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ABSTRACT

Background: While polystyrene microplastics (PS-MPs) are emerging as potentially
significant health threats, linked to cancer and reproductive dysfunction, their precise

effects on human health remain largely unknown. We aimed to investigate the underlying
mechanisms promoting microplastic-induced damage in the reproductive system.

Methods: Thirty C57BL/6 male mice were randomly allocated into six equal-sized groups.
Mice were exposed to fluorescent PS-MPs (5 pm, < 18%, green) at a dose of 1 and 3 mg/dL via
oral gavage for 28 and 56 days, respectively (control, O mg/dL). The presence of antibodies
and inflammatory and oxidative stress markers were evaluated using western blotting. Sperm
analysis was also performed. Mouse testis Sertoli TM4 cells were divided into two groups:
control (medium only) and PS-MPs (medium containing, 1,000 pg/mL) groups and cultured
in vitro for 1, 24, 48, or 72 hours. The cells were cultured in a Ham'’s F12: Dulbecco's Modified
Eagle Medium medium with 0.25% fetal bovine serum at 37°C with humidified atmosphere
of 5% carbon dioxide in the air. Protein analyses for interleukin (IL)-6, IL-10, NADPH-oxidase
(NOX)-2, NOX-4, hypoxia-inducible transcription factor (HIF)-2a,, monocyte chemoattractant
protein-1 (MCP-1), tumor necrosis factor (TNF)-a, and transforming growth factor (TGF)-
were performed using western blotting.

Results: The testes were evaluated after 28 and 56 days of exposure. Varying sizes of PS-MPs
were detected in the testes (ranging from 5.870 to 7.768 pm). Significant differences in sperm
concentration, motility, and the proportion of normal sperm were observed between the two
groups. An increase in TGF-$, HIF-2a, and NOX-4 levels was observed using western blot
analysis. However, no dose-dependent correlations were observed between the two groups.
In vitro evaluation of the PS-MPs group displayed PS-MP penetration of the lumen of Sertoli
cells after 1 hour. Further PS-MP aggregation within Sertoli cells was observed at 24, 48, and
72 hours. A significant increase in inflammatory protein expressions (IL-10, TGF-B, MCP-1,
IL-6, TNF-0, and HIF-2a) was observed through western blotting, although oxidative agents
did not show a significant increase.
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Conclusion: PS-MPs induced reproductive dysfunction in male mice provide new insights
into PS-MPs-associated toxicity in mammals.

Keywords: Infertility; Microplastics; Sertoli Cells; Male; Mice

INTRODUCTION

Microplastics (MPs), typically sized < 5 mm, are derived from the degradation of plastic
objects in the environment or commercial production.l;2 Owing to their increasing
production and extremely low natural biodegradation in ecosystems, MPs have recently been
considered as environmental pollutants.3 During the coronavirus disease 2019 pandemic, the
use of synthetic fiber-based face masks and disposable food containers was believed to have
accelerated MP exposure.4

MPs are emerging as a serious threat to human health worldwide. Recent studies have
revealed that humans constantly inhale and ingest MPs.5:6 Although numerous studies
have investigated the effects of MPs on human health, our understanding of whether MPs
pose a substantial risk to human health remains limited.”8 Furthermore, some studies have
suggested a potential link between the components of MPs and the occurrence of ovarian,
breast, and prostate cancers within the human body.%10 These research findings imply a
potential risk of MP-associated adverse effects on human health.

Recent studies have suggested a potential effect of MPs on the reproductive system. One study
demonstrated that the internal components of MPs can mimic hormones and consequently
affect reproductive function.!! In women, MPs can interact with the endocrine hormone,
estrogen, potentially increasing the risk of infertility.12 Furthermore, environmental MPs
interacting with other environmental contaminants may impair reproductive function. For
instance, certain studies have indicated that MPs can adsorb harmful substances such as
saturated fatty acids, which may influence the reproductive system.13

While experimental studies in animals have investigated the association between MPs and
reproductive dysfunction, the potential health risks of MPs on the reproductive system,
particularly in male mammals, have yet to be determined.14:15 Therefore, additional data
on the effects of MPs on the male reproductive system using mammalian models is needed
for human health risk assessments of MPs. This study examined the toxicity of polystyrene
MPs (PS-MPs) on the male reproductive system of mice using both in vivo and in vitro
experiments.

METHODS

PS-MPs are continuously detected in the environment. In this study, pure MPs were used for
model construction, while modified MPs with green fluorescence were used to assess the
penetration and related toxicity in the testes of mice. We used fluorescent PS-MPs (Fluoro-
Max green, 468/508 nm; red, 542/612 nm) with a diameter of 6 pm in this study, purchased
from ThermoFisher Scientific Ltd. (Waltham, MA, USA).
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In vitro study, cell culture, and experimental design

TM4 mouse Sertoli cells were divided into two groups for in vitro culturing: a control group
cultured in medium only, and a PS-MPs group cultured in medium supplemented with 1,000 pg/
mL PS-MPs. The cells were incubated for 1, 24, 48, or 72 hours. The culture conditions for the TM4
mouse Sertoli cells were as follows: a controlled environment of Ham’s F12 Dulbecco’s Modified
Eagle Medium medium supplemented with 0.25% fetal bovine serum, a constant temperature
0f37°C, and a humidified incubator maintained at 5% CO,. This setup ensured optimal growth
conditions for Sertoli cells, allowing for an accurate assessment of the effect of PS-MPs.

In vivo study, animal model, and experimental design

Thirty-six six-week-old C57BL/6 male mice were randomly allocated to six equal-sized groups.
Mice were exposed to fluorescent PS-MPs (5 pm, < 18%, green) at a dose of O (control), 1 mg/
dL, and 3 mg/dL via oral gavage for 28 and 56 days. An oral gavage was administered once
daily in the morning (between 9:00 a.m. and 10:00 a.m.). On days 28 and 56, blood samples
were collected from the right atrium under general anesthesia for biochemical analysis, and
the extracted serum was kept at -20°C until further analysis. The testes, gastrointestinal
tract, liver, lungs, and kidneys were removed from each mouse for fluorescent PS-MPs
detection. Frozen sections were prepared at a thickness of 7 um.

Sperm count, abnormality, and motility analysis

The sperm parameters were evaluated as follows: the fresh testes and epididymis of mice
were immediately transferred to a sterilized bench, where the external adipose tissue was pre-
detached, fully minced, and squeezed into individual 2 mL centrifuge tubes. Subsequently,
1 mL normal saline was added to release the sperm. The tubes were then incubated in a
37°C water bath for 15 minutes to obtain a fresh sperm suspension. For the sperm count and
motility assessment, the initial sperm suspension of each mouse was diluted to 10 mL with
37°C saline, and a 2 puL sample was pipetted into a hemocytometer to count the dead sperm
(X1). The remaining sperm suspension was inactivated in a 90°C water bath for 5 minutes,
and a 2 puL sample was pipetted into a hemocytometer to obtain the total sperm count (X2).
Sperm motility, with 7 replicates for each group, was defined as:

A (%) = (X2 — X1)/X2

Western blot analysis

For preparation of tissue lysate, frozen tissues were homogenized at 4°C using a 200 pL

protein extraction solution (Cat. No. EBA-1049; ELPis, Daejeon, Korea) supplemented with

1% protease (P8340; Sigma, St. Louis, MO, USA) and phosphatase inhibitor cocktail 2 (P5726;
Sigma), followed by centrifugation at 12,000 rpm for 20 minutes at 4°C. The supernatants were
collected as total tissue lysates. Equal amounts of protein lysates (30 pg/lane) were resolved on
an sodium dodecyl sulfate—polyacrylamide gel electrophoresis gel, and the separated bands
were transferred onto a 0.45 pm polyvinylidene difluoride membrane (Cat. No. IPVH00010;
Merck, Cork, Ireland). Subsequently, unspecific sites were blocked on the membranes using
5% skimmed milk in phosphate buffered saline with tween® at room temperature for 1 hour.
The membranes were incubated with the primary antibodies at 4°C overnight. Membranes
were then incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour
at room temperature. After washing with tris-buffered saline, the protein bands were visualized
using a ChemiDoc™ Imaging system (Bio-Rad, Hercules, CA, USA). Protein expression was
quantified using Image]J software, standardized to the expression of a housekeeping gene, and
expressed as a fold change compared to the control samples.
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Statistical analysis

Significant differences observed between the two groups were evaluated using a two-

tailed Student’s #-test, and one-way analysis of variance was applied for multiple treatment
comparisons. All statistical analyses were conducted using SPSS software (version 20.0; IBM
Corp., Armonk, NY, USA). Differences were considered statistically significant at P < 0.05.

Ethics statement

This study was approved by the Institutional Review Board of Korea University and
conducted in accordance with the guidelines of the Institutional Animal Care and
Use Committee (KOREA-2021-0177).

RESULTS

In vitro study

In primary cultures and colony formation assays with Sertoli cells exposed to PS-MPs, an
accumulation of MPs was observed within the cells of the treated group compared with the
control group, at 200x magnification (Fig. 1). This accumulation was evident at 24, 48, and 72
hours and was associated with the enlargement of interstitial spaces and cell vacuolization.
These morphological changes resulted in inhibited cell division within Sertoli cells
specifically in the PS-MPs group, indicating a disruptive effect of PS-MPs on normal cellular
processes in the testicular environment. This reduction in cell division was consistently
observed across all samples in multiple experiments.

Regarding inflammation-associated factors, a significant increase in interleukin (IL)-10,
transforming growth factor (TGF)-B, monocyte chemoattractant protein-1 (MCP-1), IL-6,
and tumor necrosis factor (TNF)-a levels was detected in the PS-MPs group, as observed

by Western blot analysis (Fig. 2, Supplementary Fig. 1). At 72 hours, a significant increase
in the expression of TGF-B (1:1.6), IL-10 (1:1.2), MCP-1 (1:2.9), IL-6 (1:3.5), TNF-a. (1:1.6),
and hypoxia-inducible transcription factor (HIF)-2a (1:1.4) was observed in the PS-MPs-
treated group. Except for TNF-a.and MCP-1, an increase in inflammatory-related factors was
observed over time; however, no significant increase in the levels of the oxidative agents,
NADPH-oxidase (NOX)-2 and NOX-4, was observed.

Control

PS-MP

Fig. 1. Morphology and characterization of primary cell cultures and colony formation of Sertoli cells exposed to PS-MPs.
PS-MPs = polystyrene microplastics.
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Fig. 2. Western blot analysis of antibody expression in Sertoli cells. The protein level of (A) NOX-2, (B) NOX-4, (C) IL-10, (D) IL-6, (E) TGF-3, (F) MCP-1, (G) TNF-a,
and (H) HIF-20.

NOX = NADPH-oxidase, PS-MPs = polystyrene microplastics, IL = interleukin, TGF- = transforming growth factor-, MCP-1 = monocyte chemoattractant
protein-1, TNF-o = tumor necrosis factor-a, HIF-2a = hypoxia-inducible transcription factor-2a.

In vivo study

Our findings indicated that exposure of PS-MPs for 28 and 56 days resulted their detection
in the mouse testes. The smallest and largest detected PS-MPs measured 5.870 pm and 7.768
um, respectively (Fig. 3). However, accumulation of PS-MPs in the testes and destruction of
the blood-testis barrier (BTB) were not observed.

A significant difference was observed between the control and PS-MPs exposure groups (1
mg/dL, 3 mg/dL; 1 and 2 months) in terms of the proportion of normal sperms (P < 0.05),

as observed in sperm analysis (Table 1, Supplementary Fig. 2). In the 28-day group, no
significant differences were observed in sperm count and motility between the control and
PS-MPs groups (1 and 3 mg/dL). However, following 2 months of exposure, the PS-MPs
exposed groups showed a statistically significant difference in cell count and motility when
compared with the control group. However, no differences were observed between the tested
concentrations of PS-MPs. In addition, no significant differences were observed among the
three groups in sperm count, motility, or proportion of normal sperm shape (P> 0.05).

Western blot analysis revealed a significant increase in TGF-p and HIF-2a expression levels in
the PS-MP groups when compared to the control group. Additionally, a notable increase in
the expression levels of NOX-4 and NOX-5, factors related to oxidative stress, was observed.
However, this finding could not be corroborated in the in vitro study. The increase was
substantiated with longer treatment durations but no correlation was observed with the
administered dose of PS-MPs (Fig. 4, Supplementary Fig. 3).

DISCUSSION

Male infertility accounts for approximately 20% of all infertility cases and 30-40% of
contributing cases.16 The testes and epididymis, crucial male reproductive organs, are
responsible for spermatogenesis and are highly sensitive to environmental contaminants
such as heavy metals, endocrine disruptors, and ingested MP particles.1719 Sertoli cells,
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Control_1M

PS-MP_1 mg/dL_M

PS-MP_3 mg/dL_1M

Fig. 3. Fluorescent PS-MPs in the testes of mice after exposure for 28 days.
PS-MPs = polystyrene microplastics, TM = 1 month.

Table 1. Analysis of sperm from male mice following exposure to PS-MPs

Groups Control PS-MP 1 mg/dL PS-MP 3 mg/dL P value?
1 month
Count, x 10%/mL 14.74+2.81 14.48 + 6.83 15.54+ 11.01 0.125
Abnormality rate, % 3.98+2.26 12.36+12.36" 13.80+ 10.16" 0.134
Motility rate, % 14.32+5.93 15.66 + 7.95 14.18 + 9.67 0.958
2 months
Count, x 10°/mL 13.68 + 5.54 7.52 + 4.54" 8.52+2.62 0.128
Abnormality rate, % 5.90+1.24 13.90+ 9.67" 13.90+ 3.11" 0.144
Motility rate, % 19.36 + 4.69 192.48 +7.28" 15.06 + 12.40" 0.482

Values are presented as mean = standard deviation.

Sperm were observed with double tail deformity, double head deformity, folded body deformity, folded neck deformity, and unstable head deformity.
PS-MPs = polystyrene microplastics.

20ne-way analysis of variance analysis.

*P < 0.05 as compared with the control group.

the structural component of the seminiferous epithelium, form the BTB as well as provide
physical support and a microenvironment for spermatogenesis. The BTB contributes partially
to the immune-privileged status of the testis by preventing autoantigens present in the late
spermatocytes and post-meiotic germ cells from being recognized by host immune cells,
thus suppressing immune responses in the testis.20 It is virtually impossible for extrinsic
toxicants to pass through the BTB, a protective barrier that preserves reproductive function
by preventing toxicants from reaching germ cells. Previous studies have suggested that
micron-sized particles have difficulty entering Sertoli cells in mice owing to the protection

https://jkms.org https://doi.org/10.3346/jkms.2024.39.e259 6/10
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Fig. 4. Western blot analysis of antibody expression in mice testes (TGF-B, MCP-1, TNF-a, NOX-2, NOX-4, NOX-5, and HIF-2a).
PS-MPs = polystyrene microplastics, TM =1 month, 2M = 2 months, TGF-3 = transforming growth factor-, MCP-1 = monocyte chemoattractant protein-1, TNF-o. =
tumor necrosis factor-a, NOX = NADPH-oxidase, HIF-20. = hypoxia-inducible transcription factor-2a.

provided by the BTB.21 However, Li et al.22 reported a reduction in the expression of BTB-
related proteins such as occludin, connexin-43, N-cadherin, and claudin-11, indicating that
exposure to PS-MPs could induce disruption of the BTB in mice. Our study assumed that PS-
MPs could pass through the BTB and conducted experiments to determine whether PS-MPs
are associated with infertility. Ingested MPs could pass through the BTB in the testes, leading
to enlarged interstitial spaces and cell vacuolation.

The effects of PS-MPs on reproductive dysfunction have been previously described. Although
the exact mechanism has not been determined, possible mechanisms may include MP-induced
developmental toxicity, oxidative stress, mitogen-activated protein kinase (MAPK), Akt and
mammalian target of rapamycin signaling, NLRP3 inflammasome and fibrotic signaling,
steroidogenic and endocrine signaling, cell death, and apoptosis.23 Several studies on the
effect of MPs on male fertility have suggested that PS-MPs aggravate oxidative stress.12,23
However, our in vitro study demonstrated that the interaction with PS-MPs did not contribute
to changes in expression levels of oxygen-activating enzymes, specifically NOX-2 and NOX-4.
This suggests that MPs do not directly induce oxidative stress under cell culture conditions.
In contrast, the in vivo studies revealed an increase in NOX4 and NOXS5 levels, which was
distinctive compared to the cell culture environment. This suggests that PS-MPs may not
directly interact with oxygen-activating enzymes or may indirectly influence their regulation
via divergent signaling pathways. The in vivo environment is inherently more complex than in
vitro cell culture systems. In in vivo conditions, multiple cell types, tissues, and systemic factors
interact, creating conditions where indirect mechanisms can contribute to oxidative stress.
Inflammatory cytokines and immune cells can be recruited to the testes in vivo, indirectly
promoting oxidative stress. This is supported by our findings of the increased expression

levels of inflammatory markers such as IL-6, TNF-a, and MCP-1 in vivo. These inflammatory
responses can enhance the activity of oxidative stress pathways, including NOX enzymes,
thus contributing to the observed oxidative stress.12 Additionally, in vivo, Sertoli cells interact
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with other testicular cell types, including germ cells and Leydig cells. These interactions are
critical for maintaining testicular homeostasis and responding to stress. MPs may induce
oxidative stress in other cell types, which in turn could influence Sertoli cell function through
paracrine signaling. The absence of these interactions in vitro might explain the lack of
significant changes in oxidative stress markers in isolated Sertoli cells.22 It is plausible that
PS-MPs might alter systemic metabolic processes, leading to increased production of reactive
oxygen species from other organs that circulate and affect the testes, thereby inducing
oxidative stress through indirect mechanisms present only in vivo.23

The present study confirmed that PS-MPs are able to induce inflammatory responses by
directly passing through the BTB and infiltrating Sertoli cells. An increase in inflammatory-
related factors such as IL-10, TGF-B, MCP-1, IL-6, and TNF-o was observed after treatment with
PS-MPs, suggesting the activation of immune responses and cellular stress pathways by MPs.
The above-mentioned factors are involved in inflammation and immunity regulation and are
generally modulated by signaling pathways such as nuclear factor kB, MAPK, or JAK-STAT.24-26
Consequently, the present study concluded that MAPK, inflammation, and toxicity have a role
to play. An increase in inflammatory responses can potentially affect cellular physiology and
function and cause reproductive dysfunction such as infertility. Further research is needed to
gain a more precise understanding of the underlying mechanisms and interactions, thereby
facilitating a comprehensive assessment of the effects of PS-MPs and their potential impacts.

Research on the relationships between size, duration of exposure, and dosage of PS-MPs and
reproductive dysfunction is currently limited. In terms of the duration of exposure, longer
exposure has been shown to correlate with decreased reproductive capabilities. However,

no size-dependent relationship has been established, similar to nanoplastics.15 Studies
investigating exposure dosage have indicated significant increases in oxidative stress and
inflammatory responses in the testes in groups exposed to higher doses of PS-MPs (0.15
mg/day and 1.5 mg/day).22 The present study established a correlation between toxicity

in Sertoli cells and the duration of exposure to PS-MPs, but no significant difference was
observed between the groups treated with 1 and 3 mg/dL PS-MPs. The lack of a clear dose-
response effect between the 1 mg/dL and 3 mg/dL MP exposure groups may be attributed to a
saturation effect, where the biological response reaches a maximum at lower exposure levels,
making additional increases in dose less impactful. This phenomenon has been observed

in other studies, suggesting that even low doses of MPs can elicit significant biological
effects. Li et al.22 reported similar findings, where lower doses of PS-MPs induced maximal
oxidative stress responses in the testes of rats, with no significant differences observed at
higher doses.2 Similarly, Dubey et al.23 noted that the reproductive toxicity of MPs did not
increase proportionally with an increase in dosage, indicating a potential threshold effect.3
These comparisons suggest that the reproductive system may be highly sensitive to MPs,

and exposure beyond a certain threshold may not further exacerbate existing adverse effects.
Understanding this threshold is crucial for assessing the risks associated with MPs exposure
and determining their safe levels. More evidence is needed to comprehensively understand
dose-dependency in PS-MP exposure.

This study had some limitations. Comparing between the effects of MP doses and exposure
durations in mice and human exposure levels is challenging. Current estimates suggest that
humans ingest thousands of MP particles annually through food, water, and air.627 Our study
doses (1 and 3 mg/dL) and durations (28 and 56 days) are significantly higher than typical
environmental exposures, which were necessary to observe pronounced effects within a
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shorter timeframe. However, experimental studies often use MP concentrations far exceeding
environmental levels to identify potential health effects.28 These elevated experimental conditions
help to understand the possible effects at the upper limits of human intake, but they do not
accurately represent everyday exposure.29 Ethical constraints prevent the exact replication

of human exposure levels in experimental settings, posing challenges to direct applicability.

Exposure of Polystyrene Microplastics on Male Fertility

Therefore, further studies are needed to bridge the gap between experimental and environmental
conditions to comprehensively evaluate the human health implications of MP exposure.

In conclusion, PS-MPs induced male reproductive dysfunction in mice. Although a clear
dose-response relationship was not established, increased PS-MPs duration of exposure
correlated with a decline in sperm count, normal morphology, and motility, ultimately
resulting in reduced reproductive capabilities. These findings provide new insights into the
toxicity of MPs in mammalian systems and highlight their potential risks in terms of male
reproductive dysfunction.

SUPPLEMENTARY MATERIALS

Supplementary Fig. 1

Western blot analysis of various inflammatory and oxidative stress markers in Sertoli cells at
different time points (24 hours, 48 hours, and 72 hours) following exposure to 1 mg/dL PS-MPs.
Markers include NOX-2, NOX-4, IL-10, IL-6, TGE-B, MCP-1, TNF-a, and HIF-2a.

Supplementary Fig. 2
Serum testosterone levels in mice exposed to PS-MPs. The levels are compared between
control, 1 mg/dL, and 3 mg/dL PS-MP exposure groups for 1M and 2M.

Supplementary Fig. 3

Western blot analysis of various inflammatory and oxidative stress markers in Sertoli cells
and mice testes exposed to PS-MPs. Markers include TGF-f, MCP-1, TNF-a, NOX-2, NOX-4,
NOX-5, and HIF-2a. Protein expression levels are shown for control, 1 mg/dL PS-MPs, and 3
mg/dL PS-MPs groups at 1 month and 2 months.
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