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Abstract: Iron is an important metal element involved in the regulation of male reproductive functions
and has dual effects on testicular tissue. A moderate iron content is necessary to maintain testosterone
synthesis and spermatogenesis. Iron overload can lead to male reproductive dysfunction by triggering
testicular oxidative stress, lipid peroxidation, and even testicular ferroptosis. Ferroptosis is an iron-
dependent form of cell death that is characterized by iron overload, lipid peroxidation, mitochondrial
damage, and glutathione peroxidase depletion. This review summarizes the regulatory mechanism of
ferroptosis and the research progress on testicular ferroptosis caused by endogenous and exogenous
toxicants. The purpose of the present review is to provide a theoretical basis for the relationship
between ferroptosis and male reproductive function. Some toxic substances or danger signals can
cause male reproductive dysfunction by inducing testicular ferroptosis. It is crucial to deeply explore
the testicular ferroptosis mechanism, which will help further elucidate the molecular mechanism
of male reproductive dysfunction. It is worth noting that ferroptosis does not exist alone but
rather coexists with other forms of cell death (such as apoptosis, necrosis, and autophagic death).
Alleviating ferroptosis alone may not completely reverse male reproductive dysfunction caused by
various risk factors.

Keywords: ferroptosis; testis; male reproductive function; iron

1. Introduction

Iron is an essential trace element for humans and animals; 70% of iron is stored in red
blood cells, 20% in hepatocytes, 5% in reticuloendothelial cells, 3% in myocytes, and 2% in
other cells [1]. Iron is an essential ingredient for oxygen transport and exchange and is a key
component of many intracellular enzymes, including myoglobin, hemoglobin, cytochrome
p450, iron-sulfur proteins, and the mitochondrial electron transport chain [2]. Iron plays a
two-way role in regulating redox reactions in cells. Iron can aggravate the generation of
reactive oxygen species (ROS) using the Fenton reaction (Fe2+ + H2O2→Fe3+ +·OH + OH−)
and Haber–Weiss reaction (Fe3+ + O2

·−→Fe2+ + O2; Fe2+ + H2O2→Fe3+ +·OH + OH−),
thereby increasing cellular oxidative stress. Furthermore, iron is the bioactivity center of
antioxidant enzymes (catalase and superoxide dismutase) [3]. Iron homeostasis also has
a very important effect on the body’s normal physiological metabolism [4]. Significant
iron deficiency can directly block erythropoiesis, eventually resulting in anemia [5]. Iron
deficiency can also induce digestive dysfunction and mental retardation. In contrast, iron
overload is often seen as a potential risk factor for hemochromatosis and is also a pathogenic
factor of neurodegenerative, liver, and kidney diseases [1]. Given the role of iron in health,
maintenance of iron homeostasis is essential for normal life activities.

2. The Physiological Role of Iron in the Male Reproductive System

Iron plays an important role in spermatogenesis and testosterone synthesis [6]. Abnor-
mal testosterone synthesis and impaired spermatogenesis are the main manifestations of

Nutrients 2022, 14, 5268. https://doi.org/10.3390/nu14245268 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu14245268
https://doi.org/10.3390/nu14245268
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0002-5740-9945
https://doi.org/10.3390/nu14245268
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu14245268?type=check_update&version=2


Nutrients 2022, 14, 5268 2 of 10

male reproductive dysfunction. Transferrin (Tf) is an iron-binding protein that can bind
with iron in spermatogenic cells in different developmental stages of the seminiferous
tubule [7]. Sertoli cells transmit iron in the form of apical secretion to spermatogenic cells
in different developmental stages on the germinal epithelium of seminiferous tubules and
play a key role in promoting the growth, maturation, and release of germ cells [8]. Sertoli
cell function defects inhibit Tf secretion and lead to spermatogenesis disorders, which affect
male fertility. The Tf level in testicular tissue is a specific biomarker reflecting the function
of Sertoli cells [9].

Severe iron deficiency in the body will directly lead to anemia [10], which creates a
hypoxic environment for the testis. In this situation, the partial pressure of oxygen in the
testis tissue is relatively low, the rate of oxygen diffusion is slow, and the ability to increase
total blood flow is reduced. However, continuous spermatogenesis requires a considerable
amount of oxygen consumption. Therefore, males suffering from iron-deficiency anemia
may have poor semen parameters [11]. Iron deficiency increases testicular oxidative stress
and decreases antioxidant enzyme activities, leading to lower serum testosterone and
poorer spermatogenesis. A previous study reported that iron-deficient diets inhibited
antioxidase (such as glutathione peroxidase and catalase) activity and hydroxysteroid
dehydrogenase expression while enhancing cleaved caspase 8 and caspase 3 expression in
rats [6]. Interestingly, testicular iron overload can also lead to the impairment of testicular
function [12] since iron overload can cause spermatogenesis disorders and Leydig cell
dysfunction [13]. Sperm cell membranes are also rich in polyunsaturated fatty acids, which
are highly vulnerable to ROS attack, during which they undergo lipid peroxidation [14]. It
is foreseeable that iron overload promotes ROS production through the Fenton reaction
and can significantly impair male semen parameters through the oxidized sperm cell
membrane [15]. Angélica et al., through in vitro spermatozoa culture experiments, found
that ferrous iron/ascorbate (100 µM/150 µM) reduced spermatozoa motility and viability,
decreased the mitochondrial membrane potential of spermatozoa, increased intracellular
ROS generation, and impaired the fertilization capability of spermatozoa [16].

3. The Mechanism of Ferroptosis

Ferroptosis, a novel type of cell death, was discovered and reported by Dixon in
2012. The first evidence of ferroptosis was found in Ras-mutant tumor cells treated with
erastin [17]. As a form of regulated cell death, ferroptosis is genetically, morphologi-
cally, and biochemically distinct from apoptosis, autophagy, necrosis, and necroptosis [18].
Ferroptosis is a type of iron-dependent cell death that mainly manifests as intracellular
iron accumulation, lipid peroxidation, and mitochondrial damage. A simple mechanistic
diagram of ferroptosis is shown in Figure 1.

3.1. Iron Overload and Ferroptosis

Intracellular iron homeostasis depends on the balance of iron uptake, storage, and
outflow. Increasing iron absorption, reducing iron storage, and limiting iron outflow lead
to iron overload and iron homeostasis imbalance, which are prerequisites for initiating
ferroptosis. Tf is mainly responsible for the uptake of iron. When bound to extracellu-
lar Fe3+, the Tf–Fe3+ complex binds to the transferrin receptor (TfR), is internalized by
endocytosis, and enters the cell [2]. In the cell, Fe3+ is dissociated from Tf in an acidic
environment, and Fe3+ is reduced to Fe2+ by metal reductase 3 [19,20]. Subsequently, Fe2+

is released from the endosome into the labile iron pool (LIP) in the cytoplasm via divalent
metal transporter 1 (DMT1).

Excess iron is stored in ferritin, which is the main intracellular iron storage protein
complex, composed of ferritin light chain (FTL) and ferritin heavy chain (FTH) [21–24].
Iron is stored in the form of ferritin, and autophagic degradation of ferritin, also called
ferritinophagy, leads to an increase in the intracellular free iron concentration. Free iron
further results in the accumulation of intracellular ROS through the Fenton reaction, which
ultimately triggers the occurrence of ferroptosis [25]. To a certain extent, ferroptosis is
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associated with an autophagic cell death process [26]. In addition, ferroportin (FPN) exports
iron out of the cell as the sole iron outflow transporter in the plasma membrane. The low
expression of FPN also reduces iron excretion from cells, resulting in intracellular iron
accumulation. Currently, the specific mechanism of ferroptosis is still under debate, but it
is clear that iron overload is a crucial event for the occurrence of ferroptosis.
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Figure 1. Schematic diagram illustrating the proposed mechanism of ferroptosis. Figure legend:
The occurrence and regulatory mechanisms of ferroptosis in a cell. Fe3+, which is indispensable to
ferroptosis, can bind with Tf to form a Tf–Fe3+ complex and is internalized in cells by TFR using
endocytosis. Then, Fe3+ is dissociated from Tf in an acidic environment and reduced to Fe2+ by
STEAP3. Subsequently, Fe2+ is released from the endosome into LIP in the cytoplasm via DMT1.
Free Fe2+ further results in lipid peroxide through the Fenton reaction, which ultimately triggers the
occurrence of ferroptosis. In addition, some ferroptosis inducers can inhibit system xc- and impede
the uptake of cystine by cells, thus leading to a decline in intracellular cysteine and a subsequent
reduction in GSH, which requires cysteine for its synthesis; this ultimately results in a decline in
the anti-oxidative ability of cells. As a key component in ferroptosis, GPx4 can bind with GSH and
suppress cellular lipid peroxides to prevent cellular ferroptosis. Meanwhile, some substances can
directly suppress GPx4 to induce ferroptosis. Mitochondria are the most important organelle involved
in ferroptosis, which are the main sites for the generation of ROS and release of ferroptosis-inducing
lipid peroxides, especially when they are damaged.

3.2. Lipid Peroxidation and Ferroptosis

The accumulation of iron and lipid peroxide products (LPO) within cells is the basis
for ferroptosis. One of the key triggers for ferroptosis is Fe2+/Fe3+, which is involved in
the formation of ROS through enzymatic or nonenzymatic reactions [27]. Iron plays a key
role in catalyzing the production of oxygen radicals and initiating the chain propagation
of LPO in the ferroptosis process [28]. During electron transfer, oxygen receives electrons
to form hydrogen peroxide (H2O2), Fe2+ and H2O2 reactivate hydroxyl radicals produced
by Fenton reactions, and lipid peroxidation is initiated in synergy with polyunsaturated
fatty acids (PUFAs) on the phospholipid cell membrane [17]. If free divalent iron increases
for various reasons, excess Fe2+ leads to the accumulation of lipid ROS through the Fenton
reaction, which leads to ferroptosis [11]. Lipid peroxidation is the ultimate executor of
ferroptosis and is considered a landmark event of ferroptosis [29].
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3.3. Glutathione Peroxidase Depletion and Ferroptosis

Depletion of the glutathione (GSH)/glutathione peroxidase 4 (Gpx4) system is a
typical biochemical reaction of ferroptosis. The excessive oxidation reaction of Fe2+ with
peroxidation groups and the harmful products produced by the oxidation reaction can
impair the integrity and stability of cell membranes [30], but this reaction can be inhibited
by iron chelators or properly removed by the GSH/Gpx4 system [31,32]. Under normal
circumstances, LPO is converted into lipid alcohols, and GSH is oxidized to GSSG by Gpx4
catalysis, preventing ROS accumulation and maintaining cellular redox homeostasis [33].
However, when the intracellular GSH/Gpx4 system is depleted, Gpx4 is insufficient to
promote GSH to convert LPO to water or corresponding lipid alcohols, which ultimately
leads to ferroptosis [34].

GSH synthesis is based on cysteine, which is reduced from cystine. Cystine entry into
cells is regulated by the cystine/glutamate exchange transporter (system xc-), which is an
important intracellular antioxidant system on the cell membrane [27,35]. Inhibiting system
xc- decreases the intracellular GSH level and impairs Gpx4 function. System xc- consists of
a 12-pass transmembrane protein transporter (SLC7A11) and a single-pass transmembrane
regulatory protein (SLC3A2). SLC3A2 acts as a chaperone protein to support the function
of SLC7A11. SLC7A11 is an amino acid transporter and the main functional subunit of
system xc-. SLC7A11 belongs to the heterodimeric amino acid transport family, which is
responsible for transporting cystine and glutamate in a 1:1 ratio to maintain the intracellular
amino acid balance and which is a specific reverse transporter for exchanging intracellular
L-glutamic acid with extracellular L-cystine [36]. SLC7A11-mediated cystine intake is
critical for the synthesis of GSH. Therefore, SLC7A11 is a key protein that negatively
regulates ferroptosis. When SLC7A11 is inhibited, ferroptosis can be induced. Studies
have suggested that p53 inhibits cystine uptake and makes cells sensitive to ferroptosis by
inhibiting the expression of SLC7A11 [37]. Koppula et al. reported that abnormally high
expression of SLC7A11 can increase GSH biosynthesis through the ingestion of cystine
and inhibit the accumulation of lipid peroxidation products and ferroptosis in chronic
lymphoid leukemia cells [38].

3.4. Mitochondrial Damage and Ferroptosis

Mitochondria are one of the most important organelles in eukaryotic cells. They are
coated with two layers of membranes and are the main sites for aerobic respiration. As the
“energy factory” of cells, mitochondria provide energy for cells. Mitochondria are also the
main site for the generation of ROS, especially when mitochondria are damaged. Mitochon-
dria participate in the regulation of apoptosis, autophagy, necrosis, ferroptosis, and other
cell death modes. When cells enter the process of ferroptosis, the mitochondrial morphology
is damaged, as reflected by a mitochondrial membrane density increase, mitochondrial vol-
ume reduction, mitochondrial crest disappearance, and outer membrane rupture [17,27,39].
In addition, the mitochondrial voltage-dependent anion-selective channel (VDAC) is a
transmembrane channel for transporting ions and metabolites. The ferroptosis inducer
erastin causes ferroptosis by triggering VDAC impairment, resulting in mitochondrial
disorder [40]. A recent study confirmed that the mitochondrial-targeted antioxidant Mi-
toTEMPO could block doxorubicin-induced ferroptosis in mouse cardiomyocytes [41].
Hence, mitochondrial damage has become one of the landmark events of ferroptosis.

4. Research Progress on Ferroptosis in Testis Dysfunction

Ferroptosis, as a new form of cell death, may be involved in male reproductive
dysfunction caused by internal and external danger signals. Compared with studies on
ferroptosis in other organs, there are still relatively few studies focused on ferroptosis in
testicular tissues. The PubMed database was searched with “ferroptosis” and “testis” as
keywords, and as of 25 December 2022, a total of 21 articles were identified. We believe that
there will be more research on ferroptosis and male reproductive toxicology in the future.
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4.1. Ferroptosis in the Testis In Vivo

Plastics manufacture-related ingredients: Plastics are an unavoidable material in our
daily lives and are common components of medical equipment, packaging material, food
containers, and toys. Bisphenol A is an organic chemical that is used in the manufacture
of plastics. Bisphenol A, a representative endocrine disruptor, can reduce the sperm
concentration in the epididymis and increase the sperm malformation rate [42]. However,
the precise mechanism of male reproductive toxicity of bisphenol A has not been completely
elucidated. Li et al. treated male mice with bisphenol A by gavage once daily for 45 days
and found that bisphenol A caused testicular ferroptosis by diminishing GPx4 and FTH
expression, boosting cyclooxygenase 2 and acyl-CoA synthetase 4 expression, and resulting
in iron accumulation and mitochondrial damage in the mouse testes [43]. Ferroptosis is a
new mechanism of male reproductive toxicity caused by bisphenol A. Blocking ferroptosis
may be an emerging therapeutic target to antagonize the testicular toxicity of bisphenol
A. Tetramethyl bisphenol A (TMBPA) is a typical bisphenol analog that is often used as a
fire retardant. TMBPA impaired testosterone synthesis in Leydig cells in late puberty by
causing Leydig cell ferroptosis [44]. Di-(2-ethylhexyl) phthalate (DEHP) is one of the most
common plasticizers in everyday life. DEHP exposure can cause reproductive dysfunction
in humans and model animals. Prepubertal DEHP exposure caused mouse testicular
ferroptosis, resulting in testicular injury. Mono-2-ethylhexyl ester (MEHP), which is a major
biometabolite of DEHP, can induce both Leydig and Sertoli cell ferroptosis by activating
the HIF-1α/HO-1 signaling pathway [45]. Yang et al. also confirmed that DEHP decreased
testosterone levels and impaired blood–testosterone barrier integrity by causing testicular
ferroptosis, which was mediated by p38α–lipid ROS circulation [46].

Heavy metal toxicity: Xiong et al. treated male C57BL/6 J mice with 5 ppm Cd via
drinking water in utero for 24 weeks postweaning. Cd (5 ppm) caused testicular toxicity
by reducing the number of germ cells and the index of meiosis. Meanwhile, 5 ppm Cd
caused iron accumulation and decreased the mRNA expression of SLC7A11 and FPN and
FTH protein expression, which indicated that 5 ppm Cd-induced testicular ferroptosis may
be attributed to the reduction in iron export reflected by decreasing mRNA expression of
FPN [47]. Arsenite exposure caused testicular cell death, resulting in male reproductive
dysfunction. However, the underlying mechanisms of arsenite-induced testicular cell
death remain largely unknown. Meng et al. reported that arsenite induced testis iron
accumulation, oxidative stress, and mitochondrial damage, and activated ferroptosis-
related signaling pathways after 6 months in adult male mice administered 0.5, 5, or
50 mg/L arsenite through drinking water. Similarly, arsenite induced GC-2 spd cell
damage by increasing iron accumulation and oxidative stress, and the toxic effect was
restored using a ferroptosis inhibitor, suggesting that arsenite caused testis ferroptosis. Yet,
using a ferroptosis-specific inhibitor in the drinking water to prevent or rescue the male
reproductive toxicity of long-term arsenite exposure is difficult [48]. Mitochondrial damage
and oxidative stress can cause other types of cell death and are not unique to ferroptosis.
Arsenite can also trigger testicular apoptosis. Hence, it may be difficult to completely
distinguish between testicular apoptosis and ferroptosis caused by arsenite exposure.

Drugs with male toxicity: Busulfan is a chemotherapeutic drug that affects male
fertility by disrupting spermatogenesis, reducing the sperm count, and even causing the
complete absence of spermatozoa (azoospermia) in semen. Zhao et al. found that busulfan
treatment reduced the mouse sperm concentration and motility and decreased Gpx4 and
Nrf-2 protein expression. Meanwhile, busulfan exposure decreased the expression of FPN
and TfR. Inhibition of ferroptosis prevents busulfan-induced germ cell damage in the testes
using the ferroptosis inhibitor ferrostatin-1 (Fer-1) or deferoxamine (DFO), demonstrating
that busulfan induces testis ferroptosis [49]. Selectively inhibiting ferroptosis may rep-
resent a feasible therapeutic strategy for the treatment of busulfan-induced damage and
male infertility.

Mycotoxin exposure: Zearalenone (ZEN) is the most common mycotoxin in daily
life. It is produced by Fusarium fungi and is widely found in wheat, soybeans, corn, and
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other crops. ZEN has an estrogen-like effect, which poses a serious threat to human and
animal health [50]. Li et al. established a ZEN-induced male reproductive injury model by
continuous oral gavage of 30 µg/kg BW ZEN to mice for 5 weeks. ZEN blocked spermato-
genesis by decreasing the motility and concentration of sperm, destroying the structure of
testicular seminiferous tubules, and damaging the antioxidant defense system. ZEN also
inhibited nuclear factor erythroid 2-related factor (Nrf2), SLC7A11, and GPX4 expression
and induced lipid peroxidation and iron accumulation, which indicated that ZEN may have
triggered testicular ferroptosis. Administration of Fer-1 relieved mouse oligozoospermia
and increased SLC7A11 and GPX4 protein expression by upregulating Nrf2 expression to
decrease iron accumulation. Taken together, the above results showed that ZEN induced
testicular ferroptosis, resulting in spermatogenesis disorder [51]. Mitigating ferroptosis can
be a novel therapeutic target for alleviating male reproductive toxicity induced by ZEN.
Among the more than 300+ known mycotoxins, aflatoxin, deoxynivalenol, ochratoxin, T-2
toxin, and fumonisin are the most common, and all have reproductive toxicity. Whether
the above toxins cause testicular toxicity by triggering iron death is unclear and requires
further study. Ferroptosis in the testicles caused by ZEN may provide a framework for the
study of the male reproductive toxicity of mycotoxins.

Reproductive damage-related model: Currently, half of all fertility problems are at-
tributable to the male side. Oligospermia is the main symptom of males with infertility.
Han et al. found that males with oligospermia have lower Nrf2 and GPX4 protein expres-
sion in sperm than healthy males. To clarify the role of Nrf2 in oligospermia, Han et al.
constructed an Nrf2 gene knockout mouse model and found that Nrf2−/− mice had
decreased sperm concentration and motility and lower expression of GPX4 and GSH.
Knockout of Nrf2 leads to spermatogenic cell ferroptosis and results in oligospermia by
inhibiting the SLC7A11/GSH/GPX4 metabolic pathway, increasing intracellular iron entry,
and inhibiting iron exporters. Based on the above results, targeting ferroptosis could be
a treatment strategy for oligospermia with lower Nrf2 expression. In other words, Nrf2
plays a key role in regulating ferroptosis [52]. Testicular hyperthermia is one of the most
important causes of spermatogenesis. Hasani et al. found that mouse scrotal hyperthermia
treatment increased biomarker expression of pyroptosis (caspase-1), autophagy (Bclin-1
and Atg7), necroptosis (Mlkl) and ferroptosis (Acsl4) in testicular tissue. Combined with
the previous confirmation that scrotal hyperthermia treatment could cause apoptosis, it can
be concluded that scrotal hyperthermia treatment caused apoptosis, pyroptosis, autophagy,
necroptosis, and ferroptosis, resulting in multiple testicular cell death modes coexisting [53].
Varicocele rats exhibit testicular lesions accompanied by testicular iron accumulation and
ROS, which indicated that varicocele may cause ferroptosis. However, ferroptosis-related
molecular marker levels were not significantly altered in varicocele testes, so the results do
not demonstrate that testes undergo ferroptosis under varicocele conditions. The discrep-
ancy may be attributed to varicocele testicular regional ferroptosis masking the detection
of classical ferroptosis molecular markers [54]. Precisely locating the damaged area in
varicocele will help to clarify the effect of ferroptosis in future research.

4.2. Ferroptosis of Testis-Related Cells In Vitro

Ferroptosis of Sertoli cells: PM2.5 is a common air pollutant that has reproductive
toxicity and causes impairment of male fertility. Shi found that the Kyoto Encyclopedia
of Genes and Genomes’ enrichment analysis of upregulated genes in PM2.5-treated TM4
cells revealed that differentially expressed genes were also enriched in the ferroptosis
pathway, indicating that ferroptosis was involved in the reproductive toxicity caused by
PM2.5. PM2.5 increased SLC7A11, FTH, and FTL protein expression and decreased Gpx4,
suggesting that PM2.5 induced TM4 cell ferroptosis [55].

Oxygen-glucose deprivation and reoxygenation (OGD/R) in cultured cells in vitro
is a common model for ischemia–reperfusion [56]. OGD/R increased TM4 cell lipid
peroxidation, mitochondrial damage, iron accumulation, and death. Only the ferroptosis
inhibitor Fer-1 could ameliorate the TM4 cell death caused by OGD/R, while the necrosis
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inhibitor necrostatin-1, autophagy inhibitor 3-MA, and apoptosis inhibitor Z-VAD-FMK had
no repair effect on TM4 cell death, indicating that OGD/R caused TM4 cell ferroptosis. Iron
overload may be caused by excessive iron intake, reduced iron excretion, or a combination
of both. OGD/R did not alter the expression of imported and stored iron proteins (Tf, TfR,
DMT1, or ferritin) but decreased FPN expression, demonstrating that OGD/R reduces iron
export to induce iron overload by inhibiting FPN expression. Soon afterward, the authors
found that FPN overexpression rescued OGD/R-induced ferroptosis by suppressing iron
accumulation. The highlight of this study is that it reveals the reason for iron accumulation
caused by OGD/R. Meanwhile, the authors also found that p38 MAPK mediates the
ferroptosis induced by OGD/R, but the molecular mechanism still needs to be revealed [57].

Ferroptosis of spermatogenic cells: Pachytene spermatocytes and round spermatids
were treated with the lipid peroxidation product 4-hydroxynonenal (4HNE). For pachytene
spermatocytes, there was no significant difference in the level of cell death and apoptosis,
but in round sperm cells, the cell death level was significantly higher than the apoptosis
level, which indicated that pachytene spermatocytes and round spermatids have different
sensitivities to 4HNE, and 4HNE caused nonapoptotic cell death. 4HNE-induced round
spermatid death can be relieved by Fer-1 and the iron chelator DFO, demonstrating that
4HNE induces round spermatid ferroptosis. When using the ferroptosis activators erastin
and RSL3 to treat pachytene spermatocytes and round spermatids, it was also found that
pachytene spermatocytes exhibited no change in cell viability and round spermatid cell
viability was decreased, implying differential sensitivity of germ cells to the chemical
stimulation of ferroptosis [58]. The differential sensitivity of germ cells to ferroptosis
may depend on the cell membrane content of PUFAs, which are easily attacked by free
radicals [59].

Ferroptosis of Leydig cells: Testicular Leydig cells are mainly responsible for the
synthesis and secretion of male hormones. Leydig cell death directly reduces androgen
synthesis and male fertility [60]. However, no one has explored whether iron death occurs
in testicular stromal cells in vitro. The authors believe that the role of ferroptosis in Leydig
cell injury will receive more attention with further study of testicular ferroptosis.

5. Conclusions and Perspectives

Taken together, ferroptosis acts as a toxic mechanism of testicular dysfunction caused
by multiple poisons. The suppression or prevention of testicular ferroptosis may be a
therapeutic target/approach to alleviate male reproductive dysfunction in future research.
Techniques to reduce iron accumulation and maintain testicular iron homeostasis remain
to be further studied. It is still important to note that (1) cell death caused by toxic or
pathogenic factors should be considered as constituting multiple cell death types, not single
ferroptosis. (2) Ferroptosis may not occur in both testes at the same time; it may occur in
one testis or even as a focal lesion. Further research is needed to explore how to accurately
locate the site of ferroptosis (3) Is cell-specific ferroptosis induced by specific toxicants? Do
only Sertoli cells, Leydig cells, or testicular spermatogenic cells undergo ferroptosis, or do
they all undergo ferroptosis? Extensive research seeking to answer questions such as these
is needed to elucidate the role of ferroptosis in male reproductive impairment.

Author Contributions: Conceptualization, X.Y., C.Z. and Y.C.; Writing-Original draft preparation,
X.Y., Y.C. and W.S.; writing—review and editing, T.H., Y.W., Z.C., F.C. and Y.L.; revise, X.Y., Y.C. and
W.S. Mechanism diagram, X.Y., and Y.C.; Supervision, X.W., Y.J. and C.Z.; project administration, X.Y.
and C.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32102739;
32202877), Outstanding Talents of Henan Agricultural University (30500996; 30500997), China Post-
doctoral Science Foundation (2020M682296; 2021M690925), the Scientific and Technological Project
of Henan Province, China (212102110362; 212102110354), the Science and Technology Innovation
Fund of Henan Agricultural University (KJCX2021A06), the key scientific research projects of colleges
and universities in Henan Province (22A230010, 23A230008), and the Henan Province Meat Sheep
Industry Technology System Project (HARS-22-15-G1).



Nutrients 2022, 14, 5268 8 of 10

Conflicts of Interest: The authors declare no competing financial interests.

References
1. Mancardi, D.; Mezzanotte, M.; Arrigo, E.; Barinotti, A.; Roetto, A. Iron Overload, Oxidative Stress, and Ferroptosis in the Failing

Heart and Liver. Antioxidants 2021, 10, 1864. [CrossRef] [PubMed]
2. Zeidan, R.S.; Han, S.M.; Leeuwenburgh, C.; Xiao, R. Iron homeostasis and organismal aging. Ageing Res. Rev. 2021, 72, 101510.

[CrossRef] [PubMed]
3. Mu, Q.; Chen, L.; Gao, X.; Shen, S.; Sheng, W.; Min, J.; Wang, F. The role of iron homeostasis in remodeling immune function and

regulating inflammatory disease. Sci. Bull. 2021, 66, 1806–1816. [CrossRef]
4. Xu, S.; Min, J.; Wang, F. Ferroptosis: An emerging player in immune cells. Sci. Bull. 2021, 66, 2257–2260. [CrossRef]
5. Lo, J.O.; Benson, A.E.; Martens, K.L.; Hedges, M.A.; McMurry, H.S.; DeLoughery, T.; Aslan, J.E.; Shatzel, J.J. The role of oral iron

in the treatment of adults with iron deficiency. Eur. J. Haematol. 2022. [CrossRef] [PubMed]
6. Tsao, C.W.; Liao, Y.R.; Chang, T.C.; Liew, Y.F.; Liu, C.Y. Effects of Iron Supplementation on Testicular Function and Spermatogenesis

of Iron-Deficient Rats. Nutrients 2022, 14, 2063. [CrossRef] [PubMed]
7. Reis, M.M.; Moreira, A.C.; Sousa, M.; Mathur, P.P.; Oliveira, P.F.; Alves, M.G. Sertoli cell as a model in male reproductive

toxicology: Advantages and disadvantages. J. Appl. Toxicol. 2015, 35, 870–883. [CrossRef]
8. Yokonishi, T.; McKey, J.; Ide, S.; Capel, B. Sertoli cell ablation and replacement of the spermatogonial niche in mouse. Nat.

Commun. 2020, 11, 40. [CrossRef]
9. Vallés, A.S.; Tenconi, P.E.; Luquez, J.M.; Furland, N.E. The inhibition of microtubule dynamics instability alters lipid homeostasis

in TM4 Sertoli cells. Toxicol. Appl. Pharmacol. 2021, 426, 115607. [CrossRef]
10. Mehta, S.; Goyal, L.; Meena, M.L.; Gulati, S.; Sharma, N.; Harshvardhan, L.; Jain, G.; Mehta, S. Assessment of Pituitary Gonadal

Axis and Sperm Parameters in Anemic Eugonadal Males Before and After Correction of Iron Deficiency Anemia. J. Assoc.
Physicians India 2018, 66, 11–12.

11. Alleyne, M.; Horne, M.K.; Miller, J.L. Individualized treatment for iron-deficiency anemia in adults. Am. J. Med. 2008, 121,
943–948. [CrossRef] [PubMed]

12. Liu, Y.; Cao, X.; He, C.; Guo, X.; Cai, H.; Aierken, A.; Hua, J.; Peng, S. Effects of Ferroptosis on Male Reproduction. Int. J. Mol. Sci.
2022, 23, 7139. [CrossRef] [PubMed]

13. Kurniawan, A.L.; Lee, Y.C.; Shih, C.K.; Hsieh, R.H.; Chen, S.H.; Chang, J.S. Alteration in iron efflux affects male sex hormone
testosterone biosynthesis in a diet-induced obese rat model. Food Funct. 2019, 10, 4113–4123. [CrossRef] [PubMed]

14. Ferreira, G.; Costa, C.; Bassaizteguy, V.; Santos, M.; Cardozo, R.; Montes, J.; Settineri, R.; Nicolson, G.L. Incubation of human sperm
with micelles made from glycerophospholipid mixtures increases sperm motility and resistance to oxidative stress. PLoS ONE
2018, 13, e0197897. [CrossRef]

15. Chuai, Y.; Gao, F.; Li, B.; Zhao, L.; Qian, L.; Cao, F.; Wang, L.; Sun, X.; Cui, J.; Cai, J. Hydrogen-rich saline attenuates radiation-
induced male germ cell loss in mice through reducing hydroxyl radicals. Biochem. J. 2012, 442, 49–56. [CrossRef]

16. Mojica-Villegas, M.A.; Izquierdo-Vega, J.A.; Chamorro-Cevallos, G.; Sanchez-Gutierrez, M. Protective effect of resveratrol on
biomarkers of oxidative stress induced by iron/ascorbate in mouse spermatozoa. Nutrients 2014, 6, 489–503. [CrossRef]

17. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang,
W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef]

18. Zhang, L.; Jia, R.; Li, H.; Yu, H.; Ren, K.; Jia, S.; Li, Y.; Wang, Q. Insight into the Double-Edged Role of Ferroptosis in Disease.
Biomolecules 2021, 11, 1790. [CrossRef]

19. Cheng, Y.; Zak, O.; Aisen, P.; Harrison, S.C.; Walz, T. Structure of the human transferrin receptor-transferrin complex. Cell 2004,
116, 565–576. [CrossRef]

20. Gkouvatsos, K.; Papanikolaou, G.; Pantopoulos, K. Regulation of iron transport and the role of transferrin. Biochim. Biophys. Acta
2012, 1820, 188–202. [CrossRef]

21. Masaldan, S.; Bush, A.I.; Devos, D.; Rolland, A.S.; Moreau, C. Striking while the iron is hot: Iron metabolism and ferroptosis in
neurodegeneration. Free Radic. Biol. Med. 2019, 133, 221–233. [CrossRef] [PubMed]

22. Imam, M.U.; Zhang, S.; Ma, J.; Wang, H.; Wang, F. Antioxidants Mediate Both Iron Homeostasis and Oxidative Stress. Nutrients
2017, 9, 671. [CrossRef] [PubMed]

23. Yu, Y.; Jiang, L.; Wang, H.; Shen, Z.; Cheng, Q.; Zhang, P.; Wang, J.; Wu, Q.; Fang, X.; Duan, L.; et al. Hepatic transferrin plays a
role in systemic iron homeostasis and liver ferroptosis. Blood 2020, 136, 726–739. [CrossRef]

24. Maccarinelli, F.; Regoni, M.; Carmona, F.; Poli, M.; Meyron-Holtz, E.G.; Arosio, P. Mitochondrial ferritin deficiency reduces male
fertility in mice. Reprod. Fertil. Dev. 2017, 29, 2005–2010. [CrossRef]

25. Asano, T.; Komatsu, M.; Yamaguchi-Iwai, Y.; Ishikawa, F.; Mizushima, N.; Iwai, K. Distinct mechanisms of ferritin delivery to
lysosomes in iron-depleted and iron-replete cells. Mol. Cell. Biol. 2011, 31, 2040–2052. [CrossRef] [PubMed]

26. Gao, M.; Monian, P.; Pan, Q.; Zhang, W.; Xiang, J.; Jiang, X. Ferroptosis is an autophagic cell death process. Cell Res. 2016, 26,
1021–1032. [CrossRef] [PubMed]

27. Xie, Y.; Hou, W.; Song, X.; Yu, Y.; Huang, J.; Sun, X.; Kang, R.; Tang, D. Ferroptosis: Process and function. Cell Death Differ. 2016,
23, 369–379. [CrossRef]

http://doi.org/10.3390/antiox10121864
http://www.ncbi.nlm.nih.gov/pubmed/34942967
http://doi.org/10.1016/j.arr.2021.101510
http://www.ncbi.nlm.nih.gov/pubmed/34767974
http://doi.org/10.1016/j.scib.2021.02.010
http://doi.org/10.1016/j.scib.2021.02.026
http://doi.org/10.1111/ejh.13892
http://www.ncbi.nlm.nih.gov/pubmed/36336470
http://doi.org/10.3390/nu14102063
http://www.ncbi.nlm.nih.gov/pubmed/35631204
http://doi.org/10.1002/jat.3122
http://doi.org/10.1038/s41467-019-13879-8
http://doi.org/10.1016/j.taap.2021.115607
http://doi.org/10.1016/j.amjmed.2008.07.012
http://www.ncbi.nlm.nih.gov/pubmed/18954837
http://doi.org/10.3390/ijms23137139
http://www.ncbi.nlm.nih.gov/pubmed/35806144
http://doi.org/10.1039/C8FO01870G
http://www.ncbi.nlm.nih.gov/pubmed/31233037
http://doi.org/10.1371/journal.pone.0197897
http://doi.org/10.1042/BJ20111786
http://doi.org/10.3390/nu6020489
http://doi.org/10.1016/j.cell.2012.03.042
http://doi.org/10.3390/biom11121790
http://doi.org/10.1016/S0092-8674(04)00130-8
http://doi.org/10.1016/j.bbagen.2011.10.013
http://doi.org/10.1016/j.freeradbiomed.2018.09.033
http://www.ncbi.nlm.nih.gov/pubmed/30266679
http://doi.org/10.3390/nu9070671
http://www.ncbi.nlm.nih.gov/pubmed/28657578
http://doi.org/10.1182/blood.2019002907
http://doi.org/10.1071/RD16348
http://doi.org/10.1128/MCB.01437-10
http://www.ncbi.nlm.nih.gov/pubmed/21444722
http://doi.org/10.1038/cr.2016.95
http://www.ncbi.nlm.nih.gov/pubmed/27514700
http://doi.org/10.1038/cdd.2015.158


Nutrients 2022, 14, 5268 9 of 10

28. Li, Q.S.; Jia, Y.J. Ferroptosis: A critical player and potential therapeutic target in traumatic brain injury and spinal cord injury.
Neural Regen. Res. 2023, 18, 506–512. [CrossRef] [PubMed]

29. D’Herde, K.; Krysko, D.V. Ferroptosis: Oxidized PEs trigger death. Nat. Chem. Biol. 2017, 13, 4–5. [CrossRef]
30. Galaris, D.; Barbouti, A.; Pantopoulos, K. Iron homeostasis and oxidative stress: An intimate relationship. Biochim. Biophys. Acta

Mol. Cell Res. 2019, 1866, 118535. [CrossRef] [PubMed]
31. Lin, L.; Wang, S.; Deng, H.; Yang, W.; Rao, L.; Tian, R.; Liu, Y.; Yu, G.; Zhou, Z.; Song, J.; et al. Endogenous Labile Iron

Pool-Mediated Free Radical Generation for Cancer Chemodynamic Therapy. J. Am. Chem. Soc. 2020, 142, 15320–15330. [CrossRef]
[PubMed]

32. Zhou, B.; Zhang, J.Y.; Liu, X.S.; Chen, H.Z.; Ai, Y.L.; Cheng, K.; Sun, R.Y.; Zhou, D.; Han, J.; Wu, Q. Tom20 senses iron-activated
ROS signaling to promote melanoma cell pyroptosis. Cell Res. 2018, 28, 1171–1185. [CrossRef]

33. Cao, J.Y.; Dixon, S.J. Mechanisms of ferroptosis. Cell. Mol. Life Sci. 2016, 73, 2195–2209. [CrossRef] [PubMed]
34. Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021, 22,

266–282. [CrossRef] [PubMed]
35. Friedmann Angeli, J.P.; Schneider, M.; Proneth, B.; Tyurina, Y.Y.; Tyurin, V.A.; Hammond, V.J.; Herbach, N.; Aichler, M.; Walch, A.;

Eggenhofer, E.; et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell Biol. 2014, 16,
1180–1191. [CrossRef] [PubMed]

36. Bridges, R.J.; Natale, N.R.; Patel, S.A. System xc
− cystine/glutamate antiporter: An update on molecular pharmacology and roles

within the CNS. Br. J. Pharmacol. 2012, 165, 20–34. [CrossRef]
37. Jiang, L.; Kon, N.; Li, T.; Wang, S.J.; Su, T.; Hibshoosh, H.; Baer, R.; Gu, W. Ferroptosis as a p53-mediated activity during tumour

suppression. Nature 2015, 520, 57–62. [CrossRef]
38. Koppula, P.; Zhang, Y.; Zhuang, L.; Gan, B. Amino acid transporter SLC7A11/xCT at the crossroads of regulating redox

homeostasis and nutrient dependency of cancer. Cancer Commun. 2018, 38, 12. [CrossRef]
39. Yang, W.S.; Stockwell, B.R. Synthetic lethal screening identifies compounds activating iron-dependent, nonapoptotic cell death in

oncogenic-RAS-harboring cancer cells. Chem. Biol. 2008, 15, 234–245. [CrossRef]
40. Oh, S.J.; Ikeda, M.; Ide, T.; Hur, K.Y.; Lee, M.S. Mitochondrial event as an ultimate step in ferroptosis. Cell Death Discov. 2022,

8, 414. [CrossRef]
41. Fang, X.; Wang, H.; Han, D.; Xie, E.; Yang, X.; Wei, J.; Gu, S.; Gao, F.; Zhu, N.; Yin, X.; et al. Ferroptosis as a target for protection

against cardiomyopathy. Proc. Natl. Acad. Sci. USA 2019, 116, 2672–2680. [CrossRef] [PubMed]
42. Santiago, J.; Silva, J.V.; Santos, M.A.S.; Fardilha, M. Fighting Bisphenol A-Induced Male Infertility: The Power of Antioxidants.

Antioxidants 2021, 10, 289. [CrossRef] [PubMed]
43. Li, L.; Wang, M.Y.; Jiang, H.B.; Guo, C.R.; Zhu, X.D.; Yao, X.Q.; Zeng, W.W.; Zhao, Y.; Chi, L.K. Bisphenol A induces testicular

oxidative stress in mice leading to ferroptosis. Asian J. Androl. 2022, 23. [CrossRef]
44. Hu, D.; Tian, L.; Li, X.; Chen, Y.; Xu, Z.; Ge, R.S.; Wang, Y. Tetramethyl bisphenol a inhibits leydig cell function in late puberty by

inducing ferroptosis. Ecotoxicol. Environ. Saf. 2022, 236, 113515. [CrossRef] [PubMed]
45. Wu, Y.; Wang, J.; Zhao, T.; Chen, J.; Kang, L.; Wei, Y.; Han, L.; Shen, L.; Long, C.; Wu, S.; et al. Di-(2-ethylhexyl) phthalate exposure

leads to ferroptosis via the HIF-1α/HO-1 signaling pathway in mouse testes. J. Hazard. Mater. 2022, 426, 127807. [CrossRef]
46. Yang, L.; Jiang, L.; Sun, X.; Li, J.; Wang, N.; Liu, X.; Yao, X.; Zhang, C.; Deng, H.; Wang, S.; et al. DEHP induces ferroptosis in

testes via p38α-lipid ROS circulation and destroys the BTB integrity. Food Chem. Toxicol. 2022, 164, 113046. [CrossRef]
47. Xiong, L.; Bin, Z.; Young, J.L.; Wintergerst, K.; Cai, L. Exposure to low-dose cadmium induces testicular ferroptosis. Ecotoxicol.

Environ. Saf. 2022, 234, 113373. [CrossRef]
48. Meng, P.; Zhang, S.; Jiang, X.; Cheng, S.; Zhang, J.; Cao, X.; Qin, X.; Zou, Z.; Chen, C. Arsenite induces testicular oxidative stress

in vivo and in vitro leading to ferroptosis. Ecotoxicol. Environ. Saf. 2020, 194, 110360. [CrossRef]
49. Zhao, X.; Liu, Z.; Gao, J.; Li, H.; Wang, X.; Li, Y.; Sun, F. Inhibition of ferroptosis attenuates busulfan-induced oligospermia in

mice. Toxicology 2020, 440, 152489. [CrossRef]
50. Jing, S.; Liu, C.; Zheng, J.; Dong, Z.; Guo, N. Toxicity of zearalenone and its nutritional intervention by natural products. Food

Funct. 2022, 13, 10374–10400. [CrossRef]
51. Li, Y.; Zhu, Z.; Cui, H.; Ding, K.; Zhao, Y.; Ma, X.; Adetunji, A.O.; Min, L. Effect of Zearalenone-Induced Ferroptosis on Mice

Spermatogenesis. Animals 2022, 12, 3026. [CrossRef] [PubMed]
52. Han, P.; Wang, X.; Zhou, T.; Cheng, J.; Wang, C.; Sun, F.; Zhao, X. Inhibition of ferroptosis attenuates oligospermia in male Nrf2

knockout mice. Free Radic. Biol. Med. 2022, 193, 421–429. [CrossRef] [PubMed]
53. Hasani, A.; Khosravi, A.; Behnam, P.; Ramezani, F.; Eslami Farsani, B.; Aliaghaei, A.; Pirani, M.; Akaberi-Nasrabadi, S.; Abdi, S.;

Abdollahifar, M.A. Non-apoptotic cell death such as pyroptosis, autophagy, necroptosis and ferroptosis acts as partners to induce
testicular cell death after scrotal hyperthermia in mice. Andrologia 2022, 54, e14320. [CrossRef]

54. Shaygannia, E.; Nasr-Esfahani, M.H.; Sotoodehnejadnematalahi, F.; Parivar, K. Is ferroptosis involved in ROS-induced testicular
lesions in a varicocele rat model? Basic Clin. Androl. 2021, 31, 10. [CrossRef]

55. Shi, F.; Zhang, Z.; Cui, H.; Wang, J.; Wang, Y.; Tang, Y.; Yang, W.; Zou, P.; Ling, X.; Han, F.; et al. Analysis by transcriptomics
and metabolomics for the proliferation inhibition and dysfunction through redox imbalance-mediated DNA damage response
and ferroptosis in male reproduction of mice and TM4 Sertoli cells exposed to PM2.5. Ecotoxicol. Environ. Saf. 2022, 238, 113569.
[CrossRef]

http://doi.org/10.4103/1673-5374.350187
http://www.ncbi.nlm.nih.gov/pubmed/36018155
http://doi.org/10.1038/nchembio.2261
http://doi.org/10.1016/j.bbamcr.2019.118535
http://www.ncbi.nlm.nih.gov/pubmed/31446062
http://doi.org/10.1021/jacs.0c05604
http://www.ncbi.nlm.nih.gov/pubmed/32820914
http://doi.org/10.1038/s41422-018-0090-y
http://doi.org/10.1007/s00018-016-2194-1
http://www.ncbi.nlm.nih.gov/pubmed/27048822
http://doi.org/10.1038/s41580-020-00324-8
http://www.ncbi.nlm.nih.gov/pubmed/33495651
http://doi.org/10.1038/ncb3064
http://www.ncbi.nlm.nih.gov/pubmed/25402683
http://doi.org/10.1111/j.1476-5381.2011.01480.x
http://doi.org/10.1038/nature14344
http://doi.org/10.1186/s40880-018-0288-x
http://doi.org/10.1016/j.chembiol.2008.02.010
http://doi.org/10.1038/s41420-022-01199-8
http://doi.org/10.1073/pnas.1821022116
http://www.ncbi.nlm.nih.gov/pubmed/30692261
http://doi.org/10.3390/antiox10020289
http://www.ncbi.nlm.nih.gov/pubmed/33671960
http://doi.org/10.4103/aja202266
http://doi.org/10.1016/j.ecoenv.2022.113515
http://www.ncbi.nlm.nih.gov/pubmed/35427877
http://doi.org/10.1016/j.jhazmat.2021.127807
http://doi.org/10.1016/j.fct.2022.113046
http://doi.org/10.1016/j.ecoenv.2022.113373
http://doi.org/10.1016/j.ecoenv.2020.110360
http://doi.org/10.1016/j.tox.2020.152489
http://doi.org/10.1039/D2FO01545E
http://doi.org/10.3390/ani12213026
http://www.ncbi.nlm.nih.gov/pubmed/36359150
http://doi.org/10.1016/j.freeradbiomed.2022.10.314
http://www.ncbi.nlm.nih.gov/pubmed/36309297
http://doi.org/10.1111/and.14320
http://doi.org/10.1186/s12610-021-00125-9
http://doi.org/10.1016/j.ecoenv.2022.113569


Nutrients 2022, 14, 5268 10 of 10

56. Mei, Z.; Du, L.; Liu, X.; Chen, X.; Tian, H.; Deng, Y.; Zhang, W. Diosmetin alleviated cerebral ischemia/reperfusion injury in vivo
and in vitro by inhibiting oxidative stress via the SIRT1/Nrf2 signaling pathway. Food Funct. 2022, 13, 198–212. [CrossRef]

57. Li, L.; Hao, Y.; Zhao, Y.; Wang, H.; Zhao, X.; Jiang, Y.; Gao, F. Ferroptosis is associated with oxygen-glucose deprivation/reoxygenat-
ion-induced Sertoli cell death. Int. J. Mol. Med. 2018, 41, 3051–3062. [CrossRef] [PubMed]

58. Toyokuni, S. Iron addiction with ferroptosis-resistance in asbestos-induced mesothelial carcinogenesis: Toward the era of
mesothelioma prevention. Free Radic. Biol. Med. 2019, 133, 206–215. [CrossRef] [PubMed]

59. Oresti, G.M.; Reyes, J.G.; Luquez, J.M.; Osses, N.; Furland, N.E.; Aveldano, M.I. Differentiation-related changes in lipid classes
with long-chain and very long-chain polyenoic fatty acids in rat spermatogenic cells. J. Lipid Res. 2010, 51, 2909–2921. [CrossRef]

60. Chung, J.Y.; Park, J.E.; Kim, Y.J.; Lee, S.J.; Yu, W.J.; Kim, J.M. Styrene Cytotoxicity in Testicular Leydig Cells In Vitro. Dev. Reprod.
2022, 26, 99–105. [CrossRef]

http://doi.org/10.1039/D1FO02579A
http://doi.org/10.3892/ijmm.2018.3469
http://www.ncbi.nlm.nih.gov/pubmed/29436589
http://doi.org/10.1016/j.freeradbiomed.2018.10.401
http://www.ncbi.nlm.nih.gov/pubmed/30312759
http://doi.org/10.1194/jlr.M006429
http://doi.org/10.12717/DR.2022.26.3.99

	Introduction 
	The Physiological Role of Iron in the Male Reproductive System 
	The Mechanism of Ferroptosis 
	Iron Overload and Ferroptosis 
	Lipid Peroxidation and Ferroptosis 
	Glutathione Peroxidase Depletion and Ferroptosis 
	Mitochondrial Damage and Ferroptosis 

	Research Progress on Ferroptosis in Testis Dysfunction 
	Ferroptosis in the Testis In Vivo 
	Ferroptosis of Testis-Related Cells In Vitro 

	Conclusions and Perspectives 
	References

