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A B S T R A C T

Microplastics are increasingly recognized as potential threats to human health. In our previous study, polystyrene 
microplastics (PS-MPs) were detected in both para-tumor and tumor tissues of human prostate samples, with 
significantly higher abundance observed in tumor tissues compared to their paired para-tumor counterparts. 
However, whether and how PS-MPs contribute to the progression of prostate cancer remains poorly understood. 
This study aims to investigate the effects and underlying mechanisms of PS-MPs exposure on the proliferation of 
human prostate cancer cells. To this end, we exposed both the human prostate cancer cell line LNCaP and pri
mary cultured human prostate cancer cells to varying doses of 1-μm-diameter PS-MPs. Our results showed that 
low-dose (0.1 μg/mL) PS-MPs exposure for 48 significantly promoted the proliferation of LNCaP cells. Addi
tionally, PS-MPs exposure altered the expression of certain inflammatory factors and induced oxidative stress in 
LNCaP cells. We also observed upregulation of GPX4 and ACSL4 in LNCaP cells and primary prostate cancer cells 
following PS-MPs exposure. Notably, GPX4 knockdown reversed the effects of PS-MPs on reactive oxygen species 
(ROS) levels, lipid peroxidation, and glutathione content, likely by promoting ferroptosis. Taken together, our 
findings highlight a critical role for ferroptosis in PS-MPs-induced proliferation of human prostate cancer cells 
under low-dose exposure.

1. Introduction

Prostate cancer, one of the most common malignant tumors of the 
genitourinary system, is a major contributor to rising mortality among 
men worldwide (Sekhoacha et al., 2022; Gandaglia et al., 2021; Center 
et al., 2012). It presents with symptoms such as difficulty in urination, 
hematuria, and bone pain, which significantly impair patients’ quality of 
life (Almeeri et al., 2024; Hansen et al., 2023). Projections indicate that 
the incidence of prostate cancer in China will increase dramatically, 
rising from the seventh to the third most common malignancy between 
2015 and 2030 (Sung et al., 2021; Shi et al., 2022). Established risk 
factors of prostate cancer include genetic predisposition, hormonal im
balances, lifestyle factors, and environmental pollution (Bergengren 
et al., 2023; Perdana et al., 2016).

In modern society, microplastic pollution-resulting from the exten
sive use of plastic products and its potential threat to human health have 
attracted widespread attention (Thompson et al., 2024; Chartres et al., 
2024). Microplastics, recognized as one of the major emerging health 
hazards, can enter the human body through ingestion, inhalation, and 
dermal absorption, and may accumulate in organs such as the lungs, 
gastrointestinal tract, and liver (Hunt et al., 2024; Liu et al., 2023). Once 
internalized, they have been shown to disrupt redox balance, alter 
endocrine hormones, interfere with cell cycle regulation, and trigger 
inflammatory responses, potentially contributing to a range of diseases 
including male reproductive disorders and the progression of cancer 
(Goswami et al., 2024; Prado et al., 2023; Fu et al., 2024).

Microplastics have been identified in human testes, semen, prostate 
gland and even prostate cancer tissues (Demirelli et al., 2024; Deng 
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et al., 2024). Studies have reported the presence of various plastic par
ticles, such as polystyrene, polyamides, polyglycol terephthalate, and 
polyvinyl chloride, in para-tumor and tumor tissues of the human 
prostate (Deng et al., 2024). Notably, a higher concentration of poly
styrene was observed in tumor tissues compared to the para-tumor tis
sues (Deng et al., 2024). Exposure to microplastics has been shown to 
promote the proliferation of skin squamous cell carcinoma in a time- and 
dose-dependent manner (Wang et al., 2023), disrupt androgen hormone 
levels, and exacerbate inflammatory response (Barul and Parent, 2021; 
Kumar et al., 2022). However, the potential impact of polystyrene on the 
initiation and progression of prostate cancer, as well as the underlying 
mechanisms, remains to be fully elucidated.

In this study, we explored the possible effects and associated mech
anisms of polystyrene (PS) microplastic exposure on the progression of 
human prostate cancer, utilizing human prostate cancer cell lines and 
primary cells derived from prostate cancer patients.

2. Materials and methods

2.1. Polystyrene microplastics

Polystyrene microplastics (PS-MPs) with or without green fluores
cent (TM-GFC1001 or TM-P1001, diameter: 1 μm, Tomicro) were used 
for in vitro experiments. Keratinocyte Serum Free Medium (K-SFM, 
10744019, Gibco, Thermo Fisher Scientific), RPMI 1640 or DMEM 
medium (Gibco) containing 2 mM L-glutamine, 10% (v/v) fetal bovine 
serum, and 1% penicillin/streptomycin was used to prepare the PS 
working solution as described.

2.2. Cell culture and siRNA treatment

Human normal prostate epithelial cells (RWPE-1 cells, CTCC-003- 
0013, Zhejiang Mason) were maintained in Keratinocyte Serum Free 
Medium (K-SFM, 10744019, Gibco) and human prostate cancer cell line 
(LNCaP FGC, CL-0143, Pernosceles) was cultured in 1640 medium at 
37̊C in a humidified incubator with 5% CO2. Cells with passages 3–8 
were used.

For the isolation of primary human prostate tumor cell, excised 
human prostate tumor were minced into 2 mm3 pieces and digested for 
2 h at 37C in DMEM medium (high glucose) with collagenase II (5 mg/ 
mL) (Invitrogen, Carlsbad, CA), 10 μM Y27632 Rho kinase inhibitor 
(Abmole Bioscience, Houston, Texas, USA) and 1 nM dihydrotestoster
one (Sigma, St. Louis, Missouri, USA). Then, cell suspensions were 
filtered sequentially through 100 μm and 40 μm cell strainers to remove 
undigested tissue, and inoculated into cell culture dishes for short-term 
cultivation.

For Gpx4 siRNA treatment, cells were transfected with Gpx4 siRNA 
(20 nM) in Lipofectamine™ 3000 Transfection Reagent (Thermo Fisher 
Scientific) for 48 h. The siRNA was obtained from GenePharma 
(Shanghai, China), and the sequences are listed in Table S1 (Jin et al., 
2023). Knockdown efficiency was evaluated 48 h post-transfection.

2.3. Cell viability assays

To assess cell viability, 5000 cells per well were seeded into 96-well 
plates and allowed to adhere for 24 h (the absorbance after 48 h of in
cubation at this density falls within the linear range of 0.2–2.0). Sub
sequently, polystyrene microplastics (PS) at concentrations ranging 
from 0.01 to 50 μg/mL were added, and the cells were incubated for an 
additional 48 h. Cell viability was then determined using the CCK-8 
assay (CK04, Dojindo). After adding 10 μL of CCK-8 solution to each 
well, the plates were incubated for 1.5 h, and the absorbance at 450 nm 
was measured using a microplate reader (Xu et al., 2020).

2.4. Flow cytometry analysis

To analyze the impact of the indicated treatments on cell survival 
and apoptosis, cells were stained using either the BeyoClick™ EdU Cell 
Proliferation Kit (C0071S, Beyotime) or Annexin V-FITC/PI Apoptosis 
Detection Kit (C1062M, Beyotime), according to the kit operating in
structions, followed by flow cytometry analysis. Intracellular reactive 
oxygen species (ROS) were assessed using the fluorescent probes (5 μM) 
(DCFH-DA, Beyotime) or C11 BODIPY 581/591 (2 μM) (D3861, Invi
trogen) and incubated in the incubator for 30 min (Jin et al., 2023). 
Following treatment, cells were collected, washed twice with PBS, and 
analyzed using a CytoFLEX (Beckmann Coulter GmbH, Vienna, Austria). 
At least 5000 events per sample were recorded. Data were processed 
using BD FACSDiva Software v7.0 (Becton-Dickinson, USA).

2.5. Cell migration assay

To assess cell motility, cells were seeded into 6-well plates and 
cultured until reaching approximately 90% confluence. The cells were 
then scratched with a sterile micropipette tip, and the wells were gently 
washed with PBS to remove detached cells. Wound closure was moni
tored under a light microscope (Olympus, Tokyo, Japan) at a 
10× magnification. Images were captured at 0 h and after incubation for 
the designated time. The migratory capacity was quantified by 
measuring the wound area in three randomly selected fields per sample 
from each triplicate group (Li et al., 2019). The area of wound closure 
was calculated as follows: migrated area (%) = (A0 - An)/A0 × 100, A0: 
the initial wound area, An: the remaining wound area at the point of 
measurement.

2.6. Transwell

Cells were seeded in 6-well plates and cultured to 80–90 % conflu
ence. Prior to the experiment, the medium was replaced with basal 1640 
medium for a 12 h serum starvation treatment. Subsequently, a cell 
suspension was prepared at a concentration of 10 × 10⁶ cells/mL in basal 
1640 medium. Add 100 μL of cell suspension to the upper chamber of the 
Transwell filter. Fill the lower chamber with complete 1640 medium 
supplemented with 20 % fetal bovine serum (FBS) as the chemotactic 
stimulus. Add 0.1 μg/mL PS to the control group. Incubate the plate at 
37 ◦C in a 5 % CO₂ incubator for 12 h. After incubation, carefully remove 
the upper chamber medium. Gently wipe the upper surface of the 
membrane with a cotton swab to remove non-migrated cells. Fix 
migrated cells on the lower surface with 4 % paraformaldehyde for 
30 min, then stain with 0.1 % crystal violet for 10 min. Count migrated 
cells in five randomly selected high-power fields (HPF) under a micro
scope. Results are expressed as the average count per high-power field.

Invasion: Matrigel was pre-thaw and diluted with basal 1640 (1:8 v/ 
v), 100 μL liquid diluted Matrigel was added into upper chamber and 
incubated in 37 ℃ for 4 h until it turned to solid gel. The following 
procedure was the same as migration part.

2.7. RNA extraction and RT-qPCR

Total RNA was isolated from the tissue samples using TRIzol Reagent 
(Life Technologies). Complementary DNA (cDNA) was synthesized from 
1 μg of total RNA using oligo (dT) primers and Moloney Murine Leu
kemia Virus Reverse Transcriptase (Promega), following the manufac
turer’s instructions. The primer sequences used for qPCR are listed in 
Table S1. Quantitative real-time PCR (RT-qPCR) was carried out using 
the PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, CA, 
USA) on a QuantStudio 3 Real-Time PCR System (Thermo Scientific, CA, 
USA). Each 20 μL reaction mixture contained 1 μL of cDNA, 10 μL of 
SYBR™ Green Master Mix, and 0.2 μM of each primer and were adjusted 
to the final volume with double distilled H2O (ddH2O). β-actin was used 
as an internal reference gene. The reactions were set up based on the 
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manufacturer’s protocol. PCR conditions were incubation at 50̊C for 
2 min and 95̊C for 2 min followed by 40 cycles of thermal cycling (15 s at 
95̊C and 1 min at 60̊C). Relative expression levels were calculated using 
the 2 (-ΔΔCt) method (Jin et al., 2021).

2.8. Western blotting

Tissue samples or LNCaP cells were lysed in ice-cold RIPA buffer 
(Beyotime) supplemented with 1 mM phenylmethanesulfonyl fluoride 
(PMSF). Lysates were centrifuged at 12,000 g for 10 min at 4̊C, and the 
supernatants were collected for protein quantification using a BCA 
Protein Assay Kit (Pierce) (Jin et al., 2021). Equal amounts of protein 
(40 μg or 25 μg for tissues or LNCaP cell lines, respectively) were de
natured, separated on 10 % SDS-PAGE gels, and transferred onto PVDF 
membrane (Bio-Rad, Hercules, CA, 100 V constant voltage for 90 min).

Membrane were blocked with 5 % non-fat milk in TBST (B1009, 
Applygen, Applygen Technologies Inc. Beijing, China) for 60 min at 
room temperature, followed by overnight incubation at 4 ̊C with the 
following primary antibodies: rabbit polyclonal antibody to PCNA 
(Proliferating Cell Nuclear Antigen, 1:1000, 10205–2-AP. Proteintech), 
SOD1/SOD2 rabbit polyclonal antibody (Superoxide Dismutase, 1:1000, 
Cell Signaling Technology); rabbit polyclonal to TFR (Transferrin, 
1:1000, ab82411, Abcam, Cambridge, UK); rabbit polyclonal to FTL 
(Ferritin light chain, 1:1000, ab69090, Abcam); rabbit monoclonal anti- 
FTH1 (Ferritin heavy chain, 1:1000, 4393S, Cell Signaling Technology); 
rabbit monoclonal to GPX4 (Glutathione peroxidase 4, 1:1000, 
ab125066, Abcam); rabbit monoclonal to ACSL4 (Long-chain fatty acid 
CoA ligase 4, 1:1000, ab155282, Abcam), rabbit polyclonal to xCT 
(Cystine/glutamate transporter; Slc7a11, Solute carrier family 7 mem
ber 11, 1:1000, ab37185, Abcam), mouse monoclonal to α-tubulin 
(1:3000, 3873S, Cell Signaling Technology), and mouse monoclonal to 
β-actin (1:3000, YM3028, ImmunoWay Biotechnology; SuZhou, 
JiangSu, China), respectively.

After washing, membranes were incubated with HRP-conjugated 
secondary antibodies (goat anti-rabbit or anti-mouse IgG, 1:5000, Bio
dragon Immunotechnologies). Protein signals were detected using an 
ECL kit (Pierce) and visualized with a Tanon 5200 chemiluminescence 
system. Band intensities were semi-quantified using Image J software 
(NIH).

2.9. Cell immunofluorescence staining

LnCap cells were seeded in confocal dishes for 24 h and then exposed 
to 0.1 μg/mL PS with or without green fluorescence for 48 h. After 
washing with PBST, cell plasma membrane red fluorescence staining kit 
with PKH26 (C2071M, Beyotime) was added and incubated for 15 min 
at room temperature away from light. Cells were fixed with 4 % para
formaldehyde for 30 min, permeabilized in PBS containing 1 % Triton X- 
100 for 20 min at room temperature, and then incubated with blocking 
buffer (PBS containing 3 % BSA) overnight at 4̊C. After incubation, 
primary antibodies were added and incubated overnight at 4̊C: PCNA 
(Proliferating Cell Nuclear Antigen, 1:1000, 10205–2-AP, Proteintech), 
PSA (Prostate specific antigen, 1:1000, 5365 T, Cell Signaling Tech
nology). Alexa Fluor-conjugated secondary antibodies were used for 
detection. Nuclei were stained with DAPI-containing mounting medium. 
Fluorescence was visualized using a Zeiss LSM 710 confocal microscope.

2.10. Iron staining

2 × 105 LnCap cells were cultured in glass bottom dishes (BS-20- 
GJM, Life sciences) and treated with PS. Following treatment, cells were 
washed 3 times in HBSS, and incubated with 1 μM FerroOrange (F374, 
dojindo) in HBSS for 30 min at 37̊C in a 5 % CO2 atmosphere. Fluores
cence was detected using a Zeiss LSM 710 confocal microscope with a 
20 × objective. Images (512 × 512 pixels) were captured under identical 
exposure conditions using the Cy3 filter set (ex: 514 nm, em: 

525–596 nm) (Weber et al., 2020).

2.11. Hematoxylin and eosin (H&E) staining

Fresh prostate cancer tissues were fixed in testicular tissue fixative 
(G1121, Servicebio, Wuhan, China) for 24 h, dehydrated through an 
ethanol gradient, the fixed testes were embedded in paraffin and then 
sectioned (5µm-thick) were cut, deparaffinized, and stained with H&E as 
previously described (Luo et al., 2023). Histological changes were 
analyzed using a digital panoramic scanner (WS-10, WISLEAP, Zhiyue 
Medical Technology Co., LTD; Jiangsu, China).

2.12. Immunofluorescence staining of sections

The paraffin sections were heated at 95̊C in EDTA antigen repair 
buffer (ZLI-9071, ZSGB-BIO; Beijing, China) for 30 min and cooled to 
room temperature. Sections were blocked with 10 % donkey serum 
(0.3 % Triton X-100 in PBS) for 1 h at room temperature, followed by 
overnight incubation at 4̊C with primary antibodies as described. Sec
ondary antibodies were applied for 1 h at room temperature, and nuclei 
were counterstained with DAPI (100 ng/mL, Beyotime, Jiangsu, China). 
Sections were mounted with Gel-Mount and imaged using a confocal 
microscope (Zeiss LSM710, Carl Zeiss Microscopy GmbH, Jena, Ger
many) (Jin et al., 2023).

2.13. Oxidative stress assessments

Intracellular oxidative stress levels were assessed using commercial 
kits from Beyotime Biotechnology according to the manufacturer’s in
structions as described before (Luo et al., 2023), including assays for 
total antioxidant capacity (cat# S0119), glutathione peroxidase (GPx) 
(cat# S0058, total glutathione peroxidase assay kit with NADPH), su
peroxide dismutase (SOD) (cat# S0109, total superoxide dismutase 
assay kit with NBT), GSH and GSSG (reduced glutathione, GSH; oxidized 
glutathione disulfide, GSSG; cat# S0053, GSH and GSSG assay kits), and 
malondialdehyde (MDA) (cat# S0131M, lipid peroxidation MDA assay 
kit).

2.14. Transcriptome profiling

Total RNA was extracted from LNCaP cells and tissue samples using 
TRIzol (Invitrogen). The cDNA samples were sequenced using the Agi
lent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The 
clustering of the index-coded samples was performed on a cBot cluster 
generation system using HiSeq PE Cluster Kit v4-cBot-HS (Illumina) 
according to the manufacturer’s instructions. After cluster generation, 
the libraries were sequenced on an Illumina platform and 150 bp paired- 
end reads were generated. Sequencing was performed using the Nova
Seq 6000 S4 Reagent kit V1.5 (Jin et al., 2023).

2.15. Multiplex cytokine assay

Luminex multiplex beads assay (Luminex 200 system, Luminex 
Corporation, Austin, TX, USA) was used to quantify cytokine levels in 
cell supernatants. Briefly, supernatants were incubated with capture 
bead mix for 2 h at room temperature, followed by detection antibody 
and streptavidin-PE incubation for 30 min. Data were acquired using the 
Luminex 200™ analyzer (Luminex, Austin, TX, USA), and normalized to 
total protein content (PC0020, Solarbio, Beijing, China) (Yi et al., 2023).

2.16. Statistical analysis

All statistical analyses were conducted using GraphPad Prism 9.0 
(GraphPad Software, La Jolla, CA). All quantitative biochemical data 
and immunofluorescence staining were representative of at least three 
independent experiments. Two-tailed unpaired Student’s t test or 
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Wilcoxon test was used for the comparison of the mean values between 
two groups. One-way ANOVA with Sidak’s post hoc test was used for 
multiple comparisons. All data were expressed as means ± SEM, and 
differences with P < 0.05 were considered statistically significant. The 
significant differences between groups were represented as *P < 0.05, 
**P < 0.01, and ***P < 0.001.

3. Results

3.1. Low-dose of PS microplastic exposure promotes the cell proliferation 
and migration of prostate cancer cells

We first assessed the impact of PS on the viability of normal prostate 
epithelial cells (RWPE-1). Our results revealed that PS exposure could 
inhibit the proliferation of RWPE-1 cells in both a time- and dose- 
dependent manner (Fig. 1A). Intriguingly, a similar trend was 
observed in prostate cancer cells (LNCaP FGC cells, LNCaP), where PS 
exposure exhibited a comparable time- and dose-dependent effect on 
cell viability. Immunofluorescence imaging confirmed that PS particles 
could cross the cell membrane and enter the LNCaP cells (Fig. 1B). 
Exposure to a moderate concentration of PS (0.1 μg/mL) for 48 h 
(referred to as PS exposure) significantly enhanced the proliferation of 
LNCaP, whereas other concentrations or exposure durations generally 
suppressed cell proliferation (Fig. 1C). These findings suggest that low 
concentrations of PS exposure may be able to promote the proliferation 
of LNCaP cells.

To further investigate this proliferative effect, we examined the 
expression of key cell proliferation markers. Immunofluorescence 
staining and Western blot results demonstrated increased protein 
expression of proliferating cell nuclear antigen (PCNA) in PS-exposed 
LNCaP cells (Fig. 1D-E and Figure S1). These results were further sup
ported by a significant increase in the average fluorescence intensity of 
EdU-488 in these cells, indicating enhanced DNA synthesis (Fig. 1G). Co- 
exposure of PS and di-(2-ethylhexyl)phthalate induced DNA damage 
and cell cycle arrest in mouse ovarian granulosa cells through promoting 
the ROS production (Wu et al., 2023) Therefore, we also evaluated the 
effects of PS exposure on LNCaP cell cycle and apoptosis. No significant 
differences were identified in cell cycle and apoptosis between groups 
(Figure S1), but PS exposure did promote the migration and invasion of 
LNCaP over time through scratch and transwell assays (Fig. 1I-K). 
Collectively, these data suggested that low-dose of PS exposure may 
promote LNCaP cell proliferation through mechanisms independent of 
apoptosis or cell cycle regulation.

3.2. Low-dose of PS microplastic exposure upregulates oxidative stress 
levels of prostate cancer cells

Previous study has shown that mild oxidative stress could promote 
cell proliferation (Cheng et al., 2024). To explore whether PS influence 
oxidative stress levels in LNCaP cells, we first employed Luminex 
liquid-phase suspension microarrays to assess the expression of inflam
matory cytokines. Our results revealed that the expression of Eotaxin, 
IL-4, IL-12 and IFN-γ was significantly changed in the PS group (Fig. 2A). 
These chemokines are primarily involved in eosinophil recruitment and 
immune modulation, with IL-4 inhibiting Th1 cell-mediated inflamma
tory response while IL-12 and IFN-γ promote Th1 cell differentiation and 
enhance cellular immune response. These results suggest that PS expo
sure can alter the levels of some cytokines in LNCaP cells.

We further investigated the impact of PS on oxidative stress. Our data 
revealed that the malondialdehyde (MDA) level of PS group was 
significantly elevated (Fig. 2B). PS exposure also up-regulated the GSH/ 
GSSG level, protein expression of SOD1/2, and total antioxidant ca
pacity of LNCaP cells although the superoxide dismutase activity and 
glutathione peroxidase activity remained unchanged (Fig. 2C-I and 
Figure S2). Consistently, the levels of oxidative stress production such as 
ROS and lipid peroxidation were also increased (Fig. 2J-K) in PS- 

exposed LNCaP cells.

3.3. Combined analysis of RNA sequencing data from PS microplastic- 
treated LNCaP cells and human prostate cancer tissues

To uncover the molecular mechanisms underlying the promotion of 
PS on prostate cancer cell proliferation, we performed a combined 
analysis of RNA sequencing data from PS-treated LNCaP cells and 
human prostate cancer tissues. Detailed patient clinical characteristics 
are summarized in Table S3. Principal component analysis (PCA) results 
revealed distinct gene expression profiles between vehicle and PS- 
treated LNCaP cells, as well as between human prostate para-tumor 
and tumor tissues (Fig. 3A-B). Among them, there were 144/13, 142/ 
133 significantly down or up-regulated genes in the PS group or human 
prostate tumor tissues, respectively (Fig. 3C-D). We further analyzed 
these differentially expressed genes to find the enriched up- and down- 
regulated pathways, and the Venn diagram demonstrated 5/62 down- or 
up-regulated pathways (Fig. 3E-F). The overlapped down-regulated 
pathways, including cytokine-cytokine receptor interaction, apoptosis, 
and NF-kappa B signaling pathway, are known to regulate inflammation, 
immune response, and programmed cell death. In contrast, the up- 
regulated pathways such as glutathione metabolism, arginine biosyn
thesis, and glycine, serine and threonine metabolism, which are 
involved in protein synthesis, nitric oxide production, cellular antioxi
dant defense, and redox homeostasis, are closely related to cell survival 
and stress response (Fig. 3G-H). The heat map further visualized a subset 
of differentially expressed genes in these pathways (Fig. 3I-J). As 
aforementioned, the ratio of GSH/GSSG and the abundance of MDA 
were increased in PS-treated cells (Fig. 2B and D), while the apoptosis 
was unaffected. Combined with the overlapped KEGG pathways, these 
findings suggest that glutathione metabolism-regulated ferroptosis may 
play a crucial role in mediating proliferative effects of low-dose of PS 
exposure in both LNCaP cells and human prostate tumor cells.

3.4. Low-dose of PS microplastic exposure inhibited ferroptosis of prostate 
cancer cells

To investigate whether the proliferative effect of PS is associated 
with altered ferroptosis, we analyzed the expression of ferroptosis- 
related proteins in human prostate tumor tissues. Western blot result 
showed that the expression levels of glutathione peroxidase 4 (GPX4) 
and acyl-CoA synthetase long-chain family member 4 (ACSL4) were 
significantly up-regulated or down-regulated in the tumor tissues 
compared with their paired para-tumor tissues, while the expression of 
cystine/glutamate transporter protein (SLC7A11), transferrin (TFR1), 
ferritin heavy chain (FTH1) and ferritin light chain (FTL) was not 
significantly altered (Fig. 4A and Figure S3). Combined HE staining and 
immunofluorescence staining also showed an increase or decrease in 
expression of GPX4 and ACSL4 in the tumor region (Fig. 4C). We further 
examined the changes in iron ion abundance in human prostate tumor 
tissues. Fe2+ and total iron ions were significantly higher in tumor tis
sues compared with para-tumor tissues. However, there was no signifi
cant difference in the ratio of Fe2+/Fe3+ (Fig. 4D-G).

In LNCaP cells, Western blot analysis showed that the protein 
expression levels of GPX4, SLC7A11, ACSL4 and FTH1 were significantly 
up-regulated in the PS group compared with the vehicle controls, while 
the protein expression of TFR1 and FTL remained unchanged (Fig. 4H 
and Figure S4). The Fenton reaction, triggered by intracellular iron ion 
accumulation exceeding cellular self-regulatory capacity, induces 
cellular ferroptosis. Thus, we used an iron staining kit to detect Fe2+

content in LNCaP FGC cells and found that Fe2+ accumulation in LNCaP 
cells was significantly reduced in the PS group compared with the 
vehicle group (Fig. 4I), indicating that low-dose of PS exposure sup
presses ferroptosis in prostate cancer cells.
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Fig. 1. Effect of low-dose PS microplastic exposure on the proliferation and migration of prostate cancer cells. A-C. Changes in cell viability of two cell lines (RWPE-1 
and LNCaP) after exposure to different concentrations of PS (polystyrene) for different periods of time (24 h, 48 h, and 72 h), biological replicates, n = 7/group. B. 
Co-localization of PS, cell membranes, and nuclei, with arrows pointing to the polystyrene. Yellow: PCNA, green: PS, red: cell membrane, blue: nucleus. Scale bar 5 
μm. D. Immunofluorescence staining of cellular PCNA, arrowheads point to PCNA. yellow: PCNA, green: PS, red: cell membrane, blue: nucleus. Scale bar 20 μm. 
bottom left and right panels are enlargements of the dashed box in the left panel with a scale bar of 5 μm. E-F. Western blot representative maps and quantitative 
analysis of PCNA protein expression in LNCaP FGC cells with different treatments. biological replicates, n = 3/group. G-H. Representative graphs and statistical 
graphs of fluorescence intensity of LNCaP cells with different treatments detected by EdU-488. biological replicates, n = 3/group. I. Representative graphs of cell 
migration and statistical graphs of cell migration area for the two groups at different time points (0 h and 96 h). biological replicates, n = 3/group. PCNA, prolif
erating cell nuclear antigen. J. Changes in number of migrated cells after exposure to PS (polystyrene) for 72 h, biological replicates, n = 5/group. K. Changes in 
number of invaded cells after exposure to PS (polystyrene) for 72 h, biological replicates, n = 5/group. All data are presented as mean ± SEM. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001. Unpaired t test for (F) and (H-I); one-way ANOVA with Sidak’s post-hoc test for (A) and (C).
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3.5. Knockdown of GPX4 prevents PS microplastic exposure-mediated 
ferroptosis in LNCaP cells

Given the observed downregulation of GPX4 in both human prostate 
cancer tissues and PS-exposed LNCaP cells, we sought to determine 
whether PS exposure promotes LNCaP cell proliferation via GPX4- 
mediated ferroptosis. To this end, GPX4 was knockdown in LNCaP 
cells, followed by PS exposure. Firstly, transfection efficiency was 
confirmed by Western blot, showing the siRNA (si-NC: Negative control, 
and si-GPX4: siRNA-GPX4) had high transfection efficiency (Fig. 5A), 
GPX4 protein expression was also significantly decreased compared 
with Si-NC group (Fig. 5B-C and Figure S5). Next, we found that GPX4 
protein expression was significantly down-regulated in the si-GPX4 +PS 
group compared with the si-NC+PS group (Fig. 5D and Figure S6). We 

then examined the alteration of intracellular ROS levels and lipid per
oxidation levels, and found significantly elevated cellular ROS levels and 
lipid peroxidation levels in si-GPX4 +PS group compared with the 
control group (Fig. 5G-H). Consistently, Fe2+ accumulation was 
increased in the si-GPX4 +PS group compared with the si-NC+PS group 
(Fig. 5I). These findings suggest that PS exposure could promote the 
proliferation of LNCaP cells through inhibiting GPX4-mediated 
ferroptosis.

3.6. Low-dose PS microplastic exposure inhibit ferroptosis in human 
prostate cancer progenitor cells

To further validate the detailed molecular mechanism underlying PS- 
induced cells proliferation, we isolated and extracted the prostate cancer 

Fig. 2. Low-dose PS microplastic exposure upregulated oxidative stress levels in prostate cancer cells. A. Heatmap of cytokine expression levels, with anti- 
inflammatory factors in blue, pro-inflammatory factors in red, and other factors in black. B-E. Changes in malondialdehyde (MDA), glutathione peroxidase activ
ity (GSH-Px), glutathione/oxidized glutathione ratio (GSH/GSSG), and superoxide dismutase activity (SOD) levels; biological replicates, n = 3/group. F-H. SOD1/2 
protein expression analysis of control (Vehicle) and PS-treated (PS) cells, biological replicates, n = 3/group. I. Changes in total antioxidant capacity (T-AOC) levels, 
biological replicates, n = 3/group. J. ROS levels of LNCaP FGC cells in different treatments and unstained negative control, biological replicates, n = 3/group. K. 
Lipid peroxidation levels of LNCaP FGC cells in different treatments and unstained negative control, biological replicates, n = 3/group. VEH, Vehicle; IL, interleukin. 
MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; PDGF, platelet-derived growth factor; RANTES, regulated upon activation normal 
T cell expressed and secreted; TNF, tumor necrosis factor; basic FGF, basic fibroblast growth factor; G-GSF, granulocyte colony-stimulating factor; GM-GSF, gran
ulocyte macrophage colony-stimulating factor; IFN, interferon; VEGF, vascular endothelial growth factor. All data are presented as mean ± SEM. *, P < 0.05; **, 
P < 0.01. Unpaired t test for (B-E), and (G-K).
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progenitor cells through tissue digestion and we found nearly all cells 
were prostate-specific antigen (PSA) positive cells (Fig. 6A). Detailed 
clinical characteristics of patients are summarized in Table S3. Subse
quently, we examined the lipid peroxidation level of the primary cells 
and found that PS exposure led to an increase in the lipid peroxidation 
level of the primary cells (Fig. 6B), accompanied by upregulated 
expression of ACSL4 and GPX4 (Fig. 6C and Figure S6). Consistently, 
Fe2+ accumulation was also increased in primary cells after exposure to 
PS (Fig. 6D-E).

4. Discussion

Numerous studies have demonstrated that microplastics, as an 
emerging class of environmental pollutants, are capable of entering the 
human body through multiple exposure routes such as inhalation, 
ingestion and dermal contact due to their small size and distinct phys
icochemical properties (Zhang et al., 2020). Once internalized, these 
particles can bypass physiological defense mechanisms and accumulate 
in various organs (Zhu et al., 2024). For instance, in the gastrointestinal 
tract, microplastics may enter systemic circulation after intestinal ab
sorption and subsequently accumulate in organs such as the liver and 

Fig. 3. Combined analysis of RNA sequencing data from PS microplastic-treated LNCaP cells and human prostate cancer tissues. A-B. PCA results comparing vehicle 
with PS-treated LNCaP cells, biological replicates, n = 3/group, and comparing human prostate para-tumor with tumor tissues, biological replicates, n = 5/group. C- 
D. Differential gene volcano maps comparing vehicle with PS-treated LNCaP cells, and comparing human prostate para-tumor with tumor tissues. E-F. Venn diagrams 
of down-regulated and up-regulated differential gene enrichment pathways. G-H. Top 10 enrichment pathways in LNCaP cells and human prostate tissues. Red font 
indicates pathways associated with cell survival and stress response. I-J. Heat map of pooled differentially expressed genes from LNCaP cells and human prostate 
tissue-associated pathways. GCLM, glutamate-cysteine ligase modifier; GCLC, glutamate-cysteine ligase catalytic; CLCX8, chemokine ligand 8; MGST1, microsomal 
glutathione S-transferase 1; BBC3, BCL2 binding component 3; CDKN1A, cyclin dependent kinase inhibitor 1A; FOS, fos proto-oncogene; LIF, leukemia inhibitory 
factor; GDF15, growth differentiation factor 15; GDAA, growth arrest and DNA damage; CHAC1, cysteine hydrolase anti-oxidant pathway protein 1; RRM2, ribo
nucleotide reductase M2; TNFRSF19, tumor necrosis factor receptor superfamily 19; MYC, myelocytomatosis oncogene; BMPR1B, bone morphogenetic protein 
receptor type 1B; EDAR, ectodysplasin A receptor; TUBA, tubulin alpha; BMP, bone morphogenetic protein; CCL, C-C motif chemokine ligand; RFPL1, ret finger 
protein like 1; GSTA2, glutathione S-transferase alpha 2; GPX, glutathione peroxidase; CD40LG, CD40LG, cluster of differentiation 40 ligand; PIK3CG, 
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma; GSR, glutathione-disulfide reductase; GGT5, gamma-glutamyltransferase 5.
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spleen (Chen et al., 2022). In the respiratory system, inhaled micro
plastic particles can deposit in lung tissues, and chronic exposure may 
contribute to pulmonary pathologies (Lu et al., 2023). Even in the 
reproductive system, the presence of microplastics has been reported, 
raising concerns about potential impact on reproductive health (He and 
Yin, 2024).

In the present study, we observed that low-dose PS (polystyrene) 
exposure promoted the proliferation of LNCaP cells. Many studies have 
shown that microplastics at high concentrations or under specific 

conditions have toxic effects which they inhibit cell growth and induce 
apoptosis (Yong et al., 2020). For example, PS is cytotoxic only at high 
concentrations and induces metabolic changes and endoplasmic retic
ulum stress in human bronchial epithelial cell lines (Lim et al., 2019). 
The low-dose PS exposure in this study promoted the proliferation of 
LNCaP cells, upregulated PCNA protein expression, and increased DNA 
synthesis. Previous studies have shown that microplastics can elevate 
mitochondrial ROS levels, alter mitochondrial membrane potential, 
trigger the release of mitochondrial DNA into the cytoplasm, and 

Fig. 4. Low-dose PS microplastic exposure inhibited ferroptosis of prostate cancer cells. A. The expression of ferroptosis-related protein in human prostate tumor 
tissues, biological replicates, n = 5/group. B-C. Representative graphs of HE staining and immunofluorescence staining of GPX4/ACSL4 in prostate cancer para
cellular and cancerous tissues. Scale bars are 1 mm and 100 μm, respectively. red line area represents cancer tissues, red area represents GPX4, and green area 
represents ACSL4. D-G. The changes of iron ion abundance in human prostate tumor tissues, biological replicates, n = 4/group. H. The changes in expression of 
ferroptosis-related proteins in LNCaP cells, biological replicates, n = 3/group. I. Representative graphs of iron ion staining in LNCaP cells with different treatments, 
scale bars are 5 μm and 20 μm, respectively. Above: Vehicle, below: PS, The white arrows in the graph represent cells with Fe2+ accumulation. PT, para-tumor; T, 
tumor. All data are presented as mean ± SEM. *, P < 0.05; **, P < 0.01. Paired samples t test for (D-G); one-way ANOVA with Sidak’s post-hoc test for (A) and (H).
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activate NLRP3 inflammasome, ultimately promoting skin cancer cell 
proliferation (Wang et al., 2023). We hypothesized that low-dose PS 
exposure induces cellular stress response that activates certain intra
cellular proliferation-related signaling pathways promoting the prolif
eration of LNCaP cells.

Our results further indicated that PS exposure increased oxidative 
stress and ROS levels while upregulating protein expression of SOD1/2 
in LNCaP cells. A complex regulatory relationship exists between 
oxidative stress and cell proliferation, whereas moderate levels of 
oxidative stress may promote cell proliferation by activating relevant 
signaling pathways (Zeng et al., 2023). It is possible that PS exposure 
may protect against oxidative damage by modulating cellular redox 
homeostasis, activating antioxidant stress response elements such as 
Nrf2, and up-regulating SOD1/2 expression (Di Chiano et al., 2024). 
When oxidative stress exceeds a certain threshold, it causes damage to 
cells. In this study, PS induced a mild oxidative stress response in cells, 
which likely promoted cell proliferation.

In addition, we observed significant alterations in the expression of 
several inflammatory cytokines following PS exposure in LNCaP cells: 
eotaxin, IFN-γ, and IL-12 expression was down-regulated, while IL-4 was 
up-regulated. Inflammatory mediators play a key role in tumor 

microenvironment and can influence cancer cell proliferation, migra
tion, and immune evasion (Chavez-Dominguez et al., 2021). The 
observed increase in IL-4 expression may activate the JAK-STAT6 
signaling pathway and promote the proliferation and cancer cell sur
vival (Sarapultsev et al., 2023). Conversely, the reduced levels of 
eotaxin, IFN-γ, and IL-12 may impair immune surveillance, potentially 
allowing cancer cells to escape immune recognition and facilitating 
tumor progression (Xue et al., 2023).

Pathway analysis revealed the involvement of several key signaling 
cascades in the cellular response to PS exposure. The phosphoinositide 
3-kinase (PI3K)/protein kinase B (AKT) pathway emerged as a central 
mediator of microplastic-induced effects. Upon activation, PI3K phos
phorylates AKT, which in turn inhibits pro-apoptotic proteins Bad (BCL2 
Associated Agonist of Cell Death) and enhances the expression of anti- 
apoptotic factors Bcl-2 (B-cell lymphoma-2), thereby suppressing 
apoptosis and promoting cell survival and proliferation (Shorning et al., 
2020). Moreover, AKT can activate the mTOR (mammalian target of 
rapamycin) pathway to regulate cellular metabolism and growth (Edlind 
and Hsieh, 2014). In parallel, mitogen-activated protein kinases (MAP
K)/extracellular signal-regulated kinases (ERKs) pathway may also be 
activated by microplastics; phosphorylated ERK1/2 translocate to the 

Fig. 5. Knockdown of GPX4 prevents PS microplastic exposure-mediated ferroptosis in LNCaP cells. A. Representative plots of transfection efficiency of negative 
control and siRNA-GPX4 with scales of 20 μm and 5 μm. green: siRNA, blue: nucleus. B-C. Representative graph (B) and statistical graph (C) of GPX4 protein 
expression, biological replicates, n = 3/group. D. The GPX4 protein expression level in the si-NC+PS group and the si-NC+PS group, biological replicates, n = 3/ 
group. E-F. Statistical graphs of MDA and GSH/GSSG levels in cells of both groups, biological replicates, n = 3–6/group. G. Representative graphs and statistical 
graphs of ROS levels, biological replicates, n = 3/group. H. Representative graphs and statistical graphs of lipid peroxidation levels, biological replicates, n = 3/ 
group. I. Representative graphs of iron ion staining in cells of both groups, with scales of 5 μm and 20 μm, respectively. The white arrows in the graph represent cells 
with Fe2+ accumulation. All data are presented as mean ± SEM. *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Unpaired t test for (C-H).
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nucleus, modulates transcription factor activity, and promotes the 
expression of genes related to cell proliferation (Xiong et al., 2025).

Our study further suggests that PS influences prostate cancer cell 
development via ferroptosis. By promoting the expression of GPX4, it 
enhances cellular antioxidant defenses and suppressing ferroptosis of 
cells, thus promoting cell proliferation. There may be complex in
teractions and cross-regulation between these pathways, which together 

influence the cellular response to PS stimulation. Notably, integrated 
analysis of clinical samples and in vitro experiments revealed the pres
ence of microplastics in both human prostate para-tumor and tumor 
tissues, with significant differences in polymer composition and abun
dance. These observations support the hypothesis that PS microplastics 
may promote prostate cancer progression through the modulation of 
ferroptosis (Fig. 6F). This study has several limitations. The direct 

Fig. 6. Low-dose PS microplastic exposure inhibits ferroptosis in human prostate cancer progenitor cells. A. Immunofluorescence staining identification of human 
prostate cancer progenitor cells specific antigen, scale bar is 20 μm. red: PSA, blue: nucleus. B. The lipid peroxidation level in primary cells, biological replicates, 
n = 3/group. C. The expression of ferroptosis-related protein in primary cells, biological replicates, n = 3/group. D-E. Representative graphs of iron ion staining in 
primary cells with scales of 5 μm and 20 μm, respectively. F. Graphical abstract. PS microplastic influences prostate cancer cell development via ferroptosis. By 
promoting the expression of GPX4, it enhances the antioxidant capacity and inhibits the ferroptosis of cells, thus promoting cell proliferation. PSA, prostate specific 
antigen; STEAP3, six-transmembrane epithelial antigen of the prostate 3; DMT1, divalent metal transporter 1; GCL, glutamate cysteine ligase; GSS, glutathione 
synthetase; PUFA, polyunsaturated fatty acid; LPCAT3, Lysphosphatidylcholine acyltransferase 3; ACSL4, acyl-CoA synthetase long chain family member 4; GPX4, 
glutathione peroxidase 4; ROS, reactive oxygen species. All data are presented as mean ± SEM. *, P < 0.05. Unpaired t test for (B); one-way ANOVA with Sidak’s post- 
hoc test for (C).
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addition of microplastics to the culture medium does not accurately 
represent the exposure route in human beings. Additionally, short-term 
low-dose exposure cannot accurately represent everyday exposure. In 
this study, we conducted only in vitro experiments. Future research 
should explore in vivo experiments to make the results more convincing. 
Therefore, further studies are needed to bridge the gap between exper
imental and environmental conditions to comprehensively evaluate the 
human health implications of polystyrene microplastics exposure.

5. Conclusions

In this study, we present multiple pieces of evidence demonstrating 
that low-dose PS (polystyrene) microplastics promotes the proliferation 
of prostate cancer cells and modulates inflammatory responses and 
oxidative stress levels in prostate cells. Through integrated tran
scriptomic analyses of both cell models and human prostate tissues, we 
identified potential molecular mechanisms underlying these effects. The 
findings were further validated using gene expression assays and pri
mary cell culture experiments. Our results indicate that low-dose poly
styrene exposure promotes human prostate cancer cell proliferation 
through GPX4‑mediated ferroptosis. These findings suggest that poly
styrene microplastics can promote the development of prostate cancer, 
providing a new perspective for research into the etiology of prostate 
cancer.
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