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ARTICLE INFO ABSTRACT

Keywords: In recent decades, industrialization, intensive agriculture, and urban development have severely impacted ma-

Aquatic pollution rine environments, compromising the health of aquatic and terrestrial organisms. Inadequate disposal results in

I;)/I;]c;oglasncs hundreds of tons of plastic products released annually into the environment, which degrade into microplastics
amage

(MPs), posing health risks due to their ability to biomagnify and bioaccumulate. Among these, polystyrene MPs
(PS-MPs) are significant pollutants in marine ecosystems, widely studied for their reproductive toxicological
effects. This research aimed to evaluate the reproductive cytotoxic and genotoxic effects of PS-MPs on sea urchin
(Paracentrotus lividus) spermatozoa in vitro. Results showed that PS-MPs significantly reduced sperm viability and
motility without altering morphology, and induced sperm DNA fragmentation mediated by reactive oxygen
species production. Furthermore, head-to-head agglutination of the spermatozoa was observed exclusively in the
sample treated with the plastic agents, indicating the ability of microplastics to adhere to the surface of sperm
cells and form aggregates with microplastics on other sperm cells, thereby impeding movement and reducing
reproductive potential. These findings suggest that PS-MPs can adversely affect the quality of sea urchin sperm,

Sperm parameters
Oxidative stress
Sea urchin reproductive potential

potentially impacting reproductive events.

Introduction

Environmental pollution, resulting from human activities, poses
significant threats to terrestrial atmospheric and aquatic ecosystems. It
is recognized as a major challenge of our time and the leading envi-
ronmental contributor to global disease, causing around 9 million pre-
mature deaths annually (Landrigan et al., 2018).

Pollution of aquatic environments, often overlooked, has significant
direct and indirect impacts on human health (Landrigan et al., 2020).
Around 90 % of pollutants are carried by rivers to the sea, compounding
the pollution already present due to the high percentage of people living
in coastal areas (Morroni et al., 2023). Water pollution is a complex mix
of chemicals, biological materials, and waste, including plastics, petro-
leum products, toxic metals, pharmaceuticals, pesticides, and sewage.
These pollutants exhibit varying concentrations across different regions
and seasons, further complicating the issue (Landrigan et al., 2020).

Among the several contaminants present in the environment, plastic
is a major concern due to its widespread use and significant presence in
the environment. It is composed of organic polymers and additives like
bisphenols, phthalates, and flame retardants (Jiang et al., 2020), leading
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some to dub this era as the “age of plastic” (Thompson et al., 2009). Its
affordability and versatile properties have made it a ubiquitous material
in everyday items such as packaging, cosmetics, electronics, and furni-
ture (Hirt and Body-Malapel, 2020).

Global plastic production has exceeded 380 million tons annually,
highlighting its status as an essential commodity (Paco et al., 2017).
However, their cheap and disposable nature often leads to them being
used and discarded unnecessarily. In fact, of the million tons of plastic
waste produced each year, only 60 % is collected (Skoczinski et al.,
2021). In turn, the collected plastic waste may not be disposed of
correctly and, therefore, inevitably reaches the environment, where it is
broken down into smaller fragments, through various physical-chemical
processes such as atmospheric agents, ultraviolet radiation (UV) and
human activities (Song et al., 2017). In this case, based on size, these
particles are divided into macro- (>2.5 cm), meso- (0.5-2.5 cm), micro-
(MP = 1 pm-5 mm) and nano- (NPs < 1 pm) plastics (Dissanayake et al.,
2022).

Microplastics are attracting the attention of researchers, due to their
widespread abundance and distribution and their impact on natural
ecosystems, as well as the risks to human health. MPs are estimated to

Received 12 March 2024; Received in revised form 7 May 2024; Accepted 17 May 2024

Available online 22 May 2024

2666-027X/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:filomena.mottola@unicampania.it
www.sciencedirect.com/science/journal/2666027X
https://www.journals.elsevier.com/current-research-in-toxicology
https://doi.org/10.1016/j.crtox.2024.100173
https://doi.org/10.1016/j.crtox.2024.100173
https://doi.org/10.1016/j.crtox.2024.100173
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Mottola et al.

account for 92.4 % of marine plastic debris and MP pollution is widely
distributed. In fact, they have been detected in a vast number of envi-
ronmental matrices, such as water (Xu et al., 2020), soil (Ding et al.,
2020) and air (Wright et al., 2020), but also in regions Antarctic (Bessa
et al., 2019) and Arctic (Almeda et al., 2021).

The human body can meet MPs through three main routes: the
ingestion of food contaminated with microplastics, the inhalation of
microplastics in the air and the dermal contact of these particles, con-
tained in products, fabrics, or dust. Of these, oral ingestion is the main
route of human exposure to MPs (Prata et al., 2020). In fact, micro-
plastics have been detected in several foods, including seafood (Daniel
etal., 2021), vegetables and fruit (Oliveri Conti et al., 2020). The effects
of polystyrene microplastics (PS-MPs), one of the most widespread
plastics (Menon et al., 2023), on marine organisms and terrestrial
mammals have been well documented and mainly include impacts on
the reproductive system (Sharifinia et al., 2020). The reproductive
toxicity and genotoxicity of MPs raises concerns also for human fertility,
particularly considering the recent discovery of plastic micro fragments
in human seminal fluid (Montano et al., 2023).

In multicellular animals, spermatogenesis is a multistage, sequential
process resulting in mature male germ cells. It involves mitotic and
meiotic divisions of spermatocytes, followed by spermiogenesis, leading
to the formation of mature spermatozoa with condensed chromatin, an
acrosome, and a flagellum (Nishimura and L’Hernault, 2017; Hermo
et al, 2010). While variations exist among species, comparative
research suggests commonalities in this process. However, differences in
reproductive modes between species with external and internal fertil-
ization result in varying effects of environmental stressors on gamete
function and behavior (Gallo et al., 2020).

Research on the genotoxic and cytotoxic effects of microplastics
(MPs) on fertility has primarily focused on aquatic organisms, with both
in vivo and in vitro analyses conducted. A notable study by Qiang and
Cheng (2021) investigated the impact of polystyrene microplastics on
the reproductive organs of zebrafish (Danio rerio). The findings revealed
a significant increase in reactive oxygen species (ROS) in both male and
female gonads, accompanied by elevated levels of apoptosis via p53-
mediated pathways. Additionally, histological alterations, including a
remarkable decrease in the thickness of the testicular basement mem-
brane, were observed.

Several other studies have demonstrated the detrimental effects MPs
on reproductive functionality across different trophic levels. For
instance, Sussarellu et al. (2016) found that oysters exposed to PS-MPs
experienced reduced sperm count, diameter, and velocity, along with
anomalies in fertilization and diminished larval yield and development.
Furthermore, researchers have highlighted the ability of MPs to accu-
mulate in reproductive organs, leading to alterations in normal func-
tionality. Shi et al. (2022) showed that MPs decrease fertilization rates in
oysters by impairing sperm swimming performance and reducing ATP
production and cell viability, resulting in fewer successful gamete col-
lisions. Additionally, the deposition of MPs in the testicular tissue of
male river shrimp induces oxidative stress, disrupting the quality of
testicular germ cells and causing imbalances in sex hormones. Again,
studies on aquatic vertebrate organisms, such as zebrafish embryos,
have revealed delayed larval development and structural defects due to
MPs exposure, including spine and tail deformities, as well as peripheral
microcirculatory dysfunction (De Marco et al., 2022; Park and Kim,
2022).

The most significant effects of toxic substances on fertilization ca-
pacity and embryonic development mainly involve the creation of an
oxidative environment that damages sperm DNA (Rocco et al., 2023). In
physiological conditions the main process for preserving sperm DNA
integrity involves remodeling sperm chromatin, which condenses and
stabilizes significantly by replacing histones with protamines in humans
(Okada, 2022; Torok and Gornik, 2018). However, organisms such as
echinoid sea urchins have a unique sperm-specific histone family
(spH2B) without protamines. This family includes an elongated N-
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terminal tail with multiple repeats of an SP(K/R)(K/R) sequence, known
as the SPKK motif, binding to A/T-rich DNA sequences. Following
fertilization, serine phosphorylation on the SPKK motif enhances chro-
matin accessibility, preventing DNA binding and enabling transcription
(Torok et al., 2023; Poccia and Green, 1992). However, an external
event could disrupt these processes, leading to the formation of sper-
matozoa with not completely intact DNA (Mottola et al., 2022).

From a careful investigation of the data present in the literature, the
total absence of experiments on the effects of microplastics on sea urchin
spermatozoa was observed; on the other hand, many scientific studies
have been highlighted which ascertain the cytotoxic and genotoxic
properties of PS-MPs.

Considering that Paracentrotus lividus has been proposed as an
interesting non-mammalian model to evaluate human health risks
caused by the presence of different contaminants in the marine envi-
ronment and as a promising alternative organism in line with the prin-
ciple of replacement, reduction and refinement of animals (3R) for use in
regulatory tests (Pinsino and Alijagic, 2019), the aim of this research
was to evaluate, the in vitro cytotoxic and genotoxic ability of PS-MPs on
P. lividus spermatozoa highlighting any alterations in seminal parame-
ters, production of reactive oxygen species (ROS), alterations in the
genetic material detected in term of sperm DNA fragmentation.

Materials and methods
Chemical

In the study polystyrene microplastics with a standard size of 1.0 pm
and a specific weight of 1.05 g/cm® were used, with a solid content of 2
% by weight. They were purchased as a concentrated aqueous solution
21.000 mg/L, containing approximately 3.43 x 10'° particles/mL, from
the pharmaceutical company Sigma-Aldrich (St. Louis, USA; product
code 72.938; batch number BCCH6977; purity grade analytical
standard).

Sea urchins collection

The sea urchins Paracentrotus lividus (Lamarck 1816) were collected
in the Gulf of Naples (Tyrrhenian Sea), from a place not private or
protected in any way, according to the Italian legislation of the Merchant
Navy (DPR 1639/68, 19/09/ 1980 confirmed by Legislative Decree 9/
01/2012n.4). The field studies did not involve endangered or protected
species. All animal procedures conformed to European Union guidelines
(Directive 609/86).

After collection, the sea urchin specimens were transported to the
Molecular Cytogenetics laboratory of the Department of Pharmaceutical
Biological Environmental Sciences and Technologies within 1 h and
maintained in tanks with circulating sea water at 18 °C. During the
entire breeding period, the animals were fed Ulva lactuca and Posidonia
oceanica. After acclimatization for 10 days in tanks with circulating sea
water (temperature: 18 + 1 °C, salinity: 38 + 1, dissolved O2: 7 mg/L,
pH: 8.1), the samples were transferred to 5 L tanks with filtered sea
water (FSW), maintaining the same breeding conditions.

Sea urchins sperm exposure

To obtain a large number of gametes to perform all tests in triplicate,
and for enhanced data robustness, sperm deposition, was induced in 8
P. lividus specimens generating an osmotic shock by injecting a 0.5 M KCl
(Carlo Erba, Milan, Italy; CAS N. 7447-40-7) solution through the per-
istomal membrane. Then, semen was collected dry from each male,
directly from the gonopores or gonadal pores, using an automatic
pipette and stored pooled, undiluted, in a sterile tube placed on ice at
4 °C (Adams et al., 2019).

Centrifugation at 2000 revolutions per minute (rpm) for 1 min was
applied to the semen samples and spermatozoa were isolated.
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Subsequently, the cellular pellet from each specimens was diluted in 1
ml of FSW, and then treated in vitro as follows: 7 aliquots were treated
with 50 pg/mL of PS-MPs for 30 min; 7 aliquots were treated with 1 pl/
mL of hydrogen peroxide (H203), a known genotoxic agent and used as a
positive control; 5 untreated aliquots were used as a negative control.
Once the exposure was completed, centrifugation was performed at
2000 rpm for 1 min and sperm cells collected. Finally, the pellet of
spermatozoa of each experimental groups was suspended again in a
volume equal to 1 mL of FSW to then be subjected to sperm parameters
evaluation, cytotoxicity and genotoxicity tests.

Sperm parameters evaluation

The viability of the spermatozoa was assessed using the eosin test
(Sigma-Aldrich, CAS N. 15086-94-9; Lin et al., 1998) also called the
Williams Pollack test, which highlights the cellular integrity of the
spermatozoa. This method involves the preparation of slides, previously
washed in methanol (WWR Chemicals, CAS 67-56-1; Milan, Italy) with
10 pL of spermatozoa suspended in FSW, to which 10 pL of 5 % eosin Y
were added and, finally, covered with a coverslip. The slides were
immediately observed under an optical microscope (Carl Zeiss, Ger-
many) at 40X magnification to perform a count of viable cells which
have not incorporated the dye versus dead cells which will appear col-
ourful. At least 200 spermatozoa were counted in 5 different observation
fields.

The morphological evaluation is based on the distinction between
typical and atypical shapes. Atypias may affect the head, neck, and tail
and generally include: macrocephalic, microcephalic, elongated heads,
pointed heads, double heads, angulated necks, immatures, twisted tails,
double tails, and other forms (WHO, 2001).

Three slides were prepared for each experimental group by depos-
iting 10 pL of suspended spermatozoa in FSW and subsequently stained
with an equal quantity of Papanicolaou staining solution (Sigma-
Aldrich, CAT. HT40432) to then be observed under the optical micro-
scope with 40X magnification.

The evaluation of motility was performed by the same expert oper-
ator by a Makler counting chamber. For each replicate, 10 pL of sperm
sample was placed on a glass slide and covered with a coverslip. Sperm
were classified into motile (progressive and non-progressive) and non-
motile (Ignoto et al., 2023). At least 200 spermatozoa from each
experimental group were considered in 5 different observation fields of
three slides.

Sperm DNA fragmentation analysis

The sperm DNA Fragmentation Analysis was conducted as previously
described form human samples (lovine at al., 2021). Three slides were
prepared for the portion tested with the PS-MPs, for the positive control
and for the negative control groups. 10 pl of each aliquot of spermatozoa
(2 x 10° cell/mL) were smear on the slides and then left to dry at room
temperature. After this step, the slides were placed in 4 % fixative
paraformaldehyde (Carlo Erba, CND: W0103705) for 1 h at room tem-
perature, then the slides were incubated in the permeabiliser solution
(0.1 % sodium citrate, 0.1 % Triton X-100). Following a rinse in 1X PBS
the slides were subjected ready to reaction mix of In Situ Cell Death
Detection Kit (Roche Diagnostics, Germany, REF 11684795910) con-
sisting of 25 pl of Label Solution and 5 pl of enzyme as reported in the
manufacturer’s instructions. The slides were then placed in a humid
chamber for 1 h in the dark. After enzymatic reaction the coverslips were
removed and the slides were immersed in DAPI solution containing 20X
SSC, stock DAPI (4,6-diamidin-2-phenylindole; Sigma-Aldrich, CAS N.
28718-90-3) and distilled H»O. Finally, 100 pl of DABCO solution (Tris
HCl 0.02 %, Glycerol 90 %, DABCO (1,4-diazabicyclo[2.2.2]octane) 2.2
%; Sigma-Aldrich)) is placed on each individual slide and the coverslip
was placed on top.

The slides thus obtained were then carefully observed under an
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epifluorescence microscope (Nikon ECLIPSE — E600) equipped with a
DAPI and FITC (fluorescein isothiocyanate) with 100X magnification.
The result will be the observation of blue or green cells nuclei,
depending respectively on the presence (green) or absence (blue) of
fragmented DNA. Damage was measured numerically through the
determination of the Sperm DNA fragmentation (SDF) index, which
consists of the ratio of green nuclei to the total blue nuclei per 100.

Sperm reactive oxygen species detection

For determination of reactive oxygen species three slides were pre-
pared for the portion of sperm tested with the PS-MPs, with HoO5 and for
the negative controls. 20 pL of sperm suspension in FSW of each
experimental groups were diluted in 1 mL of 0.2 % NBT solution (Sigma-
Aldrich, CAS N. 298-83-9) and incubated at 18 °C for 15 min. After
centrifuging at 2000 rpm for 1 min, 1 mL of could 1X PBS was added.
Subsequently, a series of three centrifuge was performed at 1500 rpm for
5 min to allow purification of the cellular samples. At the end of the last
washing procedure, the pellet was suspended in 200 pL of 1X PBS and
100 pL of cell solution was deposited on the glass slides. After air dried,
the slides were fixed with 100 % methanol (WWR Chemicals, CAS
67-56-1) for 1 min and then rinsed with highly purified water. To
highlight the cells, Safranin (Sigma-Aldrich, CAS N. 477-73-6) was used
as a counterstain. The slides were air dried and then observed under the
optical microscope with 40X magnification. The result of this test was
expressed as a percentage of reactive oxygen species (%ROS), i.e. the
ratio between the number of cells presenting ROS and the total number
of cells per 100.

Statistical analysis

Differences in percentage of cellular viability, motility, morphology,
%SDF and %ROS, between experimental groups were expressed as mean
+ SD. U test (Mann-Witney-Wilcox test) and t-test, as nonparametric
tests, were used for statistical evaluation using GraphPad Prism 10
(GraphPad Software Inc., San Diego, CA, USA). Results were considered
statistically significant when p < 0.05.

Results
Sea urchin sperm parameters

The percentage of viable sperm cells decreased after PS-MPs expo-
sure compared to the negative controls. After 30 min the percentage of
viability in sperm cells exposed to 50 pg/mL PS-MPs and in untreated
cells was 20.3 + 1.27 and 32.0 + 1.70 respectively; however, the
viability in the PS-MPs exposed sample was higher than the positive
control (14.2 % + 2.55).

No statistically significant alteration in morphology was highlighted
after treatment with 50 pg/mL PS-MPs. In the treated sample a presence
of normal forms of 22.3 % + 0.85 was found, compared to the negative
control (23 % =+ 0.71); instead, after 30 min of HyO, exposure an
alteration in normal morphology was observed (14.2 % =+ 3.25).
Furthermore, following 30 min of treatment with PS-MPs, agglutination
of head-to-head spermatozoa was observed, not found in the negative
control and in positive control (Fig. 1).

The samples exposed to 50 pg/mL PS-MPs for 30 min showed a
percentage of sperm motility equal to 9.0 % =+ 0.99, compared to a value
of 30.7 % + 1.27 of sperm motility found in the negative controls. The
sperm motility was more reduced after 30 min of H,O5 treatment (6.9 %
+ 1.70). (Table 1).

Sea urchin sperm DNA fragmentation

The TUNEL test shows DNA fragmentation in sea urchin spermato-
zoa. A statistically significant increase in the sperm DNA fragmentation
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Fig. 1. Three representative images (1, 2, 3) obtained by optical microscope (Carl Zeiss, Germany) at 40X magnification showing sea urchin (P. lividus) sperm
agglutination after a 30-minute treatment with 50 ug/mL of PS-MPs. The presence of microparticles between sperm heads is also visible (black arrows).

Table 1
Mean percentage + SD of viable, motile and normal sea urchin (P. lividus)
spermatozoa after 30 min of treatment with 50 ug/mL PS-MPs and 1 pL/mL

Sperm parametres Negative Control 50 ug/mL 1 uL/mL
PS-MPs Hy0,
Viability (%) 3.0 £1.70 20.3 £ 0.27* 14.2 + 2.55*
Motility (%) 30.7 +1.27 9.0 + 0.99* 6.9 + 1,70*
Morphology (%) 23.0 + 0.71 22.3 + 0.85 14.2 + 0.25*

(SDF) index in the sample treated for 30 min with 50 pg/mL PS-MPs. The
plastic micro-fragments were identified as responsible for a sperm DNA
fragmentation equal to 18.7 % + 0.85, compared to the negative con-
trol, where the %SDF was found to be around 3.4 % =+ 0.42. Instead, in
the positive control groups the percentage of sperm DNA damage
detected was 22 % =+ 0.57. (Fig. 2).

Sea urchin sperm reactive oxygen species

The results of the NBT assay suggest that 30 min of 50 pg/mL PS-MPs
exposure induces a statistically significant increase of ROS in P. lividus
spermatozoa, as 15.6 % + 0.57 treated spermatozoa showed the for-
mazan reaction, compared to a value of 2.4 % =+ 0.42 formazan reaction
observed in untreated groups. Additionally, a percentage of 19.5 % +
0.85 sperm cells with the presence of formazan reaction was observed in
positive control groups (Fig. 3).

A) Sperm Tunel Assay

Discussion

Environmental health is significantly compromised by numerous
pollutants, such as heavy metals, plastic products, pesticides, chemicals,
and pharmaceuticals, which are generated by anthropogenic activities
(Landrigan et al., 2020). Although they have been recognized as
responsible for the imbalance of all natural habitats, the main concern
regarding these environmental contaminants is that they represent a
serious insult to animal and human health. Plastic products have become
an essential commodity in everyday life. However, they are designated
as prominent environmental pollutants, capable of entering the food
chain and reaching humans (Krause et al., 2021) interfering with organs
functionality included the reproductive system (Blackburn and Green,
2022). Plastic materials are subject to chemical-physical processes,
which lead to their fragmentation into microplastics (MP). Among the
multitude of plastic materials, polystyrene (PS) stands out which, thanks
to its versatility and inert nature, is used in a large variety of commercial
products (Marquez et al., 2023).

Scientific studies have established that PS-MPs affect the reproduc-
tive capacity of various aquatic and terrestrial organisms. In this case,
the induced effects are thinning of the basal membrane of the testicle,
destruction of the blood-testis barrier, oxidative stress, apoptosis,
reduction in sperm count and motility and increase in abnormal sper-
matozoa number (Qiang and Cheng, 2021; Hou et al., 2022; Sussarellu
et al., 2016; Jin et al., 2021).

Furthermore, literature data have confirmed the ability of PS-MPs to
determine alterations in the growth and morphology of larvae and em-
bryos of the P. lividus species (Martinez-Gomez et al., 2017), however
there is no study on the effects of PS-MPs in P. lividus spermatozoa. Most
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Fig. 2. A) Percentage of Sperm DNA Fragmentation (SDF) in sea urchin (P. lividus) spermatozoa obtained by TUNEL Assay. Black bar: untreated spermatozoa; white
bar: spermatozoa after 30 min of treatment with 50 ug/mL PS-MPs; grey bar: spermatozoa after 30 min of treatment with 1 uL/mL H50,. B) Representative image of
sea urchin (P. lividus) spermatozoa after treatment with 50 ug/mL PS-MPs obtained by TUNEL technique. In blue (DAPI filter) spermatozoa with intact DNA, in green
(FITC filter) spermatozoa with fragmented DNA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3. A) Percentage of Nitro-Blue Tetrazolium chloride (NBT) in sea urchin (P. lividus) spermatozoa. Black bar: untreated spermatozoa; white bar: spermatozoa
after 30 min of treatment with 50 pg/mL PS-MPs; grey bar: spermatozoa after 30 min of treatment with 1 uL/mL H,0,. B) Representative image of ROS highlighted
by NBT (arrows) in P. lividus spermatozoa after 30 min of treatment with 50 ug/mL PS-MPs. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

marine invertebrate organisms, including P. lividus release gametes into
the marine environment, to allow the formation of a new individual.
Therefore, the quality of spermatozoa depends greatly on the quality of
the environment in which they are released. Considering the lack of data
in the literature, the aim of this research was to evaluate the cytotoxicity
and genotoxicity of polystyrene microplastics on P. lividus spermatozoa.
The study evaluated cytotoxicity in P. lividus spermatozoa using
microscopic analysis of seminal fluid, assessing viability, motility, and
morphology. Sperm DNA fragmentation (%SDF) was determined via the
TUNEL technique to assess genome integrity, while intracellular reactive
oxygen species were measured using the NBT test. Given the unknown
toxicity level of PS-MPs on P. lividus spermatozoa, experiments were
conducted with a single exposure time (30 min) and concentration (50
pg/mL), selected based on relevant literature concerning exposure of
gametes to similar substances (Pikula et al., 2020). The results obtained
are perfectly in agreement with the data already present in the litera-
ture, in which polystyrene microplastics are classified as polluting and
toxic substances, capable of causing damage to various organisms (Yang
et al., 2023).

The analysis of seminal parameters indicates a concurrent decrease
in sperm vitality and motility alongside elevated %SDF following PS-
MPs treatment. Additionally, the NBT test demonstrated a PS-MPs
toxic action mediated by oxidative stress. The alteration in sperm pa-
rameters and the increase in SDF are presumably the consequence of the
genotoxicity of PS-MPs. The mechanism of action is not very clear, but it
is known that they can generate an inflammatory-oxidative environ-
ment, which leads to the generation of genotoxic oxidant species that
trigger apoptosis (Dubey et al., 2022). However, the genomic damage
caused by PS-MPs could also be of a direct nature given that, thanks to
their small size, they can penetrate cell membranes by endocytosis (Liu
etal., 2021) and probably reach and damage the nucleus. In fact, studies
demonstrate that PS-MPs can be internalized by cells both through
endocytosis and through the diffusion mechanism (Han and Ryu, 2022).

As for the initiation of an inflammatory event, substantial support
can be inferred from the study conducted by Li and colleagues (2020),
wherein the intestinal microbiota of a C57BL/6 mouse model was
exposed to MP-PS. The research revealed that mice fed with micro-
plastics exhibited noticeable inflammation in the intestine (colon and
duodenum) along with increased expression of the innate immune re-
ceptor TLR4, the AP-1 protein which triggers the pro-inflammatory
transcription factor c-Jun, and the interferon regulatory factor IRF5. A
second plausible hypothesis that could lead to the reduction of sperm

motility and vitality is that of the formation of reactive oxygen species
(ROS), which induce oxidative stress and could indirectly result in
modifications of the genome or damage to DNA. A plausible finding is
proposed in the work of Dong and collaborators (2021), in which
exposure to PS-MPs resulted in the formation of ROS causing oxidative
damage to human lung epithelial BEAS-2B cells. It has been demon-
strated that the ROS produced induce an up-regulation of the p53 gene
transcription which, in turn, determines the activation of casp3b. Acti-
vated casp3b promotes transcription of gadd45ba resulting in DNA
damage and apoptosis (Xie et al., 2020). However, DNA fragmentation
does not always evolve into apoptosis, not infrequently cells with altered
DNA escape cellular control mechanisms by inheriting mutations which
in the case of germ cells translate into the transfer of genetic defects to
offspring (Sengupta et al., 2023). Epigenetic changes with trans-
generational effects are the most worrying repercussions, in fact, envi-
ronmental disorders determine changes in the maturation of sperm
chromatin by modifying gene transcription without modifying the DNA
sequence through epigenetic processes (Delbes et al., 2010; Lombo et al.,
2019). This poses even more concerns on transgenerational effects of
paternal PS-MPs exposure.

In addition to these results, following treatment with PS-MPs, sperm
agglutination was observed. Sperm agglutination generally occurs in
cases of immunological infertility. This condition is characterized by the
presence, within the seminal fluid, of anti-sperm antibodies which,
recognizing them as foreign, bind to them and, therefore, act as a bridge
in the bond between two spermatozoa (Leathersich and Hart, 2022). In
this research, the possibility of immunological infertility was excluded,
as the sperm agglutinates were absent in the untreated samples and were
detected exclusively after treatment with microplastics. Therefore, it is
assumed that agglutination is caused by the presence of PS-MPs which,
thanks to their own characteristics and the environment in which they
are found, adhere to the sperm cell membrane, resulting in the formation
of an aggregate of spermatozoa. In fact, recent literature studies have
highlighted that the intrinsic chemical-physical characteristics of
microplastics grant them an aggregation capacity, generally influenced
by the ionic strength and electrolytic valence of the surrounding me-
dium (Shams et al., 2020).

Therefore, in agreement with those reported in the literature con-
ducted on other experimental models, PS-MPs affect P. lividus male
fertility through their cytotoxic and genotoxic action on spermatozoa. In
particular, the data obtained provide new insights into the deleterious
effects of PS-MPs on marine life, revealing the vulnerability of P. lividus
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spermatozoa to such compounds. It is therefore possible to conclude that
environment exposure to PS-MPs can represent a risk to exposed or-
ganism’s fertility creating an oxidative environment that affects the
normal structure of sperm chromatin with consequent DNA fragmen-
tation and alteration in normal seminal parameters.

However, further studies will certainly be necessary to confirm the
data obtained and the damage hypotheses advanced. More precisely, it
will be essential to verify, with more advanced tools i.e. spectroscopic
analytical techniques (UV-Vis and FT-IR), Scanning Electron Micro-
scopy (SEM), and with higher concentrations and at longer exposure
times the ability of PS-MPs to aggregate together, bind to the sperm
membrane and form bridges between spermatozoa, blocking movement,
as well as to cross membranes and induce intracellular damage.
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