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a Dipartimento di Scienze Medico-Veterinarie, Università degli Studi di Parma, Via del Taglio 10, Parma 43126, Italy
b Risk Analysis and Genomic Epidemiology Unit, Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia Romagna, Strada dei Mercati 13a, Parma 43126,
Italy

A R T I C L E I N F O

Keywords:
Ovary
Luteal cells, endothelial cells
Plastic
ROS
VEGF
Progesterone

A B S T R A C T

Nanoplastics (NPs) affect fertility. We evaluated the effects of NPs treatment on luteal and endothelial cells. We
examined crucial markers of growth and redox status. NPs treatment did not induce changes in ATP levels in
luteal cells, while it increased (p< 0.05) their proliferation. In endothelial cells, no change in proliferation was
detected, while an increase (p<0.05) in ATP levels was observed. The increase of reactive oxygen species, su-
peroxide anion (p<0.05) and nitric oxide (p<0.001) was detected in both cell types, which also showed changes
in superoxide dismutase enzyme activity as well as an increase of non-enzymatic antioxidant power (p<0.05). A
decrease (p<0.05) in progesterone production as well as an increase of vascular endothelial growth factor A
levels were detected (p<0.05). In addition, a dose-dependent accumulation of NPs in endothelial cells was
shown, that likely occurred through adhesion and internalization. Results underline potential risk of NPs for
corpus luteum functionality.

1. Introduction

The word “plastic” comes from the ancient Greek word “plastikos”,
which means “able to assume various shapes” (Sangale et al., 2019).
Plastics are synthetic polymers composed by chains of carbons, sur-
rounded by hydrogen, oxygen, nitrogen, and sulphur which are used
worldwide. They have gradually replaced other materials such as wood,
metal, and glass in a variety of applications due to their low cost,
durability and high strength. Plastics are broadly utilized in industrial
applications as well as in everyday life products (Ali et al., 2021). Global
plastic production is reported to have reached 400.3 million tons in
2022 and, due to their robust environmental stability, plastic products
are now as ubiquitous as they are persistent. Unfortunately, less than
9 % of plastic is recycled and plastic pollution represents a major current
environmental problem (PlasticsEurope, 2023). In addition to an
increasingly evident accumulation of plastic waste, one of the most
critical novel aspects related to pollution is the formation of fragments
due to the action of chemical and physical agents. Microplastics (MPs)
size ranges from 1 μm to 5 mm while nanoplastics (NPs) are particles

smaller than 100 nm; their presence has been detected in the environ-
ment (Sridharan et al., 2021; Athulya et al., 2024; Liza et al., 2024), in
food (Ferreira et al., 2023; Milne et al., 2024), drinks (Sewwandi et al.,
2023) as well as in living organisms (Malafeev et al., 2023). Animals and
humans can encounter MPs and NPs through ingestion, breathing and
trans dermally (Jeong et al., 2024). Furthermore, given their small size,
recent evidence suggests that nanoplastics can overcome biological
barriers, being able to penetrate organs and tissues and thus affecting
physiological functionality of organs and tissues (Khan and Jia, 2023).
Therefore, the broader Anthropocene Epoch also includes the Plasticene
Era, where humans and animals are subjected pervasively to nano- and
microplastics. A particular concern arises from potential effects on
endocrine function (Leso et al., 2023), resulting in impairment of
fertility (Hong et al., 2023). Therefore, in order to gain a deeper insight
on this issue, the aim of the present study was to evaluate the effects of
NPs on reproductive functionality, by studying the effects of 100 nm
polystyrene NPs at three different concentrations (5, 25 and 75 μg/mL)
(Basini et al., 2021a, 2022, 2023). Swine corpus luteum, a transient
endocrine organ mainly composed by steroidogenic and endothelial cell
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(Dodi et al., 2021), was chosen as experimental model. We examined the
main cellular functionality parameters of sow luteal cell cultures, used
as a model of endocrine reproductive cells (Basini et al., 2018a, 2021b;
Dodi et al., 2021), and of porcine endothelial cells (Basini et al., 2014)
used as a model for evaluating the angiogenesis process, fundamental in
formation and maintenance of the corpus luteum. On both cell types, we
considered potential effects on cell growth, measuring BrdU uptake, as a
marker of cell proliferation and ATP production, as indicator of meta-
bolic activity. Since redox balance is a key area of physiological cell
function, we tested NPs effect on oxidative stress markers, considering
superoxide anion (O2- ) as reactive oxygen species and nitric oxide (NO)
as reactive nitrogen species examples. Moreover, we also tested the
potential effects of NO on antioxidant defence mechanisms, considering
both enzymatic (superoxide dismutase activity, SOD) and
non-enzymatic (Ferric Reducing Activity of Plasma, FRAP) ones. As
specific cellular markers, the synthesis of progesterone (P4) ad vascular
endothelial factor A (VEGF) as crucial hallmarks of luteal and endo-
thelial cell function respectively were measured. In arterial and venous
endothelial cells, the accumulation of NPs has been already observed
and linked to adverse effects in vitro, like induction of oxidative stress,
alteration of VEGF production, damaging of cytoskeletal junctions and
to the related consequences on the cardiovascular system in vivo
(Shiwakoti et al., 2022; Wei et al., 2022 Basini et al., 2023; Lee et al.,
2024). Whereas less is known about the consequences of NPs exposure
on microvascular endothelial cells specific of the ovary, even if the
ovarian functionality is strictly dependent on the establishment and
continual remodelling of the microvascular system (Robinson et al.,
2009). Furthermore, in recent in vivo and in vitro studies, NPs were
already reported to accumulate in ovarian endocrine cells (Huang et al.,
2022; Zeng et al., 2023), while, to our knowledge, no investigations
were performed on NPs accumulation in ovarian endothelial cells. Thus,
in addition to the evaluation of the effects of NPs exposure on repro-
ductive functionality in sow luteal and endothelial cells, we aim to
investigate the occurrence of NPs accumulation in the latter isolated
from sow corpus luteum, proposed here as a model of a reproductive
organ.

2. Materials and methods

All reagents used in this study were obtained from Merck (Darm-
stadt, Germany) unless otherwise specified.

2.1. Isolation and culture of luteal and endothelial cells from swine corpus
luteum cells

We collected ovaries from Large White cross-bred gilts, parity=0 at a
local abbattoir. On the basis of previous observations (Akins and Mor-
rissette, 1968; McDonald, 1975; Babalola and Shapiro, 1988; Gregor-
aszczuk and Oblonczyk, 1996; Nitkiewicz et al., 2010) the stage of the
estrous cycle was determined by evaluating ovarian morphology. In
particular, 20 animals were chosen and their ovaries, presumably in the
luteal phase, were carried to the lab within 1 hour into sterile
phosphate-buffered saline (PBS, 4◦C) containing 500 IU/mL penicillin,
500 µg/mL streptomycin and amphotericin B (3.5 µg/mL) (Basini et al.,
2010, 2017, 2018a). The ovaries were then cleaned for 1 min in ethanol
70 % and washed with sterile PBS. Luteal tissue was collected from pools
of freshly excised corpora lutea of ten animals in mid luteal phase and
then it was enzymatically dissociated as described by Gospodarowicz
and Gospodarowicz (1972). Thereafter, we proceeded to corpora lutea
mincing and enzymatic dissociation of corpora lutea in PBS added with
BSA (1 mg/mL), collagenase type-I e II (1 mg/mL; Gibco, Waltham, MA)
and DNAse (1 mg/mL) for 1 hour at 37◦C in a shaker water bath (Basini
et al., 2018). Afterwards, cells were filtered through a 40 µm filter and
subjected to a 1 min treatment with ammonium chloride 0.17 M at 37◦C
to remove red blood cells. Cells were then centrifuged at 300 x g for
10 min. Vital staining with trypan blue dye (0.4 % w/v) was used to

determine cell viability. Consistent with fine structural analyses, the
large luteal cells isolated from various nonprimate species measure ≥

20 µm while small luteal cells < 20 µm (Leung and Adashi, 2018).
Therefore, the filtration in our protocol is useful to block cell debris
while large luteal cells can pass the mesh and our cell population is a mix
of small and large luteal cells.

Luteal cells were then seeded at different densities into 96-well plates
containing 200 µL M199 culture medium added with sodium bicar-
bonate (2.2 mg/mL), penicillin (100 UI/mL), streptomycin (100 µg/mL),
amphotericin B (2.5 mg/mL) and 10% foetal bovine serum (FBS) (Basini
et al., 2018).

Endothelial cells were isolated from swine ovaries collected as above
described (Spanel-Borowski and van der Bosch, 1990). The modified
protocol and cell characterization have been described in our previous
study (Basini et al., 2014). The last cell suspension obtained was firstly
filtered with a sterile gauze (150 mesh) and then by a 70 µm filter (BD
Falcon, Bedford Bioscience, USA). To eliminate the red blood cells, we
treated cell suspension with 0.17 M NH4Cl for 1 min and centrifuged at
500 x g for 10 min. After achieving isolation, 500 µL of cell suspension
were put in 25 cm2 flasks with 5 mL EBM-2 plus EGM-2 (Clonetics,
Lonza, Walkersville, MD USA); every 48 h, culture medium was changed
thus eliminating not adherent cells.

Both luteal and endothelial cells were subjected to a 48 h incubation
carried out at 37◦C, 5 % CO2, and 95 % humidified air, with or without
polystyrene NPs at the concentrations of 5, 25 and 75 μg/mL (Lehner
et al., 2019; Shen et al., 2019; Basini et al., 2021a, 2022, 2023) (Sigma
Aldrich catalogue N. 43302). The particles, with a mean diameter of100
nm, were in aqueous suspension (10 % WT) with a density of
1.05 g/cm3.

2.2. Cell proliferation

Luteal and endothelial cell proliferation were evaluated by BrdU
incorporation assay test (Roche Diagnostics, Mannheim, Germany.
Briefly, 104 luteal cells/well and 1.5 × 103 endothelial cells/200 µL
medium were put in 96-well plates and incubated for 24 h at 37◦C, 5 %
CO2, and 95 % humidified air. Medium was then removed, and cells
were subjected to a 48 h treatment with 5, 25 and 75 µg/µL of NPs.as
above detailed.

BrdU label (20 µL) was added to each well and incubated overnight.
At the end, plates were centrifuged at 400 x g for 10 min, medium was
removed, and we added a FixDenat Solution (200 µL) to favour antibody
detection of the incorporated BrdU; in fact, wells were added with
conjugated anti-BrdU antibody and detection of immune complexes was
carried out by the subsequent substrate reaction. After stopping the re-
action, the product was determined by measuring absorbance at a
wavelength of 450 nm with Victor Nivo spectrophotometer (Perkin
Elmer, Groningen, Netherland (Dodi et al., 2021).

2.3. Cell metabolic activity

2×105 viable luteal cell and 5 × 104 endothelial cells /200 µL me-
dium were seeded in 96-well plates added with NPs for 48 h as described
above. A bioluminescent assay (ATP-lite 1-step; Perkin Elmer, Gronin-
gen, Netherlands) which quantifies intracellular ATP levels was
employed to assess cell metabolic activity. ATP, which is present in all
metabolically active cells, represents is a viability marker whose levels
rapidly decrease during cell necrosis or apoptosis. The ATP lite-1 step
assay system relies on the detection of light resulting from the reaction
of ATP with D-luciferin catalysed by luciferase. The emitted light is
proportional to the ATP concentration. Briefly, 100 µL of cell suspension
were added with 100 µL of substrate solution and the luminescence was
quantified by Victor Nivo (Basini et al., 2021b).
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2.4. Cell redox status

2.4.1. Non-enzymatic scavenging activity
The ability of antioxidants in biological samples to reduce ferric-

tripiridyltriazine (Fe3+ TPTZ) to a ferrous form (Fe2+ TPTZ) can be
assessed by using the colorimetric method known as The Ferric
Reducing Ability of Plasma (FRAP) assay. Before use we prepared the
TPTZ reagent by mixing 25 mL of acetate buffer, 2.5 mL of 2,4,6-Tris(2-
pyridyl)-s-triazine (TPTZ) 10 mM in HCl 40 mM and FeCl3–6 H2O so-
lution. Seedings of 2×105 luteal cells/well and 5 × 104 viable endo-
thelial cells were carried out in 96-well plates and cells were subjected to
a 48 h treatment with NPs as described above (37◦C, 5 % CO2, and 95 %
humidified air). Thereafter, plates were centrifuged at 400 x g for
10 min, supernatants were discarded, and lysis was obtained immersing
cells in ice bath for 30 min, with cold Triton 0.5 % + PMSF in PBS
(200 µL/well). 40 µL of cell lysates were added to Fe3+ TPTZ reagent and
incubated at 37◦C for 30 min. The reduction developed a blue colour
that was read by Victor Reader at 595 nm. The reducing ability was
determined using a standard curve of absorbance against FeSO4-7 H2O
standard solution (Dodi et al., 2021).

2.4.2. Enzimatic scavenging activity: superoxide dismutase (SOD)
SOD Assay Kit was used to determine SOD activity. Cell culture

(2×105 luteal cells and 5 × 104 endothelial cells) was carried out for
48 h in 96-well plates (Sarstedt, Nümbrecht, Germany) added with NPs
as described above. Cells were centrifuged for 10 min. at 400 × g, the
supernatants were discarded, and cell lysis was obtained as above
specified. Cell lysates were assessed without dilution and a standard
curve of SOD ranging from 0.156 to 20 U/mL was prepared. The assay
measured formazan produced by the reaction between a tetrazolium salt
and a superoxide anion (O2- ), resulting from the reaction of an exogenous
xantine oxidase. The endogenous SOD activity is indirectly evalutated
by assessing the remaining O2- . Determination of the absorbance was
carried out with Victor Nivo reading at 450 nm against 620 nm (Basini
et al., 2024).

2.4.3. Nitric oxide (NO) production
Cell seeding (105 luteal cells/well and 5 × 104 endothelial cells) was

carried out for 48 h in 96-well plates (37◦C, 5 % CO2, and 95 % hu-
midified air) in the presence of NPs as above detailed. Plates were then
centrifuged for 10 min at 400 x g and supernatants were collected. NO
production was assessed by Griess test which quantifies nitrite levels in
supernatants of cultured cells (Basini et al., 2009a, 2014, 2018).

2.4.4. Superoxide (O2
- ) production

O2- produced by cultured cells was determined by Cell-Proliferation
Reagent WST-1 test (Roche Diagnostics, Indianapolis, In, USA) (Basini
et al., 2009b, 2017). 104 luteal cells/well and 1.5× 103 endothelial cells
were cultured in 96-well plates for 48 h (37◦C, 5 % CO2, and 95 % hu-
midified air) in the presence of NPs at the concentrations indicated
above. After the addition of 20 µL WST-1during the last 4 h of incuba-
tion, absorbance was determined using Victor Nivo at a wavelength of
450 nm against 620 nm (Basini et al., 2021b).

2.5. Luteal cell progesterone (P4) production

Progesterone ELISA (DiaMetra, Boldon, UK) is a competitive
immunoenzymatic colorimetric assay for assessing P4 levels. After
seeding of 104 cells /well) in 96-well plates incubation was carried out
with NPs as above indicated for 48 h (37◦C, 5 % CO2, and 95 % hu-
midified air). Plates were then centrifuged at 400 x g for 10 min and
supernatants were collected, frozen and stored at − 20◦C until P4
quantification. We added 200 µL of antigenic progesterone conjugated
with horseradish peroxidase (HRP) to 20 µL of samples in a microplate
coated with antibodies anti-progesterone. The reaction with Substrate
(H2O2) and TMB Substrate was catalysed by the enzyme in the bound

fraction. The reaction colour changed from blue to yellow after the
addition of Stop Solution (H2SO4). P4 levels, inversely proportional to
the developed colour intensity, was quantified by using Victor reader at
a wavelength of 450 nm through a calibration curve (Dodi et al., 2021).

2.6. Endothelial cell VEGF production

The ELISA test (Quantikine, R&D System, Minneapolis, MI, USA),
validated for pig VEGF (Barboni et al., 2000; Basini et al., 2023) allows
VEGF A levels determination in spent media. The assay sensitivity was 0,
23 0.23 pmol/L, and the intra- and inter-assay CVs were always less than
7 %. We seeded 1× 105 cells (500 µL CM) in 24-well plates and cultured
them for 24 h at 37 ◦C in humidified atmosphere (5 % CO2) for 24 h.
After media removal, a 48 h treatment with NPs was carried out.

2.7. Study of NPs accumulation in endothelial cells through fluorescence
microscopy

2.7.1. Assessment of the NPs load in endothelial cells
Endothelial cell seeding (3×103 cells/well) was carried out in 96

well plates for fluorescence imaging (Cellvis, Mountain View, CA)
20–24 hours before the assay. Then, endothelial cell monolayers were
treated for 48 hours with fluorescent polystyrene NPs of 100 nm of
diameter (Sigma Aldrich, catalogue N. L9940) at 5, 25 and 75 µg/µL. The
same time of exposure and concentrations of NPs were tested in recent
observations (Basini et al., 2023). Furthermore, the range of concen-
trations examined is consistent with the accumulation of NPs reported in
tissues of experimental animals following in vivo exposure (Dong et al.,
2023). After 48 h of NPs treatment, samples were fixed with para-
formaldehyde 4 % in PBS. For the quantification of the NPs load, the
fixed samples were permeabilized for 15 min with triton 0,1X in PBS.
Then, endothelial cells were marked by labelling F-actin with
Phalloidin-Alexa Fluor 647 (Invitrogen) and nuclei were stained with
DAPI (Invitrogen) following manufacturer’s instruction. Labelled
F-actin (Ex/Em 650/671 nm), nuclei (Ex/Em 346/442 nm) and fluo-
rescent NPs (Ex/Em 475/540 nm) were imaged with the motorized Axio
Observer Inverted Fluorescence Microscope, equipped with Colibrì 5/7
LED Light Source, using Axiocam 305 mono and ZEN 3.1 blue software
(ZEISS). For each technical replicate, 2–4 random fields were acquired
using a 20x/0.8 NA objective. The image analysis was performed using
ImageJ software (Schindelin et al., 2012). To quantify the NPs load in
endothelial cells, the image analysis described in our previous study was
used (Basini et al., 2023), that was a modification of the “Area Analysis”
by Berni and collegues (Berni et al., 2022). Briefly, NPs and F-actin
channels were split and processed separately. Then, a threshold was set
for each channel in order to exclude the background from the area
measurement. Since a Z-stack was acquired, the threshold was set on the
Maximum Intensity Projection (MIP) of the Z-stack. Finally, for each
image acquired the area occupied by pixels corresponding to NPS and
endothelial cells (F-actin) was measured. The ratio (NPs Area/-
Endothelial Cells Area) was then calculated to have a quantitative
measurement of the NPs load in treated monolayers. For each technical
replicate, the sum of the endothelial cell areas and of the NPs areas of all
the fields acquired was used to calculate the ratio.

2.7.2. Investigation of NPs internalization in endothelial cells
To investigate the possible internalization of NPs in endothelial cells,

we verified if NPs co-localized with cytosolic lysosomes, that was pre-
viously reported in different cell types (Khan et al., 2023; Brandts et al.,
2023; Huang et al., 2023). For this purpose, endothelial cells were
treated with 5 µg/mL of fluorescent NPs as described above with some
modifications. First, the lysosomal marker LAMP-1 was labelled in fixed
and permeabilized samples. Briefly, samples were blocked for 1 hour in
bovine serum albumin (BSA) 1 % in PBS, then incubated at room tem-
perature for 3 hours with 1 mg/mL of Anti-LAMP-1 primary antibody
(CD107a clone 4E9/11, Invitrogen) in blocking solution. Then, samples
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were incubated with 1 mg/mL of Goat anti-Mouse IgG secondary anti-
body conjugated with Alexa Fluor 647 (Invitrogen) in BSA 0,2 % in PBS.
Finally, samples were imaged as described above, but using the Apotome
3 for the optical sectioning in fluorescence imaging (ZEISS). A 6,37 µm
Z-stack was acquired (13 slices with a 0,49 µm interval) using Alexa
Fluor 647 as reference channel for the software autofocus. Orthogonal x,
z and y,z projections and Depth-coding 3D reconstructions were pro-
duced using ZEN 3.1 blue software (ZEISS) to investigate co-localization
between lysosomes and NPs.

2.8. Statistical analysis

The experiments were repeated at least five times with six replicates
for each treatment. Data are presented as mean± SEM (standard error of
mean). Statistical difference was calculated by One-Way ANOVA using
Statgraphics software (STC Inc., Rockville, MD, USA). In the presence of
a significant difference (p<0.05), the means were subjected to Scheffé F
test for multiple comparisons.

3. Results

3.1. Luteal cell growth

The metabolic activity of the luteal cells, assessed through the
quantification of ATP production, was not affected by the presence of
NPs at any concentration used for the 48 h incubation (Fig. 1 A). Luteal
cell proliferation, estimated by BrdU incorporation into newly synthe-
sized DNA, was significantly stimulated (p<0.05) by the three dosages
tested, without significant differences between them (p<0.05) (Fig. 1 B).

3.2. Luteal cell P4 production

Progesterone production was found to be significantly inhibited
(p<0.05) by all concentrations of NPs (5, 25, 75 μg/mL), without sig-
nificant difference among those examined (Fig. 2).

3.3. Luteal cell redox status

In luteal cells, superoxide anion production was significantly stim-
ulated (p<0.05) by NPs only by the highest concentration (75 μg/mL).
Lower concentrations of NPs did not show a significant difference
compared to control (Fig. 3 A).

NO production in luteal cells was significantly stimulated (p<0.001)
by NPs at a highest concentration (75 μg/mL), without significant

differences in treatments with lower concentration (5, 25 μg/mL) (Fig. 3
B).

NPs significantly inhibited (p < 0.001) the activity of the enzyme
superoxide dismutase (SOD) in the luteal cells at all the concentrations
tested, without significant differences among them (p < 0.001) (Fig. 3
C).

All concentrations of NPs (5, 25 and 75 μg/mL) exerted a significant
(p < 0.001) increase of non-enzymatic antioxidant activity in luteal
cells, without significant differences among the doses examined (Fig. 3
D).

3.3.1. Endothelial cell growth
The metabolic activity of endothelial cells from porcine corpus

luteum, assessed by quantification of ATP production, was found to be
significantly stimulated (p<0.05) by the presence of NPs at all the
examined concentrations (Fig. 4 A).

Endothelial cell proliferation, assessed by BrdU incorporation into
newly synthesized DNAwas not significantly affected by any of the three
concentrations examined (5, 25, 75 μg/mL) after 48 hours of incubation
(Fig. 4 B).

Fig. 1. Effect of the treatment with nanoplastics (NPs 5, 25 and 75 µg/mL) for 48 h on swine luteal cell metabolic activity using ATP content assay test (A) and
proliferation using 5-bromo-2’-deoxyuridine (BrdU) incorporation assay test (B). Data, expressed as counts per second (CPS) in panel A and as milliabsorbance units
(mAbs) in panel B, represent the mean ± SEM of six replicates/treatment repeated in five different experiments. Different letters on the bars indicate a significant
difference (p < 0.05) among treatments as calculated by ANOVA and Scheffè’ F test.

Fig. 2. Effect of the treatment with nanoplastics (NPs 5, 25 and 75 µg/mL) for
48 h on swine luteal cell progesterone production using ELISA assay. Data,
expressed as ng/mL, represent the mean ± SEM of six replicates/treatment
repeated in five different experiments. Different letters on the bars indicate a
significant difference (p < 0.05) among treatments as calculated by ANOVA and
Scheffè’ F test.
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3.3.2. Endothelial cell VEGF production
NPs significantly stimulated (p < 0.05) the production of VEGF by of

porcine corpus luteum endothelial cells at all concentrations (Fig. 5).

3.3.3. Endothelial cell redox status
In endothelial cells the production of superoxide anion was signifi-

cantly stimulated (p<0.05) by all concentrations NPs (Fig. 6 A).
NO production in endothelial cells was significantly (p<0.001)

stimulated by NPs at concentrations of 25 and 75 μg/mL, with a greater

Fig. 3. Effect of the treatment with nanoplastics (NPs 5, 25 and 75 µg/mL) for 48 h on swine luteal cells superoxide anion (O2- ) generation using colorimetric assay
(A), nitric oxide (NO) production using Griess Assay (B), superoxide dismutase activity using SOD assay (C) and non-enzymatic scavenging activity using the FRAP
assay (D). Data, expressed as milliAbs units (panel A), as µM (panel B and D), as U/mL (panel C), represent the mean ± SEM of six replicates/treatment repeated in
five different experiments. Different letters on the bars indicate a significant difference (p < 0.05) among treatments as calculated by ANOVA and Scheffè’ F test.

Fig. 4. Effect of the treatment with nanoplastics (NPs 5, 25 and 75 µg/mL) for 48 h on swine endothelial cell metabolic activity using ATP content assay test (A) and
proliferation using 5-bromo-2’-deoxyuridine (BrdU) incorporation assay test (B). Data, expressed as counts per second (CPS) in panel A and as milliabsorbance units
(mAbs) in panel B, represent the mean ± SEM of six replicates/treatment repeated in five different experiments. Different letters on the bars indicate a significant
difference (p < 0.05) among treatments as calculated by ANOVA and Scheffè’ F test.
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increase in the presence of the highest concentration (75 μg/mL) (Fig. 6
B).

NPs significantly stimulated (p<0.05) the enzymatic activity of su-
peroxide dismutase (SOD) in endothelial cells without significant

differences among the different doses examined (p < 0.05) (Fig. 6 C).
All three concentrations of NPs (5, 25, 75 μg/mL) exerted a signifi-

cant stimulation (p<0.05) of non-enzymatic antioxidant activity in
endothelial cells from swine corpus luteum (Fig. 6 D).

3.4. NPs accumulation in endothelial cells

3.4.1. NPs load in endothelial cells
The NPs load in endothelial cells was quantified through fluores-

cence microscopy image analysis and calculated as the (NPs Area/
Endothelial Cell Area) ratio. Representative images of the treated
monolayers (Fig. 7) clearly show that NPs were located in correspon-
dence of fluorescently labelled F-actin and not randomly distributed.
Data presented in Fig. 7 show that the NPs load was significantly higher
at all the concentration tested as compared to the non-treated control.
Then, a significant increase of the NPs load was observed not only be-
tween the lowest (5 μg/mL) and the other concentrations tested (25,
75 μg/mL), but also between the intermediate (25 μg/mL) and the
highest (75 μg/mL) concentration tested. NPs accumulations wrapped
around F-actin filaments were observed and reported through x,z and y,z
orthogonal projections in Fig. S1.

3.4.2. NPs internalization in endothelial cells
The possibility of NPs internalization in endothelial cells was

investigated using fluorescence microscopy by combining fluorescent
NPs and fluorescent labelling of the lysosomal membrane protein LAMP-
1. Specifically, the x,z and y,z orthogonal projections in Fig. 8 clearly
show the presence of NPs accumulations (green) in between LAMP-1

Fig. 5. Effect of the treatment with nanoplastics (NPs 5, 25 and 75 µg/mL) for
48 h on swine endothelial cells VEGF production using ELISA assay. Data,
expressed as pg/mL, represent the mean ± SEM of six replicates/treatment
repeated in five different experiments. Different letters on the bars indicate a
significant difference (p < 0.05) among treatments as calculated by ANOVA and
Scheffè’ F test.

Fig. 6. Effect of the treatment with nanoplastics (NPs 5, 25 and 75 µg/mL) for 48 h on swine endothelial cells superoxide anion (O2- ) generation using colorimetric
assay (A), nitric oxide (NO) production using Griess Assay (B), superoxide dismutase activity using SOD assay (C) and non-enzymatic scavenging activity using the
FRAP assay (D). Data, expressed as milliAbs units (panel A), as µM (panel B and D), as U/mL (panel C), represent the mean ± SEM of six replicates/treatment
repeated in five different experiments. Different letters on the bars indicate a significant difference (p < 0.05) among treatments as calculated by ANOVA and Scheffè’
F test.
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Fig. 7. Representative images of endothelial cells treated with different concentrations of NPs (negative control C-, 5, 25, 75 μg/mL). Endothelial cells are labeled in
red (F-actin), nuclei in blue (DAPI) and NPs in green. White scale bars are 50 μm. The graph reports NPs load in endothelial cells, calculated as the (NPs Area/
Endothelial Cell Area) ratio. Each dot represents the ratio of a technical replicate. Means and standard deviation of the means were reported. p values obtained
performing pairwise comparisons with One Way ANOVA with Tukey’s correction were reported in the table below the graph.
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positive lysosomes (red), demonstrating that NPs co-localized in z-
dimension with cytosolic lysosomes. Depth-coding 3D reconstructions in
Fig. 8 further confirmed the z-dimensional co-localization of LAMP-1
signal and NPs signal, thus intracellular localization of NPs. Other-
wise, the inclusion of NPs into lysosomes was not confirmed since the
complete overlapping of NPS signals with LAMP-1 signal was not
observed. Furthermore, the accumulation of NPs that were not co-
localized in z-dimension with lysosomes was also observed and re-
ported through orthogonal projections in Fig. S2.

4. Discussion

Easy processing, versatility and low costs are among the most
important characteristics attributable to plastic which justifies its use in
multiple production contexts; in fact, today, plastic represents an
essential material that is difficult to replace especially in the automotive

industry and the building sector, such as with the formation of pipes,
waterproofing and insulation. Its use is also widespread in the cosmetic
sector since microplastics are added in exfoliating or cleansing products.
With textiles, plastic is used in the manufacture of polyester garments.
Furthermore, whilst disposable plastic packaging has contributed to
food preservation, its role in the amount of discarded food waste has
become a public issue in many countries. (Heidbreder et al., 2019). In
addition, during the Sars-Cov-2 pandemic, the use of plastic polymers
has grown exponentially in the medical healthcare sector, given the
need to produce medical devices, diagnostic tools and disposable in-
struments to avoid virus transmission (Ekanayake et al., 2023). Unfor-
tunately, due to the persistence of plastic and leaching from plastic
waste in landfills, it is estimated that plastic pollution will have trebled
from 2016 to 2040 unless appropriate measures are taken. A recent
critical issue is associated with the various aging processes of plastics
like mechanical abrasion, chemical oxidation, heat irradiation,

Fig. 8. NPs co-localization in z-dimension with lysosomes in endothelial cells treated with 5 µg/mL of NPs. In orthogonal projections the horizontal bars reconstruct
x,z projection, while the vertical bars reconstruct the y,z projection. Lysosomes are shown in red (LAMP-1) and NPs in green. White scale bars are 10 μm. 3D Depht-
coding reconstruction are reported with the legend color code.
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biodegradation, ultraviolet (UV) irradiation, among others. In the
environment, sunlight or UV radiation is considered to be the main
cause of plastic aging, which likely induces chain scission and polymer
chain reactions, leading to plastic fragmentation into particles (Junaid
et al., 2024). NPs, comprising pieces smaller than 100 nm, represent an
emerging health threat due to their inherent chemical composition or
ability to absorb and transport other harmful substances. These potential
dangers can be categorized into three main types: physical, chemical,
and biological (Fontes et al., 2024). It should be noted that research on
NPs is taking the first steps and the degradation processes and rates of
MPs to NPs are not yet clear due to the limitation of technology.

In previous in vitro studies, we demonstrated that NPs affect cellular
functions (Basini et al., 2022, 2023), thus representing a potential threat
for reproductive function (Basini et al., 2021a). Therefore, this present
research has been undertaken to expand knowledge on NPs effects using
ovarian translational model represented by luteal and endothelial cells
isolated from swine corpus luteum (Basini et al., 2014; Basini et al.,
2021b).

Collected data show that metabolic activity, measured by ATP pro-
duction, appear to be unaffected by NPs in luteal cells while increases in
endothelial cells isolated from corpus luteum. Interestingly, recent
studies agree with our present findings: in particular, results obtained in
luteal cells agree with those in granulosa cells (Basini et al., 2021a) and
data in endothelial cells are similar to those collected using aortic
endothelial cell line (Basini et al., 2023). In general, our results differ
from reported evidence showing a reduction in ATP levels, mainly
attributable to mitochondrial damage, already documented in human
embryonic cells (Li et al., 2023) and zebrafish (Woo et al., 2023). The
reasons for these discrepancies are not clear at present and further
investigation is required. Our present data show that cell proliferation is
unaffected by NPs in endothelial cells, as reported in our previous study
on aortic endothelial cells (Basini et al., 2023). Contrarily, cell prolif-
eration is increased in luteal cells treated with NPs. In general, it should
be noted that luteal cells, as they are differentiated, show lower mitotic
activity compared with other cell types. However, in some animals like
pigs and sheep, luteal cells retain their ability to proliferate (Murphy,
2000; Mlyczyńska et al., 2022). It should be noted that our isolation
method guarantees the culture of a mixed population of large and small
luteal cells. We think that the critical effect of NPs act to disrupt this low
proliferation rate. Further studies are need in order to clarify the
transduction mechanisms involved. Interestingly, our present findings
agree with previous research on ovarian cells both in vitro (Basini et al.,
2021a) and in vivo where it has been demonstrated that NPs interfere
with the mitogen-activated protein kinase (MAPKs) pathway (Chen
et al., 2024). (MAPK) signaling pathway is a highly conserved signal
transduction pathway from yeast to human species, and is widely
distributed in various eukaryotic cells. In almost all species studied over
the past three decades, this signaling pathway plays a crucial role in the
regulation of proliferation of female reproductive cells (Fan et al., 2012).
Interestingly, it has been documented that reactive oxygen species
(ROS) activate MAPKs thus stimulating cell proliferation (Lin et al.,
2019).

Reactive oxygen species are important cellular messengers, mainly at
the mitochondrial level during the process of cellular respiration. They
support and assist in the homeostatic control of physiological and
metabolic functions, such as cellular proliferation and differentiation,
and are rapidly eliminated by detoxification systems such as enzymes,
scavenger molecules and antioxidants. In agreement with our previous
findings (Basini et al., 2021a, 2022, 2023), in both luteal and endothelial
cells redox status appears to be disrupted by NPs. On the other hand,
changes in ROS production can cause severe cell problems. In fact, a
decrease can impair proliferation, stem cell differentiation as well as
prevent the immune response activation, leading to immunosuppres-
sion. On the contrary, an increased production of ROS could enhance the
release of proinflammatory cytokines and proliferation, as found in
neoplastic cells (Mittler, 2017).

The results of our report also show that in luteal cells, subjected to
treatment with NPs, progesterone (P4) levels significantly decreased.
This result is supported by previous data which demonstrate that NPs
can interfere with the production of hormones. A recent study (Basini
et al., 2021a) documented a reduction in progesterone levels in sow
granulosa cells treated with NPs; on the contrary, an in vivo study on
female mice showed an increase in serum progesterone levels in cells
subjected to NPs (Scsukova et al., 2017). In a study carried out on fe-
males of Oryzias melastigma it emerged that exposure to polystyrene NPs
resulted in down-regulation in the expression of genes coding for
11β-hydroxysteroid dehydrogenase (11βHSD), steroidogenic acute reg-
ulatory protein (StAR) and cytochrome P450 17A1, i.e. for enzymes
involved in the production of steroid hormones (Wang et al., 2019).

The formation of the corpus luteum and its maintenance are closely
associated with angiogenesis. It has been demonstrated that high levels
of ROS and NO, in addition to increasing oxidative stress and consequent
cellular damage, are also capable of impairing the angiogenic processes
homeostasis (Basini et al., 2016). It should be noted that also luteal cells
express NOS (Vega et al., 1998; Tao et al., 2004). NO production by
luteal cells has been detected also in our previous studies (Basini et al.,
2021b; Dodi et al., 2021)

In vitro studies, using immortalized human cerebral microvascular
endothelial cells, have demonstrated that NPs can be internalized into
cells causing production of ROS, nuclear factor kappa-B (NF-kB),
secretion of tumour necrosis factors α (TNF -α) as well as cell death
(Shan et al., 2022). In agreement with various experimental evidence in
the present study we showed that in endothelial cells the treatment with
NPs induced an increase of free radical production, in association with
an increase of SOD enzyme activity as well as of non-enzymatic anti-
oxidant activity. These changes would likely represent a possible cell
defence mechanism in controlling high concentrations of these
compounds.

In the present study, we also quantified the production of VEGF by
endothelial cells, i.e. the main angiogenic factor which acts mainly
stimulating cell migration and increasing vascular permeability (Eelen
et al., 2020). VEGF can be also produced by swine luteal cells as already
demonstrated by other authors (Rytelewska et al., 2021; Bharati et al.,
2024). Therefore, we are sought also to explore this aspect in further
studies. Our data indicate that NPs treatment induces a significant in-
crease in VEGF levels as already observed in aortic endothelial cell line
(Basini et al., 2023). Interestingly, a study by Dai et al. (2023) in
Zebrafish demonstrated an impairment of VEGF signalling mechanisms.

Furthermore, we sought to verify the nature of the NPs accumulation
in endothelial cells through fluorescence microscopy. A significant in-
crease of the NPs load, calculated as the (NPs Area/Endothelial Cell
Area) ratio, was reported from the lowest concentration tested, 5 µg/mL,
to 25 µg/mL and 75 µg/mL (Fig. 7), demonstrating a dose-dependent
accumulation of NPs in endothelial cells. These results were consistent
with our previous study conducted on endothelial cells isolated from
swine aorta (Basini et al., 2023). In endothelial cells treated with NPs we
observed the accumulation of NPs wrapped around F-actin filaments
that localized in between the extracellular and the intracellular space
(Fig. S1), likely evidencing the occurrence of NPs adhesion to the cell
surface and internalization. A recent study reported that NPs of 100 nm
of diameter, the same of the NPs used in the present work, were able not
only to adhere to human umbilical vein endothelial cells, but also to be
taken up by cells and aggregate into the cytoplasm (Lu et al., 2022).
Thus, to further investigate the possible internalization of NPs, we
combined the imaging of fluorescent NPs and fluorescently labelled ly-
sosomes (LAMP-1) in cells exposed to 5 µg/mL of NPs. The z-dimen-
sional co-localization with lysosomes confirmed the cytosolic
localization of NPs, as shown in orthogonal projections and 3D re-
constructions in Fig. 8. Even if the localization of NPs within the lyso-
somes was reported in other cell types, like intestinal epithelial cells and
macrophages (Brandts et al., 2023; Xu et al., 2021; Khan et al., 2023), we
didn’t observe a distinct overlap between NPs and LAMP-1 fluorescent
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signals, suggesting that NPs were internalized, but were not included
into LAMP-1 positive lysosomes. Liu and colleagues (2021) demon-
strated that NPs between 50 and 500 nm of diameter could passively
penetrate the cytoplasmic membrane due to hydrophobic interactions
and Van deer Waals’ forces and initially distribute in the cytoplasm and
not in lysosomes (Liu et al., 2021). Since we observed the presence of
NPs at the cytosolic level, but not within lysosomes, we speculated that
passive internalization could be one of the possible mechanisms behind
the observed NPs up-take. Moreover, we observed the presence of
extracellular NPs that did not co-localized in z-dimension with lyso-
somes (Fig. S2), likely suggesting their adhesion to the cell surface. Even
if NPs internalization was demonstrated through qualitative analysis by
fluorescence microscopy, further investigations are needed to define the
precise uptake mechanisms and the consequent organelle localization of
NPs in microvascular endothelial cells specific of reproductive organ.

5. Conclusions

The present study adds new evidence about the effects of exposure to
NPs on both endocrine and endothelial cells of the reproductive system.
The data collected show an increase of ROS production, in the antioxi-
dant defence, a significant decrease in the production of progesterone, a
fundamental hormone in maintaining correct reproductive function and
an increased vascular endothelial growth factor (VEGF A) level, the
main angiogenic factor. Furthermore, through fluorescence microscopy
it was possible to quantify a dose-dependent accumulation of NPs in
endothelial cells specific of the corpus luteum, occurred through adhe-
sion and internalization. Therefore, the results obtained indicate that
NPs can impair reproductive functionality and angiogenic mechanisms.
Further studies are needed to unravel the molecular machineries
responsible for the effects we have described.
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