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Abstract

Background: Traumatic brain injury (TBI) is a disease caused by external forces that damage brain structure and function. After TBI, iron
accumulation and reactive oxygen species (ROS) increase lipid peroxidation, promoting ferroptosis. Methyltransferase-like 3 (METTL3)
inhibits ferroptosis by modulating related signaling pathways. This study investigates the effects of METTL3 on neuronal ferroptosis
in TBI, offering new insights and potential therapies. Methods: TBI mouse and neuron cell models were established and treated with
METTL3 overexpression. The Morris Water Maze (MWM) test evaluated cognitive function. Histological staining of brain tissues was
conducted to assess brain injury, nuclear pyknosis, and iron accumulation. The activation of neurons, microglia, and astrocytes were
detected using immunofluorescence staining. Neuron cell proliferation was measured using the Cell Counting Kit 8 (CCK-8). Quantita-
tive PCR (qPCR) and western blot detected the mRNA and protein expression. Ferroptosis was assessed by measuring the accumulation
of iron, malondialdehyde (MDA), superoxide dismutase (SOD), and ROS. The quantification of the N6-methyladenosine (m6A) RNA
methylation levels in cells was quantified using the m6A-ELISA assay. Methylated RNA immunoprecipitation (MeRIP) assays were
conducted to analyze the m6A modification on GPX4 mRNA. The interaction between YTHDF2 and GPX4 mRNA was measured using
RNA pulldown and RNA immunoprecipitation (RIP) assays. Results: METTL3 expression was downregulated in TBI-injured brain
tissues. Overexpression ofMETTL3 improved cognitive function and brain recovery while simultaneously reducing ferroptosis and neu-
roinflammation. METTL3 overexpression upregulated GPX4 expression both in vitro and in vivo. Further studies indicated that m6A
reader protein YTHDF2 binds to GPX4 mRNA, consequently mediating the METTL3-regulated m6A enrichment and RNA stability of
GPX4. Knockdown ofGPX4 and treatment with ferroptosis inducer abolished the protective effects ofMETTL3 on neurons. Conclusion:
METTL3 exhibits anti-ferroptosis properties and promotes brain injury recovery after TBI by regulating the m6A modification and RNA
stability of GPX4.
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1. Introduction
Traumatic brain injury (TBI) is a significant global

health issue that leads to substantial morbidity, mortality,
and economic costs worldwide, with over 50 million new
cases occurring annually [1]. Despite the high burden of
severe TBI, no effective pharmacological intervention or
treatment has been identified for TBI patients in random-
ized controlled trials, indicating that the key mechanisms
leading to cell death and functional deficits after TBI remain
elusive [2]. In the pathophysiological process of TBI, vari-
ous forms of cell death occur, including apoptosis, necrosis,
autophagy, pyroptosis, and ferroptosis [3–5]. However, the
mechanisms of ferroptosis in the context of TBI have not
been extensively explored.

Ferroptosis is a recently identified form of regulated
cell death that is dependent on iron and lipid peroxidation
products [6]. It is implicated in a variety of brain diseases
and injuries, including ischemic stroke, intracerebral hem-
orrhage, and TBI [7–9]. The dysregulation of key com-

ponents of the ferroptosis mechanism includes iron home-
ostasis, glutathione (GSH) depletion, and lipid peroxida-
tion [10]. Research demonstrates that alterations in phos-
phatidylethanolamine oxidation, protein expression, and
GSH levels following TBI are indicative of ferroptosis acti-
vation. Transmission electron microscopy further corrobo-
rates these findings by revealing characteristic features of
ferroptosis, such as mitochondrial shrinkage. Moreover,
studies have shown that inhibiting ferroptosis can poten-
tially improve the long-term prognosis of TBI patients, un-
derscoring the significant role of ferroptosis in the progres-
sion and outcome of TBI [11–13].

Traditionally, epigenetic regulation refers to the chem-
ical modifications of DNA or histones, which can regu-
late gene expression independently of changes in the ge-
nomic sequence [14,15]. Dysregulation of enzymes in-
volved in epigenetic modifications has profound impli-
cations for human diseases and is frequently reported
in various types of cancer [16,17]. Similarly, RNA
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also carries hundreds of different sites for various post-
transcriptional modifications. N6-methyladenosine (m6A)
is the most prevalent mRNA modification in eukaryotic
cells [18]. Methyltransferase-like 3 (METTL3) is the prin-
cipal “writer” that introduces m6A methylation to RNA.
YTHDF2, an m6A “reader”, recognizes and binds to these
modifications [19]. METTL3 and YTHDF2 frequently
collaborate to modulate the levels of m6A modifications
in RNA. In glioma, YTHDF2 promotes UBXN1 degra-
dation by recognizing METTL3-catalyzed m6A modifica-
tions, thereby activating the NF-kB pathway and accelerat-
ing glioma progression [20]. In liver cancer,METTL3 sup-
presses SOCS2 expression via a YTHDF2-dependent post-
transcriptional mechanism, promoting hepatocarcinogene-
sis [21]. GPX4 is a critical enzyme that clears lipid per-
oxides. GPX4 dysfunction causes mitochondrial contrac-
tion, reactive oxygen species (ROS) accumulation, and in-
creased lipid peroxide levels. Studies show that METTL3
inhibits ferroptosis by maintaining GPX4 expression at the
translational level. METTL3 also regulates GPX4 to pre-
vent ferroptotic signaling, which affects diseases such as
glioblastoma, asthma, and aortic dissection [22–24].

A recent study has shown that METTL3 protein ex-
pression is increased in inflammatory microglia in human
and mouse TBI models. Selective knockout of METTL3
has been shown to inhibit microglial pathogenic activity and
enhance functional recovery post-TBI [25], yet the underly-
ing regulatory roles and molecular mechanisms remain elu-
sive. In this study, we aimed to explore the role ofMETTL3
in ferroptosis during TBI and to investigate the molecular
mechanisms.

2. Materials and Methods
2.1 Mouse TBI Model

Animal experiments were conducted in ac-
cordance with the guidelines of the Animal Ethic
Committee of Medical Discovery Leader (MDL, Ap-
proval number: MDL2023-08-26-01). Eight-week-old
male C57BL/6J mice (wild-type, METTL3+/+, and
METTL3+/+GPX4−/−), weighing between 20 and 25
grams, were purchased from Cyagen Biotechnology Co.,
Ltd. (Suzhou, China). A total of 60 mice were used in
the experiment. The mice were placed in a temperature-
controlled room (23 ± 2 °C) with a controlled lighting
schedule.

Before surgery, the mice were assigned codes
and evenly distributed into the following groups:
sham, TBI model, model+NC, model+METTL3,
model+METTL3+siGPX4, model+METTL3+erastin
groups (10 mice in each group). Mouse TBI models
were created through a controlled cortical impact (CCI)
procedure [26]. The mice were positioned face-down in a
stereotaxic frame. A surgical incision was made to expose
the skull, and a 3 mm craniotomy was performed on the
left side, positioned roughly halfway between the bregma

and lambda, lateral to the midline. The skull flap was
meticulously removed without damaging the underlying
dura mater. The CCI was inflicted perpendicularly to
the brain surface using a pneumatic cortical impactor
(AmScien Instruments, Richmond, VA, USA). The settings
for the impactor were as follows: an impact pressure of 10
KPa, a depth of 1.0 mm, and a duration of 70 milliseconds.
The craniotomy site was immediately sutured shut using
standard surgical materials after TBI. Mice in the sham
group underwent all surgical steps except for the actual
CCI. For the model+METTL3+erastin groups, the mice
were intraperitoneally administrated with erastin (329600,
Sigma-Aldrich, St. Louis, MO, USA) at a dose of 20
mg/kg body weight, 1 h after TBI. To ensure consistency
and reduce variability, the surgical procedures, drug
administrations, and CCI operations were conducted by
the same experienced personnel. All surgical interven-
tions were performed under deep anesthesia induced by
intraperitoneal injection of sodium pentobarbital (1%
w/v in sterile saline, 50 mg/kg body weight). Anesthesia
depth was confirmed by the absence of corneal reflex and
negative response to the toe pinch test.

2.2 Behavioral Analysis
To assess the efficacy of the interventional treatments,

the Morris Water Maze (MWM) test was performed 7 days
post-TBI. Prior to the TBI, mice underwent a 3-day train-
ing period to acclimate to locating a submerged platform in
the maze, with three attempts per day, each limited to 90
seconds. Mice unable to find the platform within this pe-
riod were guided to it and remained there for 15 seconds
to familiarize themselves with the location. A probe trial,
conducted 24 hours after training, tracked the latency to first
reach the platform and the frequency of traversing its for-
mer location. These metrics were recorded and analyzed
using a computer-assisted video tracking system (EthoVi-
sion XT 16.0, Noldus Information Technology, Wagenin-
gen, Netherlands), providing precise records of the swim-
ming paths and times.

2.3 Neurological Severity Score Assessment
Neurological severity score (NSS) was used to eval-

uate motor, balance, and reflex functions in mice post-
TBI, offering a comprehensive assessment of neurological
status [27]. Trained professionals conducted NSS assess-
ments, ensuring accuracy and consistency through special-
ized training. The NSS ranges from 0 to 10, with increasing
scores signifying more pronounced neurological deficits.
The grading system is as follows: 0–3 points indicate nearly
normal neurological function or mild deficits; 4–6 points
suggest moderate deficits; and 7–10 points represent severe
impairments.
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2.4 Brain Sections Preparation
After the completion of the experimental treatments,

the mice were anesthetized using an intraperitoneal injec-
tion of sodium pentobarbital (1.0%w/v in normal saline, 50
mg/kg body weight) to ensure minimal distress. The anes-
thetized mice were then euthanized by cervical dislocation.
Subsequently, the brain tissues were carefully excised and
immediately placed in a chilled phosphate-buffered saline
(PBS) solution to prevent degradation. Brain tissues were
fixed in 4% paraformaldehyde for 24 hours at 4 °C, dehy-
drated through a 90% ethanol solution, and then cleared in
xylene. The tissues were sectioned into 5-µm-thick slices
using a microtome.

2.5 Crystal Violet Staining
Brain tissue sections were stained with 0.1% crystal

violet solution (C0121, Beyotime, Shanghai, China) for 30
minutes, then quickly rinsed with PBS to remove excess
stain. Subsequent dehydration with 95% and 100% ethanol
for 5 minutes each, followed by clearing with xylene for 5
minutes (repeated twice), preceded mounting with a neu-
tral medium. The stained sections were examined under a
Nikon TE300 microscope (Nikon, Tokyo, Japan).

2.6 Nissl Staining
Brain tissue sections were immersed in Nissl stain-

ing solution (C0117, Beyotime, Shanghai, China) for 5
minutes at room temperature. After staining, the sections
were rinsed with distilled water for 5 minutes. The stained
sections were examined under a light microscope (Nikon,
Tokyo, Japan) to visualize the morphology of neuron cells.

2.7 Fluoro-Jade B (FJB) Staining
To identify degenerating neurons, FJB staining was

performed on the brain sections according to the manufac-
turer’s protocol (AG310, Millipore, Darmstadt, Germany).
The sections were first incubated in a 0.06% potassium per-
manganate solution for 10 minutes, washed with distilled
water for 2 minutes, and stained with a 0.0004% solution
of Fluoro-Jade B for 30 minutes. The stained sections were
examined using a Nikon TE300 microscope to visualize de-
generative neurons. The stained sections were examined
under a Nikon TE300 fluorescence microscope equipped
with filters to visualize degenerating neurons.

2.8 Perls’ Prussian Blue Staining
To identify iron deposition within cellular structures,

Perls’ Prussian blue staining was performed using the Prus-
sian Blue Iron Stain Kit (G1422, Solarbio, Beijing, China).
Brain sections were immersed in the Perls Stain Solution
for 30 minutes and rinsed with distilled water for 5 min-
utes. Subsequently, the sections were dehydrated with an-
hydrous ethanol for three times, each for 5 minutes, fol-
lowed by clearing in dimethylbenzene for 5 minutes. The
sections were then removed, and neutral resin was applied

dropwise for mounting. Iron deposits were visualized as
blue particles within cellular structures using a light micro-
scope. These deposits were quantified with ImageJ soft-
ware (version 1.53; National Institutes of Health, Bethesda,
MD, USA).

2.9 Immunohistochemical and Immunofluorescence
Staining

Brain slices were rehydrated with PBS for 10 min-
utes and then blocked with a buffer consisting of 0.3%
Triton X-100 and 10% BSA in PBS for 1 hour to re-
duce non-specific binding. The sections were incubated
overnight at 4 °C with primary antibodies targeting GPX4
(ab125066, 1:250, Abcam, Cambridge, UK), SLC7A11
(ab307601, 1:500, Abcam), METTL3 (ab195352, Ab-
cam), NeuN (ab104224, 1:3000, Abcam), GFAP (ab7260,
1:5000, Abcam), and Iba-1 (ab178846, 1:2000, Abcam).
After washing with PBS, the sections were incubated with
secondary antibodies for 1 hour at room temperature: Anti-
rabbit IgG H&L (ab205718, 1:1000, Abcam) for GPX4,
SLC7A11, METTL3, and GFAP; Anti-mouse IgG H&L
(ab205719, 1:1000, Abcam) for NeuN; and Anti-goat IgG
H&L (ab205720, 1:1000, Abcam) for Iba-1. For im-
munofluorescence staining, sections were mounted with a
solution containing 4′,6-diamidino-2-phenylindole (DAPI,
62248, Thermo Scientific, Rockford, IL, USA) to stain cell
nuclei. The slides were examined under a fluorescence mi-
croscope (Leica, Wetzlar, Germany) to visualize cell den-
sity and specific protein expression within the brain tissue.

2.10 Detection of Ferroptosis

The levels of total iron and ferrous irons in the ipsilat-
eral cortex were assessed using an iron assay kit (ab83366,
Abcam, Cambridge, UK).Malondialdehyde (MDA), super-
oxide dismutase (SOD) and ROS levels in cortex tissues
were measured using the lipid peroxidation MDA assay kit
(S0131S, Beyotime, Shanghai, China), Total SOD detec-
tion kit (S0101M, Beyotime, Shanghai, China) and Tissue
ROS test kit (BB-460512, Bestbio, Shanghai, China), re-
spectively.

2.11 Cell Culture and In Vitro Model

Mouse primary cortical neurons were extracted from
E15.5 mouse embryos as previously described [28], and the
mouse hippocampal neuronal cell line HT-22 was from the
Wanwu Biotechnology Co., Ltd. (Hefei, China). Primary
cortical neurons exhibited a clear cell body with multiple
long, slender processes extending from the soma, while
HT-22 cells displayed typical neuronal-like morphology
with elongated cell bodies and processes. Both primary
neurons and HT-22 cells were cultured in DMEM (Gibco,
New York, NY, USA) supplemented with 10% fetal bovine
serum (Gibco, USA), 1% streptomycin, and penicillin mix
at 37 °C with 5% CO2. To ensure cell purity and authentic-
ity, mycoplasma detection and short tandem repeat (STR)
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profiling were conducted. No mycoplasma contamination
was detected in any of the cell cultures.

To overexpress METTL3 and YTHDF2, mouse
METTL3 (NM_019721.2) and YTHDF2 (NM_145393.4)
were synthesized and cloned into the pLVX plas-
mid vector (General Biosystems, Anhui, China) and
the complete plasmid sequence have been provided
in Supplementary Fig. 1. The siRNA targeting
METTL3 (5′-UCUAUCUCCAGAUCAACAUCG-
3′; 5′-GCUACAAUCACAUCGCAGUCC-3′; 5′-
GAUAUCACAACAGAUCCACUG-3′), siRNA targeting
YTHDF2 (5′-UAGUAACUGGGUAAGUAGGAG-
3′; 5′-UGGUUUAUUCUCGUUGUUCUC-3′; 5′-
UUUGAAAUCAAAUUAAUCCUG-3′), siRNA targeting
GPX4 (5′-AGUUUACGUCAGUUUUGCCUC-3′) and
nonsense siRNA (5′-UUCUCCGAACGUGUCACGU-3′)
were constructed by RiboBio (Guangzhou, China). Cells
were transfected for 24 hours, after which a mechanical
scratch injury was created using a 200 µL pipette tip to
establish the cell injury model. Transfections were per-
formed using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA).

2.12 Cell Viability Assays

Cell viability was assessed by the Cell Counting Kit-8
(C0038, Beyotime, Shanghai, China). Briefly, cells were
harvested and resuspended in complete culture medium
to prepare a cell suspension with a density of 2 × 104
cells/mL. A volume of 100 µL of the cell suspension, con-
taining 2000 cells, was added to eachwell of a 96-well plate.
After the incubation period, 10 µL of Cell Counting Kit 8
(CCK-8) solution was added to each well, and the plate was
gently mixed to ensure even distribution of the reagent. The
cells were then incubated for 1 hour at 37 °C in a humid-
ified atmosphere with 5% CO2. The absorbance of each
well was measured at a wavelength of 450 nm using a Mi-
croplate Reader (800TSUV, BioTek, Winooski, VT, USA).
The cell viability rate was calculated by comparing the ab-
sorbance values of the experimental groups with those of
the control group.

2.13 Western Blotting Assay

The samples were homogenized in lysis buffer
(P0023, Beyotime, Shanghai, China) and sonicated. The
homogenate was then centrifuged at 4 °C for 20 minutes
at 12,000 g to separate soluble proteins. Protein concen-
trations were measured using a BCA kit (P0009, Bey-
otime, Shanghai, China). Proteins were resolved on SDS-
PAGE gels ranging from 7.5% to 12.5% (Bio-Rad, Her-
cules, CA, USA) and transferred onto polyvinylidene fluo-
ride membranes (Millipore, Darmstadt, Germany), and in-
cubated overnight at 4 °C with primary antibodies against
SLC7A11 (ab307601, 1:1000, Abcam, Cambridge, UK),
IL-6 (ab290735, 1:1000, Abcam), TNF-α (ab183218,
1:2000, Abcam), IL-1β (ab315084, 1:1000, Abcam), GPX4

(ab125066, 1:2000, Abcam), METTL3 (ab195352, 1:1000,
Abcam), YTHDF2 (ab220163, 1:1000, Abcam), and β-
actin (AF7018, 1:3000, Affinity, Cincinnati, OH, USA).
The next day, membranes were incubated with secondary
antibodies (ab97051, 1:2000, Abcam) for 1.5 hours at
room temperature. Immunoreactive protein bands were
visualized using an enhanced chemiluminescence system
(Thermo, USA), and band intensities were quantified us-
ing ImageJ software (version 1.53, National Institutes of
Health, USA).

2.14 Quantitative PCR (qPCR) Assay
Total RNA was extracted from the samples using

TRIzol reagent (15596018CN, Invitrogen, CA, USA), and
quantified using a NanoDrop 2000C spectrophotometer
(Thermo, USA). Reverse transcriptionwas performed using
PrimeScript™ RT Master Mix (RR036A, Takara, Japan)
to generate cDNA. qPCR reactions were conducted using
a SYBR Green master mix (04913850001, Roche, Basel,
Switzerland) to ensure accuracy. mRNA levels were nor-
malized to the housekeeping gene β-actin as an endoge-
nous control, and relative quantification was calculated us-
ing the comparative cycle threshold (Ct) method. Primer
sequences used are as follows:

GPX4-F: 5′-TGGTTTACGAATCCTGGCCT-3′,
GPX4-R: 5′-GGCATCGTCCCCATTTACAC-3′;

SLC7A11-F: 5′-GTCTGCCTGTGGAGTACTGT-3′,
SLC7A11-R: 5′-ATTACGAGCAGTTCCACCCA-3′;

METTL3-F: 5′-TGGCCTCTTCAGCATCAGAA-3′,
METTL3-R: 5′-ACTGACCTTCTTGCTCTGCT-3′;

YTHDF2-F: 5′-TGCTTGGTCTACTGGAGGTG-3′,
YTHDF2-R: 5′-AATGGAGTGCTACCTAGGGC-3′;

IL-6-F: 5′-ACTTCCATCCAGTTGCC-3′, IL-6-R: 5′-
ATGTGTAATTAAGCCTCCGAC-3′;

TNF-α-F: 5′-ACGGCATGGATCTCAAAGACAAC-
3′, TNF-α-R: 5′-AGATAGCAAATCGGCTGACGG-3′;

IL-1β-F: 5′-TTGAAGTTGACGGACCCCAA-3′, IL-
1β-R: 5′-CCACAGCCACAATGAGTGA-3′;

β-actin-F: 5′-CTCCTGAGCGCAAGTACTCT-3′, β-
actin-R: 5′-TACTCCTGCTTGCTGATCCAC-3′.

2.15 Enzyme Linked Immunosorbent Assay (ELISA)
The production of inflammatory factors IL-6

(ab222503, Abcam, Cambridge, UK), TNF-α (ab208348,
Abcam), and IL-1β (PI301, Beyotime, Shanghai, China)
was measured by using ELISA kits. Absorbance was
measured at 450 nm using a microplate reader (Var-
ioskan LUX, Thermo, USA). The concentrations of the
inflammatory factors were determined by comparing the
absorbance values to a standard curve generated using
known concentrations of recombinant proteins.

2.16 M6A Quantification (m6A-ELISA Assay)
The level of m6ARNAmethylation in cells was quan-

tified using an m6A RNA Methylation Quantification Kit
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(ab185912, Abcam, Cambridge, UK). In brief, mRNA was
extracted and bound to a strip well for 90 minutes. After
washing, captured, detection, and enhancer antibodies were
added sequentially. The color-developing solution was then
added, and the absorbance was measured at 450 nm using a
microplate reader.

2.17 Immunoprecipitation (MeRIP) Assay
The MeRIP assay was performed using the Magna

MeRIP m6A Kit (17-10499, Millipore, Darmstadt, Ger-
many) to analyze the m6A modification in RNA samples.
The enrichment of GPX4 mRNA was measured by qPCR.

2.18 RNA Pulldown
The interaction between YTHDF2 and GPX4 mRNA

was measured by Pierce™ Magnetic RNA-Protein Pull-
Down Kit (PI20164, Thermo, USA), which contains
streptavidin-coated magnetic beads (1 µm diameter, silica
core, binding capacity: 1 µg biotinylated probe per 1 mg
beads). In brief, the biotin-labeled GPX4-specific probe
was reacted with magnetic beads, which were then mixed
with protein lysate samples. After washing and elution,
YTHDF pulled down by GPX4 mRNA was detected by
western blot.

2.19 RIP Assay
The RIP assay was performed using antibodies against

YTHDF2 or a negative IgG control with Magna RIP™
RNA-Binding Protein Immunoprecipitation Kit (17-700,
Millipore, Darmstadt, Germany). Protein A/G-coated mag-
netic beads (1 µm diameter, agarose matrix, provided in the
kit) were pre-washed with RIP wash buffer and incubated
with 5 µg of anti-YTHDF2 antibody or negative control
IgG (I9145, Sigma-Aldrich, St. Louis, USA) for 1 hour at
4 °C. Cells were lysed in RIP lysis buffer, and the lysates
were incubated with RIP immunoprecipitation buffer con-
taining immunoprecipitated with A/G magnetic beads. The
magnetic frame was used to fix bead-bound complexes and
wash away unbound material. RNA was extracted from the
bead-bound complexes, and GPX4 mRNA levels were an-
alyzed by qPCR.

2.20 GPX4 mRNA Degradation Assay
Cells transfected with siMETTL3, siYTHDF2, or siNC

were treated with actinomycin D for 0, 3, and 6 h. RNA
was extracted, and GPX4 mRNA levels were measured by
qPCR.

2.21 Statistical Analysis
Statistical analyses were conducted using GraphPad

Prism 9 (San Diego, CA, USA). Comparisons between two
groups were analyzed using Student’s t-test, while multi-
ple groups were analyzed by one-way ANOVA followed
by Tukey’s post hoc test. Statistical significance was de-

fined as p < 0.05. Data are presented as mean ± standard
deviation (SD) unless otherwise noted.

3. Results
3.1 METTL3 is Downregulated during TBI-Induced Brain
Damage

We established a mouse model of TBI to investigate
the ferroptosis. MWM test was employed to assess cogni-
tive function in mice. Compared to the sham group, TBI
resulted in increased path lengths (Fig. 1A) and a decreased
number of dentate gyrus neurons (Fig. 1B). Brain tissue
images and the NSS confirmed the successful creation of
the TBI model (Fig. 1C,D). Histological analyses, includ-
ing HE, Nissl, Perls, FJB staining, and immunofluores-
cence, revealed significant brain injury (Fig. 1E), cytoplas-
mic shrinkage or nuclear pyknosis (Fig. 1F), iron-positive
cells (Fig. 1G, Supplementary Fig. 2), and degeneration
of cortical neurons (Fig. 1H, Supplementary Fig. 2) in
TBI tissues, along with reduced expression of the neuronal
marker NeuN (Fig. 1I, Supplementary Fig. 2). Addition-
ally, TBI tissues exhibited significantly elevated levels of
MDA, Fe2+, total iron, and lipid ROS, along with signifi-
cantly decreased SOD levels (Fig. 1J, p < 0.05), indicative
of ferroptosis. Correspondingly, protein and mRNA levels
of the ferroptosis-suppressing factors GPX4 and SLC7A11
were reduced in TBI mice brain tissues (Fig. 1K,L, p <

0.05). Immunofluorescence staining further revealed sig-
nificantly diminished fluorescence intensity for GPX4 and
SLC7A11 in the TBI group compared to the sham group
(Fig. 1M, Supplementary Fig. 3, p < 0.05). Screening
of m6A modulators in TBI tissues identified METTL3, an
m6A writer, as significantly downregulated at the mRNA
level (Fig. 1N, p < 0.05). This decrease in METTL3 ex-
pression was further confirmed by western blot and im-
munofluorescence (Fig. 1O,P, Supplementary Fig. 3, p <
0.05). These findings suggest thatMETTL3may play a role
in regulating ferroptosis during TBI.

3.2 Overexpression of METTL3 Mitigates TBI-Induced
Damage and Ferroptosis

To assess the impact of METTL3 on TBI progres-
sion, we administered METTL3 overexpression in the TBI
model.

qPCR and western blot analyses confirmed that this
treatment successfully restored the mRNA and protein lev-
els of METTL3 in TBI-damaged brain tissues (Fig. 2A–
C, Supplementary Fig. 4, p < 0.05). Notably, METTL3
overexpression enhanced cognitive function (Fig. 2D) and
reduced brain damage induced by TBI (Fig. 2E–G, p <

0.05). Histological staining of cortex tissues revealed
that METTL3 overexpression alleviated the brain injury
(Fig. 2H), nuclear pyknosis (Fig. 2I), presence of iron-
positive cells (Fig. 2J, Supplementary Fig. 5), and degen-
eration of cortical neurons (Fig. 2K, Supplementary Fig.
5), while also increasing NeuN-positive cells (Fig. 2L, Sup-
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Fig. 1. Downregulation of METTL3 in TBI-induced brain injury. (A) The Morris Water Maze (MWM) test was performed on day
7 post-TBI. (B) Crystal violet staining of brain tissues. Scale bar = 40 µm. (C) Brain representative images. Scale bar = 1 mm. (D)
Neurological severity score (NSS) scores indicating brain tissue damage. (E–I) Representative images of (E) HE, scale bar = 2 mm, (F)
Nissl, scale bar = 100 µm, (G) Perls (arrows indicate iron-positive cells), Scale bar = 100 µm, (H) Fluoro-Jade B (FJB), scale bar = 100
µm, and (I) immunofluorescence staining of markers of neuron (NeuN) in brain sections, scale bar = 200 µm or 50 µm; cortical contusion
areas are represented by rectangles. (J) The cortical levels of MDA, SOD, Fe2+, total iron, and lipid ROS were measured. (K–M) The
mRNA and protein levels of GPX4 and SLC7A11 in cortex tissues of TBI mice were measured by (K) qPCR, (L) western blot, and (M)
immunofluorescence staining, scale bar = 100 µm. (N) ThemRNA levels of m6Amodification regulators in cortex tissues were measured
by qPCR assay. (O,P) The protein level of METTL3 in cortex tissues was detected by (O) western blot and (P) immunofluorescence
staining. Scale bar = 100 µm. **p< 0.01. n = 3 for each group. TBI, traumatic brain injury; MDA, malondialdehyde; SOD, superoxide
dismutase; ROS, reactive oxygen species; m6A, N6-methyladenosine; qPCR, Quantitative PCR.
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Fig. 2. Overexpression ofMETTL3 alleviates the TBI damages and ferroptosis. (A–C) The mRNA and protein levels of METTL3 in
mouse brain tissues were measured by (A) qPCR, (B) western blot, and (C) immunofluorescence staining. Scale bar = 100 µm. (D) The
Morris Water Maze (MWM) test was performed on day 7 post-TBI. (E) Crystal violet staining of brain tissues. Scale bar = 40 µm. (F)
Representative images of the brain. (G) NSS scoring of brain tissue damage. (H–L) Representative images of (H) HE, scale bar = 2 mm,
(I) Nissl, scale bar = 100 µm. (J) Perls, scale bar = 100 µm. (K) Fluoro-Jade B (FJB), scale bar = 100 µm, and (L) immunofluorescence
staining of markers of neuron (NeuN) in brain sections, scale bar = 100 µm; Cortical contusion areas are represented by rectangles. (M–
O) The mRNA and protein levels of IL-6, TNF-α, and IL-1β in cortex tissues of TBI mice were measured by (M) qPCR, (N) western
blot, and (O) ELISA experiment. (P) Immunofluorescence staining of GFAP and Iba-1. Scale bar = 100 µm. (Q) The cortical levels
of MDA, SOD, Fe2+, total iron, and lipid ROS were measured. (R–T) The mRNA and protein levels of GPX4 and SLC7A11 in cortex
tissues of TBI mice were measured by (R) qPCR, (S) western blot, and (T) immunofluorescence staining. Scale bar = 100 µm. *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 for each group.
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plementary Fig. 5). Moreover, METTL3 overexpression
reduced the production and secretion of inflammatory fac-
tors IL-6, TNF-α, and IL-1β (Fig. 2M–O, Supplementary
Fig. 6, p < 0.05) and inhibited the activation of Iba-1+
microglia and GFAP+ astrocytes during TBI (Fig. 2P, Sup-
plementary Fig. 7). Furthermore, METTL3 treatment re-
duced ferroptosis biomarkers, including the MDA, Fe2+,
total iron, and lipid ROS, upregulated SOD levels (Fig. 2Q,
p< 0.05), and concurrently promoted the transcription and
expression ofGPX4 and SLC7A11 (Fig. 2R–T, Supplemen-
tary Figs. 7,8, p < 0.05).

3.3 METTL3 Overexpression Enhances Neuronal Viability
and Inhibits Ferroptosis In Vitro

To investigate the protective role of METTL3 on
neurons in vitro, we first isolated mouse primary corti-
cal neurons, which expressed the neuronal marker NeuN
(Supplementary Fig. 9) and subsequently established a
cellular model to simulate mechanical injury akin to that ex-
perienced during TBI. We treated these cells withMETTL3
overexpression. The downregulation ofMETTL3 observed
in damaged neurons was effectively reversed by its overex-
pression (Fig. 3A,B, p < 0.05). Notably, METTL3 overex-
pression significantly enhanced neuronal viability (Fig. 3C,
p< 0.05) andmitigated ferroptosis triggered bymechanical
stress (Fig. 3D,E, p < 0.05). Furthermore, while the tran-
scription and expression levels ofGPX4 and SLC7A11were
diminished in mechanically damaged neurons, METTL3
overexpression restored these levels (Fig. 3F–K, Supple-
mentary Fig. 10, p< 0.05), indicating a suppressive effect
on ferroptosis.

3.4 METTL3 Epigenetically Regulates GPX4 Expression
in Neurons

To explore the underlying mechanisms of METTL3-
mediated neuronal functions, we conducted a knockdown
of METTL3 in primary neurons and HT-22 cells, select-
ing siMETTL3-1 for further analysis (Fig. 4A,B, p< 0.05).
The knockdown ofMETTL3 led to a decrease in total m6A
levels on RNA (Fig. 4C, p < 0.05) and reduced m6A en-
richment on GPX4 mRNA (Fig. 4D, p < 0.05). Addition-
ally, METTL3 depletion resulted in enhanced GPX4 RNA
degradation in neurons and HT-22 cells (Fig. 4E, p< 0.05).
YTHDF2 was found to bind to GPX4 mRNA as demon-
strated by RNA pulldown assays (Fig. 4F), suggesting its
role in METTL3-mediated regulation of GPX4 m6A modi-
fication and stability. We further depleted YTHDF2 using
siRNAs to elucidate theMETTL3/YTHDF2 axis in neurons.
siYTHDF2-1 effectively downregulated YTHDF2 mRNA
and protein expression (Fig. 4G,H, Supplementary Figs.
11,12, p < 0.05). RIP assays showed that METTL3 knock-
down decreased YTHDF2 binding to GPX4mRNA (Fig. 4I,
p < 0.05). Overexpression of YTHDF2 rescued GPX4
mRNA and protein levels and stability in the absence of
METTL3 (Fig. 4J, p < 0.05), consequently increasing the

GPX4 protein expression (Fig. 4K, Supplementary Fig.
13, p < 0.05). Neurons were treated with actinomycin D,
and the mRNA level of GPX4 was detected by qPCR assay.

3.5 METTL3 Regulates Ferroptosis in Neurons via GPX4
In Vitro

To determine if METTL3 influences ferroptosis in
TBI-induced neuronal damage through GPX4 regulation,
we conducted further analyses. qPCR and western blot as-
says revealed that GPX4 knockdown or erastin treatment
did not affect METTL3 expression in neurons (Fig. 5A,B,
Supplementary Fig. 14). Notably, the neuronal prolif-
eration enhanced by METTL3 in the damage model was
counteracted by GPX4 knockdown and erastin treatment
(Fig. 5C, p< 0.05). This effect was characterized by signif-
icantly increased levels ofMDA, Fe2+, total iron, and ROS,
coupled with decreased SOD levels in the GPX4 knock-
down and erastin groups (Fig. 5D,E).

Additionally, both mRNA and protein levels of GPX4
and SLC7A11were elevated withMETTL3 overexpression,
but this increase was attenuated by GPX4 knockdown and
erastin treatment (Fig. 5F–I, Supplementary Figs. 14,15,
p < 0.05).

3.6 METTL3 Alleviates Brain Damage and Ferroptosis via
GPX4 Regulation In Vivo

We investigated the role of METTL3 in regulating
GPX4 during TBI using amousemodel withMETTL3 over-
expression and treatments with siGPX4 or erastin. MWM
test results showed thatMETTL3 enhanced cognitive func-
tion in TBI mice (Fig. 6A), reduced NSS scores (Fig. 6B,
p < 0.05), and promoted brain recovery (Fig. 6C). These
beneficial effects were counteracted by siGPX4 and erastin
treatments. Crystal violet and HE staining revealed fewer
dentate gyrus neurons (Fig. 6D) and smaller damaged
brain areas (Fig. 6E) in METTL3-treated mice, which were
negated by GPX4 depletion and erastin-induced ferropto-
sis. Additionally, METTL3 ameliorated nuclear pyknosis
(Fig. 6F), iron-positive cells (Fig. 6G), cortical neuron de-
generation (Fig. 6H), and loss of NeuN-positive neurons
(Fig. 6H, Supplementary Fig. 16), effects reversed by
siGPX4 and erastin. Furthermore, GPX4 knockdown and
erastin increased the production and secretion of inflam-
matory factors IL-6, TNF-α, and IL-1β (Fig. 7A–C, Sup-
plementary Fig. 17, p < 0.05). The METTL3-mediated
decrease in Iba-1+ microglia and GFAP+ astrocytes during
TBI was also reversed by siGPX4 and erastin (Fig. 7D).

Assessments of ferroptosis biomarkers revealed that
METTL3 mitigated TBI-induced ferroptosis, as evidenced
by decreased levels of MDA, Fe2+, total iron, and lipid
ROS, coupled with increased SOD levels (Fig. 8A, p <

0.05).
Conversely, siGPX4 silencing and erastin treatment

negated these protective effects. Additionally, siGPX4 and
erastin treatment downregulated the METTL3-induced up-
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Fig. 3. Overexpression of METTL3 protects neuron viability and alleviates ferroptosis in vitro. Primary neurons and HT-22 cells
were processed by mechanical injury and treated with METTL3 overexpression. The mRNA and protein levels of METTL3 were mea-
sured by (A) qPCR and (B) western blot. (C) Cell viability was detected by CCK-8 assay. (D,E) The levels of MDA, SOD, Fe2+, total
iron, and lipid ROS were measured. (F,G) The mRNA levels of GPX-4 and SLC7A11 in cells were detected by qPCR. (H–K) The protein
expression of GPX4 and SLC7A11 in cells was determined by (H,I) immunofluorescence staining, scale bar = 100 µm, and (J,K) western
blot assay. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 for each group.
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Fig. 4. METTL3 epigenetically regulates GPX4 expression in neurons. (A,B) Neurons were transfected with siMETTL3, and the (A)
mRNA and (B) protein levels of METTL3 were measured by qPCR and western blot assay. (C) The total m6A level was measured by
m6A-ELISA assay. (D) Them6A enrichment onGPX4mRNAwas detected byMeRIP assay. (E) Neurons were treated with actinomycin
D, and the mRNA level of GPX4 was detected by qPCR assay. (F) The interaction between YTHDF2 and GPX4 mRNA was measured
by RNA pulldown assay. (G,H) Neurons were transfected with siYTHDF2, and the (G) mRNA and (H) protein levels of YTHDF2 were
measured by qPCR and western blot assay. (I) RIP-qPCR assay was performed to measure the binding of YTHDF withGPX4mRNA. (J)
Neurons were transfected with siMETTL3 and YTHDF2 overexpression vectors, and the mRNA level of GPX4 was measured by qPCR
assay. (K) The protein level of GPX4 was measured by western blot assay. **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 for each
group.

regulation ofGPX4 and SLC7A11 atmRNAand protein lev-
els (Fig. 8B–D, Supplementary Figs. 18,19, p < 0.05).
Collectively, these findings indicate that METTL3 exerts
neuroprotective effects against TBI by modulating GPX4
expression.

4. Discussion
TBI is recognized as a significant risk factor for neu-

rodegenerative conditions, including Alzheimer’s disease
and chronic traumatic encephalopathy, and is associated
with persistent cognitive deficits [29]. Our study revealed a
decrease inMETTL3 levels within the brain tissues of TBI-

10

https://www.imrpress.com


Fig. 5. METTL3modulates ferroptosis in neurons via regulating GPX4 in vitro. Primary neurons and HT22 cells were induced with
mechanical damage and treated with METTL3 overexpression, siGPX4, and erastin. (A,B) The mRNA and protein levels of METTL3
were measured by (A) qPCR and (B) western blot. (C) Cell viability was detected by CCK-8 assay. (D,E) The levels of MDA, SOD,
Fe2+, total iron, and lipid ROS were measured. (F,G) The mRNA levels of GPX4 and SLC7A11 in cells were detected by qPCR. (H,I)
The protein expression of GPX4 and SLC7A11 in cells was determined by (H) western blot and (I) immunofluorescence staining assay.
Scale bar = 100 µm, ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 3 for each group.
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Fig. 6. METTL3 alleviates brain damage during TBI via regulating GPX4 in vivo. (A) The Morris Water Maze (MWM) test was
performed on day 7 post-TBI. (B) NSS score of brain damage. (C) Representative images of the brain. (D) Crystal violet staining of brain
tissues. Scale bar = 100 µm. (E–H) Representative images of (E) HE, scale bar = 2 mm, (F) Nissl,scale bar = 100 µm, (G) Perls,scale
bar = 100 µm, (H) Fluoro-Jade B (FJB) and immunofluorescence staining of markers of neuron (NeuN) in brain sections, scale bar = 100
µm; Cortical contusion areas are represented by rectangles. ***p < 0.001, ****p < 0.0001. A1, sham; A2, model + NC; A3, model +
METTL3; A4, model + METTL3 + siGPX4; A5, model + METTL3 + erastin. n = 3 for each group.
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Fig. 7. METTL3 alleviates brain inflammation response during TBI via regulating GPX4 in vivo. (A–C) The mRNA and protein
levels of IL-6, TNF-α, and IL-1β in cortex tissues of TBI mice were measured by (A) qPCR, (B) western blot, and (C) ELISA experiment.
(D) Immunofluorescence staining of GFAP and Iba-1. Scale bar = 100 µm, **p < 0.01, ***p < 0.001, ****p < 0.0001. A1, sham; A2,
model + NC; A3, model + METTL3; A4, model + METTL3 + siGPX4; A5, model + METTL3 + erastin. n = 3 for each group.

afflicted mice. The enhancement of METTL3 expression
significantly mitigated cognitive impairments triggered by
TBI, reduced brain lesion severity, diminished neuronal
damage, and regulated iron accumulation in brain tissue.
These observations suggest that METTL3 may play a neu-
roprotective role against TBI-induced injuries, fostering the
repair and recovery of brain tissue as well as cognitive func-
tions.

Neuroinflammation is a pivotal secondary injury
mechanism following TBI, with the activation of microglia
and astrocytes playing a crucial role [30,31]. As the pri-
mary immune cells of the central nervous system, mi-
croglia are swiftly activated upon TBI, modulating inflam-
matory responses through morphological changes and cy-
tokine release [32]. These activated microglia can manifest
either pro-inflammatory or anti-inflammatory phenotypes.
Specifically, the M1 subtype, characterized by classical ac-

tivation, secretes pro-inflammatory cytokines like TNF-α
and IL-1β, potentially aggravating brain injury [33]. Our
findings indicate that METTL3 overexpression curbs the
production of inflammatory mediators and inhibits the acti-
vation of Iba-1+ microglia and GFAP+ astrocytes, suggest-
ing thatMETTL3 attenuates neuroinflammation post-TBI.

Lipid peroxidation, catalyzed by iron, is a hallmark of
ferroptosis [34]. Our study suggests that METTL3 may of-
fer neuroprotection by mitigating the buildup of lipid ROS
and iron (Fe2+) within neurons in both cellular and animal
models of TBI. Furthermore, METTL3 modulates the ex-
pression of critical genes GPX4 and SLC7A11, hinting at a
mechanism of action that likely involves the inhibition of
ferroptosis. Ferroptosis is characterized by iron accumu-
lation, extensive lipid peroxidation, weakened antioxidant
defenses, and increased ROS production, all of which are
intimately linked to oxidative stress and the pathogenesis of
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Fig. 8. METTL3 alleviates ferroptosis during TBI via regulating GPX4 in vivo. (A) The cortical levels of MDA, SOD, Fe2+, total
iron, and lipid ROS were measured. (B–D) The mRNA and protein levels of GPX4 and SLC7A11 in cortex tissues of TBI mice were
measured by (B) qPCR, (C) western blot, and (D) immunofluorescence staining. Scale bar = 100 µm, ns: p > 0.05, *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001. n = 3 for each group.

neurological disorders and brain injuries [12,13]. Consis-
tent with previous research [12,35], our study verified that
TBI causes iron homeostasis disruptions and elevated lipid
ROS levels, both indicative of ferroptosis. These findings
support the notion that ferroptosis substantially contributes
to TBI pathophysiology. METTL3 seems to counter these
effects, suggesting its potential as a protective agent against
the ferroptosis phenotype linked to TBI.

The N6-methyladenosine (m6A) modification is the
prevalent mRNA modification in eukaryotes [36]. This
mRNA modification is dynamic and reversible, reg-
ulated by proteins categorized as “writers”—including
METTL3—“erasers” such as FTO and ALKBH5, and “read-
ers” comprising YTH domain-containing proteins like
YTHDF1-3 and YTHDC1-2 [37,38]. These reader proteins
identify m6A sites on RNA, influencing RNA processing
aspects such as stability, degradation, splicing, and transla-
tion. METTL3, a key to the m6A methyltransferase com-
plex, regulates gene expression via this modification. No-
tably, METTL3’s irregular expression has been linked to
various cancers [39], implying a connection between m6A

modification and carcinogenesis. However, the mecha-
nisms underlying METTL3 dysregulation in TBI remain
obscure. Our study reveals that YTHDF2 directly inter-
acts with GPX4 mRNA, serving as a reader protein that
enhances m6A modification and RNA stability on GPX4
mRNA. Modulating METTL3 levels or activity could po-
tentially alleviate cognitive deficits, curb neuroinflamma-
tion, and shield neurons from ferroptosis-induced damage.
Further research is essential to clarify the neuroprotective
mechanisms of METTL3 and to assess the therapeutic po-
tential of targeting the m6A pathway in TBI and other neu-
rological disorders.

5. Conclusion
Our findings demonstrate that METTL3 exerts a pro-

tective influence against TBI-induced neurological deficits,
lesion volume, and neurodegeneration by suppressing fer-
roptosis. METTL3’s anti-ferroptosis properties likely facil-
itate functional recovery post-TBI through the regulation of
m6A modification and RNA stability of GPX4. This study
advances our understanding of howMETTL3-mediated epi-
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genetic modifications relate to TBI-induced brain damage,
indicating METTL3’s potential as a therapeutic target for
TBI. Addressing the limitations and challenges identified
will be crucial for the translation of METTL3-based thera-
pies into clinical practice.
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