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ARTICLE INFO ABSTRACT

Key words: Nanoplastics pollution is a rising environmental concern whose impacts on biodiversity and human health are far
Nanoplastics from being understood. This is particularly salient in aquatic ecosystems, where the majority of species depend
Germ cells on external fertilization for reproduction. Here we evaluated the effects of a short-term exposure to engineered
i:ls)tr;ﬁSh polystyrene nanoplastics (NPs) in the zebrafish germline to further explore their impact on reproduction. To this
Fertility end, zebrafish (Danio rerio) were exposed to 5 mg/L of 45 nm polystyrene (PS)-NPs via water for 96 h. We show

that, in males, nanoplastics induced testicular histological alterations with abnormal sperm clustering and
chromatin compaction, resulting in viable spermatozoa but with reduced motility. Moreover, in females we
observed an alteration in oocyte stages frequencies during oogenesis, possibly reflecting alterations in oocyte
growth. RNA-sequencing analysis in male testis links nanoplastic induced alterations in the expression of genes
involved in chromatin structure, meiosis and DNA double-strand break formation and repair progression, and
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gametes recognition. Flow cytometry analysis revealed that the observed effects in males were directly due to
nanoplastics penetrating the testicular barrier and being internalized within germline cells. Overall, our results
demonstrate that acute exposure to NPs can compromise reproductive fitness, underscoring the environmental
and health impacts of NPs pollution.

1. Introduction

Understanding how species can respond and adapt to environmental
cues is essential for preserving biodiversity. This is especially relevant in
the Anthropocene era, which is characterized by the pervasive presence
of pollutants in the environment, including oceans, rivers, and soils.
Among all pollutants, synthetic plastics represent one of the most con-
cerning threats to biodiversity and fauna reproductive health. Both
marine and terrestrial species are continually exposed to both micro-
(MPs, particles with diameters less than 5 mm) and nanoplastics (NPs,
non-natural polymers less than 1000 nm) [1]. These particles have
become environmentally pervasive, with aquatic ecosystems being
particularly susceptible to their accumulation. Therefore, there is an
urgent need to investigate the disruptive effects of NPs at multiple levels:
organisms, tissues, and cells.

Due to their smaller size, physico-chemical features, bioavailability
and transport activities, the hazardous effects of NPs may be potentially
more harmful for organisms than those of MPs. Additional impacts may
arise from plastic additives and organic pollutants also present in the
environment, that may be adsorbed on the NPs surface, a phenomenon
called the ‘Trojan horse effect’ [2-4]. The primary detrimental effects of
NP particles are attributed to their potential for bioaccumulation and
biomagnification, owing to their environmental persistence. In fact, NP
particles can traverse numerous biological barriers and directly interact
with their cellular machinery having an impact at the cellular and
subcellular levels [5]. Yet, the underlying molecular mechanisms remain
largely unexplored, especially when considering the germline. To
address this, we present an in vivo investigation into the fertility impacts
of polystyrene nanoplastics (PS-NPs) on zebrafish germline and progeny.

Germ cells represent a unique cell model, where unipotent diploid
cells (gonia) undergo extensive cellular differentiation (gametogenesis)
to form highly differentiated cells (oocytes and sperm) that ultimately
form a totipotent embryo. This complex process is divided into three
stages: (i) proliferation and differentiation of gonia; (ii) meiosis, a
reductional division that produces haploid cells through two consecu-
tive cell divisions (meiosis I and meiosis II); and (iii) differentiation into
round spermatids that are transformed into densely compacted sper-
matozoa during spermiogenesis in the case of males. In teleost fishes,
oogenesis is a dynamic process and occurs continuously in the ovary of
zebrafish and can be divided into four major phases: (i) oogonia pro-
liferation and transformation into a primary oocyte (PO); (ii) primary
growth or previtellogenic, from PO to the cortical alveoli stage (CA); (iii)
vitellogenic period, the main feature of which is the incorporation of
vitellogenin, and (iv) final stages consisting of oocyte maturation
(meiosis resumption) and ovulation [6-8]. Spermatogenesis in zebrafish
and other fish, on the other hand, occurs in a cystic organization in
which developing germ cell syncytia including spermatogonia, primary
spermatocytes, round spermatids and sperm are encapsulated by Sertoli
cells [9,10].

The histological distribution of teleost fishes’ testes renders germ
cells especially vulnerable to the effect of environmental drivers,
including temperature and pollutants, such as NPs. Yet, little is known
on the effect of this pollutants on the germline and reproductive fitness
of exposed individuals. Recent data in both model and non-model spe-
cies suggest that NPs exert toxic effects on several aspects of reproduc-
tion, including developmental and metabolic abnormalities of offspring
[11-15]. It remains unclear, however, which are the underlying cellular
and molecular mechanisms responsible for the in vivo detrimental ef-
fects of NPs on males and female fertility, especially in the context of

gametogenesis.

Here we present an in vivo study on the fertility costs of polystyrene
(PS)-NPs (thereafter PS-NPs) in zebrafish. To that aim we combine his-
tological analysis, sperm motility and fertility assays with RNA-seq data
to decipher the molecular mechanisms underlying germline dysfunction
upon acute exposure to PS-NPs. In males, we observed that NPs induced
an atypical histological distribution characterized by increased clus-
tering of germ cells and chromatin compaction within the testis. This
histological effect of NPs was associated with elevated levels of germ cell
apoptosis, leading to spermatozoa with diminished motility. This was
accompanied by altered gene expression related to germline dysfunction
in males, including genes associated with chromatin remodeling and
double-strand break (DSB) formation. In females, we noted minor al-
terations in the frequencies of oocyte stages during oogenesis, poten-
tially indicating subtle effects on oocyte growth. Fertility assays
revealed reduced levels of accumulated survival and a delay in larvae
hatching. Overall, our results provide novel insights into the molecular
and reproductive effects of PS-NPs exposure in zebrafish, demonstrating
for the first time that acute exposure can compromise reproductive
fitness by directly altering genome structure and function as the result of
a direct internalization in germ cells. These findings underscore the
significant environmental and health impacts of NP pollution.

2. Material and methods
2.1. Fish maintenance

Adult wild type zebrafish (3.85 cm + 0.50 cm total length, 0.45 g +
0.12 g total weight) were purchased from PISCIBER (Terrassa, Barce-
lona, Spain). A total of 72 fish (36 males and 36 female) was randomly
allocated in 15 L tanks with a re-circulating system ensuring constant
water oxygenation and filtering. Males and females were kept separately
in acclimatization for a period of two weeks under standard conditions
as previously described [16]. Throughout the acclimation period, fish
were fed daily ad libitum (ZM-400 fry food 5 kg, ZM Fish Food &
Equipment and brine shrimps) and water parameters (temperature, pH,
ammonium, nitrites, and nitrates) were monitored accordantly.

2.2. Experimental design

Fish were randomly separated into two groups: (i) Control (0 pg/L
PS-NPs) and (ii) Exposed to NPs (5000 pg/L PS-NPs) (Fig. S1). For each
experimental condition and sex, fish were randomly distributed in 3
different aquariums per replicate (4 L) with 6 fish per tank. After 24 h of
acclimation, fish were exposed to PS-NPs for 96 h. Briefly, fresh PS-NPs
were added into the water every 24 h (at 9.00 am) during 4 consecutive
days. During this period, 50 % of the water tank was renewed every
other day and water parameters were monitored accordingly. Animals
were not fed during the exposure period as differences in food intake
could alter the nanoparticle effect and animal’s metabolism. All animals
were monitored twice a day (9:00 am and 4:00 pm) and scored
depending on their behavior. Any fish with wounds, severe floating
abnormalities, or extreme disorientation were withdrawn from the
experiment and evaluated. Once the 4-days exposure period elapsed,
fish were individually euthanized by immersion in a lethal dose (300
mg/L) of MS-222 (CAS 886-86-2) and biopsies were taken accordantly
to the downstream analyses performed (see below). All experimental
procedures were carried out in accordance with animal ethics guidelines
approved by University Animal Experimentation Ethics Committees
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(Universitat Autonoma de Barcelona).
2.3. Nanoparticles characterization

Polystyrene (PS) polymer particles (~45-50 nm mean diameter)
were commercially obtained (#PC02002, Bangs Lab., Fishers, Indiana,
USA). The particles were characterized prior to the experiment in the
water used in the experiment (AQ water) with no presence of biologic
material, by dynamic light scattering (DLS) (Zetasizer Pro, Malvern). For
this purpose, dilutions were prepared from the original stock of PS-NPs
(100 mg/ml) in AQ water and hydrodynamic size, polydispersity index
(PDI) and zeta potential were measured at 0 h, 24 h, 48 h, 72 h and 96 h.
For hydrodynamic size we used a ZEN0040 tray with 60 pl capacity,
whereas for Z potential, a DTS1070 with 1 ml capacity was used. DLS
measurements showed that the hydrodynamic diameter of PS-NPs, the
PDI and Z potential did not present any significant modification in the
range between 0 — 96 h in aquarium water (Fig. S2A-B). Field emission
scanning microscopy representative images were previously reported
[17].

2.4. Gonadal sampling for histology and immunofluorescence

Testis and ovaries from both groups (control and exposed) were
collected for histological and immunofluorescence procedures. Tissues
were either subjected to Bouin’s fixation (saturated picric acid, formalin,
and glacial acetic acid at 15:5:1 proportion), or PFA 4 % (pH=7.4) fix-
ation. After an overnight incubation for fixation, samples were dehy-
drated with an increasing ethanol battery and embedded in paraffin.
Microtome Section (7 um) were obtained, fixed overnight at 37 °C into
polylysine treated slides. Subsequently, slides were deparaffinized with
xylol and hydrated again with a decreasing ethanol battery. Bouin’s
fixed samples were stained with PAS-hematoxylin (one minute hema-
toxylin), whereas PFA fixed gonads were subjected to immunofluores-
cence procedures (see below).

2.5. Histological analysis

PAS-Hematoxylin testicular and ovarian sections were captured
using a microscope (Axiophot Zeiss) equipped with a camera (ProgRes®
CS10plus, Jenoptik). Images were captured with 40x lens for testis and
20x and 40x lenses for ovaries and using WNK DATAGETFL program (A.
Coloma, Open Microscopy). In case of males, images were analyzed
using Image J to interrogate the intensity of sperm cysts. At least, 100
sperm clusters for each replicate were delimited with a polygonal se-
lection and data was collected. The following parameters were consid-
ered: cluster area, intensity mean, intensity standard deviation,
minimum intensity, maximum intensity, cluster perimeter, and intensity
median. The mean intensity of each selected cluster was analyzed with
RStudio. In the case of ovaries, equivalent sections from all replicates
were analyzed under the microscope and the number of oocytes at each
stage (I, primary growth (subdivided in IA, pre-follicle phase; IB, follicle
phase); II, cortical alveolus; and III, vitellogenesis) was obtained for
further statistical analysis in RStudio.

2.6. Apoptosis analysis

Immunostaining of testis samples was performed using the following
antibodies: mouse anti-RNA polymerase II (#5408, Abcam, 1:200 dilu-
tion) and rabbit anti-caspase3 (#9664, Cell Signaling Technology, 1:100
dilution). Primary antibodies were detected by the following 1:200
diluted secondary antibodies: anti-mouse Cy3 in goat (#115-165-003,
Jackson Immunoresearch) and anti-rabbit FITC in goat (#111-095-003,
Jacksons Immunoresearch). Briefly, deparaffinized slides from PFA 4 %
fixed testis were subjected to antigen retrieval. This consisted of slides
being immersed in Sodium Citrate Buffer and heated for 20 min in a
microwave at a medium-low temperature (~150 Watts). After a 20-
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minute room temperature cool down, slides were washed twice for 5
min in PBST (0.05 % Triton X-100 in 1X PBS) in agitation, and 100 pl per
slide of the primary antibodies diluted in PBST was added prior to an O/
N incubation at 4 °C in a humidified chamber. Next, slides were washed
twice for 5 min in PBST in agitation and 100 pl of the secondary anti-
bodies diluted in PBST were added and slides were incubated for 1 hina
humidified chamber at 37 °C. Thereupon, slides were washed twice in
PBST and twice in 1X PBS, and DNA was counterstained with 15 pl of
antifade solution (Vectahsield) containing 0.1 pg/ml DAPI and stored at
—20 °C. Slides were analyzed using an epifluorescence microscope
(Axiophot, Zeiss) equipped with a camera (ProgRes CS10plus, Jenoptik)
and suitable emission filters (DAPI, FITC and Cy3). Images were
captured with 63x lens and using WNK DATAGETFL program (A.
Coloma, Open Microscopy). The number of caspase-3 positive cells on
each spermatocyte I cyst was microscopically quantified and analyzed
with RStudio.

2.7. Spermatocyte spreads and immunofluorescence

Testicular biopsies were snap frozen in liquid nitrogen and stored at
—80 °C until use. Spermatocyte spreads were performed as previously
reported [18-20], with modifications. Succinctly, half testicle was cut up
on a slide and minced with a scalpel as 1X PBS and lypsol 1 % were
added according to its original size. Once minced, cells were incubated
for 20 min at RT in agitation in a humidified chamber to permit the
added lypsol to swell the cells. Freshly prepared 4 % fixative solution
was added to the samples and incubated for 4 h at 4 °C in a humidified
chamber. Then, slides were let dry and washed in 1 % Photo-Flo to
undergo immunofluorescence procedures.

Immunostaining was performed using two primary antibodies: rabbit
anti-SYCP3 (#ab15093, Abcam, 1:100 dilution) and Guinean pig anti-
Dmcl (kind gift from Yukiko Imai, 1:100 dilution). Primary antibodies
were detected by the following 1:200 diluted secondary antibodies: anti-
Guinean pig Cy3 in donkey (Jackson Immunoresearch) and anti-rabbit
FITC in goat (#111-095-003, Jacksons Immunoresearch). Slides were
washed twice in PTBG (0.05 % Tween-20 in 1X PBS) and immersed, for
1 h RT in agitation, in previously heated at 37 °C blocking solution (1.5
% BSA, 0.5 % Triton X-100 in 1X PBS). Next, 100 pl of primary anti-
bodies diluted in blocking solution were added to the slides and incubate
O/N at 4 °C in a humidified chamber. The next day, after two washes in
PTBG, 100 pl of the secondary antibodies diluted in PTBG were added
for 1 h at 37 °C in a humidified chamber. Finally, slides were washed
twice in PTBG and twice in 1X PBS prior to DNA counter staining with
15 pl of antifade solution (Vectahsield) containing 0.1 pg/ml DAPI and
stored at —20 °C until use.

2.8. DMC1 foci analysis

Dmc-1 and SYCP3 immunostained slides were analyzed under the
same epifluorescence microscope (Axiophot, Zeiss) and program speci-
fied above. Prophase I spermatocytes were identified by SYCP3
expression and captured with a 63x lens. The resulting images were
observed with Photoshop to quantify the number of Dmc-1 foci per cell
(only Dmec-1 foci overlapping with SYCP3 were considered). Four
different prophase I substages were considered: leptotene, early zygo-
tene, late zygotene and pachytene. The results were analyzed with
RStudio.

2.9. Sperm motility assay

Fresh testis were collected from control and exposed animals. Tes-
ticles were diluted and disaggregated in 50 ml of NAM (Non-Activating
Medium; NaCl 62.5 mM, KCl 65 mM, MgCl, 6.5 mM, CaCly 2.35 mM,
MgS0O4 1 mM, NaHCO3 10 mM, glucose 7 mM, Hepes 30 mM 0.1 % BSA;
pH 7.5) and spermatozoa concentration and motility were analyzed by
CASA (Computer Assisted Sperm Analysis). Samples were loaded under
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a coverslip and spermatozoa concentration was evaluated. After acti-
vation by dilution in water (1:3), 1 s videotapes were obtained, and
spermatozoa motility was analyzed. Both, sperm concentration and
motility analysis were the result of 3 different areas analysis for each
sample and aliquot, which was performed using the Integrated Semen
Analysis System software (ISAS®v1, Proiser, Valencia, Spain). For sperm
motility analysis, the percentage of total motile spermatozoa was
recorded. Capturing settings consisted of a counting chamber ISAS
R2C10 and a camera ISAS 782 C with an image resolution of 768 x 576
pixels.

2.10. Fertility assay

After exposure, 3 breeding control groups and 3 breeding exposed
groups were established using a 1:2 female/male ratio (3 replicates).
Breeding crosses were set at 6:00 pm, and eggs were collected the next
day between 12:00 am and 2:00 pm. F1 eggs were quantified, collected,
and kept in E3 (5 mM NacCl, 0.17 mM KCl, 0.33 mM CaCly, 0.33 mM
MgSO4) with 1 % methylene blue at 28 °C in Petri dishes. F1 was
monitored daily and data regarding different parameters was reported,
including percentages of F1 mortality/viability and hatching, together
with total numbers of embryo and larvae produced. All these parameters
were interrogated at different timepoints: 24 h, 48 h, 54 h, 72 h, and 96
h. When present, dead individuals and debris were removed and E3
medium added accordingly.

2.11. Larvae physiology

Seven dpf (days post-fertilization) individuals resulting from non-
exposed adult breeding aquarium (N = 11) or from PS-NPs exposed
adult breeding aquarium (N = 8) were selected randomly and trans-
ferred to 96 well-plates (1 embryo/well at a density of 1 embryo/0.5 ml
of E3 medium) for observation. Both heart rate and morphological
development was assessed, including pericardial edema, yolk sac
edema, curved notochord, and tail, as described previously [21].

2.12. Gene expression

Total testis RNA extraction was performed using TRIzol reactive
(#15596026, Thermo Fisher Scientific) following manufacturer’s rec-
ommended protocols. Briefly, TRIzol immersed samples were mixed and
incubated for 15 min with chloroform. After, samples were centrifuged,
and the aqueous phase was transferred to a new tube with isopropanol
and incubated O/N at —80 °C. The day after, samples were washed in 70
% EtOH. Then, RNA was air dried and resuspended in miliQ water. RNA
concentration and integrity number (RIN) were determined using the
Agilent 2100 Bioanalyzer (Agilent Technologies). Three biological re-
peats per condition were used for Illumina sequencing PE150
(Novogene).

Raw reads were examined for quality issues using FastQC to ensure
library generation and sequencing were suitable for further analysis. By
using STAR tool from Anaconda, sequenced raw reads were aligned to
the NCBI zebrafish reference genome (GRCz11) to obtain their respec-
tive counts. From the resulting data RNA plots (PCA and MAplot) and
differential expression at the gene level (p-value<10e-2 and fold-
change>1) were called with DESeq2 RStudio package. Once differen-
tially expressed genes were obtained, a GO FAT and a Reactome
pathway analysis were performed, and terms were manually clustered
after a FDR filtering (FDR<0.1).

2.13. Exposure to labeled nanoparticles

To assess plastics’ bioavailability, male fish were randomly sepa-
rated into two identical groups with 4 individuals each: (i) Control and
(ii) Exposed to labeled NPs (5000 pg/L Dragon-Green labeled PS-NPs,
#FSDGO001, Bangs Laboratories) for 48 h. Conditions, parameter and
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animal monitoring and euthanasia were performed as detailed in Sec-
tion 2.2. DLS measurements showed that the hydrodynamic diameter of
labeled PS-NPs and the PDI did not present any significant modification
in the range between 0 — 48 h in aquarium water (Fig. S2C-D), mirroring
studies [22]. While stability could pose a challenge in long-term expo-
sure scenarios, this was not an issue in the study due to the acute
exposure period of 48 h.

2.14. Flow cytometry analysis

Following exposure, testis were freshly collected and tissue cells
were individualized by disaggregation for further cytometry analysis
similarly to previous reports [23]. Gonads were disaggregated by
placing them in GBSS (Gey’s Balanced Salt Solution) (#G9779-ml,
Sigma-Aldrich), with 0.5 mg/ml of collagenase type II (#1701015, Life
Technologies) and 1 ng/pl of DNase I (#DN25-10MG, Sigma-Aldrich)
following an incubation of 30 min at 32 °C. Then, 0.5 mg/ml of
trypsin (#T9935-100MG, Sigma Aldrich) were added to the sample and
incubated 20 min at 32 °C. Following, trypsin was quenched by the
addition of 15 % of fetal bovine serum (#10270106, Thermo-Fisher)
prior to the sample filtering using a 70 pm cell strainer. In order to
prepare the sample for FACS analysis (Fluorescent Activated Cell Sort-
ing), cells were spun for 10 min at 500 g and resuspended in 1X PBS.
Then, half of the sample was maintained at 32 °C unstained, whereas the
other half was stained for 1:30 h at 32 °C with 5 pg/ml of Hoechst 33342
(#62249, Life Technologies). Cells were sorted using a BD FACSDiscover
S8 Cell Sorter. The spectrum between control and exposed individuals
was analyzed to assess the absence/presence of the fluorescent particle
in germ cells. To do so, B2 fluorescence detector (517 nm wavelength
detector, corresponding to Dragon-Green’s emission peak (520 nm) was
adjusted at a gain value of 34.3 (to avoid saturation) and studied.
Additionally, positive and negative cells for Dragon Green were sorted
by their complexity (side scatter, SSC) and fluorescence (B2, Dragon
Green emission wavelength). Both groups were collected after sorting in
1X PBS. Imaging from the sorted cells was obtained using the Imaging
Blue 1 (535) detector and adjusting to 66.15 its gain value. For imaging
recording LightLoss (Imaging) and Dragon-Green fluorochrome detector
parameters were selected. Sorted cells were then fixed into slides by
incubating with freshly prepared 4 % fixative solution (PFA 4 % with
0.15 % Triton X-100, pH=9.8) for 4 h RT in a humidified chamber. After
air-drying the slides, they were washed in 1 % Photo-Flo.

2.15. Germ cell enrichment analysis

Subsequent immunofluorescence staining was conducted after FACS
to identify spermatogenic cellular stages (spermatogonia, spermatocytes
I, round spermatids and sperm) that incorporated labeled NPs. To do so,
two primary antibodies were used: rabbit anti-SYCP3 (#ab15093,
Abcam, 1:100 dilution) and mouse anti-RNA polymerase II (#5408,
Abcam, 1:200 dilution). To detect them, the following 1:200 diluted
secondary antibodies were used: anti-rabbit FITC in goat (#111-095-
003, Jacksons Immunoresearch) and anti-mouse Cy3 in goat
(#115-165-003, Jackson Immunoresearch). After washing the slides
twice in PTBG (0.05 % Tween-20 in 1X PBS), 100 pl of primary anti-
bodies diluted in PTBG were added into the slides and incubated O/N at
4 °C in a humidified chamber. Then, slides were washed twice in PTBG
prior to the addition of 100 pl of the secondary antibodies diluted in
PTBG and 1 h incubation at 37 °C in a humidified chamber. Lastly,
samples were washed twice in PTBG and twice in 1X PBS and DNA was
counterstained with 15ul of antifade solution (Vectahsield) containing
0.1 pg/ml DAPI and stored at —20 °C until used.

Stained slides were analyzed under the epifluorescence microscope
(Axiophot, Zeiss) as detailed in Section 2.6. Cell types were distin-
guished according to the following features: (i) spermatogonia showed a
granulated nucleus and were positive for RNA polymerase II, (ii) sper-
matocytes I had positive expression for both SYCP3 and RNA polymerase
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II staining, (iii) round spermatids and sperm, share a similar morphology
by DAPI staining, but showed distinct RNA polymerase II staining
(round spermatids were positive, whereas spermatozoa were negative).

2.16. Quantification and statistical analysis

Statistical analyses were performed by a two-way ANOVA with no
interactions, to isolate the real effects of the exposure from the experi-
ment performance date or a Chi-square test when multiple variables
were compared. Normality and heterogeneity tests were applied to the
data residues to ensure their distribution. Statistical methods and p-
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3. Results
3.1. Acute exposure to PS-NPs affects spermatogenesis and sperm motility

We first characterized spermatogenesis progression in zebrafish
testicular cysts using a set of meiotic markers on histological sections
(Fig. 1A-B). Anti-SYCP3 antibody labeled axial elements of the synap-
tonemal complex that were used to classify primary spermatocytes
following previous observations in zebrafish meiotic studies [24]. The
use of the phosphorylated RNA pol II (the active form of RNA pol II)
served to further distinguish between round spermatids (middle signal
levels) and sperm (absence of RNA pol II signal).

values are displayed in each plot or listed in the figures.
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Fig. 1. PS-NPs affect spermatogenesis and sperm motility. (A) Schematic representation of spermatogenesis in zebrafish. Note how the spermatogenesis cycle is
organized into cysts. (B) Immunofluorescence images representing testis cysts using antibodies against RNApol II (red) and SYCP3 (green). DNA is counter stained
with DAPI (blue). Scale bar 50 pm. According to staining patterns, different cell types can be distinguished: primary spermatocytes (Spcl), round spermatids (RS) and
sperm. (C) Histological sections of control (upper panel) and PS-NPs exposed (lower panel) from adult zebrafish individuals stained with PAS-Hematoxylin. Scale bar
20 um. (D) Boxplot representing the sperm median intensity (as value per pixels) + SD for each measured cluster in both conditions (two-way ANOVA,
**¥%p < 0.001). A total of 1292 control sperm clusters and 1259 plastic sperm clusters were included in the analysis. Eight animals were analyzed (N = 8), repre-
senting four replicates. (E) Microscopical images of spermatic water activated samples from control individuals (upper panel) and PS-NPs exposed (lower panel).
Each white dot corresponds to a sperm cell whereas each green line shows its trajectory in a specific time. No-motile sperm cells are marked with a yellow sign. Scale
bar 50 um. (F) Boxplot showing the CASA calculated sperm motility percentage median + SD for each condition (two-way ANOVA, ***p < 0.001). Six animals were
analyzed, representing two replicates.
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Further analysis of fixed testis by PAS-Hematoxylin staining,
revealed an altered histological organization of testicular cysts following
acute exposure to PS-NPs. This was translated into increased levels of
sperm clustering in animals exposed to PS-NPs when compared to con-
trols (Fig. 1C-D). Particularly, we detected high levels of sperm clus-
tering intensity (expressed as value per pixel) in PS-NPs-exposed male
fish (p-value < 2e*16, two-way ANOVA). These results were indicative
of an alteration of chromatin compaction in later stages of spermato-
genesis that might affect sperm viability. In fact, when analyzing sper-
matozoa concentration and motility by CASA we detected statistically
significant reduction (p-value = 1.73e”>, two-way ANOVA) in sperm
motility in PS-NPs-exposed male fish (Fig. 1E-F).

3.2. Internalization of PS-NPs in male germ cells

We subsequently examined the bioavailability of the nanoparticles
by flow cytometry to determine whether the observed germline effects
were the results of a direct or indirect response (Fig. 2). Our results
clearly show that the effects were directly attributable to the interaction
of nanoplastics with the gonads. Specifically, labeled PS-NPs were found
to penetrate the testicular barrier. This was evidenced by an increase in
green fluorescence in both, cells and spectrum of exposed individuals
when compared to the control (Fig. 2A-B), with a 4.90 % of living cells in
the exposed sample showing a positive profile for Dragon-Green.
Cytometry imaging further revealed that the nanoparticles not only
crossed the testicular barrier but were also internalized within germline
cells. This was confirmed by the presence of green fluorescent cells of

A
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varying sizes in the exposed sample (Fig. 2C). Further enrichment
analysis of sorted cells using immunostaining revealed differences be-
tween cell types present in the population positive for Dragon-Green
when compared to controls (p-value = 0.00035, Chi-square test), indi-
cating that the labeled nanoparticles were not equally internalized by all
cell types. Specifically, when comparing the negative PS-NPs and posi-
tive PS-NPs populations, significant differences (p-value = 1.82e-6, Chi-
square test) were observed. Larger and less compact spermatogenic cell
types (spermatocytes I) showed greater internalization of the labeled
particles, with spermatocytes I representing 17.01 % of the negative
control sample and 39.17 % of the positive PS-NPs exposed sample
(Fig. 2D). Altogether, our results demonstrate that the observed germ-
line effects were directly due to nanoplastics penetrating the testicular
barrier and being internalized within germline cells, more specifically in
primary spermatocytes.

3.3. Acute exposure to PS-NPs induces apoptosis and increases meiotic
DNA repair

We next evaluated levels of germ cell apoptosis upon PS-NPs expo-
sure by caspase-3 staining. We found that acute exposure to PS-NPs
results in high levels of caspase-3 positive cells per spermatocyte clus-
ters (p-value = 0.029, Chi-square test) (Fig. 3A-C), indicative of cell
apoptosis occurring during prophase I. Given the elevated germ cell
apoptosis and germline chromosome organization defects observed
during pachytene, we examined whether PS-NPs exposure causes defects
in DNA double-strand breaks (DSBs) during prophase I. We quantified
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the levels of foci for the DMC-1 recombinase, an ortholog of human
DMC-1 that binds to 3’ ssDNA ends at DSBs to promote strand invasion
and exchange for DSB repair [25-27] on immunostained spermatocyte
spreads to observe DSB formation and repair progression. In PS-NPs
exposed animals, as in controls, we detected low and similar levels of
DMC-1 foci in early stages of prophase I (leptotene) (p-value = 0.81,
two-way ANOVA). However, as prophase-I progresses, levels of DMC-1

foci were significantly increased in zygotene stages (both early and
late) of PS-NPs treated animals compared with control (early zygotene:
p-value = 3.62e~7, two-way ANOVA,; late zygotene: p-value = 1.21e >,
two-way ANOVA) (Fig. 3D-E). These data suggest that exposure to
PS-NPs results in an elevated meiotic DSB level. Unrepaired meiotic
DSBs can induce the activation of meiotic checkpoints [28], resulting in
high levels of apoptosis. Our observations are consistent with this
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scenario. Taken together, these results show evidence of increased germ
cell apoptosis and high levels of DSB formation after exposure to PS-NPs.

3.4. PS-NPs exposure alters expression of genes regulating meiosis and
chromatin structure

To further determine whether the male germline defects observed
following PS-NPs exposure might stem from alterations in gene
expression, we performed RNA sequencing (RNA-seq) from whole testis
comparing control and PS-NPs-exposed male fish (three biological rep-
licates) (Fig. 4A). We detected 2303 statistically significant differentially
expressed genes (DEGs) upon NPs exposure (590 up-regulated in
exposed individuals and 1713 down-regulated) (Fig. 4B-C), mainly
including protein coding genes. Gene ontology (GO) enrichment anal-
ysis of the DE genes (Fig. 4D-E) resulted in several top biological pro-
cesses for up-regulated genes, including meiosis and reproduction. And
more specifically, genes involved in the formation and repair of DSBs

>
w0

Journal of Hazardous Materials 481 (2025) 136529

(DMC-1, RAD54, MSH4 and Tripl3, among others), meiotic chromo-
somal axes assembly and chromatin conformation (Supplementary
Table 1). On the other hand, genes involved in fertilization, immune
system and cell adhesion were detected as the top biological processes
for down-regulated genes (Supplementary Table 1). Concordantly, when
interrogating the main affected pathways, fertilization, reproduction
and innate immune system were highlighted (Fig. 4F and Supplemen-
tary Table 2). Altogether, our results show that PS-NPs exposure induces
altered gene expression of a specific set of genes including genes
involved in reproduction and chromatin remodeling, as well as innate
immune system related genes, which indicates a fast immunologic
response within the gonad to phagocyte the nanoparticle with neu-
trophiles and macrophages.

3.5. Oocyte growth is not severely affected after PS-NPs acute exposure

We further characterized oogenesis progression in zebrafish by using
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topographical staining (i.e., PAS-Hematoxylin) of histological sections
of ovaries (Fig. S3A-B). We identified different stages of oogenesis in
teleost fishes distinguishing between stage I (primary growth), stage II
(cortical alveolus) and stage III (vitellogenesis) according to [8,29].
Stage I was further classified between the pre-follicle phase (stage IA
with one nucleolus and multiple nucleoli) and follicle stage (stage IB).
Stage II cells we differentiated between early cortical alveoli and late
cortical alveoli. Stage III of vitellogenesis corresponded to oocytes in
metaphase II arrest.

A detailed histological analysis detected altered relative frequencies
of oocytes stages upon PS-NPs acute exposure. We detected alterations
in stage IB (23.49 % in controls and 34.46 %in PS-NPs-exposed females)
and stage II (29.78 % in controls and 19.43 % in PS-NPs-exposed fe-
males) (p-value = 6.65e >, Chi-square test) (Fig. S3C), suggesting a
delay in oocyte growth. This delay did not affect substantially the
relative frequency of oocytes in stage III.

3.6. Fertility assays

Given the distinctive effects of PS-NPs acute exposure in the male
and female germline, we conducted fertility assays analyzing different
parameters including average laid eggs, cumulative larval survival and
hatching, together with heartbeat recording (Fig. 5). We detected a
tendency, although not significant (p-value = 0.41, two-way ANOVA) of
reduced number of eggs in exposed females (55.5 egg mean in controls
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and 37.67 egg mean in PS-NPs-exposed females) (Fig. 5A). This was
consistent with the unaltered relative frequency of oocytes in stage III
(Fig. S3C). However, when analyzing cumulative larval survival, we
detected a slight reduction in exposed animals (Fig. 5B). This was
accompanied by a delay in larvae hatching (Fig. 5C). Importantly,
heartbeat was reduced upon PS-NPs exposure (p-value = 0.0037, two-
way ANOVA) (Fig. 5D).

4. Discussion

Our study provides a comprehensive view of the detrimental effects
of acute NP exposure on the reproductive system of zebrafish, providing
new insights into the molecular pathways impacted by pollutants.
Studies conducted so far in zebrafish have been focused on the presence
of common development impairments found in embryos exposed to
plastic NPs, including morphoanatomical defects, lower hatching rates
and alterations of the oxidative stress response, among others [30-32].
And although it has been reported that NPs can bioaccumulate in the
maternally and co-parentally exposed F1 embryos/larvae, no major
physiological disturbances were detected [33]. However, the fact that
PS-NPs could bioaccumulate and be passed on to the offspring called for
a potential effect in the germline yet to be determined. Here we
demonstrate that, although in different degrees, both the male and fe-
male germline can be directly affected upon acute exposure to NPs in
zebrafish and their accumulation within the gonadal cells.
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Fig. 5. PS-NPs affect fertility and F1 individual performance. (A) Bar chart showing the average number of eggs laid for both conditions (two-way ANOVA,
*p < 0.05, ns nonsignificant). Boxplots are presented as median values (center line) + SD. Sixteen females were analyzed, representing three replicates. (B) Scatter
plot showing the percentage of fecundated eggs accumulated survival from 48 hpf until 96 hpf for FO control and FO PS-NPs exposed descendants (two-way ANOVA,
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were analyzed, representing two replicates.
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Our results indicate that NPs induced changes in the histological
distribution and clustering of germ cells within the testis resulting in an
increased sperm clustering within the seminiferous tubules when
compared to non-exposed animals. In zebrafish, as in other anamniote
vertebrates, spermatogenesis occurs in cysts, and the combined duration
of meiotic and spermiogenic phases is very short, lasting approximately
6 days [34]. This short cycling allowed to detect changes in the testis
after 96 h of exposure of NPs. In fact, we detected alterations in both
meiotic (primary spermatocytes) and post-meiotic cells (sperm).

In the case of primary spermatocytes, we detected a high percentage
of cells in leptotene stage in exposed animals. This suggested a delay in
the progression of prophase I. In fact, meiotic progression involves
chromosome movements and chromatin rearrangements that must be
carefully regulated to generate healthy gametes. The most critical
chromosome movements occurring during the first meiotic prophase
include alignment, pairing, synapsis, and recombination between ho-
mologs [23,35]. These processes are initiated by the generation of highly
programmed DSBs during early stages of prophase I by a plethora of
proteins involved in the DSB repair mechanisms such as RAD51
(Recombinase A Homolog 51) and DMC1 (DNA Meiotic Recombinase 1)
and others [36,37].

Importantly, meiosis progression is highly regulated and monitored
by specific meiotic checkpoints [38-41], including: i) response to
unrepaired DSBs; ii) meiotic silencing of unsynapsed chromatin; and iii)
spindle assembly checkpoint (reviewed in [41]). The first meiotic
checkpoint is triggered as a response to unrepaired meiotic DSBs. In this
context, the observed high rate of apoptosis involving primary sper-
matocytes detected in males exposed to NPs suggest the activation of
this mechanism. This was supported by the observation of high number
of DMC1 foci in zygotene stages upon exposure of NPs. In fact, testes
from exposed animals showed a distinct transcriptional identity, with
high transcriptional levels of genes involved in the formation and repair
of meiotic DSBs, including Trip13, DMC1 and MSH4, among others. Our
results are in consonance with previous reports on the increase of DSB
upon pollutants in different systems, such as C. elegans [42].

Alterations of the meiotic progression and DNA repair were also
accompanied by changes in chromatin compaction in post-meiotic cells
(sperm). This was supported by both histological observations and
transcriptional profiling as genes involved in DNA condensation and
nucleosome assembly were mainly upregulated upon NP exposure and
although we detected viable spermatozoa, they showed reduced motility
suggesting functional impairment. In fact, previous studies exposing
rodents to microplastics have reported poor sperm quality and quantity
[43-46], although the underlying mechanisms remained unknown. One
possibility can be oxidative stress, as different genes related to an in-
crease in oxidative stress (foxo3b, fosab, mapkl2a or jun) have been
shown to be dysregulated after the exposure. Since NPs can increase
oxidative stress in the body, involving an imbalance between free rad-
icals and antioxidants, this could lead to cell and tissue injury. In the
context of spermatogenesis, this could lead to DNA damage. Our ob-
servations indicate that NPs can induce profound alterations of the
genome architecture of male germ cells, ultimately affecting sperm
quality. All these effects can act synergically with inflammation, which
can be caused upon exposure to NPs [47-49]. Accordantly, we detected a
downregulation of genes involved in the inflammatory response.

The effects observed in zebrafish females were mild as oocyte
maturation was not severely affected after PS-NPs acute exposure,
mirroring previous lack of effect on the ovarian index [50]. In fact, it has
been proposed that the potency of the granulosa and cumulus cells, in
addition to the extracellular matrix that surrounds the oocyte, to temper
and prevent the exposure of the oocyte to MNPs is an important factor to
consider [51]. This could indicate that not only the size, but also the type
of plastic may have a distinct impact on the outcome for ovarian
exposure.
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5. Conclusions

Collectively, our results demonstrate the presence of germline
dysfunction following acute exposure to NPs in zebrafish. The implica-
tions of these findings are profound, with implications for reproductive
health and environmental risk assessment. First, they show that short-
acute exposure to NPs can already result in histopathological changes
in testis, affecting sperm motility. Although previous studies have re-
ported histological abnormalities in rodents [52] our results underscore
the importance of considering short exposures in aquatic ecosystems,
which are especially sensitive to pollutants. Second, they pinpoint to an
interplay of different molecular pathways impacted by pollutants. To the
previously described role of the immune system, here we add new ge-
netic pathways involved in DNA formation and repair, and chromatin
remodeling. All in all, our study provides an example of how acute
exposure to NPs can compromise reproductive fitness in both males and
females, providing new insights into the molecular pathways involved.
These findings emphasize the urgent need for regulatory actions to limit
NP pollution and call for further research in ecotoxicology and repro-
ductive biology to better understand the long-term impacts on aquatic
life and ecosystem health.

Environmental implications

This study underscores the escalating environmental concern of
nanoplastic pollution, whose impacts on biodiversity and human health
are yet to be fully understood. This is especially relevant in aquatic
ecosystems where nanoplastics are teeming with life. Our findings reveal
that short-term exposure to nanoplastics can induce alterations in the
germline of zebrafish, affecting both male and female reproductive
processes. These alterations, linked to changes in gene expression, can
compromise reproductive fitness, highlighting the potential environ-
mental and health impacts of plastic pollution.
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