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A B S T R A C T

Ferroptosis is a newly discovered prototype of programmed cell death (PCD) driven by iron-dependent phos-
pholipid peroxidation accumulation, and it has been linked to numerous organ injuries and degenerative pa-
thologies. Although studies have shown that a variety of cell death processes contribute to JEV-induced
neuroinflammation and neuronal injury, there is currently limited research on the specific involvement of fer-
roptosis. In this study, we explored the neuronal ferroptosis induced by JEV infection in vitro and in vivo. Our
results indicated that JEV infection induces neuronal ferroptosis through inhibiting the function of the antioxidant
system mediated by glutathione (GSH)/glutathione peroxidase 4 (GPX4), as well as by promoting lipid peroxi-
dation mediated by yes-associated protein 1 (YAP1)/long-chain acyl-CoA synthetase 4 (ACSL4). Further analyses
revealed that JEV E and prM proteins function as agonists, inducing ferroptosis. Moreover, we found that
treatment with a ferroptosis inhibitor in JEV-infected mice reduces the viral titers and inflammation in the mouse
brains, ultimately improving the survival rate of infected mice. In conclusion, our study unveils a critical role of
ferroptosis in the pathogenesis of JEV, providing new ideas for the prevention and treatment of viral encephalitis.
1. Introduction

Japanese encephalitis virus (JEV), a member of the genus Flavivirus in
the Flaviviridae family, is a serious zoonotic pathogen transmitted pri-
marily by mosquito. JEV is the leading cause of viral encephalitis in
humans. Annually, 68,000 clinical cases are recorded, with 25%–30%
mortality and 30%–50% survivors suffering long-term neurological or
psychiatric aftereffects (Khare and Kuhn, 2022). Inducing neuronal cell
death and excessive neuroinflammation are the key factors in the path-
ogenesis of JEV, but the molecular mechanisms are poorly understood.

Ferroptosis is a newly discovered programmed cell death (PCD)
driven by iron-dependent phospholipid peroxide (Dixon et al., 2012).
This unique form of cell death has been well proven to be regulated by
various cellular metabolic events, and morphologically characterized
by mitochondrial atrophy, decreased mitochondrial cristae, and
altered phospholipid bimolecular structure and membrane fluidity,
which is obviously different from other PCDs (Cao and Dixon, 2016;
Stockwell et al., 2017). In addition to this, there is a significant
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accumulation of Fe2þ and lipid peroxidation in the cells where fer-
roptosis occurs (Yuan et al., 2021). Specifically, excessive intracellular
accumulation of Fe2þ tends to undergo the Fenton reaction, resulting
in excessive production of reactive oxygen species (ROS), which sub-
sequently catalyze the lipid peroxidation of polyunsaturated fatty
acids (PUFAs) in the cell membrane, leading to cell membrane damage
(Dixon et al., 2012; Tang et al., 2021).

Ferroptosis is tightly regulated by intracellular signaling pathways,
including the regulatory pathway of iron homeostasis, the transport
pathway of cystine, and the synthesis pathway of fatty acids. Among
them, dysregulation of the glutathione peroxidase 4 (GPX4)-mediated
antioxidant system is thought to be one of the main causes of ferroptosis,
and loss of GPX4 function leads to excessive accumulation of phospho-
lipid hydroperoxides and triggers catalytic reactions in the presence of
transition metals (e.g., iron), ultimately leading to cell death (Tang et al.,
2021; Zhang et al., 2023). Meanwhile, glutathione (GSH) depletion leads
to GPX4 inactivation as it serves as an electron donor for the reduction of
toxic phospholipid hydroperoxides to nontoxic phospholipid alcohols,
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and oxidized glutathione (GSSG) is produced as a byproduct during this
process (Yang et al., 2014; Forcina and Dixon, 2019). In addition,
Acyl-CoA synthase long chain family member 4 (ACSL4) is also an
important component of ferroptosis execution. ACSL4 catalyzes the
synthesis of polyunsaturated fatty acids (PUFAs), the substrate for lipid
peroxidation, thereby promoting lipid peroxidation and causing cell
death (Yuan et al., 2016; Doll et al., 2017).

Recently, studies have demonstrated that ferroptosis is involved in
the pathogenesis of various viruses. For example, Hepatitis B virus pro-
tein X stabilizes enhancer of zeste homolog 2 (EZH2) and promotes tri-
methylation of H3K27, which inhibits SLC7A11 and induces ferroptosis
in acute liver failure (Liu et al., 2021). HSV-1 disrupts cellular redox
homeostasis and promotes ferroptosis by enhancing keap1-dependent
ubiquitination and degradation of nuclear factor erythroid 2-related
factor 2 (Nrf2) (Xu et al., 2022). Newcastle disease virus (NDV) induces
GPX4-dependent ferroptosis by activating p53 (Kan et al., 2021).
Although a recent study using RNA-seq has demonstrated that
ferroptosis-related pathways are significantly activated in ZIKV-infected
mouse brains (Yan et al., 2023), there is still no clear evidence on
whether ferroptosis is involved in the pathogenesis of flaviviruses.

Here, we showed that JEV infection leads to neuronal ferroptosis by
inhibiting the function of GPX4 and upregulating the expression of
ACSL4, resulting in the neuronal damage and an inflammation response.
By establishing a mouse model, we further revealed that inhibition of
ferroptosis reduces the mortality, and alleviates the neuroinflammation
response and the cerebral damage caused by JEV infection. This study
provides novel insights into the mechanism of JEV-induced neuronal cell
death, and may provide new ideas for the prevention and treatment of
viral encephalitis.

2. Materials and methods

2.1. Reagents and antibodies

Ferroptosis agonist (Erastin, S7242), ferroptosis inhibitors [Liprox-
statin-1 (Lip-1), S7699], co-solvents (PEG300, S6704) and Tween 80
(S6702) were purchased from Selleck (Shanghai, China).

Mouse monoclonal anti-JEV NS5 and anti-JEV E antibodies were
prepared in our laboratory. GPX4 (A11243), ACSL4 (A20414), YAP1
(A21216) and GAPDH (AC002) antibodies were purchased from Abclo-
nal Technology (Wuhan, China), and goat anti-mouse/rabbit secondary
antibody labeled by horseradish peroxidase was purchased from Bos-
terbio (Wuhan, China).

2.2. Cells and viruses

BHK-21 cells (hamster kidney cell line), HeLa cells (human cervical
cancer cell line), BV2 cells, HEK-293T cells (human microglia cell line)
were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma)
with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL
streptomycin sulfate in a 37 �C, 5% CO2 incubator. SH-SY5Y cells (human
neuroblastoma cell line) were cultured in Dulbecco's modified Eagle's
medium (DMEM/High Glucose) and F12 (Servicebio) (1:1) medium with
10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin sulfate in a
37 �C, 5% CO2 incubator.

The JEV P3 strain was stored in our laboratory. Cells were infected
with JEV at an MOI of 1 for 1 h, followed by removal of the supernatant
and addition of maintenance medium containing 3% FBS. For the use of
inhibitors, Lip-1 was added into maintenance medium at a concentration
of 20 μmol/L, and maintained throughout the experiment.

2.3. Cell viability assay

For the cell viability assay, cells were seeded in 96-well plates with
50,000 cells per well, treated with JEV, Lip-1, and Ethanol and detected
using the CellTiter-Glo Luminescent Cell Viability Assay kit (Promega,
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G7570). NC cell lines, ACSL4 KD cell lines and YAP1 KD cell lines were
seeded in 96-well plates with 50,000 cells per well, and the cell viability
of each cell line was determined after 48 h using the CellTiter-Glo
Luminescent Cell Viability Assay kit (Promega, G7570).

2.4. UV inactivation of JEV

JEV stock solution was placed in a sterile 35 mm culture dish. The
exposed virus was irradiated with one 30WUV-C lamp, which was placed
5 cm above the surface of the medium, with a radiation peak at 253.7 nm
for 30 min. Inactivation was verified through plaque assay and RT-qPCR.

2.5. Western blotting

Total cell lysates were prepared using the RIPA buffer (Sigma) con-
taining protease inhibitors (Roche). After sonication, the protein con-
centration in each sample was determined by using the BCA protein assay
kit (Thermo Fisher Scientific) and boiled at 95 �C for 10 min. Equivalent
amounts of protein samples were separated by SDS-PAGE and electro-
blotted onto a polyvinylidene fluoride membrane (Roche) using a Mini
Trans-Blot Cell (Bio-Rad). The membranes were blocked at room tem-
perature (RT) for 2 h in PBS containing 3% bovine serum albumin (BSA),
followed by incubation with the indicated primary antibodies overnight
at 4 �C. After washing three times with TBS-Tween (50 mmol/L Tris-HCl,
150 mmol/L NaCl, and 0.1% [v/v] Tween 20, pH 7.4), the membranes
were incubated with secondary antibodies at room temperature for 45
min. Finally, the membranes were visualized with a chemiluminescence
system (Bio-Rad) after three times of wash.

2.6. RNA extraction and quantitative Real-time PCR (RT-qPCR)

Total RNA from cells was extracted using Trizol reagent (Invitrogen)
and cDNA was synthesized with 1 μg of RNA using ABscriptII cDNA First
Strand synthesis kit (ABclonal Technology). RT-qPCR was performed
using the 2� Universal SYBR Green Fast qPCR Mix (Abclonal Technol-
ogy) in the 7500 Real-Time PCR System (Applied Biosystems). The data
were normalized to the level of ACTB or Actb expression in each sample.
The primers used in RT-qPCR are listed in Supplementary Table S1.

2.7. Plaque assay

The harvested cell supernatants were serially diluted with DMEM,
inoculated into a monolayer of BHK-21 cells at 37 �C, discarded for 1 h
and washed three times with DMEM, switched to sodium carboxymeth-
ylcellulose (Sigma) containing 3% FBS for 4 days. Finally, after 10%
formaldehyde fixation and crystal violet staining, the virus titer was
calculated according to the visible plaques.

2.8. Lipid peroxidation assay and MDA assay

Intracellular lipid peroxidation was detected using BODIPY™
581/591 C11 (Invitrogen). The cells were seeded in 6-well plates in
advance, and after viral infection or drug treatment according to exper-
imental needs, the medium was discarded and washed once with PBS,
and after 30 min incubation with 7 μmol/L C11 BODIPY 581/591, the
cells were collected by trypsinization, and lipid peroxidation was
detected by a flow cytometer 488 nm laser FL1 detector after centrifu-
gation and PBS washing. Mouse brain tissue MDA (lipid peroxidation
product) was detected using the Lipid Peroxidation MDA Assay Kit
(Beyotime), and the specific steps were tested according to the manu-
facturer's instructions.

2.9. GSH assay

Cells are seeded in 12-well plates, collected after viral infection or
drug treatment, and tested according to the instructions for the GSH and
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GSSG Assay Kit (Beyotime). GSH and GSSG concentrations were calcu-
lated using a standard curve and normalize to total protein levels.

2.10. CRISPR-Cas9 KD cells

The CRISPR-Cas9 expression system using single-guide RNAs
(sgRNAs) knocks down ACSL4 or YAP1 in cells. First, sgRNA was cloned
onto lentiGuide vectors, and HEK-293T cells were co-transfected with
packaged plasmids pMD2.G and pSPAX2 using FuGENE HD Transfection
Reagent (Promega). After 48 h, viral supernatants were collected to
infect SH-SY5Y cells and sgRNA-expressing cells were screened out with
1 μg/mL puromycin.

The sequences of sgRNAs were as follows:

ACSL4 sgRNA: 50- CACCGCGTGTGCATCGTCACCAACG -30

YAP1 sgRNA: 50- CACCG GAGGCAGAAGCCATGGATCC -30

2.11. Construction of JEV structural protein stable ectopic expressed SH-
SY5Y cell lines

Using the JEV cDNA as template, C, prM, and E genes were separately
cloned into the p3�FLAG-CMV-10 using the PCR/restriction digest-
based cloning method, and were verified by sequencing. Then the
target genes with 3� flag tag at the N-terminus were ligated into the pLV-
EF1α-IRES-Puro lentiviral vector through ClonExpress Ultra One Step
Cloning Kit V2 (Vazyme). For stable expression, the pLV-EF1α-IRES-Puro
lentiviral vector containing the desired gene, together with the packing
plasmids pMD2.G and pSPAX2, were transfected into HEK-293T cells. At
48 h post-transfection, viral supernatants were collected, and then
inoculated to SH-SY5Y cells for another 48 h. The infected cells were
selected with 1 μg/mL puromycin, and then plated into 12-well plates for
further experiments.

2.12. Animal experiments

Adult five-week-old C57BL/6 mice were purchased from the Labo-
ratory Animal Center, Huazhong Agricultural University, Wuhan, China.
Mice were randomly divided into four groups: a control group (Mock þ
DMSO; n¼ 13); a group treated with Lip-1 alone (Mockþ Lip-1; n¼ 13);
JEV and cosolvent treatment group (JEVþDMSO; n¼ 13); JEV and Lip-1
treatment groups (JEV þ Lip-1; n ¼ 13). Mice in the JEV-infected group
were Intravenous injected with 105 PFU JEV P3 strain, while the mock
group was treated with DMEM. Lip-1 was administered via intravenous
injection at a dose of 10 mg/kg per mouse, and the control group was
treated with co-solvent.

2.13. Hematoxylin-eosin (H&E) staining and immunohistochemistry

Brain tissue samples were collected and sectioned after title wax
block, and the sections were stained by H&E staining and examined by
IHC, respectively. Antibodies used for IHC are as follows: anti-IBA-1, anti-
GFAP and anti-NEUN. IHC was analyzed using ImageJ software.

2.14. Isolation of mouse primary neurons and glial cells

C57BL/6 mice were set up for timed matings, and whole brains were
extracted from embryos at embryonic day 15–16. In aseptically condi-
tions, cerebral cortex from embryos were gently separated from the brain
in pre-cooling HBSS solution (Sigma). Isolated cortex hemispheres were
then cut into small pieces (~1 mm3) and treated with 0.25% Trypsin for
15–20 min at 37 �C to perform enzymatic dissociation. Then transfer the
enzymatically digested tissue to DMEM containing 5% FBS (Gibco) and
0.75 mg/mL Dnase I (Beyotime Biotechnology), continue to react at 37
�C for another 5 min. After gently resuspend, the obtained cell suspension
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was placed on ice and allowed to stand for 5 min. Then the supernatant
was transferred to a new centrifuge tube, and centrifuged at 1000 �g for
3 min to obtain primary cells. The primary cells were collected and
diluted to 5� 106 cells/mL andmaintained in DMEMmedium containing
5% FBS. The mixed primary cells were seeded in polylysine-coated (20
mg/mL, Beyotime Biotechnology) 12-well plates, and replaced culture
medium with Neurobasal medium (Gibco) supplemented with 2% B-27
(Gibco) at 6 h post-seeding, and cultured for 4 days to obtain primary
neurons for subsequent experiments. To obtain primary glial cells, the
obtained mixed primary cells were seeded in 12-well plates, and the
culture medium was replaced with DMEM containing 10% FBS at 24 h
post-seeding. The cells were then cultured for 7–10 days.

2.15. Statistical analysis

All experiments were conducted at least three times with similar re-
sults. Statistical analysis was carried out using GraphPad Prism software
(version 8.0.1) for Student's two-tailed unpaired t-test for both groups or
Dunnett's multiple comparison test for one-way ANOVA.

3. Results

3.1. JEV infection induces ferroptosis in neurons

Although it has been reported that JEV infection can reduce intra-
cellular GSH concentration and the activity of GPX4 in mouse brain
(Kumar et al., 2009), whether ferroptosis is involved in the pathogenesis
of JEV remains to be further studied. We first explored whether JEV
infection can regulate the expression of ferroptosis-related genes in
neurons. As shown in Fig. 1A–B and Supplementary Fig. S1A–D, both
ferroptosis agonist treatment or JEV infection significantly increased the
expression of PTGS2, which was considered as a marker of ferroptosis
(Zhou et al., 2022), in SH-SY5Y cells and mouse primary neurons. We
then observed JEV-infected SH-SY5Y cells through electron microscopy,
and found typical ferroptosis-related morphological abnormalities,
including mitochondrial shrinkage, reduction of mitochondrial cristae,
and mitochondrial outer membrane rupture, which are consistent with
previous reports (Fig. 1C) (Yagoda et al., 2007; Dixon et al., 2012;
Friedmann Angeli et al., 2014). Since ferroptosis is driven by lethal lipid
peroxidation, we then detected the level of lipid peroxidation in
JEV-infected cells. The results showed that, similar to the ferroptosis
agonist-treated group (Supplementary Fig. S1E and F), JEV infection
significantly promoted lipid peroxidation in SH-SY5Y cells and mouse
primary neurons in a time-dependent manner (Fig. 1D–G). These findings
suggested that JEV infection may lead to neuronal ferroptosis. To further
clarify this conclusion, ferroptosis inhibitor Lip-1 was employed to test
whether inhibiting ferroptosis could affect neuronal death induced by
JEV infection. It was found that Lip-1 treatment not only reduced the
level of lipid peroxidation in JEV-infected SH-SY5Y cells, but also
inhibited the cell death caused by JEV infection (Fig. 1H–J). Overall,
these findings demonstrate that JEV infection induces the ferroptosis in
neurons.

In order to determine whether JEV-induced ferroptosis is specifically
in neurons, experiments were conducted on HeLa, BHK-21 and BV2 cells,
and the results showed that JEV could induce ferroptosis in BHK-21 cells
but not in HeLa and BV2 cells (Supplementary Fig. S2), suggesting that
JEV-induced ferroptosis is not a common cellular process during infec-
tion. However, further investigation is necessary to determine the un-
derlying factors that govern the occurrence of ferroptosis in JEV-infected
cells.

3.2. JEV infection inhibits GSH-GPX4 pathway

It is known that GPX4-mediated scavenging of lipid peroxides plays a
central role in regulating ferroptosis, and relevant studies have shown
that JEV can inhibit the activity of GPX4 (Kumar et al., 2009). Hence, we



Fig. 1. JEV infection induces ferroptosis in neurons. A and B SH-SY5Y cells or mouse primary neurons were infected with JEV at an MOI of 1 or mock-infected. At
indicated time post-infection, cells were subjected to RT-qPCR to detect the mRNA level of PTGS2. C Transmission electron microscopy of SH-SY5Y cells treated with
DMSO (12 h), erastin (10 μmol/L, 12 h), and JEV (1 MOI, 24 h). Scale bars, 1 μm (top row), 200 nm (bottom row). D to G SH-SY5Y cells or mouse primary neurons
were infected with JEV at an MOI of 1 or mock-infected. At indicated time post-infection, cells were harvested and stained with C11 BOIPY 581/591, followed by
analysis of lipid peroxidation through flow cytometry. H to J SH-SY5Y cells were infected with JEV at an MOI of 1 or mock-infected, followed by incubated with 20
μmol/L Lip-1 or the vehicle (Ethanol). At 24 h post-infection, the cells were subjected to detect the level of lipid peroxidation (H and I), and the cell viability (J). Data
are representative of three independent experiments with three biological replicates. Significance was analyzed using a Student's two-tailed unpaired t-test (n ¼ 3 in
each group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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explored the role of the GPX4-mediated antioxidant pathway in response
to JEV infection. As shown in Fig. 2A–C, JEV infection decreased the
content of intracellular GSH, and inhibited the expression of GPX4 in
SH-SY5Y cells. Moreover, GPX4-overexpressed and GPX4 knockdown
(KD) SH-SY5Y cells were generated respectively (Fig. 2D and Supple-
mentary Fig. S3A and B), followed by infection with JEV at an MOI of 1.
As expected, overexpression of GPX4 abolished the upregulation of lipid
peroxidation induced by JEV infection (Fig. 2E and F), while KD of GPX4
remarkably promoted this process (Supplementary Fig. S3C and D).
Taken together, the results indicate that JEV infection induces ferroptosis
in neurons by inhibiting the function of GSH-GPX4 axis.

3.3. JEV induces ferroptosis by affecting the YAP1-ACSL4 pathway

Long-chain acyl-CoA synthetase 4 (ACSL4) is essential for the
occurrence of ferroptosis, which catalyzes the biosynthesis of lipid con-
taining PFUAs and promotes the accumulation of lipid peroxidation
products (Zhang et al., 2022). Mechanistically, ACSL4 activates PUFAs,
which are then inserted into plasma membrane phospholipids via lyso-
phosphatidylcholine acyltransferase 3 (LPCAT3) (Yuan et al., 2016; Doll
et al., 2017). Arachidonic acid (C20:4) and adrenic acid (C22:4) are the
main lipid peroxidation substrates that contribute to the occurrence of
ferroptosis (Doll et al., 2017; Kagan et al., 2017; Lee et al., 2020).
Therefore, we subsequently explored the effect of JEV infection on ACSL4
and its upstream key transcriptional activator YAP1 (Wu et al., 2019;
Yang et al., 2020; Chen et al., 2022). As shown in Fig. 3A–F, JEV infection
significantly promoted the expression of yes-associated protein 1 (YAP1)
and ACSL4 at the protein and mRNA levels in SH-SY5Y cells, implying
that JEV may induce ferroptosis by affecting their functions. To test this
hypothesis, we generated ACSL4 KD SH-SY5Y cells (Fig. 3G), and cell
viability assays showed that KD of ACSL4 had no effect on cells (Fig. 3H).
JEV infection of ACSL4 KD or wild-type cells revealed that KD of ACSL4
conspicuously attenuated the JEV-induced lipid peroxidation (Fig. 3I and
J). We subsequently generated YAP1 KD SH-SY5Y cells to verify its
function in JEV-induced ferroptosis (Fig. 3K and L). It was found that KD
of YAP1 abrogated the upregulation of ACSL4 and lipid peroxidation
Fig. 2. JEV infection inhibits GSH-GPX4 pathway. A to C SH-SY5Y cells were infected
were harvested and the intracellular GSH levels were measured using a GSSG/GSH qu
detecting the expression of GPX4 and JEV NS5 (B). Relative quantification of GPX4
blotting analysis of the expression of GPX4 in SH-SY5Y cells. E and F Wild type (WT)
indicated time post-infection, cells were harvested and stained with C11 BOIPY 581/
representative of three independent experiments with three biological replicates. Sign
¼ 3 in each group), *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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induced by JEV infection (Fig. 3M–P), indicating that JEV infection
promoted ASCL4-mediated ferroptosis by up-regulating the expression of
YAP1. Collectively, our results demonstrate that the YAP1/ACSL4 axis
play an important role in JEV-induced neuronal ferroptosis.
3.4. JEV E and prM proteins contribute to ferroptosis

In order to explore which component of JEV is responsible for
inducing ferroptosis, we infected SH-SY5Y cells with JEV and UV-
inactivated JEV(UV), and collected cell supernatants and cells at
different time points for the detection of ferroptosis (Fig. 4A). The results
showed that JEV(UV) still induced the upregulation of PTGS2 (Fig. 4B),
degradation of GPX4 (Fig. 4C and D), and promotion of lipid peroxida-
tion in SH-SY5Y cells (Fig. 4E and F), indicating that JEV-induced neu-
rons ferroptosis may be attributed to structural proteins.

For the purpose of elucidating which JEV structural protein works as
a ferroptosis agonist during infection, three FLAG-tagged structural
proteins of JEV were ectopic expressed in SH-SY5Y cells respectively. As
shown in Fig. 4G–J, ectopic expression of JEV E or prM remarkably led to
the degradation of GPX4 and the upregulation of PTGS2 and lipid per-
oxidation, while ectopic expression of JEV C had no noticeable effect.
Thereby, these data indicate that JEV E and prM proteins contribute to
ferroptosis during infection.
3.5. Ferroptosis contributes to JEV-induced neuroinflammatory response in
vitro

Given the important role of ferroptosis in inflammation, we sought to
investigate whether JEV-induced neuronal ferroptosis is associated with
neuroinflammation caused by JEV infection. To this end, mouse primary
neurons were isolated and infected with JEV, and the infected cells and
the supernatant were collected at 48 h post-infection. The RT-qPCR
analysis revealed that JEV infection significantly increased the produc-
tion of inflammatory cytokines, and this process was partially prevented
in the presence of ferroptosis inhibitor Lip-1 (Fig. 5A and B).
with JEV at an MOI of 1 or mock-infected. At indicated time post-infection, cells
antification kit (A). Total proteins were subjected to Western blotting analysis for
, normalized by GAPDH, was performed using ImageJ software (C). D Western
and pLV-GPX4 cells were infected with JEV at an MOI of 1 or mock-infected. At
591, followed by analysis of lipid peroxidation through flow cytometry. Data are
ificance was analyzed using a Student's two-tailed unpaired t-test (A, C and F) (n



Fig. 3. JEV induces ferroptosis by affecting the YAP1-ACSL4 pathway. A to F SH-SY5Y cells were infected or mock-infected with JEV at an MOI of 1. At indicated time
post-infection, cells were harvested and subjected to Western blotting analysis for detecting the expression of ACSL4, YAP1 and JEV NS5 (A and D). Relative
quantification of ACSL4 and YAP1 normalized by GAPDH were performed using ImageJ software (B and E). Total RNAs were extracted from the cells from different
groups and subjected to RT-qPCR to detect the mRNA levels of YAP1 and ACSL4 (C and F). G and H ACSL4 knockdown (KD) cells were subjected to Western blotting
analysis for detecting the expression of ACSL4 (G) and the viability assay at different time (H). I and J NC and ACSL4 KD cells were infected or mock-infected with JEV
at an MOI of 1. At 24 h post-infection, the cells were subjected to detect the level of lipid peroxidation. K and L YAP1 KD cells were subjected to Western blotting
analysis of the expression of YAP1 (K) and the viability assay at different time (L).M and N NC and YAP1 KD cells were infected with JEV at an MOI of 1. At 36 h post-
infection, total proteins were subjected to Western blotting analysis for detecting the expression of ACSL4, YAP1, GPX4 and JEV NS5 (M). Relative quantification of
ACSL4 normalized by GAPDH was performed using ImageJ software (N). O and P NC and YAP1 KD cells were infected or mock-infected with JEV at an MOI of 1. At
24 h post-infection, the cells were subjected to detect the level of lipid peroxidation. Data are representative of three independent experiments with three biological
replicates. Significance was analyzed using a Student's two-tailed unpaired t-test (n ¼ 3 in each group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns,
not significant.
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Fig. 4. JEV E and prM proteins contribute to ferroptosis. A–F SH-SY5Y cells were infected with either UV-inactivated JEV(UV) or JEV at an MOI of 1. The inactivation
efficiency was verified through plaque assay (A), and the cells were subjected to RT-qPCR to detect the mRNA level of PTGS2 at indicated time post-infection (B). And
total proteins were subjected to Western blotting analysis for detecting the expression of GPX4 (C and D). At indicated time post-infection, the cells were subjected to
detect the level of lipid peroxidation (E and F). (G to J) Flag-tagged JEV C, E, and prM proteins were ectopic expressed in SH-SY5Y cells, and cells were subjected to
Western blotting analysis for detecting the expression of Flag and GPX4 (G). The mRNA levels of PTGS2 were determined by RT-qPCR (H) and the lipid peroxidation
was determined by flow cytometry (I and J). Data are representative of three independent experiments with three biological replicates. Significance was analyzed
using one-way ANOVA with Dunnett's multiple comparisons test (B, D, F, H and J) (n ¼ 3 in each group). *P < 0.05, **P < 0.01, ****P < 0.0001. ns, not significant.
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Neuronal injury is a powerful physiological trigger for glial activation
after JEV infection (Chen et al., 2010). To simulate this process, we then
incubated mouse primary glial cells with UV-inactivated supernatant of
JEV-infected neurons collected in the previous experiment. It was shown
that the Lip-1 treatment obviously weakens the activation of glial cells
induced by the supernatant from JEV-infected neurons (Fig. 5C). Taken
together, our data demonstrate that inhibition of ferroptosis can not only
directly inhibit JEV-induced neuronal inflammatory response, but also
indirectly inhibit the activation of glial cells, hinting the key role of
ferroptosis in JEV-induced neuroinflammation.

3.6. Ferroptosis is involved in the pathogenesis of JEV

To further verify whether JEV infection can lead to ferroptosis in vivo,
we first tested JEV-infected mouse brains, and found that JEV infection
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could significantly promote the expression of Ptgs2 and suppress GPX4
(Supplementary Fig. S4A–C). Moreover, an increased malondialdehyde
(MDA) level in brains were observed, which is a lipid peroxidation
product (Supplementary Fig. S4D). These results indicate that ferroptosis
occurs in the brains of JEV-infected mice. Subsequently, in order to
explore the contribution of ferroptosis to the pathogenesis of JEV, a
mouse model of JEV infection was employed. Briefly, six-week-old
C57BL/6 mice were infected intraperitoneally with 105 PFU JEV or
with an equal volume of DMEM. The mice were administrated intrave-
nously with Lip-1 at a dose of 10 mg/kg or an equal volume of DMSO
once a day for 3 days. The state of mice was continuously observed and
recorded until 25 days post-infection, and samples were collected at
corresponding time points for subsequent detection (Fig. 6A). As shown
in Fig. 6B–C, Lip-1 treatment reduced mortality and ameliorated clinical
signs of acute encephalitis in JEV infected mice. Meanwhile, we
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Fig. 5. Ferroptosis contributes to JEV-induced neuroinflammatory response in vitro. Primary neurons were infected or mock-infected with JEV at an MOI of 1, fol-
lowed by incubated with 10 μmol/L Lip-1 or the vehicle (Ethanol). At 48 h post-infection, the supernatant was collected and inactivated by UV treatment. Mouse
primary glial cells were incubated with UV-inactivated supernatant of JEV-infected neurons for another 48 h. The primary neurons (A to D) and glial cells (E to G)
were subjected to RT-qPCR to detect the mRNA level of JEV C gene and the proinflammatory genes (Ccl-5, Il-6, Tnf-α). Data are representative of three independent
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0.05, **P < 0.01, **P < 0.001, ****P < 0.0001. ns, not significant.
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measured the viral load in the brains of mice from each group at 6 days
post-infection, and the results showed that virus titer significantly lower
in Lip-1 treated groups (Fig. 6D). These results collectively suggest that
the inhibition of ferroptosis reduces the lethality of the JEV-infectedmice
and reduces the proliferation of JEV in the brain.

Moreover, on the 6th day post-infection, a general histological ex-
amination of brains was conducted to evaluate whether ferroptosis is
associated with JEV-induce pathological changes. The brain tissue of
JEV-infected mice developed vascular sleeves and meningitis, which was
mitigated by Lip-1 (Fig. 6E). Excessive inflammatory responses mediated
by activated glial cells are known to contribute to the pathogenesis of JEV
(Ghoshal et al., 2007). To verify if ferroptosis is involved in this process,
we performed IHC experiments with antibodies against IBA-1 and GFAP,
which specifically recognizes microglia and astrocytes, and found that
Lip-1 treatment reduced the proliferation of microglia and astrocytes in
JEV-infected mice (Fig. 6F). Furthermore, inflammatory cytokines in
brain tissue were also detected. It was observed that Lip-1 treatment
significantly reduced the production of inflammatory cytokines in the
brain tissue of JEV-infected mice (Fig. 6G). In summary, these results
suggest that ferroptosis is involved in pathogenesis of JEV in vivo, and
highlight it as a potential therapeutic target for JEV-related diseases.

4. Discussion

Since the discovery of ferroptosis as a form of programmed cell death,
a large number of studies have focused on its implications in various
diseases, including cancer, neurodegenerative diseases, acute kidney
injury and stroke and other diseases (Li et al., 2020). In recent years,
relevant literature has explored the relationship between viral infection
and ferroptosis, however, the specific connection to the pathogenesis of
flavivirus, especially JEV, remained to be further explored. In this study,
we demonstrate that ferroptosis is involved in the neuronal death
induced by JEV infection in vivo and in vitro. On the one hand, JEV re-
duces the activity of GPX4 by reducing the level of GSH, resulting in the
loss of antioxidant capacity of neurons, which leads to the occurrence of
ferroptosis. On the other hand, JEV infection promotes the expression of
ACSL4 through YAP1, hinting that JEV may mediate the production of
PUFA through this pathway, thereby interfering with the synthesis of
neuronal polyunsaturated lipids and ultimately promoting the
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occurrence of ferroptosis. Importantly, we found that the inhibition of
ferroptosis can reduce neuroinflammation and attenuate brain damage
caused by JEV infection. These results indicate that ferroptosis plays an
important role in the pathogenesis of JEV, and suggest that targeting
ferroptosis may become a new therapeutic method for Japanese en-
cephalitis in the future.

It has been reported that glutamate and oxidative damage may play
an important role in neurobehavioral impairment and cell death in JEV-
infected rats (Chauhan et al., 2017), and flavivirus infection induces
oxidative stress in infected cells (Kumar et al., 2009; Wang et al., 2013;
Olagnier et al., 2014), implying that ferroptosis may be involved in the
pathogenic process of JEV. Ferroptosis occurs when the rate of intracel-
lular lipid reactive oxygen species production exceeds the oxidative ca-
pacity of cells. The main antioxidant system in cells is the system
Xc�/GSH/GPX4 axis (Dixon et al., 2012; Friedmann Angeli et al., 2014;
Yang et al., 2014), therefore, dysfunction of any one part of this system
can lead to the occurrence of ferroptosis. The system Xc� is a cys-
tine/glutamate anti-transporter that promotes the exchange of cystine
and glutamate on the plasma membrane (Bannai and Kitamura, 1980),
and Cystine is the limiting amino acid for GSH synthesis (Mandal et al.,
2010; Doll and Conrad, 2017). Inactivation of GPX4 caused by GSH
deficiency will lead to disorder function of cellular antioxidant system
and abnormal accumulation of ROS, which promotes the occurrence of
lipid peroxidation and causes membrane damage (Maiorino et al., 2018).
In this study, we demonstrated that JEV-infection suppresses intracel-
lular antioxidant function by inhibiting GPX4 expression but did not
further explore whether JEV also altered the function of systemic Xc�.
Given that a previous study has shown that NDV infection can induce
ferroptosis by inhibiting the Xc�/GSH/GPX4 axis (Kan et al., 2021), it is
reasonable to propose that the regulation of system Xc� may also play a
role in JEV-induced ferroptosis cell death. These reports are consistent
with our findings, whether JEV infection can affect the function of system
Xc�/GSH/GPX4 axis is worth further exploring.

The role of ACSL4 in ferroptosis sensitivity and its contribution to this
regulated cell death process have been confirmed by recent studies (Yuan
et al., 2016; Kagan et al., 2017; Chen et al., 2021). ACSL4 plays a critical
role in the metabolism and incorporation of PUFAs into the phospholipid
membranes of cells (Bouchaoui et al., 2022). Esterified PUFAs are
particularly susceptible to lipid peroxidation, which initiates the
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Fig. 6. Ferroptosis is involved in JEV pathogenesis in vivo. A Diagram of infection scheme and subsequent treatment model in animal experiment. Six-week-old
C57BL/6 mice (n ¼ 13 per group) were intraperitoneally infected with 105 PFU JEV or mock infected, and JEV infected mice were intravenously treated with
Lip-1 or DMSO. The mice's condition was continuously observed and recorded until 25 days post-infection, and samples were collected at 6 days post-infection for
subsequent detection. B–C The survival rate and behavioral score of mice in each group were monitored at 25 days post-infection JEV. D Viral titers in the mouse brain
were detected by plaque assay at 6th day after JEV infection. E Pathological changes in mouse brain tissues were analyzed by H&E staining. F Immunohistochemistry
(IHC) was performed to observe the activation of glial cells or the death of neurons. Black box visualization indicates activated glial cells and perivascular cuffing.
Scale bar, 100 μm. An integrated option density analysis of three visual fields from each group was performed to quantify the results of IHC. G The mRNA expression
levels of inflammatory cytokines (Ccl2, Ccl5, Il-6 and Tnf-α) in brain tissue lysates were quantified by RT-qPCR. Significance was analyzed using a Student's two-tailed
unpaired t-test (D, F and G) (n ¼ 3 in each group), or using survival curve comparison (C), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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ferroptosis (Kagan et al., 2020; Yang et al., 2022). More importantly, the
fact that the brain is rich in two key ACSL4 substrates, arachidonic acid
and docosahexaenoic acid (Chen et al., 2008), prompted us to focus on
ACSL4-mediated lipid metabolism pathways in the pathogenesis of JEV.
Our results revealed that JEV infection promoted the expression of
ACSL4 in neurons, and caused neuronal lipid peroxidation and ferrop-
tosis. Moreover, we also observed a significant upregulation of YAP1
expression in JEV-infected neurons, which is related to the Hippo
signaling pathway (Cottini et al., 2014). YAP1 is a transcriptional coac-
tivator that regulates various cellular processes, including ferroptosis
(Dai et al., 2020; Sun and Chi, 2021), and it has been reported that YAP
mediates exertional heatstroke induced ACSL4 upregulation through
TEAD1/TEAD4-related Hippo signaling, which in turn increases lipid
peroxidation levels and causes ferroptosis in skeletal muscle cells (Yang
et al., 2020; He et al., 2022). Specifically, our results suggest that the
oncoprotein YAP1 upregulated the expression of ACSL4 in response to
JEV infection, which whereafter promotes the neuronal ferroptosis. It is
worth noting that in our study, we found that knockdown of YAP1
significantly decreased the expression of GPX4, a key suppressor of fer-
roptosis (Fig. 3M). This may be the reason why that the effect of
knockdown of YAP1 was not as effective as knockdown of ACSL4 on
suppressing JEV-induced ferroptosis, as attenuation of GPX4 restored the
inhibitory effect of ferroptosis caused by YAP1 knockdown, while studies
have shown knockdown of ACSL4 would promote the expression of GPX4
(Li et al., 2019; Wang et al., 2022). These findings highlight the
complexity of the interplay between various signaling pathways and their
effects on expression of ACSL4 in JEV-induced ferroptosis and other
neurodegenerative diseases.

The most typical clinical feature of JE is extensive inflammation of
the brain, and its clinical symptoms and mortality are associated with
viral titers in the brain, production of inflammatory mediators, and
destruction of the blood-brain barrier (Li et al., 2015). Based on the
above finding that JEV infection can induce ferroptosis in neurons, we
further explored the role of ferroptosis in JEV-induced neuro-
inflammation. In our experiments, we utilized the ferroptosis inhibitor
Lip-1 and found that it effectively inhibits the replication of JEV, sug-
gesting that the ROS induced by JEV infection may play a significant
role in its replication and proliferation. Furthermore, Lip-1 also
inhibited the inflammatory response in JEV-infected neurons and
microglia cells, and reduced neuroinflammation in JEV-infected mice.
These findings suggest that ferroptosis is strongly associated with
neuroinflammation induced by JEV infection. Lip-1 has been shown to
have therapeutic potential for various diseases. It has been reported to
mitigate neurologic deficits and cerebral edema following subarach-
noid hemorrhage and to reduce neuronal cell death (Cao et al., 2021).
In addition, Lip-1 also prevents steatosis and steatohepatitis in mice
with metabolic dysfunction-associated fatty liver disease (Tong et al.,
2023). In our study, we administered Lip-1 into JEV-infected mice with
tail vein. Therefore, we cannot exclude the possibility that the inhibitor
has influenced the pathogenic process of the JEV in the peripheral
circulation. Additionally, we only assessed the changes in virus titer
within the mouse brain, thus we were unable to determine whether the
inhibitor altered the amount of virus entering the brain by affecting
viral replication in the periphery. Ultimately, we only detected some
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widely accepted representative inflammatory factors that can be regu-
lated by JEV infection through RT-qPCR (Wang et al., 2020; Zhu et al.,
2023), further studies using other more precise methods such as ELISA
to identify more inflammatory factors or chemokines specifically
expressed by neurons or glial cells will be beneficial to further elucidate
the specific function of ferroptosis in JEV pathogenesis. At the same
time, although our study proved that ferroptosis is involved in the
pathogenesis of JEV, the contribution of other forms of cell death were
ignored. Considering that various inflammatory forms of cell death
including necrosis and pyroptosis are involved in the pathogenesis of
JEV (Ashraf et al., 2021), accurately finding the inflammatory factors
related to ferroptosis will also contribute to explore the potential
crosstalk between different cell deaths. Hence, further studies are
required to systematically explore the role of ferroptosis in JEV
pathogenesis.

5. Conclusion

In summary, our study demonstrates that JEV infection can lead to
neuronal ferroptosis by inhibiting the antioxidant function of GSH-GPX4
and promoting ACSL4 mediated lipid peroxidation. Furthermore, we also
found that ferroptosis is involved in JEV induced neuroinflammatory
responses and cerebral damage, and inhibiting ferroptosis can inhibit
JEV induced CNS damage.
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