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Polystyrene microplastics (MP) and nanoplastics (NP) are significant contributors to the pollution of aquatic
ecosystems. Their high persistence, small size, and high potential to enter food chains pose risks to humans and
all living organisms. Mytilus galloprovincialis is a mussel native to the Mediterranean Sea, widely distributed in
coastal environments. As a filter-feeder, it accumulates pollutants, making it a valuable bioindicator and model
organism in environmental monitoring and research. In this work, we used adult mussels to evaluate the cyto-
toxic effects of polystyrene MP (5 um) and NP (0.1 pym) on gill lamellae cyto-anatomy. The animals were exposed
for 1, 3, and 11 days. Results showed increased reactive oxygen species (ROS), oxidative damage to lipids, and in
vitro susceptibility to oxidants on day 3, as well as increased total antioxidant capacity on days 3 and 11. Parallel
histological investigation demonstrated epithelial alterations from day 1, characterised by increased PCNA
expression, particularly in the most exposed frontal epithelium. Marked alterations were also observed in the
connective septa, where collagen deposition and disorganisation were detected. The activation of an immune
response was evident by the increased presence of haemocytes and mucus cells. In all cases, the effects were more
marked after exposure to NP. These results suggest a significant impairment of gill function, particularly in food
collection, as the frontal and front lateral cilia were markedly affected. In conclusion, plastic reduction in the
oceans is an issue that can no longer be postponed; the first step seems to be a more conscious use of this
material.

1. Introduction

The over 335 million tons of plastic produced yearly have trans-
formed the current historical period into the “Plastocene Epoch” (Avio
et al., 2017). Discarded in all environments and degraded by physical,
chemical, and biological factors (Wu et al., 2025), plastics have
contaminated all natural matrices (Bergmann et al., 2019) and, above
all, the seas (Eriksen et al., 2014).

Microplastics (MP; diameter < 5 mm) and nano plastics (NP; diam-
eter < 1 pm) pose a threat since they are often mistaken for food by small
aquatic organisms (Van Cauwenberghe et al., 2015). As a consequence,
MP and NP are found in zooplanktonic species, including chaetognaths
(Rodrigues et al., 2023), copepods (Fibbe et al., 2023), and salps
(Johnston et al., 2023); in benthonic invertebrates (D Costa, 2022;
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Krikech et al., 2023; Kovacic et al., 2024) and in vertebrates, from fish
(Alberghini et al., 2022) to marine mammals (Merrill et al., 2023).
Therefore, plastic particles have infiltrated all levels of the food chain,
either through direct consumption or trophic transfer (Cverenkarova
et al., 2021).

MP and NP negatively affect health, causing mechanical damage (Ali
et al., 2024) and/or fasting (Shiu et al., 2022), or indirectly, by releasing
toxic chemicals. Plastic can adsorb and carry pollutants present in the
environment, such as heavy metals or persistent organic pollutants (La
Nasa et al., 2021; Liu et al., 2022; Costigan et al., 2022). NP toxicity is
particularly relevant since small particles can cross the cell membrane
via energy-independent mechanisms or endocytosis. This may be cla-
thrin- or caveolin-mediated or due to micropinocytosis (Liu et al., 2021),
while MP can be internalised via phagocytosis (Ikuta et al., 2022).
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Once inside cells, both MP and NP can induce the production of
reactive oxygen species (ROS) through different mechanisms (Geremia
et al., 2023). ROS production represents a molecular initiating event
that can lead to cellular damage and alterations in cell functionality.
ROS are very unstable and reactive by-products of cellular metabolism,
comprising radical species, such as superoxide anion and hydroxyl
radical, and non-radical species (H205) that can oxidatively damage
biological molecules (lipids, proteins, and nucleic acids). The cellular
antioxidant system can scavenge ROS in physiological conditions, pre-
serving redox homeostasis. When ROS content overwhelms the antiox-
idant capacity, an oxidative stress condition is initiated (Napolitano
et al., 2021).

Due to their characteristics, MP and NP pose a particularly severe
threat to filter-feeding organisms, such as mussels. Mussels commonly
live in shallow waters and prefer eutrophic areas near estuaries and
large cities. The observed decline in mussel abundance is clear evidence
of the harmful interference that anthropogenic activities exert on coastal
biodiversity (Vaughn and Hoellein, 2018; Benjamin et al., 2022).

Understanding how organisms respond to plastic pollution is urgent;
therefore, this comparative study investigated the histological and
physiological effects of micro- and nano-polystyrene beads on the gills of
Mytilus galloprovincialis. Polystyrene is commonly found in most
everyday products and is one of the primary types of marine waste
(Gongalves et al., 2022).

M. galloprovincialis is the most common mussel in the Mediterranean
Sea and an excellent model organism (Curpan et al., 2022; Habumugisha
et al., 2024). In these animals, the gills also filter food particles, thereby
exposing a large surface of contact and uptake of toxicants (Fogliano
et al., 2023b). Exposure to MP (1 x10? particles/mL) and NP (2.2 x10*
particles/mL) lasted 1, 3, or 11 days. The aim was to detect and compare
early and late effects of MP and NP on gill lamellae. These effects were
assessed using histological and physiological approaches to lay the
foundation for in-depth biochemical and molecular studies.

2. Materials and methods
2.1. Animal care and treatments

Specimens of Mytilus galloprovincialis (valve range 6.60 + 1.25 cm,
n = 63/replicate experiment) were obtained from commercial sources in
the reproductive period (December 2021 and March 2022; Rosati et al.,
2019). Mussels were maintained in 100 L tanks with artificial seawater
(Instant Ocean Sea Salt, salinity 38 & 1 %o) at 18 + 1 °C under a natural
light/dark photoperiod (10 h light/14 h dark) (Motta et al., 2018). They
were fed marine zooplankton and phytoplankton for the aquarium
(Seachem-Reef). An external pump connected to an oxygenator guar-
anteed oxygen levels and water circulation. No biological or chemical
filter was used to prevent the absorption of MP and NP in the filtering
materials. The animal’s well-being was constantly monitored, and no
mortality was recorded. No ethical protocol approval was necessary to
work with this invertebrate species. Care was taken to minimise animal
suffering and to reduce the use of unnecessary animals in the
experimentation.

After 5 days of acclimation, mussels, in groups of 7, were randomly
assigned to control, MP, or NP polycarbonate tanks (20 L/tank; 3 tanks/
treatment; Motta et al., 2018). Exposures lasted for 1, 3 and 11 days. For
the first two treatments, the water was left unchanged; for the latter, the
water was changed on day 5. Polystyrene MP (5 pm; 1 x107 parti-
cles/mL) and NP (0.1 um; 1 x10° particles/mL), purchased from
Thermo Scientific™ (Duke Standards™ 2000 Series Uniform Polymer
Particles), were diluted at final concentrations of 1 x 102 particles/mL
(MP; Vroom et al., 2017) and 2.2 x 10* particles/mL (NP; Capolupo
et al., 2021). The above-described experiment was conducted in tripli-
cate (n = 63 animals per treatment).
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2.2. Redox state evaluation

The gills (n = 3 animals/treatment) were dissected, pooled, weighed,
and homogenised in 10 volumes of ice-cold 0.1 M potassium-phosphate
buffer, pH 7.4, in a Potter-Elvehjem homogeniser set at a standard speed
(500 rpm, 1 min). Protein content in the homogenate was determined
using Bradford reagent according to the manufacturer’s instructions
(Bio-Rad, USA). Aliquots were used to determine ROS levels, oxidative
damage to lipids (Hps), in vitro susceptibility to oxidants, and total
antioxidant capacity (TAC). Measurements were performed in duplicate.

The ROS content was measured spectrofluorimetrically using a
multimode microplate reader (Synergy™ HTX Multimode Microplate
Reader, BioTek), with excitation and emission wavelengths of 485 and
530 nm, respectively. The method was carried out by following the ROS-
induced conversion of 2’,7’-dichlorodihydrofluorescin diacetate to
dichlorofluorescein as per Driver et al. (Driver et al., 2000), with mod-
ifications (Napolitano et al., 2022). The ROS content was expressed as
Relative Fluorescence Units (RFU)/ug protein.

Hps were determined spectrophotometrically according to Heath
and Tappel (1976). The measures were obtained using a multimode
microplate reader (Synergy™ HTX Multimode Microplate Reader, Bio-
Tek) set up at 340 nm, and Hps content was expressed as pmol NADPH
oxidised/ min/mg protein.

Susceptibility to oxidative stress was determined by evaluating
changes in hydroperoxide levels in homogenates treated with iron and
ascorbate (10 min, room temperature; Napolitano et al., 2022). The
reaction was stopped by adding 2, 6-di-t-butyl-p-cresol (BHT), and the
hydroperoxide levels were evaluated according to Heath and Tappel
(1976).

TAC was spectrophotometrically measured at 734 nm using a multi-
mode microplate reader (Synergy™ HTX Mul-ti-Mode Microplate
Reader, BioTek) according to Erel (Erel, 2004) with modifications
(Napolitano et al., 2023). Total antioxidant capacity was expressed as
BHT equivalent/ mg protein.

2.3. Histological analyses

Gill samples (n = 7/treatment) 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 um were
stained with Galgano’s trichrome or haemalum-eosin to show the gen-
eral morphology (Motta et al., 2018) or with Picrosirius red to show
collagen (Rosati et al., 2023). Slides were observed under bright and UV
light. All images were acquired with a Zeiss Axiocam camera applied to a
Zeiss Axioskop microscope (Zeiss, Jena, Germany).

Periodic acid-Schiff (PAS) staining highlighted mucin, glycogen, and
glycoproteins (Motta et al., 2022). Positive cells were counted in 15
randomly taken digital photos (20x magnification). For each experi-
mental group, at least 45 different lamellae were examined. A distinc-
tion was made between frontal and abfrontal epithelia.

Sugar residues were characterised by staining with FITC-conjugated
lectins (Vector Laboratories Inc., Newark, CA, USA; 2 pl diluted in 50 ul
PBS pH 7.4; Motta et al., 2022). Negative controls were prepared by
omitting the lectin (to check for tissue autofluorescence) or
co-incubating the slides with the lectin and the specific competing sugar,
to check for lectin binding specificity. Two independent observers
assessed labelling intensity (Thaer and Sernetz, 2012). Lectins used were
DBA (Dolichos biflorus agglutinin) for N-acetyl-galactosamine (galNAc)
and PNA (Arachis hypogaea agglutinin) for terminal galactose (gal)
(Fogliano et al., 2023b). Images were acquired with Nikon Eclipse E200
and Nikon Eclipse Ni-U.

2.4. 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 % H05 in
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methanol to block endogenous peroxidase (Verderame et al., 2022).
Non-specific signals were reduced by incubation in normal goat serum
(Pierce, Rockford, IL, USA) 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), diluted 1:300 in
normal goat serum. 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 and with
avidin-biotin-peroxidase complex (ABC immune peroxidase kit, Pierce)
for another 1 h at room temperature. Finally, the sections were stained
with diaminobenzidine as chromogen and counterstained with Meyer’s
haematoxylin. Negative controls were obtained by omitting incubation
with the primary antibody. The reaction was observed with a Zeiss
Axioskop microscope, and images were acquired using the Nikon Eclipse
Ni-U microscope and Nikon DS-Fi3 camera.

Positive cell nuclei were counted in 35 randomly taken digital photos
(20x magnification). For each experimental group, at least 50 different
lamellae were examined. A distinction was made among frontal, respi-
ratory and abfrontal epithelia.

2.5. Western Blot

Western Blot validated the specificity of the PCNA antibody. Gills
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(n = 3) were homogenised at 4 °C in 5 mL of RIPA buffer (50 mM Tris-
HCI pH 7.4, 150 mM NacCl, 1 mM EDTA, 10 % NP-40, and protease in-
hibitor cocktail). The homogenates were centrifuged at 7000 g for
10 min at 4 °C, and recovered proteins were quantified using the PIERCE
method. Fifty pg of proteins were run on 13 % SDS/polyacrylamide gels
at 60 mA and stained with Coomassie Blue R-250 (Rosati et al., 2017).
After electrophoresis, the proteins were transferred to a nitrocellulose
membrane at 350 mA for 1 h. The membrane was double blocked at
room temperature, before with 7 % powdered milk dissolved in TBS
1x-Tween for 45 min and after with 7 % BSA in TBS-Tween for 45 min.
Then, the membrane was incubated overnight at 4 °C with the PCNA
antibody diluted in TBS-Tween + 2 % milk at 4 °C. On the second day,
the membrane was washed in TBS-Tween buffer and incubated for 1 h
with peroxidase-conjugated anti-rabbit IgG secondary antibody (Santa
Cruz, Sc-2005) diluted 1: 2000 in TBS-T and 2.5 % milk powder. Finally,
to detect the bands, the membranes were incubated with DAB as chro-
mogen (Roche, 11718096001).

2.6. Data collection and analysis

Redox biomarker data were reported as means + SEM of three ex-
periments (n = 3). Absorbance from skeletal rods stained with Pic-
rosirius red was determined in high-resolution digital photos (400 dpi;
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Fig. 1. ROS content (A), oxidative damage to lipids, Hps (B), in vitro susceptibility to oxidants (C), and total antioxidant capacities, TAC (D) in gills’ homogenates
from Mytilus galloprovincialis exposed to MP or NP for 1, 3, or 11 days. Data are mean values + SD of 3 experiments (n = 3). Significance was assessed using two-way
ANOVA followed by a Tukey post hoc test. Different letters indicate statistically significant differences within the same experimental group; p < 0.05. Asterisks
indicate significant differences among groups; *, p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. CONT: control, MP: microplastics, NP: nanoplastics.
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n = 25/treatment) transformed into 8-bit, 256 grayscale TIFF images.
These were examined using the ImageJ program (free version 1.8.0; last
updated 22 May 2023). Optical density (grayscale) was determined in
n = 85 areas/treatment (see yellow rectangle in Fig. 3F for area size).
Data were expressed as a per cent of control values using the following
formula: data from treatment/data from control *100 (Fogliano et al.,
2024).

GraphPad Prism software version 9 (GraphPad Software Inc., San
Diego, CA, USA) was employed for statistical analysis. A two-way
analysis of variance, followed by a Tukey post-hoc test, was conduct-
ed. The minimum p-value accepted as significant was p < 0.05.

3. Results
3.1. Redox state of gill lamellae

ROS content (Fig. 1A), constant in 1-, 3-, and 11-day control animals,
significantly increased on day 3 in animals exposed to MP (p < 0.01) or
NP (p < 0.001) and returned to control values by day 11.

Hps level (Fig. 1B) and in vitro susceptibility to oxidants (Fig. 1C),
constant in control animals, significantly increased on day 1 (p < 0.05)
in animals exposed to MP, returning to control values on days 3 and 11.
In contrast, in animals exposed to NP, values increased significantly,
reaching a peak on day 3 (p < 0.0001). They were consistently higher
than values registered in the respective controls and MP-exposed
lamellae.
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Total antioxidant capacities (Fig. 1D) did not change in control an-
imals and animals exposed to MP for 1 day. On days 3 and 11, in
contrast, values were significantly higher (p < 0.0001). NP exposure
caused a significant decrease in TAC on days 1 (p < 0.01) and 3
(p < 0.001) and an increase on day 11 (p < 0.0001). Values on days 1
and 3 were significantly lower (p < 0.001 and p < 0.0001) than those
recorded after MP exposure.

3.2. Interference of MP and NP on gill morphology

Control lamellae showed regular epithelia sustained by a connective
skeletal rod (Fig. 2A). In the front lateral area, the cells were cylindrical
and characterised by the presence of long cilia (Fig. 2A). These water
pumps were sustained by basal bodies that made cell cytoplasm
intensely eosinophilic and autofluorescent (Fig. 2B). In the intermediate
area, the epithelium was composed of cuboidal respiratory cells
(Fig. 2A). In contrast, in the abfrontal epithelia, cells returned cylin-
drical and intercalated with occasional secretory cells, rich in intensely
eosinophilic, autofluorescent granules (Fig. 2B).

After exposure to MP, time-dependent morphological alterations
appeared. The most evident was the increased number of secretory cells
(Fig. 2C-E) in the abfrontal epithelium and the appearance of melanin-
rich cells in the respiratory epithelium (Fig. 2F). In the frontal epithe-
lium, ciliary damage was observed, and correspondingly, the cytoplasm
appeared less intensely stained by eosin (Fig. 2D, E).

In specimens exposed to NP, the frontal epithelium was regularly

Fig. 2. Gill morphology in Mytilus galloprovincialis exposed to MP or NP for 1, 3, or 11 days. A) General anatomy of the lamellae showing the frontal (f) and abfrontal
(af) areas. Hemolymph vessel (v), skeletal rod (dotted arrow), frontal (**) and fronto-lateral (*) cilia. B) Autofluorescent ciliated cells (*) and occasional secretory
cells (dotted small arrow). Skeletal rod (dotted arrow). C) Abfrontal (af) zone. Skeletal rod (dotted arrow), lobed hemocytes (dotted small arrow) in vessel (v),
secretory cells (small arrow). D-E) Poorly autofluorescent ciliated cells (*) and increased number of secretory cells (small arrows). Skeletal rod (dotted arrow) and
vessel (v). F) Respiratory epithelium with melanin-rich cells (arrows). Skeletal rod (dotted arrow). G) Reduced autofluorescence in ciliated cells (*). Secretory cells
(small arrow), skeletal rod (dotted arrow), and vessel (v). H) Abfrontal zone; epithelium rich in secretory cells (dotted small arrow). Hemocytes (small arrows) in
vessels. (v). Notice the irregular skeletal rod (*). I) Abfrontal zone showing degraded areas (*). J) Abfrontal epithelium with infiltrated hemocytes (arrows). Secretory
cells (small arrow). cont: control, MP: microplastics, NP: nanoplastics. Galgano’s staining observed under bright fields (A, C, F, H-J) or UV light to show eosin
autofluorescence (B, D-E, G). Scale bars: 15 ym; C and I, 10 um.
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organised (data not shown); however, cilia were shorter, and cytoplasm
autofluorescence was reduced (Fig. 2G). The abfrontal zone showed
marked alterations: it was often enriched in secretory cells (Fig. 2H),
infiltrated with several haemocytes (Fig. 2H) and occasionally dis-
organised (Fig. 2I). Respiratory epithelium showed several melanin-rich
cells (data not shown).

3.3. Effects of MP and NP on skeletal rod collagen

In control lamellae, the rods appeared as a continuous plate,
delimiting the central hemolymph vessel. The frontal and lateral por-
tions were thin (Fig. 3A), with a relatively homogeneous density
(Fig. 3B). In the abfrontal portion, rods were thicker (Fig. 3A) and less
homogeneous (Fig. 3C), especially distally, where they were often also
irregular in shape (Fig. 3C).

No matter the exposure time, the skeletal rods of lamellae exposed to
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MP appeared regular (Fig. 3D), similar to the skeletal rods of control
animals. Under UV light, however, the frontal portion often seemed
loose (Fig. 3E), while the density of the abfrontal portion was irregular.
Occasional epithelial cells were moderately stained (Fig. 3F).

In animals exposed to NP, dose-dependent alterations were observed.
In the frontal zone, after 1 day of exposure, thickened rods and several
intensely stained epithelial cells were already observed (Fig. 3G-H). In
the abfrontal zone, the skeletal rods were thick and very irregular in
shape and density, often completely disorganised distally (Fig. 3G, I).
Several epithelial cells were stained (Fig. 3I). At 11 days, the frontal
portion of the rods was often asymmetrically stained (Fig. 3J, K), while,
in the abfrontal zone, the rods were inhomogeneous and lacked the
distal portion (Fig. 3J, L).

The optical density analysis (Fig. 3M) confirmed the loss of collagen
observed in histological sections. No differences were observed in the
control samples, so values were pooled (Fig. 3M); in contrast, MP

3 CONI
= MP
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5 ¢

1 day

a ! a
b |
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Fig. 3. Collagen in gill skeletal rods of Mytilus galloprovincialis exposed to MP or NP for 1, 3 or 11 days. A, D, G, J) Stained skeletal rod (dotted arrows) lining the
lymph vessel (v). Details of frontal (B, E, H, K) and abfrontal (C, F, I, L) rods. Notice the occasional stained epithelial cells (dotted small arrows; fig. G, H), the
abnormal rods (*, fig. G, I and J, L), and the asymmetrically stained frontal rod (dotted small arrows, fig. J, K). Picrosirius Red staining observed under a bright field
(white background pictures) or UV light (black background pictures). cont: control, MP: microplastics, NP: nanoplastics. Scare bars: 15 um. M) Decrease in optical
density (grey values) in abfrontal skeletal rods. Measures (n = 85/treatment) were obtained in areas such as that shown by the yellow square in Figure F. Values were
expressed as per cent of controls. Different letters indicate significant differences with respect to the corresponding control; p < 0.05. Asterisks indicate significant

differences among groups; *, p < 0.05; ****p < 0.0001.
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exposure caused a 16 % decrease in absorbance on day 11 (p < 0.0001).
The effects of NP exposure were particularly significant (p < 0.0001)
since optical density decreased by 17 % on day 3 and dropped by 27 %
on day 11.

3.4. Effect of MP and NP on carbohydrates

3.4.1. Staining with PAS

In controls, PAS stained an average of 3.3 + 0.6 frontal (Figs. 4A, J)
and 2.0 + 0.6 abfrontal (Fig. 4A, B, J) goblet cells and the skeletal rod
(Fig. 4A, B). No differences were appreciated at different experimental
times (data not shown) so data were pooled (Fig. 4J). After exposure to
MP, on days 1 and 3, the number of goblet cells showed no variation in
the frontal epithelium (Fig. 4C, D, J), while it increased in the abfrontal
epithelium (p < 0.05, Fig. 4E), reaching an average of 6.7 + 0.5 cells
(Fig. 4J). On day 11, the number of goblet cells in both epithelia was
significantly higher (4.9 &+ 0.4 and 5.4 £ 0.3, respectively; p < 0.05)
than the respective controls (Fig. 4J).

Exposure to NP significantly increased the goblet cell number
(Fig. 4J). In frontal epithelia, on days 1 and 3, the average number was
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4.4 cells; on day 11, the value rose to 5.3 + 0.5. In the abfrontal
epithelium, cells increased in number on day 1 (7.2 £ 0.7), then reduced
to 3.9 and 4.6 cells on days 3 and 11, respectively.

3.4.2. Staining with fluorescent lectins PNA and DBA

In controls, the skeletal rod was intensely stained by PNA, indicating
the presence of abundant galactose (Fig. 5A, B). In lamellae exposed to
MP (Fig. 5C) or NP (Fig. 5D), no labeling was detected in rods and
epithelia, no matter the experimental time. Occasional labeled secretory
cells were observed in the abfrontal epithelia of control lamellae
(Fig. 5B) or lamellae exposed to NP (Fig. 5D).

In control lamellae, staining with lectin DBA demonstrated that the
skeletal rod contained abundant galNAc (Fig. 5E). No matter the
experimental time, labeling disappeared from lamellae exposed to MP
(Fig. 5F) but not from those exposed to NP (Fig. 5G). Secretory cells were
unstained (Fig. 5G).

3.5. Proliferating cell nuclear antigen detection by immunocytochemistry

PCNA antibody specificity was first validated by Western blot assay

MP 3d MP 3d

NP 11d NP 11d

Ocont
OMP 1d
OMP 3d
@mp 11d
ENP 1d
mNP 3d
WNP11d

I

frontal epithelium

abfrontal epithelium

Fig. 4. PAS staining of Mytilus galloprovincialis gills exposed to MP or NP for 1, 3, or 11 days. A-B). Stained goblet cells (arrows) and skeletal rods (dotted arrows).
Vessels (v). C and F) Lamellae with stained goblet cells (arrows). Details of frontal (fig. D, H) and abfrontal (fig. E, G, and I) zones. cont: control, MP: microplastics,
NP: nanoplastics. Scale bars: 15 pm. J) Variations in the number of PAS-positive cells; frontal and abfrontal epithelia (n = 45 lamellae/treatment). Different letters

indicate significant differences with respect to controls;
***p < 0.001; ****p < 0.0001.

p < 0.05. Asterisks indicate significant differences between MP and NP;

*p < 0.05;



R. Romano et al.

FITC-PNA LECTIN (gal)

FITC-DBA LECTIN (galNAc)

Ecotoxicology and Environmental Safety 302 (2025) 118683

Fig. 5. Carbohydrate characterisation in gills lamellae of M. galloprovincialis exposed to MP or NP for 1, 3, or 11 days. A) Labeled skeletal rod (dotted arrow) lining
the lymph vessel (v). B) Detail of the abfrontal zone. Notice the labeled secretory cells (small arrows). C) Unlabeled lamellae and rods (dotted arrows). D) Unlabeled
lamellae and rods (dotted arrows) but labeled secretory cells in abfrontal epithelia (small arrows). E and G) Labeled skeletal rod (dotted arrows) and unlabeled
secretory cells (small arrow). Large unlabeled areas (*). F) Unlabeled rods (dotted arrows). Frontal zone (f), abfrontal zone (af), vessel (v). FITC-conjugated lectin
staining observed under UV light. cont: control, MP: microplastics, NP: nanoplastics. Scale bars: A, C, F, 30 um; B, D, E, G, 15 pm.

on mussel gill protein extracts. Results showed a single band of about
34 kDa (Fig. 6A).

In control animals, immunohistochemistry demonstrated that
labeled nuclei were rare in frontal, respiratory and abfrontal epithelia.
Counts indicated an average of 0.2, 0.1 and 0.7 nuclei per lamella,
respectively (Fig. 6B, G) and no changes occurred during the experi-
ments (data not shown). After exposure to MP, positive nuclei increased
in number. The average raised to 0.9 nuclei per lamella in frontal
(Fig. 6C, G) and abfrontal (Fig. 6D, G) epithelia and 0.6 nuclei per
lamella in the respiratory epithelia.

After NP exposure, positive nuclei increased significantly (p < 0.05),
and marked differences were observed in different epithelia. In the
frontal zone, the average number of labeled nuclei rose from 4.5 + 0.1,
on day 1, to a maximum of 7.1 + 0.4 on day 11 (Fig. 6E, G). In the
respiratory epithelia, the number also increased but less dramatically,
reaching a maximum of 1.9 + 0.1 nuclei per lamella on day 11 (Fig. 6G).
In the abfrontal epithelium, the average number significantly decreased
onday 1 (p < 0.05, 0.2 nuclei per lamella), increased on day 3, with 1.2
+ 0.2 labeled nuclei per lamella (Fig. 6F, G), and decreased on day 11.

4. Discussion

Given their constant contact with the external environment and dual
function in respiration and filter feeding, gills are a primary target for
environmental pollutants. In our investigation, exposure to polystyrene
led to significant oxidative stress and damage to the lamellae. Such ef-
fects could depend on the release from micro/nanobeads of toxic com-
pounds, particularly volatile organic compounds (Yamashita et al.,
2009; lizuka et al., 2020), which, by dissolving in lipids, interfere with
the cell membranes of epithelial cells (Sikkema et al., 1995; Salimi et al.,
2017). In additionally, it cannot be excluded that MP and NP released

toxic styrene (Wang et al., 2023).

The oxidative damage to the lipids due to ROS is already evident in
samples observed after one day of exposure to both MP and NP, con-
firming these compounds’ high permeability and toxicity. The effect was
more pronounced in samples exposed to the NP. This is likely due to the
higher surface area-to-volume ratio of microspheres and the fact that
their number was two orders of magnitude greater than that of MP. As a
result, it is expected that NP will release more adsorbed chemicals.
(Brown et al., 2001; Collin-Faure et al., 2022; Nardi et al., 2024). The
relationship, however, is not so direct, and many factors contribute
(Gulizia et al., 2023).

Relevant damage was observed in most exposed tissues, particularly
at the cilia level, in the frontal epithelia. Due to their position and
structure, they offer a large surface area and absorption capacity for
toxic compounds released by polystyrene. Abnormalities in ciliary
structure significantly impair pump function, impacting feeding and
leading to energy problems. The consequences on water circulation
would also lead to a hypoxic condition, especially in mid and long-term
exposures, with severe implications for animal health.

As demonstrated in moulds (Yue et al., 2023), volatile organic
compounds disrupt cell membrane integrity, allowing pathogens to leak
into the cells. In mussels, contact with the apical membranes of gill
epithelial cells might have increased the bioavailability of volatile
compounds (Sikkema et al., 1995) and favoured the entry of polystyrene
beads. This hypothesis, however, needs to be verified. Although pre-
liminary tests indicate that toxic benzaldehyde and styrene are released
form polystyrene in significant concentrations (lizuka et al., 2020; Wang
et al., 2023; Motta et al., 2024), light microscopy did not reveal the
presence of MP adhering to the epithelial surface or into the cells at any
experimental time. The numerous washes required for sample process-
ing can account for the absence of adhering particles. In contrast, the
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Fig. 6. PCNA-positive nuclei in gill epithelia of Mytilus galloprovincialis exposed
to MP or NP for 1, 3, or 11 days. A) Western blot of gill protein extract (in lane
g); the antibody detects a single band at about 34 kDa. M: protein ladder. B)
Absence of stained cells in frontal (f), respiratory (r), and abfrontal (ab)
epithelia. C and E) Stained nuclei in the frontal epithelium (dotted arrows).
Haemolymph vessel (v). D and F) Stained nuclei in the abfrontal epithelium
(dotted arrows). Unstained skeletal rod (arrow) and secretory cell (*). cont:
control, MP: microplastics, NP: nanoplastics. Scale bars: B, 50 um; C, E, F,
15 pm; D, 10 um. G) Average number of labeled nuclei in frontal, respiratory,
and abfrontal epithelia. Different letters indicate statistically significant dif-
ferences with respect to the control; p < 0.05. Asterisks indicate significant
differences between the MP and NP groups; **p < 0.01; ***p < 0.001;
*#%p < 0.0001; n = 50 lamellae/treatment.

absence of MP inside the epithelial cells remains unexplained, as
epithelial cells are susceptible to phagocytosis and can store bacteria
(Tame et al., 2022). For NP, which enters mussel gill epithelial cells via
phagocytosis (Ikuta et al., 2022), detection was impossible due to the
resolution limits of the light microscope. The uptaken particles would
remain enclosed in membrane-delimited vacuoles, accumulating in
cells, and interfering in cellular processes (Huffman Ringwood, 2021).
This evidence is not entirely consistent with the fact that volatile com-
pounds disturb plasma membrane organisation (Sikkema et al., 1995).
Therefore, TEM investigations are necessary to clarify the destiny of
internalised particles.

Another indication of the stressed condition of lamellar epithelia was
the hyperplasia of goblet cells, a prompt defence mechanism of the
mucosa (Garcia-Reyero et al., 2015), activated by toxicants (Motta et al.,
2018; Fogliano et al., 2023a), including polystyrene beads (De Marco
et al., 2023). It should be noted, however, that the increased number of
cells was not associated with a significant increase in mucus released.
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Mucus production and mucus release are separate steps, controlled by
different neural, mechanical, biochemical, and environmental signals
(Hutchinson et al., 2007).

The composition of the lamellar epithelium also changed due to the
increased number of other cell types, first of all, of the hemocytes that
infiltrated the abfrontal epithelium, especially after NP exposure. This
was expected because polystyrene induces inflammation and immuno-
logical responses (Wu et al., 2022; Cao et al., 2023; Del Piano et al.,
2023). The moderate increase suggests a prompt recovery once the
insult stops (de de de Oliveira David et al., 2008). In addition, in the
respiratory and abfrontal epithelium, there was a notable increase in
secretory cells, rich in eosinophilic protein granules, with high affinity
for PAS and lectins PNA and DBA (Hidalgo et al., 1987). As suggested in
the fish gill lamellae, they would contribute to mucus elaborations
(Amores et al., 1984). Finally, in the respiratory epithelium, exposure to
polystyrene caused an increase in cells rich in melanin granules
(Quezada-Rodriguez et al., 2023). Together with hemocyte infiltration,
these cells’ presence confirms the tissue’s inflammatory condition (De
Vico and Carella, 2012).

Interestingly, oxidative stress biomarkers suggest that both micro-
and nanobeads activate time-dependent tissue adaptation processes. The
increase in ROS production induced by 3 and 11 days of exposure to MPs
was not associated with an increase in oxidative damage to lipids or in
vitro susceptibility to oxidants. However, the increase in the total anti-
oxidant capacity of the gills after 3 days of exposure, which was main-
tained even after 11 days, may explain the observed containment of
oxidative damage and in vitro susceptibility to oxidants. On the contrary,
gill tissue requires longer to adapt to NP exposure. Three days of
exposure induced an increase in ROS production not associated with an
increase in the antioxidant defence system, resulting in a marked in-
crease in the level of Hps and in vitro susceptibility to oxidants. On the
contrary, the total antioxidant capacity of the gill tissue was signifi-
cantly increased after an 11-day exposure to NP, resulting in a conse-
quent reduction in the Hps level and susceptibility to oxidants. These
results suggested that lamellar tissue is resilient to polystyrene exposure
and can recover from damage. While it is true that ROS activate the
antioxidant defence system as signal molecules (Napolitano et al.,
2021), they are particularly reactive molecules that cause a cascade of
degenerative effects, such as genotoxic effects (Avio et al., 2015) and
DNA damage (Barzilai and Yamamoto, 2004). In our experiments, PCNA
expression increased markedly in lamellar epithelia, indicating that
damage had occurred since DNA repair mechanisms were activated
(Paunesku et al., 2001). The lack of necrosis or apoptosis suggests that
lamellar integrity and functionality were maintained. Mortality, in ef-
fect, was not registered.

Staining with Picrosirius red demonstrated that MP and NP inter-
fered with the skeletal rod, particularly with collagen deposition in the
abfrontal zone. The observed alterations may be correlated with the
demonstrated ability of polystyrene surfaces to activate fibroblasts in
vitro so to facilitate the formation of fibrillar collagen (Elliott et al.,
2008). A contribution of oxidative stress should also be postulated
(Martins et al., 2021).

The cytological analyses showed disorganisation and density
reduction, especially in samples exposed to NP, since day 3 of exposure.
The rods line the haemolymph vessels, so interferences in controlling gas
diffusion and O3 and CO5 balance should be postulated (Fogliano et al.,
2023b). Reduced density, in contrast, may have favoured hemocyte
invasion and, consequently, the inflammatory response and the innate
defence (Venier et al., 2011).

Collagen is not the only rod component altered by polystyrene
exposure. The skeletal rod also contains chitin, a target of toxicants due
to its high content of positively charged glucosamine residues (Einsporn
and Koehler, 2008). Polystyrene binds to chitin through non-covalent
bonding and physical adhesion, mediated by hydrophobic and van der
Waals forces (Liu et al., 2021). The analysis with lectins indicated that
MP reduced galNAC and galactose residues. Unfortunately, no data on
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carbohydrate rod composition in mussels could be found in the litera-
ture. Therefore, at present, it is challenging to formulate hypotheses
regarding the consequences of altering the rods carbohydrate compo-
sition (interference with gas exchange, support to the epithelium or
onset of local inflammation). Nor is there a justification for why the
same effect was not observed in samples exposed to NP.

In conclusion, our results indicated that polystyrene induces oxida-
tive damage, affecting the lamellar structure: the epithelial cells are
altered, and DNA repair is activated. The increased number of secreting
and goblet cells supports an inflammatory condition, and the altered
collagen in rods suggests an impaired functionality of the entire struc-
ture, including feeding. The experiments also indicated that NP is faster
and more effective than MP in inducing damage and that the tissues can
respond efficiently to restore tissue integrity.

Mussels, as filter-feeding species, have a long history of adapting to
compounds dissolved in water. Therefore, it is not surprising that their
gills have adapted to cope with the insult represented by polystyrene.
However, this does not mean mussels can tolerate prolonged and intense
exposures. To reduce plastic contamination is therefore essential for
preserving this ecologically significant component of coastal marine
environments.
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