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ARTICLE INFO ABSTRACT

Handling editor: X. Cao Although polystyrene microplastics (PS-MPs) could induce toxic effects on environmental organisms, the toxicity
of aged PS-MPs with H05 on soil organisms remains unclear. Our study utilized Caenorhabditis elegans as model
organism to examine the reproductive toxicity of pristine PS-MPs (pPS-MPs) and aged PS-MPs (aPS-MPs) at
environmentally relevant concentrations (0.1-100 pg/L). Acute exposure to aPS-MPs could induce greater
reproductive impairment compared to pPS-MPs, as evidenced by changes in brood size and egg release.
Assessment of gonad development using the number of mitotic cells, length of gonad arm, and relative area of
gonad arm as parameters revealed a high reproductive toxicity caused by aPS-MPs exposure. Furthermore, aPS-
MPs exposure promoted substantial germline apoptosis. Additionally, exposure to aPS-MPs (100 pg/L) markedly
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altered the expression of DNA damage-induced apoptosis-related genes (e.g., egl-1, cep-1, clk-2, ced-3, -4, and -9).
Alterations in germline apoptosis caused by aPS-MPs were observed in mutants of cep-1, hus-1, egl-1, ced-3, -4,
and -9. Consequently, the augmentation of reproductive toxicity resulting from aPS-MPs exposure was attributed
to DNA damage-triggered cellular apoptosis. Additionally, the EGL-1-CEP-1-HUS-1-CED-3-CED-4-CED-9
signaling pathway was identified as a key regulator of germline apoptosis in nematodes. Our study provides
insights into potential environmental risk of aPS-MPs with HoO, on environmental organisms.

1. Introduction

Microplastics (MPs), generally refer to plastics with sizes <5 mm, are
the most plentiful plastic debris in the environment and have aroused
broad attention in recent years (Chae and An, 2018). Polystyrene
microplastics (PS-MPs), are known as representative plastics owing to its
widespread applications in various fields (Lambert and Wagner, 2016).
PS-MPs ubiquitously exist in freshwater, soil, ocean, atmosphere, and
even organisms (Song et al., 2020), PS-MPs were also detected in human
skin, hands, saliva, hair, stool and placenta (Abbasi and Turner, 2021;
Ragusa et al., 2021). As we can see that PS-MPs have posed a direct
threat to the environment and organisms. Reproductive toxicity exhibits
adverse effects on organisms, including organs, tissue, endocrine sys-
tem, and pregnancy. PS-MPs treatment could cause reproductive
dysfunction. Many reports have indicated that PS-MPs treatment induce
reproductive toxicity in different species, including zebrafish (Danio
rerio), freshwater prawns, mice, and Oryzias melastigma (Wang et al.,
2019a; Zhang et al., 2021; Liu et al., 2022; Sun et al., 2022). However,
original PS-MPs are selected as contaminants for toxicology experiments
in studies, which are absence of environmental relevance (Kik et al.,
20205 Pelegrini et al., 2023; Siddiqui et al., 2023). Thus, the reproduc-
tive toxicity induced by MPs in environmentally relevant condition
needs to be further evaluated.

MPs are vulnerable to undergo extensive aging processes in the
environment, including ultraviolet (UV) irradiation, thermal degrada-
tion, chemical oxidation, and biodegradation (Luo et al., 2022).
Laboratory-accelerated technologies are considered to efficiently simu-
late complex natural aging processes in the environment, which have
advantages of artificial regulation of aging conditions and the time costs
can be saved. Advanced oxidation processes (AOPs) are extensively used
for the degradation of organic pollutants by generating a mass of reac-
tive oxygen species (ROS) to disrupt their internal composition, which
have efficient influence on detecting the alternations in characterization
of aged MPs and illustrating the biosynthesis pathways of secondary MPs
(Esplugas et al., 2007; Tsitonaki et al., 2010). AOPs enable to simulate
and accelerate aging processes of MPs rapidly as an alternative because
of the strong oxidizing ROS, which provide insights for understanding
natural aging behavior in the environment (Liu et al., 2021). Hydrogen
peroxide (H205) is an efficient approach to accelerate MPs chemically
aging owing to containing large amounts of free radicals (Jia et al.,
2018). The active oxidizing species generated in HyO, are mainly hy-
droxyl radicals (¢OH). Previous studies have indicated that H,O5 aging
can effectively alter the physicochemical characteristics of PS-MPs,
including surface morphology, particle size, oxygen-containing groups,
crystal structure, and environmental behavior (Hiiffer et al., 2018; Lang
et al., 2020). Additionally, many studies have reported that aged PS-MPs
exhibit multiple adverse effects in organisms (Wang et al., 2020c,
2021b; Huang et al., 2021) In microalgae Skeletonema costatum, aPS-MPs
in seawater and their leachate caused greater significant inhibitory ef-
fect on the growth of microalgae than virgin PS-MPs, which was hypo-
thetical to be induced by the synergistic effect of aged PS itself and
leaching solution (Ni et al., 2023). In human, exposure to
UV-photodegraded polystyrene nanoplastics (PS-NPs) elevated cyto-
toxicity than pristine PS-NPs on human lung epithelial A549 cells (Shi
et al., 2021). Recently, in male ICR mice, acute exposure to aged PS-MPs
enhanced potential metabolic disorders than pristine PS-MPs, resulting
in more serious immune damage and reproductive toxicity (Cui et al.,

2023). Nonetheless, the toxic effects of aged MPs with HoO5 on organism
remain largely unknown, especially for soil organism.

Caenorhabditis elegans (C. elegans), a soil-dwelling nematode with a
free-living lifestyle, serves as a superb model organism owing to its brief
life cycle, ease of cultivation, large-scale offspring, hermaphroditic
fertilization, highly homologous with human genes and favorable
reproductive capacity, which has been used for toxicological assessment
of environmental pollutants(Yu et al., 2022a). To date, C. elegans as a
powerful tool is widely applied for investigating reproductive toxicity
evaluation and its underlying molecular mechanisms using sublethal
endpoints of fertility, DNA damage activation, germline apoptosis,
gonad development and gene expression (Zhao et al., 2016; Qu et al.,
2019a; Sun et al., 2021; Youssef et al., 2021). Some studies suggested
that PS-MPs exposure resulted in reproductive impairments in C. elegans
(Mueller et al., 2020; Schultz et al., 2021; Huang et al., 2022b). In
addition, other toxic effects such as deficient brood size and egg ejection
rate were detected in nematodes after exposure to PS-MPs. Nevertheless,
these studies are mainly focused on reproductive toxicity of pristine
PS-MPs exposure in nematodes, the reproductive abnormalities and
underlying molecular mechanisms induced by aged PS-MPs with HyO2
require further study.

In the present study, exposure concentration of 0.1-100 pg/L were
chosen based on the environmentally relevant concentration of MPs
ranged from ng/L to pg/L (Lenz et al., 2016; Al-Sid-Cheikh et al., 2018).
Pristine PS-MPs and aged PS-MPs were used to assess reproductive
toxicity of MPs in nematodes. Firstly, we measured brood size, egg
ejection, and gonad development to assess reproductive toxicity of
pristine PS-MPs and aged PS-MPs. Next, the endpoints of germline
apoptosis, and the expression of DNA damage-induced apoptosis asso-
ciated genes were investigated for exploring the potential underlying
mechanisms. Furthermore, the roles of DNA damage signaling pathways
in inducing germline apoptosis were examined by related nematodes.
Our findings provide new insights for understanding the reproductive
toxicity and environmental health risks of aged MPs with Hy05.

2. Materials and methods
2.1. Characterization of pPS-MPs and aPS-MPs

The commercial PS-MPs were purchased from Janus New Materials
(Nanjing, China). The procedure for PS-MPs aging with HyO, was
adopted from a previous study (Lang et al., 2020). Pristine PS-MPs
(pPS-MPs) in water were added with HyO2 (30 %) in quartz glass petri
dishes for 7 days continuously in shaken flasks (200 rpm) under dark
condition. Subsequently, the aged PS-MPs (aPS-MPs) were then rinsed
using ultra-pure water for 3 times and oven-dried at 60 °C. Eventually,
PS-MPs before and after aging solid samples were prepared for research.
Similar experiments were repeated 2 times, and the resulting samples
were mixed. Characterization of characterization was analyzed using
Fourier-transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM) were examined to characterize the physical and
chemical properties of PS-MPs. Additional details of PS-MPs character-
ization are presented in Text S1.

2.2. C. elegans maintenance and exposure

All nematodes were supplied by the Caenorhabditis Genetics Center
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and cultivated in the standard nematode growth medium (NGM) in the
sterile environment at 20 °C. Strains we examined in this study con-
tained wild-type (N2), cep-1 (w40), egl-1 (n497), hus-1 (0op241), ced-3
(n717), ced-4 (n1162), and ced-9 (n1950). The gravid hermaphrodites
were cleaved using bleaching solution (1 N NaOH/5% NaOCl, 5:2),
collected by centrifugation 3600 rpm for 2 min and washed with K-
medium (32 Mm KCL, 51 mM NaCl) for 3 times to obtain eggs. The eggs
were incubated on new NGM plates containing Escherichia coli OP50 as
food for 48 h at 20 °C to acquire synchronized L4 larvae (Williams,
1990). Moreover, PS-MPs were diluted in K -medium for working con-
centrations of 0.1, 1, 10, 100 pg/L. The method of acute exposure (24-h)
and endpoint tests were determined according to previous study (Chen
et al., 2022). L4 larvae underwent a 24-h exposure to working concen-
trations ranging from 0.1 to 100 pg/L of both pPS-MPs and aPS-MPs. The
control and treated nematodes were exposed to PS-MPs liquid solutions
in 6-well plates (10 mL/300 nematodes) for 24 h per concentration.
Besides, PS-MPs were stably suspended in liquid solutions during the
exposure period, and the remaining solution of PS-MPs were autoclaved
and disposed of in the waste liquid. Subsequently, toxic evaluations
were performed on the exposed nematodes and this process was repli-
cated across three separate, independent experiments.

2.3. Reproductive capacity measurement

Reproductive capability was tested by evaluating the endpoints of
brood size (BS) and egg ejection (EE) rate as previously described (Chen
et al., 2022). BS was ascertained by count the number of offspring at all
stages beyond the egg. The rate of EE was assessed by quantifying the
egg count on the plate per hour subsequent to transferring the individual
ovipositing nematode onto a fresh NGM plate (Zhao et al., 2016). Thirty
nematodes were examined per concentration.

2.4. Gonad development measurement

We investigated the gonad development by utilizing the number of
mitotic cells, the length of the gonad arm, and relative area of the gonad
arm as key parameters for evaluation (Qu et al., 2019a; Hua et al., 2023).
The 40,6-diamidino-2-phenylindole (DAPI) is an essential fluorescent
dye which penetrate intact cell membranes and binds strongly to DNA.
DAPI can be widely used to stain germline cells under fluorescence
microscopy (Lant and Derry, 2014). The experimental method was
performed as previous study reported (Qu et al., 2019a). After washing
with K medium, the nematodes were immobilized with 4% para-
formaldehyde for 30 min. Then, the nematodes were strained with 0.2
pg/mL DAPI for 30 min. Finally, the nematodes were observed using a
fluorescence microscope (Olympus BX51, Japan). Each treatment group
was subjected to analysis involving thirty nematodes.

2.5. Germline apoptosis measurement

Acridine orange (AO) straining is an effective approach for assaying
apoptotic germline cells. After acute exposure, forty nematodes were
stained with AO solutions (25 pg/mL), maintained OP50 and incubated
for 60 min at 20 °C. The nematodes were rinsed 3 times with K medium
to remove excrete, followed by immobilization with levamisole for 30
min. The data were assessed by quantifying fluorescent images. Thirty
nematodes were evaluated for each treatment.

2.6. RT-qPCR assays

High purified RNA was obtained from C. elegans using RNAsimple
Total RNA TRIzol reagent (Invitrogen, USA). Evo M-MLV kit (Accurate
Biotechnology, China) was applied for the synthesis of cDNA through
reverse transcription. RT-qPCR analysis was executed with a Applied
Biosystems StepOnePlus Real-Time PCR system (Thermo Fisher Scien-
tific, USA) using SYBR Green Supermix (TOYOBO, Japan). The
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conditions were as follows: 30 s at 95 °C, 40 cycles of 5 s at 95 °C and 30
s at 60 °C. The relative gene expression was normalized against the
reference tba-1. All assays were repeated three times. The primer pairs
are listed in Supplementary Table 1.

2.7. Data analysis

The results are presented as mean + S.E.M using SPSS software v21.
Data were all continuous and passed the normality test and homogeneity
test of variance. Statistical differences between groups were analyzed
with ANOVA with Turkey’s test as a post-hot test. Two-way ANOVA was
further performed for the comparison between groups for certain sta-
tistical analysis. *p < 0.05 or **p < 0.01 was deemed statistically
significant.

3. Results and discussion
3.1. Alternations in characterizations of PS-MPs

Asrevealed by dynamic light scattering, the size of pPS-MPs and aPS-
MPs were 1.05 + 0.02 pm and 0.98 + 0.01 pm, respectively. No sig-
nificant alterations in the sizes of pPS-MPs and aPS-MPs were observed.
As presented in Fig. 1A and B, the pPS-MPs were uniform spherical with
smooth surface, while obvious fragmentation, wrinkles, and cracks were
detected on the aPS-MPs surface, which is consistent with previously
reported study. As depicted in Fig. 1C, more pronounced and additional
peaks emerged at 1657 cm™! for aPS-MPs were attributed to C=0
bonds, respectively. The carbonyl index (CI) was defined to reflect MPs
aging degree based on changes resulting from oxidation. CI was deter-
mined by calculating the ratio of the absorbance of both carbonyl and
methylene peaks (Liu et al., 2019c). The CI values exhibited an increase
from 0.23 in pPS-MPs to 0.90 in aPS-MPs, indicating surface oxidation of
PS-MPs due to Ho0, treatment. These results were agree with previous
literature (Lang et al., 2020). During the aging process, excessive free
radicals were generated and led to rapid oxidation of the PS-MPs sur-
face, then C=0 bonds are formed. Therefore, HoO5 process enhances the
aging degree and affects the physicochemical characteristics of PS-MPs.

3.2. Comparison of toxicity between pPS-MPs and aPS-MPs on
reproductive capacity

Reproductive capacity at different reproductive stages was evaluated
as reflected by the endpoints of BS and EE rate in nematodes. As shown
in Fig. 2A, pPS-MPs (100 pg/L) have significant influence on the BS and
EE rate than that in control nematodes. However, relatively fewer of BS
and EE rate were observed in nematodes exposed to aPS-MPs (10 pg/L)
than exposed to pPS-MPs (Fig. 2B). In addition, alternations of repro-
ductive capacity were not significant in nematodes after exposed to
leachate from aPS-MPs (Fig. S1).

The findings illustrated that exposure to PS-MPs remarkably
decreased the reproductive capacity of nematodes. Prior reports sug-
gested that exposure to PS-MPs significantly exerted an adverse effect on
the reproductive capacity as reflected by the endpoints of BS and em-
bryo number in C. elegans (Lei et al., 2018; Mueller et al., 2020; Yu et al.,
2020). Besides, significant reduction of reproductive capacity by the
endpoints of the BS and number of fertilized eggs were observed after
exposed to surface-charged PS-NPs in nematodes (Hanna et al., 2018; Qu
et al., 2019a; Sun et al., 2021). Recently, Yu and co-workers reported
that prolonged maternal exposure to PS-NPs declined transgenerational
reproduction with endpoint of BS in nematodes, which was responsible
for germline toxicity and epigenetic regulation (Yu et al., 2021a). Other
studies also indicated that PS-MPs exposure reduced reproductive ca-
pacity in different organisms such as Daphnia magna, freshwater prawns,
and mice (Jaikumar et al., 2019; Jin et al., 2021; Sun et al., 2022).
Furthermore, many studies demonstrated that acute exposure to
aPS-MPs remarkably decreased reproductive capacity compared with
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Fig. 1. Alternations in characterizations of aPS-MPs. (A) SEM image of pPS-MPs. (B) SEM image of aPS-MPs. (C) FTIR spectrum.
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Fig. 2. Effects of pPS-MPs and aPS-MPs with H;O5 on the reproductive capacity of nematodes. (A) Brood size. (B) Egg ejection rate. *p < 0.05, **p < 0.01. Bars

indicate means + S.E.M. N = 30. **p < 0.01. vs control.

pPS-MPs in nematodes. Recently, acute exposure to aPS-MPs under UV
treatment notably declined reproductive capacity than pPS-MPs in
nematodes (Chen et al., 2022). The results illustrated that compared to
virgin PS-MPs, wastewater-incubated PS-MPs significantly declined the
growth and reproduction with reductive numbers of offsprings per
surviving adult of Daphnia magna (Schur et al., 2021). Wang and col-
leagues reported that aPS-MPs were more inhibitive on the growth of
C. reinhardtii, resulting in the declination of chlorophyll-a level in the
cells (Wang et al., 2020a). Similarly, aPS-MPs exerted negative effect on
growth and liver-related conditions in Epinephelus moara (Wang et al.,
2020b). Therefore, acute exposure to aPS-MPs markedly reduced
reproductive capacity than pPS-MPs.

3.3. Comparison of toxicity of between pPS-MPs and aPS-MPs on gonad
development

We further assessed the gonad development using dye of DAPI in
aPS-MPs exposed nematodes (Fig. 3A). As shown in Fig. 3B, pPS-MPs
(10-100 pg/L) exposure significantly declined mitotic cells per gonad,
the length of the gonad arm, and the relative area of gonad arm.
Exposure to aPS-MPs (0.1-1 pg/L) showed no obvious changes
compared to control; whereas, a noticeable decrease in the number of
mitotic cells, was observed in the aPS-MPs exposure (10-100 pg/L).
Additionally, exposure to 0.1 pg/L aPS-MPs exhibited no obvious
changes compared to control; however, acute exposure to 1-100 pg/L
aPS-MPs remarkably decreased the length of the gonad arm, and the
relative area of gonad arm compared to the control group (Fig. 3C and
D).

The findings demonstrated that exposure to PS-MPs markedly
affected the gonad development. Qu and co-workers reported that that
exposure to pristine PS-NPs (100 pg/L) could dramatically reduce both
the length of gonad arm and relative area of gonad arm (Qu et al.,

2019a). Similarly, exposure to pristine PS-NPs (100 pg/L) in parents
(PO) caused damage on gonad development in the F1-F2 generations.
Moreover, aPS-MPs has larger potential to enhance gonad development
than pPS-MPs. For example, exposure to amino-modified PS-NPs
(100-1000 pg/L) caused severe reduction in the length of gonad arm or
relative area of gonad arm than pristine PS-NPs (Qu et al., 2019a).
Analogously, exposure to amino-modified PS-NPs (10 pg/L) remarkably
decreased both the length of gonad arm and relative area of gonad arm
in the F1 generation. Furthermore, amino modified PS-NPs exposure had
adverse effect on gonad development in the F1-F3 generations than
pristine PS-NPs (Sun et al., 2021). Study reported that exposure to
1-100 pg/L aged polylactic acid microplastics (PLA-MPs) caused more
obvious impairments on gonad development than pristine PLA-MPs
(10-100 pg/L), including mitotic cell number, gonad arm length, and
gonad arm area (Shao et al., 2024). Besides, studies also suggested that
PS-MPs exposure contributed to suppression of gonadal development in
various organisms, including marine medaka (Oryzias melastigma),
zebrafish (Danio rerio), and juvenile (Macrobrachium nipponense) (Qiang
and Cheng, 2021; Wang et al., 2021a; Li et al., 2023). Hence, aPS-MPs
exposure resulted in the impairment on gonad development in nema-
todes than pPS-MPs.

3.4. Comparison of toxicity of between pPS-MPs and aPS-MPs in
inducing germline apoptosis

For better elucidating the cellular mechanisms underlying the
declination in reproductive capacity exposed to pPS-MPs and aPS-MPs,
we next detected germline apoptosis using AO staining in nematodes
(Fig. 4A). The numbers of germ cell corpses were used as endpoint and
counted by a microscope. As depicted in Fig. 4B, pPS-MPs (10-100 pg/L)
exposure induced the noticeable germline apoptosis. Exposure to aPS-
MPs (0.1 pg/L) exhibited no obvious changes compared to control;
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Fig. 3. Effect of pPS-MPs and aPS-MPs with H2O, on gonad development in nematodes. (A) DAPI straining images. (B) Effect of pPS-MPs and aPS-MPs exposure on
number of mitotic cells per gonad. (C) Effect of pPS-MPs and aPS-MPs exposure on the length of gonad arm. (D) Effect of pPS-MPs and aPS-MPs exposure on the
relative area on gonad arm. *p < 0.05, **p < 0.01. Bars indicate means + S.E.M. N = 30. **p < 0.01. vs control.

whereas, exposure to aPS-MPs (1-100 pg/L) notably triggered a more
pronounced instance of germline apoptosis than pPS-MPs (Fig. 4B).

In our work, exposure to aPS-MPs induced more obvious germline
apoptosis in nematodes than pPS-MPs. Germline apoptosis, as a pro-
grammed cell death process, is regarded as an inherent component of the
oogenesis program, which is responsible for prevent interference from
external stimuli and maintaining genomic stability(Gumienny et al.,
1999). Germline cells are optimized for conserving permanent prolif-
erative potential and accurately transmitting the genetic material.
Germline apoptosis can be triggered by DNA damage or many stresses in
the environment (Salinas et al., 2006). Study indicated that pristine
PS-NPs exposure resulted in the induction of germline apoptosis e (Li
et al., 2020b). Similarly, exposed to amino modified PS-NPs induced
more noticeable germ cell apoptosis (Qu et al., 2019a; Sun et al., 2021).
Moreover, the number of germ cell corpses was markedly elevated in the
F1-F4 generations after prolonged exposure to PS-NPs in nematodes,
which was related to an improvement in transgenerational germline
apoptosis (Yu et al., 2021a). Additionally, studies found that acute
exposure to aPS-MPs could enhance germline apoptosis compared to

pPS-MPs in C. elegans. Study indicated that aPS-MPs exposure under UV
irradiation significantly elevated the apoptotic germ cell corpses num-
ber, suggesting induction of apoptosis in nematodes (Chen et al., 2021).
Recently, aged PLA-MPs resulted in more severe induction of cell
apoptosis compared with that in pristine PLA-MPs exposed nematodes,
indicating that the reproductive toxicity in PLA-MPs was involved in
modulating germline apoptosis and affecting potential molecular basis
(Shao et al., 2024). Furthermore, studies have been confirmed that
PS-MPs exposure leads to abnormal cell apoptosis in various organisms,
including mice brain, Chinese mitten crabs (Eriocheir sinensis), and
human gastric epithelial (GES-1) cells (Kwon et al., 2022; Nan et al.,
2022; Qin et al., 2022). Our findings indicated that aPS-MPs exposure
induced more severe induction of germline apoptosis than pPS-MPs.

3.5. Effect of aPS-MPs on DNA damage-induced apoptosis related gene
expression

To comprehensively explore the molecular mechanism of aPS-MPs,
the results of apoptosis-related genes (ced-3, -4, and -9) and DNA
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damage-related genes (cep-1, egl-1, hus-1, and clk-2) expression were
further validated following exposure to aPS-MPs (100 pg/L) in
C. elegans. As illustrated in Fig. 5, the expression of cep-1, ced-3, -4, hus-1,
egl-1, and clk-2 was significantly upregulated compared to control; in
contrast, aPS-MPs exposure was obviously downregulated mRNA
expression of ced-9. The genetic expression alternation was varying from
0.71-(ced-3) to 4.10-(hus-1) fold, DNA damage-induced germline
apoptosis led to reproductive toxic effects by toxicants in nematodes.
Ced-3 and -4 (encoding Apaf-1 homolog) as conserved proteins are
required for promoting apoptosis induction, which plays a key role in
vast cell deaths that occur during nematode development; whereas ced-9
(encoding homolog of Bcl-2) is responsible for protecting healthy cells to
prevent apoptosis (Pourkarimi et al., 2012; Bailly and Gartner, 2013).
Programmed death of cells is be regulated by the direct interaction of
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Fig. 5. Effect of aPS-MPs with H,0, at the dose of 100 ug/L on apoptosis-
related gene expression in nematodes. Bars indicate means + S.E.M. **p <
0.01. vs control.

ced-4 and -9 in nematodes (Bailly and Gartner, 2013). Ced-9 is consid-
ered as an anti-apoptotic factor which negatively regulate the tran-
scription of ced-4 by sequestering it at the outer mitochondrial
membrane by straight binding. Previous studies have suggested that
environmental toxicants exposure induce cell apoptosis by alternations
in these genes expression in C. elegans, including crude oil, tributyltin,
graphene oxide, and UV-filter octyl methoxycinnamate (Polli et al.,
2014; Wang et al., 2014; Sivaselvam et al., 2020; Huang et al., 2022a).
Analogously, lipopolysaccharide (LPS) exposure changes the expression
of ced-9 (anti-apoptosis-related gene) and ced-3 (apoptosis-related
gene), which is involved in LPS-induced cell apoptosis (Ma et al., 2020).
A study reported that prolonged exposure to lindane induces cell
apoptosis and significantly upregulates the expression of ced-3, -4, and
-9 in nematodes (Yu et al., 2021b). Moreover, Qu et al. found that
amino-modified PS-NPs elevated the expression of these genes in nem-
atodes, which have an important effect on reproductive toxicity (Qu
et al, 2019a). Recently, study indicated that exposure to Tetra-
chlorobisphenol A (TCBPA) induced cell apoptosis and altered the
expression of germline apoptosis pathway-related genes in nematodes
(Yu et al., 2022b). Our results suggested that aPS-MPs exposure signif-
icantly enhanced the number of germ cell corpses via regulating the
expression of apoptosis-related genes, which are responsible for con-
trolling germline apoptosis.

In this study, aPS-MPs exposure notably upregulated the mRNA
levels of DNA damage-related genes, which is required for activating
germline apoptosis. In nematodes, cep-1, egl-1, hus-1, and clk-2 genes, as
conserved checkpoint proteins, are crucial components of the evolu-
tionarily apoptotic machinery, which play an imperative roles in DNA
damage-induced apoptosis (Craig et al., 2012). The hus-1, and clk-2
genes take charge of regulating expression of cep-1 genes (Kamath,
2001). Cep-1 (encoding A p53-like protein) is responsible for enhancing
DNA damage and inducing germ-cell apoptosis via transcriptionally
upregulating egl-1 expression (Lettre and Hengartner, 2006). Egl-1
(encoding A BH3-only protein) is seen as an essential activator of the
upstream apoptotic pathway and an integrator of cell-death signals
which execute the life-versus-death determination and then transduce it
to the core apoptotic machinery (Nehme and Conradt, 2008). Prior in-
vestigations have demonstrated that DNA damage-induced cell death
was attribute to many environmental toxicants, including
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Methylmercury, sodium arsenite, and endosulfan (Wang et al., 2007; Du
et al,, 2015a; Hu et al., 2021). Study indicated that N-(1,3-dime-
thylbutyl)-N'-phenyl-p-phenylenediamine (6-PPD) exposure upregu-
lated the expression of ced-1, -3 -4, and egl-1 genes, suggesting that these
apoptosis-related genes were related to an enhancement in DNA damage
(Hua et al., 2023). Recently, a study reported that the genetic expression
level of apoptosis were significantly altered, indicating that DNA
damage-induced cell apoptosis contributed to the reproductive impair-
ments of UV-photodegraded aged MPs in nematodes (Chen et al., 2022).
Analogously, aged PLA-MPs after 30-day UV-irradiation significantly
enhanced germline apoptosis than pristine PLA-MPs via regulating the
expression of DNA damage-related genes (cep-1, mrt-2, hus-1, and clk-2)
(Shao et al., 2024). Our results demonstrated that the enhanced germ-
line apoptosis induced by aPS-MPs exposure were associated with the
regulation of DNA damage-related genes. Therefore, reproductive
toxicity induced by aPS-MPs could contribute to germline apoptosis
activated by DNA damage in C. elegans.

3.6. Effect of core apoptotic machinery on cell death

To further determine the underlying molecular mechanisms of
reproductive toxicity in aPS-MPs exposed nematodes, germline
apoptosis was examined the phenotypes of corresponding mutants. We
utilized egl-1(n487), hus-1(op241) cep-1(n1162), ced-3(n717), ced-4
(n1162), and ced-9(n1950) mutants in aPS-MPs (100 pg/L) exposed
nematodes (Fig. 6A). As depicted in Fig. 6 B, cep-1, hus-1, and egl-1
mutants did not influence cell death compared to the control group,
which suggested that these mutants play a vital role in cell apoptosis.
Besides, the number of cell corpses marginally altered in ced-3 and -4
strains, which indicated that ced-3 and -4 genes are imperative for
germline apoptosis caused by aPS-MPs. Furthermore, germ cell corpses
were significantly enhanced in ced-9 mutants, revealing that ced-9 has
negatively apoptotic influence in nematodes.

Prior reports have indicated that hydroxylated fullerene nano-
particles and diesel particulate matter (DPE) plus ultraviolet-A exposure

A B

Control aPS-MPs (ug/L)

wild type
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significantly suppressed the synergistic induction of germline apoptosis
in ced-3 and -4 mutants, which showed that these core pro-apoptotic
regulator genes are key components for cell apoptosis (Cha et al.,
2012; Guo et al., 2014). Analogously, exposure to environmental toxi-
cants, such as tributyltin, bisphenol A, and copper, altered cell corpses in
the apoptosis-related mutants, which unveils that these genes have an
essential influence on apoptosis (Wang et al., 2009, 2014, 2017).
Additionally, the number of cell corpses of DPE, graphene oxide, and
endosulfan were blocked in mutation of hus-1, cep-1, and egl-1 genes,
which indicated that these genes are indispensable for DNA
damage-induced cell death (Du et al., 2015b; Zhao et al., 2016; Wang
et al.,, 2019b). Furthermore, germline apoptosis (CED-3-CED4-CED9
signal transduction) and DNA damage (HUS-1/CEP-1-EGL-1-CLK-2
signal transduction) remarkably caused reproductive toxicity induced
by PS-NPs (Qu et al., 2019a, 2019b; Li et al., 2020a). Recently, acute
germ cell corpses were altered in these apoptosis-related mutants in
UV-photodegraded PS-MPs exposed nematodes, revealing that the
signaling pathway of HUS-1/CEP-1-CLK-2/EGL-1-p53-CED-3-CED-4 is
responsible for regulating reproductive toxicity induced by DNA
damage-induced cell death (Chen et al., 2022). Therefore, we provided a
complete signal transduction of EGL-1-CEP-1-HUS-1-CED-3-
CED-4-CED-9 to explain the molecular mechanism for aPS-MPs with
H50, induced reproductive toxicity in nematodes.

Our study highlights the effects of aPS-MPs in inducing reproductive
toxicity on environmental organisms. Nevertheless, the impacts of pro-
long aPS-MPs exposure on organisms are proposed for further explora-
tion. The environmental behavior and biological toxicology of actual
aPS-MPs in the natural environment are required for further investi-
gated to be close to real environmental exposure in the future.

4. Conclusion
In this study, we employed classical model of nematodes to indicate

the reproductive toxicity of aPS-MPs. Firstly, we found that aPS-MPs
exposure significantly reduced reproductive capacity than pPS-MPs in
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Fig. 6. Role of DNA damage and core apoptotic machinery in germline apoptosis induced by aPS-MPs. (A) AO staining images. Arrowheads indicate the germline
apoptotic signals. (B) Effect of 100 pg/L aPS-MPs exposure on the cell corpses per gonad in nematodes. Bars indicate means + S.E.M. **p < 0.01. vs control.
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nematodes. Additionally, reproductive toxicity on germline apoptosis
and gonad development effectively enhanced in aPS-MPs exposed
nematodes than pPS-MPs. Moreover, reproductive toxicity may be
originated from germline apoptosis and activation of DNA damage in
nematodes. For the molecular mechanisms underlying the reproductive
toxicity of aPS-MPs-induced germline apoptosis, we detected a signaling
cascade of EGL-1-CEP-1-HUS-1-CED-3-CED-4-CED-9 to illustrate the
roles of core cell apoptosis signal transduction induced by DNA damage.
Our results elucidated the exposure risks of aPS-MPs at environmentally
relevant concentrations in inducing toxicity on organisms.
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