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Abstract Recent insights collectively suggest the important roles of lysyl oxidase (LysOX) in the path-

ological processes of several acute and chronic neurological diseases, but the molecular regulatory mech-

anisms remain elusive. Herein, we explore the regulatory role of LysOX in the seizure-induced ferroptotic

cell death of neurons. Mechanistically, LysOX promotes ferroptosis-associated lipid peroxidation in neu-

rons via activating extracellular regulated protein kinase (ERK)-dependent 5-lipoxygenase (Alox5)
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Neuronal damage;

Seizure
signaling. In addition, overexpression of LysOX via adeno-associated viral vector (AAV)-based gene

transfer enhances ferroptosis sensitivity and aggravates seizure-induced hippocampal damage. Our

studies show that pharmacological inhibition of LysOX with b-aminopropionitrile (BAPN) significantly

blocks seizure-induced ferroptosis and thereby alleviates neuronal damage, while the BAPN-associated

cardiotoxicity and neurotoxicity could further be reduced through encapsulation with bioresponsive

amorphous calcium carbonate-based nanocarriers. These findings unveil a previously unrecognized

LysOX-ERK-Alox5 pathway for ferroptosis regulation during seizure-induced neuronal damage. Sup-

pressing this pathway may yield therapeutic implications for restoring seizure-induced neuronal injury.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Seizures are caused by abnormal and synchronous neuronal
activity of a population of neuronal cells, leading to well-
characterized behavioral manifestations such as tonic-clonic
movement, convulsions and cognitive impairment. Seizure is
clinically associated with a wide range of acute and chronic
neurological conditions including epilepsy, brain tumor,
ischemic stroke, autism and neurodegenerative diseases1e6.
Neuronal injury is a characteristic neuropathologic change after
seizures in human epilepsies7, which often induces functional
and structural changes in the neuronal network8. Accumulating
evidence strongly supports that repetitive seizure can activate
neuronal death process, contributing to neuronal damage.
Seizure-induced hippocampal damage has been reported to in-
crease the episode of recurrent seizures and the frequency of
severe epileptic seizures9. Elucidating the post-seizure neuronal
death mechanism would yield novel therapeutic approaches for
seizure treatment.

Studies suggest that ferroptosis, a novel form of iron-dependent
regulated cell death characterized by abnormal accumulation of
lethal lipid peroxides, has been implicated in many disease condi-
tions including cancers, ischemic or metabolic diseases and
neurodegenerative disorders10e15. Ferroptosis presents a series of
distinct morphological, genetic and biochemical traits compared
with other cell death modes like apoptosis, autophagy and nec-
roptosis15. We previously provided direct evidence showing fer-
roptotic events in various seizure models induced by kainic acid
(KA), pentylenetetrazole (PTZ), pilocarpine (Pilo) and FeCl3

16e19.
Pharmacological inhibition of ferroptosis with ferrostatin-1 (Fer-1)
or liproxstatin-1 (Lip-1) remarkably suppressed seizure activity,
suggesting a promising approach in seizure control via targeting
ferroptosis. However, the detailed regulatory mechanism of fer-
roptosis after seizure induction remains unknown.

Lysyl oxidase (LysOX) is an endogenous enzyme responsible
for the crosslinking of extracellular matrix (ECM) to maintain its
tensile strength and structural integrity20,21. Interestingly, latest
insights demonstrate that LysOX is also involved in the aspects of
epithelial-to-mesenchymal transition (EMT), gene transcription
and embryogenesis22e24. There are also other reports that LysOX
may affect certain neurologic diseases such as Alzheimer’s dis-
ease, hereditary cerebral hemorrhage as well as amyotrophic
lateral sclerosis25e27. However, the function of LysOX in seizure-
induced neuronal injury remains to be investigated.

Herein, we report that LysOX levels in neurons in kainic acid
(KA)-induced seizure mice were significantly elevated while
neuron-specific LysOX deletion inhibited ferroptosis therein.
Mechanistically, LysOX stimulates ferroptosis via activating
extracellular regulated protein kinase (ERK) to trigger 5-
lipoxygenase (Alox5) phosphorylation, subsequently leading to
lipid ROS accumulation, whereas inhibiting LysOX with b-ami-
nopropionitrile (BAPN) ameliorated neuronal damage in a KA-
treated mouse seizure model. Furthermore, to assess the clinical
translation potential of BAPN-based therapy, we systematically
evaluated the safety of BAPN and found that it has evident toxic
effects, especially against the heart and nerve system. To minimize
the side effects of BAPN, we adopted the brain targeting drug
delivery nanotechnology, which is a promising therapeutic
approach against neurological diseases such as epilepsy28, gli-
oma29 and brain metastasis30. Our results illustrated that BAPN-
associated cardiotoxicity and neurotoxicity were efficiently abro-
gated through encapsulation with bioresponsive amorphous cal-
cium carbonate-based nanocarriers. Altogether, our results show
that elucidation of the post-seizure neuronal ferroptosis mecha-
nisms offers new paradigms for alleviating brain damage in
diverse neurological conditions such as epilepsy. We also high-
light LysOX/ERK/Alox5 signaling axis as the mechanistic base of
neuronal ferroptosis after seizures. Suppression of LysOX-
mediated ferroptosis process may provide a novel therapeutic
approach for combating neuronal injury caused by seizure disor-
ders such as epilepsy.

2. Materials and methods

All the chemicals and virus strains were summarized in
Supporting Information Fig. S1. The product quality, if available,
was also displayed in Fig. S1.

2.1. Mice

Male adult mice were selected in our present work, except that
the results should be obtained in different groups from either
male or female mice at five time points including 4, 5, 6, 7 and 8
weeks of age. C57 BL/6J and BALB/c mice were obtained from
the Animal Center of Central South University (Changsha,
China). LysOX-floxed (LysOXfl/fl) mice were supplied by Bio-
cytogen Technology (Beijing, China). Map2-Cre mice with C57
BL/6J background expressing neuron-specific Cre topoisomerase
were provided by Shanghai Model Organism (Shanghai, China).
Mice were housed in individual cages under an atmospheric
temperature of 24 � 2 �C and a day/night cycle of 12 h. All
animal handling protocols have been reviewed and approved by
the Animal Care and Use Committee of Central South University
under the license of 2019-0004 (Changsha, China). We ensure

http://creativecommons.org/licenses/by-nc-nd/4.0/
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that all protocols strictly followed the ethics guidelines estab-
lished by the National Institute of Health for the Care and Use of
Laboratory Animals.

Tamoxifen-inducible LysOX knockout (designed as LysOX
KO) mice were obtained by breeding LysOX-floxed mice with
Map2-Cre ones. LysOX KO mice were back-crossed into with the
purpose of obtaining a constant C57BL/6J background. To obtain
neuron-specific LysOX KO mice, animals were intraperitoneally
injected with tamoxifen (dissolved in corn oil at the concentration
of 2.5 mg/mL) once a day for five successive days at a daily dose
of 75 mg/kg.

2.2. Cell culture

HT22 cell, an immortalized hippocampal cell line, was incubated
in Dulbecco’s modified Eagle’s medium with high glucose sup-
plemented with 10% fetal bovine serum (FBS), penicillin
(100 U/mL) and streptomycin (100 mg/mL). The cells were placed
in an incubator with 5% CO2 atmosphere at 37 �C.

2.3. Establishing KA-treated seizure mouse model

The protocol of KA-triggered seizure mouse model was adapted
from a previous study18. For short, male C57BL/6J mice (6e8
weeks of age) were anesthetized with sodium phenobarbital
(50 mg/kg, i.p.) and immobilized on a stereotaxic apparatus.
Using a syringe pump and an infusion needle (62204, RWD Life
Science, Shenzhen, China), KA (1 mL, 250 ng/mL dissolved in
saline) was stereotactically injected into the right hippocampus
(coordinates anteroposterior �2.0 mm; lateral �1.3 mm; dorso-
ventral �1.2 mm). The needle would remain at the injection site
for another 5 min after completing the KA injection to prevent
reflux. In control group, saline (1 mL) was infused. At the early
stage after KA injection, animals exhibited discrete seizures,
followed by prolonged seizures31. Status epilepticus (SE) onset
was defined as prolonged seizures with spike frequency greater
than 3 Hz32. Behavioral and electrographic seizures were moni-
tored after the last drug or vehicle injection. Thirty minutes after
SE induction, mice were individually treated with: BAPN (dis-
solved in saline with the dose of 50 or 100 mg/kg, intraperitoneal
injection for seven days), Lip-1 (dissolved in 1% dimethyl sulf-
oxide with the dose of 10 mg/kg, and intraperitoneal injection for
three times at three different time points), U0126 (dissolved in
1% dimethyl sulfoxide with the dose of 30 mg/kg, intraperitoneal
injection 1 h prior to KA) and Zileuton (dissolved in 1%
dimethyl sulfoxide with the dose of 35 mg/kg, intraperitoneal
injection 1 h prior to KA). The dosage and dosing frequency
were selected according to previous descriptions33e38. Mice that
showed stage 4 or 5 seizures by Racine score system39 were
recruited into our study.

2.4. Nissl staining

Brain tissue sections (10 mm) from each group were stained with
Nissl staining solution (C0117, Beyotime Biotechnology, China)
for 10 min. After dehydration, brain sections were imaged using
an optical microscope (Leica, Germany).

2.5. Fluoro-Jade B (FJB) assay

Tissue slides (10 mm) were soaked with 1% sodium hydroxide and
70% ethanol for 5 min and 2 min, respectively. Subsequently, the
samples were incubated with 0.06% potassium permanganate for
about 10 min. Following several thorough washes, 0.0004% FJB
solution (AAT Bioquest, USA) was employed to immerse the
slides for 20 min. Afterward, tissue sections were coverslipped
with neutral balsam and viewed under a fluorescence microscope.
Degenerated neurons were calculated using Image J software
(Bethesda, MD, USA).

2.6. Transmission electron microscopy (TEM)

Mice were treated with phosphate-buffered saline (PBS) at pH 7.4
via cardiac perfusion and then sacrificed to extract the brains,
which were carefully dissected and cut into thin sections with an
average thickness of 100 nm. The brain tissue sections were
stained by uranyl acetate and lead citrate. Samples were then
imaged on a TEM (JEM2000EX, Tokyo, Japan).

2.7. Determination of GSH content

GSH level was determined with a commercial kit (S0053, Beyo-
time Biotechnology, China) via procedures described in the
manual.

2.8. Determination of mRNA expression by real-time PCR

Total RNA from tissues or cells was obtained via the TRIzol
method. Following the reverse transcription into cDNA, all sam-
ples were assayed by real-time PCR. Gene expressions were
calculated using 2‒DDCT method. The associated primer sequences
were displayed in Supporting Information Fig. S2.

2.9. Western blot assay

Tissue or cell protein extracts were obtained using a cold lysis
buffer (P0013, Beyotime Biotechnology Institute, China) with
mixed protease and phosphatase inhibitors. Equal amount of
protein (20 mg) from different groups was separated by gel elec-
trophoresis and membrane transferring. Then, the membranes
were blocked with 5% non-fat milk for 1 h and subsequently
rinsed with primary antibodies including 4-hydroxynonenal,
LysOX, cleaved caspase-3, LC3II/I, glutathione peroxidase 4
(GPX4), phosphor-ERK, total ERK, phosphor-JNK, total JNK,
phosphor-p38, total p38, Alox5 (Ser663) and total Alox5, while b-
actin or a-tubulin were used as control. Other details of antibodies
were summarized in Supporting Information Fig. S3.

2.10. Malonaldehyde (MDA) analysis

MDA level was analyzed by a commercially available assay kit
(S0131, Beyotime Technology Institute, China) via procedures
described in the user manual.

2.11. Measurement of lipid peroxide levels

Lipid peroxidase (LPO) of tissues and cells was assayed by a kit
from Jiancheng Biotechnology (A106, China) by monitoring the
absorbance at 586 nm. Cellular lipid peroxide levels were carried
out according to a previously reported method38. HT22 cells after
different treatment were trypsinized and incubated with BOD-
IPY™ 581/591 C11 (2 mmol/L) for 15 min. Fluorescence signal
was analyzed under a flow cytometer under 488 nm excitation
wavelength.
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2.12. Propidium iodide (PI)/Hoechst33342

After 12 h of cultivation, HT22 cells were incubated with
1 mmol/L BAPN (LysOX inhibitor, 30 min after glutamate or
erastin), 10 mmol/L U0126 (ERK inhibitor, pretreatment 1 h prior
to glutamate or erastin), 10 mmol/L Zileuton (Alox5 inhibitor, co-
treatment with glutamate or erastin), 10 mmol/L SP600125 (JNK
inhibitor, pretreatment 1 h prior to glutamate or erastin) or
10 mmol/L of SB203580 (p38 inhibitor, pretreatment 1 h prior to
glutamate or erastin). Cells incubated with 5 mmol/L glutamate or
500 nmol/L erastin was used as model group. Thereafter, cells
were co-stained with Hoechst 33342 (5 mg/mL) and PI (5 mg/mL)
for 5 min. Images were captured using a fluorescence microscope
(Leica, Germany).

2.13. Cell death assessment

To assess the treatment-induced cell death, HT22 cells from each
group were stained with PI for 15 min and the fluorescence signal
was obtained at the excitation wavelength of 488 nm on a flow
cytometer (Beckman, USA).

2.14. Determination of cell viability by cell counting kit 8
(CCK8)

HT22 cells were first treated with Lip-1, Fer-1, deferoxamine
(DFO), 3-methyladenine (3-MA), necrostatin-1 (Nec-1) or
benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-
VAD-FMK) for 2 h, and then with glutamate for additional 8 h.
Thereafter, cells were incubated with CCK8 reagent (10 mL,
C0038, Beyotime Biotechnology Institute, China) solubilized in a
culture medium (100 mL) at 37 �C for 2 h. The absorbance was
analyzed at 450 nm.

2.15. Detection of LysOX activity

LysOX activity was detected by an assay kit (ab112139, Abcam,
UK) based on the standard protocol.

2.16. Gene knockdown

The knockdown of selected genes was performed by RNA inter-
ference technique. Small interfering RNAs (siRNA) were pro-
vided by RioBio Biotechnology (Guangzhou, China) and the
target sequences were listed in Fig. S2. When the confluence
reached around 40%, HT22 cells were transfected via adding
mixed reagents including Lipofectamine™ RNAiMAX and
siRNA. Following transfection for two days, cells were digested
and cultivated in 24- or 96-well plates, which were subjected to
glutamate or erastin challenge.

2.17. Confocal microscopy

Following transcardial perfusion with PBS, brain samples were
extracted and carefully dissected, which were further cut into
tissue slides with an average thickness of 8 mm using a cryostat
(CM1900UV, Leica, Germany) followed by incubation with 0.2%
Triton X-100 and 5% donkey serum in PBS. Then, the primary
antibody was added to incubate the sections overnight. On the
next day, the slices were washed and treated with the secondary
antibody for 1 h. Fluorescent images were captured under a
confocal laser scanning microscope (Nikon, Japan). The detailed
information of antibodies was indicated in Fig. S3.

2.18. In vivo LysOX overexpression

Overexpression of LysOX in the hippocampus was achieved via
AAV method. The plasmid-integrated AAV-PHP.eB vectors were
obtained from Obio Technology (Shanghai, China). For the
implementation of AAV-mediated gene transfer, a microsyringe
pump (R452, RWD Life Science, Shenzhen, China) was employed
for the stereotaxical injection of AAV-SYN-LysOX-P2A-EGFP-
3FLAG (0.5 mL, virus titers: 1.04 � 1012 vg/mL) or AAV-SYN-
EGFP-3FLAG (0.5 mL, virus titers: 0.75 � 1012 vg/mL) into the
right hippocampus (mediolateral �1.3 mm; anteroposterior
�2.00 mm; dorsoventral: �1.2 mm) at a flow rate of 4.6 nL/6 s.
Four weeks after AAV injection, three animals per group were
sacrificed to monitor the LysOX expression levels via
immunofluorescence.

2.19. Preparation and characterization of CaCO3@BAPN-
CaSi-PEG-TAT

The preparation of CaCO3@BAPN-CaSi-PEG-TAT includes five
steps. Firstly, BAPN (0.4 mL, 20 mg/mL) was added to a flask.
Then, CaCl2 solution was obtained via mixing 100 mL CaCl2
(1.5 mg/mL) and anhydrous ethanol, which was subsequently
transferred to the BAPN-containing flask. Subsequently, the flask
was sealed with plastic wrap and transferred to the dryer at 37 �C
for 36 h. Thereafter, the solution was centrifuged at 8000 rpm for
10 min. Subsequently, the pellet was dispersed in anhydrous
ethanol to obtain CaCO3@BAPN nanoparticles. For the next step,
CaCO3@BAPN nanoparticles (2 mg), anhydrous ethanol (20 mL),
EDTA (25 mL, 12 mg/mL) and ammonia (400 mL, 25%, v/v) were
mixed and centrifuged at 400 rpm for 15 min. After that, TEOS
(30 mL) was added and reacted for 15 min, followed by the
addition of pure water for another 24 h of reaction. Samples were
recovered via centrifugation at 8000 rpm for 10 min and the pellet
was dispersed in anhydrous ethanol thus obtaining CaCO3@-
BAPN-CaSi. CaCO3@BAPN-CaSi-NH2 was synthesized through
the reaction between CaCO3@BAPN-CaSi and (3-aminopropyl)
trimethoxysilane (10 mL) at 60 �C for 24 h. To enhance the
nanoparticle stability, the appending NH2 terminal groups were
exploited for the conjugation of azido-PEG segment by mixing
COOH-PEG1000-N3 (50 mg), NHS (35 mg), EDC (40 mg) and
CaCO3@BAPN-CaSi-NH2 (20 mg) at 400 rpm for 24 h, thus
obtaining CaCO3@BAPN-CaSi-PEG-N3. At last, CaCO3@-
BAPN-CaSi-PEG-TATwas prepared by the click reaction between
CaCO3@BAPN-CaSi-PEG-N3 (20 mg) and alkynylated TAT
(20 mg), under the catalysis of pentahydrate copper sulfate (2 mg)
and ascorbic acid (4 mg) in deionized water (10 mL) and stirred
24 h under nitrogen protection, and the CaCO3@BAPN-CaSi-
PEG-TAT was eventually recovered obtained by centrifugation.
The sequence of TAT was YGRKKRRQRRR.

2.20. Evaluation of blood‒brain barrier (BBB) integrity via
Evans blue (EB) assay

The integrity of BBB after treatment with different nanoparticles
was investigated using EB assay40. Nude mice were implemented
according to the previous investigation41 as the animal model pri-
marily due to the absence of body hair, which is beneficial for
monitoring the BBB integrity via EB assay. Meanwhile, the BBB
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structure of nude mice has no significant difference with normal
immunocompetent mice, which would not interfere with the anal-
ysis results42. Briefly, animals were first treated with different
nanoparticles and then intravenously injected with EB (0.2% w/v,
2 mL/kg). Mice in the positive control group were injected with EB
and mannitol (20%, 5 mL/kg), a commonly used BBB-opening
agent43. Mice in the negative control group received only saline.
After injection for 2 h, mouse brains were carefully dissected and
EB fluorescence intensity was analyzed using the imaging system.

2.21. Fluorescence imaging and analysis of drug distribution

An IVIS Lumina III Spectrum Imaging System was used to
evaluate the brain targeting effect of the nanoparticles using Cy5
as the probe. The process of Cy5 labeling was elaborated as fol-
lows. Cy5 (8 mg), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (25 mg) and N-hydroxy succi-
nimide (20 mg) were altogether dissolved with water in 20 mL
round-bottom flask and subsequently stirred for 6 h at room
temperature to activate the carboxyl groups. Thereafter, the
mixture was reacted with CaCO3@BAPN-CaSi-PEG-TAT for
24 h. Finally, Cy5-labeled CaCO3@BAPN-CaSi-PEG-TAT
(CaCO3@BAPN-CaSi-PEG-TAT-Cy5) was collected via centri-
fugation. Mice were administered with either CaCO3@BAPN-
CaSi-PEG-TAT-Cy5 (100 mL, Cy5 dose 0.5 mg/mL) or Cy5-
labeled CaCO3@BAPN-CaSi (CaCO3@BAPN-CaSi-Cy5) via
tail vein. In vivo fluorescence images were captured after anes-
thesia. Finally, mice from different groups were subjected to brain
dissection for further analysis.

2.22. Data analysis

The data analysis was performed via GraphPad 9.0 software in a
blinded manner. The data was first analyzed using ShapiroeWilk
test to determine whether the results follow normal distribution.
Statistical analysis methods for normally distributed data included:
one-way ANOVA or repeated measure (RM)-two-way ANOVA
with Tukey’s test, and Brown-Forsythe ANOVA test followed by
Dunnett’s T3 multiple comparisons or Unpaired t-test with Welch’s
correction. For non-normally distributed data, it was analyzed using
Mann Whitney U test or KruskaleWallis test. The summary of
statistical tests was presented in Supporting Information Fig. S4. All
statistical data was expressed as the mean � SEM. P value below
0.05 was considered statistically significant.

3. Results

3.1. Pharmacological inhibition of LysOX attenuates seizure-
induced neuronal damage in mice

Firstly, we explored whether LysOX was altered in the hippo-
campus after seizures. The seizure model was prepared via
intrahippocampal injection of KA in mice as shown in Fig. 1A.
The mRNA and protein expression levels of LysOX and its
enzymatic activity obviously increased in the hippocampus of
KA-induced seizure mouse model (Fig. 1B‒E). Furthermore,
LysOX evidently colocalized with the specific neuronal marker
NeuN, which indicates that neuronal LysOX expression is elevated
in mice post seizures (Fig. 1F). To further investigate the contri-
bution of LysOX to neuronal damage, we inhibited the enzymatic
activity of LysOX pharmacologically via treatment with BAPN, a
previously reported irreversible LysOX inhibitor44, as shown in
Fig. 1G. The results of Nissl staining indicated that BAPN
remarkably increased viable neurons in hippocampal CA1 and
CA3 regions (Fig. 1H and I) while reducing the amount of
locoregional degenerated neurons by FJB analysis (Fig. 1J and K).
These results suggest that pharmacological blockade of LysOX
can efficiently alleviate seizure-induced neuronal damage.
3.2. Deletion of LysOX in mice abrogates neuronal ferroptosis
post seizures

To confirm whether the increased LysOX level is an important
contributor to seizure-induced neuronal damage, neuron-specific
LysOX KO mice were created. The diagram for generating neuron-
specific LysOX KO mice was shown in Fig. 2A. The validation of
LysOX deficiency was conducted via immunofluorescence
(Fig. 2B) and Western blot assay (Supporting Information
Fig. S5). The body weight of LysOX KO mice relative to the
wild-type group as well as C57BL/6J normal groups was further
monitored. The results demonstrated that there was no significant
difference between female or male mice, indicating that the
impact of neuron-specific deletion of LysOX on mouse growth is
negligible (Fig. 2C). Consistent with the results shown above,
LysOX KO mice were less susceptible to KA-induced seizure-like
neuronal damage according to the Nissl staining results (Fig. 2D
and E) and FJB analysis (Fig. 2F and G). Considering various cell
death events including apoptosis, autophagy and ferroptosis
(Supporting Information Fig. S6) occur in seizure mouse model
triggered by KA11, it is important to determine whether deletion of
LysOX in neurons affects these cell death modalities. Immunoblot
assay was conducted to analyze the biomarkers of apoptosis,
autophagy and ferroptosis that are cleaved caspase-3, LC3II/I and
GPX4, respectively. It was noteworthy that neuron-specific dele-
tion of LysOX inhibited ferroptosis (shown by increased GPX4
expression) while apoptotic cascade and autophagy were not
affected in LysOX KO mice subjected to KA (Fig. 2H). Besides,
other ferroptotic indices including LPO level and Ptgs2 mRNA
were also dramatically decreased in LysOX KO mice after treat-
ment with KA compared with wild-type mice injected with KA
(Fig. 2I and J). These results suggest that neuron-specific deletion
of LysOX in mice abrogates ferroptosis in KA-induced seizures.
3.3. AAV-mediated LysOX overexpression exacerbates
ferroptosis-related neuronal injury post seizures

Given the positive role of LysOX for neuronal damage in seizure,
we further probed whether neuronal overexpression of LysOX
could exacerbate this effect. LysOX-expressing AAV-PHP.eB was
utilized for the targeted delivery of LysOX to hippocampus. The
scheme was summarized in Fig. 3A. The AAV virus successfully
transferred into neurons evidenced by strong co-localization of
GFP and NeuN (Fig. 3B). Overexpression of LysOX protein was
confirmed by immunoblot analysis (Fig. 3C). In our preliminary
experiment, LysOX overexpression did not evoke seizure-related
neuronal damage in mice of the control group (data not shown).
However, combinational treatment with sub-convulsive dose of
KA (100 ng/mL) and infusion of recombinant AAV-LysOX
rendered the mice more susceptible to ferroptosis, as shown by the
elevated MDA and LPO levels (Fig. 3D). Also, the combinational
treatment schedule resulted in decreasing viable neurons, which
could be reversed by the ferroptosis inhibitor Lip-1 (Fig. 3E).



Figure 1 Inhibiting LysOX alleviates seizure-induced neuronal injury in KA-treated mouse model. (A) Schematic illustration of intra-

hippocampal KA injection for seizure induction. (BeE) Alterations of LysOX in seizure mouse model at mRNA and protein levels together with

its enzymatic activity (n Z 8). (F) Colocalization of LysOX and the specific neuronal marker NeuN by immunofluorescence method. Nuclei were

stained with DAPI. The red scale bar indicated 100 mm; black scale bar indicated 50 mm. (G) Schematic of BAPN treatment regimen. (H)

Representative images by Nissl staining in the hippocampus of seizure mouse model when treatment with BAPN. Arrows point to Nissl positive

cells. Red scale bar indicated 200 mm; black scale bar indicated 50 mm. (I) Statistical analysis of Nissl staining results in hippocampal CA1 and

CA3 subregions (nZ 8). (J) Representative images by FJB staining in the hippocampus of KA-induced seizure mouse model when treatment with

BAPN. Arrows indicate FJB positive cells. Scale bar represents 25 mm. (K) Statistical analysis of FJB staining results in hippocampal CA1 and

CA3 subregions (n Z 8). All data were presented as mean � SEM. **P < 0.01, ***P < 0.001.
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These findings again imply that LysOX contributes to ferroptotic
cell death in neurons post seizures.

3.4. LysOX activates neuronal ferroptosis via ERK-dependent
phosphorylation of Alox5 in vitro

Next, we deciphered the mechanism of LysOX-induced neuronal
ferroptosis using ferroptotic cell death model in HT22 cells
following glutamate (Supporting Information Fig. S7) or erastin
exposure. In these two models, LysOX increased remarkably at
designated time points and was positively correlated to the
mRNA, protein and enzymatic activity levels (Fig. 4A‒C). After
knockdown of LysOX (Fig. 4D) by genetic silencing, glutamate- or
erastin-induced neuronal death were obviously impeded (Fig. 4E
and F). It was also obvious that genetic silencing of LysOX
abrogated GSH depletion and accumulation of lipid ROS in these
two ferroptotic cell death models (Fig. 4G). Other members of
LysOX family (Loxl1, Loxl3, Loxl4) were not altered during
glutamate toxicity (Supporting Information Fig. S8) while Loxl2
mRNA was undetectable (data not shown). These results support
that LysOX is critical for promoting neuronal ferroptosis
following glutamate challenge. Previous work showed that LysOX
could enhance oxidative stress in vascular walls via activating p38
MAPK45, indicating MAPK cascade as a downstream signaling
for LysOX. Therefore, we further explored whether MAPK cas-
cades were involved in the pro-ferroptosis activity of LysOX.
Under glutamate exposure, LysOX blockade by gene silence or the
non-toxic dose of the inhibitor BAPN (1 mmol/L, Supporting
Information Fig. S9) both obviously obviated ERK phosphoryla-
tion while the phosphorylated levels of JNK and p38 were not



Figure 2 Neuron-specific LysOX deletion obviates ferroptosis-related injury in seizure mouse model. (A) Schematic diagram of LysOX

knockout (KO) mice. (B) Validation of deletion of LysOX by immunofluorescence. (C) Body weight changes of LysOX KO, wild type (WT) and

normal (C57BL/6J) mice at 4, 5, 6, 7 and 8 weeks (n Z 8). (D) Representative images by Nissl staining in the hippocampus of KA-treated LysOX

KO mice. Arrows indicate Nissl positive cells. Red scale bar indicates 200 mm; black scale bar indicates 50 mm. (E) Statistical analysis of Nissl

staining results in hippocampal CA1 and CA3 subregions (n Z 3). (F) Representative images by FJB staining in the hippocampus of KA-treated

LysOX KO mice. Arrows indicate FJB positive cells. Scale bar indicates 25 mm. (G) Quantitation of FJB staining results in hippocampal CA1 and

CA3 subregions (nZ 3). (H) Effects of LysOX KO on the indices of apoptosis (cleaved caspase-3), autophagy (LC3II/I) and ferroptosis (GPX4) in

mice subjected to KA by Western blot analysis (n Z 3). (I) and (J) Effects of LysOX KO on other ferroptosis indices including LPO and Ptgs2 in

mice subjected to KA (n Z 6). All the data were shown as mean � SEM. **P < 0.01, ***P < 0.001.
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affected (Fig. 4H, Supporting Information Fig. S10). Inhibition of
LysOX also resulted in elevation of GPX4 following glutamate
challenge, which further confirms that LysOX promotes neuronal
ferroptosis. It was also interesting to note that ERK inhibitor
U0126 did not affect LysOX expression, but decreased Alox5
phosphorylation at Ser663 (Fig. 4I). Consistently, ERK inhibitor
U0126 or Alox5 inhibitor Zileuton obviously abrogated oxidative
glutamate toxicity in neurons (Supporting Information
Fig. S11A‒C) and inhibited ferroptosis (including cumulative
lipid ROS and Ptgs2 mRNA)46,47 (Fig. S11D‒G). We also vali-
dated the protective effect of ERK inhibition against erastin-
induced neuronal ferroptosis (Supporting Information Fig. S12).
In contrast, inhibition of either p38 (SB203580) or JNK
(SP600125) did not prevent neuron death (Fig. S12). Collectively,
these results implicate that LysOX contributes to ferroptotic events
likely via activating ERK-Alox5 signaling.
3.5. AAV-LysOX promotes ERK-dependent Alox5
phosphorylation in mouse seizure model

Next, we investigated whether ERK-dependent Alox5 phosphor-
ylation is involved in the deleterious effect of LysOX on
ferroptosis-related neuronal injury in mouse with KA-induced
seizure. The experimental diagram was indicated in Fig. 5A.
LysOX overexpression in vivo increased the phosphorylation
levels of ERK and Alox5 (Ser663) under a sub-convulsive dose of
100 ng/mL KA (Fig. 5B and C), while no evident alteration of
activated ERK and Alox5 was found in 100 ng/mL KA-treated
group compared with matched control. We assumed that the
sub-convulsive dose of KA (100 ng/mL) did not trigger ferroptosis
as our previous publications and other research group have
depicted that neuronal death pathways are rarely activated without
epileptic seizures11,48. Additionally, following treatments with the



Figure 3 AAV-mediated LysOX overexpression exacerbates ferroptosis-related injury after seizures. (A) Experimental regimen for AAV-

mediated LysOX transfer and Lip-1 treatment. (B) Representative images showing neuronal distribution of virus in the hippocampus. Scale

bar indicated 50 mm. (C) Representative protein bands indicating LysOX overexpression in hippocampus upon AAV-PHP.eB injection. Ratios are

normalized to b-actin (loading control). (D) Effects of LysOX overexpression on MDA and LPO levels in mice after seizures (n Z 4). (E) Effects

of Lip-1 on the survival of ferroptotic neurons induced by combination with AAV-mediated LysOX transfer and subconvulsive dose (100 ng/mL) of

KA. Red scale bar and black scale bar indicate 200 and 50 mm, respectively. All data were expressed as mean � SEM. ***P < 0.001.
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sub-convulsive dose of KA (100 ng/mL) and the ERK inhibitor
U0126, the phosphorylation level of Alox5 was significantly
suppressed, accompanied with inhibited ferroptosis indices (LPO
and MDA) and neuronal injury (Nissl staining results) in mice
undergone LysOX overexpression (Fig. 5D‒F). Treatment with
the specific Alox5 inhibitor Zileuton also prevented ferroptosis
and neuronal impairment in mice with sub-convulsive dose of KA
(100 ng/mL) and recombinant LysOX overexpression (Fig. 5E‒G).
Collectively, the observations showed ERK-Alox5 acts as the
downstream signaling events underlying the LysOX-mediated
ferroptotic neuronal injury.

3.6. Characterization of CaCO3@BAPN-CaSi-PEG-TAT

Clinical translation of the LysOX inhibitor BAPN has long been
impeded by its cardiotoxicity49 and neurotoxicity50. The con-
struction of ferroptosis-ameliorating nanoformulation for attenu-
ating seizure-induced neuronal damage is illustrated in Fig. 6A.
The COOH-PEG-N3 and alkynylated TAT ligands were firstly
synthesized and characterized by NMR (Supporting Information
Fig. S13A), of which the results not only confirmed their suc-
cessful preparation but also suggested their high purity. Mean-
while, BAPN-incorporated CaCO3-based nanocores
(CaCO3@BAPN) were prepared through the gas-diffusion-
enabled co-condensation of BAPN and Ca2þ ions under atmo-
spheric CO2. A thin layer of Ca-Si hybrid was then deposited
onto the CaCO3@BAPN substrates (CaCO3@BAPN-CaSi), which
exerts facile control over the ion exchange between the core and
solution medium while also potentiating further surface modifi-
cation. Eventually, the PEG ligand and cell-penetrating TAT
peptides were sequentially modified onto the CaSi shell as the
outermost layer via amide reaction and click reaction
(CaCO3@BAPN-CaSi-PEG-TAT) to endow enhanced blood cir-
culation stability and BBB penetration capability. To explore the
structural and morphological features of the nanoformulations, the
samples series were visualized via SEM and TEM. As shown in
Fig. 6B and C, the CaCO3@BAPN nanocores were highly mon-
odispersive with a uniform spherical morphology, presenting the
diameter of approximately 90 nm according to statistical analysis.
The stepwise preparation of CaCO3@BAPN-CaSi-PEG-TAT was
supported by the zeta potential analysis (Fig. S13B), for which the
CaCO3@BAPN-CaSi showed a highly positive surface charge of
around 20 mV but turned negative after the grafting of PEG-TAT
ligands. Interestingly, high-resolution TEM, selected area electron
diffraction and powder X-ray diffraction analysis collectively
demonstrated the noncrystalline nature of the eventual
CaCO3@BAPN-CaSi-PEG-TAT product in Fig. 6D, E and H,
indicating that the amorphous feature of the CaCO3-based nano-
system generated through gas-diffusion-dependent co-condensa-
tion has been maintained throughout the preparation process.
Energy-dispersive X-ray spectroscopy of the CaCO3@BAPN-
CaSi-PEG-TAT nanosystem showed that the BAPN molecules
were homogenously embedded in the CaCO3 matrix (Fig. 6F).
The nanoparticle monodispersity and shape were well maintained
after the deposition of CaSi shell and PEG-TAT peptides
(Fig. S13C), of which the diameter eventually increased to around
100 nm. The changes in nanoparticle sizes were also consistently
supported by the DLS analysis (Fig. 6G), which revealed a slight
increase in hydrodynamic diameter from 90 nm of CaCO3@-
BAPN to 100 nm of CaCO3@BAPN-CaSi-PEG-TAT.

The graft rate of PEG in nanoparticles was assessed by two
methods including thermogravimetric analysis and fluorescence



Figure 4 LysOX triggers ferroptosis process via ERK-dependent phosphorylation of Alox5 in vitro. (AeC) Alterations of LysOX at mRNA and

protein expressions as well as enzyme activities at designated time points (2, 4, 6 and 8 h) RT-qPCR and enzymatic activity detections, nZ 3. (D)

Validation of LysOX knock down (KD) in HT22 neuronal cells by Western blot analysis. (E) Representative images showing the effects of LysOX

KD on neuronal death in Glu- or Era-induced ferroptosis in HT22 neuronal cells via PI/Hoechst 33342 staining. Scale bar indicated 100 mm. (F)

Analysis of cell death rate via flow cytometry in Glu- or Era-induced ferroptosis after LysOX KD in HT22 cells (nZ 3). (G) Effects of LysOX KD

on GSH and lipid ROS levels in Glu- or Era-treated H22 cells (n Z 3). (H) Effects of LysOX KD on the protein levels of MAPK cascades (ERK,

JNK and p38), Alox5 and GPX4 in Glu-treated HT22 cells. (I) Alterations of the protein expressions of Alox5 and GPX4 in Glu-treated

HT22 cells when treatment with ERK inhibitor U0126. (J) Schematic depiction of ERK-Alox5 axis as the downstream signaling event of

LysOX in Glu-induced neuronal ferroptosis. All the results were presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 AAV-LysOX promotes ERK activation and Alox5 phosphorylation in KA-treated seizure mouse models. (A) Experimental

procedure. (B) LysOX overexpression augmented ERK phosphorylation (Thr202/Tyr204 residue) and Alox5 phosphorylation (Ser663

residue). (C) Statistical analysis (n Z 4). (D) Effects of U0126 on the phosphorylated Alox5 protein expression and its total form in mice

subjected to AAV-LysOX and subconvulsive dose (100 ng/mL) of KA (n Z 5). (E) Effects of Alox5 inhibitor Zileuton or ERK inhibitor U0126 on

LPO and MDA levels in mice subjected to AAV-LysOX and subconvulsive dose (100 ng/mL) of KA (n Z 6). (F) Effects of Zileuton or U0126 on

the neuronal viability in mice subjected to AAV-LysOX and sub-convulsive dose (100 ng/mL) of KA by Nissl staining. (G) Statistical analysis of

Nissl staining results (n Z 8). Red scale bar and black scale bar indicate 200 mm and 50 mm, respectively. All data were expressed as

mean � SEM. **P < 0.01, ***P < 0.001.
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Figure 6 Characterization of CaCO3@BAPN-CaSi-PEG-TAT. (A) Schematic illustration of the synthesis procedures for CaCO3@BAPN-CaSi-

PEG-TAT. (B) SEM images of CaCO3@BAPN, CaCO3@BAPN-CaSi and CaCO3@BAPN-CaSi-PEG-TAT. Scale bar indicated 300 nm. (C)

Transmission electron microscopic (TEM) images of CaCO3@BAPN, CaCO3@BAPN-CaSi and CaCO3@BAPN-CaSi-PEG-TAT. Scale bar

indicated 200 nm. (D) High-resolution TEM images of CaCO3@BAPN-CaSi-PEG-TAT. Scale bar indicated 25 nm. (E) Selected area electron

diffraction pattern of CaCO3@BAPN-CaSi-PEG-TAT. (F) HAADF-STEM images of CaCO3@BAPN-CaSi-PEG-TAT and the corresponding

elemental mapping results. Scale bar indicated 100 nm. (G) DLS-based size distribution analysis of CaCO3@BAPN, CaCO3@BAPN-CaSi and

CaCO3@BAPN-CaSi-PEG-TAT in aqueous media. (H) Powder X-ray diffraction analysis of CaCO3-CaSi-PEG-TAT (a control system) and

CaCO3@BAPN-CaSi-PEG-TAT. (I) HPLC-based analysis on the time-dependent BAPN release under pH Z 7.4 and 5.5.
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spectrophotometer. As indicated in Fig. S13D, the relative weight
ratio of PEG in PEGylated CaCO3@BAPN-CaSi-PEG was around
8.1%, while the weight ratio of TAT in the CaCO3@BAPN-CaSi-
PEG-TAT was 11.9%. It was also noted that the graft rate of PEG
was approximately 8.3% according to the quantification by fluo-
rescence spectrophotometer (Fig. S13E). These results indicate
that PEG in PEGylated nanoparticles has been successfully
modified. According to the HPLC analysis in Fig. S13F, the
loading amount of BAPN in the final product was around 5%.
Taking advantage of the amorphous nature of CaCO3 and the
release control mechanism of the CaSi shell, the BAPN leakage at
neutral pH of 7.4 was almost negligible, which was around 10%
after 24 h of incubation (Fig. 6I). However, BAPN release rate
increased rapidly under the acidic pH of 5.5 that resembled the
lysosomal microenvironment51 and the accumulative release ratio
reached above 80%within 12 h.As collectively demonstrated by the
results above, the CaCO3@BAPN-CaSi-PEG-TAT nanoparticles
could effectively encapsulate BAPN molecules and release them in
a bioresponsivemanner, which is crucial for reducing their systemic
toxicity while maximize the therapeutic index.

3.7. CaCO3@BAPN-CaSi-PEG-TAT efficiently targets the brain
and has no toxicity

The safety of the CaCO3@BAPN-CaSi-PEG-TAT nano-formula-
tion was further studied in vivo. To start with, we firstly investi-
gated the pharmacokinetic and biosafety characteristics of the
CaCO3@BAPN-CaSi-PEG-TAT nanoformulation after systemic



Figure 7 CaCO3@BAPN-CaSi-PEG-TAT efficiently target to the brain and has no toxicity. (A) In vivo whole-body imaging showing the time-

dependent systemic distribution of CaCO3@BAPN-CaSi-Cy5 and CaCO3@BAPN-CaSi-PEG-TAT-Cy5 post intravenous injection. (B) Evans blue

assay on the BBB integrity in mice after treatment with I: mannitol; II: PBS; III: CaCO3-CaSi-PEG-TAT; IV: CaCO3@BAPN-CaSi-PEG-TAT,

respectively. (C) Histological inspections on major mouse organs via H&E staining after different treatments. Scale bar indicates 100 mm.
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administration. Here the nanoparticles were labeled with a near
infrared dye Cy5 during co-condensation to allow in vivo tracking.
After the intravenous injection through the tail vein, the non-
neuron-targetable CaCO3@BAPN-CaSi-Cy5 were primarily
accumulated in the mouse liver, lungs and kidneys, which could be
explained by the intrinsic susceptibility to the mononuclear
phagocyte system-mediated nanoparticle clearance due to the
lack of anti-opsonization PEG ligands. More importantly, the
fluorescence deposition in the brain was almost negligible, again
necessitating the integration of BBB-penetrating strategies. In
contrast, mouse brain in the CaCO3@BAPN-CaSi-PEG-TAT-Cy5
group showed increasing Cy5 fluorescence in a time-dependent
manner, while the Cy5 fluorescence deposition in those non-
specific organs substantially decreased. The in vivo fluorescence
imaging results were further quantitatively investigated, which
revealed that the relative brain drug deposition in the CaCO3@-
BAPN-CaSi-PEG-TAT-Cy5 group has increased by 20%
compared to the CaCO3@BAPN-CaSi-Cy5 group (Fig. 7A). After
confirming the superior brain-targeted BAPN delivery capability
of CaCO3@BAPN-CaSi-PEG-TAT nanoformulation, we further
investigated its biosafety via multiple techniques. Specifically,
histological inspections and EB staining of the extracted brain
tissues showed that the tissue damage amount of necrotic neurons
after the treatment of CaCO3@BAPN-CaSi-PEG-TAT was almost
negligible, whereas brain samples in the mannitol group (a com-
mon BBB-opening agent) have become yellow due to BBB
disruption with large amounts of necrotic neurons, showing that
the CaCO3@BAPN-CaSi-PEG-TAT nanoformulation could tra-
verse the BBB in a safe and non-invasive manner by exploiting the
BBB-penetrating capability of the TAT ligands (Fig. 7B).
Furthermore, hematoxylin and eosin (H&E) staining of the
extracted major mouse organs showed that the CaCO3@BAPN-
CaSi-PEG-TAT formulation has substantially alleviated the car-
diotoxic and neurotoxic effects of BAPN, evidenced by the almost
identical histological patterns in the PBS and CaCO3@BAPN-
CaSi-PEG-TAT groups (Fig. 7C). These results confirmed that the
CaCO3@BAPN-CaSi-PEG-TAT nanoformulation could be
exploited as a safe and effective BAPN carrier.

4. Discussion

Seizures have long been postulated as a common symptom in a
plethora of neuropsychiatric diseases notable in epilepsy. Repeti-
tive seizures could trigger neuronal damage and neuro-
degeneration52, finally exacerbating epileptic progression. Cell
death has been demonstrated to act as the key event in seizure-
induced neuronal damage11. However, the regulatory role and
mechanism of cell death in neuronal damage post seizures are not
clearly characterized. Recently, ferroptosis is a newly discovered
cell death closely related to various neurologic conditions15. Our
previous studies revealed the characteristic changes of ferroptosis
in a variety of seizure models17,18. Here, we further explored the
ferroptosis regulatory network in seizures and identified LysOX as
a novel ferroptosis factor promoting neuronal ferroptosis and



Figure 8 Scheme model illustrating LysOX promotes ferroptosis and exacerbates seizure-induced neuronal damage. ERK-dependent Alox5

phosphorylation is involved in the contribution of LysOX to ferroptosis-related neuronal injury after seizures.

Lysyl oxidase promotes post-seizure neuronal ferroptosis 3525
aggravating seizure-induced neuronal injury. Mechanistically, we
also identified ERK-Alox5 axis as downstream signaling of
LysOX for the promotion of ferroptosis-associated lipid peroxi-
dation (Fig. 8). The results that LysOX inhibition alleviated fer-
roptosis and ameliorated seizure-induced neuronal damage
indicate its promising therapeutic potential.

LysOX is an endogenous amino oxidase that catalyzes collagen
crosslinking21. Nowadays, experimental results support that
LysOX family possesses important biological functions. LysOX is
an identified contributor in cancer migration, adhesion and
metastasis53,54. Inhibition of LysOX in tumor cells by BAPN or
CCT365623 suppresses their malignancy54,55. Moreover, LysOX
also exacerbates Alzheimer’s disease and spinal cord injury26,56.
Additionally, increased nuclear localization of LysOX propeptide
can also result in abnormal neuronal development of Purkinje cell
dendrites57. However, the detailed function of LysOX in seizure-
related neuronal injury remains unknown. Our present work pro-
vides the first evidence showing pro-ferroptosis feature of LysOX
amplifies seizure-induced neuronal damage. The deleterious ef-
fects of LysOX can be reversed by BAPN treatment.

Our findings also provide the molecular mechanism that
LysOX promotes neuronal ferroptosis. We prove that ERK-
dependent Alox5 phophorylation is essential for the promotion
of LysOX to neuronal ferroptosis following exposure to glutamate,
an analog of KA. Prior work reported LysOX level is positively
correlated to vascular oxidative stress (a vital ferroptosis marker)
in hypertensive rodent model45, which partially supported pro-
ferroptosis effect of LysOX. In contrast to p38 activation after
LysOX overexpression in hypertension, our current work reveals
no significant effect of p38 following LysOX inhibition in
neuronal ferroptotic cell death models. This interesting discrep-
ancy is attributed to different stressors. Under glutamate or
erastin-induced neuronal ferroptosis, ERK was inactivated after
LysOX inhibition. Previous investigations show the dual roles of
ERK with both protective and detrimental actions. ERK activation
may suppress neuronal apoptosis but facilitate necrotic death
process58. It is tempting to extrapolate that ERK activation is
involved in triggering ferroptosis. The evidence for the contribu-
tion of ERK in ferroptotic cell death arises from the previous study
showing that ERK inhibition by U0126 blocks erastin-induced
ferroptosis in cancer cells15.

Meanwhile, ERK causes Alox5 phosphorylation at Ser663
residue and subsequently increase Alox5 activity in leukocytes59,
suggesting that ERK is critical for Alox5 activation. Alox5 is one
of the most important non-heme-iron lipoxygenases with tightly
regulated cell activities59. It has reported that eicosapentaenoic
acid, arachidonic acid and docosahexaenoic acid are substrates for
Alox5, all of which are poly-unsaturated fatty acids (PUFAs)
richly deposited in neuronal membrane. Catalyzation of PUFAs by
Alox5 is involved in diverse biological reactions including
inflammation and lipid peroxidation60, finally causing several
human diseases such as asthma and neurological disorders61,62.
Recent studies revealed that gene knockout of Alox5 or zileuton
treatment63, rescued synaptic function and improved memory
performance in a transgenic mouse model of Alzheimer’s dis-
ease64, raising the possibility that Alox5 could facilitate the pa-
thology of this disease. Of note, oxidation of PUFAs by
lipoxygenases has been implicated in the execution of ferroptotic
cell death65. In particular, it was previously reported that Alox5
activation caused ferroptotic process in glutamate- or erastin-
induced neurotoxicity46. Suppression of this enzyme protected
neurons against glutamate- or erastin-induced cell death as well as
improving prognosis of mouse models following hemorrhagic
stroke46,66. Our current work demonstrates a marked elevation of
Alox5 Ser663 phosphorylation by activation of ERK in ferropto-
sis. Genetic silencing or pharmacological inhibition of LysOX
causes ERK-dependent abrogation of Alox5 at phosphorylated
level, thereby inhibiting ferroptosis-related lipid peroxidation.
These results strongly implicate that targeting LysOX-ERK-Alox5
axis is of utmost importance for the initiation and execution of
neuronal ferroptosis (Fig. 8). Additionally, our present work also
shows that LysOX overexpression by AAV delivery leads to
phosphorylated levels of ERK and Alox5 when combination with
the sub-convulsive dose of KA (100 ng/mL). It is interesting to
note that, in mice treated with 100 ng/mL of KA, no evident
change occurred for the phosphorylation of ERK and Alox5. A
possible explanation is that the sub-convulsive dose of KA is
insufficient for evoking seizure. Consistent with this hypothesis,
previous investigations reveal that only repeated seizures can
trigger neuronal death process11,48.

From a translational perspective, nanotechnology-based drug
delivery is employed in the present work to improve the therapeutic
index of BAPN due to the associated cardiotoxicity49 and neuro-
toxicity50. There are hitherto three main categories of nano-
particles, namely organic, inorganic and hybrid based on the
chemical properties67. Among these nanomaterials, inorganic
nanoparticles offer some advantages for the implementation of
targeted drug delivery, notably in bioavailability. Great attention
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has especially been grabbed in the aspect of calcium-based inor-
ganic materials including calcium carbonate, calcium phosphate,
calcium silicate and calcium fluoride, owing to their excellent
biocompatible and biodegradable properties68. Our previous in-
vestigations have depicted that calcium carbonate is considered as
good nanocarriers for drug delivery in medical science51. Although,
results from our present work indicated CaCO3@BAPN-CaSi-
PEG-TAT and BAPN have the similar effects on the neuronal
damage post seizure (data not shown), the mice injected with
CaCO3@BAPN-CaSi-PEG-TAT exhibited the normal histology in
the heart and the brain while BAPN group induced pronounced
necrosis in these two organs, indicating that delivery of BAPN via
nanotechnology has potential therapeutic implications. Given that
calcium carbonate-based biomaterial has been shown to be a safe
and viable approach for the delivery of various drugs including
insulin in healthy human volunteers69, our present findings in ro-
dents may have promising clinical translations for patients with
seizure-associated disorders such as epilepsy.

There is also the limitation in our present work. For instance,
the relationship between the contribution of LysOX to neuronal
damage post seizure and epileptogenesis is not explored. And
whether LysOX has any directly regulatory role in epileptic pro-
gression is also not illustrated. Further investigation is warranted
to clinically testing LysOX-targeted therapeutic implication in the
progress of disease pathology. In any way, due to the critical role
of ferroptosis in seizure-induced neuronal damage, we believe that
LysOX could serve as a promising target for alleviating seizure-
related neuronal injury in various neurological conditions such as
epilepsy.

5. Conclusions

In summary, our findings demonstrate that targeting ferroptosis
provides a rationale for amelioration of seizure-induced neuronal
damage and furthermore reveal the LysOX-ERK-Alox5 axis is an
important pathway to elicit ferroptosis-associated overproduction
of lethal lipid peroxide, while inhibiting LysOX in neurons could
alleviate seizure-induced hippocampal damage. The currently
recognized pathway is leveraged to develop a novel therapeutic
approach that reduces brain damage in seizure disorder such as
epilepsy.
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