiviral transfection was performed. All lentivi-
ruses were purchased from GeneChem (Shanghai, China).
The primary hippocampal neurons were randomly divided
into four groups: (1) control group: After incubation for 10
days, neurons were treated with normal medium (0.002 mM
glycine, ImM MgCl,, 2 mM CaCl,, 2.5 mM KCI, 10 mM
glucose, 10 mM HEPES, 145 mM NacCl dissolved in sterile
water, pH 7.4) for 3 h, and cultured in serum-free medium;
(2) No Mg?* group: After incubation for 10 days, then the
medium was replaced with a Mg?*-free physiological solu-
tion (normal medium without magnesium) and incubated for
3 h, and then normal medium culture was resumed [17, 18];
(3) No Mg?*+Vector group: After the neurons were cultured
for 6 days, the lentiviral vector was diluted in serum-free
medium to treat neurons for 24 h and cultivated with normal
medium for 24 h. Finally, on the 10th day, the neurons in the
Mg?*-free group were treated with Mg?*-free medium for
3 h, followed by culture in a serum-free medium for 24 h;
(4) No Mg*"+ LV-LIN28 group (LIN28 overexpression):
Lentivirus-LIN28 was diluted in a serum-free medium and
applied to treat neurons for 24 h after 6 days of incubation,
and the subsequent treatment was the same as that in the
NC group (Table 1). After treatment with normal cell extract
or Mg?*-free extract for 3 h, the cells were cultured with
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Table 1 Culturing flow of hippocampal neurons in each group
Group

Lentiviral transfection Modeling

Normal solution
treatment for 3 h

control group normal culture

Mg?*-free solution
treatment for 3 h

No Mg?*group normal culture

transfected with
lentivirus-vector

No Mg?*+Vector Mg?*-free solution

group treatment for 3 h
No Mg?*+ LV-LIN28 transfected with Mg**-free solution
group lentivirus-LIN28 treatment for 3 h

Table 2 The primer sequences for QPCR

Gene Sequences

GAPDH-F GACAACTTTGGCATCGTGGA
GAPDH-R ATGCAGGGATGTTCTGG
LIN28-F TGGTGTGTTCTGTATTGGGAGT
LIN28-R AGTTGTAGCACCTGTCTCCTTT
GPX4-F CCAAAGTCCTAGGAAAACGCCC
GPX4-R GGGCATCGTCCCCATTTACA
U6-F CGCAAGGATGACACGCAAAT
U6-R GTGCAGGGTCCGAGGTATTC
miR-142-5p-F GCCGCCATAAAGTAGAAAGC
miR-142-5p-R GGTGCAGGGTCCGAGGTAT

maintenance culture medium was continued for 24 h for fur-
ther experiments.

QPCR to Detect the Expression of LIN28, miR-142-
5p, GPX4

Total RNAs were extracted from hippocampal neurons
using the RNAiso Plus reagent following the manufactur-
er’s instructions (Takala, China). Subsequently, RNA was
reverse transcribed to cDNA using a reverse transcription
kit (Takala, China) and subsequently subjected to quantita-
tive polymerase chain reaction (QPCR) using QPCR Mas-
ter Mix (Vazyme, China) according to the manufacturer’s
instructions. All data were analyzed and normalized to the
expression of GAPDH or U6, and the primer sequences as
follows (Table 2):

Western Blot to Detect the Expression of LIN28,
GPX4

Total protein was extracted from the cells by using RIPA
lysis buffer (Epizyme, Shanghai). The proteins were quanti-
fied using the bicinchoninic acid (BCA) Protein Analysis kit
(Solarbio, Beijing). Equal amounts of protein were loaded
into a polyacrylamide gel and separated by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE). They were then
electro-transferred to a PVDF membrane (Millipore, USA).
The membrane was blocked with 5% BSA on tris buffer
solution tween (TBST) and incubated with primary anti-
bodies against LIN28 (1:1000, CST, USA), GPX4 (1:1000,

CST, USA), andB-actin (1:2000, CST, USA) at 4°C over-
night and then hybridized with a secondary antibody (rabbit
antibody, 1:5000, Proteintech) at room temperature for 1 h.
B-actin was used as an internal control for either total cel-
lular or cytosolic proteins. Finally, the intensity of the bands
was observed using the ECL kit (Sea Biotech, China).

Lipid Peroxidation Analysis

Centrifuging at 140 g for 5 min to ollecte each group of hip-
pocampal neurons. BODIPY 581/591 C11 (Thermo, USA)
at a concentration of Sumol/L was added to the cells, mixed
and incubated for 30 min in an incubator at 37°C. The cells
were then washed with PBS three times, resuspended in 0.5
mL PBS for flow cytometry assay (Suzhou Purification,
Suzhou).

The neuronal cells from each group were collected and
ultrasonically crushed under ice bath conditions. A BCA
protein concentration assay kit (Wanleibio, China) was used
to quantify the protein in the supernatant. Then the MDA
content of each group was assessed using an MDA reagent
(Wanleibio, China). The GPX activity of the samples was
determined using a GSH-Px kit (Wanleibio, China).

Ferroptosis and Analysis of Intracellular Iron
Deposition

The mitochondrial morphology and neurons were observed
with the transmission electron microscopy (TEM) and
then centrifuged (4°C, 1000 g, 5 min). The cells were
then counted and centrifuged to obtain supernatants (4°C,
16,000 g, 10 min). Intracellular iron was detected using iron
assay kit (Abcom, Britain) following the manufacturer’s
instructions.

CCK-8 Assay to Detect Neuronal Viability

After transfection for 48 h, the cells were switched to a
Mg**-free physiological solution and cultured for an addi-
tional 3 h, and then subject to the CCK-8 assay. Subse-
quently, 10pL of CCK-8 (Wanleibio, China) was introduced
into each well and incubated at 37°C with 5% CO, for 2 h.
The OD value at 450 nm was measured using an enzyme
marker (BIOTEK, USA).

Statistical Analysis Method
The statistical analysis was processed using GraphPad Priam
8.0 statistical software. Measurement data were shown

as mean=+standard deviation (SD). And one-way analy-
sis of variance (ANOVA) followed by Tukey’s multiple
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Fig. 2 Neuronal morphology was observed under microscope (magnification, x400). a Hippocampal neurons were cultured for 3 days. b Hippo-
campal neurons were cultured for 5 days. ¢ Hippocampal neurons were cultured for 9 days

comparisons test for comparison among groups. P < 0.5 was
considered statistically significant.

Results

LIN28 Binds to miR-142-5p Precursor pre-miRNA
and Induces miRNA Degradation

Analysis of the miRBase bioinformatics database revealed
that pre-miR-142 contains a “GGAG” sequence in its ter-
minal loop (Fig. 1). Further literature review revealed that
LIN28 could bind to the ‘GGAG’ motif of pre-miRNA to
induce miRNA degradation [19]. The results predicted that

@ Springer

LIN28 may promote miRNA degradation by binding to the
‘GGAG’ sequence of pre-miRNA.

Isolation of Neonatal Rat Hippocampal Neurons

Hippocampal neurons were isolated from neonatal SD rats
within 24 h. The cells were incubated and the cell morphol-
ogy was recorded using microscope, and two to three small
protrusions were observed after 3 days of culture. After 5
days of culture, the neurons expanded into shuttle-shaped,
high-temperature cone-shaped and polygonal. The cells
were cultured for 9 days, and were observed to be enlarged
and full, surrounded by a halo, and the protrusions were in
contact with each other, forming a complex neural network
(Fig. 2). Immunofluorescence staining was performed to
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Fig.3 The neuronal marker neurofilament (neurofilament) was visualized by immunofluorescence staining and the cell purity was identified (mag-

nification,x400). a Neurofilament. b DAPI. ¢ Merge
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Fig.4 Target molecular expression was determined by Real-time PCR.
a Expression of miR-142-5p in the group of control, No Mg? *, No
Mg? *+Vector, and No Mg? *+LV-LIN28 compared with U6. b Lin28
and GPX4 expression in the group of control, No Mg?*, No Mg?

observe neurofilament, a neuronal marker, and to identify
the purity of the cells. The results showed that neuronal
purity was over 95% of 300 cells (Fig. 3).

LIN28 Expression in the Epileptiform Discharge
Model

Hippocampal neuronal cells were transfected with LIN28
overexpression lentivirus, and a spontaneous epileptiform
discharge model was established using a Mg**-free physi-
ological solution. Real-time PCR was performed to detect
the expression of LIN28, miR-142-5p, GPX4, whereas the
expression of LIN28 and GPX4 proteins was determined by
Western blot. The results showed that compared with the
control group, the No Mg?** group had significantly lower
expression level of LIN28 and GPX4 and significantly
higher expression of miR-142-5p. Compared with the
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*+Vector, and No Mg? *+LV-LIN28 compared with GAPDH. Com-
paring with the control group, ** P<0.01, * P<0.05; comparing with
the No Mg? *+Vector group, ** P<0.01, * P<0.05

Vector group, the protein level of GPX4 in the LV-LIN28
group was significantly higher, and the manifestation of
miR-142-5p was significantly lower (Figs. 4 and 5).

ROS, MDA Content and GPX Activity in the Epileptic
Discharge Model

The ROS and MDA contents were significantly increased
and GPX activity was significantly decreased in the No
Mg?2 + group relative to the control group, and the ROS and
MDA contents were decreased significantly and the GPX
activity was markedly higher in the LV-LIN28 group rela-
tive to the Vector group. (Figures 6 and 7).
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Fig. 5 Western blot analysis for protein expression.f-actin is used as
an internal reference. a Expression of Lin28 and GPX4 in the group
of control, No Mg? ¥, No Mg? *+Vector, and No Mg? *+LV-LIN28.
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Assessment of LIN28 Effect on Ferroptosis

The results showed that compared with the control group,
the No Mg?* group cells had significantly smaller mitochon-
dria and significantly increased iron deposition. Analysis
of CCK-8 assay revealed that cell viability was decreased.
Compared with the Vector group, the LV-LIN28 group
showed substantially larger mitochondria, reduced iron
deposition, and considerably higher cell viability (Figs. 8
and 9).

Discussion

Hippocampal neuronal loss is a major pathological feature
of temporal lobe epilepsy, involving various patterns of cell
death, including apoptosis, necrosis, autophagy, and pyrop-
tosis. Ferroptosis is a new type of programmed cell death
first discovered in 2012, characterized by reduced antioxi-
dant capacity and massive accumulation of lipid oxidation
in cells, mitochondrial contraction, reduced or disappear-
ance of cristae, altered membrane potential, and mitochon-
drial membrane rupture [3]. The researchers believe that
decreased ferritin promotes neuronal death in Parkinson’s
disease (PD), Alzheimer’s disease (AD), and Huntington’s
disease (HD) [20]. Recent studies have demonstrated the
role of ferroptosis in epilepsy. Data shows that in the ferric
chloride (FeCl,) -induced traumatic epilepsy model, baica-
lein reduces the number and average duration of seizures by
inhibiting ferroptosis in mice. The ferroptosis inhibitor fer-
rostatin-1 can significantly alleviate the IV and pilocarpine-
induced episodes in mice and decrease the amount of lipid
peroxide 4-hydroxyrenenaldehyde (4-HNE) and MDA in
the hippocampus. Furthermore, ferrostatin-1 prevented algi-
nate-induced temporal lobe epilepsy, reduced hippocampal

neuronal loss and restored cognitive function in rats [4—6].
Altogether, these findings indicate that there is abnormal
iron metabolism and iron-mediated oxidative damage dur-
ing the pathogenesis of epilepsy, and strategies for prevent-
ing neuronal ferroptosis can effectively treat epilepsy.
Ferroptosis is regulated by many factors, such as GPX4,
lipid synthesis, iron metabolism, methyl hydroxacid and so
on [15, 21-23]. Decreased activity of GPX4 induced fer-
roptosis in osteosarcoma cells, enhancing its sensitivity to
cisplatin. Melatonin regulates hippocampal neuronal fer-
roptosis via GPX4 and improves ischemic hypoxic brain
injury. Seratrodast inhibited ferroptosis by increasing GPX4
expression level. Overall, these findings suggest that GPX4
plays a crucial role as a negative regulator of cell ferroptosis
[16, 24, 25]. In this study, it was observed that the expres-
sion of GPX4 significantly decreased in neurons exhibiting
spontaneous epileptic discharges. This decrease was accom-
panied by elevated levels of ROS and MDA, a reduction
in mitochondrial volume, and increased intracellular iron
deposition. Collectively, these results indicate that ferrop-
tosis occurs in hippocampal neurons during epileptogenesis
and can be reversed following LIN28 overexpression.
LIN2S, also known as LIN28a in mammals, is a highly
conserved RBP involved in embryogenesis, skeletal muscle
formation, germ cell development, neuronal stem cell dif-
ferentiation, and glucose metabolism [26]. Recently, it has
been found that LIN28a is also expressed in the CNS, where
it promotes the proliferation of neural progenitors and exerts
a pro-survival effect on primary cortical neurons [7]. Fatima
et al.‘s study also demonstrated that upregulated Lin28a
promoted long-distance regeneration of corticospinal axons
and the optic nerve in mouse models of optic nerve and spi-
nal cord injury [8]. This suggests that LIN28 could be a cru-
cial molecular target for treating CNS injuries. In addition,
LIN28 conditional knockout mice showed mDA neuronal
degeneration in the SN and PD-related behavioral defects,
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Fig. 8 Mitochondrial morphology
was visualized by TEM (mag-
nification, x40,000; scale bar,
500 nm). a The group of control.
b The group of No Mg *. ¢ The
group of No Mg? *+Vector. d The
group of No Mg? *+LV-LIN28.
Comparing with the control
group, mitochondria were signifi-
cantly smaller in the No Mg? *
group; mitochondrial volume was
significantly increased in neurons
in the No Mg? *+LV-LIN28
group as compared to the No Mg?
*4+Vector group
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and LIN28a upregulation enhanced central neuronal regen-
eration and promoted the therapeutic effects of neural stem
cells on PD [9]. Together, these findings indicate that LIN28
has an essential role in CNS diseases, but its function in
epileptic disorders has not been clarified. In this study,
we found that the expression of LIN28 was significantly
reduced in the epileptiform discharge model established by
a Mg**-free solution. This significantly inhibited the occur-
rence of cell ferroptosis in hippocampal neurons and pro-
moted cell viability.

MiRNA is a single-stranded non-coding RNA with
lengths in the range of 19-23 nucleotides which participate
in cell development, immune response, proliferation, apop-
tosis, differentiation, and other life processes by inhibiting
mRNA translation and binding to other functional proteins
[10]. During neuronal differentiation in the mouse embry-
onic cancer cell line P19, LIN28 inhibits miR-9 biogenesis
by binding to pre-miR-9 which ultimately suppresses neu-
ronal differentiation [14]. LIN28 can attach to the ‘GGAG’
motif of the pre-miRNA to induce miRNA degradation
[19]. Together with the bioinformatics prediction results,
we speculated that LIN28 might inhibit the formation of the
mature body miR-142-5p by binding to pre-miR-142. Our
previous study demonstrated that miR-142-5p antagonists
inhibited neuronal death, attenuated hippocampal damage,
improved mitochondrial membrane potential, inhibited
ROS generation, and enhanced mitochondrial function in
mice with temporal lobe epilepsy [11]. In this study, experi-
mental results revealed that LIN28 overexpression reduced
miR-142-5p production, and enhanced the antioxidant
enzyme GPX4 expression thereby reversing the ferroptosis
in Mg**-free epileptogenic rats and exerted neuroprotective
effects.

In conclusion, we speculate that LIN28 can bind to pre-
miR-142 and prevent the formation of mature miR-142-5p.
This further suppresses ferroptosis in hippocampal neurons,
and ultimately inhibits epileptogenesis via GPX4 signal-
ing. Further in vivo experiments are needed to validate our
hypothesis and reveal new targets for developing therapeu-
tic strategies for epilepsy.
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