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Abstract
As an issue of widespread concern, microplastics pollution has emerged as a harmful environmental pollutant. Nanoplastics
(NaPs) has reported to accumulate in the testes and cause degeneration in the seminiferous tubules. However, the current
research involving NaPs-induced reproductive toxicity remains poorly understood. The current work aimed to investigate the
mechanisms of NaPs-induced reproductive injury in vitro. At �rst, we found that 80 nm �uorescent NaPs could enter into GC-
2spd(ts) cells by �uorescent inverted microscope. Our results also demonstrated that suppression of reactive oxygen species
(ROS) inhibited NaPs-triggered mitochondrial apoptosis and autophagy in GC-2spd(ts) cells. We also found that NaPs treatment
did not change the interaction between nuclear factor erythroid-derived 2-related factor (Nrf2) and Kelch-like ECH associated
protein 1 (Keap1), while inhibiting nuclear accumulation of Nrf2 protein. Further in vitro experiments showed that NaPs-induced
reproductive toxicity associated with reducing dimerize pyruvate kinase M2 (PKM2), which are ascribed to the loss of Nrf2.
Meanwhile, improving nuclear accumulation of Nrf2 might interact with PKM2 to rescue mitochondrial apoptosis caused by NaPs.
Together, this study highlight that disturbing Nrf2-PKM2 signaling is essential process of NaPs-induced reproductive toxicity and
provide valuable insights into the mechanism of microplastics-induced reproductive toxicity.

1. Introduction
Plastic has become an integral part of modern world, penetrating basically every aspect of our lives. It has been estimated that
worldwide plastic production reached 550 million tonnes per year in 2018 (Plastics Europe, 2018). However, a staggering 32% of
plastic packaging escapes collection systems owing to low public awareness and mismanagement of plastic waste. It was
estimated that poor recycling use has contributed to the accumulation of 15–51 trillion of plastic particles �oating on the surface
of the oceans (Van Sebille et al., 2015). If improper human behavior and waste mismanagement trends continue, approximately
12,000 tons of plastic waste will eventually enter the natural environment by 2050 (Geyer et al., 2017). Large plastics gradually
undergo weathering processes, ultraviolet radiation and microbial breakdown to form the microplastics (particles < 5 mm).
Emerging evidence suggests that microplastics are easily transferred and accumulated along the food chain, and eventually enter
the human body, posing potential threats to human health (Rahman et al., 2021). Hence, microplastics are recognized as an
ecological risk to human health in recent years.

Microplastics are absorbed from the gastrointestinal tract lumen via the endocytosis of M cells, and subsequently transported to
the mucosal lymphoid tissues, thereby entering circulatory system (Wright and Kelly, 2017). In recent mammalian experiments
demonstrated that microplastics could induce hepatotoxicity, cardiovascular toxicity and behavioral disorders via ingestion or
inhalation does occur (Deng et al., 2017; Wright and Kelly, 2017). In addition, rats showed cardiomyocyte apoptosis after being
given high doses of microplastics (50 mg/L) for 90 consecutive days, which may be correlated with burst generation of reactive
oxygen species (ROS) (Li et al., 2020). It is noted that the reproductive system is one of the most sensitive systems in an organism
in microplastics exposure (Yin et al., 2021). Further study reported that polystyrene microplastics accumulates in the testis of
mice, causing blood-testis barrier disruption and sperm DNA damage (Jin et al., 2021; Hou et al., 2021a). Balb/c mice exposed to 1
mg/day of polystyrene microplastics showed deterioration of sperm parameters through enhancing ROS production (Deng et al.,
2021; Jin et al., 2021; Hou et al., 2021). Coincidentally, male rats treated with 10 mg/kg/day polystyrene nanoparticles (NaPs)
showed signs of testicular atrophy and seminiferous tubule degeneration (Amereh et al., 2020). On the other hand, testis
accumulation of NaPs could cause alterations in sperm physiology and spermatogenesis disorders (Deng et al., 2021). However,
the present knowledge on reproductive toxicity posed by nanoparticles is still incomplete.

Previous study suggest that Excessive ROS is often a hallmark feature in damaged spermatogenesis, which in turn implies its role
in the development of impaired reproductive function (Sedha et al., 2015). Uncontrolled ROS production is a driving force for
mitochondrial damage in fertility impairment, while nuclear factor erythroid-derived 2-related factor (Nrf2) is responsive to the
alternations in cellular redox homeostasis. We have reported that Nrf2 signaling protects adverse effects of microplastics in vivo
and in vitro (Li et al., 2021). As a next step in ROS burst event, Nrf2 dissociates from Keap1 and enters the nucleus to trans-
activates target gene, such as heme oxygenase-1 (HO-1) and NAD(P)H dehydrogenase quinone 1 (NQO1). Despite the fact that
Nrf2 activation is a protective regulator against testicular injury, burgeoning studies have shown the deleterious side of Nrf2
(Zhang et al., 2019; Zhang and Chapman, 2020). Also, it is con�rmed that Nrf2 down-regulation is involved in prepubertal testis
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injury (Zhao et al., 2020). Hence, maintaining the redox balance is important to mitigate microplastics-induced reproductive
toxicity.

Pyruvate kinase M2 (PKM2) is a critical rate-limiting enzyme of aerobic glycolysis and catalyzes the reaction of
phosphoenolpyruvate to pyruvate with the generation of ATP. In addition to its metabolic functions (tetramer PKM2), dimeric
PKM2 exhibits kinase potential beyond glycolysis involved in signal transducer and activator of Nrf2 (Luo et al., 2011; Wei et al.,
2020). Previous evidence suggested that nuclear PKM2 promotes transcription of Hif-1α by phosphorylating STAT3 at tyrosine
705 (Dong et al., 2015). Of note, recent research implied that pharmacologic PKM2 inactivation blocked the abnormal cell cycle
and apoptosis in vitro (Zheng et al., 2020). Additionally, abnormal expression of PKM2 was observed in many pathological states,
including formaldehyde-induced neurotoxicity and arsenic-triggered hepatotoxicity (Wang et al., 2020a; Li et al., 2021). Therefore,
we hypothesized that PKM2/Nrf2 signal regulatory oxidative stress and metabolic functions interaction mechanism is involved in
microplastics-triggered reproductive toxicity.

Environmental contaminants-induced reproductive toxicity is an area of great concern. Mice spermatocyte cells (GC-2spd cells)
have been used in many studies as an in vitro model for reproductive toxicological research (Ren et al., 2019; Jin et al., 2021).
According to above studies, we hypothesized that Nrf2-mediated anti-oxidant defence should be an essential target for the
molecular mechanism of NaPs-triggered reproductive toxicity. On the other hand, we also investigated the roles of Nrf2-PKM2
signaling in NaPs-induced reproductive toxicity in the GC-2spd cells.

2. Materials And Methods

2.1. Chemicals and Reagents
NaPs with a particle size of 80 nm was obtained from TianJin Baseline Chromtech Research Center (Tianjin, China). The
�uorescence microcopy images of NaPS was shown in the Fig. 1A. According to scanning electron microscope analysis, the NaPs
used in this study were spheres (Fig. 1B). Figure 1C showed the absorption peak when the maximum excitation and emission
wavelengths at 488 nm and 518 nm, respectively. Additionally, the properties of nanoplastics used in this study was shown in
Table 1. ML385 (HY-100523) were purchased from Med Chem Express (Brea, CA, USA). mTORC (A11354) and FITC-conjugated
goat anti-mouse IgG(H + L) (AS001) were obtained from ABclonal Technology Co.,Ltd. (Wuhan, China). Nrf2 (16396-1-AP), Keap1
(10503-2-AP), Nqo1 (67240-1-Ig), Ho-1 (10701-1-AP), p62 (18420-1-AP), GLUT1 (glucose transporter, 21829-1-AP), HKII
(hexokinase 2, 22029-1-AP), PKM2 (15822-1-AP) and Cy3-conjugated goat anti-rabbit IgG(H + L) (SA00009-2) were obtained from
proteintech (Wuhan, China). Antibodies against LC3B-I/II (4108S) was obtained from Cell Signaling Technology (Beverley, MA).
Sodium hydrosul�de hydrate (cas: 207683-19-0) was obtained from Shanghai Rhawn Chemical Technology Co., Ltd. 4′,6-
diamidino-2-phenylindole (DAPI), ROS Assay kit and JC-1 Mitochondrial Membrane Potential Assay Kit were purchased from
Beyotime Life Science Inc. (Shanghai, China). Pierce Co-immunprecipitation Kit (26149) was obtained from Thermo Scienti�c. 5 ×
Native Sample Loading Buffer (C506032) was obtained from Sangon Biotech Co., Ltd. (Shanghai, China).

2.2. Cell culture and stimulation
Mouse spermatocyte-derived GC-2spd(ts) cells were purchased from Procell Life Science&Technology Co.,Ltd.. GC-2spd(ts) cells
were grown in DMEM supplemented with 12% FBS and 1% penicillin/streptomycin in 5% CO2 at 37 ℃.

GC-2spd(ts) cells were incubated for 24 h with NaPs (400 µg/mL). The concentration of NaPs was chosen to assess the
microplastic reproductive toxicity based on previous work (Hou et al., 2021). To determine the bene�cial effects on NaPs-triggered
reproductive toxicity in vitro, cells were stimulated with NaHS (250 µM) 1 h before NaPs treatment. Next, to con�rm the roles of
Nrf2 in endogenous H2S-triggered protective effects, we pre-treated GC-2spd(ts) cell with Nrf2 inhibitor ML385 and NaHS for 1h
and cultured with NaPs for for another 24 h for further analysis.

2.3. Cell-apoptosis analysis
After treatment with reagent for the indicated duration, the percentage of apoptotic cells were determined by Annexin V-PE/7-AAD
Detection Kit (Procell, Wuhan, China) as described (Li et al., 2021). A total of 1 × 106 cells were collected and washed twice with
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PBS. Then, the cells were resuspended with 500 µL binding buffers containing 5 µL 7-AAD and 5 µL Annexin V-PE. Following a 20
min incubating in the dark at 37℃, Next, the cells were read in the �ow cytometer Beckman CytoFLEX FCM. FlowJo software was
utilized to calculate the percentage of apoptotic cells.

2.4. Assessing mitochondrial membrane potential (MMP)
After treatment with reagent, the cells were incubated with 1 × JC-1 dye for 30 min at 37°C. Then, the cells were harvested and
washed with JC-1 staining buffer. Next, the ratios of red/green �uorescence levels was recorded by �ow cytometry. Additionally,
cells were observed by inverted microscope (EVOS™ M7000 Imaging System, Thermo Scienti�c).

2.5. Detection of endogenous ROS levels
The concentration of ROS was measured using the DCFH-DA probe. After pertreating with NaHS or/and ML385 followed by NaPs
stimulation, 10 µM DCFH-DA was added to the cells culture medium at 37°C for 30 min. Next, the cells were washed with serum-
free medium. The levels of ROS were recorded using �ow cytometry (Beckman CytoFLEX FCM). The �uorescence levels was
quanti�ed using FlowJo software.

2.6. Western blotting analysis
Cells were harvested and lysed with RIPA buffer with 1 mM PMSF (Beyotime Biotechnology, Shanghai, China). 25 µg of protein
was separated with 12% SDS-PAGE and then electroblotted onto PVDF membranes. Next, the membranes were blocked with 5%
nonfat milk in TBST for 1 hr at 37°C. Thereafter, the membranes were probed overnight at 4°C with primary antibodies. Antibodies
used and the diluted ratio were shown in Supplementary Materials. After three washes with TBST, the blots were incubated with
the related secondary antibodies for 1 hr at 37°C. The images of target proteins were visualized using Azure Biosystems (USA).
The bands were quanti�ed by the Image J software and normalized to β-actin.

2.7. Immuno�uorescent staining
After �xed with 4% paraformaldehyde, the GC-2spd(ts) cells were permeabilized with 0.5% Triton X-100/PBS for 20 min. The
samples were blocked with 5% BSA before being incubated with Nrf2, PKM2, LC3-II in a wet box at 4°C overnight. Followed by
incubation with a Cy3-conjugated goat anti-rabbit IgG(H + L) or FITC-conjugated goat anti-mouse IgG(H + L) for 1 h. After washing
with PBS thrice, the cells nuclei were counterstained with DAPI (0.5 µg/mL). The protein expression and nuclear translocation were
photographed by inverted microscope (EVOS™ M7000 Imaging System, Thermo Scienti�c). The �uorescence signals were
quanti�ed with Image J software.

2.8. Co-immunoprecipitation (Co-IP)
After experimental treatments, proteins from GC-2spd(ts) cells were harvested by ice-cold IP Lysis (Thermo Fisher Scienti�c, USA).
Co-IP assays were conducted using Pierce Co-IP Kit according to the manufacturer’s instructions. Approximate 30 µg of a�nity-
puri�ed Nrf2 was incubated with aminoLink plus coupling resin. Next, protein mixture was added into the appropriate resin and
the mixture rocking for overnight at 4°C. Next day, 10 µL of elution buffer was added into coupling resin, followed by centrifuging.
Repeating this step for 4 times. Subsequently, the eluted proteins were boiled with 5 × sample buffer and western blot analysis as
descried in the above section.

2.9. Nondenature PAGE (N-PAGE) analysis.
As previously described (Wei et al., 2020), total protein was extracted from GC-2spd(ts) cells using ice-cold IP Lysis. Removing cell
debris, 5 × Native Sample Loading Buffer was added to the supernatant, which were resolved on 12% PAGE gels. The following
steps were the same as western blot analysis.

2.10. Statistical analysis
The experimental results were presented as the means ± S.E.M. All experiments represent at least 3 independent experiments.
Statistical signi�cance was analyzed by one-way ANOVA. P < 0.05 was de�ned signi�cant difference.
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3. Results

3.1. Accumulation of nanoplastics in mouse spermatocyte-derived GC-
2spd(ts) cells
No �uorescent signal was observed in the control group after 24 h. As expected, we found that 80 nm �uorescent NaPs could
enter into GC-2spd(ts) cells by �uorescent inverted microscope for 24 h (Fig. 2). H2S donor have been reported to prevent redox
system imbalance via increasing Nrf2-medicated antioxidant defenses (Zhao et al., 2020). To investigate how microplastics stress
in�uences redox system, we used Nrf2 activator, H2S donor, to explore the role of Nrf2 in NaPs-induced reproductive toxicity in
vitro. Here, we also found that NaHS pre-treatment did not reduce �uorescent signal in the presence of NaPs (Fig. 2).

3.2. NaPs-induced oxidative stress via regulating Nrf2/Keap1 signaling in
vitro
At �rst, using immuno�uorescence assay, we observed that NaPs decreased the �uorescence intensity of Nrf2, which was mainly
located in the cytoplasm. By contrast, the view of immuno�uorescence microscopy showed that NaHS treatment promoted Nrf2
expression and enhanced nuclear localization of Nrf2 in GC-2spd(ts) cells (Fig. 3A-B). On the other hand, our data showed that
Nrf2 activation was necessary for NaHS to suppress NaPs-caused ROS burst (Supplementary Fig. 1). Moreover, western blotting
showed that NaPs treatment signi�cantly decreased the protein levels of Nrf2, HO-1, Nqo1 and increased the protein levels of
Keap1 in GC-2spd(ts) cells, and these changes could be mitigated by NaHS pre-treatment (Fig. 3C-D). Next, Co-IP analysis showed
that NaPs treatment did not change the interaction between Nrf2 and Keap1. However, pre-treatment with NaHS weakened the
interaction between Keap1 and Nrf2 (Fig. 3E-F), indicating H2S donor contribute to Nrf2 translocated to the nucleus and induced
transcription of antiantioxidant genes. Through �ow cytometry assays, we found that NaPs treatment signi�cantly triggered the
generation of endogenous ROS (Fig. 3A-B). By contrast, the over-production of endogenous ROS induced by NaPs was also
decreased after improving Nrf2/Keap1 signaling (Fig. 3G-H). Above results suggest that loss of Nrf2 was active regulator for
oxidative stress caused by NaPs in GC-2spd(ts) cells.

3.3. NaPs-induced reproductive toxicity was mediated by ROS-dependent
mitochondrial apoptosis in vitro
Next, we attempted to explore whether oxidative stress posed by NaPs exposure associated mitochondrial apoptosis in GC-
2spd(ts) cells. Flow cytometry analysis revealed that NaPs signi�cantly increased the percentage of apoptosis cells (Fig. 4A-B).
We also demonstrated that suppression of excessive ROS by NaHS pre-treatment signi�cantly diminished the percentage of
apoptosis cells in the presence of NaPs (Fig. 4A-B). Next, found that NaPs signi�cantly caused a noteworthy dissipation of the
MMP, decreased by almost 9-fold, which can be reversed by suppression of excessive ROS (Fig. 4C-D). Meanwhile, the view of
�uorescent inverted microscope showed that the green �uorescence intensity was signi�cantly reduced after NaPs exposure.
Whereas, suppression of excessive ROS remarkably inhibited green �uorescence intensity and increased red �uorescence intensity
in GC-2spd(ts) cells (Fig. 4E). Meanwhile, we also demonstrated that the regulation of Nrf2 signaling was one of the mechanisms
in NaPs-induced reproductive toxicity (Supplementary Fig. 2). Collectively, these results indicate that NaPs-induced mitochondrial
apoptosis was mediated by ROS in mice spermatocyte cells.

3.4. Excessive ROS mediated NaPs-induced excessive autophagy in GC-
2spd(ts) cells
Accumulating evidence indicates that Nrf2 signaling regulates the intrinsic autophagy impairment (Zhang et al., 2017; Wang et al.,
2020). We then investigated whether autophagy was associated with NaPs-induced dysregulation of Nrf2 in vitro. At �rst, western
blotting analysis revealed that NaPs signi�cantly promoted the the expression of autophagy biomarker LC3-II, p62 and reduced
expression of mTORC (Fig. 5A-D), suggesting that NaPs could promote excessive autophagy via regulating mTORC signaling in
GC-2spd(ts) cells. In contrast, suppression of excessive ROS by NaHS abrogated the regulatory effects of NaPs on LC3-II, p62 and
mTORC protein expressions (Fig. 5A-D). In accordance with these results, immuno�uorescence assays con�rmed that NaPs
incubation up-regulated LC3-II protein levels, as evidenced by the enhance red �uorescence. Similarly, NaPs incubation increased
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LC3-II protein levels, which was normalized by NaHS treatment (Fig. 5E-F). These data suggested that excessive ROS triggered
excessive autophagy and thus involved in NaPs-triggered reproductive toxicity in vitro.

3.5. PKM2 signaling was involved in NaPs-triggered reproductive toxicity
in vitro
Normal rate-limiting enzyme (PKM2, GLU and HKII) of aerobic glycolysis levels are necessary for energy production and cellular
physiology. Additionally, accumulating evidence has demonstrated that PKM2, as a transcriptional coactivator of Nrf2, generates
su�cient GSH for ROS detoxi�cation (Wei et al., 2020). Herein, western blotting analysis revealed that the expressions of GLU and
HKII were not signi�cantly in�uenced by NaPs incubation (Fig. 6A-B). In contrast, we found that the expression of PKM2 was
increased in GC-2spd(ts) cells after NaPs treatment. Meanwhile, we pretreated cells with NaHS to activate Nrf2 signaling. We
found that the altered gene expression of PKM2 was reversed by the activate Nrf2 signaling (Fig. 6A-B). Immuno�uorescence
assays further con�rmed that NaPs incubation reduced PKM2 protein level, as evidenced by the weaker �uorescence. Consistent
with the western blotting results, immuno�uorescence assays also demonstrated that PKM2 nuclear translocation was enhanced
by the combined treatment of NaPs and NaHS (Fig. 6C-D). Hence, these data suggested that NaPs might switch speci�c biological
functions of PKM2 relying on Nrf2 signaling.

3.6. NaPs-altered dimerize PKM2 expressions was associated with Nrf2
signaling
PKM2 exists in the form of tetramers and dimers with different biological activities. Next, we found that dimerize PKM2
expression was signi�cantly reduced by NaPs incubation (Fig. 7A-B). Meanwhile, we also observed that NaPs treatment mildly
promoted the expression of tetrameric PKM2 (Fig. 7A and D). In contrast, NaPs-altered dimerize and tetrameric PKM2 expressions
were signi�cantly mitigated by NaHS co-treatment (Fig. 7A-C). As we expected, Co-IP analysis proved that PKM2 directly interacted
with Nrf2 (Fig. 7C-D). These data indicated that NaPs could regulate dimerize PKM2 expression via Nrf2 signaling.

4. Discussion
In the present study, we illustrated the molecular mechanism of the NaPs-induced reproductive toxicity in vitro. We con�rmed that
NaPs caused ROS burst associated with Nrf2/Keap1 signaling. Moreover, current results also suggested dysregulation of Nrf2
signaling and dimerize PKM2 involved in NaPs induced mitochondrial apoptosis and excessive autophagy in vitro. Another novel
�nding was that enhanced interaction between PKM2 and Nrf2 might be a crucial regulator of targeted prevention of NaPs-
induced reproductive toxicity. The work revealed the detailed underlying mechanism about the NaPs-induced reproductive toxicity,
and extended our recognition on the relationship between plastic and reproductive disease risk.

In general, the Insu�cient antioxidant enzymes may be the main cause and a key event in the development of declining semen
quality. Herein, we demonstrated that NaPs could led to excessive ROS generation in GC-2spd(ts) cells, which may be due to the
fact that the higher mass/surface ratio of NaPs enable the translocation of free radicals through membranes (Lei et al., 2018). In
addition to the absorption mechanism of free radicals, NaPs-induced oxidative stress may also be explained by the depletion of
antioxidant enzymes. Consistent with the fact, we also found that NaPs can inhibit Nrf2-mediated antioxidant capacity, indicating
NaPs disturbed proper redox homeostasis in mice spermatocyte cells. Consistently, an in vivo study on testicular toxicity showed
that polystyrene microplastics could induce the decline of sperm quality via decreasing the protein expressions of Nrf2 and HO-1
(Hou et al., 2021b). Furthermore, previous research also demonstrated that microplastics could increase oxdative stress via
inhibiting nuclear accumulation of Nrf2 protein, which supports our data (Li et al., 2021b). Similarly, plastic additives could
increase oxidative stress in testes via promoting m6A modi�cation of Nrf2 mRNA (Zhao et al., 2020). Alternatively, this may be
due to the fact that NaPs could induce mitochondrial membrane dysfunction, subsequently causing ROS burst via one-electron
carriers (Zhao et al., 2020).

Because Nrf2 is captured by Keap1 and constantly degraded via the ubiquitin-proteasome pathway in cytoplasm, we speculated
that modifying the binding of Nrf2-Keap1 might provide a way to increase antioxidant protection. Previous study has
demonstrated that H2S could increase the glutathione contents and alleviate oxidative stress via S-sulfhydration of Keap1 (Yang
et al., 2013). Furthermore, administration of exogenous H2S decreased the interaction between Keap1 and Nrf2 via S-sulfhydration
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of Keap1 at Cys151 in liver injury model (Zhao et al., 2021). In the current study, immunoprecipitation assay reveal that NaHS pre-
treatment reduced the binding of Keap1 to Nrf2 after NaPs exposure in GC-2spd(ts) cells. Additionally, we also found that NaHS
could promote nuclear accumulation of Nrf2. These results suggest that NaHS could induced the dissociation of Nrf2 from Keap1,
promote the nuclear translocation of Nrf2, and subsequently enhance the antioxidant ability. On the other hand, we also con�rmed
that NaPs-induced oxidative stress in GC-2spd(ts) cells via downregulating Nrf2 signaling. In contrast, increased Nrf2
translocation by NaHS could suppress NaPs-caused excessive ROS. This �nding further elucidated that NaPs-induced redox
imbalance is relied on the dysregulation of Nrf2 signaling.

An important and novel �nding in this study was that NaPs decreased the expression of PKM2 dimer. It has been reported that the
dimeric PKM2 in the nucleus acts as the a transcription factor coactivator to regulate gene expression, and attaches to the outer
membrane of mitochondrial to maintain mitochondrial function (Christofk et al., 2008). Interestingly, the dimerization of PKM2
has been reported to interact with and activate Nrf2, thereby facilitating GSH synthesis (Wei et al., 2020b). Consistently, Co-IP
analysis in this study showed that enhanced the binding activity of Nrf2 with PKM2 could rescue NaPs-triggered mitochondrial
apoptosis in GC-2spd(ts) cells. This �ndings suggested that enhanced interaction between PKM2 and Nrf2 might obtain the
advantage of transcription factors to alleviate the ROS burst (Gao et al., 2020). However, further studies should be conducted to
con�rm the underlying mechanisms.

Interestingly, we found that NaPs exposure could increase autophagy levels, evidenced by the up-regulated expression of LC3II
and p62. One mechanism could be that NaPs might damage the lysosomal compartment and mitochondria, or change the cell
cytoskeleton, thereby resulting in the blockade of autophagosome-lysosome fusion (Stern et al., 2012). Alternatively, perhaps this
is due to the mechanism that NaPs could result in lysosomal oxidative stress and alkalization, subsequently inducing osmotic
swelling and detergent-like disruption of the lysosomal membrane, which in turn leads to lysosomal membrane permeabilization
(Xia et al., 2008; Ma et al., 2011). In this context, it seems that NaPs could induce lysosomal dysfunction, which contributed to
accumulation of autophagosomes and ubiquitinated protein aggregates. Notably, we also found that improving Nrf2
translocation via pro-treated with NaHS counteracted NaPs-induced autophagy in GC-2spd(ts) cells. These results are supported
by previous studies demonstrating that activating Nrf2-meidated antioxidant capacity inhibited autophagic cell death in the
spleen (Zhao et al., 2021). It is known that excessive ROS burst can lead to cellular biomolecules damage and organelle
dysfunction, thereby facilitating accumulation of protein damage products (Zhang et., 2013). Furthermore, excessive ROS serve as
signaling molecules to oxidize mTORC, thereby promoting autophagy (Li et al., 2021). In combination with the mechanisms of
ROS-triggered autophagy, our data suggest that NaPs-induced excessive autophagy might attribute to loss of Nrf2 signaling in
GC-2spd(ts) cells. This point is supported by previous study (Liu et al., 2016).

5. Conclusion
Our research demonstrated that NaPs-induced reproductive toxicity was mediated by ROS-dependent mitochondrial apoptosis and
autophagy in vitro. Suppression of ROS burst by Nrf2-mediated anti-oxidant defence with the regulation of PKM2 signaling could
mitigate NaPs-mediated reproductive toxicity in vitro. Moreover, increasing interaction between PKM2 and Nrf2, and this
cooperation might alleviate the NaPs-mediated reproductive toxicity in vitro (Fig. 8). Thus, interaction of PKM2 with Nrf2 signaling
are essential process of NaPs-induced reproductive toxicity via disturbing tolerance to environmental stress. This stud provides a
new perspective for understanding microplastics-induced reproductive toxicity mechanisms.
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Figure 1

Characteristics and accumulation of nanoplastics. (A) The �uorescence microcopy images of nanoplastics used in this study. (B)
Scanning electron microscope image of the morphology of nanoplastics. (C) UV–vis absorption spectra analysis.
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Figure 2

Entering of nanoplastics into mouse spermatocyte-derived GC-2spd(ts) cells after exposure for 24 h.
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Figure 3

Improving Nrf2/Keap1 signaling combated NaPs-induced oxidative stress in the GC-2spd(ts) cells. (A) �ow cytometry was used to
identify intracellular ROS levels after loading with 10 μM DCF-DA. (B) ROS levels were quantitated using the FlowJo software. (C)
Nrf2 expression and location were con�rmed by immuno�uorescence analysis. (D) Statistical analysis of the �uorescence
intensity of Nrf2 after treatment. (E) Western blotting was performed to determine Nrf2, Keap1, HO-1 and Nqo1 proteins
expressions. (F) The relative protein expressions were evaluated by Image J software. (G) Co-IP analyses were performed to detect
the binding of Nrf2 to Keap1. P < 0.01, P < 0.001.
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Figure 4

Suppression of excessive ROS suppressed NaPs-induced mitochondrial apoptosis. (A) Apoptosis was measured by the Annexin V-
PE/7-AAD double staining assay by �ow cytometry analysis. (B) The proportion of apoptotic cells was analyzed using FlowJo
software. (C) MMP were measured using JC-1 staining. (D) The quanti�cation of MMP depolarization after NaHS or/and NaPs
treatment. (E) Fluorescence merged images after JC-1 staining. captured by inverted �uorescence microscope. Scale bar = 20 μm.
***P < 0.001.
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Figure 5

Suppression of excessive ROS alleviated excessive autophagy induced by NaPs in GC-2spd(ts) cells. (A) Western blotting was
performed to determine mTORC, p62 and LC3-I/II proteins expressions. (B-D) The relative protein expressions were evaluated by
Image J software. (E) LC3-II expression was con�rmed by immuno�uorescence analysis. (F) Statistical analysis of the
�uorescence intensity of LC3-II after treatment. ns, not signi�cant; P < 0.01, P < 0.001.
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Figure 6

PKM2 signaling was involved in endogenous NaPs-triggered reproductive toxicity in vitro. (A) Nrf2 expression and location were
examined by immuno�uorescence analysis. (B) Statistical analysis of the �uorescence intensity of Nrf2 after treatment. (C)
Western blotting was performed to determine GLU1, HKII and PKM2 proteins expressions. (D) The relative protein expressions
were evaluated by Image J. P < 0.05, P < 0.001.
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Figure 7

NaPs-altered dimerize and tetrameric PKM2 expressions were associated with Nrf2 signaling. (A) PKM2 dimer and tetramer
formation were detected by Nondenature PAGE, and total PKM2 protein was analyzed by western blotting. (B) The relative protein
expressions were evaluated by Image J software. (C) Co-IP analysis was performed to detect of the binding of Nrf2 with PKM2.
(D) The relative protein expressions were evaluated by ImageJ software. ns, not signi�cant; P < 0.05, P < 0.01, P < 0.001.
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Figure 8

Schematic summary. The H2S donor NaHS drives the interaction of PKM2 and Nrf2 via promoting the dissociation of Nrf2 from
Keap1, subsequently promotes the expression of Nqo1 and HO-1, and ameliorates the mitochondrial apoptosis and excessive
autophagy induced by NaPs.
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