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A B S T R A C T

Polystyrene micro- and nanoplastics (MNP) are persistent pollutants in aquatic environments worldwide. Once 
ingested, they accumulate in tissues and induce oxidative and cellular stress responses, leading to various adverse 
effects. However, their impacts on invertebrate reproductive systems remain poorly understood. In this study, we 
examined the effects of 5 μm microplastics (MP) and 0.1 μm nanoplastics (NP) on the ovaries of Mytilus gallo
provincialis, a species commonly used as a bioindicator of coastal pollution. Both particles increased reactive 
oxygen species and lipid peroxidation while decreasing superoxide dismutase 2 expression. The redox imbalance 
was closely associated with significant changes in protein expression and cytoskeletal organisation. Disruption of 
vimentin and tubulin expression occurred alongside a displacement of cytosolic actin. Especially in ovaries 
exposed to NPs, these effects were accompanied by a markedly reduced oogonial proliferation and a higher rate 
of oocyte atresia. Caspase-3 activity and the BCL2 antagonist/killer Bak BAK expression corroborated these 
findings. Lectin-based analyses revealed significant changes in fucose, mannose, and N-acetylglucosamine resi
dues in oocytes and adipogranular cells, confirming disturbances in protein glycosylation. Overall, the combined 
biochemical, structural, and molecular evidence suggests that both MP and NP severely disrupt oocyte matu
ration and diminish reproductive potential in M. galloprovincialis. Given mussels' ecological role as essential 
benthic filter feeders and sentinel organisms, these findings raise concerns about potential long-term impacts on 
population dynamics and coastal ecosystem resilience and highlight the urgent need for risk mitigation measures.

1. Introduction

Microplastics and nanoplastics (MNPs) are pollutants found in all 
aquatic environments, especially in densely populated areas such as 
coasts, rivers, and lakes (Talbot & Chang, 2022; Upendra & Kaur, 2023). 
Tides, winds, and currents aid in dispersal, and as a result, MNPs have 
reached even the most remote polar regions (Pellegrino et al., 2025).

Due to their small size, MNPs are easily mistaken for prey, especially 
by zooplanktonic organisms (Valdez-Cibrián et al., 2024), larvae (Ng 
et al., 2022), and filter feeders (Weber et al., 2021). Once ingested, 
particles cross the gut epithelium (Donkers et al., 2022) and, via 

circulation, reach different organs and tissues, accumulating 
(Habumugisha et al., 2024). The contaminated organisms are then 
preyed upon, spreading contamination throughout the food chain (Ziani 
et al., 2023).

In tissues, MNPs cause significant oxidative stress (Hu and Palić, 
2020), activate the immune system (Lopez and Lamarre, 2025) and 
induce apoptosis (Xue et al., 2024). MNPs also alter DNA (Ernhofer 
et al., 2025), leading to genotoxicity (Shi et al., 2022) and cytotoxicity 
(Romano et al., 2025b).

MNPs also affect reproduction and gametogenesis (Yang and Wang, 
2025). In particular, MNPs interfere with gonial recruitment and meiosis 
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progression, thus reducing fecundity (Pujol et al., 2025; Balali et al., 
2024) and impairing fertilisation (Contino et al., 2023).

Despite the growing number of studies on MNP toxicity, the mech
anisms underlying the distinct biological effects of microplastics and 
nanoplastics remain poorly understood. In particular, differences in 
their interactions with cellular structures, including their ability to 
penetrate tissues, interfere with cytoskeletal organisation, and affect 
specific organelles involved in gametogenesis, remain largely unex
plored. Addressing these aspects is essential to better understand their 
impact on reproductive tissues (Yang et al., 2023).

This study examined the effects of 5 μm (MP) and 0.1 μm (NP) 
polystyrene beads on the ovaries of Mytilus galloprovincialis. Mussels are 
filter-feeding species; they inhabit highly contaminated inshore waters 
and, thereby, accumulate MPs and NPs in their tissues (Gagné et al., 
2023). By adopting a comparative, multidisciplinary approach, we 
quantified oxidative stress and assessed the onset of associated fibrosis 
(An et al., 2021) by staining collagen with Picrosirius Red (Motta et al., 
2024). The potential pro-apoptotic effects of MNP exposure were esti
mated by measuring changes in caspase-3 activity and Bak expression 
(Migliaccio et al., 2019) and by conducting cytohistological analyses of 
the resulting tissue damage. Particular attention was paid to the effects 
exerted on vinculin, tubulin, and actin. MNPs interfere with cytoskeletal 
components in vertebrate liver (Zheng et al., 2025), skin (Schmidt et al., 
2023) and ovaries (Haddadi et al., 2022), but no information could be 
found for mussel oocytes. In parallel, we verified changes in the pre
sence/distribution of carbohydrate residues, using fluorescent lectins 
Con A, UEA I, and WGA (Motta et al., 2022). Oogenesis is characterised 
by changes in sugar content (Motta et al., 2005), and polystyrene 
microplastics were reported to modify sugar residues present in yolk 
platelets n the crustacean Artemia salina (Motta et al., 2025).

2. Materials and methods

2.1. Animal care and treatments

Specimens of Mytilus galloprovincialis (average shell length: 6.60 ±
1.25 cm, n = 189 in total) were sourced from commercial suppliers 
during their reproductive season (December 2021 and March 2022; 
Rosati et al., 2019). They were maintained in 100 L tanks filled with 
artificial seawater (Instant Ocean Sea Salt, salinity 38 ± 1‰), at 18 ±
1 ◦C under a natural photoperiod (10 h light/14 h dark) as described by 
Motta et al. (2018) and fed marine zooplankton and phytoplankton 
formulated for aquarium use (Seachem Reef). An external pump con
nected to an oxygenator ensured proper water circulation and oxygen
ation. No biological or chemical filtration systems were used to avoid 
adsorption of microplastics (MPs) and nanoplastics (NPs) by filtering 
materials.

Mussel health was closely monitored, and no mortality was observed 
during the acclimation or exposure periods. Ethical approval was not 
required for this species; however, all procedures were conducted in 
accordance with animal welfare principles, minimising stress and the 
number of animals used.

After 5 days of acclimation, mussels (n = 63 per triplicate experi
ment) were randomly divided into three groups of 21 animals: control, 
MP exposure, or NP exposure. Each group was further split into three 
subgroups of 7 animals, which were randomly allocated to 20 L poly
carbonate tanks (Motta et al., 2018). Exposures lasted for 1, 3, or 11 
days. During the first two, water was not replaced, whereas for the 
11-day exposure, the water was replaced entirely on day 5.

Polystyrene MPs (5 μm; 1 × 107 particles/mL) and NPs (0.1 μm; 1 ×
109 particles/mL; 0.55 μg/L) were obtained from Thermo Scientific™ 
(Duke Standards™ 2000 Series Uniform Polymer Particles). For the 
treatments, the particles, in distilled water, were diluted to the envi
ronmentally realistic concentrations of 1 × 102 particles/mL for MPs 
(6.8 μg/L polystyrene; Leusch & Zijahromi, 2021; Vroom et al., 2017) 
and 2.2 × 104 particles/mL for NPs (0.012 ng/L polystyrene; Leusch & 

Zijahromi, 2021; Capolupo et al., 2021).

2.2. Oxidative stress parameters

To test the pro-oxidant effect of PS-MNPs, gonadal tissue was 
homogenised in cold-ice lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 
1 mM EDTA, 1% Triton X-100).

ROS levels were measured by monitoring the ROS-induced conver
sion of 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA, a non- 
fluorescent compound) into dichlorofluorescein (DCF, a fluorescent 
compound), as reported by Driver et al. (2000). Homogenate aliquots 
containing 25 μg of protein were incubated in 200 μl of 0.1 M monobasic 
phosphate buffer, pH 7.4, for 15 min in the presence of 10 μM DCFH-DA. 
Fecl3 was added to achieve a final concentration of 100 μM; the mixture 
was then incubated for 30 min. A 96-well plate reader was used to detect 
the conversion of DCFH-DA to the fluorescent product DCF (λex 485 nm, 
λem 530 nm). The conversion of DCFH to DCF in the absence of gonadal 
homogenate served as a background fluorescence control. A standard 
curve of DCF was utilised to calculate nmol DCF formed.

Oxidative damage to lipids was measured spectrophotometrically by 
assessing TBAR levels in total tissue homogenates, following the method 
described by Aguilar Diaz de Cerio et al. (2020). Briefly, homogenates 
containing 0.5 mg of protein were incubated with thiobarbituric acid 
solution at pH 4 and heated at 95 ◦C for 1 h. The samples were then 
centrifuged and read at 535 nm using a microplate reader. A standard 
curve of malondialdehyde (MDA), the final product of lipid peroxida
tion, was used for quantification.

2.3. Protein extraction, electrophoresis and gel staining

Gonadal fragments were washed with PBS 1x and lysed in cold-ice 
lysis buffer solution (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 
1% NP40) supplemented with phosphatase inhibitors (2 mM NaOVa, 
100 mM NaF, 20 mM NaPPi), deacetylase inhibitors (5 mM Nicotin
amide, 1 mM Na-butirrate), and protease inhibitors cocktail (Roche; 1 
tablet per 10 mL of lysis buffer). The lysate obtained was centrifuged at 
12000×g for 10 min. The protein content of the resulting supernatant 
was quantified by using the Pierce BCA Protein Assay Kit (Thermo 
Scientific).

About 35 μg proteins were denatured in 2x loading buffer (final 
concentration: 120 mM Tris HCl, pH 6.8, 20% glycerol, 4% SDS and 
0,05 mM DTT) at 95 ◦C and loaded onto a SDS-polyacrylamide gel 
together with prestained protein markers (Spectra Multicolour Broad 
Range Protein Ladder, 10,000–240,000 Da). After running, proteins 
were stained with Coomassie blue.

To detect glycosylated proteins, unstained gels were incubated in 
0.5% periodic acid for 15 min, washed in distilled water, and stained 
with Schiff reagent for 5 min in the dark. Gels were destained in 0.5% 
sodium metabisulfite until bands appeared clearly.

2.4. Western Blot analyses

Unstained gels were transferred to a PVDF membrane (Immobilon-P, 
Millipore, 0,45 μm, Schwerzenbach, Switzerland) at 350 mA for 60 min.

The membranes were blocked in blocking buffer solution (BBS; 1% 
Tween-20, 5% milk in 1x PBS) for 60 min at room temperature and 
incubated overnight at 4 ◦C with the antibody of interest. On the second 
day, the membranes were washed in 1% Tween-20 in 1x PBS and 
incubated for 1 h at room temperature with the secondary antibodies 
diluted 1:10000 in BBS. 1x PBS/1% Tween-20, 5% milk. After washing 
in 1% Tween-20 in 1x PBS, the labeled proteins were detected with the 
ECL system (Amersham ECL Western Blotting Detection Reagent) using 
the iIBright 1500 (Thermo Fisher Scientific) system. Densitometric 
analysis of band intensities was performed using the ImageJ software 
(version 1.54p, released February 18, 2025) and normalized to the 
corresponding internal control GAPDH.
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Primary antibodies used for analyses were: Bak (sc-517390, Santa
cruz biotech, 1:1000); SOD2 (#PA5-30604, Invitrogen, 1:1000); vin
culin (NBP1-47065, Novus Biological, 1:1000); tubulin (ab4074, 
Abcam, 1:2000). GAPDH (14952382, Invitrogen, 1:1000) was used as 
loading control of proteins in each sample. Secondary antibodies were 
peroxidase-conjugated anti-rabbit and anti-mouse (Peroxidase-Affini 
Pure Donkey, Biorad Laboratories) diluted 1:10000.

2.5. Caspase 3 activity detection

To detect apoptosis, the Caspase 3 Assay Kit, Colourimetric, from 
Sigma-Aldrich (CASP3C-1 KT) was used. Sample preparation and test 
were performed as indicated by the manufacturer. Briefly, 10 μL of 
gonad lysates were incubated in 1X assay buffer in the presence of the 
caspase 3 substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD- 
pNA). The hydrolysis of the substrate by caspase 3 results in the release 
of p-nitroaniline (pNA), which turns the buffer yellow. pNA absorbance 
was read at 405 nm. The absorbance of pNA was normalized with pro
tein content in each sample. To calculate the pNA concentration in 
samples, a calibration curve prepared with pNA standards was used.

2.6. Histological analyses

a) Section preparation. Gonad samples (n = 3 per treatment per triplicate 
experiment) were collected at different exposure times, fixed in 
Bouin's (24 h), and embedded in paraffin according to standard 
protocols (Simoniello et al., 2010). Sections of 5 μm were stained 
with Haemalum-Eosin to show the general morphology or with 
Mallory trichrome (modified according to Galgano) to show cyto
skeletal details (Motta et al., 2018).

b) Collagen staining. Collagen deposition was highlighted by Picrosirius 
red staining (Rosati et al., 2023). Paraffin sections were deparaffi
nized, rehydrated through a graded ethanol series, and stained with 
0.1% Sirius Red F3B (Direct Red 80, Sigma-Aldrich, Milan, IT) in a 
saturated aqueous picric acid solution for 1 h at room temperature. 
Sections were then washed twice in acidified water (0.5% acetic 
acid) to remove unbound dye, dehydrated rapidly in absolute 
ethanol, cleared in xylene, and mounted in DPX. Slides were 
observed under bright and UV light. All images were acquired using a 
Zeiss Axiocam camera mounted on a Zeiss Axioskop microscope 
(Zeiss, Jena, Germany).

c) F-Actin Staining. Actin filaments were detected by staining with Texas 
Red©- X phalloidin (Molecular Probes Invitrogen Detection Tech
nologies, Eugene, Oregon, USA; 5 μL diluted into 200 μL PBS). All 
images were acquired using a Nikon Eclipse E200 and a Nikon 
Eclipse Ni-U.

d) Lectin staining. Sugar residues were characterised by staining with 
FITC-conjugated lectins (Vector Laboratories Inc., Newark, CA, USA; 
2 μl diluted in 50 μl PBS pH 7.4; Motta et al., 2022). Negative controls 
were prepared by omitting the lectin (to check for tissue auto
fluorescence) or by co-incubating the slides with the lectin and the 
specific competing sugar to verify lectin-binding specificity. Two 
independent observers assessed labelling intensity. Lectins used were 
DBA (Dolichos biflorus agglutinin) for N-acetyl-galactosamine (gal
NAc) and PNA (Arachis hypogaea agglutinin) for terminal galactose 
(gal) (Fogliano et al., 2023). Images were acquired using a Nikon 
Eclipse E200 and a Nikon Eclipse Ni-U.

2.7. Immunohistochemistry

Sections mounted on polylysine glass slides were treated with 10 mM 
citrate buffer, pH 6.0, to unmask antigens and incubated in 2.5% H2O2 
in methanol to block endogenous peroxidase (Agnese et al., 2013). 
Non-specific signals were reduced by incubation in normal goat serum 
for 1 h at room temperature. Slides were incubated overnight at 4 ◦C 
with a primary rabbit anti-human PCNA antibody (Elabscience, 

Bionovation Inc., Rome, IT) at a 1:300 dilution.
The next day, the sections were incubated with HRP-conjugated goat 

anti-rabbit secondary antibody diluted 1:200 in normal goat serum for 1 
h at room temperature, followed by incubation with an avidin-biotin- 
peroxidase complex (ABC Immune Peroxidase Kit, Pierce) for another 
1 h at room temperature. Finally, the sections were stained with dia
minobenzidine as chromogen and counterstained with Meyer's haema
toxylin. Negative controls were obtained by omitting incubation with 
the primary antibody. The reaction was observed using a Zeiss Axioskop 
microscope, and images were acquired with a Nikon Eclipse Ni-U mi
croscope and a Nikon DS-Fi3 camera.

2.8. Analysis of data

After FITC-phalloidin, FITC-lectin and picrosirius red staining, fluo
rescence intensity was evaluated by ImageJ (free version 1.54p, updated 
17 February 2025). Random digital photos (20 × magnification; n = 10 
per treatment) were converted to high-resolution (400 dpi), 8-bit, 256- 
grayscale TIFF images. Density values, determined in n = 75 square 
areas/treatment, were pooled and reported as a percentage of the 
respective control values.

Band intensity for PAS and Coomassie gels staining was evaluated 
using GelAnalyzer 23.1.1 (available at www.gelanalyzer.com) by Istvan 
Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc.

After checking the normal distribution of the data using the Sha
piro–Wilk test (Migliaccio et al., 2024), significance of treatments was 
assessed using the Student's t-test, or one-way ANOVA, followed by a 
Tukey's pairwise comparison test. Statistical analyses were performed 
with GraphPad Prism 9.0 Software (San Diego, CA, USA). The minimum 
level of significance accepted was p < 0.05 (*).

3. Results

3.1. Effects of MNP exposure on oxidative balance and stress

Analyses of total gonadal lysates showed that ROS levels increased 
up to 2.6-fold compared to controls after exposure to MPs for 11 days. 
NPs exposure resulted in an even more significant increase of 3.3-fold at 
1 and 11 days, and 3.7 times at 3 days (Fig. 1A).

A time-dependent increase in lipid peroxidation was also observed 
(Fig. 1B). MP-treated samples showed a progressive increase of 1.9-, 2.1- 
, and 2.6-fold at 1, 3, and 11 days, respectively. NP exposure resulted in 
even higher levels with 2.3-, 2.5-, and 2.9-fold increases at the same time 
points (Fig. 3B). No significant differences in ROS and lipid peroxide 
levels were observed between MPs- and NPs-treated groups.

Oxidative stress was associated with alterations in Mn/SOD2, a key 
mitochondrial antioxidant enzyme and marker of cellular defence 
(Fig. 1C and D). After 1 day of exposure, SOD2 levels increased by 
approximately 1.6 times in MP-treated and 2 times in NP-treated ovaries 
compared to controls. In contrast, exposure for 3 and 11 days led to 
significant reductions. Specifically, MPs reduced SOD2 levels by about 
50% at both time points, while NPs caused a downregulation of 
approximately 45% at 3 days and 73% at 11 days.

3.2. Effects of MNP on protein pattern and protein glycosylation

Exposure to MNPs resulted in significant time-dependent changes in 
protein patterns, with variations in band presence and intensity. After 1 
day of exposure, MP and NP resulted in a 15% and a 53% decrease in the 
band at ~130 kDa, while a 68% and a 16% increase occurred in the band 
at ~120 kDa. Moreover, significant decreases of about 16% and 32% 
were observed for bands of about 20 kDa in MP and NP, respectively. In 
MP, a series of bands also appeared between ~60 and 80 kDa 
(Fig. 2A–A’).

At 3 days, MP exposure caused significant changes in the mid-to low- 
molecular-weight range. In MP samples, two new bands appeared at 
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~45 kDa and ~22 kDa. A generalised decrease in protein band number 
and/or intensity was observed in NPs (Fig. 2B–B’). After 11 days, there 
was a noticeable decrease in the 60-100 kDa bands, accompanied by an 
increase in bands at 40–50 kDa. A ~20 kDa band appeared in MPs, 
whereas in NP, the ~45 kDa band increased in intensity (Fig. 2C–C’).

Exposure to MNPs also caused time-dependent changes in protein 
glycosylation. On day 1, in MPs samples, bands between ~40 and 130 
kDa appeared more intense, while in samples exposed to NPs, the band 
at ~50 kDa significantly decreased in intensity (Fig. 2D–D’).

At 3 days, in MPs, the band at ~50 kDa remained intense, whereas 
bands at higher molecular weights were not. In contrast, NPs showed 
increased glycosylation between ~60 and 130 kDa (Fig. 2E–E’). By day 

11, bands between ~60 and 130 kDa lost glycosylation, while proteins 
around ~40–50 kDa displayed increased glycosylation, especially in NPs 
(Fig. 2F–F’).

3.3. Cytoskeletal protein modifications following MNP exposure

No significant changes in vinculin (Fig. 3A–C) were observed 
compared to controls at any point after MP exposure. No change was 
observed in the NPs samples at 1 day. In contrast, at 3 and 11 days, the 
expression decreased to one-third and increased by 1.4-fold, 
respectively.

Following MP exposure, tubulin (Fig. 3B and C) remained unchanged 

Fig. 1. Effects of MPs and NPs exposure for 1, 3, or 11 days on oxidative stress parameters. Total ROS (A), lipid peroxides (B), and SOD2 expression (C). Repre
sentative Western blot for SOD2 and the loading control GAPDH (D). Data are means ± SEM. (One-way ANOVA; different letters indicate statistically significant 
differences at p < 0.05).

R. Romano et al.                                                                                                                                                                                                                                Environmental Pollution 399 (2026) 128160 

4 



at 1 day, and increased 2.3-fold at 3 days, and 9.3-fold at 11 days. In NP- 
treated samples, tubulin rose 2.3-fold on day 1 and 3.3-fold on day 11, 
decreasing to about one third on day 3.

At the cytological level, changes in the cytoskeleton were confirmed 
by notable alterations in the oocyte cytoplasm. After staining with FITC- 
phalloidin, in control ovaries, the F-actin was concentrated around the 
yolk platelets, thus giving the cytoplasmic fluorescence a granular 
appearance (Fig. 3D). Following exposure to MNP, from day 3 onwards 
(Fig. 3E), the labeling gradually dispersed and fluorescence evenly 
spread across the entire cytoplasm (Fig. 3F). Quantitative analyses 
confirmed the dispersion of actin into the cytoplasm, with more pro
nounced effects on fluorescence levels observed for MP at 11 days of 
exposure (Fig. 3G).

3.4. Effects of MNP exposure on apoptosis and cell proliferation

Results showed a time-dependent increase in caspase-3 activity 
(Fig. 4A–C) and BAK expression (Fig. 4B andC). Specifically, in MP 
samples, the activity rose 17-fold on day 3 and 24-fold on day 11. Bak 
expression increased 3-fold on both day 3 and day 11. No effects were 
observed on day 1. In contrast, NPs activated caspase 3 as early as day 1 
with a 2.7-fold increase, and the effect grew stronger on days 3 and 11, 
reaching a 20-fold increase. Bak showed a 2-fold rise on days 1 and 3, 
and a 2.5-fold increase on day 11.

In control samples (Fig. 4D), in samples exposed to MPs (Fig. 4E), 
and in those exposed to NPs for 1 or 3 days (data not shown), 

proliferating nuclear antigen PCNA was localised in the nuclei of 
proliferating oogonia and early-growing oocytes. In larger oocytes, the 
nuclei showed a reduced labeling while an intense perinuclear staining 
was observed (Fig. 4E inset). No difference was noticed between healthy 
and atretic oocytes (Fig. 4E and F). In the NPs samples exposed for 11 
days (Fig. 4F), no differences were observed in large oocytes with 
respect to control. The small oocytes, located into or close to the con
nective wall, were always unstained. In all samples, occasional adi
pogranular (Fig. 4D) but not vesicle cells (Fig. 4E) showed positivity.

3.5. Effects of MNP exposure on ovarian follicle morphology

In controls, approximately half of the ovaries were in the peri- 
ovulatory stage (Fig. 5A), characterised by follicles filled with mature 
eggs. Few atretic oocytes exhibited dense cytoplasm. The mantle con
tained large vesicular connective cells (VCT), whereas the adipogranular 
cells (ADG) were reduced in size. The other half of the ovaries was be
tween the post-ovulatory phase (follicles nearly empty; Fig. 5B) and the 
early growth phase (Fig. 5C). The latter contained early-growing oocytes 
often in contact with small, hypertrophic ADG cells (Fig. 5D). No sig
nificant differences were observed among days 1, 3, and 11 (Fig. 5P).

On day 1, in mussels exposed to MPs, follicles showed an increased 
number of atretic oocytes. As in controls, they displayed a moderately 
altered shape and clear cytoplasm (Fig. 5E). In contrast, on days 3 and 
11, the number of atretic follicles increased (Fig. 5P) and, most relevant, 
they contained altered oocytes, with sparse residues in the lumen 

Fig. 2. Effects of MP and NP exposure for 1, 3, or 11 days on gonadal total protein extracts. (A–C) Coomassie-stained gels and (A′-C′) corresponding relative protein 
band intensities. Protein glycosylation profiles are shown in (D-F) PAS-stained gels and (D′-F′) the corresponding relative band intensities. Red and green asterisks 
indicate bands with decreased or increased intensity, respectively. Protein band intensities determined with GelAnalyzer 19.1. (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. Cytoskeletal proteins vinculin (A, C), tubulin (B, C), and actin (D-G) in ovaries exposed to MPs or NPs for 1, 3, or 11 days. (A-B) Quantitative analysis of 
protein expression. (C) Representative Western blots for vinculin, tubulin, and the loading control GAPDH. (D-F) Representative images of actin dispersal within the 
oocyte cytoplasm. Actin surrounding yolk globules (arrow) or spread in the cytosol (*); nuclei (n). Staining with FITC-phalloidin; bars 5 μm. (G) Quantification of 
oocyte fluorescence using ImageJ (free version 1.54p, updated 17 February 2025). Data are means ± SEM for WB data or SD for fluorescence intensities. Different 
letters indicate statistically significant differences determined by ANOVA (p < 0.05). Asterisks (*) denote significant differences according to Student's t-test (p <
0.05). Fig. 3
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(Fig. 5F). At higher magnification, apparently healthy oocytes showed 
large, clear areas in the cortical cytoplasm (Fig. 5K) and/or dense treads 
forming a sort of cytosolic net (Fig. 5M). The nuclei displayed indented 
contours and occasional dense patches of chromatin (Fig. 5L), features 
not observed in control oocytes (Fig. 5D). In the connective tissue, from 
day 3, dispersed haemocytes increased and patches of inflammatory 

tissue became common (Fig. 5I).
Following the NPs' exposure, marked alterations were observed from 

day 1 (Fig. 5P). The follicles mostly contained atretic oocytes and 
abundant dispersed residual material (Fig. 5G). Haemocyte infiltration 
was relevant in both the follicular lumen (Fig. 5H) and the connective 
tissue (Fig. 5J). Higher magnification confirmed the occurrence of 

Fig. 4. Apoptosis and proliferation markers in ovaries exposed to MPs or NPs for 1, 3, or 11 days. (A-B) Quantitative analysis of caspase 3 activity and BAK 
expression. (C) Representative Western blots for BAK and the loading control GAPDH. Data are means ± SEM. Different letters indicate statistically significant 
differences determined by ANOVA (p < 0.05). Asterisks (*) denote significant differences according to Student's t-test (p < 0.05). (D-F) Localisation of PCNA antigen 
in representative control (D), MP (E) and NP (F) samples. Ovarian follicle (f), atretic follicle (af), adipogranular cell (adg), vesicular cells (vc). Labeling on the nucleus 
(arrow), cytoplasm (*) or perinuclear cytoplasm (dotted arrows). In F) notice the absence of nuclear labeling (double arrow) in small oocytes. Mild counterstain with 
haemalum; bars: 50 μm.
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significant alterations in the cytoskeletal structure and, in particular, the 
formation of a net of dense threads (Fig. 5N and O).

3.6. Effect of MNP on carbohydrate residue distribution

In all specimens exposed to MNP, significant alterations in carbo
hydrate distribution were consistently observed in the oocytes and 
adipogranular cells (Fig. 6). In controls, staining with fluorescent lectins 
showed that mannose, fucose, and glcNAc localised in the zona pellucida 
and in small cortical granules (Fig. 6A–A1). Notable labelling was also 
observed on scattered granules of adipogranular cells (Fig. 6B, B1).

Following MP exposure, mannose was dispersed in the oocyte cyto
plasm (Fig. 6A–A2), and fucose disappeared (Fig. 6A–A3). At the same 
time, glcNAc did not change localisation compared with controls 
(Fig. 6A–A1). Adipogranular cells (Fig. 6B) exhibited cytosolic granules 
positive to negative for mannose and fucose and negative for glcNAc 
(Fig. 6B1-B2). Exposure to NPs apparently did not induce significant 
changes in labelling localisation in oocytes (Fig. 6A–A1). In adipogra
nular cells (Fig. 6B), mannose and fucose did not change localisation 
(Fig. 6B1), while glcNAc positivity disappeared on day 11 (Fig. 6B2).

Quantification of fluorescence showed that, in addition to changes in 
localisation, labelling intensity also varied. Compared with control oo
cytes, MPs (Fig. 6A4, A5) reduced mannose, fucose, and GlcNAc, 
regardless of whether they were cortical or cytosolic. NPs, on the other 
hand, decreased these three sugars at day 3 (Fig. 6A4) but exhibited 
different effects on day 11, since increased mannose and decreased 
fucose and glcNAc (Fig. 6A5). In adipogranular cells (Fig. 6B3, B4), MPs 
consistently reduced fluorescence intensity. In contrast, NPs reduced 

mannose and GlcNAc but increased fucose.

3.7. Effect of MNP exposure on collagen distribution

In control specimens (Fig. 7A–A1), no matter the day of treatment, 
collagen formed a fine meshwork surrounding the follicles and the 
adipogranular and vesicular cells.

In mussels exposed to MPs (Fig. 7B, B1) but above all to NPs (Fig. 7C, 
C1), collagen fibres were denser, more compact, especially on day 11. 
Fluorescence quantification (Fig. 7D–F) confirmed the cytological 
evidence.

4. Discussion

The present study shows that exposure to MNPs induces significant 
oxidative stress in ovaries, confirming previous findings in the gonads of 
different species (Wang et al., 2019; Wu et al., 2025) and in tissues 
(Romano et al., 2025a).

Unexpectedly, no significant differences were observed in ROS and 
lipid peroxides between exposures to MPs and NPs. This apparently 
contrasts with the notion that toxicity increases while particle size de
creases. Small particles easily penetrate cells (Shi et al., 2025) and, by 
exposing a larger surface area, release large quantities of leachate. 
Polystyrene MNPs, in fact, release phthalates and bisphenols (Gulizia 
et al., 2023) and volatile organic compounds (Beel et al., 2023), such as 
xylene, benzene, and benzaldehyde, pro-oxidants interfering with the 
female reproductive system (Suaidi et al., 2022). Polystyrene also re
leases substantial amounts of styrene (Motta et al., 2025), another 

Fig. 5. Alterations in ovaries exposed to MPs or NPs for 1, 3, or 11 days. Representative images of control (A-D) ovaries and damage in exposed ovaries (E-O), with 
relative frequencies (table). Pre (A) and early post (B) follicles (f) containing mature eggs (e), atretic oocytes (arrows). Vesicular cells (vc) in the connective tissue. C) 
Early growing follicles with oogonia and early oocytes (o). D) Detail of contact between oocyte and adg cells. E) Growing early oocyte (arrow) with occasional atretic 
oocytes (oocyte). Dense cytoplasm (*); haemocyte (dotted arrow). F-G) Altered follicles (af) showing abundant dispersed materials. Atretic oocyte (arrows; hae
mocytes (dotted arrows). H) Altered follicle (af) with haemocyte infiltration (*). I) Patch of inflammatory tissue (*). Atretic oocyte (arrow). J) Haemocytes (dotted 
arrow) infiltrated among hyperthrophic adipogranular cells (adg). K) Oocytes with anomalous cortical areas (arrows). Notice the regular nuclear contour (n). L) 
Group of oocytes with indented nuclei (dotted arrows), dense chromatin patches (arrows). Nucleus (n), nucleolus (nu). M) Oocyte with a dense cytosolic net of 
threads (*). Nucleus (n). N-O) Oocytes showing dense cytosolic filaments (arrows). Indented nucleus (dotted arrow), adipogranular cells (adg). Haemalum - eosin 
staining (A-I, L, N-O); trichrome staining of Galgano (J, M). Bars: 100 μm (A-C); 50 μm (E-I); 25 μm (J); 10 μm (D, K-O). P) Table reporting the frequencies (in %) of 
the observed alterations in ovarian anatomy.

Fig. 6. Effects of MPs and NPs exposure for 1, 3, or 11 days on the presence and distribution of mannose, fucose, and N-Acetyl glucosamine in ovaries. Table (A-B) 
and representative images (A1-B2) showing fluorescence localisation in oocytes (A1-A3) and adipogranular cells (B1-B2). Quantification of fluorescence intensity in 
oocytes (A4-A5) and adipogranular cells (B3-B4). Staining with FITC-labeled lectins Con A, UEA I, and WGA. Fluorescence quantifications; values are means ± SD, 
obtained using ImageJ (free version 1.54p, updated 17 February 2025). Different letters indicate statistically significant differences determined by one-way ANOVA 
(p < 0.05). Asterisks (*) denote significant differences according to Student's t-test (p < 0.05).
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pro-oxidant that affects reproduction (Brown et al., 2000). In the ex
periments conducted, the NPs are 220-fold more numerous than MPs but 
50 times smaller, thereby exposing a surface approximately 10 times 
smaller.

Another possible explanation for this result is that the more intense 
insult caused by NPs activated stronger defence mechanisms, as indi
cated by SOD2 upregulation on day 1 (Zaidi et al., 2021). The down
regulation observed in the 3- and 11-day samples, however, contradicts 
the hypothesis, indicating that the effect, if present, was temporary. 
SOD2 is a mitochondrial enzyme, primarily detoxifying superoxide, 
whose activity depends on cell context, signal transduction, and tran
scription factors (NF-κB, Nrf2, FoxO; Ghantabpour et al., 2025). Addi
tionally, it should not be forgotten that mussel oocytes contain ovothiol, 
a non-enzymatic antioxidant that scavenges H2O2 radicals (Diaz de 
Cerio et al., 2020). Therefore, further in-depth investigations are 
required to fully understand the roles of various pro- and antioxidants.

Oxidative stress damages DNA and, consequently, impairs protein 
synthesis and repair (Tang, 2025). In mussel ovaries, this cytotoxic effect 
was evidenced by changes in the protein pattern, with several bands up- 
or downregulated on gels. Results support previous evidence that 
polystyrene alters protein profiles, hindering oogenesis and energy 

metabolism (Gonçalves et al., 2025). Currently, the only proteins whose 
changes were quantified by Western Blot are the cytoskeletal vinculin 
and tubulin. The former acts as an adapter, an intermediate filament that 
anchors actin filaments to the plasma membrane, and is crucial for cell 
cycle progression (Ochoa et al., 2024). The latter forms microtubules, 
which are responsible for spindle formation, and are disrupted by 
oxidative stress (Wuri et al., 2023).

Staining with fluorescent phalloidin confirmed that alterations in 
vinculin and tubulin expression were associated with a partial disrup
tion of the actin cytoskeleton. In control oocytes, actin is concentrated in 
the cortical cytoplasm, and around the yolk platelets and the cortical 
alveoli (Becker & Hart, 1996). Particularly after exposure to NPs, this 
organisation was lost, leading to redistribution throughout the entire 
cytoplasm. The disorganisation of the cytoskeleton is also evident at the 
morphological level. In histological preparations, staining revealed a 
time-dependent appearance of a dense filamentous net in the oocyte 
cytoplasm. Similar retraction and aggregation or collapse of interme
diate filaments toward the cell interior have been described after 
exposure to toxins (Wickstrom et al., 1995). Although no conclusion can 
be reached, it is relevant to consider that intermediate filaments are 
critical for proper cell and tissue homeostasis and for stress responses 

Fig. 7. Mantle fibrosis in mussels exposed to MPs or NPs for 1, 3 or 11 days. A-C1) Representative images showing the distribution of collagen fibres. Collagen 
(arrows) surrounds vesicular (vc) and adipogranular (*) cells. Notice the moderate (B) and significantly (C) compacted fibres in exposed samples. Picrosirius Red 
staining observed under UV light. Scale bars: 50 μm. (D-F) Fluorescence quantifications; values are means ± SD, obtained using ImageJ (free version 1.54p, updated 
17 February 2025). Different letters indicate statistically significant differences determined by one-way ANOVA (p < 0.05). (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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(Pérez-Sala & Quinlan, 2024).
The extensive damage to cytoskeletal organisation would signifi

cantly interfere with oocyte structure and function (Tatíčková et al., 
2023), particularly oogonial proliferation. Mitosis, in fact, requires tu
bulins for the mitotic spindle and actin for the contractile ring that 
separates the two sister cells during cytokinesis. Immunocytochemical 
investigations indicate that PCNA-positive nuclei in oogonia and 
early-growing oocytes are markedly reduced in number, especially in 
samples exposed to NPs.

The altered cytoskeleton also explains the oocytes with indented 
nuclear contours. Shape is maintained by the nucleoskeleton and the 
nuclear lamina, in particular, whose major component is another in
termediate filament, the lamins. The lamina contributes to maintaining 
nuclear integrity and function (Patil & Sengupta, 2021), including DNA 
repair and replication (Pu et al., 2021).

Oxidative stress (Giannessi et al., 2025) and cytoskeletal anomalies 
(Solomon et al., 2022) would account for the increased number of 
degenerating oocytes. Oocyte selection occurs via apoptosis to prevent 
inflammation and facilitate recovery of materials (Haanen & Vermes, 
1995). The activation of apoptosis in mussel ovaries is demonstrated by 
the increased caspase 3 activity and BAK expression. However, the 
dispersion of waste materials in the follicle lumen suggests that other 
degenerative processes were activated. Ferroptosis is a possibility, as it is 
associated with high levels of oxidative stress and lipid peroxidation 
(Zhou et al., 2025) and, more importantly, determines plasma mem
brane rupture (Han et al., 2025). The evidence of inflammation, on the 
other hand, supports the onset of pyroptosis (Hou et al., 2021). The 
presence of the relative markers is under investigation.

Staining with picrosirius red confirmed the onset of inflammation, as 
it showed moderate but significant fibrosis (Ramos-Tovar & Muriel, 
2020). The consequences of collagen fibre compaction remain uncer
tain, but increased stiffness of the mantle connective tissue might affect 
the mechanical and trophic support for the ovarian tissue. Significant 
that ovarian stiffness in mammals has been associated with ovarian 
ageing (Zaniker et al., 2024). At the molecular level, ovarian fibrosis has 
been associated with the activation of the WNT/β-catenin and 
TGF-β/Smad pathways (Cen et al., 2025). Both regulate cell prolifera
tion, differentiation and tissue homeostasis, and control follicular 
development. Fibrosis, therefore, contributed to the observed impair
ment of oocyte quality (Harwood et al., 2008; Ji et al., 2023).

PAS staining of gels and lectin-based analyses provided additional 
insights into the impact of MNPs on mussel oogenesis. Marked effects on 
protein glycosylation patterns were observed, suggesting modifications 
in post-translational pathways. Lectin staining confirmed the presence of 
mannose, fucose, and glcNAc residues in the oocytes (Motta et al., 2021; 
Rosati et al., 2023) and highlighted significant variations in 
MNPs-treated samples. The exact consequence of such variations is not 
clear at the moment. However, fucose and mannose are essential in egg 
interaction with the sperm (Macedo et al., 2007), while glcNAc, a 
component of hyaluronan, has putative roles in providing structure to 
the egg extracellular matrix (Magerd et al., 2022). As a cytoplasmic 
component, glcNAc is involved in oocyte maturation and ageing (Li 
et al., 2024) and controls reactive oxygen species levels, cortical granule 
exocytosis, and early embryonic development (Lee et al., 2021).

Alterations in carbohydrate composition were also detected in adi
pogranular cells, which provide nutritive support to developing oocytes 
(Berthelin et al., 2000). This implies a possible impairment of the reserve 
storage process and consequent impact on embryo development. 
Conversely, vesicular cells remained unaffected, in agreement with their 
role in storing glucose in inactive forms (Lenoir et al., 1989). Taken 
together with the oocyte structural damages, this evidence suggests 
reduced fecundity, as already reported, for example, in fish (Wang et al., 
2019), molluscs (Kumari et al., 2023) and copepods (Kim et al., 2022).

5. Conclusion

In conclusion, the data suggests that both MPs and NPs have rapid, 
complex effects on the ovary of Mytilus galloprovincialis. Oxidative stress 
damages the cytoskeleton and alters protein expression and glycosyla
tion patterns, leading to oocyte dysfunction with unpredictable conse
quences on fertilisation and embryo development.

Interestingly, no significant difference was observed in responses to 
MPs and NPs, despite the differences in particle size and concentration. 
This clearly indicates that further investigations are required to fully 
evaluate the toxicokinetics and toxicodynamics of MNPs. In particular, it 
is essential to deepen our understanding of the endocrine-disruptive 
effects and to clarify the molecular pathways involved in the observed 
cellular alterations.

Both aspects are highly relevant, as toxicants that affect oogenesis 
compromise the stability of natural environments. Mussel beds stabilise 
coastal substrates and provide sheltered niches for adults and larvae of 
many species. A decline in their abundance will seriously threaten the 
resilience of these ecosystems. There are also expected consequences at 
commercial levels, as mussels are among the most traded aquatic spe
cies. Overall, these considerations highlight the need for further inves
tigation and prompt the development of intervention and mitigation 
strategies to reduce MNPs contamination.
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