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exposure to DEHP on testis development remain unclear. /n vivo, postnatal day (PND) 21 male
rats were gavaged with 0, 250, and 500 mg/kg DEHP for ten days. Damage to the seminiferous
epithelium and disturbed spermatogenesis were observed after DEHP exposure. Meanwhile,
oxidative stress-induced injury and pyroptosis were activated. Both endoplasmic reticulum
(ER) stress and mitophagy were involved in this process. Monoethylhexyl phthalate (MEHP)
was used as the biometabolite of DEHP in vitro. The GC-1 and GC-2 cell lines were exposed
to 0, 100 uM, 200 uM, and 400 uM MEHP for 24 h. Reactive oxygen species (ROS) generation,
oxidative stress damage, ER stress, mitophagy, and pyroptosis were significantly increased af-
ter MEHP exposure. The ultrastructure of the ER and mitochondria was destroyed. X-box bind-
ing protein 1 (XBP1) was observed to be activated and translocated into the nucleus. ROS
generation was inhibited by acetylcysteine. The levels of antioxidative stress, ER stress, mito-
phagy, and pyroptosis were decreased as well. After the administration of the ER stress inhib-
itor 4-phenyl-butyric acid, both mitophagy and pyroptosis were inhibited. Toyocamycin-
induced XBP1 down-regulation decreased the levels of mitophagy and pyroptosis. The equilib-
rium between pyroptosis and mitophagy was disturbed by XBP1 accumulation. In summary, our
findings confirmed that DEHP induced a ROS-mediated imbalance in pyroptosis and mitophagy
in immature rat testes via XBP1. Moreover, XBP1 might be the key target in DEHP-related testis
dysfunction.

© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Sperm quality has decreased in recent decades due to the
increase in various environmental hazards."? Approxi-
mately 50% of infertility cases worldwide result from male
reproductive dysfunction.® Among the harmful materials,
the endocrine-disrupting chemical (EDC) class of chemical
compounds interferes with normal spermatogenesis and
causes male infertility. Once released into the environ-
ment via food packaging, polyvinyl chloride materials, toys,
and baby products, EDCs enter the human body, accumu-
late, and exert adverse effects on diverse organ
systems.” Due to their estrogen-like character, EDCs disrupt
both male and female gonadal development by directly
causing hormone disorders or through epigenetic mecha-
nisms, such as DNA methylation.®

Di-(2-ethylhexyl) phthalate (DEHP) is the most utilized
plasticizer and has been shown to cause male reproductive
dysfunction. DEHP is absorbed into the human body via
food, water, the skin, and air.”® Increasing DEHP con-
centrations in urine, serum, semen, and breast milk have
been recently reported.’~"" Additionally, urinary metab-
olites of DEHP are highly related to low sperm mobility and
counts, reactive oxygen species (ROS) generation, and
apoptosis in humans. > Maternal DEHP exposure may cause
cryptorchidism, hypospadias, and other congenital
malformations.'>'* Recent studies revealed decreased
testosterone levels, sperm counts, and impaired testicular
structure in  adult rats with long-term DEHP
exposure.’"® Prenatal exposure to DEHP is negatively
related to the adult testis volume in men.'” In addition,
several studies have confirmed that DEHP exposure causes
substantial harm in male animal models. In our previous
study, DEHP inhibited the nuclear factor-erythroid 2
related factor (NRF2)-mediated antioxidant response and
resulted in testis dysfunction by increasing the level of the
mé6A RNA modification in Sprague—Dawley (SD) rats.'® The
integrity of the blood—testis barrier was impaired in

premature rat testes after DEHP exposure.'® Additionally,
prepubertal exposure to DEHP caused apoptosis and
inhibited the proliferation of both Leydig cells and Sertoli
cells via the p53 signaling pathway.?® Ferroptosis is also
involved in somatic cell death in the testis.?" Pyroptosis
may participate in the related injury to germ
cells.?? However, the mechanism underlying DEHP-induced
testicular germ cell injury has not been comprehensively
clarified.

Endoplasmic reticulum (ER) stress mechanisms are
activated to address the accumulation of misfolded or
unfolded proteins in the ER.?* Under ER stress conditions,
cells maintain intercellular homeostasis and protein quality
control systems via the unfolded protein response
(UPR).* In the presence of misfolded proteins, ER stress
activates the UPR and initiates the elimination of those
proteins  through  autophagy and  ER-associated
degradation.?* ROS may be an important activator of ER
stress. Apoptosis is induced by camalexin in human
leukemic cells via the ROS-ER stress-mitochondrial
apoptosis pathway.?”> Among the three UPR branches, the
endoplasmic reticulum to nucleus signaling 1 (IRE1)—X box
binding protein 1 (XBP1) pathway exhibits the tightest
connection with oxidative stress.?®?” Moreover, accumu-
lating research has revealed a tight connection between ER
stress and autophagy. Macroautophagy is activated by ROS
and the UPR, depending on the context, and is crucial for
irradiated cell survival.?” ER stress is triggered by particu-
late matter <2.5 mm (PM 2.5) and induces autophagy and
apoptosis in human endothelial cells.?® Ferroptosis is
involved in cadmium-induced renal injury and is regulated
by the MitoROS-ER stress—ferritinophagy axis.?’ ER stress
may effectively induce autophagy. Our recent findings
suggest that ROS is the factor initiating infertility after
DEHP exposure.*® Researchers have not clearly determined
whether ER stress is involved in this process and the po-
tential relationship between ROS and the IRE1—XBP1
pathway.
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Mitophagy is a type of selective autophagy unique to the
mitochondria, acting as a mitochondrial quality control
mechanism that mediates the removal of impaired
mitochondria.®' Mitophagy is also responsible for maternal
mitochondrial DNA inheritance by eliminating mitochondria
in the sperm.? Damaged mitochondria are encircled by
PTEN-induced putative protein kinase 1 (PINK1) and the E3
ubiquitin ligase Parkin and targeted by autophagosomes for
subsequent degradation.?? PM2.5-induced vascular fibrosis
is alleviated by MitoQ through a mechanism regulated by
ROS/PINK1/Parkin-mediated mitophagy.*> The NLR family
pyrin domain containing 3 (NLRP3) inflammasome is acti-
vated in Parkinson’s disease, and andrographolide reduces
the pyroptosis level by promoting mitophagy.** A recent
study also indicated that the DEHP biometabolite mono-
ethylhexyl phthalate (MEHP) exerts cytotoxic effects via
MitoROS-mediated excessive mitophagy.*> In our previous
study, pyroptosis was shown to be involved in DEHP-induced
germ cell death.?? Thus, the role of mitophagy in DEHP-
induced infertility and whether mitophagy promotes sper-
matogenesis by alleviating pyroptosis require further study.

In the present study, we aimed to clarify the role of ER
stress in germ cell toxicity induced by DEHP and its rela-
tionship with pyroptosis to determine the role of mitophagy
and the overall crucial factors involved in this process. Our
findings provide new insights into DEHP-induced testicular
injury in puberty and provide a novel target for preventing
and treating male infertility caused by DEHP.

Materials and methods
Animals

The animal use protocol was approved by the Experimental
Animal Committee of Chongging Medical University (license
number: SYXK (Yu) 2020—0001) and the Association for the
Assessment and Accreditation of Laboratory Animal Care
International, China. Sprague—Dawley (SD) rats were ob-
tained from the Experimental Animal Center of Chongqing
Medical University. Male offspring rats were administered
corn oil (Aladdin, C116023, China) and DEHP (TCI, P0297,
Japan) via gavage from postnatal days (PNDs) 21—30. All
rats were sacrificed, and testes were collected on PND 31.

Animal study design

In the present study, all rats were housed in individually
ventilated cages on a 12 h light/12 h dark cycle with 55% + 5%
humidity at 25 °C & 2 °C. The rats were given free access to
water and food. PND 21 SD rats were randomly divided into
three groups (n = 10 rats each) and administered an oral
gavage of corn oil (control group) or 250/500 mg/kg body
weight (bw) DEHP (the 250 mg/kg and 500 mg/kg groups)
between 3:00 p.m. and 4:00 p.m. DEHP was dissolved in corn
oil. Body weight was measured at the beginning and end of
the study. Ulatan (20%) was used to anesthetize the rats on
PND 31. Then, the rats were sacrificed by cervical disloca-
tion. The testes were harvested and weighed. The right
testes were snap-frozen in liquid nitrogen and stored at
—80 °C for future protein extraction and long-term storage.
The left testes were fixed with 4% paraformaldehyde (PFA)

for subsequent immunofluorescence and hematoxylin and
eosin (HE) staining. The dosage of DEHP and sample sizes of
the groups were based on our previous studies.’®?? No data
points or rats were excluded. Gross morphology, western
blotting, HE staining, and immunofluorescence analyses were
employed to measure the main outcomes.

Histology analysis

After being fixed with 4% PFA and embedded in paraffin,
testis tissues were cut into 4-um sections. Then, the sec-
tions were deparaffinized, rehydrated, and prepared for HE
staining. A light microscope (Nikon, Japan) was used to
examine the sections and capture images.

Tissue immunofluorescence staining

Testis tissues were prepared and deparaffinized as
described above in the section “histology analysis”. Sec-
tions were immersed in a citrate solution and heated in a
microwave oven for 15 min for antigen repair. Triton (0.1%,
Keshi, China) and bovine serum albumin (0.5%, BSA, ZLI-
9027, ZSGC-BIO) were applied for 15 min and 1 h, respec-
tively. Primary antibodies (1:200) against NRF2 (Pro-
teintech, 16396-1-AP) and XBP1S (Proteintech, 24868-1-AP)
were used. Sections were incubated with primary anti-
bodies at 4 °C for 12 h. A fluorescein-conjugated secondary
goat anti-rabbit antibody (Proteintech, SA00009-2) was
applied and incubated for 1 h at room temperature in the
dark. Hoechst 33342 (Beyotime, C1022) was used as a nu-
clear counterstain (30 min incubation at room tempera-
ture). NIS Elements Basic Research (Nikon, USA) software
was used to process the images.

Cell culture and treatment

The GC-1 and GC-2 cell lines were purchased from Procell
Life Science & Technology (Wuhan, China). All cell lines
were used at passage numbers 5—15. The GC-1 spermato-
gonia cell line and GC-2 spermatocyte cell line were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, USA) supplemented with 10% fetal bovine serum
(VivaCell, Shanghai, China) and 1% penicillin and strepto-
mycin. All cells were maintained at 37 °C with 5% CO, in a
humidified incubator. MEHP (MCE, HY-WO018392, USA),
acetylcysteine (synonyms: N-Acetylcysteine; N-Acetyl-L-
cysteine; NAC, MCE, HY-B0215, USA), 4-phenyl-butyric acid
(4-PBA, MCE, HY-A0281, USA), and toyocamycin (Toy, MCE,
HY-103248, USA) were dissolved in dimethyl sulfoxide
(DMSO, MCE, HY-Y0320, USA) and used in the in vitro study.
The control group was treated with DMSO alone. NAC was
added simultaneously with MEHP and maintained for 24 h.
After 4-PBA or toyocamycin treatment for 4 h, MEHP was
added to the cell culture medium, and the incubation
continued for 24 h. The final concentration of DMSO in all
groups was less than 0.1%.

Cell counting kit-8 (CCK-8) analysis

CCK-8 (NCM, C6005, China) was employed in this study to
evaluate cell viability and choose the right concentration
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for cell treatment. GC-1 and GC-2 cells were cultured in 96-
well plates at a density of 3 x 10° cells per well. After 24 h,
different concentrations of 4-PBA (0, 5, 10, 50, 100, 250,
500, 750 uM, and 1 mM) or toyocamycin (0, 0.01, 0.1, 0.5, 1,
5, 10, 20, and 40 uM) were added, and the plates were
incubated for 4 h. After two washes with phosphate-buff-
ered saline (PBS), a 10% CCK-8 solution in DMEM was added
to the wells, and the plates were incubated for 2 h in the
dark. A spectrophotometer was used to measure the optical
density (OD) at 450 nm. No significant changes in cell
viability were observed after treatment with either reagent
and two relatively low concentrations (0.5 uM for 4-PBA and
0.05 uM for toyocamycin) were selected for subsequent
treatments.

Isolation of nuclear/cytoplasmic proteins and
mitochondrial/cytoplasmic proteins

Nuclear and cytoplasmic proteins were extracted from GC-1
and GC-2 cells using a cytoplasmic and nuclear extraction
kit (Beyotime, P0027) according to the manufacturer’s di-
rections. After incubation with trypsin, cells were collected
via centrifugation at 5000 rpm for 5 min. Then, they were
vortexed for 5 s after the addition of cytoplasmic protein
extraction reagent A and PMSF. Reagent B was added to the
solution after a 10-min incubation in an ice bath. Finally,
the cells were collected after centrifugation at
12,000—16,000 rcf for 5 min. The supernatant contained
the target nuclear proteins. The extracted proteins were
stored at —80 °C until use in the Western blot analysis.

A cell mitochondria isolation kit (Beyotime, C3601) was
used to extract mitochondrial and cytoplasmic proteins ac-
cording to the manufacturer’s instructions. The cells were
collected using the process described above. After washes
with PBS, the cells were collected through centrifugation at
600 rcf for 5 min. One milliliter of mitochondrial separation
reagent provided in the kit was added and the cells were
placed in an ice bath for 10—15 min. The cell suspension was
transferred to a glass homogenizer of appropriate size and
homogenized approximately 10—30 times, and the superna-
tant was collected after 10 min of centrifugation at 600 rcf.
After a 10-min centrifugation step at 11,000 rcf, the super-
natant was collected as cytoplasmic proteins, and the sedi-
ment was collected as mitochondrial proteins. The extracted
proteins were used for subsequent analyses.

Western blotting

Radioimmunoprecipitation assay buffer (MCE, HY-K1001,
USA) supplemented with 1% protease inhibitor cocktail
(MCE, HY-K0010, USA) was utilized for protein extraction
from testes and GC-1 and GC-2 cell lines. We used a
bicinchoninic acid assay (Meilunbio, MA0082, China) to
measure the protein concentration. After mixing with so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis
loading buffer (NCM, WB2001, China), the protein samples
were boiled for 10 min. Then, the proteins were loaded
onto sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gels, subjected to electrophoresis, and transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore,
ISEQ00010, USA). All PVDF membranes were incubated with

blocking buffer (NCM, P30500, China) for 10 min and
washed with Tris-buffered saline containing 0.1% Tween-20.

Primary antibodies (1:1000) against NRF2 (Proteintech,
16396-1-AP), superoxide dismutase (SOD, ZEN BIO, 306028),
heme oxygenase 1 (HO-1, Proteintech, 10701-1-AP), ER to
nucleus signaling 1 (ERN1/IRE1, Santa Cruz, sc-390960),
phospho-IRE1 (Ser724) (Affinity, AF7150), eukaryotic trans-
lation initiation factor 2-a kinase 3 (EIF2AK3/PERK, Pro-
teintech, 24390-1-AP), phospho-PERK (Thr982) (Affinity,
DF7576), activating transcription factor 6 (ATF6, Pro-
teintech, 24169-1-AP), XBP1S (Proteintech, 24868-1-AP),
PTEN-induced putative kinase 1 (PINK1, ABclonal,
WH219407), Parkinson disease (autosomal recessive, juve-
nile) 2 (PARK2/PARKIN, Proteintech, 14060-1-AP), NLRP3
(ABclonal, A5652), CASPASE1 (Abcam, ab179515), inter-
leukin 1 beta (IL-1B, Abcam, ab9722), interleukin 10 (IL-10,
Proteintech, 20850-1-AP), LC3B (ZEN BIO, 382687), cyto-
chrome c oxidase IV (COX IV, ZEN BIO, 200147), B-actin
(ZSGB-BIO, TA-09), Lamin B1 (ZEN BIO, 380642), and B-
tubulin (ZEN BIO, 380628) were used. After incubation with
primary antibodies at 4 °C overnight, all PVYDF membranes
were incubated with goat anti-rabbit 1gG H&L (HRP,
1:20,000, ZEN BIO, 511203) and goat anti-mouse IgG H&L
(HRP, 1:20,000, ZEN BIO, 511103), depending on the species
of the primary antibody. A Super ECL Plus Kit (NCM, P10300)
was used to visualize all bands. Image Lab (Bio-Rad, 3.0,
USA) software was employed to quantify protein expres-
sion. The reference proteins for whole, nuclear, mito-
chondrial, and cytoplasmic proteins were B-actin, lamin B1,
COX IV, and B-tubulin, respectively.

Total ROS and mitochondrial ROS detection

Cellular ROS generation was measured using an H,DCFDA
probe (MCE, HY-D0940). GC-1 and GC-2 cells were plated in
6-well plates at a density of 5 x 10° cells/well. After
treatment with different reagents, the cells were incu-
bated with H,DCFDA (10 uM) for 30 min in the dark. The
final fluorescence intensity was observed and images were
captured using an inverted fluorescence microscope. The
excitation and emission wavelengths were 488 nm and
525 nm, respectively. ImageJ (Java-based image-processing
and analysis software) was used for semiquantitative
analysis of the fluorescence intensity.

Mitochondrial ROS (MtSOX) were measured using
MitoSOX™ red superoxide indicator (Thermo, M36008, USA).
GC-1 and GC-2 cells were seeded into 6-well plates at a
density of 5 x 10° cells/well. Once the treatment was
complete, the cells were washed twice with PBS and incu-
bated with MitoSOX™ red superoxide indicator (5 uM, dis-
solved in HBSS/Ca/Mg buffer) for 30 min in the dark. Then,
the working solution was removed by washing. Hoechst
33342 was used for nuclear staining and was incubated with
cells for 10 min at 37 °C in the dark. An inverted fluorescence
microscope was used for MtSOX detection, and Imagel
software was applied to analyze the intensity.

Scanning electron microscopy

The GC-1 and GC-2 cell lines were plated in 24-well plates.
The cell count in each well was 5 x 10* cells. After



XBP1 unbalanced pyroptosis and mitophagy in immature testicular toxicity caused by DEHP 939

treatment, the cells were fixed with 3% glutaraldehyde
overnight. Then, cell climbing sheets were washed with
double-distilled water twice and dehydrated in a gradient
ethanol series (30%, 50%, 70%, 80%, 90%, 95%, and 100%) for
10 min per concentration. The sheets lightly adhered to the
conductive adhesive. After ion sputtering, the cells were
observed using a scanning electron microscope (FEI,
Inspect, USA).

Transmission electron microscopy

After DMSO or MEHP treatment, the two cell lines described
above were collected and prefixed with 3% glutaraldehyde.
Then, 1% osmium tetroxide was applied for postfixation.
After dehydration in a series of acetone solutions, the
samples were embedded in EPON 812, cut into 60—90 nm
sections with a diamond knife, and stained with uranyl
acetate and lead citrate. Finally, a transmission electron
microscope (JEOL, JEM-1400PLUS, Japan) was used for
observation.

RNA extraction and real-time quantitative PCR
(RT-qPCR)

A SimplyP whole RNA extraction kit (Bioer Technology,
BSC52S1, China) was used to extract RNA from GC-1 and GC-
2 cell lines. After extracting RNA, we used the NanoDrop
ONE System (Thermo Scientific, USA) to measure the RNA
concentration and the ABScript lll RT Master Mix for qPCR
with gDNA remover (ABclonal, RK20429, China) for reverse
transcription. Complementary DNA samples were stored at
—20 °C for subsequent RT-gPCR. The 2X Universal SYBR
Green Fast qPCR Mix (ABclonal, RK21203, China) was used
for subsequent qPCR analysis. After gqPCR using a CFX96
Touch Real-Time PCR Detection System (Bio-Rad, USA), we
analyzed gene expression using the 2722t method. B-Actin
was used as the reference gene for all target genes. The
primers for all genes are listed in Supplementary Material 1.

Cellular immunofluorescence staining

GC-1 and GC-2 cells were plated in a 24-well plate at a
density of 5 x 10* cells. After treatment, the cells were fixed
with 4% PFA for 30 min and blocked with 0.5% BSA for 1 h at
room temperature. Primary antibodies (1:200) against IRE1
(Santa Cruz, sc-390960), p-IRE1 (Affinity, AF7150), PINK1
(ABclonal, WH219407), XBP1S (Proteintech, 24868-1-AP),
and COX IV (ZEN BIO, 200147) were applied. The cells were
incubated with primary antibodies at 4 °C overnight, and the
subsequent procedures were performed as described in the
section “tissue immunofluorescence staining”.

Statistical analysis

All data in this study are presented as the mean + standard
deviation (SD). At least 3 replicates were analyzed in each
experiment. SPSS (version 22.0, Chicago, USA) was used to
analyze all data. Comparisons between two groups were
performed using Student’s t-test. One-way analysis of
variance (ANOVA) was used for multiple comparisons. The
LSD test was used when the variance was homogeneous;

otherwise, Dunnett’s T3 test was used. P values < 0.05
were considered statistically significant.

Results

DEHP exposure caused testicular injury in
immature rats

We administered corn oil, 250 mg/kg bw DEHP, or 500 mg/
kg bw DEHP to PND 21 rats by oral gavage for 10 days to
determine whether DEHP would disturb spermatogenesis.
The beginning and end weights of the DEHP groups were
similar to those of the control group (Fig. 1B, C). No sig-
nificant difference in the organ coefficient was observed
between the control group and the 250 mg/kg group
(Fig. 1D). However, compared with the vehicle group, the
testis organ coefficient of the 500 mg/kg group was lower
(Fig. 1D). Then, the histological morphology was examined.
Dose-dependent DEHP-associated testicular injury was
observed. Disorganization of the seminiferous epithelium,
decreased germ cell numbers, and deformation of Sertoli
cells was observed in the DEHP groups (Fig. 1A). Moreover,
fewer layers of seminiferous epithelium were observed in
both the 250 mg/kg and 500 mg/kg groups.

DEHP-induced pyroptosis in prepubertal rat testes

Oxidative stress-induced damage was observed in the
DEHP-treated groups. Western blotting revealed increased
levels of NRF2, the key factor in the antioxidant pathway
(Fig. 1E). Levels of HO-1 and SOD, both of which are acti-
vated by NRF2, were also increased (Fig. 1E). NRF2
expression was mainly up-regulated in germ cells, based on
immunofluorescence staining (Fig. 1H). The levels of key
proteins involved in ER stress were measured due to their
close relationship with oxidative stress. The ratios of p-
PERK/PERK and p-IRE1a/IRE1oc were also decreased
(Fig. 1F). Like the factors listed above, the expression of
XBP1S, the active component of XBP1, and ATF6 was down-
regulated (Fig. 1F). However, in the immunofluorescence
studies, although XBP1S expression in somatic cells was
decreased, its expression was increased in germ cells
(Fig. 11). We measured the level of mitophagy by examining
the main factors involved in this process. Both PINK1 and
PARKIN expression levels were increased (Fig. 1F). Finally,
NLRP3 protein levels were increased (Fig. 1G). Following
activation by NLRP3, levels of the downstream proteins
CASPASE1 and IL-1B8 were also increased (Fig. 1G), indi-
cating an enhanced inflammatory condition in the testis.
Moreover, the expression of IL-10, an anti-inflammatory
factor, was reduced. Collectively, DEHP induced oxidative
stress-mediated damage in immature testes. A higher level
of mitophagy was observed. Pyroptosis occurred as a result
of DEHP exposure. ER stress contributes to DEHP-induced
testis injury; however, its role in DEHP-related germ cell
impairment remains unclear.

MEHP injured spermatogonia and spermatocytes

MEHP, the main biometabolite of DEHP, exerts a primary
toxic effect on most organs.®*” Based on our previous
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DEHP-treated groups. The vehicle group (a, d) showed an organized seminiferous epithelium, and spermatogenesis progressed
normally. Exfoliated germ cells were observed in the 250 mg/kg group (b, e). In the 500 mg/kg group (c, f), atrophy of Sertoli cells
and a disorganized seminiferous epithelium were noted. Black arrows indicate germ cells. Red arrows indicate Sertoli cells (a—c)
Scale bar = 50 um (d—f) Scale bar = 25 um. (B, C) The beginning (B) and end (C) weights of the control, DEHP 250 mg/kg, and DEHP
500 mg/kg groups. No significant difference was observed among the three groups. (D) The testis organ coefficient of the three
groups. Compared with the control group, the organ coefficient of the 500 mg/kg group was noticeably reduced. The organ co-
efficient of the 250 mg/kg group was similar to that of the control group. (E) The levels of proteins in the antioxidant pathway in
immature testes. The expression levels of NRF2, HO-1 and SOD were elevated after DEHP treatment. (F) The ER stress and
mitophagy levels of the control, 250 mg/kg, and 500 mg/kg groups. Following DEHP exposure, the expression levels of ATF6 and
XBP1S were reduced, along with the p-PERK/PERK and p-IRE1a/IRE1a ratios. PINK1 and PARKIN expression levels were obviously
increased. (G) The level of pyroptosis in pubertal testes. The expression levels of NLRP3, CASPASE1 and IL-1B were significantly
different in the DEHP-treated group. Compared with the control group, IL-10 expression was decreased in the other groups. This
finding indicates that the anti-inflammatory response was reduced. (H) Immunofluorescence staining showing NRF2 expression in
the three groups. Upon DEHP exposure, the intensity of NRF2 staining was increased. (I) Imnmunofluorescence staining for XBP1S in
the three groups. Upon DEHP exposure, XBP1 expression in somatic cells was reduced, similar to its total intensity, while it was up-
regulated in germ cells. The data were compared with the control group. One-way ANOVA was employed to analyze all the data.
Each bar shows the mean + SD of three or more independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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study, MEHP was administered in vitro.?? Scanning elec-
tron microscopy (SEM) was used to evaluate inflamma-
somes in MEHP-treated cell lines (Fig. 2C). Swelling and
deformation of the cells were observed in response to
MEHP exposure (Fig. 2C). In the MEHP group, mitochon-
dria-derived autophagosomes were observed (green ar-
rows, Fig. 2D, E). The disappearance and breakage of
mitochondrial cristae were also observed in the MEHP
group (yellow arrows, Fig. 2D, E), indicating mitochondrial
damage and mitophagy. Swollen and broken endoplasmic
reticulum appeared after MEHP treatment (red arrows,
Fig. 2D, E). Additionally, vacuolization was observed in
MEHP-treated GC-1 cells.

DAPI

Control

Sum

§ 210t
77

MEHP 400pM MEHP 200uM MEHP 100pM

Oxidative stress-induced damage and NLRP3-
mediated pyroptosis were involved in MEHP-
induced injury in germ cells

We measured ROS levels with the H,DCFDA probe to confirm
that ROS were generated in germ cells in response to MEHP.
GC-1 spermatogonia and GC-2 spermatocytes were treated
with 100 uM, 200 puM, or 400 uM MEHP. In contrast to the
DMSO group, ROS generation in GC-1 and GC-2 cells
increased with MEHP treatment (Fig. 2A, B). MtSOX levels
were also measured and were noticeably increased with
MEHP treatment (Fig. 2F, G). Then, the expression levels of
key factors in the antioxidant pathway were measured. NRF2

C

Control MEHP

GC2ROS

Intensity
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MEHP 400pM MEHP 200pM MEHP 100puM

Figure 2 MEHP-induced cellular injury in GC-1 spermatogonia and GC-2 spermatocytes. (A, B) ROS generation in GC-1 and GC-
2 cells. ROS generation was noticeably reduced in the MEHP groups. (C) SEM images of GC-1 (a, b) and GC-2 cells (c, d). The cells in
the control groups (a, ¢) had a normal appearance. Inflammasomes were observed in the MEHP groups (b, d). In the MEHP groups
(400 pM), germ cells were swollen and deformed. (D, E) Transmission electron microscopy images of GC-1 (D) and GC-2 cells (E).
The control group had a normal appearance (a, c). Red arrows indicate swollen or broken ER. Yellow arrows represent damaged
mitochondria. The mitochondria in the MEHP group (400 uM) (b, d) were swollen, and mitochondrial cristae were broken or missing.
Green arrows represent early and mitochondria-derived autophagosomes. (F, G) Mitochondria-derived ROS generation was obvi-
ously increased in the MEHP-treated GC-1 (F) and GC-2 (G) cell lines. The data were compared with the control group. One-way
ANOVA was employed to analyze all the data. Each bar shows the mean =+ SD of three or more independent experiments. **P < 0.01,

***P < 0.001.
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expression was significantly up-regulated in both MEHP-
treated cell lines (Fig. 3A, B). Overall, oxidative stress and
subsequent damage induced by excess ROS generation may
lead to germ cell injury upon MEHP exposure.

Moreover, the levels of NLRP3 and CASPASE1, key com-
ponents of the NLRP3 inflammasome, were increased
(Fig. 3E, F). Consistently, IL-1B expression was up-regulated
(Fig. 3E, F), suggesting that NLRP3 was activated and
initiated pyroptosis to promote the sequential maturation
of pro-CASEPASE1 and pro-IL-1B. The down-regulation of IL-
10 inferred the activation of downstream inflammatory
pathways.

MEHP treatment increased ER stress and mitophagy

In contrast to the in vivo study, the expression of ATF6 and
XBP1S and the ratios of p-PERK/PERK and p-IRE1a/IRE1a
were increased in the MEHP-treated groups (Fig. 3C, D).
PINK1 and PARKIN expression levels were up-regulated in
the MEHP-treated group, indicating activation of the
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mitophagy mechanism (Fig. 3C, D). Subsequently, immu-
nofluorescence staining for IRE1a, p-IRE1a, and PINK1 was
increased in germ cells (Fig. 4A—C, F). Despite the up-
regulation of XBP1S expression in GC-1 and GC-2 cells, the
increased translocation into the nucleus was significant
(Fig. 4D). Consistent with the immunofluorescence data,
the nuclear expression of XBP1S was obviously increased in
the MEHP-treated group (Fig. 4J, K), suggesting that a
greater effect might be exerted on the downstream
pathway via the transcription factor XBP1S.

The immunofluorescence study revealed increased
levels of LC3 and COX IV, mitochondrial markers, after
MEHP exposure (Fig. 4E). We isolated the cytoplasm and
mitochondria to confirm the mitophagy level. The mito-
chondrial expression of LC3 was significantly up-regulated
by MEHP treatment (Fig. 4G, H).

Additionally, the mRNA expression levels of mitochon-
drial quality control-related genes and pathological dam-
age-related genes were measured using RT-gPCR. Fgf21, a
marker of mitochondrial damage, was up-regulated in both
cell lines (Fig. 4l, L), indicating that MEHP induced
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Figure 3  ER stress, mitophagy, and pyroptosis were involved in MEHP-induced germ cell damage. (A, B) The expression levels of
NRF2, HO-1 and SOD were increased in GC-1 (A) and GC-2 cells (B) from the MEHP-treated groups. (C, D) The expression levels of
ATF6 and XBP1S were increased, and the ratios of p-PERK/PERK and p-IRE1a/IRE1a in GC-1 (C) and GC-2 (D) cells were also
increased, indicating an elevated ER stress level. PINK1 and PARKIN expression levels were elevated, indicating that mitophagy was
activated. (E, F) Following MEHP exposure, the expression levels of NLRP3, CASPASE1, IL-1B, and IL-10 were increased in GC-1 (E)
and GC-2 cells (F). Based on these data, pyroptosis was enhanced and the levels of anti-inflammatory molecules were increased.
The data were compared with the control group. One-way ANOVA was employed to analyze all the data. Each bar shows the
mean =+ SD of three or more independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 MEHP exposure promoted ER stress and mitophagy in germ cells. (A, B) Immunofluorescence staining for p-IRE1o. and
IRE1e. in the control, 100 uM MEHP, 200 uM MEHP, and 400 uM MEHP groups of GC-1 (A) and GC-2 cells (B). (C, F) PINK1 immuno-
fluorescence staining in GC-1 (C) and GC-2 cells (F) from the four groups. (D) The expression of XBP1S in the two cell lines from the
control group and MEHP group (400 uM). With XBP1 accumulation in the MEHP group, its translocation into the nucleus was
increased. (E) The co-localization of LC3 and COX IV was increased in the MEHP group of both GC-1 and GC-2 cells, indicating
increased mitophagy. (G, H) Western blot analysis of LC3 and COX IV levels. In the MEHP groups of GC-1 (G) and GC-2 (H) cell lines,
the levels of LC3 1I/COX IV and LC3 II/LC3 | were elevated. LC3 accumulated around mitochondria. (J, K) Nuclear and cytoplasmic
levels of the XBP1S, lamin B1, and B-tubulin proteins. In the MEHP groups of GC-1 (J) and GC-2 cells (K), nuclear XBP1S expression
was elevated. Cytoplasmic XBP1S expression in the MEHP group was decreased. (I, L) The mRNA expression levels of key genes
related to mitochondrial quality control and pathological damage in GC-1 spermatogonia (I) and GC-2 spermatocytes (L). The data
were compared with the control group. One-way ANOVA was employed to analyze all the data. Each bar shows the mean + SD of
three or more independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

mitochondria-related injury. Down-regulation of Mfn2 and  ROS-initiated germ cell injury following MEHP
up-regulation of Mff and Parkin were observed in GC-1 exposure

spermatogonia (Fig. 4l). Thus, MEHP treatment inhibited

mitochondrial fusion and induced mitochondrial division in NAC was used to confirm the factor initiating germ cell
GC-1 cells. A decrease in mitochondrial fusion was also  jnjury. ROS generation in the MEHP + NAC group was
observed in GC-2 spermatocytes (Fig. 4L). reduced in GC-1 and GC-2 cells compared with that in the
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group treated with MEHP alone (Fig. 5A, E). The expression
of NRF2, HO-1, and SOD was also down-regulated in the
MEHP + NAC groups (Fig. 5B, C). This finding indicates that
NAC inhibits ROS generation and reduces oxidative stress-
induced damage in MEHP-treated germ cells.

Reduced expression of ATF6 and XBP1S was observed
after NAC treatment (Fig. 5D, F). The ratios of p-PERK/
PERK and p-IRE1a/IRE1c. were also reduced (Fig. 5D, F),
indicating that oxidative stress might be the main source of

A

NRF2

p-IRE1a

ER stress in this process. Similarly, mitophagy levels were
lower, and PINK1 and PARKIN expression levels were
reduced (Fig. 5D, F). Pyroptosis was decreased by NAC
treatment. NLRP3 and CASPASE1 are the key components of
the NLRP3 inflammasome and were present at reduced
levels; thus, the expression of the downstream molecule IL-
1B was down-regulated (Fig. 5H, I). In summary, excess ROS
generation induced by MEHP activated the downstream
pyroptosis pathway.
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Figure 5 NAC rescued MEHP-induced germ cell injury by inhibiting ROS generation. (A, E) ROS generation in the control (a), NAC

(b), MEHP (c), and MEHP + NAC (d) groups was detected. Compared with the MEHP group, ROS generation in the MEHP + NAC group
was reduced by NAC in both GC-1 (A) and GC-2 (E) cells. (B, C) After the NAC intervention, the expression of NRF2, HO-1, and SOD in
the MEHP + NAC group was down-regulated in GC-1 (B) and GC-2 (C) cells compared with the MEHP group. (D, F) NAC reduced the
levels of ER stress-related proteins (p-PERK, PERK, p-IRE1a, IRE1a, ATF6, and XBP1S) and down-regulated PINK1 and PARKIN
expression in both GC-1 (D) and GC-2 (F) cell lines. (H, 1) After excess ROS generation was eliminated by NAC, the pyroptosis level in
the MEHP + NAC group was reduced in GC-1 (H) and GC-2 (I) cells. The data were compared with the control group. One-way ANOVA
was employed to analyze all the data. Each bar shows the mean + SD of three or more independent experiments. *P < 0.05,

**P < 0.01, ***P < 0.001.
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Figure 6 4-PBA inhibited ER stress and decreased MEHP-related mitophagy and pyroptosis in germ cells. (A) After 4-PBA
treatment for 4 h, the viability and toxicity levels in GC-1 cells were measured using a CCK-8 assay. Compared with the DMSO group,
no significant differences were observed after any concentration of 4-PBA. (B) CCK-8 data from GC-2 cells after 4 h of 4-PBA
treatment. No obvious difference was observed. (C, D) 4-PBA inhibited ER stress in GC1 (C) and GC-2 (D) cells. The expression levels
of ATF6 and XBP1S were decreased after the 4-PBA treatment. The p-PERK/PERK and p-IRE1a/IRE1« ratios were also reduced in the
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4-PBA treatment reduced ER stress-induced
mitophagy and pyroptosis

4-PBA was used to inhibit ER stress in the present study.
Based on the results of the CCK-8 assay, we chose a rela-
tively low and safe concentration of 4-PBA (0.5 uM) for
subsequent experiments with GC-1 and GC-2 cells (Fig. 6A,
B). Reduced ratios of both p-PERK/PERK and p-IRE1a/IRE1a.
were observed (Fig. 6C, D). Similarly, the expression of key
factors involved in ER stress, ATF6 and XBP1S, was down-
regulated (Fig. 6C, D). When ER stress was inhibited in germ
cells, decreased expression of PINK1 and PARKIN was
observed in the MEHP+4-PBA group compared with the
MEHP group (Fig. 6C, D). Moreover, the expression levels of
NLRP3, CASPASE1, and IL-1B were also reduced by 4-PBA,
indicating a decrease in pyroptosis (Fig. 6C, D). Thus, after
MEHP exposure and ROS overproduction, ER stress may
trigger the pyroptosis of injured germ cells and activate
mitophagy to reduce mitochondrial damage and alleviate
pyroptosis.

A specific pharmacological inhibitor of XBP1
reduced MEHP-induced pyroptosis and mitophagy

Toy is a novel XBP1S-specific inhibitor. We used the CCK-8
assay to choose an appropriate concentration of Toy for GC-
1 and GC-2 cell lines (Fig. 7A, B). After Toy treatment
(0.05 uM), XBP1S expression was down-regulated in GC-1
and GC-2 cells (Fig. 7C, D). The levels of p-PERK, PERK, p-
IRE1a, IRE1a,, and ATF6 were not affected by Toy (Fig. 7C,
D). PINK1 and PARKIN expression levels were reduced in the
MEHP + Toy group compared with the MEHP group (Fig. 7C,
D). Consistent with the change in mitophagy, the expression
of NLRP3, CASPASE1, and IL-1B was also reduced by Toy
(Fig. 7C, D). In conclusion, XBP1S accumulation induced
mitophagy and pyroptosis.

Discussion

DEHP and its biometabolite MEHP are known for their
toxicity to main organs, especially the reproductive
system.>¢:38:3% Excess ROS generation, blood-testis barrier
disintegration, and steroid synthesis may be triggered by
DEHP exposure, as revealed in our previous
studies.?>“® However, the potential mechanism of DEHP-
induced spermatogenic dysfunction in puberty remains
unclear. Protective mitophagy and pyroptosis may be acti-
vated by XBP1S accumulation and translocation. XBP1S in-
hibition rescued pyroptosis and reduced mitophagy. Based
on these results, pubertal exposure to DEHP causes pyrop-
tosis in germ cells by inducing ER stress, and mitophagy
partially alleviates the injury. To the best of our knowl-
edge, this study is the first to identify the key role of XBP1S
in promoting mitophagy and pyroptosis (Fig. 8).

As mentioned above, puberty is the critical point of
testis development and effective spermatogenesis
establishment, and immature testes are more prone to
injury from environmental substances.*"*? Due to pu-
bertal spermatogenic disturbances, DEHP and its
metabolite, MEHP, damage fertility and cause infertility
in adulthood.”* However, clarification of the precise
mechanism of DEHP-induced testicular injury and the
target factors involved in this process is an urgent need.
We established an immature animal model by adminis-
tering DEHP by oral gavage from PND 21 to 30 in male
rats, which largely mimicked pubertal testis develop-
ment. Consistent with other studies on DEHP exposure in
adults, testicular injury was confirmed via histology,
particularly to germ cells, and DEHP-induced male
reproductive dysfunction in puberty depended on the
dose.** In our previous study, PM 2.5 led to ROS
overgeneration and reproductive injury in rat
testes.*® The administration of vitamins C and E allevi-
ated testicular damage by reducing ROS levels. Oxidative
stress-induced damage was also observed in the animal
and cell models used in the present study, which may
indicate that ROS overgeneration and oxidative stress
damage may be the main reasons for testicular damage
caused by environmental toxic factors.

ER stress normally arises to manage unfolded or mis-
folded proteins via three downstream UPR pathways. A
tight connection between ER stress and oxidative stress has
been observed in recent studies.*’ *° Additionally, exces-
sive ER stress may induce apoptosis under extreme envi-
ronmental conditions via the PERK-ATF4- DNA-damage-
inducible transcript 3 (DDIT3/CHOP) pathway.® ER stress
has also been reported to be involved in EDC-induced
damage in various organs.?®>" However, its role and rela-
tionship with oxidative stress in DEHP-induced reproductive
dysfunction, especially in immature testes, have not been
explored. In the present study, ER stress was induced by
MEHP-induced ROS overproduction, and NAC treatment
rescued ER stress by alleviating oxidative stress and dam-
age. NLRP3, the most important factor mediating pyrop-
tosis, senses a variety of stimuli, such as toxins, pathogens,
metabolites, crystalline substances, nucleic acids, and
other environmental chemicals. Once activated by NLRP3,
CASPASE1 cleaves pro-IL-1B and pro-IL-18 to produce
mature IL-18 and IL-18, which are released through the
pores formed by GSDMD, leading to pyroptosis and down-
stream inflammatory reactions.>? In the present study, the
expression of NLRP3, CASPASE1, and IL-1B in both animal
and cell models was up-regulated after environmental
exposure. As the gold standard of pyroptosis, the occur-
rence of inflammasomes in both GC-1 and GC-2 cells was
observed using SEM. Moreover, consistent with other
studies, the process of pyroptosis was inhibited by the NAC-
induced decrease in ROS generation, suggesting that ROS
are the initial factor contributing to MEHP-induced pyrop-
tosis in germ cells.>*>*

MEHP+-4-PBA group. PINK1 and PARKIN expression levels were down-regulated. The expression levels of core factors involved in
pyroptosis, namely, NLRP3, CASPASE1, and IL-1B, were reduced. Meanwhile, IL-10 expression was decreased, indicating a reduced
anti-inflammatory level. The data were compared with the control group. One-way ANOVA was employed to analyze all the data.
Each bar shows the mean + SD of three or more independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7  Toy rescued pyroptosis induced by MEHP in GC-1 and GC-2 cells. (A, B) The CCK-8 assay was used to measure the toxicity
of Toy toward GC-1 (A) and GC-2 (B) cells and cell viability. No significant difference was observed in either cell line treated with
any concentration of Toy. (C, D) Toy inhibited XBP1S expression but did not affect the levels of other factors involved in ER stress.
PINK1 and PARKIN expression levels were reduced after Toy treatment. Pyroptosis was inhibited by Toy. The data were compared
with the control group. One-way ANOVA was employed to analyze all the data. Each bar shows the mean + SD of three or more
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Schematic diagram of the proposed mechanism by which pubertal DEHP exposure induced pyroptosis in germ cells via

XBP1 and the XBP1-mediated protective role of mitophagy in this process.

Mitophagy, a type of selective autophagy, functions as a
double-edged sword in cellular homeostasis. Under normal
circumstances, once an injury occurs, mitophagy inhibits
inflammatory reactions.> In acute septic kidney injuries,
the PINK1/PARK2/optineurin mitophagy pathway plays an
important and protective role in promoting the survival of
tubular cells by activating mitochondrial quality control
mechanisms.’® Upon aluminum exposure, PINK1/PARKIN-
mediated mitophagy is activated and protects mouse testes
from oxidative stress, apoptosis, and serious mitochondrial
damage.”” However, few studies have explored the
connection between ER stress and mitophagy. The up-
regulation of PINK1 and PARKIN and increased colocaliza-
tion of LC3 and COX IV were observed in this study. Our
findings confirmed that ER stress-induced mitophagy pro-
tected germ cells from MEHP exposure-induced death,
similar to the protective role documented in other toxicity
studies.’®>® Consistent with the findings of our previous
study, pyroptosis was also observed in these cells. More-
over, 4-PBA rescued MEHP-injured germ cells undergoing
pyroptosis. This finding indicated that pyroptosis was also
induced by ER stress.

As the testes comprise a mix of germ cells, Sertoli cells,
Leydig cells, and other somatic cells, testis protein
expression levels may not indicate the true condition of
spermatogonia and spermatocytes. Moreover, increased
XBP1S expression in germ cells was observed using immu-
nofluorescence staining. XBP1S is the main effector of the
IRE1—XBP1 pathway involved in ER stress. Under oxidative
stress conditions, XBP1S protects the kidney from
ischemia-reperfusion injury by activating
mitophagy.®® XBP1S activated by ROS may also participate
in the patulin-induced apoptosis of human intestinal and
kidney cells.®' Several studies have explored the role of ER
stress in testicular injury under different conditions, such

as aging and human chorionic  gonadotropin
exposure.®?%3 ER stress was shown to trigger apoptosis in
the aforementioned testis damage models. However, little
is known about its role in environmental toxicity-related
male reproductive dysfunction, especially that caused by
DEHP, and more importantly, whether the downstream
effector XBP1 plays an important role in this process. We
utilized Toy as a novel XBP1-specific inhibitor in this study
to elucidate the currently unclear role of XBP1S. After Toy
administration, PINK1 and PARKIN expression levels were
reduced and decreased expression of NLRP3, CASPASET1,
and IL-1B was also observed. Thus, both mitophagy and
pyroptosis were induced by XBP1. XBP1 is the key factor
contributing to MEHP-induced germ cell death. Further
research should focus on the role of this activator.

This study has some limitations. First, although Toy
specifically inhibits XBP1 as a novel inhibitor, researchers
have not clearly determined whether Toy affects the ac-
tivity of other factors in the pathway. Thus, the knockdown
of XBP1 in germ cells and the Xbp1 knockout rat model will
be more suitable models for analysis. Furthermore, chro-
matin immunoprecipitation (ChIP) and ChIP-qPCR experi-
ments are needed to confirm the effectiveness of XBP1 as a
transcription factor. Additionally, while mitophagy exerts a
protective effect under normal conditions, excess mitoph-
agy causes cell death under some extreme conditions. For
instance,  oxygen-glucose  deprivation/reoxygenation-
induced neuronal injury is aggravated by the (ncRNA
SNHG14 via excess mitophagy induced by the miR-182—5p/
BINP3 axis.®* Thus, studies investigating the activation and
inhibition of mitophagy may be necessary. Moreover, the
high dose of DEHP applied to immature rats may not be
equivalent to the daily dose to which humans are exposed,
and the potential mechanism of low-dose, longer-term
DEHP exposure in mammals may be different from that
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identified in this study. Subsequent studies focused on low-
dose DEHP exposure and Xbp1 knockout rat models should
be considered.

In conclusion, the present study reveals that ROS-
mediated pyroptosis is involved in the DEHP-induced sper-
matogenesis disturbance in puberty. The key effector of ER
stress, XBP1, is activated by excess ROS generation and
increases pyroptosis following the up-regulation of IRE1a.
XBP1-induced mitophagy may have a protective function in
this process. Our findings confirm that XBP1 is involved in
DEHP-induced injury in immature testes and provide new
ideas for further toxicology research on infertility resulting
from DEHP exposure in puberty.
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