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Strong evidence indicates that environmental stressors are the risk factors for male testosterone deficiency (TD).
However, the mechanisms of environmental stress-induced TD remain unclear. Based on our all-cause male
reproductive cohort, we found that serum ferrous iron (Fez*) levels were elevated in TD donors. Then, we
explored the role and mechanism of ferroptosis in environmental stress-reduced testosterone levels through in
vivo and in vitro models. Data demonstrated that ferroptosis and lipid droplet deposition were observed in
environmental stress-exposed testicular Leydig cells. Pretreatment with ferrostatin-1 (Fer-1), a specific ferrop-
tosis inhibitor, markedly mitigated environmental stress-reduced testosterone levels. Through screening of core
genes involved in lipid droplets formation, it was found that environmental stress significantly increased the
levels of perilipins 4 (PLIN4) protein and mRNA in testicular Leydig cells. Further experiments showed that Plin4
siRNA reversed environmental stress-induced lipid droplet deposition and ferroptosis in Leydig cells. Addition-
ally, environmental stress increased the levels of METTL3, METTL14, and total RNA m6A in testicular Leydig
cells. Mechanistically, S-adenosylhomocysteine, an inhibitor of METTL3 and METTL14 heterodimer activity,
restored the abnormal levels of Plin4, Fe?* and testosterone in environmental stress-treated Leydig cells.
Collectively, these results suggest that Plin4 exacerbates environmental stress-decreased testosterone level via
inducing ferroptosis in testicular Leydig cells.

1. Introduction China: among 1472 men aged 40 to 69, the prevalence of TD was 42.76

% [6]. Over the past two decades, TD has persistently impacted the

Testosterone deficiency (TD), also known as hypotestosteronemia, is
characterized by low serum androgen levels in adult males [1-3]. TD is
prevalent and has a high incidence worldwide. In 2004, a North
American study found a 38.7 % prevalence of TD among 2162 adult
males [4]. Subsequently, the 2010 European Male Aging Study, which
assessed over 3000 men aged 40 to 79, reported a TD prevalence of 21.3
% [5]. Most recently, in 2020, a concerning finding was reported in

health of adult men worldwide, leading to decreased libido and erectile
dysfunction, ultimately resulting in male infertility [7-9]. Multiple
population studies have confirmed that many male infertility patients
have low or near-low serum testosterone levels [10]. For instance, a
longitudinal study from Denmark found a significant negative correla-
tion between semen quality and testosterone levels in male infertility
patients [11]. Additionally, a proteomics study on human testosterone
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deficiency revealed the role of testosterone in regulating sperm protein
expression and its importance in male infertility [12]. These findings
emphasize the potential importance of restoring normal testosterone
levels for the treatment of infertility. In addition, TD was strongly
associated with osteoporosis, cardiovascular diseases, and diabetes [13].
Numerous studies indicated that exposure to various stressors, such as
smoking, endocrine disruptors, and heavy metals, might trigger TD
[14-16]. For instance, a 20-year longitudinal study showed that the
decline in testosterone levels in men was closely related to unhealthy
lifestyles such as smoking [17]. Additionally, endocrine disruptors like
phthalates and bisphenol A affected testosterone levels through mech-
anisms such as inducing oxidative stress, triggering apoptosis, and
inhibiting steroidogenic enzymes [15]. Furthermore, exposure to heavy
metals like lead and mercury has been directly linked to testicular
dysfunction and reduced testosterone levels [18]. As representative
substances of various environmental stressors, increasing evidence
showed that cadmium (Cd) was a common environmental stressor
inducing TD. Epidemiological studies found a negative correlation be-
tween blood Cd levels and serum testosterone levels in adult men [19,
20]. Animal experiments further confirmed that Cd inhibited testos-
terone synthesis in mouse testes [16,21,22]. Nevertheless, the exacted
mechanism by which environmental stress induces TD remains unclear.

Ferroptosis is a novel type of programmed cell death associated with
intracellular ferrous iron overload and lipid peroxidation [23-25]. In
addition, the inactivation of the antioxidant defense system (such as
glutathione and GPX4) is also crucial in the process of ferroptosis [26,
27]. Ferroptosis was closely associated with various male reproductive
diseases, including testicular dysgenesis, spermatogenesis disorders, and
blood-testis barrier (BTB) disruption [28-31]. Additionally, environ-
mental stress-induced ferroptosis was gradually discovered in various
organs, including Cd-induced ferroptosis in mouse kidneys, livers, and
pancreas [32-35]. Most recently, a research study indicated that envi-
ronmental stress induced oxidative stress and ferroptosis in the testes of
pubertal mice, and thereby damaging testicular development and sper-
matogenesis [31]. Although it is known that environmental stress can
trigger ferroptosis, the specific mechanism and its impact on testos-
terone levels remain unclear.

Lipid droplets are storage organelles at the center of lipid and energy
homeostasis, playing an important role in lipid homeostasis regulation
and testicular spermatogenesis [36-38]. With the increasing attention
on ferroptosis, the relationship between lipid droplets and ferroptosis
needs further exploration urgently. A recent study indicated that lipid
droplet deposition promoted lipid peroxidation, and thereby initiated
ferroptosis in mouse livers [39]. It’s well known that lipid droplets are
mainly regulated by perilipins family members (Plin1-5), which are
crucial for the formation, stabilization, and metabolism of lipid droplets
[40,41]. Previous studies showed that perilipins participated in the
accumulation of lipid droplets in stromal vascular cells, liver cells and
neurons [42-45]. These studies consistently indicated that perilipins
may have a potential role in regulating lipid droplet deposition and
triggering ferroptosis. However, no studies have yet explored the impact
of perilipin-regulated lipid droplets on environmental stress-induced
ferroptosis in testes.

In the present study, our primary aim was to explore the relationship
between TD and Fe?* levels based on our all-cause male reproductive
cohort. Next, we investigated the role of ferroptosis in environmental
stress-reduced testosterone levels by using ferrostatin-1 (Fer-1), a spe-
cific ferroptosis inhibitor, in a mouse intervention study. Subsequently,
Plin4 siRNA intervention was used to observe the effect of Plin4 upre-
gulation on environmental stress-induced ferroptosis in TM3 cells.
Finally, S-adenosylhomocysteine (SAH, a m6A modification inhibitor)
was utilized to investigate the role of m6A modification in environ-
mental stress-induced upregulation of Plin4 in TM3 cells.

Redox Biology 76 (2024) 103312
2. Materials and approaches
2.1. Reagents

Cadmium chloride (CdCl,, 202908) was obtained from Sigma
Chemical Co (St. Louis, MO). Ferrostatin-1 (Fer-1, HY-100579) and S-
adenosylhomocysteine (SAH, HY-19528) sourced from MedChemEx-
press (New Jersey, United States). Antibodies for steroidogenic acute
regulatory protein (StAR, 8449S), methyltransferase 14 (METTL14,
51104S) and beta-actin (B-Actin, 4970S) were obtained from Cell
Signaling Technology (Beverley, MA). Antibodies against Glutathione
Peroxidase 4 (GPX4, ab125066) and METTL3 (ab195352) were sourced
from Abcam (Cambridge, MA, USA). Antibody for 4-hydroxynonenal (4-
HNE, AB_2735095) obtained from Thermo Fisher Scientific (Shanghai,
China). Antibody against perilipin-4 (PLIN4, 55404-1-AP) obtained
from Proteintech (Wuhan, China). EpiQuickTM RNA Methylation
Quantification Kit was from Epigentek Group Inc (Farmingdale, NY).
The Total Iron Colorimetric Assay Kit (E-BC-K772-M) and Ferrous Iron
Colorimetric Assay Kit (E-BC-K773-M) were sourced from Elabscience
(Wuhan, China). Testosterone ELISA kit (CEA458Ge) manufactured by
Cloud-Clone Corp (Wuhan, China). Mouse Plin4 short interfering RNA
was from GenePharma (Shanghai, China).

2.2. All-cause reproductive cohort study

To investigate the causes of male testosterone deficiency, an all-
cause male reproductive cohort was established. With the informed
consent of donors, human whole blood samples (n = 310) were sourced
from the Reproductive Medicine Center of the First Affiliated Hospital of
Anhui Medical University. Serum was collected by centrifuging whole
blood samples at 3000 g for 15 min at 4 °C. Based on serum testosterone
levels of 300 ng/dL (10.4 nmol/L), donors were divided into groups with
normal testosterone levels and groups with testosterone deficiency.
Throughout its execution, the study design adhered to the regulations
regarding human research donors. This study received ethical approval
from the Clinical Research Ethics Committee of the First Affiliated
Hospital of Anhui Medical University (Approval No: PJ2023-04-12).

2.3. Animal experiment

All procedures involving animals were conducted in strict adherence
to the humane treatment standards set forth by the Laboratory Animal
Science Association at Anhui Medical University (ethical approval
number LLSC20190297). C57BL/6J mice were supplied by Beijing Vital
River Laboratory Animal Technology Co., Ltd (Beijing, China). All mice
were freely fed and watered, and acclimatized for one week under
standard conditions (temperature: 20-25 °C, humidity: 50-60 %, 12-h
light/dark cycles). CdCl, was dissolved in saline to create a working
solution at 0.1 mg/mL. Fer-1 was dissolved in dimethyl sulfoxide
(DMSO) to form a stock solution (10 mg/mL), which was then diluted to
a working solution using saline and 20 % sulfobutylether-p-cyclodextrin
(SBE-B-CD). The final concentration of DMSO in the working solution
did not exceed 0.1 %. The control injection solution was composed of
saline mixed with equal parts DMSO and SBE-f-CD.

Experiment 1: The experimental design was utilized to explore the
causes and mechanisms underlying the decline in testosterone levels
induced by environmental stress (Fig. 2A). Briefly, all male mice were
intraperitoneally injected with 1 mg/kg CdCl, or saline once daily for
three days, and then their serum and testes were collected. In this study,
the Cd dosage was chosen based on internal exposure levels obtained
from population studies and previous research findings [46,47].

Experiment 2: To clarify the role of ferroptosis in environmental
stress-decreased testosterone levels, Fer-1, a specific ferroptosis inhibi-
tor, was utilized before the environmental stressor treatment in mice. All
male mice were intraperitoneally injected with 2 mg/kg Fer-1, and 30
min later, 1 mg/kg CdCly was injected once daily for three days.
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Euthanasia was performed 24 h later, and mouse serum and testes were
collected.

2.4. Cell culture and treatment

TM3 cells, a cell line derived from mouse testicular Leydig cells, are
cultured in DMEM/F-12 medium supplemented with 5 % horse serum,
2.5 % fetal bovine serum, and 1 % penicillin/streptomycin. All cells are
maintained in an incubator at 37 °C with 5 % CO,. To investigate
whether environmental stress induces ferroptosis and reduces testos-
terone levels, cells were treated with CdCl, (20 pM) for 0, 2, 8, and 24 h.
The Cd dosage was based on a prior study [16]. To investigate whether
environmental stress induces ferroptosis by elevating Plin4-mediated
lipid droplet deposition, cells were incubated with Plin4 siRNA for 24 h,
followed by treatment with CdCl, (20 pM) for 24 h. To investigate the
impact of m6A modification on the upregulation of Plin4 and ferroptosis
induced by environmental stress, cells were co-cultured with SAH (10
pM) and CdCl; (20 pM) for 24 h.

2.5. Measurement of metal elements in human urine

Inductively coupled plasma mass spectrometry (ICP-MS) was used to
measure the metal content in urine. Sample pretreatment steps included
dilution with 5 % Triton solution and nitric acid to meet the re-
quirements of ICP-MS analysis. The specific procedure was as follows:
take 200 pl of urine sample, add 60 pl of 10 ppm gold (Au) internal
standard solution, and an appropriate amount of Solution 1 (composed
of nitric acid, 5 % Triton, and deionized water), and perform a 30-fold
dilution. The treated samples were then analyzed using ICP-MS, with
internal standard addition, instrument bias correction, and standard
curve establishment, ultimately calculating the metal content in the
urine of the population.

2.6. Cell viability assay

According to the instructions for the CCK-8 assay kit (Catalog No:
HY-K0301, New Jersey, USA), first, seed an appropriate number of cells
in a 96-well plate, and set time points at 0 h, 2 h, 8 h, and 24 h. When cell
confluence reaches 60 %, treat the cells with different concentrations of
CdCl, (0 pM, 2.5 pM, 5 pM, 10 pM, 20 pM, 40 pM). At the designated
time points, add 10 pl of CCK-8 reagent to each well and incubate at
37 °C, 5 % COy for 1h. Finally, measure the absorbance (OD value) of
each well at a wavelength of 450 nm using a microplate reader to assess
cell proliferation and viability.

2.7. RNA interference

RNA interference experiments were conducted in accordance with
our previous research methods [48]. Briefly, TM3 cells were transfected
with a mixture of Plin4-specific small interfering RNA (siR) and Lip-
ofectamine 3000. The nucleotide sequence of the Plin4 siR was
5-GGCUGGGUGAUAUCUUUCATT-3' (forward) and 5-UGAAAGAU
AUCACCCAGCCTT-3' (reverse).

2.8. Biochemical measurement

Above all, whole blood samples from humans and mice were
collected, and serum samples were obtained by centrifuging at 3000g for
15 min at 4 °C. Next, a biochemical analyzer measured the levels of
triglycerides (TG), total cholesterol (TC), low-density lipoprotein (LDL-
C), and high-density lipoprotein (HDL-C). The levels of glutathione
(GSH) in mouse testes were measured using commercial kits from
Beyotime (Shanghai, China).
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2.9. Engyme-linked immunosorbent assay (ELISA)

According to the instructions provided by Cloud-Clone Corp (Wuhan,
China) for the testosterone assay Kkit, first set up the standard wells,
sample wells, and blank wells. Add 50 pl of the sample and working
solution A to each well, incubate at 37 °C for 1 h, then wash the plate 3
times. Add working solution B and incubate for another 30 min. Next,
wash the plate 5 times, add the substrate solution, incubate at 37 °C for
10 min in the dark, then add the stop solution and measure the absor-
bance of each well using a microplate reader.

2.10. Malondialdehyde (MDA) measurement

According to the instructions provided by Beyotime (Shanghai,
China) for the malondialdehyde (MDA) assay kit, the experimental steps
are as follows: First, take 50 mg of fresh testicular tissue and add 500 pl
of pre-cooled saline to prepare the tissue homogenate. Then, centrifuge
the homogenate at 10000g-12000g, and collect the supernatant. Next,
add the test reagent in proportion, mix well, and heat at 100 °C for 15
min. After cooling, centrifuge again, collect the supernatant, and mea-
sure the absorbance with a microplate reader to calculate the MDA
content.

2.11. Detection of ferrous iron (Fe?*)

To begin with, collect whole blood samples from humans and mice,
and centrifuge them at 3000g for 15 min at 4 °C to prepare serum
samples. According to the instructions provided in the Ferrous Iron
Colorimetric Assay Kit by Elabscience (Wuhan, China), proceed as fol-
lows. Prepare a standard curve with appropriate concentrations and mix
the serum samples with buffer solution. Add standard samples and test
samples sequentially to a 96-well plate, then add the coloring solution
and mix well. Incubate the plate at 37 °C for 10 min. Finally, measure
the OD value of each well at a wavelength of 593 nm using a microplate
reader and calculate the ferrous iron content in the serum according to
the formula.

2.12. Transmission electron microscopy (TEM)

After removing the fresh testes, 20 pl of 1 % glutaraldehyde fixative
was injected using a microsyringe. Then the testes were cut into small
pieces (1 mm®) and fixed in 1 % glutaraldehyde. The samples were
dehydrated through a graded ethanol series (50 %, 70 %, 90 %, 100 %)
and embedded in EPON 812 resin. Ultrathin sections (70-100 nm) were
prepared using Leica EM UC7 (Leica, Germany). After lead citrate
staining, imaging was performed using the Thermoscientific Talos
L120C G2 (Thermo Fisher, USA).

2.13. Hematoxylin and eosin (H&E) staining

After deparaffinization and hydration, testicular paraffin sections
were stained with hematoxylin and eosin. Subsequently, the sections
were dehydrated with increasing concentrations of ethanol and cleared
in xylene. Finally, the number of nuclei in testicular Leydig cells was
quantified with Image J software.

2.14. Oil red O staining experiment

The 5 pm frozen sections of testicular tissue were washed in PBS
three times for 3 min each. Next, the sections were immersed in 60 %
isopropanol for 2 min and then stained with freshly prepared Oil Red O
solution for 10 min. After staining, to eliminate non-specific attach-
ments, the sections were sequentially washed with 60 % isopropanol and
PBS, and then stained with hematoxylin. The areas of lipid droplets in
testicular Leydig cells were assessed using Image J software, analyzing
four testes per group [49].
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2.15. Detection of lipid droplets using BODIPY staining

To begin with, the live cells were rinsed twice using PBS solution.
Next, freshly prepared BODIPY 493/503 solution (MED25592) was
added to the cells and incubated at 37 °C for 20 min for staining. Af-
terward, the cells were washed again with PBS and counterstained with
Hoechst 33342 dye for 6 min. Finally, the cells were observed and
imaged using a laser confocal microscope.

2.16. FerroOrange staining

Initially, TM3 cells treated with environmental stress for 24 h were
washed with PBS, then Hoechst 33342 dye was added and incubated at
37 °C for 6 min to label the nuclei. After washing the cells again with
PBS, 1 pmol/L FerroOrange staining solution was added to each well,
and the cells were incubated at 37 °C in a 5 % CO, incubator for 30 min.
After incubation, the cells were directly observed using a confocal laser
scanning microscope.

2.17. Detection of oxidized lipids using C11-BODIPY

As per the manufacturer’s instructions, used C11-BODIPY (Thermo
Fisher Scientific, Shanghai, China) to detect lipid peroxidation levels in
cells. In short, added freshly prepared 10 pM C11-BODIPY solution to
the cells and incubated at 37 °C for 30 min. Subsequently, observed
oxidized lipids at a wavelength of 510 nm and reduced lipids at a
wavelength of 590 nm using a laser confocal microscope.

2.18. Immunoblotting

For detailed reagent and material preparation, please refer to the
previously published articles [50,51]. Briefly, total protein was extrac-
ted from mouse testes and TM3 cells. The protein extracts were then
separated by SDS-PAGE and transferred to PVDF membranes. Following
the blocking with 5 % milk, the membranes were incubated with the
respective primary and secondary antibodies. Finally, protein expres-
sion was detected using a digital imaging system (ChemiDoc™ MP,
BIO-RAD, USA). In this study, the concentrations of the primary anti-
bodies for the primary target proteins are listed as follows: GPX4
(1:1000), 4-HNE (1:1000), StAR (1:1000), 38-HSD (1:1000), PLIN4
(1:1000), METTL3 (1:1000), and METTL14 (1:1000).

2.19. Immunohistochemistry

Testicular sections were dewaxed, rehydrated, quenched for endog-
enous peroxidase activity, and subjected to antigen retrieval. The sec-
tions were incubated overnight with antibody 4-HNE (1:200) at 4 °C.
The following day, the sections were treated with a secondary antibody,
followed by SP (streptavidin-peroxidase) reaction, DAB (dia-
minobenzidine) chromogenic reaction, and hematoxylin staining. Ulti-
mately, the area positive for 4-HNE was quantified in the testes.

2.20. Immunofluorescence

The specific experimental protocol referred to previous studies [52].
The key steps of the experiment are outlined as follows: The testicular
tissues were dehydrated with a 30 % sucrose solution and then made
into 5 pm frozen sections. TM3 cells were cultured on slides and sub-
sequently fixed with 4 % paraformaldehyde for 15 min after exposure to
the environmental stressor. To inhibit non-specific binding, the sections
were incubated in PBS working solution containing 10 % goat serum for
1.5 h. Afterward, the sections were incubated with the primary antibody
(1:200) at 37 °C for 1.5 h, followed by incubation with the
fluorescein-conjugated secondary antibody working solution for 1.5 h.
The nuclei were stained with DAPI or Hoechst 33342 for 6 min. Finally,
the sections were observed using a confocal microscope (Leica
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THUNDER DMi8).
2.21. Extraction of total RNA and real-time RT-PCR

Total RNAs of testes and cells were extracted with TRIzol reagent
(Invitrogen). ¢cDNA was synthesized from total RNAs utilizing the
Transcriptor First Strand ¢cDNA Synthesis Kit (Roche, 04897030001).
Then the expression of the target gene was detected using the Light-
Cycler® 480 real-time fluorescence quantitative PCR machine (Roche,
Switzerland). 18S rRNA served as the internal control. Primers for the
target genes are listed in Supplementary Table 1. The expression of
target mRNA was analyzed by comparative the CT method.

2.22. Detection of total m6A levels

Total RNA from TM3 cells was isolated using TRIzol reagent. Sub-
sequently, the total m6A levels were measured using the EpiQuickTM
RNA Methylation Quantification Kit (Epigentek, USA) following the
manufacturer’s guidelines.

2.23. Statistical analysis

All data were presented as mean + S.E.M. and analyzed using
GraphPad Prism 9.0 software. Mean comparisons between the two
groups were performed using two-tailed Student’s t-test. One-way
ANOVA was used to compare means in multiple groups, followed by
Sidak post-hoc test to assess significant differences between groups. P-
value of less than 0.05 was considered statistically significant.

3. Results

3.1. The association between elevated serum ferrous iron (Fe) levels
and all-cause testosterone deficiency

Among the 317 donors who provided blood samples, 7 adults were
excluded due to age mismatch, and 310 donors were successfully
included in the study (Fig. 1A). To investigate the reasons for adult
testosterone deficiency, the Spearman correlation indicated a negative
association of testosterone levels with ferrous iron (Fe?") and triglyc-
eride (TG) levels, and a strong positive association between Fe?" and TG
levels (Fig. 1B). There was no significant age difference between the two
groups of donors (Fig. 1C). Donors were divided into normal testos-
terone levels group and testosterone deficiency group based on a serum
testosterone level of 300 ng/dL (10.4 nmol/L). Relative to the control
group, the testosterone deficiency group exhibited significantly reduced
serum testosterone levels (Fig. 1D). Significant increase in serum Fe?*,
TG, and HDL cholesterol (HDL-C) levels was observed among testos-
terone deficiency participants (Fig. 1E-G). There were no significant
differences between the two groups in serum low-density lipoprotein
cholesterol (LDL-C), total cholesterol (TC), and urine iron content
(Fig. 1H-J). Compared to the healthy control group, Cd levels in the
urine of testosterone deficiency donors were significantly elevated
(Fig. 1K). Additionally, Spearman correlation analysis showed a nega-
tive correlation between Cd levels in urine and testosterone levels
(Fig. S1G). As mentioned above, elevated serum Fe?* and TG levels are
negatively correlated with testosterone deficiency.

3.2. Environmental stress suppresses testosterone synthesis in mouse
testicular Leydig cells

Cadmium (Cd), a typical environmental stressor, is utilized for
establishing models of testosterone deficiency in vivo (Fig. 2A). Male
mice underwent continuous exposure to environmental stress for three
days. Environmental stress didn’t affect the body weight and testicular
coefficient in male mice, but significantly reduced their serum testos-
terone levels (Fig. 2B-D). Correspondingly, environmental stress
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Fig. 1. The association between elevated serum ferrous iron (Fe**) and all-cause testosterone deficiency. (A-I) Serum was collected from 310 men aged 20-40 years.
(A) Flowchart of the study population. (B) Visual representation of Spearman correlations among various indices and correlation strength indicated by the color
depth and rectangle size. A blank grid denotes a P-value of more than 0.05. (C) Male age. (D) Adult males were divided into two groups based on serum testosterone
(T) levels: normal testosterone group (T > 10.4 nmol/L) and testosterone deficiency group (T < 10.4 nmol/L). (E) Ferrous iron (Fe®"). t = 4.942, P < 0.0001. (F)
Triglycerides (TG). t = 4.371, P < 0.0001. (G) HDL cholesterol (HDL-C). t = 3.260, P = 0.0012. (G and H) LDL cholesterol (LDL-C) and total cholesterol (TC) levels (P
> 0.05). (J and K) Urine was collected from 200 men aged 20-40 years. (J) urine Fe levels. (P > 0.05). (K) Urine Cd content. t = 2.262, P = 0.0248. N = 317 for
human serum samples and N = 200 for human urine samples. *P <0.05, **P < 0.01 and ns P > 0.05. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

downregulated the expression of testicular StAR and 3p-HSD, the two
testosterone synthesis enzymes (Fig. 2E-G). We further confirmed StAR,
primarily located in testicular Leydig cells, was significantly reduced
upon environmental stress (Fig. 2H and I). TM3 cells, which are a mouse
Leydig cell line, were continuously exposed to environmental stress
conditions from 0 to 24 h (Fig. 2J). Environmental stress also led to a
reduction in testosterone concentration in the cell medium and lowered
the protein level of StAR and 3p-HSD in mouse testicular Leydig cells
(Fig. 2K-M). As above, environmental stress significantly inhibits
testosterone synthesis in mouse testicular Leydig cells.

3.3. Environmental stress induces ferroptosis in mouse testicular Leydig
cells

To investigate whether environmental stress induces ferroptosis in
testicular Leydig cells, the morphology and tissue structure of mouse
testicular Leydig cells were observed. H&E staining results showed that
environmental stress reduced the number of Leydig cells in mouse testes
(Fig. 3A and B). Subsequently, the ultrastructure of mouse testicular
cells was observed under transmission electron microscope (TEM). As

presented in Fig. 3C and D, environmental stress lowered the mito-
chondrial cristae and mitochondrial area in mouse testicular Leydig
cells. The accumulation of ferrous iron and lipid peroxides were essen-
tial for the execution of ferroptosis. Environmental stress significantly
increased serum ferrous iron levels in male mice (Fig. 3E and F).
Correspondingly, environmental stress significantly increased malon-
dialdehyde (MDA, a lipid peroxidation marker) levels and decreased
glutathione (GSH) levels in mouse testes (Fig. 3G and H). Furthermore,
environmental stress markedly reduced GPX4 protein levels and
elevated 4-HNE protein levels in mouse testes (Fig. 3I-K). According to
immunofluorescent results, environmental stress noticeably down-
regulated the expression of GPX4 in testicular Leydig cells (Fig. 3L and
M). Additionally, lipid peroxidation levels were further measured in
TM3 cells. As expected, environmental stress increased levels of oxida-
tive lipids in TM3 cells (Fig. 3N and O). Finally, environmental stress
markedly reduced GPX4 protein levels and elevated 4-HNE protein
levels in TM3 cells (Fig. 3P-R). As described above, environmental stress
triggers ferroptosis in mouse testicular Leydig cells.



X.-D. Zhang et al. Redox Biology 76 (2024) 103312

A B - D .
30+ g o
. H ] c
3 | + gk =
..... £ 20 & D .
IP: Cdcl, 1mglkg -g’ aa:> 2L
g 8 52
H o . o
. . Saline/Cd > 10-] s S
Adaptive feeding et E 3 =
(age: 8weeks) , TR b e
® 0- 2o g
® Sacrifice 0 7 8 9 10 Days 0 1 3 0 1 3 0 1 3
Cd treatment (d) Cd treatment (d) Cd treatment (d)
= £ 2.0+ = > 1004 fi
* ]
cd (d) 0 1 3 £ .. 9§ s =
Qo . BE s
3-HSD == == — = — — — — — — <40kDa & £y o
3 10 I ¥ .
(7] . s O 404
SIAR eSS eee=-pe=~|+28kDa I ' 59
g. 0.5 3: . g 20
B-Acun —_——— e e e — — e e 442kDa 0.0 i 0-
0 1 3 Control Cd
Cd treatment (d) Cd treatment (d)
" J
StAR Merge Magnification
TM3 cell culture Cell collection

.

Cd treament (20uM)

.

Oh 2h 8h 24h
K L M Cd treament (h) 0 2 s W24
*% *

169 @ —— 20 T *
]
§ * Ccd (h) 0 2 8 ° *
s o 5 157 A
@ 104 & § 38-HSD === e <«40kDa % " .
g2 " ' 2% 10- I
2 - S 1
2 . StAR mEE st mmmr <28kDa 52 A5 I 1
£ 3 0.5

0.0- 0.0 T T

24

0 2 8 24

3B-HSD StAR
Cd treatment (h)
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3.4. Environmental stress reduces testosterone levels by inducing inhibitor) was used prior to environmental stress in mice. TEM results
ferroptosis in mouse testicular Leydig cells showed that pre-treatment with Fer-1 effectively inhibited the charac-
teristic morphological changes of ferroptosis induced by the environ-

To elucidate the effect of ferroptosis on testosterone levels in mental stressor (Fig. 4A and B). Similarly, Fer-1 reversed the depletion
testicular Leydig cells, ferrostatin-1 (Fer-1, a specific ferroptosis of GSH and the accumulation of MDA in environmental stress-exposed
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testes (Fig. 4C and D). Subsequently, it was found that Fer-1 effectively
restored the environmental stress-downregulated the expression of the

core antioxidant molecule GPX4, and reversed environmental stress-

upregulated the expression of lipid peroxidation end product 4-HNE in
mouse testes (Fig. 4E~G). Immunohistochemical analysis showed that 4-

HNE was predominantly expressed in testicular Leydig cells, with pre-

treatment by Fer-1 significantly reducing the accumulation of 4-HNE
evoked by environmental stress (Fig. 4H and I). Interestingly, Fer-1
significantly restored the reduced levels of serum testosterone and the
protein level of StAR and 3p-HSD in environmental stress-administered

testes (Fig. 4J-M). Overall, environmental stress reduces testosterone
levels by triggering ferroptosis in mouse testicular Leydig cells.

3.5. Environmental stress upregulates Plin4 expression and induces lipid
droplet deposition in mouse testicular Leydig cells

To elucidate the mechanism of environmental stress-activated fer-
roptosis, the levels of lipid droplets were measured in mouse testes. As
shown in Fig. 5A and B, TEM results revealed that environmental stress
increased the accumulation of lipid droplets in testicular Leydig cells.
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Environmental stress significantly increased TG, TC, and LDL-C levels,
and notably decreased HDL-C levels in mouse sera, which was similar to
the findings in populations with testosterone deficiency (Fig. 5C-F).
Additionally, oil red O staining results showed that environmental stress
led to considerable deposition of lipid droplets in testicular Leydig cells
(Fig. 5G and H). To thoroughly investigate the causes of lipid droplet
deposition upon environmental stress, RT-qPCR was utilized to screen
the gene expression levels involved in lipid droplets formation. We
found that environmental stress notably enhanced Plin4 mRNA levels

Redox Biology 76 (2024) 103312

(Fig. 5I). In line, the PLIN4 protein was also elevated in environmental
stress-exposed testes (Fig. 5J and K). To further delineate the circum-
stances of lipid droplet deposition, we conducted detailed analyses of
testicular Leydig cells (TM3). Our data also showed that environmental
stress significantly elevated the number of BODIPY-stained LDs in TM3
cells (Fig. 5L and M). Correspondingly, environmental stress markedly
elevated mRNA and protein levels of PLIN4 in TM3 cells (Fig. 5SN-P). The
aforementioned results indicate that environmental stress upregulates
the expression of Plin4 and induces lipid droplet deposition in mouse
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testicular Leydig cells.

3.6. Environmental stress induces ferroptosis via enhancing Plin4-
mediated lipid droplet deposition in mouse testicular Leydig cells

To explore whether environmental stress induces ferroptosis by
elevating Plin4-mediated lipid droplet deposition in Leydig cells, TM3
cells were pretreated with Plin4 siRNA (siR) prior to treatment with the
environmental stressor. As shown in Fig. 6A-D, Plin4 siR treatment
reduced the accumulation of lipid droplets and elevation of lipid per-
oxidation levels induced by environmental stress. Correspondingly,
significant downregulation of PLIN4 and 4-HNE and upregulation of
GPX4 were observed in TM3 cells pretreated with Plin4 siR upon envi-
ronmental stress (Fig. 6E-I). Interestingly, Plin4 siR treatment signifi-
cantly restored the reduced levels of cell medium testosterone and the
protein level of StAR and 3p-HSD in environmental stress-administered
TM3 cells (Figs. S5A-D). Overall, environmental stress induces ferrop-
tosis via enhancing Plin4-mediated lipid droplet deposition in mouse
testicular Leydig cells.

3.7. S-adenosylhomocysteine (SAH) supplementation alleviates
environmental stress-elevated Plin4 and Fe*" levels in mouse testicular
Leydig cells

To investigate the mechanism of Plin4 expression upregulated via
environmental stress, the m6A modification level was measured in
mouse testicular Leydig cells (TM3). Our findings showed that envi-
ronmental stress significantly elevated the total RNA m6A modification
levels (Fig. 7A). Additionally, environmental stress increased the protein
levels of METTL3 and METTL14 (the m6A methyltransferase complex)
(Fig. 7B-D). Furthermore, the MELLT3-METTL14 heterodimer complex
activity inhibitor S-adenosylhomocysteine (SAH) was used to investi-
gate the effects of m6A modification on Plin4 upregulation and ferrop-
tosis in environmental stress-exposed TM3 cells. Our data showed that
SAH intervention reversed the significant increase in m6A modifications
in total RNA induced by environmental stress. (Fig. 7E). Additionally,
SAH intervention significantly alleviated the upregulation of PLIN4 by
environmental stress (Fig. 7F and G). Concurrently, immunofluores-
cence and BODIPY staining revealed that SAH intervention markedly
alleviated environmental stress-induced elevation of PLIN4 levels and
accumulation of lipid droplets (Fig. 7H-J). Crucially, SAH intervention
reversed the increase in ferrous iron (Fe2") levels and restored the
decreased testosterone levels induced by environmental stress. (Fig. 7K
and M). Thus, SAH supplementation alleviates environmental stress-
increased Plin4 and Fe?* levels in mouse testicular Leydig cells.

4. Discussion

Testosterone, a male hormone primarily produced by the testes, is
essential for the development of male sexual characteristics, spermato-
genesis and reproductive function [53,54]. Testosterone deficiency (TD)
is a significant global medical issue, affecting 30 % of men aged 40 to 79
[55,56]. As testosterone levels gradually decrease, patients with TD
experience psychological, physiological, and metabolic effects that
lower their quality of life [57]. Increasing research indicates that envi-
ronmental factors are the primary cause of the gradual decline in
testosterone levels [58]. Cadmium (Cd), a widely distributed heavy
metal, is a common environmental stressor that induces reproductive
toxicity [59-61]. This study demonstrated that environmental stress
significantly downregulated key testosterone synthases expression, and
reduced testosterone levels in vivo and in vitro. These findings were
consistent with earlier research, which found that Cd significantly
lowered testosterone levels in male mice [16,62,63]. Thus, environ-
mental stress leads to a decrease in testosterone levels.

In the present study, our male reproductive cohort found that
testosterone levels were negatively correlated with ferrous iron (Fe*)
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levels. Ferroptosis is a form of cell death dependent on the accumulation
of Fez*, where Fe?* catalyzes the Fenton reaction (Fe?* reacting with
hydrogen peroxide to produce hydroxyl radicals), promoting lipid per-
oxidation, and thereby leading to the depletion of the cellular antioxi-
dant system [64-68]. The significance of ferroptosis in male
reproductive injury has been established, particularly its crucial role in
regulating testicular development, spermatogenesis, and blood-testis
barrier (BTB) function [28,69-71]. Our results showed that environ-
mental stress led to Fe?* accumulation, increased lipid peroxidation
levels, and decreased levels of glutathione (GSH) and GPX4 in testicular
Leydig cells. The above results indicate that environmental stress trig-
gers ferroptosis in testicular Leydig cells. Further experiments demon-
strated that pretreatment with ferrostatin-l  (Fer-1, the
ferroptosis-specific inhibitor) restored environmental stress-reduced
testosterone levels in mice. Therefore, our findings suggest that envi-
ronmental stress lowers testosterone levels by inducing ferroptosis in
mouse testicular Leydig cells.

Lipid droplets, the dynamic lipid storage organelles, play a crucial
role in lipid homeostasis and testicular spermatogenesis [38,72,73].
Moreover, excessive lipid droplets possibly promote ferroptosis through
the excessive oxidation of lipids [74]. Our research presented that
environmental stress significantly elevated the number of oil red O and
BODIPY-stained lipid droplets in testicular Leydig cells. It is widely
recognized that lipid droplets are consist of a surface phospholipid
monolayer and specific proteins [36,75]. Among these proteins, the
perilipin family has been noted for its functions of stabilizing lipid
droplet’s structure and regulating lipid storage [41]. In this study, we
screened and identified the upregulated expression of Plin4 in environ-
mental stress-exposed testes. Subsequently, Plin4 siR reversed environ-
mental stress-induced lipid droplet deposition and reduced the
occurrence of ferroptosis in testicular Leydig cells. An earlier study
discovered Plin4-dependent lipid droplet accumulation in neurons,
which could be also reversed by Plin4 siR intervention [45]. Thus,
Environmental stress induces ferroptosis via enhancing Plin4-mediated
lipid droplet deposition in mouse testicular Leydig cells.

N6-methyladenosine (m6A) is the most common RNA modification
in eukaryotes, playing crucial roles in pathological and physiological
processes [76,77]. m6A modification participates in many important
physiological processes such as lipid metabolism and lipid droplet syn-
thesis in mammals [78,79]. In this study, we found that environmental
stress increased the total RNA m6A levels in mouse testicular Leydig
cells, accompanied by a significant upregulation of key RNA methyl-
transferases METTL3 and METTL14. Previous studies have shown that
S-adenosylhomocysteine (SAH), an activity inhibitor of the METTL3 and
METTL14 heterodimer, could significantly decrease total m6A levels
[80,81]. Our findings showed that SAH supplementation alleviated the
environmental stress-induced upregulation of Plin4 expression and
accumulation of lipid droplets, and reversed environmental
stress-increased the level of Fe?™ in mouse testicular Leydig cells.
Similarly, a recent study also indicated that inhibiting the increase in
m6A levels can effectively mitigate the occurrence of ferroptosis induced
by another environmental stress [82]. As mentioned above, environ-
mental stress upregulates Plin4 in an m6A-dependent manner in mouse
testicular Leydig cells.

5. Conclusion

In the current study, we observed the negative correlation between
testosterone levels and Fe?" levels in our male reproductive cohort.
Through Fer-1 intervention experiments, we confirmed that ferroptosis
contributes to the decline in testosterone levels caused by environmental
stress. Additionally, we verified that environmental stress triggers fer-
roptosis by enhancing Plin4-mediated lipid droplet deposition, using
Plin4 siR. Finally, we used SAH to confirm that environmental stress
upregulates Plin4 in an m6A-dependent manner. In conclusion, Plin4
exacerbates environmental stress-decreased testosterone level via
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Fig. 7. S-adenosylhomocysteine (SAH) supplementation alleviates environmental stress-increased Plin4 and Fe®*" levels in mouse testicular Leydig cells. (A-D) Mouse
testicular Leydig cells (TM3) were exposed to CdCl, (20 pM) for 0-24 h. (A) The total RNA m6A levels. (B-D) The protein expression levels of METTL3 and METTL14
were assessed using immunoblotting. (E-K) TM3 cells were treated with CdCl, (20 pM) for 24 h, with or without 10 pM S-adenosylhomocysteine (SAH). (E)
Measurement of total RNA m6A levels. (F and G) The protein expression levels of PLIN4 were assessed using immunoblotting. (H-J) Exemplary immunofluorescence
staining images and quantitative results of PLIN4 and lipid droplets, with nuclei marked by DAPI. Scale bar: 150 pm. (K and L) Exemplary images of FerroOrange
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>

Data are shown as mean + S.E.M. (n = 3-4 per group). *P < 0.05, **P < 0.01.
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inducing ferroptosis in testicular Leydig cells. Plin4 may serve as a po-
tential target for developing new drugs to treat testosterone deficiency
and related reproductive disorders.
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