
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Hu et al. Particle and Fibre Toxicology           (2024) 21:30 
https://doi.org/10.1186/s12989-024-00590-w

Introduction
Nowadays, plastics have already been ubiquitous in 
almost all terrestrial and aquatic ecosystems around 
the world. In the past few years, due to the epidemic of 
COVID-19, the use of a large number of disposable plas-
tic protective equipment and packaging has worsened 
environmental plastic pollution. After entering into the 
environment, plastic materials of various chemical nature 
(polyethylene, polypropylene, polyvinyl chloride, polysty-
rene, polyethylene terephthalate, et al.) could be degraded 
into microplastic (MPs, 0.1  μm-5  mm) and nanoplastic 
(NPs, < 0.1  μm) particles under the action of physical, 
chemical, biological and other factors [1–3], which have 
appeared in oceans, freshwaters, sediments and atmo-
spheric fallout around the world [4]. Due to large amount 
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Abstract
Plastic pollution is an emerging environmental issue, with microplastics and nanoplastics raising health concerns 
due to bioaccumulation. This work explored the impact of polystyrene nanoparticle (PS-NPs) exposure during 
prepuberty on male reproductive function post maturation in rats. Rats were gavaged with PS-NPs (80 nm) at 0, 
3, 6, 12 mg/kg/day from postnatal day 21 to 95. PS-NPs accumulated in the testes and reduced sperm quality, 
serum reproductive hormones, and testicular coefficients. HE staining showed impaired spermatogenesis. PS-NPs 
disrupted the blood-testis barrier (BTB) by decreasing junction proteins, inducing inflammation and apoptosis. 
Transcriptomics identified differentially expressed genes related to metabolism, lysosome, apoptosis, and TLR4 
signaling. Molecular docking revealed Cordycepin could compete with polystyrene for binding to TLR4. Cordycepin 
alleviated oxidative stress and improved barrier function in PS-NPs treated Sertoli cells. In conclusion, prepubertal 
PS-NPs exposure induces long-term reproductive toxicity in male rats, likely by disrupting spermatogenesis through 
oxidative stress and BTB damage. Cordycepin could potentially antagonize this effect by targeting TLR4 and 
warrants further study as a protective agent. This study elucidates the mechanisms underlying reproductive toxicity 
of PS-NPs and explores therapeutic strategies.
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and poor biodegradability, the health impacts of MPs/
NPs have become one of the frontier hotspots in the field 
of international environment in these years. In 2022, 
plastic particles (> 700 nm) were discovered and quanti-
fied for the first time in human blood by a double shot 
pyrolysis-gas chromatography, suggesting plastic parti-
cles are bioavailable for human body [5]. Plastic particles 
invade the human body primarily through the alimentary 
tract [6], and also through the respiratory system [7, 8], 
cutaneous mucosal [9], and injection pathway [10]. Fur-
thermore, sub-micron particles are theoretically more 
easier to traverse biological barriers and membranes and 
accumulate in organs, thereby causing pathological dam-
age [11, 12]. Thus, it is necessary to investigate the poten-
tial biological effects of MPs/NPs and develop effective 
prevention measures.

As an important thermoplastic, polystyrene (PS) is one 
of the high-yield plastics with a wide range of applica-
tions, accounting for 90% of total plastic demand, espe-
cially in one-off packaging, containers, personal care 
products and electronics [13, 14]. PS-NPs is an organic 
nanocomposite material formed by polystyrene nanopar-
ticles dispersed in a polymer matrix at the nanoscale size, 
which is easy to form aggregates in protein-containing 
media, produce combined toxicity with other organic 
matter, and enter cells and organelles to exert toxic 
effects [6, 15].

In recent decades, male fertility is declining due to 
dietary behavior, lifestyle and environmental chemistry 
[16, 17]. A growing number of researches have posed 
health concerns about the deleterious effects of environ-
mental plastic particles on male reproduction, typically 
related with inflammatory responses, oxidative stress, 
genetic toxicity in reproductive cells and decreased fer-
tility in individuals [18–21]. However, the studies on the 
reproductive toxicity of various plastic pollutants was 
mainly carried out in aquatic organisms and terricolous 
invertebrates [22–24]. Recently, a study on PS-NPs in 
mouse revealed its testicular and sperm toxicities, includ-
ing damaged testicular microstructure, reduced sperm 
count and quality, and inhibited sperm capacitation, yet 
the mechanisms still remained to be clarified [25].

Blood-testis barrier (BTB) is the structure between 
spermatogenic tubules and capillary blood, composed 
of the capillary endothelium, the connective tissue, the 
basal membrane of seminiferous epithelium and cell 
junctions, such as tight junction (TJ), ectoplasmic spe-
cialization (ES, a testis-specific adherens junction), and 
desmosome-like junction, between Sertoli cells (SCs). 
BTB can prevent certain substances from entering the 
seminiferous epithelium, form and maintain an indepen-
dent microenvironment conducive to spermatogenesis, 
and prevent spermatogenic substances from escaping 
outside the tubules and causing an autoimmune reaction 

[26]. Exposure to environmental toxicants has been show 
to lead to restructuring or disruption of the BTB and thus 
result in spermatogenesis dysfunction [27, 28]. Although 
PS-MPs has been proved to associate with SC micro-
structural damage, increased permeability of the BTB 
and incomplete spermatogenesis [29–33], the mecha-
nism on molecular level still remains unknown and little 
attention has been paid to the influence of PS-NPs on the 
BTB function.

The prevailing data suggest that the MPs content in 
infant excrement was significantly greater than that in 
adult excrement [34], indicating that infant are more 
vulnerable than adults to MPs exposure. Furthermore, 
there is currently limited research on the mechanisms 
underlying testicular damage and abnormal spermato-
genesis induced by exposure to PS-NPs in prepubertal 
mammals [35]. Therefore, the objective of our study was 
to investigate the reproductive damage effect and mecha-
nisms of PS-NPs in pre-pubertal male rat and to screen 
the effective drug preliminarily based on the mecha-
nism discovered. We treated prepubertal male rats with 
different doses of PS-NPs and detected the variation in 
sperm quality, BTB function, serum reproductive hor-
mones, and testicular morphology to evaluate the det-
rimental effects of PS-NPs exposure during adolescence 
on male reproductive system after maturation. Based on 
the consequence of RNA-sequencing, a protein-protein 
interaction network using differentially expressed genes 
from PS-NPs-exposed rat testis transcriptomes was 
constructed to screen for key target proteins that inter-
act with polystyrene. Then, utilizing molecular docking 
and molecular dynamics simulation, we identified the 
optimal anti-oxidative stress drug, i.e. Cordycepin, that 
could target the same sites of toll-like receptor 4 (TLR4) 
as polystyrene, and confirmed its antagonistic effect on 
PS-NPs in primary cultured SCs. These experiments pro-
vide experimental evidence for further elucidating the 
reproductive toxicity mechanisms of PS-NPs and offer 
potential intervention strategies to prevent reproductive 
damage caused by PS-NPs.

Materials and methods
Materials
Unibead Uniform Polystyrene Microspheres and Lumi-
sphere Uniform Green Fluorescent Microspheres, both 
of which are about 80 nm in diameter and composed of 
polystyrene (PS), were procured from the Tianjin Base-
line Chromtech Research Centre (Tianjin, China). Except 
for fluorescein isothiocyanate (FITC) labeling, the two 
particles have the same physicochemical properties. The 
PS-nanoparticles were analyzed to confirm the morphol-
ogy, size, and chemical composition by scanning electron 
microscope (SU8020, Hitachi, Japan), Zetasizer (Nano 
ZS90, Malvern, UK), and Fourier transform infrared 
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spectroscopy (FTIR, Nicolet IS10, USA) respectively. 
These nanoparticles were suspended in purified, deion-
ized water at a concentration of 2.5% w/v. In experiments 
to detect the distribution and accumulation of PS-NPs in 
tissue, the green fluorescence-labeled particles, with exci-
tation and emission peaks at wavelengths of 488 nm and 
518 nm respectively, were diluted to 1.0% w/v. Through-
out the duration of the study, nanoplastic stock solutions 
were preserved under refrigeration at 4 °C, shielded from 
light exposure. Prior to utilization, the PS-NPs stocks 
were subjected to sonication on ice for 15 min at a fre-
quency of 50/60 kHz.

Animals and treatment
48 male Sprague-Dawley (SD) rats in good health 
(body weight 60–80  g) were obtained from SPF (Bei-
jing) Biotechnology Co., Ltd (Certification number: 
110324211105179853). The temperature of the feeding 
environment is controlled at 20–22℃, and the humid-
ity is controlled at about 60%, with a 12-hour cycle of 
light and darkness. The rodents were divided into four 
groups randomly and gavaged with varying doses of 
PS-NPs (0, 3, 6, and 12  mg/kg/day) according to previ-
ous reports [36, 37] via a 5  ml syringe at the pharynx 
to avoid particle loss from postnatal day (PND) 21. An 
equivalent volume of distilled water without nanopar-
ticles was given to the control animals. The gavage vol-
ume was recalculated weekly based on changes in body 
weight to maintain consistent dosage. Animals had unre-
stricted access to purified water and were provided with 
a standardized pelleted maintenance feed, including the 
following constituents (per kilogram) according to the 
information provided by the supplier: glucose, 710  g; 
ovalbumin, 155 g; cellulose, 30 g; corn oil, 28 g; coconut 
fat, 17.75 g; vitamin premix, 12 g; mineral premix, 10 g; 
NaH2PO4-2H2O, 14.5  g; CaCO3, 12.4  g; KHCO3, 7.7  g; 
MgCO3, 1.4  g; KCl, 1.0  g and KIO3, 0.25  mg. The Test 
Report of the maintenance feed provided by the supplier 
showed no micro- or nano- plastic interference. The sole 
source of water intake was a glass bottle capped with a 
steel stopper, which were assigned to each experimental 
group in order to avoid cross contamination. Water and 
food intake were also recorded weekly until the animals 
were terminated on PND55 or PND95 to evaluate the 
long-term effects of PS-NPs. After anesthetization by 
CO2 inhalation, blood samples were collected via cardiac 
puncture, and serum was isolated immediately by cen-
trifugation and preserved at -80 °C for future assays. The 
epididymides and testes were dissociated and weighed 
for organ coefficient calculations before preservation at 
-80℃ for subsequent experiments.

Observation of PS-NPs accumulation in rat testis
Rats were given 80 nm green fluorescent PS-NPs (3 mg/
kg/day) or ddH2O by oral gavage every day for one week 
from PND21 (n = 5). The animals were terminated by 
CO2 asphyxiation immediately after the last treatment. 
After removal of testis, fluorescence images of one tes-
tis tissue of the rat were observed under fluorescent ste-
reomicroscope (M165 FC, LEICA, Germany). Frozen 
Sect. (100 μm) from the other testis of the rat were pre-
pared by a vibratome (VT1200S, LEICA, Germany) and 
visualized via laser scanning confocal microscope (LSM 
980, Carl Zeiss, Germany).

Reproductive hormone detection
Testosterone (T), luteinizing hormone (LH), and follicle-
stimulating hormone (FSH) in collected serum samples 
were detected by commercial kits (ZellBio GmbH, Ger-
many) and quantified through enzyme-linked immu-
nosorbent assay (ELISA) as per the manufacturer’s 
specification. Each ELISA test included three technical 
replicates to ensure accuracy and reproducibility.

Sperm evaluation
Sperm quality was assessed after rapid dissection of the 
rat epididymis. For sperm motility analysis, the caudal 
part was separated, ground and incubated in phosphate 
buffered saline (PBS, pH7.5) at a temperature of 37 °C to 
allow releasing of viable sperms. After 15  min, sperms 
in the supernatant and the suspension were respectively 
tallied with a hemocytometer, the ratio between which 
was used to represent sperm motility. For morphological 
examination, fresh spermatozoa were gathered by slit-
ting open equivalently sized caudal epididymides, which 
were immersed in PBS at 37  °C and gently pipetted to 
coax sperm out of the tubules. Afterwards, a droplet of 
the sperm suspension was smeared onto a sterile adhe-
sive glass slide, spread across, and air-dried before obser-
vation. A total of 300 sperms from each specimen were 
scrutinized for morphological defects under magnifica-
tion, with the anomaly percentage computed by the frac-
tion of malformed sperm over the entire sperm count. 
For each rat, five smear slides were prepared, and within 
those, 12 random high-power fields were examined to 
tally the sperm counts.

Hematoxylin & eosin staining
Rat testes were promptly immersion-fixed in Bouin’s fixa-
tive at a ratio of 10:1 of fixative to testicular tissue vol-
ume following removal. The fixed testis was trimmed and 
then rinsed with running tap water for 4 h. Subsequently, 
dehydration was performed by gradually increasing the 
concentration of ethanol, starting from lower concentra-
tions to higher ones (i.e., 70% for 2 h, 80% overnight, 90% 
for 2 h, 100% I for 1 h, and 100% II for 1 h). The tissue 
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was then cleared in xylene for 30 min until the specimen 
became transparent. The tissue blocks were transferred 
into a xylene-paraffin mixture and were permeated with 
wax at 60 °C for 2 h before paraffin embedding. The tis-
sues were then cross-sectioned into 5 μm-thickness slice 
using a microtome and mounted on glass slides. For his-
tological analysis, paraffin wax sections were deparaf-
finized in xylene and rehydrated in ethanol solution with 
decreasing concentration and water in sequence. Sec-
tions were then incubated with hematoxylin for 4  min, 
washed with tap water, differentiated in hydrochloric 
acid alcohol, and counterstained with eosin for 60  s. 
After dehydration in ethanol with increasing concentra-
tion and xylene, sections were mounted in neutral balsam 
and dried for observation. Images were detected and cap-
tured by a microscope outfitted with a high-resolution 
digital camera.

Immunohistochemistry
Antigen retrieval was performed after deparaffinization 
and rehydration of the testis sections, followed by wash-
ing with PBS. Then the slices were blocked with 10% 
goat serum before incubation with anti-Bcl-2 (1:100) or 
Bax (1:300) antibodies (Tab.S1) and maintained at -4  °C 
throughout the night. Subsequently, the slices under-
went a 60-min incubation at ambient temperature with 
a horseradish peroxidase (HRP)-conjugated second-
ary antibody. Following this, the slices were developed 
with diaminobenzidine (Gene Tech, Shanghai, China), 
counterstained using hematoxylin, and subjected to 
a sequence of dehydration, clarification, and mount-
ing before observation under a light microscope (Echo, 
USA). Immunohistochemistry images were analyzed 
using Image-Pro Plus software (Media Cybernetics, 
Inc.). The images were imported, and the settings were 
adjusted to enhance the visibility of the stained areas. Use 
the “Thresholding” tool to define the regions of interest 
(ROI) where the staining is present. Select the “Measure” 
function and choose the appropriate parameters to calcu-
late the optical density within the ROI. Record the Aver-
age Optical Density (AOD) values for each ROI. Export 
the data for further analysis or reporting. For each tissue 
slice, twelve representative microscopic fields were cho-
sen at random.

BTB integrity assay
The BTB integrity was assessed through an established 
in vivo method that measures the barrier’s capacity to 
impede the passage of diminutive molecular indicators 
from the underlying basal lamina, as previously detailed 
in the literature [38]. To serve as positive controls for 
disrupted BTB function, rats received an intraperito-
neal injection of cadmium chloride (CdCl2, 5  mg/kg) 
72  h prior to the assay, based on its documented effect 

to destroy the BTB irreversibly. Before termination, the 
animals were sedated with an intramuscular injection of 
ketamine HCl combined with xylazine and an incision 
shorter than 10 mm was made on the scrotum to expose 
the testis. Then 50  µl of Sulfo-NHS-LC-Biotin (10  mg/
ml, Thermo Fisher Scientific, USA) freshly diluted in PBS 
containing CaCl2 (1 mM) was injected into the intersti-
tium of testis to serve as the molecular tracer. Allowing 
for a 30-minute period for the biotin to disperse, the 
rats were then euthanized by CO2 inhalation. Subse-
quently, the testes were extracted and quickly frozen in 
liquid nitrogen, followed by Sect. (10 μm) preparation at 
-20 °C using a cryostat and fixation with 4% paraformal-
dehyde. After blocking with 5% BSA, the sections were 
incubated with streptavidin labelled by Alexa Fluor 568, 
diluted at 1:200 in PBS with 1% BSA, and kept at ambient 
temperature for one hour. And then an Antifade Mount-
ing Medium with DAPI (Beyotime, China) was used for 
mounting before the BTB damage was evaluated by fluo-
rescence microscopy (BX60, Olympus, Japan). To quanti-
tatively analyze the impairment of the BTB, we calculated 
the ratio of the distance that the biotin traveled (Dbiotin) 
to the radius of the tubule (Dradius), denoted as [Dbiotin/
Dradius] × 100%. Utilizing Image J (1.52t) software, the 
migration distance of biotin was measured from the basal 
lamina of the tubule to the utmost extent of biotin pen-
etration into the lumen. In each experimental cohort, 100 
tubules from a total of 6 rats were randomly examined to 
ensure statistically significant results.

Transmission electron microscopy analysis
Sample tissues from testes were fixed with glutaralde-
hyde (2.5%) and osmium (1%) for ultrastructural analysis 
via electron microscopy before dehydration in ethanol. 
After washing with acetone, the samples were embedded 
within the epoxy resin matrix [39]. The embedded speci-
mens were then sectioned into ultra-thin slices ranging 
from 50 to 60 nanometers in thickness with a precision 
ultramicrotome (UC7, Leica, Germany). These sections 
were then subjected to staining using a combination of 
uranyl acetate and 2% lead citrate to enhance contrast. 
High-resolution imaging of these prepared sections was 
performed using a 120 kV transmission electron micro-
scope (HT-7800, Hitachi, Japan), which features a sophis-
ticated Complementary Metal-Oxide Semiconductor 
(CMOS) detection camera (Hitachi, Japan).

Real-time reverse transcriptase polymerase chain reaction 
(qRT-PCR)
TRIzol (Invitrogen, USA) was used for extraction of 
total RNA from rat testis, the purity and concentration 
of which was determined by a spectrophotometer (Bio-
Drop, UK). Afterwards, mRNA was reverse transcribed 
into cDNA by SuperScript III reverse transcriptase 
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(Invitrogen, USA). PCR amplification was conducted 
in 25 µl volume using the Takara SYBR Green protocol, 
involving an initial 3-min denaturation at 95 °C, then 40 
cycles of denaturation at 95 °C for 10 s, annealing at 58 °C 
for 30  s, and elongation at 72  °C for 1  min. Specificity 
checks included melt curve assessments. The sequence 
of PCR primers is shown in Supplementary Table S2 [40, 
41]. To normalize gene expression data, GAPDH served 
as the internal reference control. The comparative expres-
sion of the investigated mRNAs was quantified using the 
2-ΔΔCt approach.

Terminal deoxynucleotidyl transferase-mediated nick end 
labeling (TUNEL) staining
To ascertain apoptotic occurrences within the rat testis 
of rats, TUNEL assay (MK1027, Boster Biological Tech-
nology, China) was performed using paraffin-embed-
ded testis sections, following the protocol provided by 
the kit’s manufacturer. After the staining and mounting 
with an anti-fading reagent, and the sections were exam-
ined under a fluorescence microscope (BX60, Olympus, 
Japan). Nuclei that exhibited green fluorescence were 
identified as apoptotic. For each tissue section, ten differ-
ent microscopic fields were chosen at random and inten-
sity of the fluorescence was measured and quantified 
with the aid of Image J (v. 1.52v).

Transcriptome profiling and protein-protein interaction 
analysis
RNA-sequencing of three testis samples randomly cho-
sen from the control and the 12  mg/kg/day group on 
PND95 was performed on BGISEQ-500 (BGI Genomics, 
China). Criteria for differentially expressed genes (DEGs) 
identification included a Q-value below 0.01 and a fold 
change magnitude exceeding 1.5. R Studio with ggplot2 
package and internet-based platforms (https://www.
omicstudio.cn/tool and http://www.bioinformatics.com.
cn) were utilized for bioinformatics analyzing. Utiliz-
ing the OmicStudio resource (https://www.omicstudio.
cn/tool) according to the GSEA 3.10 protocol, gene set 
enrichment analysis (GSEA) probed further into gene 
expression patterns and associated biological themes. 
Gene sets with significant enrichment were defined by a 
P-value threshold of less than 0.05. The RNA-sequencing 
data have been deposited on the NCBI (http://www.ncbi.
nlm.nih.gov/) database as individual BioProjects under 
the umbrella BioProject PRJNA1124596. The data of sty-
rene target were retrieved using SEA database (https://
sea.bkslab.org/). Analysis of the data, alongside mapping 
of Protein-Protein Interaction Networks (PPI), was car-
ried out via the Dr. Tom platform by BGI Tech (https://
www.bgi.com/global/dr-tom/).

Molecular docking
The structures of antioxidant stress drugs were procured 
from the PubChem database (https://pubchem.ncbi.nlm.
nih.gov) and optimized by LigPrep. The 3-dimentional 
structures of protein were retrieved from RCSB database. 
Molecular docking of proteins and drugs was performed 
using Maestro version 11.5. Moreover, energy minimiza-
tion of proteins was accomplished at a protonation state 
of pH 7 ± 2.0 via the OPLS-2005 force field. To test dock-
ing parameters, grid-based ligand was utilized to dock in 
the protein’s catalytic pocket in the mode of Energetics 
of “extra precision” (Glide V11.5, Schrödinger). Lastly, 
the docking results were visualized using PyMOL2.3.0 
software and Discovery Studio 2020 in composite PDB 
format.

Molecular dynamics simulations
Amber 22 (San Francisco, CA, USA) was applied to per-
form Molecular dynamics simulations [42]. The prepro-
cessing of small molecules involved the employment 
of AmberTools22 for the integration of the GAFF force 
field into the molecular structures. Concurrently, the 
software Gaussian 16  W facilitated the hydrogenation 
of the small molecules and the computation of RESP 
charges; this information was subsequently incorpo-
rated into the topological data of the molecular dynamics 
framework. The simulations proceeded under conditions 
of fixed temperature (300  K) and pressure (1 atmo-
sphere), using the ff19SB force field to compute system 
force field parameters [43]. Upon completion of simula-
tions, calculations of the Root Mean Square Deviation 
(RMSD), Root Mean Square Fluctuation (RMSF), radius 
of gyration (Rg), solvent accessible surface area analysis 
(SASA), hydrogen bond analysis, along with associative 
free energy analysis using MMPBSA.py, were performed 
based on the trajectories of each amino acid.

Primary culturing of Sertoli cells and barrier function 
analysis in vitro
Utilizing previously established methods [44, 45], SCs 
were isolated from the testes of 20-day-old rats. These 
primarily isolated SCs were seeded onto culture dishes 
coated with Matrigel (BD BioSciences, USA) at vary-
ing densities tailored for distinct experimental analyses: 
immunoblotting at 0.3 × 106 cells/cm2, barrier function 
tests at 1.0 × 106 cells/cm2 on Millicell-HA inserts (Mil-
lipore, USA), and immunofluorescence at 0.03 × 106 
cells/cm2 on glass cover glass. The SCs were cultivated 
at 35  °C with 5% CO2 environment in a serum-free 
medium (DMEM/F12, Gibco, USA) replenished with 
bacitracin (5  µg/ml), epidermal growth factor (2.5 ng/
ml), insulin (10  µg/ml), and transferrin (5  µg/ml). The 
culture medium was refreshed daily over a 7-day period. 
To enhance SCs purity beyond 98%, on the second day, 
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cells underwent a brief hypotonic shock in Tris buffer (20 
mM, pH 7.4) for 2.5 min at ambient temperature, effec-
tively eliminating the residual germ cells. On day 3, SCs 
were administered with PS-NPs (5, 20, 100  µg/ml) for 
24 h. In group (100 µg/ml) to confirm the recovery effect 
of Cordycepin, 20  µg/ml Cordycepin diluted in DMSO 
was added 30 min before PS-NPs treatment. The SC epi-
thelial barrier function was detected by measuring the 
trans-epithelial resistance (TER) value and sodium fluo-
rescein (Na-F) permeability each day from culture day 1 
to day 7 as previously described [46]. In cell experiments, 
the Corning brand consumptive materials (pipette tips, 
culture plates, etc.) with good corrosion resistance and 
glass vials were identically applied to the control group 
and the treatment groups.

Oxidative stress assay
After treatment of PS-NPs and Cordycepin, the activity of 
CAT in SCs was analyzed with a CAT kit (Solarbio, Bei-
jing, China). Using a Tecan Infinite M200 multifunctional 
enzyme reader, the absorbance of SC lysate supernatant 
at a wavelength of 240 nm was monitored. 2’,7’-dichloro-
fluorescein diacetate (DCFH-DA) and JC-1 were applied 
to detect the reactive oxygen species (ROS) and assess the 
mitochondrial membrane potential, respectively. Specifi-
cally, SCs were incubated with either DCFH-DA or JC-1 
in dark at 35  °C for 20 min after a double wash in PBS. 
Subsequently, cells were rinsed thrice using either PBS 
for DCFH-DA or the buffer specific for JC-1 detection. 
The resultant fluorescence was captured on the fluores-
cence microscope (BX60, Olympus, Japan). Quantitative 
analysis of the fluorescence intensities for each experi-
mental cohort was executed with Image J (v. 1.52v).

Immunoblot analysis
For tissue samples, testes of each experimental cohort 
underwent triple washes in PBS. A precise mass of the 
testicular sample was cut, weighed, and subsequently 
submerged into a RIPA buffer solution fortified with 
phosphatase inhibitor, PMSF, and protease inhibitor. 
This preparation was then homogenized on ice and sub-
jected to centrifugation (4,000 g) at 4 °C for 10 min. For 
cell samples, freshly cultured SCs were harvested and 
lysed by sonication on ice, followed by centrifugation 
(16,000 g) at 4  °C for 60 min. The resultant lucid super-
natants were then secured and preserved at -80  °C. A 
BCA protein assay kit (Solarbio, China) was employed 
to quantify the total protein content in the testis or SC 
samples from one experiment, which were simultane-
ously prepared to preclude inter-experimental variations. 
For gel electrophoresis, a consistent quantity of protein 
(30 µg) from each set was thermally denatured at 100 °C 
for a span of 5  min, resolved on SDS-polyacrylamide 
gels with a concentration range from 4 to 15%, and then 

transferred onto PVDF membranes. These membranes 
underwent a sequential process of immunoblotting uti-
lizing designated primary and secondary antibodies 
(refer to Tabl.S1). Post immunoblotting, membranes were 
rinsed with tris buffered saline (TBS) and target proteins 
were detected using an advanced chemiluminescence 
detection kit (Pierce Chemical, USA) with the ChemiDoc 
XRS system for image capture (Bio-Rad, USA). Further 
quantitative analysis of the image intensity was executed 
by Scion Image (4.0.3), with GAPDH serving as the inter-
nal standard.

Immunofluorescence analysis
To identify the precise distribution of BTB proteins, fro-
zen testicular slices or SCs plated on glass slips under-
went fixation with paraformaldehyde (4%), followed by 
permeabilization using Triton X-100 (1%) and subse-
quent blocking with bovine serum albumin (5%). These 
samples were then incubated with primary antibodies 
as listed in Table S1 at 4  °C throughout the night. After 
mounting with the Antifade Mounting Medium contain-
ing DAPI (Beyotime, China), the samples were examined 
with a fluorescence microscope (BX60, Olympus, Japan). 
A SpotRT digital camera was tasked with capturing the 
images, which were subsequently layered using Adobe 
Photoshop. All images shown herein are exemplary of 
consistent findings observed across six independent 
experiments.

Statistical analysis
Data of this research were statistically analyzed by SPSS 
23.0 (SPSS Inc., USA). To assess differences, one-way 
ANOVA was performed, complemented by the Kol-
mogorov-Smirnov and Levene tests for comprehensive 
data evaluation. Results are shown as the mean ± stan-
dard deviation (SD). A value of P < 0.05 was deemed to 
denote statistical significance. The findings discussed are 
grounded on samples representative of each cohort, with 
an in vivo group size of six (n = 6) or a minimum of three 
separate in vitro experiments involving SCs isolated from 
various rat cohorts.

Results
Testicular accumulation of 80 nm PS-NPs in rats after oral 
administration
Initially, the PS-NPs (80  nm) applied herein were iden-
tified and photographed via scanning electron micros-
copy (SEM). SEM images depicted a uniform spherical 
shape of the particles (Fig. 1A) and Raman spectroscopy 
demonstrated the polystyrene nature (Fig. 1B). Similarly, 
potential measurements confirmed that the PS-NPs used 
in our research were negatively charged on surface (-43.4 
mV) (Fig.  1C), reflecting the low aggregation behavior 
of plastic nanoparticles. To ascertain the cumulation of 
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PS-NPs in the testes, rats were orally administered with 
FITC-labeled PS-NPs. After a week of continuous gavage, 
animals were sacrificed and the ex vivo images of testis 
and cryosections were observed under fluorescent stereo 
and confocal microscope respectively, which revealed 
evident fluorescent signal distribution that represented 
PS-NPs accumulation in the testis (Fig. 1D) and seminif-
erous tubules (Fig. 1E) as compared with the non-treat-
ment control group.

Pre-pubertal exposure to PS-NPs affects sperm quality and 
seminiferous tubule structure in rats after maturation
During the 10-week’s oral gavage with PS-NPs from 
PND21, no significant difference on water consumption 
(Fig.S1A), food consumption (Fig.S1B), and body weight 

(Fig.S1C) was observed between control and NPs-treated 
groups over time. Further, changes in organ coefficients 
were evaluated at the end of treatment. Compared to 
the control group, the testicular coefficient significantly 
decreased in all the three NPs-treated groups (Fig.S1D), 
which may indicate a decreased testis function and 
affected spermatogenesis.

To evaluate sperm functions after PS-NPs exposure, 
the epididymal sperm smears on PND95 were prepared, 
which revealed increment of sperm anomalies in PS-
NPs gavage groups, including loss of acrosome, headless, 
coiled tail, and tailless, etc., especially in the 6 and 12 mg/
kg/day groups (Fig. 2A, B). Furthermore, sperm concen-
tration and motility were found to decrease significantly 
in higher-dose groups (Fig. 2C, D). Then HE staining was 

Fig. 1 Characteristics and testicular accumulation of PS-NPs. (A) Scanning electron microscope (SEM) micrographs display PS-NPs of 80 nm at different 
magnifications. Scale bar = 1 μm (left) or 500 nm (right). (B) Raman spectroscopic characterization of PS-NPs. (C) Zeta potential measurement of PS-NPs. 
(D) Fluorescent images of ex vivo rat testes detected by epifluorescence microscopy after one-week exposure to fluorescent PS-NPs (green) or ddH2O 
(control). Scale bar = 2 mm. (E) Fluorescent images of rat testes cryosections detected by confocal microscopy after one-week exposure to fluorescent 
PS-NPs (green) or ddH2O. Cell nuclei were stained with DAPI (blue). These images are representative findings of an experiment using n = 5 rats and yielded 
similar results. Scale bar = 10 μm.
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performed to detect the morphological change of epidid-
ymal ductus and seminiferous tubules. No obvious dis-
crepancy was observed in the ductus structure between 
groups, while a reduction of epididymal sperm amount 
could be noticed as the dosage increased (Fig.  2E). The 
testicular injury of PS-NPs by gavage in our study was 
obvious yet not as serious as toxicants like cadmium. The 
images shown in Fig.  2F are representative of the over-
all situation. In the three treatment groups, a percentage 
of damaged tubules can be observed on each section, but 
not all the tubules are damaged. Rat testes exposed to PS-
NPs exhibited increased percentage of damaged tubules 

(Fig.S2A), especially the 12 mg/kg/day group, character-
ized by contracted tubules, irregular and curved base-
ment membranes, peeling of the spermatogenic cells 
from the epithelium, and inflammatory cell infiltration, 
indicating impaired spermatogenesis in response to PS-
NPs gavage.

As continuous gavage of PS-NPs, serum of different 
groups was collected on PND55 and PND 95 and levels 
of reproductive hormones were estimated by ELISA. As 
shown in Fig. S2, on PND55 (i.e. after 5 weeks of con-
tinuous PS-NPs gavage), significant decrease in serum 
testosterone could be observed in the 6 and 12  mg/

Fig. 2 Pre-pubertal exposure to PS-NPs affected sperm quality and seminiferous tubule structure in rats. (A) Epididymal sperm smear under light mi-
croscope on PND95. Main sperm abnormal morphologies: loss of acrosome (red arrow), headless (pink arrow), coiled tail (blue arrow), and tailless (green 
arrow). (B-D) Measurement of abnormal sperm rate (B), sperm concentration (C), and sperm vitality (D). Data is presented as mean ± SD (n = 6). *P < 0.05, 
**P < 0.01, compared with the control group. (E-F) H&E staining of cryosections of epididymis (E) and testis (F). The tubules pointed by the black arrows 
in the high-dose group were infiltrated with the round, deep-purple and nucleate neutrophile granulocytes. Dashed boxes are amplified to show clearer 
morphology. Scale bar = 60 μm (E) or 150 μm (F).
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kg/day groups whilst no variation in FSH and LH level 
amongst all groups. After 10 weeks of PS-NPs gavage 
(i.e. on PND95), both FSH and LH were reduced signifi-
cantly in the 6 and 12 mg/kg/day groups while the level 
of testosterone declined in all the three treatment groups 
as compared with the control (Fig.S2B-D). These results 
indicated a negative correlation between PS-NPs expo-
sure and reproductive hormone levels in a dose- and 
time-dependent manner.

Pre-pubertal exposure to PS-NPs induces BTB damage in a 
dose-dependent manner
Subsequently, we investigated the BTB integrity in ani-
mals gavaged with PS-NPs from pre-puberty. The per-
meability of BTB was measured by a semi-quantitative 
method using biotin as the tracer agent, with CdCl2 
treatment as the positive control and PBS as the nega-
tive control. After identifying the permeability of BTB in 
different groups, we found that, compared with the con-
trol in which the intact BTB intercepted the permeation 
of biotin into the lumen side, the distance of biotin infil-
tration from the basement of the tubule into the lumen 
progressively increased from the low to high dose groups, 
indicating a dose-dependent destructive effect of PS-NPs 
on BTB function (Fig. 3A, B).

Thereafter, the ultrastructure of BTB were detected 
under electron microscope (Fig.  3C). In the PS-NP-
gavaged rat testis, especially the higher-dose treated 
groups, obvious cellular swelling within the seminifer-
ous tubules could be observed, where cell membranes 
remained intact and continuous, while intracellular 
matrix electron density decreased as compared with 
the control; mitochondria (black arrows) were notice-
ably swollen, with some membrane damaged, extensive 
matrix dissolution, cristae rupture or disappearance, and 
severe vacuolization; the rough endoplasmic reticulum 
(red arrows) appeared slightly expanded, with ribosomes 
partially detached from its surface; lysosomal structures 
(dark yellow arrow) were visible in the field shown in 
12 mg/kg/day group; the basement membrane (light yel-
low arrows) was continuous and uniform in thickness. 
Besides, local damage, blurring, and disappearance of 
BTB (green arrows in the treatment groups) occurred 
after PS-NPs treatment (Fig. 3C).

Due to the compromised BTB integrity after PS-NPs 
gavage from pre-puberty, we next examined the localiza-
tion of junction proteins that constitute the barrier. The 
result of immunofluorescence showed that, after PS-NPs 
treatment for 10 weeks, the signal of occludin, ZO-1, and 
β-catenin were greatly weakened at the BTB (Fig. 4A-C). 

Fig. 3 PS-NPs disrupt BTB integrity in a dose-dependent manner. (A) In vivo BTB integrity assay by injecting EZ-Link Sulfo-NHS-LC-Biotin into the testis 
interstitium. The distribution of biotin was observed using specific Alexa Fluor 594-conjugated streptavidin (red), and cell nuclei were stained with DAPI 
(blue). Rats treated with CdCl2 served as positive controls. White dashed lines denote the basement membrane of the seminiferous tubules, and white 
solid lines indicate the distance over which biotin diffused from the basement membrane to the tubular lumen, scale bar = 60 μm. (B) Semi-quantitative 
histogram illustrating the extent of biotin diffusion in each group of A. Each bar represents the average ratio of the biotin diffusion distance (Dbiotin) to 
the tubular radius (Dradius) from 100 randomly selected seminiferous tubules from n = 6 parallel rats on PND95. **P < 0.01, compared to the control group. 
(C) Ultrastructural changes in BTB induced by PS-NPs as observed under electron microscopy. Black arrow: mitochondria, red arrow: rough endoplasmic 
reticulum, dark yellow arrow: lysosome, light yellow arrow: basement membrane, green arrow: BTB. These images are representative findings of an experi-
ment using n = 6 rats and yielded similar results. Scale bar = 1 μm.
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Accordingly, Western blot also revealed significant 
reduction of occludin and ZO-1 in the testis of animals 
terminated on PND55 and PND95, while the level of 
N-cadherin and β-catenin decreased significantly only in 
samples on PND95 (Fig. 4D, E).

Pre-pubertal exposure to PS-NPs induces inflammatory 
response and apoptosis in rat testes
The immune homeostasis in the testis plays a critical 
role in spermatogenesis. In our study, the expression of 
interleukin-6 (IL-6), C-X-C motif chemokine ligand 10 
(CXCL10), interleukin-1b (IL-1b), monocyte chemoat-
tractant protein-1 (MCP-1), and tumor necrosis factor-α 
(TNF-α) in rat testis after PS-NPs treatment were 
detected by q-PCR on PND95. The results showed that 

Fig. 4 Distribution and expression of junction proteins after PS-NPs treatment in rat testis. (A-C) Immunofluorescence analysis of occludin (A), ZO-1 (B), 
and β-catenin (C) on PND95. Secondary antibodies labeled with Alexa Fluor 488 (green) were used. Cell nuclei were stained with DAPI (blue), scale bar 
= 60 μm. (D) Western blot analysis to detect the levels of junction proteins on PND55 and PND95. (E) Box plots summarizing the result shown in D after 
each data point was normalized against GAPDH. Protein level of control group was arbitrarily set at 1. Data are represented as mean ± SD (n = 6). *P < 0.05 
and **P < 0.01, compared with the control group.
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the levels of these inflammatory factors in the testes of 
PS-NPs-treated rats significantly increased, indicating 
oral treatment of PS-NPs could lead to testicular inflam-
mation (Fig.  5A). Then the indicators of apoptosis were 
detected by immunohistochemistry. Compared with the 
control, the expression of anti-apoptotic Bcl-2 decreased 
while the expression of pro-apoptotic Bax increased 
remarkably after PS-NPs treatment from pre-puberty 
(Fig.  5B, C). TUNEL staining also revealed significantly 
increased green granules representing apoptotic cells in 
response to PS-NPs treatment, signifying considerable 
apoptosis in testicular tissue (Fig. 5B, C).

TLR4 as the potential core target protein for PS-NPs action 
on rat testes
To elucidate the mechanisms of spermatogenic dysfunc-
tion caused by PS-NPs exposure, mRNA sequencing 

was conducted to screen differentially expressed genes 
(DEGs) between the control and PS-NPs exposed rat 
testis. Transcriptome profiling identified one hundred 
DEGs, including 53 up-regulated genes and 47 down-reg-
ulated genes (PS-NPs vs. control, Fig.S3A). GO enrich-
ment analysis showed these DEGs mainly enriched in 
testicular tissue peptidase regulation, neutrophil acti-
vation, fatty acid transport, glucose transmembrane 
transport, monosaccharide transmembrane transport, 
production of nerve growth factor, snoRNA splicing, 
mesenchymal cell-matrix adhesion, and intermediate 
filament polymerization (Fig.S3B). KEGG enrichment 
analysis suggested that PS-NPs exposure primarily affects 
AMPK signaling, adipocytokine signaling, phosphati-
dylinositol signaling, lysosome, apoptosis, and autophagy 
in testis (Fig.S3C). In order to predict the principle target 
of polystyrene nanoparticles during testis damage, a PPI 

Fig. 5 Pre-pubertal exposure to PS-NPs induces inflammatory response and apoptosis in rat testes. (A) Histogram summarizing the result of quantitative 
real-time PCR in detecting relative mRNA levels of IL-6, CXCL10, IL-1b, MCP-1, and TNF-α in rat testes, which was expressed as a relative index normalized 
against GAPDH. Data are represented as mean ± SD (n = 6). (B) Immunohistochemistry staining of Bcl-2 (upper panel) and Bax (middle panel), and testicu-
lar TUNEL staining under LSCM (lower panel). Green fluorescence indicates TUNEL positive apoptotic cells. Scale bar = 50 μm. (C) Histograms summarizing 
the results in B to semi-quantify the average optical density (AOD) of Bcl-2 or Bax positive staining, and fluorescence intensity of TUNEL positive apoptotic 
cells by Image-Pro Plus software. Data are represented as mean ± SD. Each bar represents the average ratio of 12 microscopic fields randomly selected 
from n = 6 PND95 rats. *P < 0.05, **P < 0.001, compared to the control group.
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network interaction diagram was created using styrene-
interacting proteins and the above screened DEGs. As a 
result, toll-like receptor 4 (TLR4), the active transmem-
brane protein participating in inflammatory response, 
was identified as the core target that was responsible for 
testicular damage in rats caused by PS-NPs (Fig.S3D).

To further explore the interacting mechanism between 
TLR4 and PS-NPs, Schrödinger molecular docking soft-
ware was applied to dock TLR4 with styrene monomer, 
trimer, and decamer, respectively (Fig.  6). The results 
showed that the docking score of TLR4 with styrene 
monomer was − 4.466, indicating good binding. Spe-
cifically, styrene monomer interacts with the LYS817 of 
TLR4 via a π-π interaction and interacts with LEU819 
via π-Alkyl interaction, suggesting these amino acid 
residues of TLR4 could be the binding sites of styrene 
monomer (Tab.S3). Two types of styrene polymers 
tested herein showed even better binding ability with 
TLR4 than monomer, with the docking score of -4.638 

for the trimer and − 5.784 for the decamer. The styrene 
trimer was revealed to interact with ARG729, ARG761, 
HIS726 of TLR4 via π-Alkyl interaction (Table S3). The 
styrene decamer shares some common binding sites with 
the trimer and could interact with GLU669 of TLR4 via 
π-Anion interaction, with GLY668 via π-Sigma interac-
tion, and with ALA818 and ARG667 via π-Alkyl interac-
tion (Tab.S3).

Cordycepin has strong competitive TLR4 binding ability 
with polystyrene
To further investigate potential drugs that can antago-
nize the binding of polystyrene with TLR4, we performed 
molecular docking of six known small antioxidant mol-
ecules, i.e. vitamin E (Vit E), coenzyme Q10 (CoQ10), 
docosahexaenoic acid (DHA), extract of ginkgo biloba 
(EGB), Salidroside, and Cordycepin, with TLR4 protein. 
Docking results were visualized using PyMOL and Dis-
covery Studio 2019 (Fig.  7) and the specific residues of 

Fig. 6 TLR4 docking with different styrene molecules. Schrödinger molecular docking software analysis of the binding site of TLR4 with styrene monomer 
(upper), trimer (middle), and decamer (lower). The left images show the global docking between TLR4 and styrene molecules. Dashed boxes emphasize 
the local interaction and are amplified in the middle images. The right images are the 2D interaction of the docking. Different interactions between amino 
acid residues and styrene molecules are distinguished by different colors.
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TLR4 participating in different type of interaction with 
these drugs were summarized in Table S4. Generally, 
the greater the absolute value of the binding energy, the 
stronger the binding capacity. A binding energy below 
− 5  kcal/mol indicates excellent interaction between the 
protein and compound. Our results show that Vit E, 
CoQ10, DHA, EGb, Salidroside, and Cordycepin can all 

bind to TLR4, with binding energy (kcal/mol) of -2.526, 
-4.422, -2.148, -2.204, -4.531, and − 5.201, respectively 
(Tab.S4).

Among these interactions, some binding sites of Vit 
E, CoQ10, DHA, EGB, and Cordycepin with TLR4 
were consistent with the binding sites of styrene mono-
mer with TLR4, indicating that these five drugs had the 

Fig. 7 TLR4 docking with small molecule antioxidant drugs. From top to bottom are respective docking of TLR4 with Vit E, CoQ10, DHA, EGB, Salidroside, 
and Cordycepin. The left images show the global dockings. The dashed areas are amplified in the middle to show local interaction of the dockings. The 
right images show the 2D interactions of the dockings.
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potential ability to compete with styrene to interact with 
TLR4. Similarly, CoQ10, DHA, Salidroside, and Cordy-
cepin share certain interacting residues of TLR4 as the 
styrene trimer. And all the six drugs share certain inter-
acting residues of TLR4 as the styrene decamer (Table 
S4). Summarily, among the six antioxidant compounds 
verified herein, Cordycepin can compete with various 
polymerized styrene molecules to bind with TLR4 pro-
tein and has the strongest binding ability.

Validation of binding affinity between Cordycepin and 
TLR4 through molecular dynamics simulation
Owing to the superior binding ability between Cordy-
cepin and TLR4, we propose Cordycepin as a potential 
ideal therapeutic for polystyrene-induced reproductive 
damage in rats. To further validate the molecular dock-
ing results, a dynamic system of Cordycepin and TLR4 

with water molecules as the solvent was successfully 
constructed, and the simulation system was neutralized 
by adding counter ions (Fig. 8A). The trajectory video of 
100 ns demonstrated stable binding between Cordycepin 
and TLR4 without any trend of protein pocket disloca-
tion (Fig. 8B). The Root Mean Square Deviation (RMSD) 
reflects the distance between identical atoms under dif-
ferent structural states. After a long-scale molecular 
dynamics simulation of 100 ns, the RMSD trend in the 
trajectory of the TLR4-Cordycepin system indicated 
relative stability, achieving a balanced state within 100 
ns. The conformations and postures of the ligand were 
exceptionally stable (Fig. 8C).

The gyration radius (Rg) can indicate the tightness of 
protein structure, and also characterize the degree of 
peptide chain looseness during simulation. In the TLR4-
Cordycepin system, the protein maintained excellent 

Fig. 8 Validation of binding affinity between Cordycepin and TLR4 through Molecular Dynamics Simulation. (A) A schematic diagram of the system 
construction. Sodium and chloride ions are counter ions and are added according to physiological concentrations. Purple ball: sodium ions, green ball: 
chloride ions, green cartoon: TLR4, purple stick: Cordycepin, red line: water molecules. (B) Final structure of Cordycepin-TLR4 complex. Green cartoon: 
TLR4, purple stick: Cordycepin, light grey: protein surface render. (C) RMSD reveals positional changes between protein conformation during simulation 
and initial conformation. Broken line in green, TLR4. Broken line in yellow, Cordycepin. (D) Rg characterizes the compactness of TLR4 structure in the 
TLR4-Cordycepin system. (E) RMSF reflects flexibility changes of TLR4 during simulation of TLR4-Cordycepin binding. (F) SASA measures the contribution 
of relative exposed surface area of Cordycepin in the TLR4 solvent over time. (G) Hydrogen bond analysis in the Cordycepin-TLR4 complex. Purple stick: 
Cordycepin, green dash line: hydrogen bond interactions, red eyelash: hydrophobic interactions. (H) Number of hydrogen bonds in the Cordycepin-TLR4 
complex over time.
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compactness throughout the simulation process, demon-
strating overall stability (Fig. 8D). The Root Mean Square 
Fluctuation (RMSF) represents the average change in 
atomic position with time, indicating the degree of flex-
ibility and movement of amino acids in protein through-
out the simulation. Areas with greater flexibility have 
larger RMSF values. Overall, protein fluctuations in the 
TLR4-Cordycepin system were small, indicating stabil-
ity. Large fluctuations occurred in the loop conforma-
tion around the C-terminal and N-terminal of the TLR4, 
consistent with the high flexibility and weak coupling 
features at the terminals (Fig. 8E). The Solvent Accessible 
Surface Area (SASA) characterizes changes in the surface 
area of the ligand directly accessible to the protein sol-
vent over time, reflecting the relative contribution of the 
ligand surface area exposed to the solvent. In the TLR4-
Cordycepin system, the SASA of Cordycepin fluctu-
ated within a relatively constant scope, indicating it was 
tightly wrapped by the pocket of TLR4 (Fig. 8F), which is 
coincident with the stability observed in RMSD analysis.

Hydrogen bonds and hydrophobic interactions are cru-
cial in maintaining protein conformation. The interaction 
between the binding pocket of protein and the ligand 

is important for the steady combination of the ligand. 
So we calculated the number of hydrogen bonds in the 
Cordycepin-TLR4 complex (Fig.  8G, H). For hydrogen 
bond analysis, 3.5 Å was chosen as the cut-off distance 
(Table 1). The system exhibits strong and stable hydrogen 
bond interactions, resulting in a steady dynamic confor-
mation, which is consistent with the preceding analysis. 
Using the MM/PBSA method to calculate free energy, the 
binding free energy between TLR4 and Cordycepin was 
also revealed to be stable (Table 2).

Overall, the Cordycepin-TLR4 system displays excel-
lent dynamic characteristics, validating the accuracy of 
docking posture. The ligand posture falls within a smaller 
conformational space domain, exhibiting stable dynamic 
characteristics. There exists strong binding energy and 
stable hydrogen bond interactions between the ligand 
and the protein.

Cordycepin inhibits PS-NPs induced oxidative stress and 
mitochondrial dysfunction in Sertoli cells
Next, the effect of Cordycepin on oxidative stress caused 
by PS-NPs was validated in primary rat Sertoli cells. 
Thirty minutes before PS-NPs (5, 20, or 100 µg/ml) treat-
ment on culture day 3, Cordycepin (20 µg/ml) was admin-
istered to the SCs respectively. After 24  h, the cellular 
ROS level, CAT activity, and mitochondrial membrane 
potential were assessed by commercial kits. Consistent 
with the result in vivo, the primary SCs showed a high 
oxidative stress state induced by PS-NPs, reflected by 
significantly increased ROS signal and decreased CAT 
activity in a dose-dependent manner, which were greatly 
suppressed by Cordycepin (Fig. 9A, C and D). Mitochon-
drial membrane potential detection indicated that after 
Cordycepin treatment, the reduced red-green fluores-
cence ratio in SCs induced by PS-NPs was also markedly 
recovered (Fig.  9B and E), leading to elevation in mito-
chondrial membrane potential and restoration of nor-
mal function. These results suggest that Cordycepin can 
antagonize oxidative stress and mitochondrial dysfunc-
tion in Sertoli cells caused by PS-NPs, which might help 
with the impaired BTB function after PS-NPs intake.

Cordycepin alleviates PS-NPs induced BTB damage in 
primary Sertoli cells
In order to specify if the damage of PS-NPs on the BTB 
in vivo was due to its effect on SCs and to validate the 
effect of Cordycepin on BTB damaged by PS-NPs, the in 
vitro Sertoli cell epithelial barrier function was assessed 
after treatment of PS-NPs and Cordycepin. Daily mea-
surement of TER found significantly declined barrier 
function triggered by 20 and 100 µg/ml PS-NPs, and no 
change was found in the 5  µg/ml group. Importantly, 
pre-treatment of Cordycepin (20  µg/ml) was shown to 
counteract the barrier function decline by more than 60% 

Table 1 Hydrogen bond interaction analysis of TLR4-
Cordycepin*
Acceptor DonorH Donor Frac AvgDist AvgAng
UNK_183@
N2

ALA_165@H ALA_165@N 0.6752 3.0897 158.6134

ASP_20@
OD2

UNK_183@
H10

UNK_183@
O3

0.59 2.6442 164.9692

SER_17@O UNK_183@
H9

UNK_183@
O2

0.5154 2.7401 162.4688

GLY_163@O UNK_183@
H13

UNK_183@
N5

0.4941 2.9178 154.5367

ASP_20@
CG

UNK_183@
H10

UNK_183@
O3

0.3912 3.3417 151.5031

UNK_183@
N2

LYS_164@
HA

LYS_164@
CA

0.2876 3.4145 148.3526

ASP_20@
OD1

UNK_183@
H10

UNK_183@
O3

0.2454 2.6853 163.8499

UNK_183@
H8

LYS_164@
HG3

LYS_164@
CG

0.2309 3.293 152.9071

*3.5 Å was chosen as the cut-off distance

Table 2 Analysis of binding free energy (kcal/mol) between 
TLR4-Cordycepin using MM/PBSA
Energy Component Average Std. Dev. Std. Err. of Mean
VDWAALS -21.2329 4.6108 1.031
EEL -31.0001 7.627 1.7055
EPB 41.8028 6.1974 1.3858
ENPOLAR -2.4261 0.2456 0.0549
ΔG -12.8564 4.5042 1.0072
VDWAALS: van der Waals energy, EEL: electrostatic energy, EPB: energy 
calculated by Poisson Boltzmann (PB) equation, ENPOLAR: nonpolar energy, 
ΔG: binding free energy
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in the 100 µg/ml PS-NPs group compared with the con-
trol (Fig. 10A). The Na-F permeability of the epithelium 
exhibited a similar trend, i.e. increased permeability after 
20 and 100 µg/ml PS-NPs treatment that could be inhib-
ited by Cordycepin (Fig. 10B). Immunofluorescence also 
revealed significantly diminished signals of BTB com-
ponent proteins (occludin and β-catenin) at the SC-SC 
interface in PS-NPs group (Fig.  10C), which was also 
confirmed by immunoblot and could be partially res-
cued by Cordycepin treatment (Fig. 10D, E). These results 

further indicate the protection of Cordycepin on SC epi-
thelial barrier impaired by PS-NPs.

Discussion
Plastic pollution is a global environmental problem that 
has made substantial negative impacts on several ecosys-
tems. NPs is a recently recognized pollutant, which has 
been causing an increasing number of direct or indirect 
environmental issues due to their poor biodegradability 
and persistent accumulation. Previous studies have found 
that besides the digestive system, following treatment 

Fig. 9 Cordycepin inhibits oxidative stress and mitochondrial damage induced by PS-NPs in Sertoli cells. (A) Cellular reactive oxygen species detected 
by DCFH-DA (green). Pictures below are the same view field under light microscope. Scale bar = 150 μm. (B) JC-1 probe detecting mitochondrial mem-
brane potential. Red fluorescence: probe aggregates. Green fluorescence: probe monomers. Scale bar = 40 μm. (C) A histogram illustrating the result in 
A after each data point was normalized to the control. (D) A histogram summarizing the CAT activity in Sertoli cells. (E) A histogram illustrating the result 
in B after calculating the red-green fluorescence ratio of the JC-1 probe. Data are represented as mean ± SD. Each bar represents the average ratio of 12 
microscopic fields randomly selected from 3 different batches of primary cultured SCs. **P < 0.01, compared to the control group. ΔP < 0.05, ΔΔP < 0.01, 
compared to the PS-NPs group.
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with fluorescently labeled NP particles, their signals were 
degressive in sequence of testis, brain, kidney, and lung 
[39], indicating that the testis is the primary accumula-
tion and target organ of NPs. Since tissue accumulation 
of pollutants with lower environmental concentration 
may result in significant effects after a duration of con-
tact, in this study we focused specifically on the accu-
mulation of the NPs particles in the testis under our 
experimental conditions and observed obvious cumula-
tion of the signal in the testis and seminiferous tubules, 
which was the basis for the rationality of the subsequent 
functional test results. To date, investigations on NPs in 
vitro mainly concentrated on macrophages and several 
epithelial cells [47–51]. Internal accumulation of PS-MPs 
has been proved to cause sperm abnormalities, arouse 
testicular inflammation, and damage the BTB in male 

mice [32, 52]. However, there is currently a lack of explo-
ration into the toxic effects of PS-NPs on mammalian 
reproduction for assessing the human health risks associ-
ated with NPs.

The development of straightforward yet reliable analyt-
ical methods capable of detecting individual nanoparti-
cles remains an ongoing challenge [53]. Some researchers 
also deemed that precautionary principle with the aim 
of recognizing critical dosages should be applied before 
evaluating the risk at environmental concentrations [36]. 
Therefore, lower dose of PS-NPs herein were selected to 
be 3  mg/kg/day to assess the environmentally relevant 
exposure dosages of nanoplastics according to the lit-
erature, and the relatively higher dosages (6 and 12 mg/
kg/day) of PS-NPs were also investigated due to the 
large-scale production of plastics and bioaccumulation 

Fig. 10 Cordycepin counteracts the BTB damage caused by PS-NPs in rat Sertoli cells. (A and B) Barrier function analysis in vitro by recording TER (A) or 
measuring the permeability of Na-F (B) across the epithelium. The Na-F permeability in the control group on culture day 3 was arbitrarily set at 100%. 
n = 4 parallel wells were set for each treatment group. The shown result is the representative of 3 independent experiments. (C) Immunofluorescence on 
culture day 5 using Alexa Fluor 488-conjugated secondary antibody (green) with cell nuclei stained with DAPI (blue) to observe occludin or β-catenin at 
cell-cell junctions. Scale bar = 40 μm. (D) Immunoblot analysis to assess the levels of different BTB proteins in SC lysates on culture day 5 after PS-NPs and 
Cordycepin treatment with GAPDH serving as a loading control. (E) Histograms summarizing the result shown in D after each data point was normalized 
against GAPDH. Protein level of the control group was arbitrarily set at 1. Each bar refers to mean ± SD of n = 3 experiments using different batches of SC 
lysates. *P < 0.05, **P < 0.01, compared to the control group. ΔP < 0.05, ΔΔP < 0.01, compared to the PS-NPs group.
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of PS-NPs in the rat testis [36, 37]. Body weight, food-
intake, water-intake, and the organ coefficient are fre-
quently used indicators in toxicology, serving as sensitive 
indices for systemic toxicity [54]. In our model, the body 
weight, food- and water-intake did not show significant 
changes under the experimental dose design after ten 
weeks, excluding the possibility of changes caused by dis-
crepant food- or water-intake. However, we observed a 
significant decrease in the rat’s testicular coefficient post 
PS-NPs treatment, along with a marked reduction in the 
ratio of viable sperm in the epididymis. Since sperm is 
more sensitive to environmental factors than hormones 
[55], the evaluation of sperm characteristics can serve as 
useful indicators of male reproduction impairment. Our 
results show that with increasing concentrations of PS-
NPs, the rate of sperm abnormalities in rats significantly 
increases, while the sperm count significantly decreases. 
This aligns with findings from reproductive hormone 
tests, i.e. the serum reproductive hormone concentration 
in the PS-NPs group was significantly downregulated, 
with testosterone levels drastically decreased in higher 
exposure groups. Testosterone, which promotes sperm 
maturation and release and maintains secondary sexual 
characteristics, is the most essential steroid hormone in 
the growth and development of male individuals. The 
decline in testosterone is a critical factor in reducing BTB 
integrity and testicular sperm [56]. Considering of this, 
future work should include the effect of PS-NPs on ste-
rol metabolism of Leydig cells in the testis and the hypo-
thalamus-pituitary-testicular axis. Even though, due to 
the direct influence of PS-NPs on SCs observed in vitro 
(Figs.  9 and 10), we consider the injured spermatogen-
esis as the combined result of hormone levels and the SC 
(or BTB) function. Hematoxylin-eosin staining results of 
testicular tissues also reveal contraction, irregular base-
ment membrane, peeling of spermatogenic cells, and 
inflammatory cell infiltration in the seminiferous tubules, 
as well as lowered sperm density following PS-NPs treat-
ment. PS-NPs exposure tends to damage rat seminifer-
ous tubules, and the degree of testicular tissue cavitation 
and damage progressively exacerbates with increasing 
exposure concentrations. These observations suggest that 
PS-NPs may inflict some damage on rat sperm, resulting 
in decreased sperm quality. The testes are the most vital 
reproductive organs in males, and normal spermatogenic 
environment is necessary for maintaining sperm quality 
and normal reproductive capacity. Concurrently, these 
findings also affirm the feasibility of studying the damage 
of pre-pubertal exposure of PS-NPs on male rat repro-
duction through this model.

Bioavailable environmental pollutants can induce tis-
sue inflammation. For instance, PS-MPs elevate the levels 
of IL-6 and TNFα in embryos of zebrafish [57]. A recent 
study in Balb/c mice also demonstrated that PS-MPs 

elevated the testicular tissue levels of TNFα, IL-6, and 
IL-1β [33]. MPs induce oxidative and inflammatory 
injury to germ cells in male zebrafish and oysters, thereby 
impacting offspring quantity and development [58]. In 
our experiments, a significant increase was observed in 
the expression of testicular tissue inflammatory factors as 
IL-6, CXCL10, IL-1b, MCP-1, and TNF-α, and pro-apop-
totic factor Bax. TUNEL staining revealed an evident 
increase in testicular tissue cell apoptosis after PS-NPs 
treatment, reflecting the pro-apoptotic effect of PS-NPs 
after accumulation in the testis.

The BTB consists primarily of junction structures 
between SCs, generating a unique microenvironment 
for spermatogenesis [59–61]. At the BTB, cell adhe-
sion relies on a variety of membrane proteins and their 
adaptors. For example, occludin and ZO-1 are major 
components of tight junctions. β-catenin interacts with 
calcium-dependent cell adhesion molecules such as 
N-cadherin, participating in the formation of the base-
ment membrane adhesion complex. These junction pro-
teins and their interactions contribute to establish solid 
intercellular connections by forming stable protein com-
plexes, which are crucial for limiting abnormal traversal 
of substances at the BTB and protecting the stability of 
the spermatogenic environment [62]. After PS-NPs expo-
sure in our study, electron microscopy showed changes of 
the BTB ultrastructure, while immunoblotting revealed 
a significant reduction of junction proteins (occludin, 
ZO-1, β-catenin, N-cadherin) in the testes. Immunoflu-
orescence also indicated a reduced distribution of these 
proteins at the BTB, suggesting breakdown of junction 
apparatus at the BTB after exposure to PS-NPs. These 
results are consistent with the damage effect of PS-MPs 
on the BTB [29], and the consequent spermatogenic 
microenvironment damage might be one of the reasons 
for deteriorated sperm quality after exposure to PS-NPs 
in previous studies [25].

Toll-like receptors (TLRs), especially TLR4, are key 
modulators in inducing inflammation and activating 
mucosal immune responses [63], playing an indispens-
able role in environmental toxicant studies. Mice fed with 
MPs exhibit significant intestinal (colon and duodenum) 
inflammation, with increased levels of interferon regula-
tory factor 5 (IRF5), activator protein 1 (AP-1), and TLR4 
[64]. Studies have shown that TLR4 can participate in 
oxidative stress caused by MPs, which can cause uter-
ine fibrosis in mice by activating TLR4/NOX2 pathway 
and further provoking oxidative stress to stimuli Notch 
and TGF-β signaling [65]. Targeting the TLR4/NOX2 
signaling pathway can effectively reduce the reproduc-
tive toxicity of PS-MPs [65]. In the present work, based 
on DEGs screened from transcriptome sequencing, the 
PPI network interaction diagram was made with sty-
rene target proteins, and TLR4 was selected as the core 
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target protein for PS-NPs acting on rat testes. Through 
molecular docking, we further found that TLR4 can bind 
with both styrene monomer and polymers (trimer and 
decamer), suggesting PS-NPs particles might be incor-
porated into SCs through interaction with TLR4, thus 
inducing inflammation and oxidative stress.

Now a number of studies have shown small plastic 
particles can generate oxidative stress after internal-
ization, then trigger corresponding biological effects. 
For example, PS-NPs of 50  nm in diameter have been 
found to be internalized and accumulate in HepG2 cells, 
induce oxidative stress, reduce antioxidative capacity, 
and lead to 25–48% cell death [49]. Uptake of PS-MPs 
by human renal proximal tubular epithelial cells (HK-2 
cells) can lead to endoplasmic reticulum stress, dysfunc-
tion of mitochondria, and inflammation [66]. In brain, 
MPs-induced oxidative stress may have a bidirectional 
effect, i.e. DNA damage and mitochondrial dysfunction 
by attacking neurons, and ultimately result in cell death 
due to free radical attack [67]. In the reproductive field, 
sustained severe oxidative stress causes cell apoptosis or 
necrosis, and then continues to destroy BTB integrity, 
which has been proven as a crucial cause of male repro-
ductive function impairment [68].

To find drugs that can effectively antagonize the repro-
ductive impairment induced by PS-NPs in rats, we used 
molecular docking for simulation screening in this study. 
With the increase in structure numbers and resolu-
tion improvement within the Protein Data Bank (PDB), 
molecular docking has become a resource-saving early 
drug screening technology. As the damage caused by 
environmental pollutants is a long-term slow process, 
one focus of our therapeutic strategy exploration is to 
avoid long-term toxicity. For this purpose, we selected 
six commonly used non-toxic anti-oxidative stress drugs 
in the clinical practice of andrology in traditional Chi-
nese and Western medicine. Vitamin E is an antioxidant, 
preventing degenerative diseases by scavenging reactive 
oxygen species [69, 70]. Standardized Extract of Ginkgo 
Biloba has been proved to regulate oxidative stress, 
energy deficiency, and spermatogenic status in rat testes 
induced by methotrexate [71]. Cordycepin is a primary 
bioactive component extracted from Cordyceps sinen-
sis, with the efficacy of immune regulation, anti-cancer, 
anti-inflammatory, anti-oxidation, anti-bacterial, and 
is a potential drug for anti-aging and oxidative stress-
induced male infertility [72]. Salidroside is an impor-
tant active component separated from Cistanche salsa 
and possesses various pharmacological activities such 
as anti-oxidantion, anti-inflammatory, and anti-diabetis. 
Through molecular docking, we try to screen out small 
molecule drugs with binding sites consistent with the 
polystyrene target protein TLR4, which could compete 
with polystyrene for binding to TLR4. By comparing the 

binding ability of the six drugs, we found that Cordycepin 
has the best binding ability to TLR4, and the stability of 
Cordycepin-TLR4 complex was verified using molecular 
dynamics simulation. The antagonistic effects of Cordy-
cepin on PS-NPs induced oxidative stress and BTB func-
tion impairment were further confirmed in a classical 
in vitro model that simulate the BTB using primary cul-
tured rat Sertoli cells [73]. Therefore, Cordycepin could 
be a potentially ideal drug to block oxidative stress, pro-
tect spermatogenic microenvironment and prevent male 
reproductive damage caused by PS-NPs. Indeed, Cordy-
cepin is probably not the only small antioxidant that 
can alleviate the BTB damage caused by PS-NPs, future 
studies should be focused on developing more effective 
therapeutics through small molecule drug screening 
technologies, for which our research is expected to pro-
vide valuable ideas.

Conclusion
In conclusion, this study shows that pre-puberty PS-NPs 
exposure disrupt the BTB integrity by inducing inflam-
matory responses and apoptosis in the rat testes which 
decrease the localization junction proteins at the BTB, 
thereby affecting the spermatogenic microenviron-
ment and causing a decline in sperm count and motility 
after maturation. Our data indicates that PS-NPs exert 
toxic effects on rat testes by influencing a complex sig-
nal transduction network. Cordycepin can compete 
with polystyrene to bind its core target protein, TLR4, 
and relieving oxidative stress, making it a potential ideal 
drug for ameliorating male reproductive damage caused 
by PS-NPs. Although the polystyrene NPs used in this 
study cannot represent all the concentrations and types 
of nano plastics exist in the environment which fluctu-
ate with different regions and policies on the planet, the 
inhibitory effect of Cordycepin on its reproductive toxic-
ity is still worthy of further investigation. Future research 
is necessary to validate a more precise evaluation of the 
impacts of PS-NPs on male fertility in animals. Addition-
ally, the study still need to be carried out to verify the 
protective effect of Cordycepin on reproductive toxicity 
caused by PS-NPs in vivo, determine the effective dose 
and side effects, and investigate its combined use with 
other drugs.
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