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Objective(s): Ferroptosis in lens epithelial cells (LECs) is increasingly recognized as a key pathological 
process in cataract formation, driven by oxidative stress, lipid peroxidation, and aberrant RNA 
modification. This study investigated the role of METTL14 in UVB-induced ferroptosis in LECs and 
explored the protective mechanism of melatonin (MT).
Materials and Methods: mRNA and protein levels of METTL14 and ferroptosis-related markers (GPX4, 
SLC7A11) were quantified. Lipid reactive oxygen species (ROS), malondialdehyde (MDA), and 
glutathione levels were measured to assess ferroptotic activity. Mitochondrial structure and function 
were evaluated using transmission electron microscopy, mitochondrial membrane potential analysis, 
and ATP quantification. In vitro, METTL14 knockdown was achieved via siRNA in UVB-irradiated 
LECs. In vivo, a UVB-induced rat cataract model was used to assess lens opacity, histopathological 
changes, and ferroptosis-related protein expression.
Results: UVB irradiation significantly up-regulated METTL14 expression and promoted ferroptosis 
in LECs. MT treatment reduced METTL14 expression, suppressed ferroptosis in vitro and in vivo, 
alleviated lipid peroxidation, and restored mitochondrial morphology and function. In rats, MT 
markedly decreased lens opacity and attenuated UVB-induced pathological alterations.
Conclusion: MT inhibits METTL14-mediated ferroptosis in LECs, reduces lipid peroxidation, and 
restores mitochondrial function, thereby slowing cataract progression. These findings highlight 
METTL14 as a critical regulator of ferroptosis and support MT as a promising therapeutic strategy for 
cataract prevention and treatment.
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Cataract is the leading cause of blindness worldwide (1), 
and it is caused by various factors such as aging, genetics, 
ultraviolet exposure, smoking, and diabetes (2, 3). Currently, 
surgical removal of the cloudy lens and implantation of 
an artificial lens are the only effective treatment methods, 
but their complications and high costs limit their clinical 
application (4). Therefore, there is an urgent need to explore 
new drug intervention strategies.

Existing studies generally suggest that damage to lens 
epithelial cells (LECs) is the initiating link in cataract 
formation, mediated by mechanisms including apoptosis, 
necrosis, senescence, ferroptosis, autophagy, and oxidative 
stress (5-7). In recent years, ferroptosis, as a non-apoptotic 
cell death mode dependent on iron ions, has been confirmed 
to be closely related to the occurrence and development of 
cataract (8, 9). Its morphological characteristics include 
reduced cell volume and increased membrane density, 
while its biochemical features are the accumulation of 
iron-dependent lipid peroxidation (10, 11). Under normal 

circumstances, the body maintains a dynamic balance 
through the iron-ROS oxidation system and the Xc-/GSH/
GPX4 antioxidant system; once the balance is disrupted, 
it may trigger ferroptosis and accelerate the pathological 
process of cataract (12).

Epigenetic modifications, especially m6A (N6-
methyladenosine) modifications, have increasingly been 
shown to play important roles in cellular homeostasis and 
disease occurrence in recent years. m6A is the most common 
post-transcriptional modification form of eukaryotic mRNA 
(13, 14), and its “writer” complex is mainly composed of 
METTL3, METTL14, and WTAP. Although METTL14 
lacks catalytic activity, it plays a key role in maintaining 
complex stability and target RNA recognition (15, 16). 
Studies have shown that METTL14 expression is abnormal 
in LECs from cataract patients, resulting in decreased m6A 
modification levels in circRNAs, which may contribute 
to the occurrence and development of cataract (17). In 
addition, METTL14 can affect the activity of the ferroptosis 
pathway by regulating the m6A modification levels of 
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ferroptosis-related genes (such as ACSL4 and SLC7A11) 
(18). This discovery provides new evidence for the cross-
regulation between ferroptosis and m6A modification.

Melatonin (MT) has attracted widespread attention due 
to its significant antioxidant and cell-protective effects. 
MT is an indole hormone secreted by the pineal gland and 
participates in various physiological functions, including 
regulation of sleep rhythms, immune responses, and 
neuroprotection. Studies have shown that in human lens 
epithelial cells (HLECs), MT can inhibit H2O2-induced 
ROS generation and cell death by activating the PI3K/AKT 
signaling pathway, thereby exerting antioxidant and cell-
protective effects (19). Although there is no completely 
safe and effective clinical application scheme for MT yet, it 
has shown potential therapeutic value in preventing UVB-
induced cataract (20).

We therefore aimed to investigate the therapeutic effects 
and molecular mechanisms of MT in cataract formation. MT 
attenuated lens opacity by suppressing ferroptosis in LECs 
through down-regulation of METTL14 and restoration of 
mitochondrial function. Our findings provide new insights 
into the role of METTL14-mediated ferroptosis in cataract 
pathogenesis and suggest MT as a promising therapeutic 
strategy to delay or prevent cataract progression.

Materials and Methods 
Rat model of cataract

Six-week-old male Sprague-Dawley (SD) rats were 
acquired from the Experimental Animal Center of the 
Second Affiliated Hospital of Harbin Medical University 
and housed in the Department of Experimental Animals at 
Harbin Medical University. All animal procedures followed 
the ARVO Statement for the Use of Animals in Ophthalmic 
and Vision Research and were approved by the Animal 
Ethics Committee of the First Affiliated Hospital of Harbin 
Medical University (Approval No. 2023130). The rats were 
anesthetized via intraperitoneal injection of a mixture 
of ketamine (90 mg/kg) and xylazine (15 mg/kg), and 
topical proparacaine hydrochloride eye drops were applied 
before ocular manipulation for local ocular anesthesia. No 
additional analgesic was administered because the UVB-
induced cataract model was established under general and 
local ocular anesthesia and did not involve surgical incision. 
Tropicamide-phenylephrine eye drops were then applied 
to both eyes, and the rats that underwent drug treatment 
received subconjunctival injections of 25 µl/eye with either 
500 mM Fer-1, 200 mM MT (HY-B0075; MCE, USA), or 
an equivalent volume of DMSO (used as the drug solvent). 
After a 5-minute waiting period, only the right eye of each 
rat was exposed to UVB radiation for 15 minutes using a 
handheld UV lamp (LUYOR LEB-280 L, USA) emitting 
at 312 nm, delivering a dose of 0.45 J/cm², measured by a 
UVB sensor (TM-213, Tenmars, China)(7). This irradiation 
was administered daily for seven consecutive days. Upon 
completion of the experiment, the rats were euthanized 
by CO2 asphyxiation. The lens was carefully extracted via 
a posterior approach under sterile conditions and fully 
separated along its edge.

Cell Culture
The human lens epithelial cell line SRA01/04 (Procell 

system, China) was cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin at 37 °C in a 
humidified incubator with 5% CO2. Cells were maintained 
in 10% FBS and used for experiments when they reached 
70% confluence in the logarithmic growth phase. The 
irradiation times were 0s, 20s, 40s, 100s, 120s, 160s, 200s, 
240s and 300s respectively, to obtain UVB doses of 0J/
m2, 100J/m2, 200J/m2, 500J/m2, 600J/m2, 800J/m2, 1000J/
m2, 1200J/m2 and 1500J/m2, which were measured using 
a calibrated UVB radiation meter. The effective UVB dose 
range that ensures at least a 50% cell survival rate was 
selected and will be used in subsequent experiments. For 
specific treatments, HLECs were pretreated with 250 μM 
MT for 24 hours, then incubated in culture medium with or 
without UVB irradiation for 24 hours.

siRNA transfection
HLECs were seeded in six-well plates and cultured until 

they reached approximately 60% confluence. The cells were 
then transfected with METTL14-specific siRNA or negative 
control siRNA (siNC)(GenePharma, Shanghai, China) 
using Lipofectamine 2000 (Invitrogen, USA) according 
to the manufacturer’s instructions. Briefly, siRNAs and 
Lipofectamine 2000 were each diluted in serum-free DMEM, 
gently mixed, and incubated at room temperature for 20 
minutes to form transfection complexes. The complexes 
were then added to the cells. Six hours after transfection, 
the medium was replaced with fresh DMEM containing 
10% FBS, and the cells were cultured for an additional 24 
hours before subsequent experiments. 

Cell counting Kit-8 (CCK-8) assay
The cells were inoculated into 96-well plates, gently 

agitated, and then placed in the incubator for 24 hours of 
static incubation. Subsequently, different doses of UVB 
irradiation were carried out. Each group was set with 5 
replicate wells to enhance the reliability of the experimental 
results. After 24 hours in each well, 100 μl of complete 
medium was added and mixed with 10 μl of CCK-8 solution 
(SC119, Seven, China). It was then immediately placed in the 
cell incubator for 1 hour. The OD value at wavelength 450 
nm of each group was measured using an enzyme detector 
(SpectraMax Mini Reader, Molecular Devices, USA).

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was isolated from treated cells using the 
Total RNA Extraction Kit (BSC52M1; BioFlux, USA) 
and subsequently reverse-transcribed into cDNA using a 
reverse transcription kit (SM134-02; Seven, China). qRT-
PCR was conducted using SYBR Green Master Mix (G3326; 
Servicebio, China) to assess gene expression levels. The 
relative mRNA expression was analyzed using the 2−ΔΔCt 
method. The primer sequences are shown in Table 1 (21).

Western blot analysis (WB)
Total protein was extracted from HLECs using RIPA 

buffer containing 1 mM PMSF, followed by centrifugation at 
12,000 rpm for 15 minutes to remove debris. Equal amounts 
of protein were separated by SDS-PAGE and transferred to 
polyvinylidene fluoride membranes. After blocking with 
5% skim milk at room temperature for 1 hour, membranes 
were incubated with primary antibodies at 4 °C overnight. 
The primary antibodies are shown in Table 2. Following 
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three washes with TBST, membranes were probed with 
HRP-conjugated secondary antibodies and visualized 
using an enhanced chemiluminescence detection system 
(Champchemi, SINSAGE, China). Band intensities were 
quantified using ImageJ software (22). 

Hematoxylin and eosin (HE) staining 
The rat eyeballs were fixed in Davidson’s fixative, 

dehydrated, and then embedded in paraffin. First, the nuclear 
material was stained using hematoxylin solution (G1120, 
Solarbio, China). Next, the sample was rinsed with running 
tap water, and then the cytoplasm was counterstained with 
eosin. Finally, images were captured using a microscope (7). 

Immunohistochemical (IHC) staining 
Rat eyeballs were fixed in Davidson’s solution, 

dehydrated, and embedded in paraffin. After sectioning, 
deparaffinization, and microwave antigen retrieval, 
endogenous peroxidase was quenched with 3% H2O2, 
followed by blocking with 5% BSA for 1 hr. Sections were 
incubated with primary antibodies overnight at 4 °C and 
then with a two-step mouse/rabbit secondary antibody 
system for 1 hr at room temperature. Immunoreactivity was 
detected using DAB, and sections were dehydrated, cleared, 
and imaged under a light microscope.

Immunofluorescence (IF) assay 
The processed cells were collected, fixed, permeabilized, 

and blocked. Subsequently, the cells were incubated with 
the first antibody (1:100, METTL14) at 4 °C overnight, 
then with the second antibody (1:100, goat anti-rabbit 
[ZF-0316, ZSGB-BIO] and anti-mouse [ZF-0313, ZSGB-
BIO]) at room temperature for 1 hour, and finally stained 
with DAPI. Finally, images were obtained using the Zeiss 
fluorescence microscope system (Vert.A1, Zeiss, Germany). 
All IF images from different groups were acquired under 
identical exposure and gain settings. For each sample, at 
least three randomly selected fields from three independent 
experiments were imaged. The mean fluorescence intensity 
was quantified using ImageJ software after background 
subtraction and normalized to the control group’s 
fluorescence intensity (23).

ROS measurement
The intracellular ROS levels were measured using 

dihydroethidium (DHE) (HY-D0079, MCE, USA). The cells 
were co-incubated with 5 μM DHE for 30 minutes at 37 °C 
and then imaged using a fluorescence microscope (Vert.A1, 
Zeiss, Germany). The results were analyzed using ImageJ 
(version 2.1.0/1.53c).

Mitochondrial membrane potential (MMP)
To detect mitochondrial membrane potential (MMP), 

JC-1 (C2003S; Beyotime, China) was used. Cells were 
incubated with the JC-1 probe at 37 °C for 40 minutes. 
Imaging was performed using a microscope (IX73, 
Olympus, Japan)(24).

Molecular docking
The structures of drugs and key target proteins were 

obtained from the PubChem database (https://pubchem.
ncbi.nlm.nih.gov) and the PDB database (https://www.rcsb.
org). Visualization was performed using PyMOL software.

Transmission electron microscopy (TEM)
These cells were fixed with 2.5% glutaraldehyde. 

Subsequently, the cells were washed with PBS solution and 
fixed with 1% osmium tetroxide for 1 hour. After ethanol 
dehydration treatment, the samples were embedded in 
epoxy resin. Then, an experienced pathologist used an 
H-7700 transmission electron microscope (Hitachi High 
Technology Corporation, Tokyo, Japan) to acquire images 
at an accelerating voltage of 100 kilovolts (25).

Measurement of oxidative stress markers
Cells were treated with thiobarbituric acid, and the level 

of MDA (BC0025; Beyotime, China) was determined by 
colorimetric analysis (at wavelengths of 532 nanometers 
and 600 nanometers). To determine the antioxidant status 
in LECs after UVB exposure, intracellular GSH (S0053; 
Beyotime, China) was measured. GSH activity was 
determined by reacting GSH with dithiobenzoic acid. The 
absorbance was measured at 412 nanometers to determine 
the GSH activity.

ATP measurement
Cellular ATP levels were measured using a commercial 

ATP assay kit (HY-D0079; Beyotime, China) following the 
manufacturer’s instructions. In brief, cells were lysed and 

METTL14: Methyltransferase-like 14; GPX4: Glutathione peroxidase 4; SLC7A11: 
Solute carrier family 7 member 11; GAPDH: Glyceraldehyde-3-phosphate 
dehydrogenase

Table 1. Gene-specific primer sequences used for quantitative real-time 
PCR (qRT-PCR) in this study  

Gene Primer sequences 

METTL14-F 5′-GTAGCACAGACGGGGACTTC-3′ 

METTL14-R 5′-AGGCGTCTTCTACCAAGACAA-3′ 

GPX4-F 5′-CGATACGCTGAGTGTGGTTT-3′ 

GPX4-R 5′-CGGCGAACTCTTTGATCTCTT-3′ 

SLC7A11-F 5′-GGTTGCCCTTTCCCTCTATTC-3′ 

SLC7A11-R 5′-CCTGGGTTTCTTGTCCCATATAA-3′ 

GAPDH-F 5′-GTGGTCTCCTCTGACTTCAACA-3′ 

GAPDH-R 5′-CTCTTCCTCTTGTGCTCTTGCT-3′ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Information on antibodies used for Western blot (WB) in this 
study

METTL14: Methyltransferase-like 14; GPX4: Glutathione peroxidase 4; SLC7A11: 
Solute carrier family 7 member 11; GAPDH: Glyceraldehyde-3-phosphate 
dehydrogenase

 

Antibody name Dilutions Vendor name Cat No. 

METTL14 1:2000 Proteintech 26158-1-AP 

GPX4 1:2000 Abcam ab262509 

SLC7A11 1:10000 Proteintech 10442-1-AP 

GAPDH 1:2000 OriGene TA802519 
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centrifuged at 12,000 × g for 5 min at 4 °C, and the resulting 
supernatant was transferred to a black 96-well plate 
containing the ATP working solution. Chemiluminescence 
was then recorded using a SpectraMax MiniReader 
(Molecular Devices, USA), and ATP content was quantified 
accordingly (26).

Statistical analysis
All experiments were independently repeated at 

least three times. Data are presented as mean±standard 
error (SEM). Statistical analysis was performed using 
GraphPad Prism 9 software. For normally distributed data, 

comparisons between two groups were performed using 
Student’s t-test, and comparisons among multiple groups 
were performed using one-way ANOVA. P-values<0.05 
were considered statistically significant (*P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001). 

Results 
Ferroptosis was induced in LECs via dose-dependent UVB 
exposure

To determine the optimal UVB irradiation dose that 
LECs could tolerate, we exposed cells to a UVB dose 
gradient and assessed cell viability using the CCK-8 assay. 

Figure 1. Ferroptosis was induced in rat lens epithelial cells (LECs) via dose-dependent ultraviolet B (UVB) exposure
(A) Cell Counting Kit-8 (CCK-8) assay results for LECs after UVB irradiation. (B) The mRNA expression levels of GPX4 and SLC7A11 at UVB doses of 0 J/m2, 100 J/m2, 200 J/m2 
and 500 J/m2. (C, D) The protein expression levels of GPX4 and SLC7A11 at UVB doses of 0 J/m2, 100 J/m2, 200 J/m2 and 500 J/m2. (E) Mitochondrial ultrastructure was observed 
by transmission electron microscopy (TEM). Scale bar=2 μm. (F) Intracellular reactive oxygen species (ROS) levels were detected using dihydroethidium (DHE) staining. Scale 
bar=200 μm. (G, H) Analyze the expression levels of oxidative stress markers in LECs. (I) Mitochondrial membrane potential (MMP) was measured by JC1 staining. Scale bar=100 
μm. (J) Adenosine triphosphate (ATP) levels were quantified in each group. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Data are shown as mean±SEM (n=3)
GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 7 member 11; GSH: Glutathione; MDA: Malondialdehyde; NC: Negative control; SEM: standard error of mean
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As shown in Figure 1A, LEC viability declined progressively 
with increasing UVB intensity (0, 100, 200, 500, 600, 800, 
1000, 1200, and 1500 J/m²). Considering that 500 J/m² 
preserved approximately 50% cell viability while inducing 
evident ferroptosis-related changes, this dose was selected 
as a sublethal injury dose for subsequent mechanistic 
experiments. Higher doses were not used in subsequent 
experiments to avoid excessive nonspecific cytotoxicity. At 
the molecular level, the ferroptosis-related markers GPX4 
and SLC7A11 exhibited dose-dependent decreases in both 
mRNA and protein expression following UVB exposure 
(Figure 1B, C, D). TEM further revealed that, compared 
with the control group, LECs subjected to UVB displayed 
shrunken mitochondria with increased membrane density 
and reduced cristae volume, while nuclear morphology 
remained largely unaltered (Figure 1E). Consistent with 
ferroptotic features, UVB irradiation induced excessive 
accumulation of ROS, as indicated by increased DHE 
fluorescence intensity (Figure 1F). In addition, oxidative 
stress markers were significantly altered: GSH levels were 
reduced, whereas MDA levels were elevated in UVB-treated 
cells (Figure 1G, H). UVB exposure also led to a pronounced 
reduction in mitochondrial membrane potential (MMP), as 
evidenced by JC-1 staining (Figure 1I). Finally, intracellular 
ATP levels decreased in a dose-dependent manner upon 
UVB treatment (Figure 1J).

Expression of METTL14 in LECs under UVB irradiation 
To investigate the expression of METTL14 in LECs 

after UVB exposure, we first measured its mRNA level and 

observed persistent up-regulation relative to the control 
group (Figure 2A). Additionally, WB analysis revealed that 
METTL14 protein expression increased significantly after 
500 J/m² of UVB irradiation (Figure 2B, C). IF staining 
further confirmed these results, indicating that METTL14 
expression increased significantly in response to UVB 
stimulation. In summary, these results suggest that UVB 
exposure significantly up-regulates METTL14 expression 
in LECs.

Knocking down METTL14 reduced UVBinduced LECs 
ferroptosis

To investigate the role of METTL14 in UVB-induced 
ferroptosis in LECs, we established a METTL14 knockdown 
model in vitro and performed functional loss experiments 
(Figure 3A). The results showed that siRNA#2 and #3 
exhibited the highest interference efficiency, reducing the 
METTL14 mRNA level by more than 80% (Figure 3B). After 
UVB irradiation, METTL14 expression in LECs increased 
significantly, and METTL14 knockdown effectively reversed 
this up-regulation (Figure 3C, D). Regarding oxidative stress, 
UVB irradiation significantly increased intracellular ROS 
levels, whereas METTL14 knockdown significantly reduced 
ROS accumulation (Figure 3E). Further examination of 
mitochondrial function revealed that UVB irradiation led 
to decreased ATP levels and MMP, and that METTL14 
knockdown could reverse these effects (Figure 3F, G). At 
the same time, the key regulatory factors of ferroptosis, 
GPX4 and SLC7A11, were significantly down-regulated in 
response to UVB induction, and their mRNA and protein 

Figure 2. Ultraviolet B (UVB) irradiation induces up-regulation of METTL14 in rat lens epithelial cells (LECs)
(A) The mRNA expression level of METTL14 in LECs under UVB exposure. (B, C) Western Blot (WB) analysis of METTL14 protein expression in LEC with different UVB doses. 
(D) Immunofluorescence (IF) staining of METTL14 (red) merged with DAPI (blue) in each group. Scale bars=100 μm. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Data are shown 
as mean±SEM (n=3)
METTL14: Methyltransferase-like 14; NC: Negative control; SEM: standard error of mean
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expressions were restored after METTL14 knockdown 
(Figure 3H, I, J). The results of TEM observations further 
confirmed that the typical ultrastructural changes of 
ferroptosis, such as mitochondrial volume reduction, 
increased membrane density, and reduced cristae, were 
significantly improved after METTL14 knockdown (Figure 
3K). These results suggest that knockdown of the METTL14 
gene can effectively alleviate UVB-induced ferroptosis in 

LECs.
Melatonin inhibited UVB-induced ferroptosis in LECs

To verify whether UVB-induced cell damage is related 
to ferroptosis, we treated cells with the selective ferroptosis 
inhibitor Fer-1 and MT. The results showed that both could 
effectively alleviate UVB-induced cell damage (Figure 4A). 
Further analysis revealed that after treatment with Fer-1 
or MT, the oxidative stress level in LECs exposed to UVB 
significantly decreased (Figure 4B, C, D). At the same time, 
compared with the simple UVB group, the expression levels 
of GPX4 and SLC7A11 in the Fer-1 group were significantly 
up-regulated, suggesting that the degree of ferroptosis in 
the cells was alleviated (Figure 4E, F). It is noteworthy that 
MT could also significantly increase the expression levels 
of GPX4 and SLC7A11 (Figure 4E, F). Compared with the 
UVB+DMSO group, the mitochondria of LECs treated with 
Fer-1 or MT returned to normal morphology (Figure 4G). Its 
effect was similar to that of Fer-1, suggesting that MT plays 
an important role in inhibiting UVB-induced ferroptosis.

Melatonin reduced METTL14 expression in LECs under 
UVB irradiation

The molecular docking results showed that MT bound to 
METTL14 via multiple hydrogen bonds and hydrophobic 
interactions, thereby stabilizing METTL14 within the 

Figure 3. Knocking down METTL14 alleviated ultraviolet B (UVB)- 
induced ferroptosis in rat lens epithelial cells (LECs)
(A) The diagram of LECs culture and treatment. (B) METTL14 mRNA levels in LECs 
with different treatments. (C, D) METTL14 protein levels in LECs with different 
treatments. (E) Dihydroethidium (DHE) staining was used to detect the intracellular 
reactive oxygen species (ROS) levels in each group. Scale bar=200 μm. (F) Adenosine 
triphosphate (ATP) abundance levels in each group. (G) Mitochondrial membrane 
potential (MMP) was measured by JC1 staining. Scale bar=100 μm. (H, I, J) Western 
blot (WB) and quantitative real-time polymerase chain reaction (qRT-PCR) 
analyses of GPX4 and SLC7A11 in LECs treated with NC, UVB, UVB+siNC, and 
UVB+siMETTL14. (K) Results of transmission electron microscopy (TEM) when 
LECs were treated with NC, UVB, UVB+siNC, and UVB+siMETTL14. Scale bar=2 
μm. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Data are shown as mean±SEM (n=3)
METTL14: Methyltransferase-like 14; GPX4: Glutathione peroxidase 4; SLC7A11: 
Solute carrier family 7 member 11; NC: Negative control; siNC: Negative control small 
interfering RNA; siMETTL14: METTL14 small interfering RNA; SEM: standard error 
of mean

Figure 4. Melatonin (MT) inhibited ultraviolet B (UVB)-induced 
ferroptosis in rat lens epithelial cells (LECs)
(A) The LECs were treated with MT for 24 hr or with Fer-1 for 2 h. (B) Reactive 
oxygen species (ROS) were detected using the Dihydroethidium (DHE) dye. Scale 
bar=200 μm. (C, D) GSH and MDA levels in LECs with different treatments. (E, F) 
The results of Western blot (WB) analysis and the relative protein levels of GPX4 and 
SLC7A11 are shown. (G) Transmission electron microscopy (TEM) results in LECs 
treated in different ways. Scale bar=2 μm. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
Data are shown as mean±SEM (n=3)
GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 7 member 
11; DMSO: Dimethyl sulfoxide; Fer-1: Ferrostatin-1; GSH: Glutathione; MDA: 
Malondialdehyde; SEM: standard error of mean
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protein-binding pocket and forming a stable complex 
(Figure 5A). To further verify the regulatory effect of 
MT on METTL14 in LECs, we treated the cells with MT-
containing culture medium. The results showed that MT 
could significantly down-regulate the protein expression 
level of METTL14 in LECs (Figure 5B, C), and the IF results 
were consistent with the WB results (Figure 5D). Moreover, 
under UVB irradiation, MT effectively alleviated oxidative 
stress in LECs, as evidenced by a significant reduction in 
intracellular ROS levels (Figure 5E).

Melatonin regulated ferroptosis by targeting METTL14
To verify whether the regulatory effect of MT on 

ferroptosis in LECs depends on METTL14, we transfected 
LECs with siMETTL14 and treated them with MT 
in combination. The results showed that compared 
with the siMETTL14+DMSO group, the mRNA and 
protein expression levels of GPX4 and SLC7A11 in the 
siMETTL14+MT group were significantly up-regulated 
(Figure 6A, B, C). TEM observations further confirmed that 
the typical ultrastructural changes of ferroptosis (including 
reduced mitochondrial volume, increased membrane 
density, and decreased cristae) observed after siMETTL14 
treatment were significantly improved with the addition of 
MT (Figure 6D). At the same time, mitochondrial function 
detection results indicated that MMP and ATP levels were 
restored under MT intervention, thereby alleviating the 
functional disorder induced by siMETTL14 (Figure 6E, F). 
Overall, these results suggest that MT can partially regulate 
ferroptosis in LECs by targeting METTL14, thereby exerting 
a protective effect on cells.

Melatonin restored lens transparency by suppressing 
ferroptosis

Figure 5. Melatonin (MT) reduced METTL14 expression in rat lens 
epithelial cells (LECs) under ultraviolet B (UVB) irradiation
(A) Schematic diagrams of the two-dimensional and three-dimensional structures of 
the MT-METTL14 interaction, with enlarged details. (B, C) Protein expression level of 
METTL14 with MT treatment. (D) Immunofluorescence (IF) staining of METTL14 
(red) merged with DAPI (blue) in each group. Scale bar=100 μm. (E) Reactive oxygen 
species (ROS) were detected using the dihydroethidium (DHE) dye. Scale bar=200 
μm. *P<0.05; **P<0.01; ****P<0.0001. Data are shown as mean±SEM (n=3) METTL14: 
Methyltransferase-like 14; NC: Negative control; DMSO: Dimethyl sulfoxide; SEM: 
standard error of mean

Figure 6. Melatonin (MT) regulates ferroptosis by targeting METTL14 in 
rats
(A) mRNA expression levels of GPX4 and SLC7A11 with MT treatment after 
transfection of siMETTL14. (B, C) Protein expression levels of GPX4 and SLC7A11 
with MT treatment after transfection of siMETTL14. (D) Representative images of 
transmission electron microscopy (TEM) in LECs. Scale bar=2 μm. (E) Analysis of 
JC-1 stain in LECs. Scale bar=100 μm. (F) Analysis of adenosine triphosphate (ATP) 
in LECs. *P<0.05; **P<0.01; ****P<0.0001. Data are shown as mean±SEM (n=3)
METTL14: Methyltransferase-like 14; DMSO: Dimethyl sulfoxide; GPX4: Glutathione 
peroxidase 4; SLC7A11: Solute carrier family 7 member 11; siNC: Negative control 
small interfering RNA; siMETTL14: METTL14 small interfering RNA; SEM: 
standard error of mean
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Based on in vitro results indicating that MT can inhibit 
UVB-induced ferroptosis and improve mitochondrial 
function, we further verified these effects in animal 
models. A cataract model was established using UVB 
irradiation (Figure 7A). The results showed that the lens in 
the DMSO control group remained transparent, whereas 
the UVB+DMSO group exhibited significant opacity. 
Notably, UVB combined with subconjunctival injection 
of ferroptosis inhibitor Fer-1 or MT significantly reduced 
lens opacity, presenting only scattered punctate opacity in 
the equatorial cortex of the lens and mild opacity of the 
epithelial cells (Figure 7B). The histological staining results 
further indicated that UVB irradiation caused significant 
pathological changes in the rat lens, including disordered 
arrangement of LECs, irregular cell gaps, vacuoles and 

swelling, as well as disordered proliferation and abnormal 
nuclear morphology (Figure 7C). However, MT or Fer-
1 treatment effectively alleviated the above pathological 
damage, maintaining the relatively intact single-layer cubic 
arrangement structure of LECs (Figure 7C). Mechanistically, 
IHC results showed that UVB irradiation significantly 
increased METTL14 expression in the anterior capsule of 
the rat lens, whereas MT treatment significantly inhibited 
this increase (Figure 7D). At the same time, WB detection 
results showed that UVB irradiation decreased the 
expression levels of the ferroptosis-related markers GPX4 
and SLC7A11 in the anterior capsule of the lens, and MT 
or Fer-1 intervention significantly restored their expression 
(Figure 7E, F). The animal experimental results further 
confirmed that MT exerted a protective effect in vivo by 
inhibiting ferroptosis, significantly reducing UVB-induced 
lens opacity and maintaining lens transparency, and that its 
effects were highly consistent with those of the ferroptosis 
inhibitor Fer-1.

Discussion
Numerous in vitro and in vivo studies have explored 

the potential mechanisms of MT’s protective effect against 
cataract formation. In in vitro studies, we used UVB-
exposed HLECs as a model to investigate the regulatory role 
of MT. This model reproduced several pathological features 
of cataract formation, including oxidative stress, ferroptosis, 
and mitochondrial dysfunction. Our in vitro data indicated 
that MT inhibited ferroptosis in UVB-treated LECs by 
targeting METTL14, thereby reducing lipid peroxidation 
and restoring cellular homeostasis. Subsequently, we used 
a rat cataract model induced by UVB to further validate 
these findings. The experimental results showed that 
MT inhibited ferroptosis by down-regulating METTL14 
expression, thereby reducing lens opacity. Both in vivo and 
in vitro models are frequently used in cataract research, and 
our results indicate that these two models are consistent 
with each other. Overall, our research results suggest that 
MT can slow the progression of cataract by inhibiting 
METTL14-mediated ferroptosis, providing new insights 
into its potential as a therapeutic strategy.

Our previous investigations revealed that the hallmarks 
of ferroptosis were detectable in HLEC-B3, SRA01/04, and 
HEK-293T cells. Although UVB irradiation induced slightly 
different changes in the relative expression levels of these 
markers across cell types, the overall trend of ferroptosis 
induction remained consistent. Notably, in HLEC-B3 
cells, UVB was even more effective than the classical 
ferroptosis activator RSL3 at regulating TfR1 expression 
and promoting ferroptotic processes, thereby confirming 
UVB’s strong and reliable capacity to trigger ferroptosis (6). 
In recent years, ferroptosis has been implicated in a wide 
spectrum of ocular diseases, including corneal disorders, 
glaucoma, retinal ischemia-reperfusion injury, and age-
related macular degeneration (27-29). Growing evidence 
indicates that LECs are highly susceptible to oxidative 
stress, a central driver of cataract formation and progression 
(30, 31). Importantly, ferroptosis is now considered the 
predominant form of programmed cell death in LECs under 
oxidative stress conditions. Consistently, characteristic 
ferroptotic features—elevated ROS production, increased 
lipid peroxidation, and abnormal accumulation of redox-
active iron—have been widely observed in the lenses of 

Figure 7. Melatonin (MT) restored lens transparency via suppressing 
ferroptosis in rats
(A)  Schematic representation of the SD rat model. (B) Lenses extracted from rats 
and observed under a microscope. Scale bar=1 mm. (C) Total lens, Hematoxylin and 
eosin (HE) staining. Scale bars=50 μm. (D) Immunohistochemical (IHC) staining of 
METTL14 in rat lens capsules. Scale bar=50 μm. (E, F) Western blot (WB) analysis 
showed the protein levels of GPX4 and SLC7A11 in the lenses of the rats in each 
group. *P<0.05; **P<0.01; ***P<0.001. Data are shown as mean±SEM (n=3)SD: 
Sprague-Dawley; UVB: Ultraviolet B; METTL14: Methyltransferase-like 14; DMSO: 
Dimethyl sulfoxide; GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 
7 member 11; DMSO: Dimethyl sulfoxide; Fer-1: Ferrostatin-1; SEM: standard error 
of mean
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elderly individuals and cataract patients (11). Furthermore, 
cataractous lenses display enhanced lipid peroxidation, 
reduced GPX activity, and excessive iron deposition, 
providing compelling evidence that ferroptosis is critically 
involved in cataract pathogenesis (8).

In this study, we observed that METTL14 expression was 
markedly up-regulated in LECs under UVB irradiation, 
thereby promoting ferroptosis. Conversely, silencing 
METTL14 attenuated UVB-induced ferroptotic cell 
death, suggesting that, under UVB-induced oxidative 
stress, METTL14 up-regulation may be a critical driver 
of ferroptosis in LECs. Epigenetic modifications have 
increasingly been recognized as key regulators of cell death 
and metabolic homeostasis. As a core component of the 
m6A methyltransferase complex, METTL14 plays essential 
roles in multiple biological processes, including mRNA 
maturation, nuclear export, metabolic regulation, and pri-
miRNA processing (32-35). Emerging evidence further 
indicates that METTL14-mediated m6A modifications 
contribute to ferroptosis by modulating the stability and 
translation of key ferroptosis-related transcripts, including 
those involved in glutathione metabolism, lipid peroxidation 
pathways, and iron homeostasis (36). Therefore, our findings 
highlight a potential mechanistic link between UVB-
induced METTL14 up-regulation and the exacerbation 
of ferroptosis in LECs, providing novel insights into the 
epigenetic regulation of cataract pathogenesis.

Recent ocular studies have further reported the 
involvement of METTL14 in models of cataract and diabetic 
retinopathy. Li et al. showed that METTL14 overexpression 
alleviated mitochondrial dysfunction, oxidative stress, and 
autophagy inhibition in high-glucose-treated LECs, and 
that AAV-mediated METTL14 overexpression improved 
lens transparency in diabetic cataract mice through m6A-
dependent regulation of RPL3 (37). In contrast, Chen et 
al. reported that METTL14 was up-regulated in diabetic 
retinopathy rats and high-glucose-treated retinal ganglion 
cells, while METTL14 knockdown ameliorated retinal 
ganglion cell injury and diabetic retinopathy progression by 
reducing PHLPP2 m6A modification (38). These findings 
suggest that the role of METTL14 in ocular diseases may 
be context-dependent. In diabetic cataract, METTL14 may 
protect LECs through the RPL3/autophagy axis, whereas in 
our UVB-induced cataract model, METTL14 up-regulation 
promoted ferroptosis-related mitochondrial injury in LECs.

Our results demonstrate that MT suppresses UVB-
induced ferroptosis in LECs by down-regulating METTL14 
expression and restoring mitochondrial structure and 
function. In vivo, MT treatment significantly reduced lens 
opacity, alleviated oxidative stress, and partially reversed 
UVB-induced pathological alterations. These findings 
suggest that MT may represent a novel therapeutic strategy 
for cataract prevention and treatment through METTL14-
mediated regulation of ferroptosis. Previous studies have 
shown that MT protects HLECs against H2O2-induced 
oxidative injury and cell death by activating the PI3K/
AKT pathway (39). Beyond its antioxidant function, MT 
exerts multiple biological effects, including anti-nitridative, 
mitochondrial-protective, autophagy-modulating, anti-
inflammatory, and anti-angiogenic activities, making it 
a versatile candidate for combating ocular diseases (20). 
Recent evidence further highlights the potential role of MT 
in cataract prevention, such as mitigating inflammation (40), 

reducing oxidative stress (19, 39), and alleviating anxiety-
related cellular damage (41). Notably, m6A modification 
has emerged as a critical regulator of signaling pathways and 
protein functions, and accumulating studies indicate that 
MT can modulate m6A-dependent mechanisms in diverse 
contexts—for instance, attenuating LPS-induced colonic 
inflammation (42), delaying ovarian aging through the 
YTHDF2/m6A/UBE3C axis (43), and alleviating abnormal 
pregnancy via MTNR1B-mediated m6A regulation (44). 
However, whether MT directly regulates METTL14 and 
thereby influences LEC ferroptosis under UVB irradiation 
remains largely unexplored. Our study thus provides new 
insights into the epigenetic mechanisms of MT in cataract 
protection and underscores METTL14 as a potential 
therapeutic target.

In summary, MT effectively mitigated UVB-induced 
ferroptosis in lens epithelial cells by targeting METTL14-
mediated lipid peroxidation, restoring mitochondrial 
function, and reducing oxidative stress. This mechanism 
offers a promising therapeutic strategy for cataract 
prevention and treatment.

However, a limitation of this study is that the direct 
molecular mechanism by which MT regulates METTL14 
remains to be fully elucidated. In addition, although 500 
J/m² UVB irradiation was selected as a sublethal injury 
dose based on LEC viability, its effects on other cell types 
were not directly evaluated in this study. Furthermore, we 
did not perform METTL14 knockdown or overexpression 
experiments in vivo; therefore, the causal role of METTL14 
in the protective effect of MT against UVB-induced cataract 
requires further validation in animal models. Further 
biochemical assays, such as CETSA, SPR, and pull-down 
assays, are needed to confirm whether MT directly binds 
METTL14. Additionally, due to the lack of commercially 
available specific small-molecule inhibitors for METTL14, 
alternative pharmacological blockades could not be 
compared with our siRNA findings, which warrants further 
development of novel chemical biology tools.

Conclusion
MT alleviates cataract progression by suppressing 

ferroptosis in lens epithelial cells through down-regulation 
of METTL14 and restoration of mitochondrial function. 
Our study provides new insights into the role of METTL14-
mediated ferroptosis in lens opacity and highlights MT as a 
potential pharmacological candidate for cataract prevention. 
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