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Abstract: Microplastics (MPs) and nanoplastics (NPs) have become hazardous materials due to the massive amount of plastic 
waste and disposable masks, but their specific health effects remain uncertain. In this study, fluorescence-labeled polystyrene 
NPs (PS-NPs) were injected into the circulatory systems of mice to determine the distribution and potential toxic effects of NPs 
in vivo. Interestingly, whole-body imaging found that PS-NPs accumulated in the testes of mice. Therefore, the toxic effects of 
PS-NPs on the reproduction systems and the spermatocytes cell line of male mice, and their mechanisms, were investigated. 
After oral exposure to PS-NPs, their spermatogenesis was affected and the spermatogenic cells were damaged. The spermatocyte 
cell line GC-2 was exposed to PS-NPs and analyzed using RNA sequencing (RNA-seq) to determine the toxic mechanisms; a 
ferroptosis pathway was found after PS-NP exposure. The phenomena and indicators of ferroptosis were then determined and 
verified by ferroptosis inhibitor ferrostatin-1 (Fer-1), and it was also found that nuclear factor erythroid 2-related factor 2 (Nrf2) 
played an important role in spermatogenic cell ferroptosis induced by PS-NPs. Finally, it was confirmed in vivo that this 
mechanism of Nrf2 played a protective role in PS-NPs-induced male reproductive toxicity. This study demonstrated that PS-NPs 
induce male reproductive dysfunction in mice by causing spermatogenic cell ferroptosis dependent on Nrf2.
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1 Introduction 

Currently, plastics are widely used in various manu‐
facturing industries, such as food packaging, children’s 
toys, clothing materials, medical instruments, and build‐
ing materials, and even in daily life, due to their low 
cost and convenient properties (Li YM et al., 2021). In 
2018, more than 360 million tons of plastics were pro‐
duced worldwide (Kedzierski et al., 2020). In the natur‑
al environment, bulk plastic waste can undergo frag‐
mentation into smaller pieces (microplastics (MPs): 
 <5 mm in diameter; nanoplastics (NPs): 1‒100 nm 

in diameter) that pose a threat to a diverse range of 
organisms (Wang LW et al., 2021). In addition, numer‐
ous studies have demonstrated that the many dispos‐
able masks consumed during the coronavirus disease-
2019 (COVID-19) epidemic released MPs/NPs into 
the environment by natural weathering (Wang Z et al., 
2021; Shukla et al., 2022). Previous studies have shown 
that smaller NPs are more likely to remain in organ‐
isms than larger ones, which may be related to the 
fact that NPs with smaller particles find it easier to 
enter and stay in cells and cause cytotoxicity (Rist et al., 
2017; Fu et al., 2023). It is currently impossible to 
accurately assess the formation rate of NPs in the envir‑
onment and the metabolic rate in vivo due to the limit‑
ations of technology; thus, NPs are regarded as a novel 
persistent environmental contaminant that poses sig‐
nificant risks to human health (Khan et al., 2022). In 
addition, NPs can be transferred to humans through the 
food chain, from marine plankton to fish or seafood 
(Wang LW et al., 2021; Yosri et al., 2021). On the other 
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hand, NPs can accumulate in plants, move to a higher 
trophic level, and eventually enter humans (Yin LS 
et al., 2021). To date, NPs have been found in drink‐
ing water (Oßmann et al., 2018), food (Kedzierski et al., 
2020), air (Gasperi et al., 2018), teabags (Hernandez 
et al., 2019), take-out food containers (Du et al., 2020), 
and personal care products (Fendall and Sewell, 2009). 
Studies have also demonstrated the direct routes of 
NPs’ exposure in the human body through the gastro‐
intestinal system, respiratory tract inhalation, and skin 
penetration (Yee et al., 2021). Furthermore, after intake, 
NPs can enter the blood and lymphatic circulatory sys‐
tems and distribute to various organs, including the 
brain, liver, heart, reproductive organs, and even the 
human placenta (Ragusa et al., 2021; Yin K et al., 2021).

Reproductive health is critical to human health and 
is the key to the quality of human offspring. Recently, 
infertility has been a major public health problem world‐
wide. It is estimated that nearly 12% of couples world‐
wide are infertile, of which 50% are caused by male 
infertility (Schulte et al., 2010; Zegers-Hochschild 
et al., 2017). From 1973 to 2011, the number of sperms 
decreased by 50%–60% globally (Levine et al., 2017) 
and, from 2001 to 2015, the proportion of sperms with 
normal morphology decreased from 31.8% to 10.8% 
in China (Huang et al., 2017). Oxidative stress consti‐
tutes a significant etiological factor in male infertility, 
which is essentially due to the imbalance of intracellu‐
lar reactive oxygen species (ROS) and antioxidation 
in spermatids (Bisht et al., 2017). Approximately 80% 
of male infertility cases are attributed to high levels of 
ROS in semen, leading to what is known as male oxi‐
dative stress infertility (MOSI). As a result, it would 
be useful to understand the underlying toxicological 
mechanisms by which NPs cause adverse effects on 
male reproduction.

In the present study, the adverse effects of 50- and 
90-nm polystyrene nanoparticles (PS-NPs) on male 
reproduction as well as underlying mechanisms were 
assessed in mice.

2 Results 

2.1 Induction of male reproductive toxicity in mice 
by PS-NPs

To determine the adverse effects of NPs, two 
PS-NPs (diameter sizes of 50 and 90 nm, respectively) 

were chosen to compare the toxicity in vivo and in vitro. 
First, the characteristics of two types of PS-NPs, includ‐
ing size and shape, were determined using transmission 
electron microscopy (TEM), and the particles presented 
a near-spherical shape and adequate particle diameter 
size, consistent with the commercial test report (Fig. 1a). 
Mice were infused with fluorescence-labeled PS-NPs 
(50 nm) via intravenous tail injection for two days to 
investigate the distribution and accumulation of NPs 
in vivo. Interestingly, the result revealed that PS-NPs 
were distributed and accumulated in the testes of mice 
(Fig. 1b). To further determine the distribution and 
accumulation of PS-NPs in tissues and organs, the 
mice were euthanized, and their organs were harvested. 
The fluorescence imaging assay revealed that the 
fluorescence-labeled PS-NPs were accumulated in the 
brain, lung, testis, heart, kidney, epididymis, and liver 
rather than in the spleen (Fig. 1c). This result suggested 
that PS-NPs entering the blood circulatory system may 
be more likely to accumulate in these organs or tis‐
sues. To determine the specific male reproductive toxic‐
ity of PS-NPs at the nano-scale, pristine PS-NPs of 
50 and 90 nm were exposed to male mice for 30, 45, 
and 60 d. After 50 nm PS-NP exposure for 30 d, the 
testicular morphology was significantly more decreased 
than in the control (Fig. 1d), the sperm morphology 
and semen quality were detected, and the results are 
displayed in Fig. S1. The results demonstrated that 
sperm morphology was affected (Fig. S1a), testoster‐
one level was decreased (Fig. S1b), the sperm viability 
was decreased (Fig. S1c), and the sperm abnormality 
rate was increased (Fig. S1d) after 50 nm PS-NP expo‐
sure for 30 d. After 90 nm PS-NP exposure for 30 d, 
the result revealed that the sperm morphology was 
affected (Fig. S1e), testosterone level was decreased 
(Fig. S1f), the sperm concentration was decreased 
(Fig. S1g), the sperm viability was decreased (Fig. S1h), 
and the sperm abnormality rate was increased (Fig. S1i). 
Fig. S2 illustrates the testicular morphology (Fig. S2a), 
sperm concentration (Fig. S2b), viability (Fig. S2c), 
and abnormality rate (Fig. S2d) after 50 nm PS-NP 
exposure for 45 d. Fig. S3 shows the testicular mor‐
phology (Fig. S3a), the sperm concentration (Fig. S3b), 
viability (Fig. S3c), and abnormality rate (Fig. S3d) 
after 50 nm PS-NP exposure for 60 d. Additionally, body 
weight was evaluated in 50 nm PS-NP exposure for 
60 d at intervals of seven days, and the result demon‐
strated insignificant differences between the control and 
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Fig. 1  Effects of PS-NPs on male reproductive toxicity by damaging spermatogenesis. (a) The characterization of 50 nm 
and 90 nm PS-NPs. (b) The whole-animal fluorescence imaging after fluorescence-labeled PS-NP intravenous tail injection. 
(c) The fluorescence imaging of fluorescence-labeled PS-NPs accumulated in various organs. (d) The testicular morphology 
of mice after 50 nm PS-NP exposure for 30 d. (e) The body weight of mice after 50 nm PS-NP exposure for 60 d. (f) The 
organ coefficients of testes after 50 nm PS-NP exposure for 30, 45, and 60 d. (g‒i) The gene expression of plzf (g), ddx4 (h), 
and dazl (i) in testis after 50 nm PS-NP exposure for 30 d. (j) The testicular histology of 50 and 90 nm PS-NP exposure for 
30 d. (k, l) The expression of meiosis genes stra8 (k) and sycp3 (l) in testicular tissue after 50 nm PS-NP exposure for 30 d. 
(m) The fluorescent PS-NPs emerged in seminiferous tubules. Data are expressed as mean±standard deviation (SD), n=3. 
* P<0.05, ** P<0.01, compared with the control in the 30-d exposed group; ## P<0.01, compared with the control in the 45-d 
exposed group; & P<0.05, && P<0.01, compared with the control in the 60-d exposed group. PS-NPs: polystyrene nanoparticles; 
plzf: promyelocytic leukemia zinc finger; ddx4: (Asp-Glu-Ala-Asp, DEAD)-box helicase 4; dazl: deleted in azoospermia 
(DAZ)-like; stra8: stimulated by retinoic acid 8; sycp3: synaptonemal complex protein 3.
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exposed groups (Fig. 1e). The organ coefficient of testes 
was determined accordingly, and the result revealed 
that the organ coefficients decreased after 30, 45, and 
60 d of exposure (Fig. 1f). These results suggested that 
PS-NPs can induce male reproductive toxicity in mice.

2.2 Effect of PS-NPs on spermatogenesis by 
damaging spermatocyte

The expression of spermatogenesis-related genes 
was detected to determine the effect in the testis caused 
by PS-NPs. The results demonstrated that the expres‐
sion levels of promyelocytic leukemia zinc finger (plzf) 
(Fig. 1g), (Asp-Glu-Ala-Asp, DEAD)-box helicase 4 
(ddx4) (Fig. 1h), and deleted in azoospermia (DAZ)-like 
(dazl) (Fig. 1i) were decreased after 50 nm PS-NP 
exposure for 30 and 60 d (Figs.S3e–S3g), suggesting 
that PS-NPs could affect spermatogenesis. Then, the 
testicular histology was evaluated, and the result re‐
vealed that the layers of spermatogenic cells were lost 
in the seminiferous tubules after 50 and 90 nm PS-NP 
exposure for 30 d (Fig. 1j), 45 d (Fig.S2e), and 60 d 
(Fig. S3h). These results implied that spermatogenic 
cells might be one of the cells damaged by PS-NPs. 
The expression of key genes stimulated by retinoic 
acid 8 (stra8) and synaptonemal complex protein 3 
(sycp3) in spermatocyte meiosis was detected to con‐
firm the hypothesis. The results demonstrated that the 
expression of stra8 (Fig. 1k) and sycp3 (Fig. 1l) de‐
creased after 50 nm PS-NP exposure for 30 d. In add‑
ition, the fluorescence-labeled PS-NPs were found in the 
seminiferous tubule after two days by tail vein injec‐
tion (Fig. 1m). These results suggested that PS-NPs 
could cross the blood–testis barrier and damage the 
function of spermatogenic cells in seminiferous tubules.

2.3 Effect of PS-NPs on the viability of GC-2 cells 
through ferroptosis

To explore the mechanisms by which PS-NPs 
affect spermatogenic cells, the spermatocyte cell line 
GC-2 was employed to evaluate the cytotoxicity of 
PS-NPs in vitro. To investigate the cytotoxicity of 
PS-NPs to GC-2 cells, the fluorescence-labeled PS-NPs 
(50 nm) were used to expose GC-2 cells for 24 h. The 
result demonstrated that PS-NPs were internalized in 
the cytoplasm of GC-2 cells (Fig. 2a). Then, the cytotox‐
icity of PS-NPs in GC-2 cells for 24 h was determined 
by the cell counting kit-8 (CCK8) assay. The results 
demonstrated that 50 nm PS-NPs significantly affected 

cell viability at 25 μg/mL or higher concentrations 
(Fig. 2b), and 90 nm PS-NPs required a higher con‐
centration at 75 μg/mL to reduce cell viability (Fig. 2c). 
These results might suggest an inverse correlation 
between the diameter size of PS-NPs and their cyto‐
toxicity. RNA sequencing (RNA-seq) was performed 
to investigate the detailed cytotoxicity mechanisms of 
PS-NPs’ impacts on GC-2 cells. The result demon‐
strated that 240 genes were upregulated and 210 genes 
were downregulated after 50 nm PS-NP exposure, and 
458 were upregulated and 223 were downregulated 
after 90 nm PS-NP exposure, compared to the control 
(Fig. 2d). After enrichment analysis, the results dem‐
onstrated that parts of the differential genes were 
enriched in ferroptosis and the redox reaction signal‐
ing pathway in both the 50 nm (Fig. 2e) and 90 nm 
(Fig. 2f) PS-NP-treated groups. It is suggested that the 
effect of PS-NP exposure on cell viability may be caused 
by ferroptosis. Ferroptosis is a new programmed cell 
death (PCD) type proposed recently, and it is independ‑
ent of apoptosis, necrosis, and autophagy (Dixon et al., 
2012). The failure of the cell membrane lipid repair‐
ing enzyme glutathione peroxidase 4 (GPX4) leads to 
reductive glutathione depletion and an increase in free 
Fe2+, which can oxidize lipids via the Fenton reaction, 
resulting in the production of a large amount of lipid 
ROS, which destroys intracellular redox homeostasis 
and eventually causes cell death (Dixon et al., 2012; 
Hassannia et al., 2019). To confirm this hypothesis, 
the inhibitors of apoptosis (Z-VAD-FMK), necrosis 
(necrostatin-1), and ferroptosis (ferrostatin-1 (Fer-1)) 
were employed to restore the PS-NP-affected viability. 
The result revealed that only the inhibitor of ferropto‐
sis Fer-1 could significantly rescue the GC-2 viability 
affected by PS-NPs (Fig. 2g). These results implied 
that PS-NPs affect GC-2 viability through iron metab‐
olism and redox destruction. Therefore, nuclear factor 
erythroid 2-related factor 2 (Nrf2) and GPX4, the key 
proteins of redox and ferroptosis, were detected by west‐
ern blotting. The results demonstrated that the expres‐
sion of Nrf2 and GPX4 significantly changed after 50 
and 90 nm PS-NP exposure at 12.5 μg/mL (Fig. 2h) 
and 25 μg/mL (Fig. 2i), respectively. Additionally, the 
malonaldehyde (MDA) results showed that lipid per‐
oxidation level was affected by 12.5 μg/mL 50 nm 
PS-NPs (Fig. 2j), 25 μg/mL 90 nm PS-NPs (Fig. 2k), 
or higher concentrations. Consequently, acquiring these 
treated concentrations provided a reference basis for 
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subsequent experiments. Additionally, the expression 
of proteins associated with ferroptosis, such as Nrf2 
and GPX4, and redox levels, such as MDA, glutathione 
(GSH), and superoxide dismutase (SOD), were detected 
in the testes (Fig. S4). These results suggested that 
PS-NPs triggered ferroptosis in GC-2 cells.

2.4 Effect of PS-NPs on the appearance of ferroptosis 
characteristics in GC-2 cells

To observe the ferroptosis after PS-NP exposure, 
the characteristics of ferroptosis, including mitochon‐
drial structure and function, were determined in GC-2 

cells, which were exposed to 50 and 90 nm PS-NPs at 
12.5 and 25 μg/mL for 24 h, respectively. Subsequently, 
the morphology of mitochondria was detected using 
TEM. Compared to the control group, PS-NPs-exposed 
GC-2 cells displayed morphological features associated 
with ferroptosis, such as mitochondrial shrinkage 
or matrix condensation, cristae decrease or disappear‐
ance, and increased outer membrane density (Fig. 3a). 
Then, the result of cellular free divalent iron demon‐
strated an apparent increase in the PS-NPs-exposed 
group compared to the control group (Fig. 3b). Mean‐
while, the level of lipid peroxidation was detected by 

Fig. 2  Effects of PS-NPs on the viability of GC-2 cells through ferroptosis. (a) The 50 nm fluorescent (Flu.) PS-NPs were 
internalized in the cytoplasm of GC-2 cells. (b, c) The viabilities of GC-2 cells after 50 nm (b) and 90 nm (c) PS-NPs at a 
series of concentrations. (d) The number of differential genes after 50 and 90 nm PS-NP exposure compared with control. 
(e, f) The differential genes affecting cell viabilities after 50 nm (e) and 90 nm (f) PS-NP exposure are enriched in the ferroptosis 
pathway. (g) GC-2 viability was rescued by an inhibitor of ferroptosis rather than inhibitors of apoptosis and necrosis. 
(h, i) Nrf2 and GPX4 expression in GC-2 cells after 50 nm (h) and 90 nm (i) PS-NP exposure. (j, k) MDA levels in GC-2 cells 
after 50 nm (j) and 90 nm (k) PS-NP exposure. Data are expressed as mean±standard deviation (SD), n=4 or 6. * P<0.05, 
** P<0.01, compared with the control group. PS-NPs: polystyrene nanoparticles; DAPI: 4',6-diamidino-2-phenylindole; 
Nrf2: nuclear factor erythroid 2-related factor 2; GPX4: glutathione peroxidase 4; MDA: malonaldehyde.
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a lipid peroxidation fluorescence sensor (C11 BODIPY 
581/591), and the result showed that 50 nm PS-NPs 
accelerated the production of lipid ROS. The combined 
exposure of 50 nm PS-NPs and ferric ion provider 
ferrous ammonium citrate (FAC) resulted in a higher 
level of lipid ROS than PS-NP exposure alone, in‐
dicating that PS-NPs induced an increase in the ox‐
idized form and a decrease in the reduced form of 
lipid molecules in GC-2 cells after PS-NP exposure 
(Fig. 3c). Furthermore, the mitochondrial membrane 
potential (MMP) was tested with JC-1 fluorescent dye. 
The result demonstrated a transition from red to green 
fluorescence after treatment with PS-NPs, indicat‐
ing decreased PS-NPs-induced MMP in GC-2 cells 
(Fig. 3d). The levels of labile ferrous ion in cytoplasm 
and mitochondria were confirmed using FerroOrange 

and Mito-FerroGreen fluorescence probe detection, 
respectively. The results revealed that the levels of 
labile ferrous ion in cytoplasm and mitochondria were 
higher in PS-NPs-exposed groups than in the control 
group (Fig. 3e). RSL3 (inhibitor of GPX4), as a posi‐
tive control, demonstrated a similar result with PS-NP 
exposure. These results suggested that ferroptosis ap‐
peared in GC-2 cells after exposure to 50 and 90 nm 
PS-NPs.

2.5 Effect of ferroptosis inhibitor ferrostatin-1 on 
PS-NPs-induced ferroptosis in GC-2 cells

To further investigate whether PS-NPs induce fer‐
roptosis in GC-2 cells, the cells were co-cultured with 
ferroptosis inhibitor Fer-1 and PS-NPs. Ferroptosis 
events, including intracellular free divalent iron, MDA, 

Fig. 3  Effect of PS-NPs on the appearance of ferroptosis characteristics in GC-2 cells. (a) The morphology of mitochondria 
under transmission electron microscopy in GC-2 cells after PS-NP exposure. (b) The level of cellular free divalent iron in 
GC-2 cells after PS-NP exposure; RSL3 is an inhibitor of GPX4 and serves as a positive control. (c) The level of lipid 
peroxidation in GC-2 cells was detected by C11 BODIPY 581/591 after PS-NP exposure; FAC is a ferric ion provider and 
serves as a positive control. (d) The change of mitochondrial membrane potential (MMP) in GC-2 cells was tested by JC-1 
fluorescent dye after PS-NP exposure. (e) The levels of labile ferrous ion in the cytoplasm and mitochondria of GC-2 cells 
were verified by FerroOrange and Mito-FerroGreen fluorescence probe detection after PS-NP exposure, respectively. 
RSL3 (inhibitor of GPX4) serves as a positive control. Data are expressed as mean±standard deviation (SD), n=5. ** P<
0.01, compared with the control group. PS-NPs: polystyrene nanoparticles; GPX4: glutathione peroxidase 4; FAC: ferrous 
ammonium citrate; DAPI: 4',6-diamidino-2-phenylindole.
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GSH, and protein expression in iron metabolism and 
antioxidant response, were then detected, including 
transferrin receptor (TFR), transferrin (TF), divalent 
metal transporter 1 (DMT1), ferroportin 1 (FPN1), 
GPX4, hemeoxygenase-1 (HO-1), and Nrf2. The find‐
ings demonstrated that Fer-1 could alleviate 50 and 
90 nm PS-NPs-induced increased intracellular free diva‐
lent iron levels (Fig. 4a), high MDA levels (Fig. 4b), and 
low GSH levels (Fig. 4c). Moreover, the results of pro‐
tein expression in iron metabolism and antioxidant re‐
sponse indicated that Fer-1 rescued the PS-NPs-induced 

proteins’ expression changes in TFR (Figs. 4d and 4e), 
TF (Figs. 4d and 4f), DMT1 (Figs. 4d and 4g), FPN1 
(Figs. 4d and 4h), GPX4 (Figs. 4d and 4i), HO-1 (Figs. 4d 
and 4j), and Nrf2 (Figs. 4d and 4k). Therefore, these 
results demonstrated that PS-NPs induced ferroptosis 
by increasing the expression of iron ion uptake and 
storage-related proteins (TFR, TF, and DMT1); mean‐
while, PS-NPs decreased the expression of iron ion 
release protein (FPN1) and led to intracellular labile 
iron pool (LIP) accumulation and oxidant-antioxidant 
homeostasis destruction, thereby resulting in ferroptosis.

Fig. 4  Effect of ferroptosis inhibitor Fer-1 on PS-NPs-induced ferroptosis in GC-2 cells. (a‒c) The high level of cellular 
free divalent iron (a), high level of MDA (b), and low level of GSH (c) in PS-NPs-exposed GC-2 cells were reversed by 
Fer-1. (d) The related protein expression levels involved in iron metabolism and antioxidant response after PS-NP exposure 
in GC-2 cells were reversed by Fer-1. (e‒k) The expression of TFR (e), TF (f), DMT1 (g), FPN1 (h), GPX4 (i), HO-1 (j), and 
Nrf2 (k). Data are expressed as mean±standard deviation (SD), n=3, 4, or 5. * P<0.05, ** P<0.01, compared with the 
control group. Fer-1: ferrostatin-1; PS-NPs: polystyrene nanoparticles; MDA: malonaldehyde; GSH: glutathione; TFR: 
transferrin receptor; TF: transferrin; DMT1: divalent metal transporter 1; FPN1: ferroportin 1; GPX4: glutathione 
peroxidase 4; HO-1: hemeoxygenase-1; Nrf2: nuclear factor erythroid 2-related factor 2.
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2.6 Effect of Nrf2 on the PS-NPs-induced ferroptosis 
in GC-2 cells

As illustrated in Figs. 2, 4, and S4, the expres‐
sion of Nrf2 was increased after PS-NP exposure in vivo 
and in vitro. Furthermore, recent studies have dem‐
onstrated that Nrf2 plays a critical role in ferroptosis 
through transferring from cytoplasm to the nucleus, ini‐
tiating gene expression of an antioxidant response (Sun 
et al., 2016; Dodson et al., 2019). The expression levels 
of Nrf2, Kelch-like ECH-associated protein 1 (Keap1, 
a moderator of Nrf2 proteasomal degradation), and 
GPX4 were detected to learn more about how Nrf2 
regulates ferroptosis in PS-NPs-induced GC-2 cells. 
The results demonstrated that PS-NPs decreased the 
expression of GPX4 and Keap1, whereas they increased 
the expression of Nrf2 (Figs. 5a and S5a–S5c). Sub‐
sequently, the expression of Nrf2 in both the cyto‐
plasm and the nucleus was detected, and the result in‐
dicated that Nrf2 was increased in the nucleus after 
PS-NP exposure, suggesting that PS-NPs may accel‐
erate the dissociation of the interaction between Nrf2 
and Keap1 and transfer from the cytoplasm into the 
nucleus (Figs. 5b, S5d, and S5e). To further confirm 
the hypothesis, the level of interaction between Nrf2 
and Keap1 after PS-NP treatment was evaluated by 
co-immunoprecipitation with Keap1 antibody, and the 
result demonstrated that Nrf2 was decreased after PS-NP 
treatment (Fig. 5c), suggesting that PS-NPs could accel‐
erate Nrf2 transferring into the nucleus and regulating 
the gene expression of an antioxidant response. There‐
fore, Nrf2 is considered a key regulator in PS-NPs and 
PS-NPs-induced ferroptosis. Then, the iron metabolism 
and antioxidant response tests were performed by inter‐
fering with the function and expression of Nrf2. The 
result revealed that Nrf2 inhibitor ML385 accelerated 
the expression of TFR and DMT1 while weakening the 
expression of FPN1, GPX4, and HO-1, which were 
compared with PS-NPs-treated GC-2 cells and the con‐
trol (Figs. 5d and S5f–S5j). Moreover, the levels of 
cellular free divalent iron (Fig. 5e) and MDA (Fig. 5f) 
were higher while GSH (Fig. 5g) was lower in PS-NPs+
ML385 groups than in only PS-NPs-treated groups. 
These results suggested that Nrf2 plays a protective role 
in PS-NPs-induced ferroptosis through its antioxi‐
dant response. Furthermore, the small interfering RNA 
(siRNA) sequences of Nrf2 were synthesized, and an 
optimized siRNA of No. 2 (Si-2) sequence was em‐
ployed in subsequent studies (Fig. 5h). As expected, 

the expression of FPN1, GPX4, and HO-1 was lower in 
Nrf2-interfering combined PS-NP treatment groups than 
in only PS-NPs-treated groups (Figs. 5i and S5k–S5n). 
These results suggested that PS-NPs accelerated ferrop‐
tosis when the function of Nrf2 was blocked, indicat‐
ing that Nrf2 plays a protective role in PS-NPs-induced 
ferroptosis.

2.7 Effect of PS-NPs on male reproductive toxicity 
through Nrf2 regulating ferroptosis in vivo

To verify the hypothesis that PS-NPs induced male 
reproductive toxicity through Nrf2 regulating ferrop‐
tosis, the ferroptosis inhibitor Fer-1 and Nrf2 inhibitor 
ML385 were used in PS-NPs-exposed mice (Fig. 6a). 
After 30 d, the body weights of mice and male repro‐
ductive indicators in four groups (control, PS-NPs, 
PS-NPs+Fer-1, and PS-NPs+ML385) were evaluated. 
The results demonstrated that body weight was not 
influenced (Fig. 6b), while the reproductive indica‐
tors of the four groups were impacted. Figs. 6c and 6d 
show that PS-NPs decreased testicular morphology and 
organ coefficient, while Fer-1 rescued and ML385 
aggravated the PS-NPs-influenced phenotype com‐
pared to the PS-NPs group. Analogously, the sperm 
concentration and abnormality rate were influenced 
by PS-NPs, while these effects were also rescued 
by Fer-1 and aggravated by ML385, compared to the 
PS-NPs group (Figs. 6e, 6g, and S6a). However, 
sperm viability seemed to have no changes due to 
Fer-1 or ML385 treatment in the PS-NP exposure 
group (Fig. 6f). The results of testicular histology 
demonstrated that a layer of cells in the seminiferous 
tubules was lost in the PS-NPs-exposed group, while 
this pathology was rescued by Fer-1 and seemingly 
aggravated by ML385 (Fig. 6h). From the immuno‐
histochemistry results, GPX4 and FPN1 expression 
was decreased by PS-NPs, while Fer-1 rescued the de‐
crease of PS-NPs-induced expression, and the expres‐
sion of GPX4 or FPN1 was not changed by ML385 
(Fig. 6h). Additionally, the expression of iron metab‐
olism and antioxidant regulation-related proteins in 
the testes was detected, and the result showed that 
PS-NPs increased the expression of TFR, DMT1, 
and Nrf2, while Fer-1 decreased and ML385 aggra‐
vated PS-NPs-induced expression; PS-NPs decreased 
the expression of FPN1, GPX4, and HO-1, while Fer-1 
increased and ML385 aggravated PS-NPs-induced ex‐
pression. Although there was an insignificant difference 
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Fig. 5  Effect of Nrf2 on the PS-NPs-induced ferroptosis in GC-2 cells. (a) The expression of Nrf2, Keap1, and GPX4 
after 50 and 90 nm PS-NP exposure. (b) Nrf2 expression in cytoplasm and nucleus after 50 and 90 nm PS-NP exposure. 
(c) Co-immunoprecipitation analysis of interaction between Keap1 and Nrf2, deposited by Keap1 antibody. (d) The 
expression of TFR, DMT1, FPN1, GPX4, and HO-1 after 50 and 90 nm PS-NP exposure, as well as Nrf2 inhibitor (ML385) 
addition. (e) Effect of PS-NPs on cellular free divalent iron after inhibiting Nrf2 by ML385. (f, g) MDA (f) and GSH (g) 
levels in GC-2 cells after PS-NP and ML385 co-treatment. (h) The optimized RNA interfering sequence of Nrf2 was screened 
by western blotting. (i) Expression of HO-1, GPX4, and FPN1 after PS-NP exposure as well as Nrf2 silencing. Data are 
expressed as mean±standard deviation (SD), n=5. * P<0.05, ** P<0.01, compared with the control group. Nrf2: nuclear 
factor erythroid 2-related factor 2; PS-NPs: polystyrene nanoparticles; IP: immunoprecipitation; Keap1: Kelch-like 
ECH-associated protein 1; GPX4: glutathione peroxidase 4; TFR: transferrin receptor; DMT1: divalent metal transporter 1; 
FPN1: ferroportin 1; HO-1: hemeoxygenase-1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NC: negative control; 
MDA malonaldehyde; GSH: glutathione; IgG: immunoglobulin G; Si-2: small interfering RNA of No. 2.
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Fig. 6  Effect of PS-NPs on male reproductive toxicity through Nrf2 regulating ferroptosis in vivo. (a) The schematic 
drawing for verification that the male reproductive toxicity caused by PS-NPs-mediated Nrf2 regulates ferroptosis 
in vivo. (b) The body weights of Fer-1 (ferroptosis inhibitor)- and ML385 (Nrf2 inhibitor)-treated mice in PS-NP exposure 
period. (c‒g) The testicular morphology (c), organ coefficient (d), sperm number (e), viability (f), and abnormality (g) of 
PS-NPs-exposed and Fer-1- and ML385-treated mice. (h) The testicular histology and immunohistochemistry of GPX4 
and FPN1 expression in PS-NPs-exposed and Fer-1- and ML385-treated mice. (i) The expression of iron metabolism and 
antioxidant regulation-related proteins in the testes of PS-NPs-exposed and Fer-1- and ML385-treated mice. The levels 
of ferrous ion (j), MDA (k), GSH (l), and SOD (m) in the testes of PS-NPs-exposed and Fer-1- and ML385-treated mice. 
Data are expressed as mean±standard deviation (SD), n=3, 4, 5, 6, 7, or 8. * P<0.05, ** P<0.01, compared with the control 
group. PS-NPs: polystyrene nanoparticles; Nrf2: nuclear factor erythroid 2-related factor 2; Fer-1: ferrostatin-1; GPX4: 
glutathione peroxidase 4; FPN1: ferroportin 1; MDA: malonaldehyde; GSH: glutathione; SOD: superoxide dismutase; HE: 
hematoxylin-eosin; TFR: transferrin receptor; TF: transferrin; DMT1: divalent metal transporter 1; HO-1: hemeoxygenase-1.
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in TF expression between the PS-NPs+Fer-1 group and 
the PS-NPs group, the PS-NPs+ML385 group revealed 
a significantly aggravated trend in PS-NPs-induced TF 
expression (Figs. 6i and S6b−S6h). Therefore, these 
protein expression in vivo showed similar trends to 
those in vitro. To further determine the effects of Fer-1 
and ML385 on ferroptosis through iron metabolism and 
antioxidant regulation caused by PS-NPs, the levels 
of ferrous ion (Fig. 6j), MDA (Fig. 6k), GSH (Fig. 6l), 
and SOD (Fig. 6m) were tested, and the results showed 
that PS-NPs influenced ferrous ion level and antioxid‑
ant effect, while Fer-1 rescued and ML385 aggravated 
PS-NPs-induced influences. These results further sug‐
gested that PS-NPs cause male reproductive toxicity 
through ferroptosis of spermatogenic cells in mice, and 
Nrf2 plays a protective role in this process.

3 Discussion 

Recently, increasing studies have reported the 
adverse effects and physiological toxicity of NPs to 
freshwater and marine organisms. Nonetheless, research 
into the biological effects of NPs on humans or other 
mammalian species is still lacking. Various toxicology 
studies have also demonstrated that NPs affect almost all 
organs and cells in vivo and in vitro (Yong et al., 2020; 
Yee et al., 2021). A recent study demonstrated that NPs 
have an endocrine disruptor effect and cause male re‐
productive toxicity (Amereh et al., 2020). However, it is 
unclear whether NPs can pass through the blood–testis 
barrier and affect spermatogenesis. To explore the bio‐
distribution and accumulation of NPs, we used 50 nm 
fluorescence-labeled PS-NPs by injecting them into the 
tail veins of mice for two days, and the results revealed 
that the high-intensity fluorescence signal was accumu‐
lated in the position of the testicles in vivo, and sug‐
gested that the fluorescence-labeled PS-NPs were 
accumulated in the brain, lung, heart, kidney, liver, 
epididymis, and testis. Consistent with our result, it has 
previously been reported that fluorescence-labeled 
PS-NPs were detected in the testis, brain, kidney, lung, 
and liver, and these results presented a high-intensity 
fluorescence signal in testicular tissue (Deng et al., 2017; 
Amereh et al., 2020). This study found fluorescence-
labeled PS-NPs in the seminiferous tubule of the testes 
and that they negatively affected male reproduction. 
It suggested that PS-NPs can cross the blood–testis 

barrier of mammals, disrupt the meiosis of spermato‐
cytes, and affect spermatogenesis. In the subsequent 
toxicological experiment, mice were exposed to 50 and 
90 nm undecorated PS-NPs orally, mainly because 
the method of gavage administration in the toxicologi‐
cal test could better simulate the way NPs enter the 
human body. In contrast, the tail vein injection method 
could determine the accumulation and distribution of 
NPs entering the peripheral blood in the organs as 
efficiently as possible.

Although these recent studies have proved that 
PS-NPs can accumulate in testicular tissue and cause 
male reproductive toxicity, including spermatogenesis 
abnormality and endocrine disturbance, the main effects 
and mechanisms of spermatogenesis abnormalities 
caused by PS-NPs are unclear. In this study, our results 
found that 50 and 90 nm PS-NPs affected testosterone 
levels, sperm survival, and morphology after 30, 45, 
and 60 d of exposure, and recent studies have revealed 
similar results (Amereh et al., 2020; Jin et al., 2021). 
Furthermore, we found that spermatogenic cells are 
the target of PS-NPs by detecting pathological charac‐
teristics of the testis, specific gene expression of sper‐
matocytes, and the localization of fluorescence-labeled 
PS-NP particles in testes. Lusher et al. (2017) found 
that microplastic particles cause the systemic inflam‐
mation of fish and then break the integrity of the 
blood–testis barrier and permeability, thus increasing 
the chances of plastic particles entering the lumen of 
the seminiferous tubules. Archibong et al. (2018) sug‐
gested that deposited particles cause oxidative stress, 
increase the extracellular ROS level in the testis, and 
damage spermatozoa. These studies, including ours, 
indicate that PS-NPs could easily enter the bloodstream 
via intestinal absorption and cross the blood–testis bar‐
rier, and PS-NP attacks on various types of testicular 
cells should be investigated further. In this study, mice 
were gavaged with 50 and 90 nm PS-NPs at doses 
ranging from 3 to 75 mg/(kg·d) for 30–60 d. Meng et al. 
(2022) studied the renal toxicity of 50 nm PS-NPs by 
gavage at doses of 5 mg per mouse for four weeks. In 
a study by Xu et al. (2021), 50 nm PS-NPs were given 
to mice by gavage at doses of 5 mg per mouse for 28 d 
to study the systematic toxicity. In these studies, 50 nm 
PS-NPs were applied at doses of 5 mg per mouse, 
calculated based on about 20 g per mouse, which is 
significantly higher than that of our study. According to 
the dose conversion and weight between mice and 
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humans (Nair and Jacob, 2016), in this study, the PS-NP 
exposure doses to mice were 3–75 mg/kg, which is 
equivalent to 0.243–6.075 mg/kg to humans (Fu et al., 
2023). In terms of exposure concentration in vitro, 
the results of this study demonstrated that more than 
25 μg/mL of 50 nm PS-NPs and more than 75 μg/mL 
of 90 nm PS-NPs significantly affect the viability of 
the spermatocyte cell line GC-2. Although no studies 
have been conducted on the exposure of GC-2 cells to 
NPs, the concentration of NP treatment used in this 
study was based on some of the most recent studies. 
Cortés et al. (2020) found that exposure to more than 
200 μg/mL of 50 nm PS-NPs for 24 h could markedly 
reduce the viability of human intestinal epithelial Caco-2 
cells. Xu et al. (2019) found that 25 μg/mL or higher 
doses of 25 nm PS-NPs and 160 μg/mL or higher doses 
of 70 nm PS-NPs for 24 h significantly affected the 
viability and proliferation of human alveolar cell lines 
A549. Jung et al. (2020) found that the cell function 
of primary nerve cells was affected by 50 μg/mL of 
100 nm PS-NPs for 24 h. Collectively, the exposure 
doses used in these published studies are similar to 
ours, and all these results suggest that the particle diam‐
eter of PS-NPs is an important factor contributing to 
its toxic effects on target cells.

This study also found that the differential genes of 
NPs exposed to GC-2 cells were enriched in ferroptosis 
and redox pathways by RNA-seq and cluster analyses, 
and only the inhibitor of ferroptosis (Fer-1) rescues the 
viability of affected PS-NPs. Fer-1, an ROS-specific 
ferroptosis inhibitor, has been widely used in ferrop‐
tosis research (Dixon et al., 2012). The expression of 
GPX4 and Nrf2 was then measured, and the results 
showed that NP exposure decreased GPX4 expression 
while increasing Nrf2. GPX4 is a lipid repair enzyme 
that acts as a key regulatory factor in ferroptosis and 
resists oxygen-dependent lipid peroxidation by con‐
verting lipid peroxides (L-OOH) to non-toxic lipids 
and eliminating phospholipid peroxides (Song and 
Long, 2020; Stockwell et al., 2020). Nrf2, an essen‐
tial transcription factor of oxidative responses, main‐
tains cell homeostasis against ferroptosis by regulat‐
ing the metabolism of glutathione, iron, lipids, and 
mitochondrial function (Dodson et al., 2019). GPX4 is 
one of the Nrf2 target genes and a primary regulator 
in ferroptosis (Kerins and Ooi, 2018). Conventionally, 
the expression of GPX4 was positively upregulated 
by its upstream transcription factor Nrf2; however, in 

this study, the expression levels of Nrf2 and GPX4 in 
PS-NPs-exposed GC-2 cells are the opposite. This may 
be because PS-NPs induce excessive oxidative stress 
and cause the depletion of GPX4 and ferroptosis (Imai 
et al., 2009; Li SB et al., 2021). Generally, Keap1 is 
a primary regulator of Nrf2; under basal conditions, 
Nrf2 is bound by Keap1 and forms a complex with 
Keap1-Cullin3 (CUL3)-ring box protein 1 (RBX1)-E3 
ubiquitin ligase, degraded by targeted ubiquitination 
(Tao et al., 2017). However, under oxidative stress, 
Nrf2 is released by Keap1 and E3 complex to form 
dissociated Nrf2, which can promote the nuclear trans‐
lation involved in several detoxification enzymes and 
cytoprotective genes into the nucleus (Lu et al., 2021). 
As a critical regulator of the antioxidant response, Nrf2 
has been shown to mitigate lipid peroxidation and ferrop‐
tosis by regulating the target genes. These genes include 
three broad classes—iron/metal metabolism, interme‐
diate metabolism, and GSH synthesis/metabolism, and 
are verified as antioxidant response elements (AREs) 
(Dodson et al., 2019). Moreover, our results indicated 
that the regulatory role of Nrf2 would be affected by 
PS-NPs based on the results of Nrf2 expression in the 
nucleus and cytoplasm and the combination of Keap1 
with Nrf2. The main characteristics of ferroptosis in‐
clude mitochondrial shrinkage and cristae reduction, 
accompanied by increased intracellular Fe2+, ROS, and 
lipid peroxidation (Tang et al., 2021). Certainly, the 
characteristics of ferroptosis in PS-NPs-induced GC-2 
cells were verified in the present study, and our results 
indicated that PS-NPs cause ferroptosis in spermato‐
cytes. Subsequently, the results demonstrated that Fer-1 
could rescue the PS-NPs-induced ferroptosis at the intra‐
cellular Fe2+ accumulation, MDA and GSH levels. It 
has been confirmed that Fer-1 can inhibit ferroptosis 
by directly inhibiting the production of ROS (Miotto 
et al., 2020). GSH is a synthetic substrate of GPX4 and 
is essential for the lipid repair function of GPX4; it is 
formed from extracellular cystine to intracellular gluta‐
mate by the cystine transmembrane cysteine-glutamate 
antiporter system Xc

− composed of solute carrier family 
7 member 11 (SLC7A11) and SLC3A2 (Ursini and 
Maiorino, 2020; Du et al., 2022). MDA is a major break‐
down product of lipid peroxidation reduced to fatty 
alcohol (LOOH) by GPX4 (Park et al., 2021); in add‑
ition, the intracellular Fe2+, MDA, GSH, and lipid perox‐
idation levels are regarded as ferroptosis biomarkers 
(Chen et al., 2021), which were also tested in our study.
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This study found that PS-NPs affected the expres‐
sion of iron metabolism-related proteins, including TFR, 
TF, DMT1, FPN1, HO-1, and the crucial regulators of 
ferroptosis Nrf2 and GPX4. However, these changed 
effects were reversed by Fer-1. These results indicated 
that PS-NPs caused ferroptosis by affecting iron 
metabolism, which involves important Nrf2-regulated 
proteins. It is reported that numerous iron-related pro‐
teins for metabolism, storage, and transport are regu‐
lated by Nrf2 (Lu et al., 2021). The primary function 
of TF and its receptor TFR is to transport exogenous 
iron into cells. DMT1 promotes iron into an LIP in the 
cytoplasm, and FPN1 (SLC40A1) is the only known 
mammalian protein accounting for iron export from 
the cells (Liu et al., 2021). The function of HO-1 is to 
metabolize heme to biliverdin, Fe2+, and carbon mon‐
oxide (Kim et al., 2021). The form of LIP is caused 
by the accumulation of excessive free divalent iron in 
cells, and it can facilitate the formation of lipid ROS 
through the Fenton reaction (Liu et al., 2021). Accord‐
ing to this study, PS-NPs promote the exogenous Fe3+ 
transport into cells by increasing the expression of 
TF and TFR and their forming complex. The trapped 
Fe3+ is released in the cytoplasm as the free Fe2+ in LIP 
through DMT1 decreases PS-NPs (Jiang et al., 2021). 
Additionally, PS-NPs attenuate iron export by de‐
creasing the expression of FPN1. It is reported that 
TFR, FPN1, HO-1, and other iron homeostasis-related 
Nrf2-regulated proteins are involved in ferroptosis 
events (Song and Long, 2020). In fact, as the gate‐
keeper of Fe2+ , FPN1 plays a key role in controlling 
ferroptosis, not only ensuring the supply of iron for 
normal function but also avoiding iron overload and 
inducing oxidative stress (Harada et al., 2011). FPN1 is 
regulated by the balance of the transcriptional activa‐
tor Nrf2 and the repressor BACH1 (BRCA-1-associated 
C-terminal helicase); in the presence of heme, BACH1 
inhibits FPN1 transcription and Nrf2 is not able to ini‐
tiate FPN1 transcription until FPN1 is completely 
degraded (Riedelberger et al., 2020). Therefore, Nrf2 
activation is expected to reduce LIP by upregulating 
iron storage protein (ferritin) and iron export protein 
(FPN1) expression. However, in this study, PS-NPs 
activated Nrf2 and induced the upregulation of iron 
import proteins TF and TFR and the downregulation 
of export protein FPN1, resulting in LIP increase and 
ferroptosis. The results indicated that PS-NPs inter‐
fered with the regulation of iron metabolism by Nrf2, 

and the decrease of FPN1 expression may be related 
to its ubiquitin (Jiang et al., 2021), which needs to be 
further studied. Subsequently, Nrf2 function was in‐
hibited by its specific inhibitor ML385, based on PS-NP 
exposure. When Nrf2 is unable to enter the nucleus and 
initiate transcription of those genes, the expression of 
iron metabolism-related proteins should be reduced. 
On the contrary, the expression of TFR, DMT1, FPN1, 
HO-1, and GPX4 was aggravated after Nrf2 restraint 
when compared to the control and PS-NPs-exposed 
groups. In addition, this phenotype was further con‐
firmed when siRNA interfered with Nrf2. Therefore, 
these results suggested that Nrf2 may play a protec‐
tive role in the process of oxidative stress induced by 
PS-NPs. However, the antioxidant effect of Nrf2 can‐
not be offset when it produces stronger oxidative stress, 
and iron metabolism-related proteins may not be regu‐
lated by Nrf2 during ferroptosis. This hypothesis needs 
to be further studied. Meanwhile, the mechanism by 
which Nrf2 regulates ferroptosis has been validated 
in vivo, and the ferroptosis inhibitor Fer-1 alleviated 
the male reproductive toxicity caused by PS-NPs while 
the Nrf2 inhibitor aggravated it.

Although this study explored the mechanisms by 
which PS-NPs cause male reproductive toxicity through 
inducing ferroptosis in spermatocytes, there are still 
a few limitations. (1) The dosages of PS-NPs were 
obtained from the concentration of the toxic effect in 
the experiment and by referring to the existing litera‐
ture; however, these dosages do not better simulate the 
level of exposure in humans due to the lack of epide‐
miological data on NP exposure. As a result, some toxi‐
cological studies on the health risks of NPs to human 
reproduction may be premature because current expo‐
sure levels in humans are much lower than the mini‐
mum exposure does in mice. (2) The primary three 
cell types, including germ cells, Leydig cells, and Ser‐
toli cells, play an important role in spermatogenesis; 
for example, Leydig cells secrete testosterone and pro‐
mote spermatogenesis, and Sertoli cells provide nutri‐
tional support for germ cells—only these normally func‐
tional cell types are required for normal spermatogen‐
esis. In this study, we focused on the effect of PS-NPs 
on spermatocytes and the induction of reproductive tox‐
icity, and future research should look into how PS-NPs 
affect spermatogenesis throughout the testis. Further‐
more, we believe that research on the transfer efficiency, 
cumulative time, detection technologies, other adsorbed 
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pollutants, different diameters and charges of NPs, and 
the epidemiology of NP exposure should be reinforced, 
and people must understand the health hazards of NPs 
to humans.

4 Conclusions 

This study uncovered the mechanisms of PS-
NPs-triggered male reproductive toxicity through sper‐
matocyte ferroptosis, as summarized in Fig. 7. This 
study also provided a novel insight into the mechanisms 
of ferroptosis induced by PS-NPs, which involve the 
key role of Nrf2 in regulating iron metabolism and 
redox homeostasis. On the one hand, Nrf2 activation 
enhances Fe3+ import, reduces Fe2+ export, and results 
in LIP accumulation; on the other hand, PS-NPs disturb 

the progress of Nrf2, regulate antioxidation, and accel‐
erate ferroptosis. The antioxidation produced by Nrf2 
and activated by PS-NPs cannot eliminate the LIP 
accumulation caused by Nrf2-enhanced iron metabo‐
lism, which then induces ferroptosis by increasing the 
Fenton reaction. Meanwhile, this study also implied a 
therapeutic strategy for male reproductive diseases 
by enhancing free iron excretion and oxidative stress 
clearance capacity by targeting Nrf2.

Materials and methods
Detailed methods are provided in the electronic supple‐

mentary materials of this paper.

Data availability statement
All datasets analyzed in this study are available from the 

corresponding author upon request.

Fig. 7  Schematic of Nrf2-mediated PS-NPs-induced ferroptosis-related mechanisms in spermatocytes. PS-NPs induced 
spermatocyte ferroptosis through iron homeostasis imbalance and antioxidation decrease dependent on Nrf2. Mechanistically, 
as a key regulator of the antioxidant response and iron metabolism, Nrf2 is activated by PS-NPs by releasing from 
Keap1 and entering the nucleus in the spermatocyte. Meanwhile, Nrf2 protects cells from PS-NPs-triggered ferroptosis 
by regulating iron metabolism and lipid redox homeostasis-related proteins. On the one hand, Nrf2 activation enhances Fe3+ 
import, reduces Fe2+ export, and results in LIP accumulation; on the other hand, PS-NPs disturb Nrf2 progression, regulate 
GPX4 expression, and accelerate ferroptosis. Nrf2: nuclear factor erythroid 2-related factor 2; PS-NPs: polystyrene 
nanoparticles; Keap1: Kelch-like ECH-associated protein 1; GPX4: glutathione peroxidase 4; TFR: transferrin receptor; 
FPN1: ferroportin 1; DMT1: divalent metal transporter 1; FTH1: ferritin heavy chain 1; FTL: ferritin light polypeptide; 
NCOA4: nuclear receptor coactivator 4; HO-1: hemeoxygenase-1; LOH: lipid alcohol; LOOH: lipid hydrogen peroxide; 
ROS: reactive oxygen species; GSH: glutathione; GSSG: glutathione disulfide; SLC7A11: solute carrier family 7 member 11.
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