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Abstract

Introduction:
Neurodevelopmental disorders (NDDs) are a heterogeneous group of central nervous system disorders
that are strongly influenced by genetic alterations. The RNA-binding protein and E3 ubiquitin ligase
MEX3C plays an important role in neurodevelopment. However, its precise contribution to NDD
pathogenesis and whether it regulates neuronal ferroptosis remain unclear.

Methods
To investigate the role of Mex3c in NDDs, we generated Mex3c knockout (KO) mice using CRISPR/Cas9
technology and conducted a series of behavioral tests, histological analyses, and molecular assays.
Behavioral phenotyping included the open-field test (OFT), light–dark box test (LDB), and novel object
recognition test (NOR). Histological assessments included Nissl staining and NeuN
immunohistochemistry to evaluate neuronal injury in the CA1, CA3, and dentate gyrus (DG) regions of the
hippocampus. Molecular and biochemical evaluations included Western blotting, immunofluorescence
staining, and analysis of ferroptosis- and oxidative stress-related markers, including GPX4, FTH1,
NCOA4, reactive oxygen species (ROS), malondialdehyde (MDA), and glutathione (GSH). In addition, the
ferroptosis-specific inhibitor Ferrostatin-1 (Fer-1) was administered for in vivo rescue experiments.

Results
Mex3c KO mice exhibited pronounced NDD-like phenotypes, including anxiety-like behaviors and
impaired recognition memory. These behavioral abnormalities were accompanied by neuronal loss and
structural damage across multiple hippocampal subregions. Mechanistic analyses revealed that Mex3c
deficiency induced ferroptosis in hippocampal neurons, as evidenced by reduced expression of GPX4
and FTH1, increased NCOA4 expression, GSH depletion, and excessive accumulation of ROS and MDA.
Pharmacological treatment with Fer-1 markedly suppressed hippocampal ferroptosis and oxidative
stress, restored neuronal density, and effectively reversed anxiety-like behaviors and cognitive deficits in
Mex3c KO mice.

Conclusion
Our findings suggest that Mex3c gene deletion disrupts hippocampal antioxidant defense and iron
homeostasis through downregulation of GPX4, thereby triggering neuronal ferroptosis and contributing
to anxiety-like behavior and recognition memory impairment in mice. These results support Mex3c as a
potential susceptibility gene for NDDs and highlight the Mex3c/GPX4/ferroptosis axis as a potential
therapeutic target for neurodevelopmental disorders.

Page 2/25



1.Introduction
Neurodevelopmental disorders (NDDs) comprise a heterogeneous group of central nervous system
disorders that arise during critical periods of nervous system development and are primarily
characterized by abnormalities in cognition, emotion, and adaptive behavior [1]. Clinically, NDDs,
represented by autism spectrum disorder (ASD) and intellectual disability, often have an insidious onset
and persist throughout life, resulting in irreversible impairments in social functioning in affected
children[2, 3]. Although the pathogenesis of NDDs is highly complex, accumulating evidence in recent
years has consistently demonstrated that genetic factors, particularly deletions or mutations of specific
genes, are major etiological contributors to NDDs[4, 5]. Currently, the clinical diagnosis of NDDs still relies

heavily on behavioral scale assessments [6], while specific molecular biomarkers remain lacking.
Moreover, existing interventions are largely aimed at alleviating symptoms, and effective etiological or
targeted therapies have yet to be established [6]. Therefore, elucidating the key molecular regulatory
networks and mechanisms of neuronal injury involved in the onset and progression of NDDs is of
considerable scientific and clinical importance for identifying novel diagnostic biomarkers and specific
therapeutic targets.

MEX3C (mex-3 RNA binding family member C) is a highly conserved member of the MEX3 family of
RNA-binding proteins, which comprises MEX3A, MEX3B, MEX3C, and MEX3D [7]. The MEX3C protein

contains two N-terminal K homology (KH) RNA-binding domains and a C-terminal RING domain[8],
conferring both RNA-binding activity and E3 ubiquitin ligase-related functions. Through these properties,
MEX3C participates in the regulation of target RNA stability, protein expression, and cellular
homeostasis[9]. Previous studies have demonstrated that Mex3c is closely associated with embryonic
development, energy metabolism, and nervous system development[10]. In particular, during
embryogenesis, Mex3c is highly expressed in the central nervous system and neural tube, and its
dysfunction can affect the proliferation and survival of neuroepithelial cells [11]. Our previous study
further demonstrated that Mex3c deficiency leads to abnormal neurodevelopment in mice, accompanied
by impaired neuronal maturation in the hippocampus and cortex, disrupted synaptic plasticity, and
pronounced cognitive and behavioral abnormalities [12]. These findings suggest that Mex3c may be a
potential candidate gene involved in the pathogenesis of NDDs. However, how Mex3c deficiency leads to
hippocampal neuronal injury and which specific form of cell death mediates the associated
neurobehavioral abnormalities remain unclear.

Ferroptosis is a form of regulated cell death driven by iron-dependent lipid peroxidation[13]. Its major
biochemical features include dysregulated iron homeostasis, enhanced lipid peroxidation and oxidative
stress, and impairment of cellular antioxidant defense systems[14]. Unlike other forms of cell death,
ferroptosis is morphologically characterized at the ultrastructural level by shrunken mitochondria,
increased mitochondrial membrane density, and reduced or absent mitochondrial cristae [15]. The central
nervous system is enriched in polyunsaturated fatty acids and has a high oxidative metabolic demand,
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rendering neurons particularly susceptible to iron-dependent lipid peroxidation[16]. Increasing evidence
indicates that ferroptosis contributes to neuronal injury in various neurological disorders, including
Alzheimer's disease, ischemic brain injury, and traumatic brain injury[17, 18]. In addition, recent studies
have shown that brain injury during development is likewise accompanied by marked disturbances in
iron metabolism and enhanced lipid peroxidation, whereas treatment with the ferroptosis inhibitor
Ferrostatin-1 (Fer-1) can attenuate hippocampal neuronal injury and ameliorate associated cognitive and
emotional abnormalities[19]. Ferroptosis-related pathological alterations, including cerebral iron
accumulation, enhanced oxidative stress, and reduced antioxidant capacity, have also been observed in
several models of NDDs[19].

Collectively, these findings suggest that aberrant activation of ferroptosis may represent an important
pathological process linking genetic abnormalities to neuronal injury during development.

Glutathione peroxidase 4 (GPX4) is a key antioxidant enzyme that protects neurons against ferroptosis
and serves as a central effector of the system Xc⁻–GSH–GPX4 defense axis[20]. GPX4 uses reduced
glutathione (GSH) to detoxify lipid hydroperoxides within cellular membranes, thereby suppressing lipid
peroxidation chain reactions and maintaining cellular redox homeostasis [21]. When GPX4 expression or
activity is reduced, the cellular capacity to eliminate lipid peroxides is compromised, resulting in the
persistent accumulation of ROS and lipid peroxidation products and ultimately increasing cellular
susceptibility to ferroptosis[21]. Meanwhile, ferritin metabolism mediated by ferritin heavy chain 1 (FTH1)
and nuclear receptor coactivator 4 (NCOA4) also contributes to the regulation of intracellular labile iron
levels and ferroptosis sensitivity. Notably, RNA-binding proteins have been shown to modulate
ferroptosis-related molecules through post-transcriptional regulation or the control of protein
homeostasis [22]. For example, members of the MEX3 family and other RNA-binding proteins can

regulate the expression of ferroptosis-associated factors, including p53, GPX4, and SLC7A11[23]. Given
that MEX3C possesses both RNA-binding activity and the ability to regulate protein homeostasis,
whether MEX3C deficiency impairs GPX4-mediated antioxidant defense and subsequently induces
ferroptosis in hippocampal neurons is an important question that remains to be systematically
elucidated.

Against this background, the present study aimed to investigate the role and molecular mechanisms of
MEX3C in neurodevelopment, with a particular focus on whether Mex3c deficiency causes
neurodevelopmental impairment, whether the resulting abnormalities are associated with hippocampal
neuronal injury and ferroptosis, and whether ferroptosis contributes to the NDD-like phenotypes induced
by Mex3c deficiency. To address these questions, we established a MEX3C knockout mouse model to
characterize neurodevelopmental and behavioral alterations and further investigated, at the molecular
and cellular levels, the mechanisms through which Mex3c deficiency contributes to neurodevelopmental
dysfunction.

2. Materials and Methods
Page 4/25



2.1 Experimental Animals
Heterozygous Mex3c+/− mice on a C57BL/6J genetic background were purchased from Cyagen
Biosciences (Guangdong, China; License No. SCXK [Guangdong] 2018-0032). Three-month-old specific-
pathogen-free (SPF) male and female Mex3c+/− mice were intercrossed. Polymerase chain reaction
(PCR) genotyping of the offspring yielded wild-type (Mex3c+/+, WT), heterozygous (Mex3c+/−, HE), and
homozygous knockout (Mex3c−/−, KO) mice. Wild-type (Mex3c+/+) littermates served as controls for

Mex3c−/− mice.

All animals were maintained in an SPF-grade animal facility under controlled environmental conditions
(temperature: 25°C; 12 h light/12 h dark cycle) with ad libitum access to standard laboratory chow and
water. Eight-week-old WT and KO mice were used for baseline behavioral, histological, and molecular
biology assays. For the Ferrostatin-1 (Fer-1) intervention experiments, pharmacological administration
commenced at 5 weeks of age and continued for 3 consecutive weeks; behavioral testing and tissue
harvesting were subsequently performed at 8 weeks of age. All animal protocols complied strictly with
the guidelines for the care and use of laboratory animals of Ningxia Medical University and were
approved by the Animal Ethics Committee of Ningxia Medical University.

2.2 Mex3c Genotyping
Tail tips (~ 2 mm) were harvested from 3-week-old mice and placed into sterile microcentrifuge tubes.
To each tube, 40 µL of Lysis Buffer A and 10 µL of Proteinase K were added. After thorough mixing,
tissues were digested at 50°C for 10 min, followed by incubation at 95°C for 10 min to heat-inactivate
Proteinase K. Samples were centrifuged at 12,000 × g for 3 min, and the resulting supernatant was
collected as the DNA template for PCR amplification.

PCR amplification was performed using forward primer F in combination with reverse primers R1 and R2.
Primer sequences were as follows: F: 5′-CTAGAACCAGAGATAATCCAGAG-3′

R1: 5′-CAGGAGTGTAAGTTAGAAAGGAG-3′

R2: 5′-TAGACCTCCCGCCTGGTTTAA-3′. The 20-µL PCR reaction mixture comprised 1 µL of DNA
template, 0.5 µL of each forward and reverse primer, 10 µL of Mouse Direct PCR Mix, and nuclease-free
water. The thermocycling parameters were as follows: initial denaturation at 94°C for 3 min; 35 cycles of
denaturation at 94°C for 30 s, annealing at 62°C for 35 s, and extension at 72°C for 35 s; followed by a
final extension at 72°C for 5 min. PCR products were separated on a 2% agarose gel by electrophoresis
at 120 V for 40 min. Gel images were captured using a gel documentation system, and genotypes (WT,
HE, and KO) were determined based on distinct band patterns. Genotypes of all experimental animals
were independently reconfirmed before formal procedures.

2.3 Real-Time Quantitative PCR (RT-qPCR)
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Total RNA was extracted from fresh hippocampal tissues of WT and KO mice using TRIzol reagent
(Invitrogen, Cat. No. 15596026CN). RNA integrity was evaluated using an Agilent 2100 Bioanalyzer, and
only samples satisfying the quality control criteria (RNA Integrity Number [RIN] meeting experimental
standards) were selected for downstream analysis. Equal amounts of total RNA were reverse-
transcribed into cDNA using PrimeScript RT Master Mix (TaKaRa, Cat. No. RR036Q).

Quantitative real-time PCR (RT-qPCR) was performed on a Bio-Rad Real-Time PCR System using Hieff
UNICON Universal Blue qPCR SYBR Green Master Mix (Yeasen, Cat. No. 11201ES03). Gapdh was used
as the internal reference gene. Each biological sample was run in technical triplicate. Relative mRNA
expression levels of Mex3c were quantified using the 2 −ΔΔCT

method. The primer sequences used in this study were as follows:

Mex3c:

Forward (F): 5′-ATGCTGTCCCACGCCTAC-3′

Reverse (R): 5′-AGTGCTTTAATTTTACAACCCTGG-3′

Gapdh:

Forward (F): 5′-TGCACCACCAACTGCTTAG-3′

Reverse (R): 5′-GACGCAGGGATGATGTTC-3′

2.4 Fer-1 Treatment
Ferrostatin-1 (Fer-1; MedChemExpress, Cat. No. HY-100579) was dissolved in a vehicle consisting of 2%
DMSO, 50% PEG300, 5% Tween 80, and double-distilled water (ddH2O) to prepare a 5 mg/mL stock

solution. Five-week-old Mex3c−/− mice (~ 20 g body weight) received daily intraperitoneal (i.p.) injections
of Fer-1 (3 mg/kg/day) at a fixed time for 3 consecutive weeks. The general health and physical
condition of the animals were closely monitored throughout the treatment period.

2.5 Behavioral Testing
All behavioral assays were conducted in a quiet environment with constant illumination. Mice were
habituated to the testing room for at least 1 h before testing. Between individual trials, the testing
apparatuses were thoroughly cleaned with 75% ethanol to eliminate olfactory cues. Animal movement
trajectories and parameters were automatically recorded and analyzed using a video tracking system.

2.5.1 Open Field Test (OFT)
The open field apparatus comprised a 1×1 m square enclosure with a wall height of 30–50 cm. Each
mouse was placed in the center of the arena and allowed to explore freely for 5 min. Locomotor
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trajectories were recorded. The evaluated parameters included total distance traveled, percentage of
time spent in the central area (%), and the number of entries into the central zone.

2.5.2 Light-Dark Box Test (LDB)
The LDB apparatus consisted of interconnected light and dark compartments. Mice were gently placed
into the light chamber and allowed to explore the apparatus for 5 min. Time spent in the light box, total
distance traveled, and the number of transitions between the light and dark compartments were
recorded.

2.5.3 Novel Object Recognition (NOR) Test
The NOR test was conducted in three sequential phases: habituation, training, and testing. During
habituation, mice explored an empty arena for 10 min. In the training phase, two identical objects were
fixed in the arena, and mice were allowed to explore for 5 min. Following a 1-h inter-trial interval, one
familiar object was replaced with a novel object of a different shape and color, and mice were re-
introduced to explore for 5 min. The exploration time for familiar and novel objects (defined as the snout
oriented toward the object within a distance of < 2 cm accompanied by sniffing behavior) was recorded.

2.6 Brain Tissue Harvesting and Paraffin Sectioning
Upon completion of behavioral testing, mice were deeply anesthetized with isoflurane and transcardially
perfused via the left ventricle with ice-cold PBS followed by 4% paraformaldehyde (PFA). Whole brains
were excised, post-fixed in 4% PFA at 4°C for 5 h, and washed with PBS. Samples were dehydrated
through a graded ethanol series, cleared in xylene, and embedded in paraffin blocks. Coronal sections
(2.5 µm thick) were cut and baked at 60°C for 2 h. Sections encompassing the hippocampal CA1, CA3,
and dentate gyrus (DG) regions were selected for subsequent staining.

2.7 Nissl Staining
Paraffin sections were deparaffinized, rehydrated, and immersed in Nissl staining solution (Servicebio)
for 5 min. After rinsing in water, sections were differentiated in a graded ethanol series, cleared in xylene,
and mounted with neutral balsam. Low-magnification hippocampal images and high-magnification
localized views of the CA1, CA3, and DG subregions were captured under a microscope. For each mouse,
three non-overlapping fields per hippocampal subregion were randomly selected. Nissl-positive neurons
and total cells were counted using ImageJ software. The percentage of Nissl-positive neurons was
calculated as: (Nissl-positive cells/total cells)×100%.

2.8 NeuN Immunohistochemistry
Following deparaffinization and rehydration, sections were incubated in 3% H2O2 solution at room

temperature in the dark for 10 min to block endogenous peroxidase activity. Heat-induced antigen
retrieval was performed using EDTA buffer. Sections were blocked with goat serum for 30 min and
subsequently incubated with a primary rabbit anti-NeuN monoclonal antibody (Abcam, Cat. No.
ab177487, 1:800) at 4°C overnight. The following day, sections were incubated with an HRP-conjugated
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secondary antibody, visualized with 3,3′-diaminobenzidine (DAB), counterstained with hematoxylin,
dehydrated, cleared, and mounted. The percentage of NeuN-positive immunoreactive area (% area) in the
hippocampal CA1, CA3, and DG subregions was quantified using ImageJ software.

2.9 GPX4 Immunofluorescence Staining
Following deparaffinization, rehydration, and antigen retrieval, sections were blocked with 5% normal
goat serum for 30 min. Sections were then incubated with a primary rabbit anti-GPX4 monoclonal
antibody (Abcam, Cat. No. ab125066, 1:100) overnight at 4°C in a humidified chamber. After washing
with PBST, sections were incubated with an Alexa Fluor 594-conjugated goat anti-rabbit secondary
antibody (Abcam, Cat. No. ab150080, 1:500) for 1 h at room temperature in the dark. Cell nuclei were
counterstained with DAPI, and sections were mounted with an anti-fade mounting medium. Images were
acquired under a fluorescence microscope, and the mean fluorescence intensity (MFI) of GPX4 in each
hippocampal subregion was quantified.

2.10 Western Blotting
Total protein was extracted from fresh hippocampal tissues, and protein concentrations were
determined using a BCA protein assay kit. Equal amounts of protein (40 µg) were separated by SDS-
PAGE and transferred onto PVDF membranes using a wet transfer system (300 mA, 1 h). Membranes
were blocked with quick-blocking buffer for 10 min and incubated overnight at 4°C with primary
antibodies against GPX4 (CST, Cat. No. 52455, 1:1,000), FTH1 (Abcam, Cat. No. ab183781, 1:1,000),
NCOA4 (Proteintech, Cat. No. 83394-4-RR, 1:2,000), and GAPDH (Servicebio, Cat. No. GB15002, 1:5,000).
After washing with PBST, membranes were incubated with HRP-conjugated secondary antibodies for 1 h
at room temperature and visualized using enhanced chemiluminescence (ECL) reagents. Band densities
were quantified using ImageJ software and normalized to GAPDH as the loading control.

2.11 Measurement of Reactive Oxygen Species (ROS)
Levels
Fresh hippocampal tissues were minced and digested with an enzymatic digestion solution at 37°C for
20–30 min. The digest was filtered through a 300-mesh nylon mesh to prepare a single-cell suspension.
After centrifugation and resuspension, cells were incubated with 10 µM DCFH-DA probe at 37°C for 1 h in
the dark. After washing to remove extracellular probes, fluorescence intensity was measured using a
microplate reader at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. ROS
levels were expressed as relative fluorescence intensity (RFI).

2.12 Determination of Reduced Glutathione (GSH) Content
Reduced glutathione (GSH) levels were quantified using a GSH Assay Kit (Solarbio, Cat. No. BC1175)
according to the manufacturer's protocol. Hippocampal tissues were homogenized on ice and
centrifuged to collect the supernatant. Absorbance was measured at 412 nm using the DTNB
colorimetric method. GSH concentration was calculated from a standard curve and normalized to total
protein concentration (µg/g protein).
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2.13 Determination of Malondialdehyde (MDA) Content
Malondialdehyde (MDA) levels were measured using an MDA Assay Kit (Solarbio, Cat. No. BC0025)
following the manufacturer's instructions. Hippocampal tissue homogenates were centrifuged, and the
supernatant was mixed with the MDA working solution and boiled in a 100°C water bath for 60 min. After
cooling in an ice bath and centrifuging, absorbances were measured at 532 nm and 600 nm. The MDA
content was calculated and expressed as nmol/g protein.

2.14 Statistical Analysis
Statistical analyses and graphical illustrations were performed using GraphPad Prism 9.0 software. Data
are presented as mean ± standard deviation (Mean ± SD), with each n value representing an independent
experimental animal. Comparisons between two groups were analyzed using an unpaired two-tailed
Student's t-test. Comparisons among three groups were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey's post hoc multiple comparisons test. A value of p < 0.05 was considered
statistically significant (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001; ns, non-significant).

3.Results

3.1 Validation of the Mex3c Knockout Mouse Model and
Neurobehavioral Phenotypic Analysis
Heterozygous Mex3c+/− mice were intercrossed to generate homozygous Mex3c−/− knockout (KO) mice
and wild-type Mex3c+/+ (WT) littermate controls. To validate the knockout efficiency, mouse genotypes
and hippocampal Mex3c expression levels were evaluated. Agarose gel electrophoresis of PCR
amplification products revealed distinct band patterns consistent with the expected genotypes of WT,
HE, and KO mice (Fig. 1A). Subsequent RT-qPCR analysis demonstrated that Mex3c mRNA expression in
the hippocampus of KO mice was significantly reduced compared with that in WT controls, confirming
successful gene ablation (Fig. 1B).

The open field test (OFT), light-dark box (LDB) test, and novel object recognition (NOR) test were
subsequently performed to assess the impact of Mex3c deficiency on behavioral phenotypes. In the OFT,
no significant difference was observed in total distance traveled between WT and KO mice (Fig. 1C, D).
However, compared with WT mice, KO mice displayed a significantly lower percentage of time spent in
the central area and fewer entries into the central zone (Fig. 1E, F). In the LDB test, KO mice exhibited
markedly reduced time spent in the light box, shorter distance traveled within the light chamber, and
fewer transitions between the light and dark compartments relative to WT controls (Fig. 1G–J). In the
NOR test, both the recognition index and discrimination index were significantly decreased in KO mice
(Fig. 1K–M).
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Taken together, these results indicate that Mex3c deficiency does not overtly alter overall locomotor
activity in the open field, but significantly reduces exploratory behavior in both the central zone and light
chamber while impairing novel object recognition. These findings demonstrate that loss of Mex3c
precipitates heightened anxiety-like behaviors and recognition memory deficits in mice.

3.2 Mex3c Deficiency Impairs Hippocampal Neuronal
Integrity and Reduces NeuN Immunoreactivity in Mice
To evaluate the impact of Mex3c deficiency on hippocampal neurons, Nissl staining and NeuN
immunohistochemical (IHC) staining were performed on hippocampal sections from WT and KO mice.
Nissl staining revealed that, compared with WT controls, KO mice exhibited loosely arranged neuronal
layers, diminished staining intensity, and a significantly reduced proportion of Nissl-positive neurons in
the hippocampal CA1, CA3, and dentate gyrus (DG) subregions (Fig. 2A–D).

Consistent with the Nissl staining findings, NeuN IHC staining demonstrated markedly weaker
immunoreactive signals across the CA1, CA3, and DG regions in KO mice than in WT mice. Quantitative
analysis further confirmed that the percentage of NeuN-positive immunoreactive area was significantly
decreased in all three hippocampal subregions of KO mice (Fig. 2E–H).

Taken together, these findings demonstrate that loss of Mex3c leads to a marked reduction in both Nissl-
positive cell counts and NeuN immunoreactivity across the hippocampal CA1, CA3, and DG subregions,
indicating that Mex3c deficiency severely impairs hippocampal neuronal integrity.

1. (A) Representative images of Nissl staining in hippocampal tissues from WT and KO mice.
Rectangular boxes denote the CA1, CA3, and dentate gyrus (DG) subregions, with high-magnification
views of the corresponding areas shown on the right. Scale bars: low-magnification images, 100 µm;
high-magnification images, 20 µm. (B–D) Quantitative analysis of the percentage of Nissl-positive
cells in the hippocampal CA1, CA3, and DG subregions. (E) Representative images of NeuN
immunohistochemical staining in hippocampal tissues from WT and KO mice. Rectangular boxes
denote the CA1, CA3, and DG subregions, with high-magnification views of the corresponding areas
shown on the right. Scale bars: low-magnification images, 100 µm; high-magnification images, 20
µm. (F–H) Quantitative analysis of the percentage of NeuN-positive immunoreactive area in the
hippocampal CA1, CA3, and DG subregions. Data are expressed as mean ± SD (n = 6 mice/group).
Comparisons between two groups were analyzed using an unpaired two-tailed Student’s t-test. *P < 
0.05; **P < 0.01.

1. 3.3 Mex3c Deficiency Induces GPX4 and FTH1 Downregulation, NCOA4 Upregulation, and Redox
Imbalance in the Mouse Hippocampus

To evaluate the impact of Mex3c deficiency on hippocampal ferroptotic status, GPX4 expression across
hippocampal subregions, ferroptosis-associated protein levels, and redox parameters were analyzed.
Immunofluorescence staining revealed that the mean fluorescence intensity (MFI) of GPX4 was
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significantly decreased in the CA1, CA3, and dentate gyrus (DG) subregions of KO mice compared with
WT controls (Fig. 3A–D).

Consistent with these observations, Western blot analysis demonstrated significant downregulation of
GPX4 and FTH1 protein expression, along with marked upregulation of NCOA4 protein levels in the
hippocampal tissues of KO mice relative to WT controls (Fig. 3E–H). Biochemical assays further
revealed profound redox dyshomeostasis in the hippocampus of KO mice, as evidenced by significant
elevations in ROS and MDA levels alongside a substantial depletion of GSH content (Fig. 3I–K).

Taken together, these findings demonstrate that Mex3c loss impairs the GPX4-mediated antioxidant
defense system in the hippocampus, accompanied by FTH1 suppression, NCOA4 induction, ROS and
MDA accumulation, and GSH depletion. These data indicate that Mex3c deficiency triggers ferroptotic
stress in hippocampal tissue.

1. (A) Representative immunofluorescence images of GPX4 in the hippocampal CA1, CA3, and dentate
gyrus (DG) subregions of WT and KO mice. GPX4 is stained in red, and cell nuclei are counterstained
with DAPI in blue. High-magnification views of the white boxed regions are shown on the right. Scale
bars: low-magnification images, 500 µm; high-magnification images, 100 µm. (B–D) Quantitative
analysis of the mean fluorescence intensity (MFI) of GPX4 in the hippocampal CA1, CA3, and DG
subregions. (E) Representative Western blot images showing protein expression of FTH1, NCOA4,
and GPX4 in hippocampal tissues of WT and KO mice, with GAPDH as the loading control. (F–H)
Quantitative analysis of relative protein expression levels of FTH1, GPX4, and NCOA4. (I–K)
Quantitative analysis of ROS levels, MDA content, and GSH content in hippocampal tissues of WT
and KO mice. Data are expressed as mean ± SD (n = 6 mice/group). Comparisons between two
groups were analyzed using an unpaired two-tailed Student’s t-test. *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001.

1. 3.4 Fer-1 Treatment Partially Restores Hippocampal GPX4 and FTH1 Expression and Alleviates
Redox Dyshomeostasis in Mex3c-Deficient Mice

To verify whether ferroptotic stress contributes to hippocampal abnormalities induced by Mex3c
deficiency, Mex3c KO mice were treated with the specific ferroptosis inhibitor Ferrostatin-1 (Fer-1),
followed by the assessment of hippocampal GPX4, FTH1, and redox parameters. Immunofluorescence
analysis demonstrated that the mean fluorescence intensity (MFI) of GPX4 was significantly decreased
in the CA1, CA3, and dentate gyrus (DG) subregions of KO mice compared with WT controls. Notably,
Fer-1 treatment (KO + Fer-1 group) significantly increased GPX4 MFI across all three subregions
compared with untreated KO mice, although levels remained lower than those in WT controls (Fig. 4A–
D).

Biochemical assays revealed that ROS and MDA levels were significantly elevated, while GSH content
was markedly depleted, in hippocampal tissues of KO mice relative to WT controls. Compared with the
untreated KO group, Fer-1 administration significantly attenuated ROS and MDA levels while increasing
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GSH content (Fig. 4E, F, I). Consistent with these biochemical changes, Western blot analysis confirmed
that FTH1 protein expression in the hippocampus was significantly lower in KO mice than in WT controls,
whereas Fer-1 intervention markedly upregulated FTH1 protein levels in KO mice (Fig. 4G, H).

Taken together, these results demonstrate that Fer-1 intervention partially restores GPX4 and FTH1
expression, dampens ROS and MDA accumulation, and alleviates GSH depletion in the hippocampus of
Mex3c-deficient mice. These findings support the causative involvement of ferroptotic stress in Mex3c
loss-induced hippocampal redox dyshomeostasis.

1. (A) Representative immunofluorescence images of GPX4 in the hippocampal CA1, CA3, and dentate
gyrus (DG) subregions of WT, KO, and KO + Fer-1 mice. GPX4 is stained in red, and cell nuclei are
counterstained with DAPI in blue. High-magnification views of the white boxed regions are shown on
the right. Scale bars: low-magnification images, 10 µm; high-magnification images, 20 µm. (B–D)
Quantitative analysis of the mean fluorescence intensity (MFI) of GPX4 in the hippocampal CA1,
CA3, and DG subregions. (E) Quantitative analysis of ROS levels in hippocampal tissues across
groups. (F) Quantitative analysis of MDA content in hippocampal tissues across groups. (G)
Representative Western blot images showing FTH1 protein expression in hippocampal tissues
across groups, with GAPDH as the loading control. (H) Quantitative analysis of relative FTH1 protein
expression levels. (I) Quantitative analysis of GSH content in hippocampal tissues across groups.
Data are expressed as mean ± SD (n = 3 independent biological replicates/group). Comparisons
among three groups were analyzed using one-way ANOVA followed by Tukey's post hoc multiple
comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

1. 3.5 Fer-1 Treatment Ameliorates Hippocampal NeuN Immunoreactivity and Rescues Recognition
Memory and Anxiety-like Behaviors in Mex3c-Deficient Mice

To further evaluate the effects of Fer-1 treatment on hippocampal neuronal integrity and neurobehavioral
phenotypes in Mex3c-deficient mice, NeuN immunohistochemistry, the novel object recognition (NOR)
test, and the light-dark box (LDB) test were conducted in WT, KO, and KO + Fer-1 mice.

NeuN immunohistochemistry demonstrated that, compared with WT controls, the percentage of NeuN-
positive immunoreactive area across the hippocampal CA1, CA3, and dentate gyrus (DG) subregions
was significantly reduced in KO mice. Notably, compared with the untreated KO group, Fer-1
administration (KO + Fer-1 group) significantly increased NeuN immunoreactivity across all three
subregions, although levels did not fully recover to those of the WT group (Fig. 5A–D).

In the NOR test, both the recognition index and discrimination index were markedly lower in KO mice
than in WT controls. Following Fer-1 intervention, both the recognition and discrimination indices were
significantly higher in the KO + Fer-1 group than in the untreated KO group, indicating that Fer-1
administration substantially improved recognition memory in Mex3c-deficient mice (Fig. 5E–G).
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In the LDB test, KO mice spent significantly less time, traveled shorter distances in the light
compartment, and exhibited fewer transitions between the light and dark chambers compared with WT
controls. Relative to the untreated KO group, Fer-1 treatment significantly increased time spent and
distance traveled in the light chamber, as well as the frequency of transitions between compartments
(Fig. 5H–K).

Taken together, these results demonstrate that Fer-1 intervention partially restores hippocampal NeuN
immunoreactivity and rescues recognition memory deficits and anxiety-like behaviors, further supporting
the causative role of ferroptotic stress in Mex3c deficiency-induced hippocampal neuronal damage and
neurobehavioral impairments.

(A) Representative images of NeuN immunohistochemical staining in hippocampal tissues from WT, KO,
and KO + Fer-1 mice. Rectangular boxes denote the CA1, CA3, and dentate gyrus (DG) subregions, with
high-magnification views of the corresponding areas shown on the right. Scale bars: low-magnification
images, 100 µm; high-magnification images, 20 µm. (B–D) Quantitative analysis of the percentage of
NeuN-positive immunoreactive area in the hippocampal CA1, CA3, and DG subregions. (E)
Representative locomotor trajectories and activity heatmaps of mice across groups in the novel object
recognition (NOR) test. (F) Recognition index in the NOR test. (G) Discrimination index in the NOR test.
(H) Representative locomotor trajectories and 3D activity heatmaps of mice across groups in the light-
dark box (LDB) test. (I) Time spent in the light compartment. (J) Distance traveled within the light
compartment. (K) Number of transitions between light and dark compartments. Data are expressed as
mean ± SD (n = 6 mice/group). Comparisons among three groups were analyzed using one-way ANOVA
followed by Tukey's post hoc multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001.

4. Discussion
This study investigated the effects of Mex3c deficiency on neurobehavioral phenotypes and
hippocampal neuronal injury in mice and explored the potential underlying mechanisms. Mex3c
knockout (KO) mice exhibited marked anxiety-like behavior and impaired recognition memory,
accompanied by reduced neuronal integrity in the CA1, CA3, and dentate gyrus (DG) regions of the
hippocampus. Further analysis showed that Mex3c deficiency decreased hippocampal GPX4 and FTH1
expression and increased NCOA4 expression, together with GSH depletion and accumulation of ROS and
MDA. Notably, treatment with the ferroptosis inhibitor Ferrostatin-1 (Fer-1) alleviated these redox
abnormalities and partially restored hippocampal neuronal status and behavioral phenotypes. These
findings suggest that Mex3c deficiency may contribute to hippocampal neuronal injury and
neurobehavioral abnormalities by impairing GPX4-related antioxidant defense and promoting ferroptosis-
related damage.

Behavioral analysis showed that Mex3c KO mice displayed reduced exploration of the central area in the
open field test, whereas the total distance traveled was unchanged, suggesting that the behavioral
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alteration was more likely related to increased anxiety rather than impaired basal locomotor activity.
Consistently, KO mice showed reduced exploration of the light compartment in the light-dark box test
and lower recognition and discrimination indices in the novel object recognition test, indicating that
Mex3c deficiency affects both anxiety-related behavior and recognition memory. These findings are
generally consistent with previous studies implicating Mex3c in neurodevelopment and cognitive
function[24]. Previous studies have shown that Mex3c is expressed in brain tissue and is involved in
neurodevelopment, energy metabolism, and cellular homeostasis, whereas Mex3c deficiency can lead to
cognitive impairment and neuronal injury [12]. In the present study, the proportion of Nissl-positive cells
and NeuN-positive signals in the CA1, CA3, and DG regions of the hippocampus was markedly reduced in
Mex3c KO mice, suggesting impaired hippocampal neuronal integrity. The hippocampus is a key brain
region involved in learning, memory, and emotional regulation, and structural and functional
abnormalities of the hippocampus have been reported in various neurodevelopmental disorders[25, 26].
Therefore, hippocampal neuronal injury induced by Mex3c deficiency may contribute to the observed
anxiety-like behavior and recognition memory impairment.

Further analysis showed that hippocampal neuronal abnormalities caused by Mex3c deficiency were
accompanied by a series of ferroptosis-related molecular and biochemical changes. Ferroptosis is a
form of regulated cell death characterized primarily by iron-dependent lipid peroxidation and is closely
associated with disrupted iron homeostasis, impaired antioxidant capacity, and lipid peroxide
accumulation[27]. In this study, hippocampal ROS and MDA levels were significantly increased, whereas
GSH levels were decreased in Mex3c KO mice, indicating disrupted redox homeostasis and enhanced
lipid peroxidation. In addition, FTH1 expression was decreased, and NCOA4 expression was increased in
KO mice. FTH1 participates in intracellular iron storage and limits free iron-mediated oxidative
damage[28], whereas NCOA4 mediates ferritinophagy and promotes the release of stored iron[29]. Thus,
reduced FTH1 and increased NCOA4 may reflect altered ferritin metabolism and iron homeostasis after
Mex3c deficiency and may increase neuronal susceptibility to iron-dependent lipid peroxidation. Together
with GSH depletion and enhanced lipid peroxidation, these findings suggest that ferroptosis-related
damage may be involved in hippocampal neuronal abnormalities induced by Mex3c deficiency.

GPX4 is a key antioxidant enzyme that suppresses ferroptosis [30]by using GSH to reduce membrane
phospholipid hydroperoxides and thereby interrupt lipid peroxidation chain reactions [21, 31]. In this study,
GPX4 signals were markedly reduced in the CA1, CA3, and DG regions of the hippocampus in Mex3c KO
mice. Western blot analysis further confirmed reduced hippocampal GPX4 protein expression,
accompanied by decreased GSH and increased ROS and MDA levels, suggesting that Mex3c deficiency
may impair GPX4-related antioxidant defense. More importantly, Fer-1 treatment reduced hippocampal
ROS and MDA levels, increased GSH levels, and partially restored GPX4 and FTH1 expression in KO mice.
Fer-1 also improved NeuN-positive signals as well as anxiety-like behavior and recognition memory
deficits. Fer-1 is a classical ferroptosis inhibitor that scavenges lipid radicals and suppresses lipid
peroxidation chain reactions[32, 33]. Therefore, the concurrent improvement in ferroptosis-related
biochemical changes, neuronal injury, and behavioral abnormalities after Fer-1 treatment provides further
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pharmacological evidence for the involvement of ferroptosis in the phenotype caused by Mex3c
deficiency. Previous studies have shown that ferroptosis contributes to neuronal injury in various
neurological disorders[16, 34, 35], and abnormalities in ferroptosis-related pathways, including
SLC7A11/GPX4, have also been reported in some ASD-related animal models [36]. The present findings
further suggest that Mex3c deficiency may impair GPX4-related antioxidant defense, thereby increasing
the susceptibility of hippocampal neurons to lipid peroxidation and ferroptosis-related injury and
ultimately contributing to neurobehavioral abnormalities.

MEX3C has both RNA-binding and E3 ubiquitin ligase-related functions, suggesting that it may
participate in these processes through post-transcriptional regulation or protein homeostasis[8, 37].
Previous studies have shown that RNA-binding proteins can influence cellular susceptibility to
ferroptosis by regulating the RNA processing, stability, or expression of ferroptosis-related molecules [38,

39]. Therefore, the reduction in GPX4 expression following Mex3c deficiency suggests a potential
regulatory relationship between MEX3C and GPX4. However, this study did not directly demonstrate an
interaction between MEX3C and Gpx4 mRNA or GPX4 protein, and it therefore remains unclear whether
MEX3C directly regulates GPX4. In addition, although Fer-1 markedly improved the molecular, neuronal,
and behavioral phenotypes of KO mice, some parameters were not fully restored to WT levels. This
suggests that ferroptosis-related injury may be one important mechanism underlying
neurodevelopmental abnormalities caused by Mex3c deficiency, but is unlikely to be the only
mechanism. Together with previous evidence that Mex3c is involved in neuronal maturation, synaptic
plasticity, energy metabolism, and autophagic regulation, its deficiency may affect neuronal function
through multiple interconnected cellular processes.

This study has several limitations. First, the assessment of ferroptosis was mainly based on GPX4,
FTH1, NCOA4, ROS, MDA, and GSH, together with the pharmacological effects of Fer-1. Evidence from
Fe²⁺ levels, lipid ROS, ACSL4, and ferroptosis-associated mitochondrial ultrastructure is still lacking.
Therefore, the current results more directly support the presence of ferroptosis-related injury in
hippocampal neurons following Mex3c deficiency, whereas whether Mex3c deficiency induces typical
ferroptosis requires further verification. Second, the specific molecular mechanism by which MEX3C
regulates GPX4 remains unclear. Future studies using RNA immunoprecipitation, Gpx4 mRNA stability
assays, protein half-life measurements, and ubiquitination assays may help determine whether the RNA-
binding and E3 ubiquitin ligase functions of MEX3C are involved in GPX4 regulation. In addition, Fer-1
represents a pharmacological intervention, and further studies using genetic manipulation of key
molecules such as GPX4 or NCOA4 are needed to validate this mechanism. Finally, this study mainly
examined endpoint changes in the hippocampus of 8-week-old mice. The temporal sequence among
Mex3c deficiency, ferroptosis-related abnormalities, neuronal injury, and behavioral phenotypes remains
to be clarified through longitudinal analyses at different developmental stages.

In conclusion, Mex3c deficiency induces anxiety-like behavior and recognition memory impairment in
mice and is accompanied by hippocampal neuronal injury. Mex3c deficiency is also associated with
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impaired GPX4-related antioxidant defense, alterations in iron homeostasis-related proteins, and
enhanced lipid peroxidation, whereas Fer-1 partially reverses these molecular, neuronal, and behavioral
changes. These findings suggest that impaired GPX4-related antioxidant defense and ferroptosis-related
injury may represent important mechanisms contributing to hippocampal neuronal damage and
neurobehavioral abnormalities caused by Mex3c deficiency, providing further experimental evidence for
understanding the role of Mex3c in neurodevelopmental disorders.
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Figure 1

Validation of the Mex3c knockout mouse model and behavioral phenotypic analysis. (A) Representative
agarose gel electrophoresis image of PCR genotyping for Mex3c+/+ wild-type (WT), Mex3c+/−

heterozygous (HE), and Mex3c−/− homozygous knockout (KO) mice. (B) Relative mRNA expression levels
of Mex3c in hippocampal tissues of WT and KO mice measured by qRT-PCR. (C) Representative
locomotor trajectories of WT and KO mice in the open field test (OFT). (D) Quantification of total
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distance traveled in the OFT. (E) Percentage of time spent in the central zone. (F) Number of entries into
the central zone. (G) Representative locomotor trajectories and 3D activity heatmaps of WT and KO mice
in the light-dark box (LDB) test. (H) Time spent in the light compartment. (I) Distance traveled within the
light compartment. (J) Number of transitions between light and dark compartments. (K) Representative
locomotor trajectories and activity heatmaps of WT and KO mice in the novel object recognition (NOR)
test. (L) Recognition index in the NOR test. (M) Discrimination index in the NOR test. Data are expressed
as mean ± SD (n=6 mice/group). Comparisons between two groups were analyzed using an unpaired
two-tailed Student’s t-test. ns, non-significant; *P < 0.05; **P < 0.01; *** P < 0.001; **** P < 0.0001.

Figure 2

Effects of Mex3c deficiency on hippocampal neuronal integrity and NeuN immunoreactivity in mice.

(A) Representative images of Nissl staining in hippocampal tissues from WT and KO mice. Rectangular
boxes denote the CA1, CA3, and dentate gyrus (DG) subregions, with high-magnification views of the
corresponding areas shown on the right. Scale bars: low-magnification images, 100 μm; high-
magnification images, 20 μm. (B–D) Quantitative analysis of the percentage of Nissl-positive cells in the
hippocampal CA1, CA3, and DG subregions. (E) Representative images of NeuN immunohistochemical
staining in hippocampal tissues from WT and KO mice. Rectangular boxes denote the CA1, CA3, and DG
subregions, with high-magnification views of the corresponding areas shown on the right. Scale bars:
low-magnification images, 100 μm; high-magnification images, 20 μm. (F–H) Quantitative analysis of the
percentage of NeuN-positive immunoreactive area in the hippocampal CA1, CA3, and DG subregions.
Data are expressed as mean ± SD (n=6 mice/group). Comparisons between two groups were analyzed
using an unpaired two-tailed Student’s t-test. *P < 0.05; **P < 0.01.
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Figure 3

Mex3cdeficiency downregulates GPX4 and FTH1 expression, upregulates NCOA4 expression,
increases ROS and MDA levels, and decreases GSH content in the mouse hippocampus.

(A) Representative immunofluorescence images of GPX4 in the hippocampal CA1, CA3, and dentate
gyrus (DG) subregions of WT and KO mice. GPX4 is stained in red, and cell nuclei are counterstained
with DAPI in blue. High-magnification views of the white boxed regions are shown on the right. Scale
bars: low-magnification images, 500 μm; high-magnification images, 100 μm. (B–D) Quantitative
analysis of the mean fluorescence intensity (MFI) of GPX4 in the hippocampal CA1, CA3, and DG
subregions. (E) Representative Western blot images showing protein expression of FTH1, NCOA4, and
GPX4 in hippocampal tissues of WT and KO mice, with GAPDH as the loading control. (F–H) Quantitative
analysis of relative protein expression levels of FTH1, GPX4, and NCOA4. (I–K) Quantitative analysis of
ROS levels, MDA content, and GSH content in hippocampal tissues of WT and KO mice. Data are
expressed as mean ± SD (n=6 mice/group). Comparisons between two groups were analyzed using an
unpaired two-tailed Student’s t-test. *P< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 4

Fer-1 treatment partially reverses Mex3cdeficiency-induced GPX4 and FTH1 downregulation, ROS and
MDA elevation, and GSH depletion in the hippocampus.

(A) Representative immunofluorescence images of GPX4 in the hippocampal CA1, CA3, and dentate
gyrus (DG) subregions of WT, KO, and KO + Fer-1 mice. GPX4 is stained in red, and cell nuclei are
counterstained with DAPI in blue. High-magnification views of the white boxed regions are shown on the
right. Scale bars: low-magnification images, 10 μm; high-magnification images, 20 μm. (B–D)
Quantitative analysis of the mean fluorescence intensity (MFI) of GPX4 in the hippocampal CA1, CA3,
and DG subregions. (E) Quantitative analysis of ROS levels in hippocampal tissues across groups. (F)
Quantitative analysis of MDA content in hippocampal tissues across groups. (G) Representative Western
blot images showing FTH1 protein expression in hippocampal tissues across groups, with GAPDH as the
loading control. (H) Quantitative analysis of relative FTH1 protein expression levels. (I) Quantitative
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analysis of GSH content in hippocampal tissues across groups. Data are expressed as mean ± SD (n=3
independent biological replicates/group). Comparisons among three groups were analyzed using one-
way ANOVA followed by Tukey's post hoc multiple comparisons test. *P < 0.05; **P< 0.01; ***P < 0.001;
****P < 0.0001.

Figure 5

Fer-1 treatment partially restores hippocampal NeuN immunoreactivity and rescues recognition
memory and anxiety-like behaviors in Mex3c-deficient mice.

(A) Representative images of NeuN immunohistochemical staining in hippocampal tissues from WT, KO,
and KO + Fer-1 mice. Rectangular boxes denote the CA1, CA3, and dentate gyrus (DG) subregions, with
high-magnification views of the corresponding areas shown on the right. Scale bars: low-magnification
images, 100 μm; high-magnification images, 20 μm. (B–D) Quantitative analysis of the percentage of
NeuN-positive immunoreactive area in the hippocampal CA1, CA3, and DG subregions. (E)
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Representative locomotor trajectories and activity heatmaps of mice across groups in the novel object
recognition (NOR) test. (F) Recognition index in the NOR test. (G) Discrimination index in the NOR test.
(H) Representative locomotor trajectories and 3D activity heatmaps of mice across groups in the light-
dark box (LDB) test. (I) Time spent in the light compartment. (J) Distance traveled within the light
compartment. (K) Number of transitions between light and dark compartments. Data are expressed as
mean ± SD (n=6 mice/group). Comparisons among three groups were analyzed using one-way ANOVA
followed by Tukey's post hoc multiple comparisons test. *P < 0.05; **P < 0.01; ***P< 0.001; ****P <
0.0001.
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