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Abstract

Ferroptosis is a newly defined form of regulated cell death, which is involved in various pathophysiological conditions.
However, the role of ferroptosis in male infertility remains unclear. In this study, 42 asthenozoospermic and 45 normo-
zoospermic individuals participated. To investigate the ferroptosis level in the two groups, the levels of reactive oxygen
species (ROS), malondialdehyde (MDA), and iron were measured, and mitochondrial membrane potential (MMP)
was detected as an indicator of mitochondrial injuries. Compared with the normozoospermic group, ROS (p <0.05),
MDA (p <0.001), and iron (p <0.001) of the asthenozoospermic group were significantly increased. However, the
asthenozoospermia group had a decreased MMP level (p < 0.05). In addition, the expression levels of GSH-dependent
peroxidase 4 (GPX4) (p <0.001) and solute carrier family 7 member 11 (SLC7A11) (p <0.05) were also reduced in
asthenozoospermic individuals. In asthenozoospermic samples, a significantly high positive correlation was observed
between GPX4 mRNA levels and progressive motility (r=0.397, p=0.009) and total motility (r=0.389, p=0.011),
while a negative correlation was observed between GPX4 and iron concentration (r= —0.276, p=0.077). The function
of ferroptosis in asthenozoospermic males has never been studied before. In our study, we concluded that GPX4 and
SLC7A11 expression levels in asthenozoospermia patients were related to increased ferroptosis and impaired sperm
function, revealing novel molecular insights into the complex systems involved in male infertility.
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Introduction

Infertility is a social and medical problem that affects
15% of couples worldwide [1]. According to a previous
report, the male factor accounts for up to 50% of all infer-
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required for sperm motility, hyperactivation, and capaci-
tation, as well as acrosome reaction [8, 9]. Nevertheless,
many recent studies on oxidative stress have shown that
ROS play a significant role in the pathological mecha-
nism of male infertility. Excessive ROS can impair sperm
motility not only through lipid peroxidation but also
by interfering with antioxidant enzymes and oxidation
proteins in sperm [10, 11]. The semen of asthenotera-
tozoospermic men also produces more ROS than that of
normal men [12].

Ferroptosis is a reactive oxygen species (ROS)-
dependent cell death derived from free iron overload
(FIO), ROS production, and lipid peroxidation. In
humans, the pervasive impact of ferroptosis has been
linked to the development of various diseases such as
Alzheimer’s disease, cancer, and heart disorders [13-15].
However, the role of ferroptosis in male infertility has not
been fully elucidated. Ferroptosis inhibition is a promis-
ing approach to treating arsenite-induced testicular tox-
icity in relevant research [16]. Ferroptosis was detected
at a high level in human sperm from heavy smokers and
was thought to affect sperm quality [17]. Furthermore,
a study implied that busulfan-induced oligospermia can
be attenuated by inhibition of ferroptosis in mice [18].
Hence, we reasoned that ferroptosis may impair sperm
quality in asthenozoospermia.

GSH-dependent peroxidase 4 (GPX4), a crucial anti-
oxidant enzyme in mammals that protects cells from
lipid peroxidation, can be hindered directly to initiate
ferroptosis [19, 20]. Intriguingly, GPX4 is abundantly
expressed in reproductive organs and spermatozoa, and
one study found that 10% of infertile men had dramati-
cally decreased sperm GPX4 expression, indicating that
GPX4 is vital for male fertility [21]. Solute carrier fam-
ily 7 member 11 (SLC7A11), a crucial component of the
cystine/glutamate transporter system Xc~, promotes the
absorption of cystine and the production of GSH, which
protects cells against oxidative stress and ferroptosis
[22, 23]. GSH is the reducing substrate of GPX4 activity.
According to research, lowering the levels of SLC7A11
leads to a reduction in intracellular cystine levels and, as
a result, a reduction in GSH production, which, in turn,
suppresses GPX4 activity and, as a result, activates fer-
roptosis [24, 25]. However, the biological mechanism
underlying the depletion or downregulation of GPX4 and
SLC7A11 in asthenozoospermia remains unclear.

In this study, semen samples from asthenozoospermic
patients and normozoospermic men were obtained, and
we aimed to determine whether ferroptosis can impact
the status of sperm motility and be involved in the occur-
rence of asthenozoospermia. Our findings provide a novel

@ Springer

mechanism underlying the etiology of asthenozoospermia
and propose a possible route to treat male infertility.

Materials and Methods
Sample Collection

Forty-five normozoospermic donors and 42 asthenozoospermic
men were enrolled. The semen characteristics of asthenozoo-
spermic men were considered sperm concentrations > 15x 10/
cells per mL, progress motility <32% or total sperm motil-
ity <40% at 1 h after ejaculation, and normal sperm morphol-
ogy >4%. In addition, the following exclusion criteria were
defined: leucocyte and round cell concentration > 10°%mL of
ejaculate, history of smoking, alcohol and drug abuse, hyper-
tension, and varicocele. Routine sperm parameter analysis,
including motility, morphology, and count, was performed
according to the World Health Organization (WHO) standards.
Analysis of sperm motility was performed using computer-
aided sperm analysis (CASA) software (Beion, China).

Semen Preparation

All samples were collected by masturbation following
3-5 days of sexual abstinence and allowed to liquefy at room
temperature. Semen was taken from sterilized containers
and centrifuged at 80% and 40% Percoll gradient centrifuga-
tion to isolate highly motile sperm. Different types of cells
remained in the top segment of the tube and were removed
by pipetting. The remaining sperm pellet was washed with
PBS twice at 800 x g for 5 min and resuspended in BWW
medium (Solarbio, China) for subsequent experiments.

Measurement of the Production of Reactive Oxygen
Species

The amount of ROS in the spermatozoa was detected using
an oxidation-sensitive fluorescent probe called 2',7"-dichlor-
ofluorescein diacetate (DCFH-DA; Beyotime, China). In
brief, 20 x 10 spermatozoa were suspended in 1000 pL of
DCFH-DA (10 mM) and incubated in the dark for 30 min
at 37 “C. After incubation, the samples were centrifuged at
3500 rpm/min for 5 min, the supernatant were discharged,
and the samples were washed twice with PBS. Finally, 400
pL PBS were added to resuspend the sperm pellet. The
fluorescence was analyzed quantitatively by flow cytometry
(Beckman-Coulter, France). Dead cells and detritus were
excluded via a primary gate based on physical factors (for-
ward and side light scatter). This experiment used 488 and
525 nm excitation and emission wavelengths.
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Measurement of Intracellular Iron

We estimated the iron content in sperm using an iron ion
colorimetric detection kit (Applygen, China). We collected
sperm (20 x 10%/mL) and lysed them with 200 pL RIPA
buffer (Beyotime, China). The lysis was performed using
ultrasonography on ice. A diluted standard stock solution
was made immediately according to the manufacturer’s
instructions. Working reagents were prepared according to
the manufacturer’s instructions. First, the sample was incu-
bated for an hour at 60 °C and then for 30 min at room
temperature with 30 pL of iron ion detection reagent. The
concentration of iron ions was measured at 550 nm with
a microplate reader (Thermo Scientific, USA). Values are
expressed as nmol of iron/10% sperm.

Measurement of Malondialdehyde (MDA)

MDA is produced during lipid peroxidation (LPO) and can
react with thiobarbituric acid (TBA) to form a red-colored
adduct, MDA-(TBA). Briefly, sperm were collected and
homogenized in RIPA buffer (Beyotime, China). After
centrifugation at 13,000 x g for 10 min at room tempera-
ture, the supernatant was collected for quantitative analysis
using an MDA assay kit (Nanjing Jiancheng Bioengineering
Institute, China) according to the manufacturer’s protocols.
The absorbance was measured using a microplate reader
(Thermo Scientific, USA) at a wavelength of 532 nm. Values
are expressed as nmol of MDA/108 sperm.

Determination of Mitochondrial Membrane
Potential

An MMP detection kit (JC-1) (Beyotime, China) was used
according to the manufacturer’s instructions. In summary,
20x 10° sperm were resuspended in 0.5 mL BWW medium
and combined with a 500 pL JC-1 working solution before
being incubated at 37 °C for 30 min in the dark. After, sam-
ples were centrifuged for 5 min at 600X g (4 C), and the
pellet was then washed twice with JC-1 buffer solutions and
resuspended in 400 pL JC-1 buffer solution. The fluores-
cence was assessed in a flow cytometer (Beckman-Coulter,
France) with excitation and emission settings of 488 nm and
525 nm (FL1 channel), respectively, and the percentage of
stained cells was recorded as the population of sperm with a
high A¥m. The data are presented as the average percentage
of high-A¥m + SEM.

Quantitative Real-Time PCR (qRT-PCR)

As recommended by the manufacturer, total RNA was
extracted using RNAiso plus (Takara Bio, China). The Pri-
meScript™ RT reagent kit was used to reverse-transcribed

whole RNA to cDNA (Takara Bio, China). Sequence-spe-
cific primers were used to express genes on a Bio-Rad CFX-
96 cycler with SYBR Premix Ex Taq TM II (Takara Bio,
China) (Bio-Rad Laboratories, USA). GAPDH was used to
assess accuracy during the normalization process. All of the
primer sequences found in Sangon of China are listed in
Table 1 (Sangon).

Western Blot

RIPA (Beyotime, China) was used to extract proteins from
spermatozoa on ice, and a BCA assay kit was used to assess
the protein concentrations in the extracts (Beyotime, China).
Using 10% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, 40 pg of denatured protein was separated and
transferred to a polyvinylidene difluoride membrane (Mil-
lipore, USA). After, for 2 h at room temperature, the PVDF
membranes were blocked with 5% nonfat milk. Primary
anti-GAPDH (1:5000; Millipore, USA), anti-SLC7A11
(1:3000, Boster, China), and anti-GPX4 (1:1000; Huabio,
China) antibodies were then incubated with the membranes
as directed by the manufacturer. Next, the membranes were
incubated with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:5000; Boster, China) at room
temperature for 1 h. The specific immunoreactive protein
bands were developed with chemiluminescent HRP substrate
reagent (Beyotime, China). GAPDH was used as an internal
control for normalization.

Statistical Analysis

GraphPad Prism 8.0.2 was used for all analyses. Data were
statistically described in terms of mean and standard devia-
tion and percentages when appropriate. The Kolmogo-
rov—Smirnov test was used to assess whether the distribution
of variables was normal. To compare the means of continu-
ous variables between asthenozoospermic and normozoo-
spermic individuals, an independent ¢ test or a Mann—Whit-
ney test was employed. Correlations between variables were
evaluated using Pearson’s r correlation coefficient. p <0.05
was considered statistically significant.

Table 1 Characteristics of the primers designed for target gens in the
real-time PCR

Genes Sequence (5" —3')

SLC7A11 ATGCAGTGGCAGTGACCTTT
GGCAACAAAGATCGGAACTG

GPX4 GCACATGGTTAACCTGGACA
CTGCTTCCCGAACTGGTTAC

GAPDH ACATCGCTCAGACACCATG

TGTAGTTGAGGTCAATGAAGGG
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Results

Clinical Parameters Between Asthenozoospermic
and Normozoospermic Individuals

Sperm parameters between asthenozoospermia and normo-
zoospermia are presented in Table 2. The normozoosper-
mic individuals had considerably higher progressive motil-
ity, total motility, sperm viability, and sperm morphology
than the asthenozoospermic individuals (p <0.01) (Table 2).
However, there was no difference between the two groups
regarding age or ejaculate volume.

Iron and Oxidative Damage Were Accumulated
in Asthenozoospermic Individuals

To explore the ferroptosis level between asthenozoosper-
mic and normozoospermic individuals, ROS, MDA, and
iron levels were detected in human sperm. Compared with
the normozoospermic group, the content of ROS was sig-
nificantly higher in the asthenozoospermic group (p <0.05)
(Fig. 1a), and an increase in MDA was also observed in
asthenozoospermia (p <0.001) (Fig. 1b), indicating that
there was a high level of oxidative stress in the astheno-
zoospermic group. Meanwhile, the level of iron was also
increased (p <0.001) (Fig. 1c). Taken together, these data
showed that there was a high ferroptosis level in the asthe-
Nnozoospermic group.

The Mitochondrial Membrane Potential
of the Asthenozoospermic Group Was Decreased

Usually, there is mitochondrial damage in ferroptosis [26].
The mitochondria with a low A¥m may be generators of free
radicals in human spermatozoa that are dysfunctional [27,
28]. We found different changes in MMP (A¥m) between
asthenozoospermia and normozoospermia. Representative

results in the two groups are shown in Fig. 2a and b. Fluo-
rescence microscopy was used to obtain images (Olympus,
Japan). High membrane potential was detected in healthy
mitochondria and generated red fluorescence, whereas green
fluorescence was produced in mitochondria with a decreased
membrane potential. The statistical results indicated that the
MMP (A¥m) was decreased by 38.55% in asthenozoosper-
mic individuals compared with normozoospermic individu-
als (p <0.05) (Fig. 2c). Consistent with Fig. 2, there was an
increased ratio of green to red fluorescence in asthenozoo-
spermic sperm (Fig. 3).

Ferroptosis-Related Signaling Pathways Were
Activated in Men with Asthenozoospermia

To explore the mechanism of ferroptosis in asthenozoosper-
mic and normozoospermic patients, GPX4 and SLC7A11,
two key regulators of the ferroptosis signaling pathway,
were determined in human spermatozoa. Men with normo-
zoospermia and infertile men with asthenozoospermia had
mean SLC7A11 mRNA expression levels of 1.683 +0.804
and 0.649 +0.302, respectively. Comparing the normozoo-
spermic and asthenozoospermic groups, this parameter was
greater in the former (p < 0.001) (Fig. 4a). Meanwhile, there
was a significant difference in GPX4 mRNA levels between
sperm from asthenozoospermic and normozoospermic indi-
viduals (p <0.001) (Fig. 4b). Furthermore, according to the
western blot analysis, the protein expression of GPX4 and
SLC7A11 was reduced in semen samples from astheno-
zoospermic patients relative to normozoospermic controls
(Fig. 4c, d, and e). Correlation analysis between GPX4 and
SLC7A11 and sperm clinical parameters and ferroptosis
indicators were shown in Table 3 and Fig. 5. Based on our
results, a significantly positive relationship was observed
between GPX4 expression and sperm progress motility and
total motility (r=0.397, p=0.009; r=0.389, p=0.011)
but not in iron, MDA, and MMP (r= —-0.276, p=0.077;
r=0.199, p=0.206; r=0.201, p=0.254) (Fig. Sa, Table 3).

Table 2 Characteristics and

Parameters Group p

semen analyses of the study

population Normozoospermic Asthenozoospermic

(n=45) (n=42)

Age (years) 30.38+0.61 32.71+£0.96 0.393
Semen volume (ml) 3.62+0.25 3.245+0.22 0.258
Sperm concentration (10A%ml) 115.2+10.72 76.94+7.75 <0.01™
Total motility (%) 52.57+1.25 20.67+1.10 <0.001™"
Sperm viability (%) 68.93+0.98 34.07+1.70 <0.001"**
Progression motility (%) 47.54+1.22 18.17+1.63 <0.001"
Sperm morphology (%) 10.56+0.55 5.96+0.54 <0.001™

Data represent as mean +SD
p<0.01, #*%p <0.001
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Fig.2 Mitochondrial membrane potential (MMP) of spermatozoa in
normozoospermic and men with asthenozoospermia. Representative
data of MMP in normozoospermic (a) and asthenozoospermic indi-
viduals (b). JC-1 labels mitochondria with a high membrane poten-
tial red (JC-1 aggregates) and mitochondria with a low membrane
potential green (JC-1 monomers). Sperm staining orange appears in
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the upper right quadrant (UR); green-stained spermatozoa appear
in the lower right quadrant (LR). ¢ Statistical analysis and compari-
son of MMP in normozoospermic versus asthenozoospermic group.
*p <0.05 represents the statistical difference compared to the respec-
tive group
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Fig.3 Immunoassay photos of MMP in normozoospermic and men
with asthenozoospermia. JC-1 was used to estimate the MMP of
the spermatozoa, and the shift in the JC-1 fluorescence from red to
green indicates a collapse of the MMP. The representative examples
of one sperm are shown. The JC-1 aggregate image shows red fluo-

Alternatively, a possible positive correlation between sperm
progress motility, total motility, and SLC7A11 expression
was observed(r=0.275, p=0.078; r=0.267, p=0.081)
(Fig. 5d, e). However, there were no significant correlations
between iron, MDA, MMP, and SLC7A11(r= —0.079,
p=0.618; r=—-0.253, p=0.105; r= —0.081, p=0.633)
(Fig. 5b, Table 3).

Discussion

This is the first study to explore the mechanism of ferrop-
tosis in asthenozoospermia. Here, a case—control study was
conducted between the asthenozoospermic group and nor-
mozoospermic group. Our results showed that asthenozoo-
spermic men had higher levels of ROS, MDA, and iron, but
MMP, SLC7A11, and GPX4 levels were lower. Therefore,
we propose that the upregulated level of ferroptosis can
reduce sperm motility by disturbing oxides and antioxidants
in the spermatozoa of asthenozoospermic men (Fig. 6).
Oxidative stress has a critical role in asthenozoospermia
[29, 30]. Polyunsaturated fatty acids (PUFAs) are abundant
in spermatozoa and are highly reactive when exposed to free
radicals. Polyunsaturated fatty acids are required to keep
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rescence, and the JC-1 monomer image shows green fluorescence. In
one sperm, both red fluorescence and green fluorescence can be seen
under a fluorescent microscope. The merged image combines red and
green images. Magnification X 400. Scale bar represents 25 pm

sperm membranes fluid and fusogenic, which is important
for the acrosome reaction and sperm—egg interactions [31,
32]. Due to the unique architecture of human sperm, featur-
ing an abundance of oxidizable substrates and limited intra-
cellular antioxidant defenses, sperm is particularly vulnera-
ble to elevated levels of ROS. In the present study, we found
a high level of ROS in the sperm of the asthenozoospermic
group, indicating that there is an imbalance between per-
oxidation and antioxidant scavenging in asthenozoospermic
individuals. Consistent with our results, Vatannejad demon-
strated that high levels of ROS can impair sperm motility by
overwhelming antioxidant defense systems [8]. Other studies
also revealed that asthenozoospermic men exhibit increased
ROS, negatively affecting sperm function [29, 33].

As a type of regulated cell death, ferroptosis occurs
when cells become overloaded with free iron due to an
increase in radicals (ROS), lipid peroxidation, and mem-
brane degradation. Several studies have shown that fer-
roptosis occurs in various human disorders [15, 34]. For
example, several tumor cells are susceptible to ferroptosis
inducers, indicating a new therapeutic strategy for can-
cer therapy [35-37]. In previous research, suppressing
ferroptosis significantly reduced myocardial I/R damage,
demonstrating that ferroptosis may play a vital role in the
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Table3 Correlation between Progressive Total motility =~ Normal Viability MDA Iron MMP

GPX4, SLC7A11 mRNA motility morphol-

expression, and clinical ogy

parameters and ferroptosis

indicators in asthenozoospermia  Gpyy4 r 0397 0.389 0.102 0.012 0199 -0276  0.201

patients (n=42) p o 0009%  0011° 0.520 0307 0206 0077 0254
SLC7A1l r 0.275 0.267 0.102 0.153 -0.253 -0.078 —0.086

p 0.078 0.081 0.368 0.333 0.105 0.618 0.633

“p<0.03, *¥p <0.01

development of reperfusion injury and overall myocar-
dial infarction (MI) [38]. Recently, direct in vivo study
performed by Meng showed that the male reproductive
toxicity of arsenite was manifested by ferroptosis [16].
In our study, we found that MDA, the indicator of lipid
peroxidation, was significantly increased in the astheno-
zoospermia group. We next measured cellular iron, which
acts as the main source of cellular ROS and lipid oxide
formation through Fenton reaction and was also increased
in asthenozoospermic sperm. Combining these findings,

we determined that asthenozoospermic male sperm had a
higher ferroptosis level.

Changes in mitochondrial pathology and function are
distinctive features of ferroptosis [13, 39]. Mitochondria of
human mature sperm play a key role in the maintenance
of sperm motility by generating optimal levels of ROS and
ATP [40, 41]. In mature sperm, mitochondria are essential
to produce ATP, which provide sufficient energy for asym-
metric flagellar beating and maintains sperm motility [42].
Moreover, interruption of mitochondrial electron transport
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Fig.5 Correlation analysis between GPX4 and SLC7A11 with sperm parameters. Correlations between sperm GPX4 (a), SLC7A11 (b), and per-
cent of progressive motility, total motility, and iron in asthenozoospermia participants

Fig.6 Simplified model of the molecular mechanisms underlying
the ferroptosis in sperm. Under physiological conditions (green
arrow), SLC7A11 and GPX4, together with Fe?* and MMP, pro-
tect sperm from ferroptosis. Once SLC7A11 is downregulated
(pink arrow), the subsequent depletion of GPX4 and Fe’* -oxi-
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reduced MMP also results in the accumulation of ROS, both of
which promote ferroptosis and finally result in a loss of motility in
human spermatozoa. SLC7A11, solute carrier family 7 members
11; GPX4, GSH-dependent peroxidase 4; MMP, mitochondrial
membrane potential; ROS, reactive oxygen species
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flow resulted in the production of reactive oxygen species
(ROS) on the matrix side of the inner mitochondrial mem-
brane in complex I (MCI), resulting in peroxidative dam-
age and a loss of motility in human spermatozoa [43, 44].
To confirm a decreased MMP level as previously reported,
JC-1 was used to examine mitochondrial dysfunction. The
results indicated that the MMP (A¥m) was decreased in
the asthenozoospermic group, consistent with the previous
study. Based on these findings, we propose that ferroptosis
levels are increased in the sperm of asthenozoospermic men
and that abnormalities in ferroptosis levels lead to dysfunc-
tion of the mitochondrial electron transport chain, ultimately
resulting in a MMP decline.

To further analyze mechanisms underlying the occur-
rence of ferroptosis in asthenozoospermia, changes in GPX4
and SLC7A11 were observed. GPX4 is the key molecule
of keeping ferroptosis in check and acts as an antioxidant
defense enzyme in cells, whereas conditions that culminate
in GPX4 inhibition can trigger ferroptosis cell death [45,
46]. As part of system Xc~, SLC7A11 serves as a key trans-
porter of amino acids, moving cystine from the extracellular
space and reducing it to cysteine to help with glutathione
(GSH) synthesis. Additionally, reducing the expression of
SLC7A11 is linked to a lower activity of GPX4 [47]. Cur-
rently, most scholars agree that the primary cellular defense
pathway against ferroptosis is the SLC7A11-GPX4 signal-
ing axis [48-50]. Interestingly, evidence has shown that the
GPX4 content of human sperm was positively correlated
with sperm count, motility, and structural integrity, and the
activity of GPX4 in mature human spermatozoa was associ-
ated with fertility-related parameters [51]. Consistent with
previous reports, significantly reduced expression of GPX4
and positive correlations between GPX4 and progressive
motility and total motility were found in asthenozoospermia
group in the present study. However, the asthenozoospermic
group had lower levels of SLC7A11 than the control group.
We also observed a possible correlation between SLC7A11
expression and sperm motility, although the data was not
significant. These data suggested that GPX4 and SLC7A11
may play vital roles in maintaining sperm motility.

According to previous studies, GPX4 is a part of the mito-
chondria of human sperm [51, 52], so we speculated that the
reduction in GPX4 in sperm may affect mitochondrial func-
tion. However, in the present study, we found no significant
correlation between GPX4 mRNA expression and sperm
MMP. GPX4 has three different isoforms derived from the
same gene, the cytosolic (cGPX4), mitochondrial (mGPX4),
and sperm nuclear (snGPX4) forms [53, 54], so it is likely
to speculate that mGPX4, but not other GPX4 isoform, may
be closely related to mitochondrial function. Meanwhile,
because glutamate is important for the tricarboxylic acid
(TCA) cycle anaplerosis and mitochondrial respiration [55,
56], we proposed that SLC7A11, an export of glutamate

[57], may have a role in maintaining mitochondrial func-
tion. However, we did not observe a significant correlation
between SLC7A11 and MMP in our data. We hypothesized
that the difference here could be because oxidative phospho-
rylation (OXPHOS) is the major energy system for sperm
but not the TCA cycle [58]. These findings imply that by
suppressing SLC7A11 expression and depleting GPX4,
GSH metabolism is disrupted, lipid peroxide cannot be
catalyzed and reduced by GPX4, and Fe?*-oxidized lipids
produce a large amount of reactive oxygen species (ROS)
via the Fenton reaction, all of which promote ferroptosis
and contribute to sperm motility reduction in asthenozoo-
spermic males. However, the mechanism of ferroptosis and
the associated signaling pathway responsible for regulating
cell death still need further research.

In conclusion, this study demonstrates that in astheno-
zoospermia patients, the reduction of MMP, GPX4, and
SLC7A11, together with the increased lipid ROS and iron,
led to ferroptosis in sperm and resulted a decrease in sperm
motility. Inhibiting ferroptosis, a novel therapeutic target
for asthenozoospermia, may have a role in treating male
infertility.
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