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Melatonin alleviates ferroptosis
triggered by cadmium via
regulating ferritinophagy and iron
metabolism in spermatogonia

Didi Jia*%>, Wei Huang'*, Qizi Yin'*, Han Wang?, Ziyue Wang?!, Mingming Zhang?,
Wenjing Gong?, Rong Wang'**, Yan Zhu3* & Yanli Ji%***

Melatonin (Mel), a classical antioxidant, has the potential to mediate ferroptosis. Cadmium (Cd) poses
a substantial threat to the male reproductive system, as it can induce testicular injury by triggering
ferroptosis. The study aimed to explore the protective role and mechanism of Mel in Cd-induced
ferroptosis in spermatogonia (spg). Our results demonstrated that Cd disrupted the mitochondrial
ultrastructure and induced more autophagosomes in spg. Exposure to Cd resulted in a reduction of
the mitochondrial membrane potential of the cells. The transcriptomics analysis revealed significant
differences in gene expression associated with ferroptosis and autophagy. Mel could reverse the
changes caused by Cd in the genes mentioned above. Furthermore, Cd increased cellular iron content
and elevated reactive oxygen species levels, which induced oxidative stress in spg. Mel pretreatment
reduced iron accumulation and oxidative damage caused by Cd exposure. Additional studies
demonstrated that Cd exposure activated NCOA4-mediated ferritinophagy in spg. Mel pretreatment,
as anticipated, inhibited the increased the mRNA and protein expression of ATG5, LC3B, and NCOA4
caused by Cd, ameliorated Cd-caused iron overload and oxidative stress, and protected spg from
ferroptosis. Our study provides a therapeutic basis for the use of Mel to treat Cd-induced testicular
injury.
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The decline in male fertility rates is a critical health problem. Reduced sperm count is implicated in approximately
90% of male infertility problems. The global sperm count has been declining at an accelerated pace in the
recent decade!. A previous study on human sperm count reported that the total sperm count decreased from
335.7 million to 126.6 million among young men between 1973 and 2018, with a decrease of 1.4% per year
and 62.3% overall®. The sperm concentration in European men has demonstrated a time-dependent decline,
with an overall decrease of 32.5% over the past 50 years, according to a previous study’. Thus, it is imperative
to investigate the causes and mechanisms of the decline in sperm count to prevent further damage to the
reproductive health of men.

Environmental factors are implicated in the decrease in sperm quality?. Cadmium (Cd), a common toxic
heavy metal, easily penetrates the blood-testis barrier, thereby damaging testicular cells and reducing sperm
count, finally affecting spermatogenesis®. Cd can induce oxidative stress and cell death to cause reproductive
toxicity through various mechanisms, including the damaging effects on Sertoli and Leydig cells. Previous
studies reported that Cd induces testicular pyroptosis via m6A-methylated mitochondrial proteostasis stress
or activating the AIM2 inflammasome pathway®’. Wang T et al. reported that low-dose Cd exposure can
cause Parkin translocation and mitochondrial fusion disorder, which contribute to the reduction of testicular
testosterone synthesis®. Our recent study revealed that iron overload-induced ferroptosis is implicated in the
declining sperm count caused by Cd°. Additionally, our previous study revealed that ferritin degradation through
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NCOA4-mediated ferritinophagy is associated with Cd-induced spermatogonia (spg) ferroptosis'®. The studies
on the mechanism provide new insights for preventing and treating Cd-induced male reproductive toxicity.
Melatonin (N-acetyl-5-methoxytryptamine, Mel) is an indoleamine neurohormone secreted primarily by the
pineal gland and the retina!'"!2. Mel has various physiological functions, including regulating circadian rhythms,
improving sleep, enhancing body immunity, and delaying aging. Mel, an endogenous antioxidant, can eliminate
free radicals produced in the body and maintain the metabolic balance of intracellular ROS. Mel has powerful
pharmacological effects and is used to treat cancer, treat or prevent metabolic disorders, and retard brain aging
through various mechanisms'*-16. Mel can exert therapeutic effects through many new molecular mechanisms,
including apoptosis, autophagy, and pyroptosis'’~2°. Mel can modulate ferritinophagy to mitigate the acute
cardiotoxicity caused by doxorubicin?!. Ferroptosis is a potential therapeutic target of Mel?2. Herein, we created
an in vitro cellular model to investigate the protective role and mechanism of Mel in Cd-induced spg ferroptosis.

Materials and methods
Chemicals
All the reagents were listed in Supplementary Table 1.

Cell cultures

GC-1 spg (a mouse-derived spermatogonial cell line) was obtained from the BeNa Culture Collection (Beijing,
China). Cells were cultured following Jia’s protocol'’. The cells were cultured in DMEM containing high glucose
medium supplemented with 10% FBS and kept at 37 “C in a humidified atmosphere with 5% carbon dioxide. At
80% confluence, the cells were used for subsequent experiments.

This study consists of four groups: Control, Mel, Cd, and Mel+ Cd. The cells were treated with Phosphate
Buffered Saline (PBS) or Mel (10 uM) in the control or Mel group, respectively. The cells in the Cd group were
treated with CdCl, (10 uM) for 24 h. The cells in the Mel + Cd group were pre-treated with Mel (10 uM) for 2 h
before CdCL, (10 uM).

Enhanced-cell counting Kit-8 assay

The cell activity was determined with Cell Counting Kit-8 (CCK-8; Beyotime Institute of Biotechnology, China)
assay according to the manufacturer’s instructions. Briefly, GC-1 spg cells (5x 10° cells/well) were plated in
96-well plates and treated with PBS or CdCl, (10 uM) or Mel (10 uM) in the presence or absence of CdCl,.
Thereafter, 10 uL of CCK8 working solution was added to the cells and incubated for 2 h at 37 °C. Absorbance
was measured at 450 nm using a microplate reader (TECAN, Austria).

Mitochondrial ultrastructure

The cells were fixed with a 2.5% glutaraldehyde solution, scraped with a cell scraper, and transferred to a
centrifuge tube. After centrifugation the cells were fixed with 1% osmium tetroxide, dehydrated with graded
alcohol, embedded, sectioned, and stained with 2% uranyl acetate and 2.6% lead citrate solutions before
observation under transmission electron microscopy (TEM) (Thermo Scientific Talos L120C G2, America).

Detection of mitochondrial membrane potential (MMP)

Following different treatments, the cells were gathered into flow tubes, incubated with JC-1 fluorescent probes
(10 pg/mL) at 37°C for 20 min in the dark, and washed with JC-1 assay buffer twice. Subsequently, 1x 10° cells
were resuspended with JC-1 Assay Buffer and the fluorescence intensity was measured using a flow cytometry
(Beckman, USA). The ratio of the fluorescence intensity of JC-1 monomers to aggregates was calculated to assess
the change in MMP.

Transcriptomics analysis

RNA was extracted using TRIzol, stored in an ultra-low-temperature freezer, and quickly sent to Personalbio
Technology Co. Ltd. (Shanghai, China) for RNA library construction. The obtained results were subjected to
differential gene expression analysis and visualization on the Personalbio GenesCloud. The selection criteria for
differential expression genes were generally set as |FC| > 2 and P<0.05 unless otherwise specified.

Total iron

The cells were lysed and centrifuged. The supernatant was supplemented with iron ion detection reagents in
proportion (total volume of the supernatant: iron ion detection agent=20:3), incubated in the dark at room
temperature for 30 min, and 200 uL of the reaction solution was added. The OD value was detected at 550 nm
using an ELISA analyzer.

Ferrous irons and ROS
Intracellular ferrous iron and ROS were performed as previously reported!. The fluorescence intensity was
observed under a fluorescence microscope (Leica, Weztlar, Germany).

gqRT-PCR

After different treatments, the total RNA was extracted using the TRI reagent in GC-1 spg cells. The reverse
transcription kit from Sparkjade Biotechnology Co.Ltd was used to reverse transcribe the RNA into cDNA.
According to the instructions provided with the kit, samples were aliquoted and amplified using a Roche
LightCycler' 480 PCR sequence detection system (Roche, Basel, Switzerland). The relative gene expression levels
were calculated using the 2724 method. All the primers were listed in Supplementary Table 2.
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Western blot

The total protein of cells was extracted using RIPA buffer containing a mixture of protease inhibitors and
phosphatase inhibitors, and protein quantification was performed using the BCA assay kit. The protein samples
were separated using SDS-PAGE, transferred to a PVDF membrane, and blocked with 5% skimmed milk for 2 h.
Subsequently, the PVDF membranes were incubated with primary antibodies. All the antibodies were listed in
Supplementary Table 3. After washing, the PVDF membranes were incubated with corresponding secondary
antibodies for 1 h. Protein levels were determined and imaged using a fully automated chemiluminescence
image analysis system (Tanon 4600, Shanghai, China).

MDA, SOD, GSH, and H,0,

The cells were collected, lyseé and centrifuged, and the precipitation and supernatant were obtained. MDA, SOD,
and GSH in the precipitation and H,O, in the supernatant were measured following the guidelines provided
with the respective reagents, respectively. Protein concentrations were measured for quantification of MDA,
SOD, GSH, and H,0, accordingly.

Immunofluorescence

After different treatments, the cells were fixed for 10 min with 4% paraformaldehyde at room temperature, then
permeabilized with 0.1% Triton X-100 for 10 min and blocked with BSA blocking solution for 1 h. Overnight
at 4°C with the LC3B or NCOA4 antibody (1:100 dilution). After rinsing with PBS, the accordingly secondary
antibodies (1:200 diluted) were applied for 1 h at room temperature and washed with PBS again. Finally, DAPI
was stained to mark the nuclei. Images were acquired by a fluorescence microscope (Leica, Wetzlar, Germany).

Statistical analysis

In the present study, all data are expressed as mean + standard error of the mean (SEM). Differences between
the groups were evaluated by one-way analysis of variance (ANOVA). A p<0.05 was considered statistically
significant.

Results

Mel alleviates Cd-induced damage and reduces autophagosomes in Spg

Firstly, we examined the effect of melatonin on the activity of spermatogonia. The results indicated that low-dose
Mel had no significant effect on the cell viability, while the cell viability was slightly decreased in the 100 uM and
200 uM of Mel groups (Fig. 1A). To investigate whether melatonin could alleviate Cd-induced spermatogonial
toxicity, the cells were pre-treated with Mel for 2 h before CdClL, (10 uM). The results showed that Cd significantly
decreased cell viability (Fig. 1B). Low-dose Mel partially restored the reduced viability caused by Cd, and 10 uM
of Mel has the optimal protective effect (Fig. 1B). Therefore, 10 uM of Mel was chosen to explore its protective
effect on cadmium toxicity.

Mitochondrial damage is a typical characteristic of ferroptosis, so we evaluate the ultrastructure of
mitochondria and MMP. The results of TEM revealed that Cd-induced changes in mitochondrial ultrastructure
manifested as mitochondrial swelling, deformation, and cristae disruption (Fig. 1C). Perform statistical
analysis on the results and generate a bar chart. There were approximately 70% of the mitochondria in the
Cd-treated group exhibited swelling (Fig. 1D). Many autophagosomes were observed in spg exposed to Cd
(Fig. 1C). Mel pretreatment significantly restored Cd-induced mitochondrial ultrastructural damage and
reduced autophagosomes in spg (Fig. IC-E). Cd exposure decreased MMP, while Mel pretreatment enhanced
MMP reduced by Cd (Fig. 1F-G). These results indicated that Cd disrupts mitochondrial ultrastructure, causes
autophagy and mitochondrial dysfunction in spg. Mel mitigated the damages caused by Cd, suggesting that Mel
protects spg against Cd-induced toxicity.

Mel alleviates Cd-induced autophagy and ferroptosis, as revealed by transcriptomics analysis
The transcriptome analysis was employed to analyze the differentially expressed genes (DEGs). Compared with
the control group, 2,429 genes were upregulated, and 1,080 genes were downregulated in the cells exposed to Cd.
While the cells in the Mel + Cd group exhibited an increase in 116 genes and a decrease in 44 genes. Compared
with the Cd group, 782 genes exhibited increased expression, while 2,240 genes displayed decreased expression
in the Mel + Cd group (Fig. 2A-C).

Because Cd causes injury to the mitochondrial ultrastructure, which reveals the characteristic changes of
ferroptosis and the presence of many autophagosomes in Cd-treated cells, we focused on the effects of Cd on
ferroptosis and autophagy signaling pathways. The top 20 signaling pathways enriched in the DEGs included
pathways related with ferroptosis and autophagy (Fig. 2D-E). The results of Heatmap reported that the expression
patterns of DEGs were similar between the control and Mel + Cd groups; however, statistically differences were
observed between the control and Cd groups or the Cd and Mel + Cd groups (Fig. 2F). Additionally, the analysis
revealed significant differences in gene expression associated with ferroptosis and autophagy (Fig. 2G). The
gene biomarkers of ferroptosis (Gpx4, Fthl, Fspl, Tfrc, Ptgs2, xCT, and HmoxI1) were significantly increased,
while Sod2, Fpnl, and Dmt1 decreased in the Cd group. Similarly, the gene biomarkers of autophagy (Lc3b,
Atg5, Atg7, and Ncoa4) were upregulated in the Cd group. Mel pretreatment could reverse the changes in the
genes mentioned above caused by Cd (Fig. 2G). The above results indicated that Cd may activate ferroptosis and
autophagy signaling pathways in spg, while Mel could protect spg against injury via antagonizing Cd-induced
ferroptosis and autophagy.
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Fig. 1. Mel alleviates Cd-induced mitochondrial ultrastructure damage and reduces autophagosomes in spg.
(A-B) Cell viability. (C) The representative images observed under TEM. Green arrows: intact mitochondria.
Red arrows: swollen mitochondria with absent cristae. Yellow arrows: autophagosomes and autolysosomes.

(D) The proportion of intact mitochondria. (E) The number of autophagosomes. (F) The JC-1 red/green ratio.
(G) The representative images of MMP, which were detected by flow cytometry using JC-1 as a fluorescent
probe. The data were analyzed using One-way ANOVA. Data are presented as mean + SEM (n=3). * P<0.05, **
P<0.01 compared to the control group. # P<0.05, ## P<0.01 compared to the Cd group.
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Fig. 2. The results of the transcriptomics analysis. (A-C) The histogram and volcano plots of DEGs. (D) The
top 20 pathways affected by Cd exposure. (E) The top 20 pathways protected by Mel. (F) Heatmap of DEGs.
(G) Interactive heatmap of genes related to ferroptosis and autophagy (P<0.05 and |FC| > 2).

Mel ameliorates Cd-induced iron metabolism disorder in Spg
Our previous study found that Cd can disrupt iron metabolism in testicular cells, and excessive iron can
induce ferroptosis through the Fenton reaction®*. An important feature of ferroptosis is the dysregulation of
iron metabolism. Transcriptomic analysis indicated that the enriched signaling pathways in the Mel + Cd group
compared to the Cd group included ferroptosis. Therefore, we assessed indicators related to iron metabolism.
Figure 3A-C depict that Cd significantly increased the cellular Fe>* and total iron levels. Ferritin is the primary
storage form of intracellular iron, comprising ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL). We
found that Cd increased FTH1 expression (Fig. 3D and E). Heme oxygenase 1 (HO1), an enzyme that can produce
free iron by degrading heme, increased mRNA and protein expression in the cells treated with Cd (Fig. 3F and
G). However, the expression of FPN1 and TFR1, two critical proteins involved in iron transportation, decreased
in the Cd group (Fig. 3H-J). The mRNA of Dmt1 was down-regulated in the cells exposed to Cd (Fig. 3K).
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Fig. 3. Melatonin alleviates Cd-induced iron metabolism disorder in spg. (A and B) ferrous iron. Scale bar
=100 pm. (C) Total iron. (D) FthI mRNA. (E) FTHI protein. (F) HmoxI mRNA. (G) HO-1 protein. (H)
TFR1 protein. (I) FPNI mRNA. (J) FPN1 protein. (K) Dmt1 mRNA. The data were analyzed using One-way
ANOVA. Data were presented as mean + SEM (n=3). * P<0.05, ** P<0.01 compared to the control group. #
P<0.05, ## P<0.01 compared to the Cd group.
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Unexpectedly, the pretreatment of Mel antagonized the changes mentioned above, effectively reducing the iron
accumulation induced by Cd in spg.

Mel reduced Cd-induced oxidative stress

Our results demonstrated that Cd elevated ROS levels (Fig. 4A and B). Cd stimulated excessive H,O, production
in spg, manifested as increased H,O, content in the culture medium (Fig. 4D). Malondialdehyde (MDA) is one
of the main products of lipid peroxidation and is widely used as an indicator of lipid oxidation. Glutathione
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Fig. 4. Mel alleviates Cd-induced oxidative stress in spg. (A and B) ROS. Scale bar =100 um. (C) MDA. (D)

O,. (E) GSH. (F) SOD. (G) Sod2 mRNA. (H) Cox2 mRNA. (I) COX2 protein. The data were analyzed using
One-way ANOVA. Data are presented as mean + SEM (n=3). * P<0.05, ** P<0.01 compared to the control
group. # P<0.05, ## P<0.01 compared to the Cd group.
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(GSH) is the main antioxidant in cells and a substrate for GPX4. Superoxide dismutase (SOD) is an important
antioxidant enzyme that clears superoxide anion radicals. The changes in SOD levels can indirectly reflect the
degree of lipid peroxidation. The results showed that the level of MDA, was significantly elevated in the Cd
group (Fig. 4C). Conversely, Cd reduced GSH content and SOD activity (Fig. 4E-F). Moreover, Cd reduced
the mRNA expression of SOD2 (Fig. 4G). Additionally, Cd significantly increased mRNA and COX2 protein
expression (Fig. 4H-I). Mel significantly mitigated the changes caused by Cd, indicating a reduction in Cd-
induced oxidative stress and protection of spg from ferroptosis.

Mel alleviates Cd-induced ferritinophagy via inhibiting NCOA4 in Spg

NCOA4 serves as an autophagy-related cargo receptor that specifically binds ferritin and facilitates FTH
degradation through autophagy, releasing a large amount of ferrous ions?. TEM and transcriptomics analysis
revealed that Cd could cause autophagy in spg. Cd increased the expression of ATG5, LC3B and NCOA4
(Fig. 5A-F). However, Mel pretreatment antagonized the upregulation of ATG5, LC3B, NCOA4 mRNA, and
protein induced by Cd exposure (Fig. 5A-F). Furthermore, the LC3B and NCOA4 fluorescence of the Cd group
was significantly enhanced, and Mel reversed the Cd-induced LC3B and NCOA4 elevation (Fig. 5G-]). These
results indicate that Mel pretreatment may ameliorate Cd-induced iron metabolism disorder via inhibiting Cd-
induced ferritinophagy.

Discussion

Mel is a neurohormone primarily released from the pineal gland and has multiple physiological functions.
The role of Mel in reproductive medicine has attracted increased attention?*?>. Mel is essential for follicular
formation, spermatogenesis, and oocyte maturation, which increases fertilization rates and promotes embryonic
development. Additionally, it improves the results of in vitro fertilization and embryo transfer?>-%’. Mel works
through various mechanisms, including basic circadian rhythm regulation, potent free radical scavenging ability,
and anti-inflammatory effects. New molecular mechanisms are continuously being investigated. A recent study
reported that Mel prevents Cd-induced fetal growth retardation by inhibiting mitophagy?®. 1,2-Dichloroethane
(1,2-DCE) can cause testicular damage in mice. Mel can mitigate cellular pyroptosis and reverse 1,2-DCE-
caused testicular toxicity?. The studies of mechanisms are of great significance for exploring new targets of Mel
in preventing and treating reproductive diseases.

In order to explore the protective mechanisms of melatonin in Cd-induced spermatogonial toxicity, the
transcriptomic analysis was used to identify potential molecular pathways. The results revealed that the DEGs
between the control and the Cd group were enriched in signaling pathways associated with ferroptosis and
autophagy. Furthermore, the DEGs between the Mel and the Cd group were also enriched in signaling pathways
associated with ferroptosis. Previous research has established ferroptosis as a form of cell death that is dependent
on autophagy®. Autophagy can lead to the degradation of ferritin. The degradation of ferritin subsequently
releases a significant amount of iron ions, triggering ferroptosis. The transcriptomics results suggested Cd may
activate ferroptosis and autophagy signaling pathways in spg, while Mel could protect spg against injury via
antagonizing Cd-induced ferroptosis and autophagy.

Ferroptosis is a promising therapeutic target and a new regulatory mechanism for cell death®?2 It
is characterized by the accumulation of lipid peroxides resulting from iron overload, which disrupts the
antioxidant system and induces cellular oxidative stress, leading to cell death?3. Herein, we demonstrated that
the mitochondria of spg in the Cd group exhibited vacuolar-like changes, including the absence of cristae and
damaged outer membranes. These changes are indicative of ferroptosis, a type of mitochondrial dysfunction.
Numerous autophagosomes were observed in the cells treated with Cd. Moreover, Cd significantly reduced
MMP in spg. The above changes suggested that Cd could induce ferroptosis and autophagy in spg.

Iron overload is primarily implicated in ferroptosis. In a physiological state, intracellular iron balances iron
input, storage, and output. Exogenous Fe** binds to transferrin and enters the cell through the cell surface
transferrin receptor 1 (TfR1), which is acidified and converted to Fe?*3*. Subsequently, Fe?* is transported into an
unstable iron pool through DMT and utilized for various cellular metabolic requirements. Excess Fe** binds to
intracellular ferritin, producing complexes temporarily stored in the cell or transported out via the iron exporter
ferroportin 1 (FPN1)%. Another source of iron is mediated by HO1, which can break down heme into ferrous
ions, CO, and biliverdin.

Iron overload can be found in numerous chronic and common human diseases. When the iron concentration
exceeds the cellular iron sequestration capacity, the amount of iron in the labile iron pool increases, causing
oxidative damage and cell death. Age-related iron overload may be an essential factor contributing to
neurodegenerative processes’®>’. Excessive iron accumulation in the deep gray matter nucleus is associated
with neurodegenerative changes**°. Magnetic resonance imaging revealed changes in brain iron metabolism
and increased iron accumulation, particularly in the basal ganglia in the striatum of patients with Huntington’s
disease®. Iron contributes to the occurrence and growth of tumors and has become a target of therapeutic
intervention?*2. Excess iron can produce excessive free radicals, leading to liver, kidney, and lung diseases.
Retinal iron deposition contributes to the development of macular degeneration, or glaucoma43‘45. Thus, there
is a need to investigate the molecular mechanisms of iron homeostasis disorders in these diseases.

Mel and its metabolites can bind to iron ions, eliminate free radicals, and inhibit ROS, making them
promising new drugs for reducing iron toxicity. Herein, we observed the protective effects of Mel on Cd-induced
spermatogonial toxicity. As hypothesized, Mel could significantly increase MMP, inhibit ROS, reduce autophagy,
and prevent spg from Cd-induced ferroptosis. The transcriptomic analysis revealed that Mel could protect spg
against Cd-induced injury via antagonizing Cd-induced ferroptosis and autophagy.

The following results confirmed that Cd exposure significantly increased cellular Fe?* and total iron levels.
Additionally, Cd increased FTH1 and HO1 expression, while DMT1, FPN1, and TFR1 expression decreased
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Fig. 5. Mel alleviates Cd-induced ferritinophagy in spg. (A) Lc3b mRNA. (B) Atg5 mRNA. (C)Ncoa4 mRNA.
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in Cd-induced spg. The above changes suggested that Cd could disrupt iron homeostasis in spg. Ferroptosis
can be mitigated by alleviating iron overload. Mel can directly form complexes with metal ions, serving as a
metal chelating agent to alleviate the negative impacts of free metal ions by decreasing their reactivity*®-%%. Mel
exhibited a potential chelating effect on ferrous ions, and the percentage of the metal scavenging capacity of
Mel was significantly higher than that of a-Tocopherol*~*8. Galano et al. reported that Mel could completely
inhibit oxidative stress via chelating copper ions*®. Our study demonstrated that Mel pretreatment could
significantly decrease FTH1 and HO1 expression and alleviate the cellular Fe?* and total iron levels induced
by Cd. Furthermore, Mel pretreatment antagonized DMT1, FPN1, and TFR1 downregulation caused by Cd,
indicating that Mel relieved Cd-induced iron overload in spg.

A previous study reported that Cd induces ferroptosis in renal tubular epithelial cells through excessive
activation of autophagy*®. However, other studies have reported that autophagy plays a protective role in Cd-
induced testicular Sertoli cells, and inhibition of autophagy exacerbates Cd-induced germ cell apoptosis*. The
discrepancy may be attributed to the different concentrations of Cd, which result in varying levels of autophagy.
Mild levels of autophagy can protect cells, while excessive activation of autophagy can induce cell death®">.
NCOA4-mediated ferritinophagy is an essential factor contributing to ferroptosis®®. Ferritin can interact
with NCOA4 and be transported to lysosomes for degradation through autophagy, maintaining cellular iron
homeostasis®. Excessive NCOA4 activation can increase ferritin degradation, releasing excess ferrous ions and
aggravated ferroptosis. Our recent study found that ferritinophagy participates in Cd-triggered ferroptosis'.
Herein, we found that NCOA4, LC3B, ATGS5 expression, and ferritinophagy-related genes increased, indicating
ferritinophagy activation by Cd treatment.

Increasing evidence suggests that the regulatory role of Mel on autophagy varies in different stress conditions
and cell lines. Mel plays a dual role by activating or inhibiting mitochondrial autophagy. Mel can protect
cardiomyocytes from simulated ischemia/reperfusion injury by inhibiting mitochondrial autophagy through the
MT?2/SIRT3/FoxO3a axis in H9¢2 cells*. Inhibiting macrophage ferroptosis can effectively alleviate pneumonia-
induced injury. Mel reduces the expression of NCOA4 and FTH1 proteins in alveolar macrophages of septic mice
and inhibits ferroptosis, thereby ameliorating septic acute respiratory distress syndrome®’. Yu et al. reported that
Mel regulates the interaction between FTH1 and NCOA4 through SIRTS, affecting ferritinophagy, effectively
inhibiting intracellular Fe?* levels, inhibiting ferroptosis, and alleviating brain injury®. We demonstrated that
Mel could alleviate ferritinophagy by inhibiting NCOA4 and FTH1 expression and protecting spg against Cd-
induced autophagy and ferroptosis.

Conclusion

We demonstrated that Mel improves iron metabolism and relieves Cd-induced ferroptosis by regulating the
storage and output of iron ions, inhibiting HO1 activity, weakening the Fenton reaction, and reducing ROS
production in spg. Furthermore, Mel could alleviate ferroptosis and protect spg against Cd toxicity by inhibiting
NCOA4/FTH1-mediated ferritinophagy, suggesting that Mel is an effective approach for preventing and treating
Cd-induced male reproductive system injury.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author (ylji@
ahmu.edu.cn) on reasonable request.
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