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ABSTRACT Herpes simplex virus 1 (HSV-1) is a DNA virus belonging to the family
Herpesviridae. HSV-1 infection causes severe neurological disease in the central nervous
system (CNS), including encephalitis. Ferroptosis is a nonapoptotic form of programmed
cell death that contributes to different neurological inflammatory diseases. However,
whether HSV-1 induces ferroptosis in the CNS and the role of ferroptosis in viral pathoge-
nesis remain unclear. Here, we demonstrate that HSV-1 induces ferroptosis, as hallmarks
of ferroptosis, including Fe21 overload, reactive oxygen species (ROS) accumulation, gluta-
thione (GSH) depletion, lipid peroxidation, and mitochondrion shrinkage, are observed in
HSV-1-infected cultured human astrocytes, microglia cells, and murine brains. Moreover,
HSV-1 infection enhances the E3 ubiquitin ligase Keap1 (Kelch-like ECH-related protein 1)-
mediated ubiquitination and degradation of nuclear factor E2-related factor 2 (Nrf2), a
transcription factor that regulates the expression of antioxidative genes, thereby disturb-
ing cellular redox homeostasis and promoting ferroptosis. Furthermore, HSV-1-induced
ferroptosis is tightly associated with the process of viral encephalitis in a mouse model,
and the ferroptosis-activated upregulation of prostaglandin-endoperoxide synthase 2
(PTGS2) and prostaglandin E2 (PGE2) plays an important role in HSV-1-caused inflamma-
tion and encephalitis. Importantly, the inhibition of ferroptosis by a ferroptosis inhibitor
or a proteasome inhibitor to suppress Nrf2 degradation effectively alleviated HSV-1 en-
cephalitis. Together, our findings demonstrate the interaction between HSV-1 infection
and ferroptosis and provide novel insights into the pathogenesis of HSV-1 encephalitis.

IMPORTANCE Ferroptosis is a nonapoptotic form of programmed cell death that con-
tributes to different neurological inflammatory diseases. However, whether HSV-1
induces ferroptosis in the CNS and the role of ferroptosis in viral pathogenesis remain
unclear. In the current study, we demonstrate that HSV-1 infection induces ferroptosis,
as Fe21 overload, ROS accumulation, GSH depletion, lipid peroxidation, and mito-
chondrion shrinkage, all of which are hallmarks of ferroptosis, are observed in human
cultured astrocytes, microglia cells, and murine brains infected with HSV-1. Moreover,
HSV-1 infection enhances Keap1-dependent Nrf2 ubiquitination and degradation,
which results in substantial reductions in the expression levels of antiferroptotic genes
downstream of Nrf2, thereby disturbing cellular redox homeostasis and promoting fer-
roptosis. Furthermore, HSV-1-induced ferroptosis is tightly associated with the process
of viral encephalitis in a mouse model, and the ferroptosis-activated upregulation of
PTGS2 and PGE2 plays an important role in HSV-1-caused inflammation and encephali-
tis. Importantly, the inhibition of ferroptosis by either a ferroptosis inhibitor or a pro-
teasome inhibitor to suppress HSV-1-induced Nrf2 degradation effectively alleviates
HSV-1-caused neuro-damage and inflammation in infected mice. Overall, our findings
uncover the interaction between HSV-1 infection and ferroptosis, shed novel light on
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the physiological impacts of ferroptosis on the pathogenesis of HSV-1 infection and
encephalitis, and provide a promising therapeutic strategy to treat this important in-
fectious disease with a worldwide distribution.
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Herpes simplex virus 1 (HSV-1), an enveloped double-stranded DNA virus belonging
to the genus Simplexvirus of the family Herpesviridae, is a ubiquitous pathogen

that commonly infects humans (1). It has been estimated that 3.7 billion people under
50 years of age have HSV-1 infection globally, and HSV-1 is the most frequently identified
cause of sporadic encephalitis worldwide (2). HSV-1 encephalitis (HSE) causes severe neu-
roinflammation and impairment of neurological functions in the central nervous system
(CNS), resulting in a wide spectrum of clinical manifestations such as cognitive dysfunction,
personality changes, aphasia, and seizures, and the mortality and morbidity rates of HSE
are high, with the majority of surviving patients developing severe neurological sequelae
despite the use of antiviral therapy (3). Thus far, the mechanisms underlying the pathoge-
nesis of HSV-1-induced neurological diseases have not been completely elucidated.

Ferroptosis is a novel nonapoptotic form of programmed cell death that depends
on the formation and accumulation of iron-mediated lipid free radical (4). Ferroptosis
is characterized by the generation of excessive intracellular lipid reactive oxygen spe-
cies (ROS) and causes fatal cell lipid peroxidation when the cellular antioxidant
capacity is reduced (5). Based on this, ferroptosis sensitivity is tightly regulated by the
biological processes involved in maintaining redox homeostasis, including the produc-
tion of ROS and the biosynthesis of glutathione (GSH), the main intracellular small-mol-
ecule antioxidant. Glutathione peroxidase 4 (GPX4) utilizes reduced GSH to convert
lipid hydroperoxides to lipid alcohols via oxidizing GSH to oxidized glutathione (GSSG),
thereby preventing the lipid peroxidation of the cell membrane and inhibiting ferrop-
tosis (6). In contrast, the depletion of intracellular GSH results in the massive accumula-
tion of fatal ROS (7).

The transcription factor nuclear factor E2-related factor 2 (Nrf2) is a major regulator
responsible for the expression of a series of antioxidant genes involved in antioxidant
response pathways, including iron-dependent ROS production, GSH homeostasis, and
GPX4 activity (8). Therefore, Nrf2 is considered to be an important negative regulator
for controlling the process of ferroptosis. The activity of Nrf2 is regulated by Kelch-like
ECH-related protein 1 (Keap1) and the ubiquitin (Ub)-proteasome system (UPS) (9).
Under homeostatic conditions, Keap1 interacts with Nrf2 and directs Nrf2 degradation
via the UPS. In response to oxidative stress, Nrf2 dissociates from Keap1 and translo-
cates to the nucleus, leading to the increased expression of antioxidant-related genes
(10). Moreover, noncanonical p62-mediated autophagic degradation has also been
found to regulate Nrf2 (11).

Accumulating evidence shows that ferroptosis plays an important role in neurologi-
cal diseases since the brain has the highest level of polyunsaturated fatty acids, which
are the precursors of lipid peroxide (12). For instance, ferroptosis has been observed in
dopaminergic neurons in Parkinson’s disease and other neurodegenerative diseases
(13, 14). Lipid peroxidation and GSH depletion are tightly associated with neurological
diseases such as neurotrauma, stroke, and neurodegeneration (15). Moreover, the inhi-
bition of neuronal ferroptosis has been shown to protect brains from spontaneous in-
tracerebral hemorrhage (16).

Moreover, common features of ferroptosis, including iron overload, ROS accumula-
tion, and GSH depletion, have been observed during infections by various viruses, sug-
gesting the possible contribution of ferroptosis to viral replication and pathogenesis.
Previous studies have shown that HSV-1 infection induces the production of ROS in mu-
rine neural cells (17, 18). Furthermore, canonical antioxidants that are considered the
inhibitors of ferroptosis have been found to suppress HSV-1 replication (19). However,
whether HSV-1 induces ferroptosis in neural cells remains elusive. More importantly, it is
unclear whether and how ferroptosis functions in HSV-1-caused neurological diseases,

HSV-1-Induced Ferroptosis Contributes to Encephalitis mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.02370-22 2

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02370-22


which therefore hinders the understanding of the physiological impact of ferroptosis on
HSV-1 neuropathogenesis and the therapeutic potential of inhibiting ferroptosis in viral
diseases.

In this study, we determined that HSV-1 induced ferroptosis in human astrocytoma
and microglial cells and in vivo, and we applied a mouse model to assess its physiological
impact on the pathogenesis of HSV-1 infection. We report that HSV-1-induced ferroptosis
and HSV-1-enhanced Nrf2 degradation contribute to the development of ferroptosis. HSV-
1-caused encephalitis is tightly correlated with virus-induced ferroptosis, and the inhibition
of ferroptosis effectively alleviates HSV-1-caused neuropathogenic damage.

RESULTS
HSV-1 induces ferroptosis in human astrocytes and microglia cells. Astrocytes

and microglia cells play critical roles in HSV-caused neurological disease in the CNS.
Thus, to evaluate whether HSV-1 induces ferroptosis in these cells, we first examined the
infection efficiency of HSV-1 in human astrocytoma U373 cells and microglial HMC3 cells.
HSV-1 infection at a multiplicity of infection (MOI) of either 0.1 or 1 increased with
increasing durations, as determined by measuring the mRNA level of HSV-1 glycoprotein
D (gD), gD fluorescence staining, and observing the cytopathic effect (see Fig. S1A to D
in the supplemental material). At 24 h postinfection (hpi), gD fluorescence was observed
in the majority of cells infected with HSV-1 at an MOI of 0.1 (Fig. S1C and D), indicating a
high infection efficiency. After that, we examined the morphological phenotype of mito-
chondria in U373 cells and HMC3 cells infected with HSV-1 at an MOI of 0.1 for 24 h since
a typical morphological feature of ferroptosis is the shrinkage of mitochondria (20).
Infected U373 and HMC3 cells displayed shrunken intracellular mitochondria compared
with those of uninfected cells (Fig. 1A and B and Fig. S2A and B). Moreover, mitochond-
rion shrinkage in HSV-1-infected U373 and HMC3 cells was coincident with increases in
cell death and lipid peroxidation (Fig. 1C to H and Fig. S2C to H), other characteristics of
ferroptosis, which were examined by using cell counting kit 8 (CCK8), detecting the
release of cytosolic lactate dehydrogenase (LDH), and determining the concentration of
malondialdehyde (MDA) (an indicator of lipid peroxidation), respectively. In addition, cell
death and lipid peroxidation were induced by HSV-1 infection in a dose- and time-de-
pendent manner in both cell lines (Fig. 1C to H and Fig. S2C to H). The ferroptosis in-
ducer RSL3 was used as a positive control.

Lipid peroxidation results from the iron-dependent production of excessive ROS (5).
Thus, we measured the intracellular levels of Fe21 and ROS in HSV-1-infected cells
using an iron assay kit and a fluorometric intracellular ROS kit, respectively. Our results
showed that HSV-1 induced the accumulation of Fe21 and ROS in a dose- and time-
dependent manner (Fig. 1I to L and Fig. S2I to L). Moreover, the addition of exogenous
iron further increased the ROS levels in HSV-1-infected U373 and HMC3 cells, whereas
treatment with an iron chelator (deferoxamine [DFO]) or an antioxidant (N-acetylcys-
teine [NAC]) significantly reduced the ROS levels (Fig. 1M and Fig. S2M). These results
indicate that HSV-1-induced ROS accumulation is iron dependent. Moreover, because
the production of ROS is tightly related to glycolysis and the tricarboxylic acid (TCA)
cycle (21, 22), we further examined glycolysis and oxidative phosphorylation (OXPHOS)
in HSV-1-infected cells by measuring the extracellular acidification rate (ECAR) and the
cellular oxygen consumption rate (OCR). Seahorse analysis showed that HSV-1 increased
the glycolytic capacity (Fig. 1N and Fig. S2N) and reduced the spare respiratory capacity
(Fig. 1O and Fig. S2O) in U373 and HMC3 cells, consistent with previous observations
that a reduction in respiration induced by pathogen infection or lipopolysaccharide
(LPS) treatment can lead to an increase in ROS production (23).

We sought to examine whether the inhibition of ferroptosis can protect against
HSV-1-induced cell death and lipid peroxidation. U373 and HMC3 cells were treated
with ferrostatin-1 (Fer-1) (10 mM) or a vehicle (dimethyl sulfoxide [DMSO]), followed by
infection with HSV-1 (MOI = 0.1). Fer-1 is a potent ferroptosis inhibitor that has been
reported to prevent iron overload and ROS accumulation (20). Our results showed that
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Fer-1 treatment enhanced cell viability (Fig. 2A and B and Fig. S3A and B) and inhibited
lipid peroxidation (Fig. 2C and Fig. S3C) in HSV-1-infected cells during the infection
process. Moreover, the rescuing effects of Fer-1 on HSV-1-induced cell death and lipid
peroxidation were also dose dependent (Fig. 2D to F and Fig. S3D to F). In addition, we
examined the intracellular levels of iron and ROS in HSV-1-infected cells treated with or
without Fer-1 using confocal microscopy. An iron probe (FerroOrange) and a dichloro-
fluorescein diacetate (DCFH-DA) probe were used to detect the signals of Fe21 and
ROS, respectively. As a result, HSV-1 significantly induced the accumulation of Fe21 and
ROS, while Fer-1 treatment remarkably ameliorated such inductions in HSV-1-infected
U373 and HMC3 cells (Fig. 2G to J and Fig. S3G to J). Moreover, the Fe21 and ROS signals
tightly colocalized with the HSV-1 gD protein, confirming that the increased intracellular
ROS/iron levels were attributed to infection with HSV-1.

Interestingly, we observed that Fer-1 treatment significantly suppressed HSV-1 rep-
lication in both U373 and HMC3 cells (Fig. S4A to D). Previous studies have shown that
HSV-1 induces the production of ROS in murine neural cells (17, 18). Moreover, the in-
hibition of ROS accumulation by antioxidants can suppress HSV-1 replication (19, 24).
Thus, we speculate that intracellular ROS accumulation is important for HSV-1 replica-
tion. To test this possibility, we examined intracellular ROS levels and HSV-1 replication
in infected cells treated with exogenous ROS in the presence and absence of Fer-1,

FIG 1 HSV-1 induces ferroptosis in U373 cells. (A) U373 cells were infected or not infected with (MOI = 0.1) for 24 h, and images were obtained by
transmission electron microscopy at magnifications of �7,800. The yellow arrows indicate normal mitochondria in mock-infected cells, and the red ones
indicate shrunken mitochondria in HSV-1-infected cells. Representative images are shown. Bars, 500 nm. (B) The diameter of the mitochondria was
quantified. **, P , 0.01 (as measured by an unpaired t test). (C to H) U373 cells were infected with HSV-1 at an MOI of 0.01, 0.1, or 1 for 24 h (C to E) or
an MOI of 0.1 for 6, 12, 24, or 48 h (F to H). Cells treated with RSL3 (5 mM) for 24 h were used as the positive control. (C and F) Cell viability was
determined by a CCK8 assay, and the level of cell viability in uninfected cells was defined as 100%. (D and G) LDH released into the supernatants was determined
by a cytotoxicity assay, and the level of LDH in uninfected cells was defined as 1-fold. (E and H) The MDA concentrations in cell lysates were determined by an MDA
assay. (I and K) The ferrous iron concentrations in cell lysates were determined by an iron assay. (J and L) The ROS levels in cell lysates were determined by an ROS
fluorometric assay. RFU, relative fluorescence units; Ex/Em, excitation/emission wavelength. (M) U373 cells were treated with exogenous iron (10 mM), deferoxamine
(DFO) (100 mM), or N-acetylcysteine (NAC) (5 mM), followed by infection with HSV-1 (MOI = 0.1) for 24 h. The ROS levels in the cell lysates were determined by an
ROS fluorometric assay. Data represent means 6 SD from three repeated experiments. *, P , 0.05; **, P , 0.01 (as measured by two-way ANOVA). (N and O) U373
cells were infected with HSV-1 (MOI = 0.1) for 24 h and subjected to Seahorse analysis. Real-time changes in the ECAR (N) or OCR (O) of HSV-1-infected U373 cells
after treatment with the indicated inhibitors are shown A/R, antimycin A and rotenone.
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respectively. The addition of exogenous ROS (H2O2) significantly enhanced intracellular
ROS levels and HSV-1 gD expression in HSV-1-infected cells, whereas Fer-1 treatment
reversed such enhancements (Fig. S4E to H), indicating that Fer-1 can inhibit HSV-1
replication by preventing virus-induced ROS accumulation.

Subsequently, we sought to examine the relationship between ferroptosis and
other types of cell death, including apoptosis and necroptosis. Flow cytometry with
annexin V-allophycocyanin (fluorescein isothiocyanate [FITC])–propidium iodide (PI)
double staining was used to detect apoptosis, and Western blotting with antibodies
against phosphorylated mixed-lineage kinase domain-like protein (p-MLKL) and phos-
phorylated receptor-interacting serine/threonine protein kinase 3 (p-RIPK3) was used
to detect necroptosis signaling. Staurosporine (STS) (an apoptosis inducer) and tumor
necrosis factor alpha (TNF-a) (a necroptosis inducer) were used as positive controls.
Annexin V and PI staining was significantly increased in HSV-1-infected U373 cells com-
pared to that in mock-infected cells, indicating that HSV-1 induced apoptotic cell death
(Fig. S5A and B). Besides, HSV-1 resulted in the upregulated expression of the necrop-
tosis markers p-MLKL and p-RIPK3 (Fig. S5C). These results uncovered that HSV-1 also

FIG 2 Fer-1 inhibits HSV-1-induced ferroptosis in U373 cells. (A to F) U373 cells were treated with Fer-1 (10 mM) or the vehicle (DMSO), followed by
infection with HSV-1 (MOI = 0.1) for 6, 12, 24, or 48 h (A to C), or U373 cells were treated with Fer-1 (5, 10, or 20 mM) or the vehicle (DMSO), followed by
infection with HSV-1 (MOI = 0.1) for 24 h (D to F). (A and D) Cell viability was determined by a CCK8 assay, and the level of cell viability in uninfected cells
treated with the vehicle was defined as 100%. (B and E) LDH released into the supernatants was determined by a cytotoxicity assay, and the level of LDH
in uninfected cells treated with the vehicle was defined as 1-fold. (C and F) The MDA concentrations in cell lysates were determined by an MDA assay. (G
to J) U373 cells were infected with HSV-1 (MOI = 0.1), treated with or without Fer-1 for 24 h, and then subjected to immunofluorescence staining. The
levels of Fe21 (G and H) and ROS (I and J) were determined using FerroOrange (red) and DCFH-DA (green) probes, respectively. The levels of HSV-1
infection were determined using anti-HSV-1 gD antibody. DAPI was used for nuclear staining (blue). Bars, 20 mm. The relative fluorescence intensities of
FerroOrange, DCFH-DA, and HSV-1 gD were quantified using ImageJ software, and the level of fluorescence signals in uninfected cells treated with the
vehicle was defined as 1-fold (H and J). Representative images were acquired using fluorescence microscopy. **, P , 0.01 (as measured by two-way
ANOVA).
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induced other types of programmed cell death in U373 cells. Moreover, Fer-1 treat-
ment showed no or little effect on the apoptosis rate or necroptosis signaling in HSV-
1-infected cells (Fig. S5A to C), confirming that the rescuing effects of Fer-1 on HSV-1
infection were via inhibiting ferroptosis.

Together, our findings indicate that HSV-1 induces ferroptosis in cultured human
astrocytes and microglia cells.

HSV-1 interrupts the biosynthesis of GSH in human astrocytes and microglia
cells. The accumulation of excessive ROS can lead to lipid peroxidation and ferroptosis
(25). In response, intracellular GSH is oxidized to GSSG to scavenge massive ROS under
oxidative stress (7). Therefore, after identifying that HSV-1 induced excessive ROS pro-
duction and ferroptosis in human neural cells, we sought to examine the GSH level
and the GSH/GSSG ratio in HSV-1-infected cells using a GSSG/GSH quantification kit.
Our data showed that both the GSH level and the GSH/GSSG ratio were decreased by
HSV-1 in a dose- and time-dependent manner in both U373 and HMC3 cells (Fig. 3A to
D and Fig. S6A to D), coinciding with the increases in ROS production, lipid peroxida-
tion, and cell death (Fig. 1 and 2 and Fig. S2 and S3).

Extracellular cystine is the primary source of intracellular cysteine, which is the synthetic
substrate of GSH (26). To confirm that HSV-1 infection indeed decreased the intracellular
GSH level, U373 cells were incubated in cystine-free medium supplemented with stable-
isotope-labeled cystine ([15N2]cystine) and then infected with HSV-1 (MOI = 0.1) for 12 h to
isotopically monitor the biosynthesis of GSH and GSSG. We observed that the labeling of
GSH (M1 isotopologue [one isotope-labeled nitrogen]) and GSSG (M2 isotopologue)
derived from the [15N2]cystine-carbon was significantly decreased in HSV-1-infected cells
(Fig. 3E and F), consistent with the data obtained using the GSSG/GSH quantification kit
(Fig. 3A to D).

We sought to examine the effect of inhibiting ferroptosis on HSV-1-induced GSH
depletion. Thus, U373 and HMC3 cells were treated with Fer-1 (10 mM) or the vehicle
(DMSO), followed by infection with HSV-1 (MOI = 0.1) for 24 h. Fer-1 treatment signifi-
cantly increased the GSH level and the GSH/GSSG ratio in the infected cells (Fig. 3G to J
and Fig. S6E to H) in a time- and dose-independent manner, suggesting that intracellular
GSH is essential for scavenging HSV-1-induced ROS and the corresponding ferroptosis.
To confirm this, U373 cells were infected with HSV-1 (MOI = 0.1) for 2 h and then treated
with increasing concentrations of exogenous GSH (from 10 mM to 30 mM). Exogenous
GSH supplementation increased the intracellular GSH level and the GSH/GSSG ratio in a
dose-dependent manner in the infected cells at 24 hpi (Fig. S7A and B). In agreement
with this, the intracellular level of ROS was substantially reduced when infected cells
were supplemented with GSH (20 mM) (Fig. S7C), indicating that exogenous GSH neu-
tralized the accumulation of excessive ROS induced by HSV-1. Besides, HSV-1 replication
was also inhibited in the presence of exogenous GSH (Fig. S7D and E).

Based on these results, we conclude that the biosynthesis of GSH is interrupted in
HSV-1-infected astrocytes and microglia cells, and this process contributes to excessive
ROS accumulation and ferroptosis.

HSV-1 interrupts the biosynthesis of GSH by downregulating the protein level
of Nrf2. To further explore the details of HSV-1-induced ferroptosis, we focused on the
antioxidative genes implicated in negatively regulating ferroptosis, including ferritin
heavy chain 1 (FTH1), cystine/glutamate antiporter xCT (SLC7A11), the glutamate-cys-
teine ligase catalytic subunit (GCLC), the glutamate-cysteine ligase modifier (GCLM),
and GPX4. FTH1 is a major component of ferritin, an iron storage protein complex that
prevents the iron-mediated production of ROS (27). SLC7A11 is a key component of
the Xc system that ingests extracellular cystine in cells, which is then reduced to cyste-
ine for GSH biosynthesis (28). The glutamate cysteine ligase, composed of GCLC and
GCLM, catalyzes the rate-limiting step of GSH biosynthesis (29). GPX4 mediates the
process of GSH oxidization to GSSG for scavenging excessive ROS (30). Western blot-
ting showed that the protein levels of these genes were reduced in response to HSV-1
in a dose- and time-dependent manner in both U373 and HMC3 cells (Fig. 3K and L
and Fig. S8A and B), consistent with the results from HSV-1-induced ROS production/
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FIG 3 HSV-1 interrupts the biosynthesis of GSH by downregulating the protein level of Nrf2 in U373 cells. (A to D) U373 cells were infected with HSV-1 at
an MOI of 0.01, 0.1, or 1 for 24 h (A and B) or an MOI of 0.1 for 6, 12, 24, or 48 h (C and D). The intracellular GSH level and the GSH/GSSG ratio were
measured using a GSSG/GSH quantification kit. (E and F) U373 cells were incubated in cystine-free medium supplemented with 0.26 mM [15N2]cystine and
then infected with HSV-1 (MOI = 0.1) for 12 h. The extracted metabolites were analyzed by LC-MS/MS, and the distributions of isotopically labeled GSH and
GSSG are presented. Data represent means 6 SD from three repeated experiments. **, P , 0.01 (as measured by two-way ANOVA). (G to J) U373 cells
were treated with Fer-1 (10 mM) or the vehicle (DMSO), followed by infection with HSV-1 (MOI = 0.1) for 6, 12, 24, or 48 h (G and H), or U373 cells were
treated with Fer-1 (5, 10, or 20 mM) or the vehicle (DMSO), followed by infection with HSV-1 (MOI = 0.1) for 24 h (I and J). The intracellular GSH level and
the GSH/GSSG ratio were measured using a GSSG/GSH quantification kit. (K and L) U373 cells were infected with HSV-1 at an MOI of 0.01, 0.1, or 1 for 24 h
(K) or an MOI of 0.1 for 12 or 24 h (L). Total proteins were subjected to Western blotting with antibodies to HSV-1 gD, FTH1, SLC7A11, GCLC, GCLM, GPX4,

(Continued on next page)
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GSH depletion and ferroptosis. Moreover, the mRNA levels of these genes were also
significantly reduced in HSV-1-infected cells compared to those in uninfected cells
(Fig. 3M and Fig. S8C).

The simultaneous downregulation of the expression levels of FTH1, SLC7A11, GCLC,
GCLM, and GPX4 in HSV-1-infected cells suggests that the transcription factor Nrf2, respon-
sible for the transcription of these genes, may be dysregulated during HSV-1 infection.
Thus, we examined the expression level of Nrf2 in U373 cells and HMC3 cells infected with
HSV-1. We found that the protein levels of Nrf2 and its active phosphorylated form
(p-Nrf2) were dose- and time-dependently inhibited by HSV-1 (Fig. 3K and L and Fig. S8A
and B, bottom), while the mRNA level of Nrf2 was not or only slightly affected (Fig. 3M and
Fig. S8C), showing that HSV-1 regulates Nrf2 at the protein level. Of note, the protein level
of Keap1, the interactor and repressor of Nrf2, was stable in response to HSV-1 (Fig. 3K and
L, bottom), indicating that HSV-1 specifically targets Nrf2.

To confirm the role of Nrf2 in HSV-1-induced GSH depletion and ferroptosis, U373
cells were transfected with a plasmid encoding His-Nrf2 or an empty vector and then
infected with HSV-1 for 24 h. The protein level of endogenous Nrf2 was remarkably
reduced in the infected cells compared with that in uninfected cells, while the overex-
pression of His-Nrf2 counterbalanced the inhibitory effect of HSV-1 infection on the
protein level of endogenous Nrf2 as well as the levels of its downstream genes
(Fig. 3N). Moreover, the GSH level was significantly increased while the MDA level was
significantly reduced in infected His-Nrf2-expressing cells compared with those in
infected cells expressing the empty vector (Fig. 3O and P). Our findings indicate that
overexpressing Nrf2 reversed HSV-1-induced GSH depletion, thereby ameliorating the
process of ferroptosis. In addition, we examined ferroptosis-related genes in HSV-1-
infected cells treated with or without Fer-1. As a result, the reductions in the protein
and mRNA levels of these genes were reversed when infected cells were treated with
Fer-1 (Fig. 3Q to V and Fig. S8D to I), indicating feedback between ferroptosis and Nrf2
signaling during HSV-1 infection. Together, these results uncover that the downregula-
tion of Nrf2 plays an important role in inducing GSH depletion and ferroptosis in HSV-
1-infected cells.

Altogether, we conclude that HSV-1-induced Nrf2 downregulation leads to the loss
of its antiferroptotic activity, which contributes to interrupting GSH biosynthesis and
promoting ferroptosis.

HSV-1 inhibits Nrf2 by accelerating its ubiquitination and degradation depend-
ent on Keap1. Previous studies have shown that HSV-1 can hijack ubiquitin (Ub) ma-
chinery to establish a supportive microenvironment for efficient replication (31).
Because HSV-1 targets Nrf2 at its protein level, we speculate that HSV-1 may induce
the downregulation of Nrf2 via the UPS. To test this possibility, we examined the Nrf2
protein level in HSV-1-infected U373 cells in the presence of MG132 (a proteasome in-
hibitor) or chloroquine (an autophagosome-lysosome inhibitor for a control). Our
results showed that HSV-1 infection substantially reduced the protein level of Nrf2 in
vehicle (DMSO)-treated cells, while the Nrf2 protein level was stable in cells treated
with MG132 (Fig. 4A). In contrast, chloroquine treatment did not restore the Nrf2 pro-
tein level in the infected cells (Fig. 4A), showing that HSV-1-induced Nrf2 degradation
was not dependent on autophagy.

FIG 3 Legend (Continued)
Nrf2, p-Nrf2, Keap1, and GAPDH. (M) The expression levels of the indicated genes in U373 cells infected with HSV-1 (MOI = 0.1) were determined by qRT-
PCR at 24 hpi. The relative mRNA level of each gene in uninfected cells was defined as 1-fold. Data represent means 6 SD from three repeated
experiments. **, P , 0.01; n.s, no significance (as measured by an unpaired t test). (N to P) U373 cells were transfected with a plasmid encoding His-Nrf2 or
an empty vector and then infected with HSV-1 (MOI = 0.1). (N) At 24 hpi, total proteins were subjected to Western blotting with the indicated antibodies.
(O) The intracellular GSH level was measured using a GSSG/GSH quantification kit. (P) The intracellular MDA concentration was determined by an MDA
assay. Data represent means 6 SD from three repeated experiments. *, P , 0.05; **, P , 0.01 (as measured by two-way ANOVA). (Q to V) U373 cells were
treated with Fer-1 (10 mM) or the vehicle (DMSO), followed by infection with HSV-1 (MOI = 0.1) for 24 h. (Q to U) Total RNAs were subjected to qRT-PCR to
determine the expression levels of the indicated genes, and the relative mRNA level of each indicated gene in uninfected cells treated with the vehicle was
defined as 1-fold. Data represent means 6 SD from three repeated experiments. *, P , 0.05; **, P , 0.01 (as measured by two-way ANOVA). (V) Total
proteins were subjected to Western blotting with the indicated antibodies.
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FIG 4 HSV-1 inhibits Nrf2 by accelerating its ubiquitination and degradation dependent on Keap1. (A) U373 cells were infected with HSV-1 (MOI = 0.1)
and then treated with the vehicle (DMSO), MG132 (10 mM), or chloroquine (10 mM). At 24 hpi, total proteins were extracted and subjected to Western
blotting with the indicated antibodies. (B and C) U373 cells were transfected with siRNA targeting Keap1 (Keap1-KD) or control siRNA (si-Ctrl) for 24 h and
then infected with HSV-1 (MOI = 0.1) in the presence or absence of MG132 (10 mM). (B) At 24 hpi, total proteins were subjected to Western blotting with
the indicated antibodies. (C) Relative quantification of Nrf2 normalized by GAPDH was performed using ImageJ software, and the relative protein level of
Nrf2 in uninfected si-Ctrl cells treated with the vehicle was defined as 1-fold. *, P , 0.05; **, P , 0.01; n.s, no significance (as measured by two-way
ANOVA). (D) U373 cells were infected with HSV-1 (MOI = 0.1) in the presence or absence of MG132 (10 mM) for 24 h and subjected to
coimmunoprecipitation with anti-Nrf2 or anti-IgG antibody, followed by immunoblotting with the indicated antibodies. (E and F) The Nrf2-bound
precipitates were analyzed using anti-UbK48 and anti-UbK63 antibodies. (G) HEK293T cells were cotransfected with FLAG-Keap1 and His-Nrf2 together with
HA-UbWT, HA-UbK48, HA-UbK48R, or HA-UbK63 for 24 h and subjected to coimmunoprecipitation with anti-His antibody, followed by immunoblotting with the
indicated antibodies. An empty vector was used to make sure that the total amounts of plasmids used in each sample were equal. (H to L) U373 cells were
treated with MG132 (10 mM) or the vehicle (DMSO), followed by infection with HSV-1 (MOI = 0.1) for 24 h. Total RNAs were subjected to qRT-PCR to
determine the expression levels of the indicated genes, and the relative mRNA level of each indicated gene in uninfected cells treated with the vehicle was
defined as 1-fold. Data represent means 6 SD from three repeated experiments. **, P , 0.01 (as measured by two-way ANOVA). (M) U373 cells were
infected with HSV-1 (MOI = 0.1) and then treated with MG132 at a concentration of 1, 5, or 10 mM. At 24 hpi, total proteins were subjected to Western
blotting with the indicated antibodies. (N and O) U373 cells were treated with MG132 (10 mM) or the vehicle (DMSO), followed by infection with HSV-1
(MOI = 0.1) for 24 h. (N) The intracellular GSH level was measured using a GSSG/GSH quantification kit. (O) The intracellular MDA concentration was
determined using an MDA assay.

HSV-1-Induced Ferroptosis Contributes to Encephalitis mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.02370-22 9

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02370-22


The E3 ubiquitin ligase Keap1 regulates the protein level of Nrf2 via the UPS (9). To
test whether HSV-1-induced Nrf2 degradation depends on Keap1, we knocked down
Keap1 via RNA interference (RNAi) in U373 cells infected or not infected with HSV-1
(MOI = 0.1) and then examined the protein level of Nrf2 in the presence or absence of
MG132 at 24 hpi. As shown in Fig. 4B and C, Keap1 deficiency indeed enhanced the
protein level of Nrf2 in uninfected or infected DMSO-treated cells, while MG132 treat-
ment inhibited such enhancements in Keap1-KD (Keap1 knockdown) cells. Our findings
indicate that Keap1 is required for HSV-1-induced Nrf2 degradation.

To determine the details of Keap1 regulating Nrf2 during HSV-1 infection, U373 cells
were infected with HSV-1 (MOI = 0.1) in the presence of MG132 and then subjected to
coimmunoprecipitation (co-IP) with anti-Nrf2 antibody at 24 hpi, followed by immuno-
blotting with anti-Ub and anti-Keap1 antibodies to detect the Keap1-Nrf2 interaction
and ubiquitinated Nrf2. Interestingly, we observed that HSV-1 infection enhanced the
ubiquitination of Nrf2 (Fig. 4D). Moreover, examining the Nrf2-bound immunoprecipi-
tants with anti-Ub-Lys48 (K48) and anti-UbK63 antibodies showed that HSV-1 infection
promoted the formation of K48-linked polyubiquitin chains on Nrf2 (Fig. 4E and F). To
confirm this, HEK293T cells were cotransfected with FLAG-Keap1 and His-Nrf2, together
with hemagglutinin (HA)-tagged wild-type Ub (UbWT), HA-UbK48, HA-UbK48R (a K48 Ub
mutant that results in the premature termination of ubiquitin chains), or HA-UbK63. We
observed that the overexpression of UbK48 efficiently induced Nrf2 ubiquitination,
whereas UbK48R and UbK63 were unable to produce K48 or K63 polyubiquitin chains
(Fig. 4G). Our findings indicate that HSV-1 infection enhances Keap1-dependent Nrf2
degradation via K48-linked polyubiquitin.

To confirm the effect of HSV-1-enhanced Nrf2 degradation on ferroptosis, we exam-
ined the expression levels of antiferroptotic genes as well as the intracellular levels of
GSH and ROS in HSV-1-infected U373 cells in the presence or absence of MG132. The
mRNA and protein levels of the genes downstream of Nrf2, including FTH1, SLC7A11,
GCLC, GCLM, and GPX4, in MG132-treated infected cells were significantly increased
compared with those in DMSO-treated infected cells (Fig. 4H to M). Moreover, MG132
treatment increased the GSH level and inhibited lipid peroxidation in HSV-1-infected
cells (Fig. 4N and O), coinciding with the increased protein levels of Nrf2 as well as its
downstream antiferroptotic genes.

Altogether, we conclude that HSV-1 infection can enhance Keap1-dependent Nrf2
degradation, thereby disrupting cellular redox homeostasis and promoting ferroptosis.

HSV-1 induces ferroptosis in murine brain astrocytes and microglia cells. HSV-1
is the most common sporadic cause of encephalitis worldwide (3). After establishing
that HSV-1 induces ferroptosis, we sought to evaluate the physiological relevance of
ferroptosis in HSV-1-caused neurological disease. It is known that encephalitis can be
induced by the intracranial (i.c.) inoculation of HSV-1 in a mouse model (32). Thus,
8-week-old C57BL/6 mice were i.c. injected with 1 � 105 PFU of HSV-1, and brain tissues
were extracted at 5 days postinfection (dpi). We first examined whether HSV-1 infected
mouse astrocytes and microglia cells and induced ferroptosis via immunofluorescence (IF)
staining with anti-HSV-1 gD, anti-ionized calcium binding adaptor molecule 1 (IBA-1)
(microglia marker), and anti-glial fibrillary acidic protein (GFAP) (astrocyte marker) antibod-
ies. Moreover, 4-hydroxy-nonenal (4-HNE) (a major product of lipid peroxidation) staining
was used to detect lipid peroxidation. As shown in Fig. 5A to C, HSV-1 gD (green) colocal-
ized with IBA-1 (pink), GFAP (pink), as well as 4-HNE (red), showing that HSV-1 infection
induces ferroptosis in murine brain astrocytes and microglia cells.

Because viral encephalitis is characterized by the infiltration of monocytes and mac-
rophages into the CNS tissues (33), we further examined the colocalization of HSV-1
and monocytes/macrophages in the infected mouse brain via immunofluorescence
staining with anti-CD11b antibody. Moreover, dihydroethidium (DHE) fluorescent
probe staining was used to detect ROS production. As shown in Fig. 5D and E, HSV-1
gD (green) occurred along with the presence of CD11b1 monocytes/macrophages
(pink) as well as 4-HNE signals (red), which was also coincident with the enhanced ROS
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FIG 5 HSV-1 induces ferroptosis in murine brain astrocytes and microglia cells. Groups of 8-week-old C57BL/6 mice were i.c. injected with 1 � 105 PFU
HSV-1 or mock infected (n = 6 for each group). Mice were euthanized at 5 dpi, and brains were extracted. (A) Field of representative images of mouse
brains. (B and C) The cerebral cortex sections of brains from infected or mock-infected mice were fixed and subjected to immunostaining with anti-HSV-1
gD antibody (green), the 4-HNE probe (red), anti-IBA-1 antibody (pink), and anti-GFAP antibody (pink). DAPI was used for nuclear staining (blue).
Representative images were acquired using fluorescence microscopy. Bars, 20 mm. (D to G) The cerebral cortex sections of the brains from infected or
mock-infected mice were fixed and subjected to immunostaining with anti-HSV-1 gD antibody (green), the 4-HNE probe (red), the ROS probe (red), and
anti-CD11b antibody (pink). DAPI was used for nuclear staining (blue). Representative images were acquired using fluorescence microscopy. Bars, 20 mm.
The relative expression of the indicated fluorescence signals was quantified using ImageJ software. Data represent means 6 SD. **, P , 0.01 (as measured
by an unpaired t test). (H to J) The intracellular levels of MDA, Fe21, and GSH in each group of brain lysates were measured by an MDA assay (H), an iron
assay (I), and a GSSG/GSH quantification kit (J). (K) The intracellular levels of Fe21 in the serum of HSV-1-infected mice were measured using an iron assay
quantification kit. Data represent means 6 SD. **, P , 0.01 (as measured by an unpaired t test). (L) The brain lysates were subjected to transmission
electron microscopy at magnifications of �7,800. The yellow arrows indicate normal mitochondria in the brains of uninfected mice, and the red ones
indicate shrunken mitochondria in the brains of HSV-1-infected mice. Representative images are shown. (M) The diameter of the mitochondria was
quantified. **, P , 0.01 (as measured by an unpaired t test). (N) Total proteins extracted from representative samples (n = 3) from different groups were
subjected to Western blotting with the indicated antibodies. (O) The expression levels of the indicated genes in the different groups were determined by
qRT-PCR, and the relative mRNA level of each indicated gene in the different groups was defined as 1-fold. Data represent means 6 SD from three
repeated experiments. *, P , 0.05; **, P , 0.01; n.s, no significance (as measured by an unpaired t test).
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production (red) (Fig. 5F and G). Moreover, lipid peroxidation in HSV-1-infected brain
tissues was further confirmed by examining the intracellular MDA level (Fig. 5H).
Furthermore, the intracellular Fe21 level was significantly increased, while the GSH
level was significantly reduced in the brain tissues of HSV-1-infected mice compared
with those in uninfected mice (Fig. 5I and J). We also observed iron overload in the se-
rum of HSV-1-infected mice (Fig. 5K). Transmission electron microscopy analysis also
showed that the mitochondria in HSV-1-infected brains displayed the typical morpho-
logical features of ferroptosis (Fig. 5L and M). Besides, we found that HSV-1 infection
reduced the protein level of Nrf2 but not its mRNA level in the brains of HSV-1-chal-
lenged mice (Fig. 5N and O), consistent with the data observed in cells where HSV-1
controls Nrf2 at the protein level. Correspondingly, HSV-1-enhanced Nrf2 degradation
resulted in reductions in the mRNA and protein levels of Nrf2’s downstream antiferrop-
totic genes in the infected brains (Fig. 5N and O). The mRNA level of GCLM was also
reduced, although this difference did not reach significance, probably due to individual
differences.

Together, our findings uncover that HSV-1 induces ferroptosis in murine brain astro-
cytes and microglia cells. Moreover, the presence of ferroptosis hallmarks coincident with
viral encephalitis suggests that ferroptosis contributes to HSV-1-caused encephalitis.

HSV-1 ferroptosis-activated upregulation of PTGS2 and PGE2 contributes to vi-
ral encephalitis. Ferroptosis is a type of inflammatory cell death with the release of differ-
ent damage-associated molecular patterns (DAMPs) and/or lipid peroxidation products
(34). In addition, the activation of ferroptosis can upregulate the expression of prostaglan-
din-endoperoxide synthase 2 (PTGS2) (also called COX2), which metabolizes arachidonic
acid (AA) to various bioactive prostaglandins (PGs) such as PGE2, an important mediator
promoting inflammation (35). Therefore, ferroptosis can exert proinflammatory effects by
accelerating the metabolism of AA and promoting the release of PGE2. After determining
that HSV-1 induces ferroptosis in the murine brain, we examined whether the ferroptosis-
induced activation of the PTGS2-PGE2 axis plays a role in HSV-1 encephalitis. Thus, C57BL/6
mice were intraperitoneally (i.p.) injected with indomethacin (IND), a PTGS1/PTGS2 inhibi-
tor, at a dose of 10 mg/kg of body weight or with the vehicle (DMSO) 24 h before chal-
lenge with HSV-1 (1 � 105 PFU), followed by treatment once a day, and serum and brain
tissues were then extracted at 5 dpi (Fig. 6A). An enzyme-linked immunosorbent assay
(ELISA) of the brain homogenates confirmed that HSV-1 infection indeed resulted in the
significant upregulation of PTGS2 and PGE2 (Fig. 6B and C). IND, but not vehicle, treatment
substantially reduced the expression levels of PTGS2 and PGE2 in HSV-1-infected mice
(Fig. 6B and C). Consistently, the expression levels of proinflammatory genes such as inter-
feron beta (IFN-b), interleukin-1b (IL-1b), IL-6, IL-8, TNF-a, IFN-g, and RANTES were signifi-
cantly reduced when infected mice were treated with IND (Fig. 6D to J). These findings
indicate that the HSV-1 ferroptosis-activated upregulation of PTGS2 and PGE2 plays an im-
portant role in virus-induced inflammation and encephalitis.

Inhibition of ferroptosis protects mice against HSV-1 encephalitis.We sought to
determine if inhibiting ferroptosis would rescue HSV-1-caused encephalitis in mice.
Thus, C57BL/6 mice were i.p. injected with Fer-1 at doses of 5, 10, and 20 mg/kg or
with the vehicle (DMSO) 24 h before challenge with HSV-1 (1 � 105 PFU), followed by
treatment once a day. Our results showed that treatment with Fer-1 increased the sur-
vival of HSV-1-infected mice in a dose-dependent manner (Fig. S9A). Because 10 mg/kg
Fer-1 could rescue approximately one-half of the HSV-1-infected mice, we used this dos-
age for the subsequent experiments.

We further examined the mechanisms behind the therapeutic effect of Fer-1 by
extracting brain tissues from HSV-1-infected mice treated with 10 mg/kg Fer-1 at 2, 4,
and 5 dpi (Fig. 7A). Immunofluorescence staining showed that the staining signals of
HSV-1 gD, 4-HNE, and CD11b1 monocytes/macrophages were progressively increased
with increasing infection times (Fig. 7B to G), confirming that HSV-1-induced ferropto-
sis is tightly associated with the process of viral encephalitis. In contrast, Fer-1 treat-
ment inhibited the increases in lipid peroxidation and monocyte infiltration as well as
the spread of HSV-1 (Fig. 7B to G).
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Moreover, Fer-1 treatment substantially reduced the Fe21/MDA levels and increased
the GSH levels in HSV-1-infected brains (Fig. S9B to D). Consistently, the ROS signal was
also significantly reduced in the Fer-1 therapeutic group compared with that in the vehi-
cle-treated group (Fig. S9E and F). In addition, Fer-1 treatment also restored the expres-
sion levels of antiferroptotic genes in HSV-1-infected brains (Fig. S9G to L). Moreover, the
expression levels of proinflammatory genes were significantly reduced when infected
mice were treated with Fer-1 (Fig. 7H to N), showing that both ferroptosis and inflamma-
tion were inhibited by Fer-1 in the infected brain tissues. Fer-1 treatment inhibited viral
replication in HSV-1-infected brains (Fig. 7O), consistent with the data obtained using
cell lines. Moreover, we examined the therapeutic effect of Fer-1 on HSV-1-caused tissue
damage via immunohistochemistry (IHC) staining with antineurofilament antibody.
Upon HSV-1 infection, the integrity of neurofilaments was disrupted, while Fer-1 treat-
ment maintained the integrity of neurofilaments in the cerebral cortex of infected mice
(Fig. S9M and N), in agreement with the results showing that ferroptosis, monocyte infil-
tration, oxidative damage, and the expression levels of proinflammatory genes were
inhibited in the Fer-1 therapeutic group. Together, these findings indicate that the inhi-
bition of ferroptosis by Fer-1 effectively alleviates HSV-1-caused encephalitis in mice.

To further confirm the therapeutic effect of inhibiting ferroptosis on HSV-1 enceph-
alitis, we focused on Nrf2 signaling as HSV-1 can promote ferroptosis by targeting Nrf2.
Because HSV-1-enhanced Nrf2 degradation can be effectively attenuated by MG132 in
the infected cells, we then examined the physiological role of MG132 in mice chal-
lenged with HSV-1. Thus, C57BL/6 mice were i.p. injected with MG132 at a dose of
10 mg/kg or with the vehicle 24 h before challenge with HSV-1 (1 � 105 PFU), followed
by treatment once a day for 5 days, and the brain tissues were extracted at 5 dpi
(Fig. 8A). Our results showed that MG132 treatment reversed the downregulated pro-
tein level of Nrf2 as well as the levels of its downstream antiferroptotic genes in the

FIG 6 HSV-1 ferroptosis-activated upregulation of PTGS2 and PGE2 contributes to viral encephalitis. (A) Groups of 8-week-old C57BL/6 mice (n = 6 for each
group) were i.p. injected with IND (10 mg/kg) or the vehicle (DMSO) 24 h before challenge with 1 � 105 PFU of HSV-1 or mock infected, followed by
treatment once a day for 5 days. Mice were euthanized at 5 dpi, and brains were extracted. (B and C) The levels of PTGS2 and PGE2 in serum were
determined by ELISAs. (D to J) Total RNAs were extracted from the brains of mice from different groups and subjected to qRT-PCR to determine the
expression levels of the indicated proinflammatory genes, and the relative mRNA level of each indicated gene in uninfected mice treated with the vehicle
was defined as 1-fold. Data represent means 6 SD. **, P , 0.01 (as measured by two-way ANOVA).
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FIG 7 Fer-1 treatment protects mice against HSV-1 encephalitis. (A) Groups of 8-week-old C57BL/6 mice (n = 6 for each group) were i.p.
injected with Fer-1 (10 mg/kg) or the vehicle (DMSO) 24 h before challenge with 1 � 105 PFU of HSV-1 or mock infected, followed by

(Continued on next page)
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brain tissues of HSV-1-infected mice (Fig. 8B). Correspondingly, the level of GSH was
significantly increased and the level of lipid peroxidation was significantly reduced in
the MG132 therapeutic group compared with those in the vehicle-treated group
(Fig. 8C and D). These results were consistent with the findings that MG132 treatment
inhibited HSV-1-enhanced Nrf2 degradation and ferroptosis in neural cells (Fig. 4).
Moreover, the inhibition of lipid peroxidation and ferroptosis by MG132 was coincident
with substantial reductions in the expression levels of proinflammatory genes in HSV-1-
infected mice (Fig. 8E to H). In addition, MG132 treatment also inhibited viral replication in
HSV-1-infected brains (Fig. 8I). These results indicate that the inhibition of HSV-1-enhanced
Nrf2 degradation by MG132 protected mice against viral encephalitis.

In summary, our findings indicate that the inhibition of ferroptosis has effective in
vivo therapeutic effects on HSV-1-caused encephalitis.

DISCUSSION

Ferroptosis is frequently found to be induced under pathological conditions, including
neurotoxicity, neurodegenerative diseases, acute renal failure, hepatic and heart ischemia/
reperfusion injury, and cancer cell death (36), while the role of ferroptosis in viral infection
and pathogenesis is poorly understood. Here, we demonstrated that HSV-1 can induce fer-
roptosis in cells and in vivo. Keap1-dependent Nrf2 degradation enhanced by HSV-1 con-
tributed to the promotion of ferroptosis. Moreover, HSV-1-induced ferroptosis played an
important role in the development of viral encephalitis in mice, and the upregulation of
PTGS2 and PGE2 activated by ferroptosis contributes to encephalitis (Fig. 8J). Importantly,
the inhibition of ferroptosis substantially alleviated neuropathological damage and inflam-
mation in the brains of HSV-1-infected mice. Our findings provide compelling evidence
that HSV-1-induced ferroptosis plays an important role in viral neuropathogenesis, and the
inhibition of ferroptosis is a promising immunotherapeutic strategy to treat HSV-1 infec-
tion and encephalitis.

We showed that HSV-1 infection resulted in metabolic reprogramming from OXPHOS
toward aerobic glycolysis (Warburg effect) and that this contributed to the production of
ROS and lipid peroxidation. Our findings are consistent with previous results showing
that HSV-1 activates glycolysis by regulating 6-phosphofructo-1-kinase (37) and that
HSV-1 induces oxidative stress and the release of lipid peroxidation by-products in
mouse neural cells (38). Concurrently, the antioxidative response, i.e., the biosynthesis of
GSH, was interrupted by HSV-1, as evidenced by the findings that both the GSH level
and the GSH/GSSG ratio were decreased along with increases in ROS production, lipid
peroxidation, and cell death in HSV-1-infected cells. Moreover, the inhibition of ferropto-
sis by Fer-1 restored the inhibitory effect of HSV-1 infection on the GSH level and the
GSH/GSSG ratio. These results indicate that the antioxidative response, particularly
the biosynthesis of GSH, plays a critical role in counteracting HSV-1-induced ferroptosis.
The observation that supplementation with exogenous GSH can efficiently reduce HSV-
1-induced ROS and ferroptosis also supports this notion. Based on these findings, we
speculate that ROS production triggered by an HSV-1-directed metabolic switch and the
interruption of GSH biosynthesis act together to promote ferroptosis in HSV-1-infected
neural cells.

The antioxidant transcription factor Nrf2 is a key negative player in ferroptosis (8).
Almost all genes implicated in antiferroptosis thus far have been considered to be tran-
scriptionally regulated by Nrf2, including iron metabolism, glutathione biosynthesis,

FIG 7 Legend (Continued)
treatment once a day. Mice were euthanized at 2, 4, or 5 dpi, and brains were extracted. (B to G) The cerebral cortex sections of the brains at
different time points were fixed and subjected to immunostaining with anti-HSV-1 gD antibody (green), the 4-HNE probe (red), and anti-
CD11b antibody (pink). DAPI was used for nuclear staining (blue). Representative images were acquired using fluorescence microscopy. Bars,
20 mm. The relative expression levels of the indicated fluorescence signals were quantified using ImageJ software. **, P , 0.01 (as measured
by two-way ANOVA). (H to O) Total RNAs were extracted from the brains of mice from different groups and subjected to qRT-PCR to
determine the expression levels of the indicated proinflammatory genes and HSV-1 gD, and the relative mRNA level of each indicated gene
in uninfected mice treated with the vehicle was defined as 1-fold, or the relative RNA level of HSV-1 gD in infected cells treated with the
vehicle was defined as 100%. Data represent means 6 SD. *, P , 0.05; **, P , 0.01 (as measured by two-way ANOVA).
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FIG 8 MG132 treatment protects mice against HSV-1 encephalitis. (A) Groups of 8-week-old C57BL/6 mice (n = 6 for each group) were i.p.
injected with MG132 (10 mg/kg) or the vehicle (DMSO) 24 h before challenge with 1 � 105 PFU of HSV-1 or mock infected, followed by

(Continued on next page)
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and NADPH regeneration, which is critical for GPX4 activity (39). Under normal condi-
tions, Nrf2 is located in the cytosol and interacts with its repressor Keap1, which directs
the ubiquitination and proteasomal degradation of Nrf2 (40). Under oxidative stress,
Nrf2 is released from the Keap1 binding site and is rapidly transferred to the nucleus,
activating the transcription of antioxidant-related genes to balance oxidative stress.
We showed that HSV-1 enhanced the Keap1-dependent ubiquitination and degrada-
tion of Nrf2, which resulted in substantial reductions in the expression levels of antioxi-
dative genes, thereby disturbing cellular redox homeostasis and promoting ferroptosis.
In addition, upregulating Nrf2 via inhibiting its proteasomal degradation or overex-
pressing Nrf2 itself effectively alleviated the process of HSV-1-induced ferroptosis in
cells and neuropathogenic damage in HSV-1-infected mice. In addition, Fer-1 treat-
ment reversed the HSV-1-induced reduction in the expression of antioxidative genes.
We speculate that the inhibition of HSV-1-induced ROS accumulation/oxidative stress
by Fer-1 may prevent cytoplasmically localized Nrf2 from being released from Keap1
and being transferred to the nucleus to transcribe antioxidative genes. Together, our
findings uncover that Nrf2 participates in counteracting HSV-1 infection and viral
pathogenesis. Consistently, single-cell RNA sequencing analysis has shown that Nrf2
activity is associated with a lower efficiency of HSV-1 infection, and the treatment of
infected cells with Nrf2 agonists can restrict HSV-1 replication (41). Moreover, a previ-
ous report has shown that the overexpression of Nrf2 in a mouse model promotes neu-
ronal survival in neurodegeneration and acute nerve damage (42).

Previous studies have shown that proteasome functions are necessary for multiple
viral events during the HSV life cycle (43–48), and MG132 and other proteasome inhibi-
tors have been reported to inhibit these proteasome-dependent events (49, 50). Here,
we showed that MG132 treatment effectively reversed Keap1-dependent Nrf2 degra-
dation and the reduced expression of downstream antioxidant genes in HSV-1-infected
cells and mice, indicating that the inhibition of Nrf2 degradation by MG132 contributes
to the alleviation of HSV-1-induced ferroptosis and pathogenesis. Thus, our findings
uncovered that MG132 can confer an antiferroptosis effect via its proteasome-inhibi-
ting activity in HSV-1-infected cells.

HSV-1 infection of the brain causes devastating necrotizing encephalitis. The intracra-
nial delivery of HSV-1 in a mouse model has been found to induce the robust activation of
brain microglial cells and the production of proinflammatory cytokines, which leads to exa-
cerbated inflammation and tissue damage or even death (51). We showed that HSV-1 en-
cephalitis occurred coincident with the hallmarks of ferroptosis and oxidative damage in
murine brain astrocytes and microglia cells. Moreover, the observations that ferroptosis
and monocyte infiltration were progressively increased with increasing durations of infec-
tion confirm that HSV-1-induced ferroptosis is tightly associated with the process of viral
encephalitis. More importantly, the inhibition of ferroptosis by either Fer-1 treatment or
the suppression of HSV-1-enhanced Nrf2 degradation effectively alleviated HSV-1-caused
encephalitis in a mouse model. HSV-1 can also cause other types of cell death in CNS cells
(i.e., apoptosis and necroptosis). We showed that Fer-1 treatment had little effect on apo-
ptosis and necroptosis in HSV-1-infected cells, indicating that the rescuing effect of Fer-1
on HSV-1 infection was indeed via inhibiting ferroptosis. Together, these findings demon-
strate that HSV-1-induced ferroptosis plays an important role in the development of viral
encephalitis. Our findings are in accordance with previous observations that ferroptosis is
involved in the development of different inflammatory diseases, including atherosclerosis,

FIG 8 Legend (Continued)
treatment once a day for 5 days. Mice were euthanized at 5 dpi, and brains were extracted. (B) Total proteins extracted from representative
samples (n = 2) from different groups were subjected to Western blotting with the indicated antibodies. (C and D) The intracellular levels of
GSH and MDA in each group of brain lysates were measured using a GSSG/GSH quantification kit (C) and an MDA assay (D). Data represent
means 6 SD. *, P , 0.05; **, P , 0.01 (as measured by two-way ANOVA). (E to I) Total RNAs were extracted from the brains of mice from
different groups and subjected to qRT-PCR to determine the expression levels of the indicated proinflammatory genes and HSV-1 gD, and
the relative mRNA level of each indicated gene in uninfected mice treated with the vehicle was defined as 1-fold, or the relative RNA level
of HSV-1 gD in infected cells treated with the vehicle was defined as 100%. Data represent means 6 SD. *, P , 0.05; **, P , 0.01 (as
measured by two-way ANOVA). (J) Model of the possible mechanism underlying the induction of ferroptosis by HSV-1 in neural cells.
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stroke, intracerebral hemorrhage, and ischemia/reperfusion injury (36). Indeed, ferroptosis
is considered a type of inflammatory cell death, which is caused by lipid peroxidation-
directed cell membrane damage (4). Ferroptotic cell death results in the release of different
DAMPs (e.g., high-mobility-group box 1) or lipid peroxidation products (e.g., 4-HNE) (52),
which can further activate inflammation and the corresponding oxidative injury. Moreover,
ferroptosis can exert a proinflammatory effect by accelerating the metabolism of AA and
promoting the release of PGE2 (34). Our findings indicate that the HSV-1 ferroptosis-
induced upregulation of PTGS2 and PGE2 directly participates in virus-induced inflamma-
tion. Besides, our findings suggest that HSV-1-induced ferroptosis and ROS may enable ef-
ficient viral replication, as evidenced by the finding that both viral yields and cell death
were reduced when HSV-1-infected cells were treated with Fer-1 or GSH. A possible expla-
nation is that an increase in the intracellular ROS level can result in lipid peroxidation and
cell death, which is beneficial for virion release and systemic viral spread. Moreover, the
increased ROS levels are tightly associated with virus-induced metabolic reprogramming,
which has been found to support the replication of various viruses (53). Collectively, con-
sidering that ferroptosis facilitates HSV-1 replication, the exacerbation of inflammation,
and tissue damage, we conclude that ferroptosis is a pivotal factor contributing to the
pathogenesis of HSV-1 infection.

A growing list of viruses have been reported to induce ferroptosis. For example,
Newcastle disease virus induces ferroptotic cell death in tumor cells through nutrient
deprivation and ferritinophagy (54). Hepatitis A virus 3C induces ferroptosis in human
cells depending on its protease activity (55). Epstein-Barr virus dynamically sensitizes B
cells to ferroptosis for latency (56). In addition, a number of human enteroviruses and
coronaviruses induce ferroptosis via acyl-coenzyme A (CoA) synthetase long-chain fam-
ily member 4 (ACSL4) (57), and murine coronavirus can trigger ferroptosis through
ACSL1 (58). Moreover, oxidative stress and lipid peroxidation leading to exacerbated
inflammation and tissue damage have been considered important in the pathogenesis
of different viruses (59). Based on these recent reports and our findings in this study,
we postulate that ferroptosis is a common feature of infection by diverse viruses and
that it is tightly correlated with the pathogenesis of different viral diseases. In support
of this, recent evidence has shown that severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) triggers ferroptosis in cells of multiple organs, thereby contributing to
multiorgan damage (60, 61). Thus, ferroptosis can be considered an emerging target in
viral diseases. In this study, we showed that Fer-1 treatment effectively alleviates HSV-
1-caused encephalitis in a mouse model. Moreover, the application of N-acetylcysteine,
an ROS inhibitor, to alleviate ferroptosis improves the outcomes of severe coronavirus
disease 2019 (COVID-19) patients in clinical trials (62). Besides, NAD1 and its intermedi-
ate, both of which can reduce the intracellular levels of ROS (63), have recently been
found to alleviate pathological damage in the lungs of SARS-CoV-2-infected mice (64).
Ferroptosis inhibitors have the promising potential to be further developed to treat dif-
ferent types of viral infections.

In conclusion, our findings uncover the interaction between HSV-1 infection and
ferroptosis, shed novel light on the physiological impacts of ferroptosis on the patho-
genesis of HSV-1 infection and encephalitis, and provide a promising therapeutic strat-
egy to treat this important infectious disease with a worldwide distribution.

MATERIALS ANDMETHODS
Cells and viruses. U373 cells (human astrocytoma cell line) were obtained from the European

Collection of Authenticated Cell Cultures (ECACC) (ECACC 08061901), and HMC3 cells (human microglial
cell line) were obtained from the American Type Culture Collection (ATCC) (ATCC CRL-3304). U373 and
Vero cells were cultured in Dulbecco’s modified Eagle’s culture medium (DMEM; Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco) at 37°C in a humidified atmosphere with
5% CO2. HMC3 cells were cultured in minimum essential medium (MEM; Gibco, Grand Island, NY, USA)
supplemented with 10% FBS at 37°C in a humidified atmosphere with 5% CO2. HSV-1 strain 17 syn1 (a wild
type strain) (GenBank accession number NC_001806) was propagated at a low MOI in Vero cells.

Plasmids, siRNAs, and reagents. Plasmids encoding FLAG-tagged Keap1, HA-tagged Ub, and His-
tagged Nrf2 were purchased from GeneChem (Shanghai, China). Plasmids were transfected into cells
using Lipofectamine 2000 reagent (Life Technologies). The small interfering RNAs (siRNAs) (nontargeting
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control siRNA and siRNA targeting Keap1) used in this study were synthesized by RiboBio (Guangzhou,
China). The siRNAs were transfected into cells using riboFECT CP (RiboBio) according to the manufac-
turer’s instructions. Ferrostatin-1 (Fer-1) (catalog number S7243), RSL3 (catalog number S8155), MG132
(catalog number S2619), chloroquine (NSC-187208) (catalog number S6999), and indomethacin (IND)
(NSC-77541) (catalog numberS1723) were purchased from Selleck Chemicals. Reduced L-glutathione
(GSH) (catalog number HY-D0187) and staurosporine (STS) (catalog number HY-15141) were purchased
from MedChemExpress (MCE). Deferoxamine (DFO), N-acetylcysteine (NAC), and TNF-a were purchased
from Sigma-Aldrich.

Electron microscopy. Cell samples were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.4) for 1 h and then fixed in 1% osmium tetroxide for 1 h, followed by staining with 2% uranyl acetate in
maleate buffer (pH 5.2) for another 1 h. The samples were rinsed, dehydrated in an ethanol series, embedded
in resin (Embed812; Electron Microscopy Sciences [EMS]), and baked overnight at 60°C. Hardened blocks were
cut using a Leica Ultra Cut Ultrasonic computed tomography (UCT) instrument. Sixty-nanometer sections
were collected on carbon-coated grids and contrast stained using 2% uranyl acetate and lead citrate. The
grids were observed under an electron microscope (Tecnai G2 20 Twin; FEI, USA).

Cell viability and LDH release assays. The cell counting kit 8 (CCK8) (Sigma, St. Louis, MO, USA) rea-
gent was used to examine cell viability according to the manufacturer’s instructions. In brief, cultured
cells were seeded at a density of approximately 5,000 cells/well in 96-well plates. At the end of different
treatments, 10 mL per well of the CCK8 reagent was added to each well, and the mixture was incubated
for 2 h. The absorbance at 450 nm was measured using a plate reader (Bio-Rad, Hercules, CA, USA). The
extent of cellular injury was determined by LDH leakage using an LDH cytotoxicity detection kit
(Dojindo Laboratory, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly, cells were
seeded at a density of approximately 5,000 cells/well in 96-well plates. At the end of different treat-
ments, 100 mL of a fresh reaction mixture was added to each well, and the cells were incubated for
30 min. The absorbance at 490 nm was measured using a plate reader (Bio-Rad).

Lipid peroxidation MDA assay and 4-HNE assay. Malondialdehyde (MDA) and 4-hydroxy-nonenal
(4-HNE) are the major products of lipid peroxidation (65). MDA concentrations were measured using an
MDA assay kit (Sigma) according to the manufacturer’s instructions. In this assay, lipid peroxidation is
determined by the reaction of MDA with thiobarbituric acid (TBA) to form a colorimetric product
(532 nm), which is directly proportional to the MDA concentration. The absorbance at 532 nm was meas-
ured using a plate reader (Bio-Rad). The expression of 4-HNE in mouse brain tissues was determined
using anti-4-HNE antibody (Abcam). Paraffin-embedded mouse brain tissue sections were incubated
with anti-4-HNE antibody at a 1/25 dilution overnight at 4°C. Polyclonal goat anti-mouse IgG conjugated
to Alexa Fluor 594 was used as the secondary antibody. The fluorescence intensity was analyzed using
ImageJ software.

Ferrous iron detection. Ferrous iron (Fe21) was measured using an iron assay kit (Sigma) and a
FerroOrange probe (Dojindo Laboratory). For the iron assay kit, iron is released by the addition of an
acidic buffer and then reacted with a chromogen, resulting in a colorimetric product (593 nm), which is
directly proportional to the Fe21 concentration. The absorbance at 593 nm was measured using a plate
reader (Bio-Rad). The FerroOrange probe was used for fluorescence imaging of intracellular Fe21 (54).
Briefly, FerroOrange (1 mM) dispersed in serum-free medium was added to the cells, followed by incuba-
tion for 30 min at 37°C. The cells were then fixed with 4% paraformaldehyde for 45 min and permeabil-
ized with 0.2% Triton X-100 for 20 min. After that, the cells were blocked with phosphate-buffered saline
(PBS) containing 5% bovine serum albumin (BSA) for 1 h and then incubated with anti-HSV-1 gD anti-
body (1:1,000 in 5% BSA) overnight, followed by staining with FITC-labeled goat anti-mouse IgG
(ABclonal) (1:1,000 in 5% BSA). Nuclei were stained with 49,6-diamidino-2-phenylindole (DAPI; Beyotime)
for 5 min at 37°C in the dark. Cells were photographed under a confocal microscope (A1R; Nikon, Japan).
The fluorescence intensity was analyzed using ImageJ software.

ROS measurement. The level of intracellular ROS was determined by using a fluorometric intracellu-
lar ROS kit (Sigma) and a DCFH-DA probe (Dojindo Laboratory), respectively. For the fluorometric intra-
cellular ROS kit, cells were seeded at a density of approximately 5,000 cells/well in 96-well plates. At the
end of different treatments, the ROS detection reagent stock solution containing the cell-permeable oxi-
dative fluorescent dye 29,79-dichlorodihydrofluorescein diacetate was added to the wells, followed by
incubation for 1 h at 37°C. The ROS level was quantified by measuring the fluorescence intensity at
wavelengths of 490 and 525 nm. For the DCFH-DA probe, cells were seeded into a 20-mm dish. At the
end of different treatments, cells were stained with DCFH-DA for 30 min at 37°C. The cells were then
fixed with 4% paraformaldehyde for 45 min and permeabilized with 0.2% Triton X-100 for 20 min. After
that, the cells were blocked with PBS containing 5% BSA for 1 h and then incubated overnight with anti-
HSV-1 gD antibody (1:1,000 in 5% BSA), followed by staining with Alexa Fluor 594-conjugated goat anti-
mouse IgG (ABclonal) (1:1,000 in 5% BSA). Nuclei were stained with DAPI (Beyotime) for 5 min at 37°C in
the dark. Cells were photographed under a confocal microscope (A1R; Nikon, Japan). The fluorescence
intensity was analyzed using ImageJ software.

Measurement of the intracellular level of GSH and the GSH/GSSG ratio. The intracellular level of
GSH was determined using a GSSG/GSH quantification kit (Dojindo Laboratory) according to the manu-
facturer’s instructions. Briefly, cells were lysed in 10 mM HCl and subjected to 2 freeze-thaw cycles, fol-
lowed by treatment with 5% sodium sulfosalicylate. For GSSG measurement, a masking solution was first
added to the supernatant samples. After that, the samples were transferred to a 96-well plate, and buffer
solution was added to each well containing the supernatant samples, allowing incubation for 1 h at
37°C. The substrate solution and coenzyme/enzyme working solution were then added to each well,
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and the samples were incubated for another 10 min at 37°C. Thus, total GSH and GSSG levels and their
standards were measured using a plate reader at a wavelength of 412 nm.

Seahorse analysis of the extracellular acidification rate and the oxygen consumption rate. The
extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) were measured using a
Seahorse XF-24 flux analyzer (Seahorse Biosciences, North Billerica, MA) (66). Briefly, U373 or HMC3 cells were
seeded into a Seahorse 24-well tissue culture plate at a density of approximately 3.5 � 104 cells/well. Prior
to the assay, the medium was changed to unbuffered DMEM containing pyruvate and glutamine (pH 7.4),
and cells were equilibrated for 30 min at 37°C. The ECAR was determined using a glycolysis stress test kit
(injections of the compounds glucose, oligomycin, and 2-Deoxy-D-glucose [2-DG]). The OCR was deter-
mined using a cell mitochondrion stress test kit (injections of the compounds oligomycin, carbonyl cya-
nide p-trifluoromethoxyphenylhydrazone (FCCP), and rotenone/antimycin A). The compounds were
injected during the assay, and the measurement periods for examining the OCR and ECAR were 2 h.

Stable-isotope tracing and metabolite extraction. U373 cells were incubated in cystine-free me-
dium supplemented with 0.26 mM [15N2]cystine and then infected with HSV-1 (MOI = 0.1) for 12 h to iso-
topically monitor the biosynthesis of GSH and GSSG. For the extraction of polar metabolites, the me-
dium was discarded, and the cell pellets were washed three times with PBS and quenched with liquid
nitrogen. Precooled methanol-water (80%, vol/vol) was added to the cell pellets, and the cells were
scraped off with a cell scraper into a 2-mL centrifuge tube with ring-d5-labeled-phenylalanine added as
an internal standard. Next, the sample was further lysed by sonication and liquid nitrogen freeze-thaw-
ing. After centrifugation at 14,000 rpm at 4°C for 15 min, the supernatant was placed into a new centri-
fuge tube, followed by lyophilization for concentration. The residue was redissolved with acetonitrile-
water (50:50, vol/vol) with 0.1% (vol/vol) formic acid, vortexed, and centrifuged at 14,000 rpm at 4°C for
15 min, and the supernatant was then injected into the liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) system.

LC-MS/MS analysis. The LC-MS/MS system was equipped with an Exion LC system (AB Sciex) and a
Zwitterionic polymer Hydrophilic Interaction Liquid Chromatography (ZIC-pHILIC) column (100 by 2.1 mm,
5 mm; Millipore) connected to a Qtrap 5500 mass spectrometer (AB Sciex). Under LC conditions, 2 mL of
each sample was injected for analysis, and the flow rate was 0.2 mL/min. The column temperature and tray
temperature were set to 40°C and 4°C, respectively. The mobile phases were composed of 15 mM ammonium
acetate in 3 mL/L ammonium hydrate (>28%) for aqueous solution A and 90% acetonitrile for aqueous solu-
tion B. The gradient program was set as follows: 95% solution B held for 1 min, decreased to 45% in 14 min
and held for 2 min, and increased to 95% in 0.5 min and held for 4.5 min. In negative-ion multiple-reaction
monitoring (MRM) mode, the electrospray ionization (ESI) voltage was set to 24,500 V. The ion temperature
was 500°C, and the gas concentration was 35 mL/min. The LC-MS/MS conditions were controlled by Analyst
1.7.1 software, and the final data were processed using Mutiquant 3.0.3 software. Natural isotope abundances
were corrected using the Isotope Distribution Calculator website (https://www.sisweb.com/mstools/isotope
.htm). Next, stable-isotope labeling was analyzed using GraphPad 8.3.0 after correcting the natural abundance.
The cellular metabolome data were analyzed by MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/).
Statistical analysis was conducted using an unpaired t test.

RNA isolation and quantitative real-time PCR. Total RNAs were isolated using TRIzol reagent
(TaKaRa) according to the manufacturer’s instructions. RNA (1 mg) was reverse transcribed using
PrimeScript reverse transcriptase master mix (TaKaRa). Quantitative real-time PCR (qRT-PCR) was per-
formed by using SYBR green PCR master mix (Bio-Rad Laboratories, Hercules, CA) with the ABI 7500 fast
machine (Applied Biosystems). All values were normalized to the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA level. The sequences of primers used for quantitative PCR (qPCR) analysis are
listed in Table S1 in the supplemental material.

Plaque assays. Vero cells in 24-well plates were infected with 10-fold serial dilutions of viruses. Cells
were cultured at 37°C for 2 h to allow the adsorption of viruses, and the supernatant was replaced with
DMEM containing 2% FBS and 1% penicillin-streptomycin with isopycnic 1% low-melting-point agarose
(Sigma). After incubation at 37°C for 48 h, cells were fixed with cold absolute methanol at 4°C for 1 h
and then stained with 1% crystal violet.

Western blotting and antibodies. Cell samples and fresh brain tissues were all lysed by using radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 8.0], 150 mM sodium chloride, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) with 1% protease and phosphatase in-
hibitor cocktail (Roche). The concentration of total proteins was examined using a Pierce bicinchoninic
acid (BCA) assay kit (Invitrogen). Equal amounts of protein lysates (20 mg) were separated on SDS-PAGE
gels and transferred to polyvinylidene fluoride membranes (Millipore, Germany). The blots were incu-
bated with primary antibodies in 5% nonfat milk in Tris-buffered saline (TBS) with 0.05% Tween 20
(TBST) overnight at 4°C. The membranes were washed in TBST and incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies at room temperature for 1 h. Proteins were detected by
chemiluminescence using ECL (Bio-Rad) in a Bio-Rad ChemiDoc imager and quantified using ImageJ
software. The antibodies used for Western blotting are as follows: anti-HSV-1 gD, anti-Nrf2 (phospho-
S40), and anti-GPX4 were obtained from Abcam; anti-Nrf2 and anti-Keap1 were obtained from
Proteintech; anti-GCLC was obtained from Santa Cruz Biotechnology; anti-GCLM was obtained from
GeneTex; and anti-FTH1, anti-xCT/SLC7A11, anti-ubiquitin (clone P4D1), anti-ubiquitin-K48, anti-ubiqui-
tin-K63, anti-His tag (clone 27E8), anti-MLKL, anti-p-MLKL, anti-RIPK3, anti-p-RIPK3, and anti-GAPDH were
obtained from Cell Signaling Technology (CST).

Coimmunoprecipitation. For the coimmunoprecipitation (co-IP) assay, cells were harvested and
then lysed with IP buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 10% glycerol, 2 mM EDTA, 0.5%
Nonidet P-40, 0.5% Triton X-100) with 1% protease and phosphatase inhibitor (Roche). The insoluble
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component was removed by centrifugation at 12,000 � g for 10 min at 4°C, and the supernatant was
collected. For each sample, 600 mL of the protein lysate was incubated with 1 mg of antibody and 30 mL
of protein A/G magnetic beads (MCE) overnight at 4°C. The beads were washed 3 times with 1 mL of IP
buffer, and the precipitates were then detected by Western blotting.

Apoptosis detection assay. Cell apoptosis was determined by using an annexin V-FITC apoptosis
detection kit (catalog number C1062M; Beyotime). Briefly, 195 mL of an annexin V-FITC binding solution
was added to resuspend the cells gently. Next, 5 mL of annexin V-FITC and 10 mL of a propidium iodide
(PI) staining solution were added, followed by gentle mixing and incubation at room temperature in the
dark for 10 to 20 min. Flow cytometry analysis was conducted within 1 h. Early apoptosis was defined as
annexin V-FITC singly positive cells (third quadrant [Q3]), and late apoptosis was defined as annexin V-
FITC and PI doubly positive cells (Q2); the percentage of apoptotic cells was measured as the sum of Q2
and Q3. This gating strategy was applied to all flow cytometry analyses in this study. The flow cytometry
assays were performed using an LSRFortessa X-20 cell analyzer (BD Biosciences), and the data were ana-
lyzed using FlowJo v10.6.2.

Animal studies. Eight-week-old C57BL/6 mice (Experimental Animal Center, Wuhan Institute of
Virology) were housed under specific-pathogen-free (SPF) conditions in individually ventilated cages.
Mice were intracranially (i.c.) injected with 10 mL of DMEM containing 1 � 105 PFU/mL of HSV-1 with a
50-mL gastight microsyringe (Hamilton, Reno, NV, USA). Fer-1 (5, 10, or 20 mg/kg), IND (10 mg/kg), or
MG132 (10 mg/kg) was administered by intraperitoneal (i.p.) injection 24 h before viral infection, fol-
lowed by treatment once a day. Mice were euthanized 2, 4, and 5 days after viral infection to obtain
brain tissues for subsequent analyses. All experiments using animals were reviewed and approved by
the Institutional Animal Care and Use Committee at the Wuhan Institute of Virology, Chinese Academy
of Sciences, and were performed in accordance with the Guide for the Care and Use of Laboratory ani-
mals published by the Wuhan Institute of Virology.

Immunohistochemistry and immunofluorescence staining. Briefly, tissue samples were collected,
mounted onto slides from paraffin blocks (5-mm sections), and then deparaffinized in xylene, followed
by hydration in a methanol gradient (100%, 95%, 70%, and 50%). Slide samples were treated and 10 mM
citrate buffer (pH 6.0) containing 3% H2O2 for antigen retrieval and then incubated with 5% BSA for
30 min. The slides were incubated with the primary antibody at 4°C overnight and then incubated with
the biotinylated secondary antibody for 30 min. After that, an avidin-biotin complex kit (Dako/Agilent
Technologies, Santa Clara, CA, USA) was used for an additional 30 min, and 3,39-diaminobenzidine tetra-
hydrochloride hydrate (DAB) containing 5% H2O2 was used as a chromogen. Hematoxylin and eosin
(H&E) staining was performed and visualized by microscopy (Olympus, Tokyo, Japan). The antibodies
used are as follows: mouse anti-neurofilament L (clone DA2) (CST, USA), anti-4-HNE (Abcam), anti-CD11b
(Abcam), anti-IBA-1 (CST), and anti-GFAP (CST). The intensity of immunohistochemistry (IHC) or immuno-
fluorescence (IF) staining was analyzed using ImageJ software.

Enzyme-linked immunosorbent assay. Serum was collected and assayed to determine the levels
of PTGS2 and PGE2 using a mouse PTGS2/COX2 enzyme-linked immunosorbent assay (ELISA) kit and a
mouse PGE2 ELISA kit, respectively, according to the manufacturer’s instructions (Fine Test, China).

Quantification and statistical analysis. Statistical analyses were conducted using GraphPad Prism
8.3.0. (GraphPad Software Inc., San Diego, CA). Data are shown as means 6 standard deviations (SD),
and statistical significance was evaluated using an unpaired t test or one-way or two-way analysis of var-
iance (ANOVA), as indicated in the figure legends. A P value of ,0.05 was considered to be statistically
significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.3 MB.
FIG S2, TIF file, 0.1 MB.
FIG S3, TIF file, 0.1 MB.
FIG S4, TIF file, 0.1 MB.
FIG S5, TIF file, 0.1 MB.
FIG S6, TIF file, 0.1 MB.
FIG S7, TIF file, 0.1 MB.
FIG S8, TIF file, 0.1 MB.
FIG S9, TIF file, 0.2 MB.
TABLE S1, DOCX file, 0.01 MB.

ACKNOWLEDGMENTS
This work was supported by the National Key Research and Development Program of

China (2021YFC2701800 and 2021YFC2701801 to Y.X.), the Strategic Priority Research
Program of the Chinese Academy of Sciences (CAS) (XDB29010300 to X.Z.), the National
Natural Science Foundation of China (82172269 to Y.Q., 91957120 to S.-H.L., and U21A20423
and 31970169 to X.Z.), the International Partnership Program of CAS (153B42KYSB20200004
to X.Z.), a grant from the CAS Youth Innovation Promotion Association (2020332 to Y.Q.), the

HSV-1-Induced Ferroptosis Contributes to Encephalitis mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.02370-22 21

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02370-22


Hubei Province Natural Science Funds for Distinguished Young Scholar (2021CFA047 to
Y.Q.), the Young Top-Notch Talent Cultivation Program of Hubei Province (Y.Q.), and the
Fundamental Research Funds for the Central Universities (20720220003 to S.-H.L.).

X.-Q.X. and W.J. performed most experiments. T.X., C.W., Y.R., and X.X. performed
specific experiments. Y.Q. and S.-H.L. conceived the idea. Y.Q., Y.X., X.-Q.X., S.-H.L., and
X.Z. designed the experiments and analyzed the data. Y.Q., X.-Q.X., X.Z., and S.-H.L.
wrote the manuscript, with input from all authors. Y.X. and Y.Q. supervised the study.

We declare no competing interest.

REFERENCES
1. Yin Y, Favoreel HW. 2021. Herpesviruses and the type III interferon system.

Virol Sin 36:577–587. https://doi.org/10.1007/s12250-020-00330-2.
2. WHO. 2022. Herpes simplex virus. WHO, Geneva, Switzerland. https://

www.who.int/news-room/fact-sheets/detail/herpes-simplex-virus.
3. Bradshaw MJ, Venkatesan A. 2016. Herpes simplex virus-1 encephalitis in

adults: pathophysiology, diagnosis, and management. Neurotherapeutics
13:493–508. https://doi.org/10.1007/s13311-016-0433-7.

4. Yang WS, Stockwell BR. 2016. Ferroptosis: death by lipid peroxidation.
Trends Cell Biol 26:165–176. https://doi.org/10.1016/j.tcb.2015.10.014.

5. Park E, Chung SW. 2019. ROS-mediated autophagy increases intracellular
iron levels and ferroptosis by ferritin and transferrin receptor regulation.
Cell Death Dis 10:822. https://doi.org/10.1038/s41419-019-2064-5.

6. Ursini F, Maiorino M. 2020. Lipid peroxidation and ferroptosis: the role of
GSH and GPx4. Free Radic Biol Med 152:175–185. https://doi.org/10.1016/
j.freeradbiomed.2020.02.027.

7. Liu T, Sun L, Zhang Y, Wang Y, Zheng J. 2022. Imbalanced GSH/ROS and
sequential cell death. J Biochem Mol Toxicol 36:e22942. https://doi.org/
10.1002/jbt.22942.

8. Dodson M, Castro-Portuguez R, Zhang DD. 2019. NRF2 plays a critical role
in mitigating lipid peroxidation and ferroptosis. Redox Biol 23:101107.
https://doi.org/10.1016/j.redox.2019.101107.

9. Bellezza I, Giambanco I, Minelli A, Donato R. 2018. Nrf2-Keap1 signaling in
oxidative and reductive stress. Biochim Biophys Acta 1865:721–733. https://
doi.org/10.1016/j.bbamcr.2018.02.010.

10. Lo S-C, Li X, Henzl MT, Beamer LJ, Hannink M. 2006. Structure of the
Keap1:Nrf2 interface provides mechanistic insight into Nrf2 signaling.
EMBO J 25:3605–3617. https://doi.org/10.1038/sj.emboj.7601243.

11. Ichimura Y, Waguri S, Sou YS, Kageyama S, Hasegawa J, Ishimura R, Saito T,
Yang Y, Kouno T, Fukutomi T, Hoshii T, Hirao A, Takagi K, Mizushima T,
Motohashi H, Lee MS, Yoshimori T, Tanaka K, Yamamoto M, Komatsu M.
2013. Phosphorylation of p62 activates the Keap1-Nrf2 pathway during
selective autophagy. Mol Cell 51:618–631. https://doi.org/10.1016/j.molcel
.2013.08.003.

12. Yao M-Y, Liu T, Zhang L, Wang M-J, Yang Y, Gao J. 2021. Role of ferroptosis
in neurological diseases. Neurosci Lett 747:135614. https://doi.org/10
.1016/j.neulet.2020.135614.

13. Mahoney-Sanchez L, Bouchaoui H, Ayton S, Devos D, Duce JA, Devedjian
J-C. 2021. Ferroptosis and its potential role in the physiopathology of Par-
kinson’s disease. Prog Neurobiol 196:101890. https://doi.org/10.1016/j
.pneurobio.2020.101890.

14. Weiland A, Wang Y, Wu W, Lan X, Han X, Li Q, Wang J. 2019. Ferroptosis
and its role in diverse brain diseases. Mol Neurobiol 56:4880–4893. https://
doi.org/10.1007/s12035-018-1403-3.

15. Lee M, Cho T, Jantaratnotai N, Wang YT, McGeer E, McGeer PL. 2010.
Depletion of GSH in glial cells induces neurotoxicity: relevance to aging
and degenerative neurological diseases. FASEB J 24:2533–2545. https://
doi.org/10.1096/fj.09-149997.

16. Li Q, Han X, Lan X, Gao Y, Wan J, Durham F, Cheng T, Yang J, Wang Z,
Jiang C, Ying M, Koehler RC, Stockwell BR, Wang J. 2017. Inhibition of neu-
ronal ferroptosis protects hemorrhagic brain. JCI Insight 2:e90777.
https://doi.org/10.1172/jci.insight.90777.

17. Schachtele SJ, Hu S, Little MR, Lokensgard JR. 2010. Herpes simplex virus
induces neural oxidative damage via microglial cell Toll-like receptor-2. J
Neuroinflammation 7:35. https://doi.org/10.1186/1742-2094-7-35.

18. Gonzalez-Dosal R, Horan KA, Rahbek SH, Ichijo H, Chen ZJ, Mieyal JJ,
Hartmann R, Paludan SR. 2011. HSV infection induces production of ROS,
which potentiate signaling from pattern recognition receptors: role for S-
glutathionylation of TRAF3 and 6. PLoS Pathog 7:e1002250. https://doi
.org/10.1371/journal.ppat.1002250.

19. Palamara AT, Perno CF, Ciriolo MR, Dini L, Balestra E, D’Agostini C, Di
Francesco P, Favalli C, Rotilio G, Garaci E. 1995. Evidence for antiviral activity
of glutathione: in vitro inhibition of herpes simplex virus type 1 replication.
Antiviral Res 27:237–253. https://doi.org/10.1016/0166-3542(95)00008-A.

20. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,
Patel DN, Bauer AJ, Cantley AM, Yang WS, Morrison B, III, Stockwell BR.
2012. Ferroptosis: an iron-dependent form of nonapoptotic cell death.
Cell 149:1060–1072. https://doi.org/10.1016/j.cell.2012.03.042.

21. Rosato RR, Fernandez R, Paz LI, Singh CR, Rosato AE. 2014. TCA cycle-
mediated generation of ROS is a key mediator for HeR-MRSA survival
under beta-lactam antibiotic exposure. PLoS One 9:e99605. https://doi
.org/10.1371/journal.pone.0099605.

22. Codo AC, Davanzo GG, Monteiro LDB, de Souza GF, Muraro SP, Virgilio-
da-Silva JV, Prodonoff JS, Carregari VC, de Biagi Junior CAO, Crunfli F,
Jimenez Restrepo JL, Vendramini PH, Reis-de-Oliveira G, Bispo Dos Santos
K, Toledo-Teixeira DA, Parise PL, Martini MC, Marques RE, Carmo HR, Borin
A, Coimbra LD, Boldrini VO, Brunetti NS, Vieira AS, Mansour E, Ulaf RG,
Bernardes AF, Nunes TA, Ribeiro LC, Palma AC, Agrela MV, Moretti ML,
Sposito AC, Pereira FB, Velloso LA, Vinolo MAR, Damasio A, Proenca-
Modena JL, Carvalho RF, Mori MA, Martins-de-Souza D, Nakaya HI, Farias
AS, Moraes-Vieira PM. 2020. Elevated glucose levels favor SARS-CoV-2
infection and monocyte response through a HIF-1alpha/glycolysis-de-
pendent axis. Cell Metab 32:498–499. https://doi.org/10.1016/j.cmet.2020
.07.015.

23. Jones N, Blagih J, Zani F, Rees A, Hill DG, Jenkins BJ, Bull CJ, Moreira D, Bantan
AIM, Cronin JG, Avancini D, Jones GW, Finlay DK, Vousden KH, Vincent EE,
Thornton CA. 2021. Fructose reprogrammes glutamine-dependent oxidative
metabolism to support LPS-induced inflammation. Nat Commun 12:1209.
https://doi.org/10.1038/s41467-021-21461-4.

24. Chen X, Qiao H, Liu T, Yang Z, Xu L, Xu Y, Ge HM, Tan RX, Li E. 2012. Inhibi-
tion of herpes simplex virus infection by oligomeric stilbenoids through
ROS generation. Antiviral Res 95:30–36. https://doi.org/10.1016/j.antiviral
.2012.05.001.

25. Su L-J, Zhang J-H, Gomez H, Murugan R, Hong X, Xu D, Jiang F, Peng Z-Y.
2019. Reactive oxygen species-induced lipid peroxidation in apoptosis,
autophagy, and ferroptosis. Oxid Med Cell Longev 2019:5080843. https://
doi.org/10.1155/2019/5080843.

26. Fournier M, Monin A, Ferrari C, Baumann PS, Conus P, Do K. 2017. Implica-
tion of the glutamate-cystine antiporter xCT in schizophrenia cases linked
to impaired GSH synthesis. NPJ Schizophr 3:31. https://doi.org/10.1038/
s41537-017-0035-3.

27. Scaramuzzino L, Lucchino V, Scalise S, Lo Conte M, Zannino C, Sacco A,
Biamonte F, Parrotta EI, Costanzo FS, Cuda G. 2021. Uncovering the meta-
bolic and stress responses of human embryonic stem cells to FTH1 gene
silencing. Cells 10:2431. https://doi.org/10.3390/cells10092431.

28. Hu K, Li K, Lv J, Feng J, Chen J, Wu H, Cheng F, Jiang W, Wang J, Pei H,
Chiao PJ, Cai Z, Chen Y, Liu M, Pang X. 2020. Suppression of the SLC7A11/
glutathione axis causes synthetic lethality in KRAS-mutant lung adenocar-
cinoma. J Clin Invest 130:1752–1766. https://doi.org/10.1172/JCI124049.

29. Lu SC. 2013. Glutathione synthesis. Biochim Biophys Acta 1830:3143–3153.
https://doi.org/10.1016/j.bbagen.2012.09.008.

30. Maiorino M, Conrad M, Ursini F. 2018. GPx4, lipid peroxidation, and cell
death: discoveries, rediscoveries, and open issues. Antioxid Redox Signal
29:61–74. https://doi.org/10.1089/ars.2017.7115.

31. Luo H. 2016. Interplay between the virus and the ubiquitin-proteasome
system: molecular mechanism of viral pathogenesis. Curr Opin Virol 17:
1–10. https://doi.org/10.1016/j.coviro.2015.09.005.

32. Vilela MC, Campos RD, Mansur DS, Rodrigues DH, Lacerda-Queiroz N,
Lima GK, Rachid MA, Kroon EG, Campos MA, Teixeira AL. 2011. Role of IL-4

HSV-1-Induced Ferroptosis Contributes to Encephalitis mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.02370-22 22

https://doi.org/10.1007/s12250-020-00330-2
https://www.who.int/news-room/fact-sheets/detail/herpes-simplex-virus
https://www.who.int/news-room/fact-sheets/detail/herpes-simplex-virus
https://doi.org/10.1007/s13311-016-0433-7
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1038/s41419-019-2064-5
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1002/jbt.22942
https://doi.org/10.1002/jbt.22942
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1038/sj.emboj.7601243
https://doi.org/10.1016/j.molcel.2013.08.003
https://doi.org/10.1016/j.molcel.2013.08.003
https://doi.org/10.1016/j.neulet.2020.135614
https://doi.org/10.1016/j.neulet.2020.135614
https://doi.org/10.1016/j.pneurobio.2020.101890
https://doi.org/10.1016/j.pneurobio.2020.101890
https://doi.org/10.1007/s12035-018-1403-3
https://doi.org/10.1007/s12035-018-1403-3
https://doi.org/10.1096/fj.09-149997
https://doi.org/10.1096/fj.09-149997
https://doi.org/10.1172/jci.insight.90777
https://doi.org/10.1186/1742-2094-7-35
https://doi.org/10.1371/journal.ppat.1002250
https://doi.org/10.1371/journal.ppat.1002250
https://doi.org/10.1016/0166-3542(95)00008-A
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1371/journal.pone.0099605
https://doi.org/10.1371/journal.pone.0099605
https://doi.org/10.1016/j.cmet.2020.07.015
https://doi.org/10.1016/j.cmet.2020.07.015
https://doi.org/10.1038/s41467-021-21461-4
https://doi.org/10.1016/j.antiviral.2012.05.001
https://doi.org/10.1016/j.antiviral.2012.05.001
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1038/s41537-017-0035-3
https://doi.org/10.1038/s41537-017-0035-3
https://doi.org/10.3390/cells10092431
https://doi.org/10.1172/JCI124049
https://doi.org/10.1016/j.bbagen.2012.09.008
https://doi.org/10.1089/ars.2017.7115
https://doi.org/10.1016/j.coviro.2015.09.005
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02370-22


in an experimental model of encephalitis induced by intracranial inocula-
tion of herpes simplex virus-1 (HSV-1). Arq Neuropsiquiatr 69:237–241.
https://doi.org/10.1590/s0004-282x2011000200019.

33. Menasria R, Canivet C, Piret J, Boivin G. 2015. Infiltration pattern of blood
monocytes into the central nervous system during experimental herpes
simplex virus encephalitis. PLoS One 10:e0145773. https://doi.org/10
.1371/journal.pone.0145773.

34. Sun Y, Chen P, Zhai B, Zhang M, Xiang Y, Fang J, Xu S, Gao Y, Chen X, Sui
X, Li G. 2020. The emerging role of ferroptosis in inflammation. Biomed
Pharmacother 127:110108. https://doi.org/10.1016/j.biopha.2020.110108.

35. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R,
Viswanathan VS, Cheah JH, Clemons PA, Shamji AF, Clish CB, Brown LM,
Girotti AW, Cornish VW, Schreiber SL, Stockwell BR. 2014. Regulation of
ferroptotic cancer cell death by GPX4. Cell 156:317–331. https://doi.org/
10.1016/j.cell.2013.12.010.

36. Yan H-F, Zou T, Tuo Q-Z, Xu S, Li H, Belaidi AA, Lei P. 2021. Ferroptosis:
mechanisms and links with diseases. Signal Transduct Target Ther 6:49.
https://doi.org/10.1038/s41392-020-00428-9.

37. Vastag L, Koyuncu E, Grady SL, Shenk TE, Rabinowitz JD. 2011. Divergent
effects of human cytomegalovirus and herpes simplex virus-1 on cellular
metabolism. PLoS Pathog 7:e1002124. https://doi.org/10.1371/journal
.ppat.1002124.

38. Kavouras JH, Prandovszky E, Valyi-Nagy K, Kovacs SK, Tiwari V, Kovacs M,
Shukla D, Valyi-Nagy T. 2007. Herpes simplex virus type 1 infection indu-
ces oxidative stress and the release of bioactive lipid peroxidation by-
products in mouse P19N neural cell cultures. J Neurovirol 13:416–425.
https://doi.org/10.1080/13550280701460573.

39. Chen GH, Song CC, Pantopoulos K, Wei XL, Zheng H, Luo Z. 2022. Mito-
chondrial oxidative stress mediated Fe-induced ferroptosis via the NRF2-
ARE pathway. Free Radic Biol Med 180:95–107. https://doi.org/10.1016/j
.freeradbiomed.2022.01.012.

40. Baird L, Yamamoto M. 2020. The molecular mechanisms regulating the
KEAP1-NRF2 pathway. Mol Cell Biol 40:e00099-20. https://doi.org/10
.1128/MCB.00099-20.

41. Wyler E, Franke V, Menegatti J, Kocks C, Boltengagen A, Praktiknjo S,
Walch-Ruckheim B, Bosse J, Rajewsky N, Grasser F, Akalin A, Landthaler M.
2019. Single-cell RNA-sequencing of herpes simplex virus 1-infected cells
connects NRF2 activation to an antiviral program. Nat Commun 10:4878.
https://doi.org/10.1038/s41467-019-12894-z.

42. Xiong W, MacColl Garfinkel AE, Li Y, Benowitz LI, Cepko CL. 2015. NRF2
promotes neuronal survival in neurodegeneration and acute nerve dam-
age. J Clin Invest 125:1433–1445. https://doi.org/10.1172/JCI79735.

43. Amici C, Rossi A, Costanzo A, Ciafre S, Marinari B, Balsamo M, Levrero M,
Santoro MG. 2006. Herpes simplex virus disrupts NF-kappaB regulation
by blocking its recruitment on the IkappaBalpha promoter and directing
the factor on viral genes. J Biol Chem 281:7110–7117. https://doi.org/10
.1074/jbc.M512366200.

44. La Frazia S, Amici C, Santoro MG. 2006. Antiviral activity of proteasome
inhibitors in herpes simplex virus-1 infection: role of nuclear factor-kappaB.
Antivir Ther 11:995–1004. https://doi.org/10.1177/135965350601100805.

45. Parkinson J, Lees-Miller SP, Everett RD. 1999. Herpes simplex virus type 1
immediate-early protein Vmw110 induces the proteasome-dependent
degradation of the catalytic subunit of DNA-dependent protein kinase. J
Virol 73:650–657. https://doi.org/10.1128/JVI.73.1.650-657.1999.

46. Lomonte P, Sullivan KF, Everett RD. 2001. Degradation of nucleosome-asso-
ciated centromeric histone H3-like protein CENP-A induced by herpes sim-
plex virus type 1 protein ICP0. J Biol Chem 276:5829–5835. https://doi.org/
10.1074/jbc.M008547200.

47. Everett RD, EarnshawWC, Findlay J, Lomonte P. 1999. Specific destruction
of kinetochore protein CENP-C and disruption of cell division by herpes
simplex virus immediate-early protein Vmw110. EMBO J 18:1526–1538.
https://doi.org/10.1093/emboj/18.6.1526.

48. Everett RD, Orr A, Preston CM. 1998. A viral activator of gene expression
functions via the ubiquitin-proteasome pathway. EMBO J 17:7161–7169.
https://doi.org/10.1093/emboj/17.24.7161.

49. Delboy MG, Roller DG, Nicola AV. 2008. Cellular proteasome activity facili-
tates herpes simplex virus entry at a postpenetration step. J Virol 82:
3381–3390. https://doi.org/10.1128/JVI.02296-07.

50. Schneider SM, Pritchard SM, Wudiri GA, Trammell CE, Nicola AV. 2019.
Early steps in herpes simplex virus infection blocked by a proteasome in-
hibitor. mBio 10(3):e00732-19. https://doi.org/10.1128/mBio.00732-19.

51. Marques CP, Hu S, Sheng W, Lokensgard JR. 2006. Microglial cells initiate
vigorous yet non-protective immune responses during HSV-1 brain infec-
tion. Virus Res 121:1–10. https://doi.org/10.1016/j.virusres.2006.03.009.

52. Kim EH, Wong S-W, Martinez J. 2019. Programmed necrosis and disease: we
interrupt your regular programming to bring you necroinflammation. Cell
Death Differ 26:25–40. https://doi.org/10.1038/s41418-018-0179-3.

53. Allen CNS, Arjona SP, Santerre M, Sawaya BE. 2022. Hallmarks of meta-
bolic reprogramming and their role in viral pathogenesis. Viruses 14:602.
https://doi.org/10.3390/v14030602.

54. Kan X, Yin Y, Song C, Tan L, Qiu X, Liao Y, Liu W, Meng S, Sun Y, Ding C.
2021. Newcastle-disease-virus-induced ferroptosis through nutrient de-
privation and ferritinophagy in tumor cells. iScience 24:102837. https://
doi.org/10.1016/j.isci.2021.102837.

55. Komissarov AA, Karaseva MA, Roschina MP, Shubin AV, Lunina NA,
Kostrov SV, Demidyuk IV. 2021. Individual expression of hepatitis A virus
3C protease induces ferroptosis in human cells in vitro. Int J Mol Sci 22:
7906. https://doi.org/10.3390/ijms22157906.

56. Burton EM, Voyer J, Gewurz BE. 2022. Epstein-Barr virus latency programs
dynamically sensitize B cells to ferroptosis. Proc Natl Acad Sci U S A 119:
e2118300119. https://doi.org/10.1073/pnas.2118300119.

57. Kung Y-A, Chiang H-J, Li M-L, Gong Y-N, Chiu H-P, Hung C-T, Huang P-N,
Huang S-Y, Wang P-Y, Hsu T-A, Brewer G, Shih S-R. 2022. Acyl-coenzyme
A synthetase long-chain family member 4 is involved in viral replication
organelle formation and facilitates virus replication via ferroptosis. mBio
13(1):e02717-21. https://doi.org/10.1128/mbio.02717-21.

58. Xia H, Zhang Z, You F. 2021. Inhibiting ACSL1-related ferroptosis restrains
murine coronavirus infection. Viruses 13:2383. https://doi.org/10.3390/
v13122383.

59. Camini FC, da Silva Caetano CC, Almeida LT, de Brito Magalhaes CL. 2017.
Implications of oxidative stress on viral pathogenesis. Arch Virol 162:
907–917. https://doi.org/10.1007/s00705-016-3187-y.

60. Fratta Pasini AM, Stranieri C, Girelli D, Busti F, Cominacini L. 2021. Is ferroptosis
a key component of the process leading to multiorgan damage in COVID-19?
Antioxidants (Basel) 10:1677. https://doi.org/10.3390/antiox10111677.

61. Wang Y, Huang J, Sun Y, Stubbs D, He J, Li W, Wang F, Liu Z, Ruzicka JA,
Taylor EW, Rayman MP, Wan X, Zhang J. 2021. SARS-CoV-2 suppresses
mRNA expression of selenoproteins associated with ferroptosis, endoplas-
mic reticulum stress and DNA synthesis. Food Chem Toxicol 153:112286.
https://doi.org/10.1016/j.fct.2021.112286.

62. Shi Z, Puyo CA. 2020. N-Acetylcysteine to combat COVID-19: an evidence
review. Ther Clin Risk Manag 16:1047–1055. https://doi.org/10.2147/
TCRM.S273700.

63. Sedlackova L, Korolchuk VI. 2020. The crosstalk of NAD, ROS and autoph-
agy in cellular health and ageing. Biogerontology 21:381–397. https://doi
.org/10.1007/s10522-020-09864-0.

64. Jiang Y, Deng Y, Pang H, Ma T, Ye Q, Chen Q, Chen H, Hu Z, Qin C-F, Xu Z.
2022. Treatment of SARS-CoV-2-induced pneumonia with NAD1 and
NMN in two mouse models. Cell Discov 8:38. https://doi.org/10.1038/
s41421-022-00409-y.

65. Tsikas D. 2017. Assessment of lipid peroxidation by measuring malondial-
dehyde (MDA) and relatives in biological samples: analytical and biologi-
cal challenges. Anal Biochem 524:13–30. https://doi.org/10.1016/j.ab
.2016.10.021.

66. Bond ST, McEwen KA, Yoganantharajah P, Gibert Y. 2018. Live metabolic
profile analysis of zebrafish embryos using a Seahorse XF 24 extracellular
flux analyzer. Methods Mol Biol 1797:393–401. https://doi.org/10.1007/
978-1-4939-7883-0_21.

HSV-1-Induced Ferroptosis Contributes to Encephalitis mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.02370-22 23

https://doi.org/10.1590/s0004-282x2011000200019
https://doi.org/10.1371/journal.pone.0145773
https://doi.org/10.1371/journal.pone.0145773
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1371/journal.ppat.1002124
https://doi.org/10.1371/journal.ppat.1002124
https://doi.org/10.1080/13550280701460573
https://doi.org/10.1016/j.freeradbiomed.2022.01.012
https://doi.org/10.1016/j.freeradbiomed.2022.01.012
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.1038/s41467-019-12894-z
https://doi.org/10.1172/JCI79735
https://doi.org/10.1074/jbc.M512366200
https://doi.org/10.1074/jbc.M512366200
https://doi.org/10.1177/135965350601100805
https://doi.org/10.1128/JVI.73.1.650-657.1999
https://doi.org/10.1074/jbc.M008547200
https://doi.org/10.1074/jbc.M008547200
https://doi.org/10.1093/emboj/18.6.1526
https://doi.org/10.1093/emboj/17.24.7161
https://doi.org/10.1128/JVI.02296-07
https://doi.org/10.1128/mBio.00732-19
https://doi.org/10.1016/j.virusres.2006.03.009
https://doi.org/10.1038/s41418-018-0179-3
https://doi.org/10.3390/v14030602
https://doi.org/10.1016/j.isci.2021.102837
https://doi.org/10.1016/j.isci.2021.102837
https://doi.org/10.3390/ijms22157906
https://doi.org/10.1073/pnas.2118300119
https://doi.org/10.1128/mbio.02717-21
https://doi.org/10.3390/v13122383
https://doi.org/10.3390/v13122383
https://doi.org/10.1007/s00705-016-3187-y
https://doi.org/10.3390/antiox10111677
https://doi.org/10.1016/j.fct.2021.112286
https://doi.org/10.2147/TCRM.S273700
https://doi.org/10.2147/TCRM.S273700
https://doi.org/10.1007/s10522-020-09864-0
https://doi.org/10.1007/s10522-020-09864-0
https://doi.org/10.1038/s41421-022-00409-y
https://doi.org/10.1038/s41421-022-00409-y
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1007/978-1-4939-7883-0_21
https://doi.org/10.1007/978-1-4939-7883-0_21
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02370-22

	RESULTS
	HSV-1 induces ferroptosis in human astrocytes and microglia cells.
	HSV-1 interrupts the biosynthesis of GSH in human astrocytes and microglia cells.
	HSV-1 interrupts the biosynthesis of GSH by downregulating the protein level of Nrf2.
	HSV-1 inhibits Nrf2 by accelerating its ubiquitination and degradation dependent on Keap1.
	HSV-1 induces ferroptosis in murine brain astrocytes and microglia cells.
	HSV-1 ferroptosis-activated upregulation of PTGS2 and PGE2 contributes to viral encephalitis.
	Inhibition of ferroptosis protects mice against HSV-1 encephalitis.

	DISCUSSION
	MATERIALS AND METHODS
	Cells and viruses.
	Plasmids, siRNAs, and reagents.
	Electron microscopy.
	Cell viability and LDH release assays.
	Lipid peroxidation MDA assay and 4-HNE assay.
	Ferrous iron detection.
	ROS measurement.
	Measurement of the intracellular level of GSH and the GSH/GSSG ratio.
	Seahorse analysis of the extracellular acidification rate and the oxygen consumption rate.
	Stable-isotope tracing and metabolite extraction.
	LC-MS/MS analysis.
	RNA isolation and quantitative real-time PCR.
	Plaque assays.
	Western blotting and antibodies.
	Coimmunoprecipitation.
	Apoptosis detection assay.
	Animal studies.
	Immunohistochemistry and immunofluorescence staining.
	Enzyme-linked immunosorbent assay.
	Quantification and statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

