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Polystyrene microplastics are
internalized by human gingival
fibroblasts, enhance cell motility
and induce molecular changes
revealed through proteomic
analysis

Federica Di Cintio%2, Anna Giulia Ruggieri?3, Chiara De Simone?, Piero Di Carlo?3,
Maurizio Ronci*2*?, Vittoria Perrotti>** & Michele Sallese?3"*

Plastics pose a significant global threat to the ecosystems due to their accumulation and impact

on human health. The degradation of plastics results in the formation of microplastics (MPs), small
particles less than 5 mm in size, which are released into the environment. Polystyrene (PS) is a major
chemical component of plastics, and exposure to PS-based microplastics (PS-MPs) has been linked to
cellular damage. This study aimed to explore the effects of 1 um PS-MPs on human gingival fibroblast
cells (hGF). PS-MPs induced a limited cytotoxicity at the tested concentrations and time points.
Confocal microscopy, TEM and flow cytometry revealed the uptake of PS-MPs in about 10% of hGF
cells. Proteomics identified a profoundly altered proteostasis in PS-MPs treated cells. Enrichment
analysis of differentially expressed proteins uncovered disruptions in cellular pathways, including
metabolisms (glycolysis and adipogenesis), endocrine functions (androgen and oestrogen responses),
inflammatory responses (interferons o and y) and cancer progression (epithelial-mesenchymal
transition). Consistent with the enrichment analysis, treated cells exhibited a significant increase in
motility. This study demonstrated that PS-MPs are internalized by cells and influence key cellular
pathways related to inflammation, motility, and survival, reinforcing the notion that PS-MP exposure
may pose risks to human health.
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Plastics have been recognized by the international scientific community as an emerging global threat to the
environment and human health due to their widespread accumulation into air, water, and soil. Their versatility
and chemical stability make them extensively used as packaging materials, disposable items, foodservice products,
construction materials, and consumer goods'>. However, inadequate recycling policies have contributed to
significant environmental pollution, raising global concerns about their impact on human health?. Plastics
are highly persistent into the environment*® due to their inert nature, making them difficult to decompose.
Degradation occurs via chemical weathering, photo-oxidation, and environmental fragmentation, ultimately
generating microplastics (MPs) (< 5 mm in diameter)®” and further breaking down into nanoplastics (NPs
< 1000 nm)®8-12, Furthermore, MPs are also intentionally manufactured as microbeads for use in cosmetics,
cleaning products, fertilizers, and as raw materials in plastic production. Indeed, the term “microplastic”
encompasses a wide range of polymeric materials of varying sizes, shapes (e.g. spheres, fibres, fragments), and
chemical formulations®.
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Overall the ubiquitous diffusion of MPs have dramatically increased the risk of ecosystem contamination,
making their potential effects on human health a growing area of interest®. Among the most prevalent polymeric
components of MPs is polystyrene (PS), a non-biodegradable synthetic aromatic hydrocarbon polymer derived
from styrene monomers>. PS-MPs can interact with various organic and inorganic environmental pollutants,
including heavy metals, organic matter, or microorganisms, further exacerbating their toxicological potential'*.

Humans are exposed to MPs and NPs through multiple routes of entry®!'*including ingestion, inhalation,
skin contact, and oral exposure. Among these, the upper respiratory tract, especially the oral mucosa, serves
as the first biological barrier against airborne pollutants potentially leading to systemic damage in various
organs'®2, The gingival area, in particular, can retain food particles—and potentially MPs—due to anatomical
features like the gingival sulcus and periodontal pockets, increasing the chance of local cellular interaction?!?2.
Additionally, dental devices such as clear aligners and occlusal splints, made of plastic and worn for extended
periods, may release micro- and nanoplastics over time?*. These factors make gingival cells a relevant model for
studying MP exposure.

PS-MPs can penetrate biological membranes, accumulate in tissues and organs, and induce oxidative stress
through the production of reactive oxygen species (ROS)*%. Caputi et al., demonstrated that the exposure to
MPs in human gingival fibroblast (hGF) activates the NFkB/MyD88/NLRP3 inflammatory pathway, leading to
increased expression of inflammatory markers both at gene and protein levels (NFkB, MyD88, and NLRP3)%.
Other researchers also investigated the toxic effects of PS-MPs in mice intestines, revealing that exposure to
50 nm and 500 nm PS-MPs induced toxicity by ROS-mediated apoptosis in epithelial cells*. Moreover, Lu et
al., demonstrated 100 nm and 500 nm PS-NPs exhibit low acute toxicity in human umbilical vein endothelial
cells (HUVEC)¥. Xiao et al. used a kidney-testicle microfluidic platform (KTP) to reveal that PS-NPs enter the
kidneys and testes through endocytosis, dysregulating key cancer-related pathways, such as MAPK and PI3K-
AKT signaling?. Finally, Fan et al., investigated the effects of 100 nm and 1 pm PS-MPs in rat lungs, revealing
alveolar and bronchial epithelial damage and increased expression of pro-inflammatory cytokines IL-6, TNF-a,
and IL-1B. Moreover, novel circular RNAs and non-coding RNAs were identified as potential mediators of PS-
MPs-induced lung inflammation?s.

While the impact of MPs has been extensively investigated in the lower respiratory and gastrointestinal tracts,
their effects in the upper respiratory and digestive tracts remain largely unexplored, despite direct exposure to
inhaled MPs.

In the present study, we investigated the effects of PS-MPs on hGF by analysing PS-MP cytotoxicity,
internalization, differential protein expression, and cell migration. We found that PS-MPs are not cytotoxic at
concentrations ranging from 0.25 pg/mL to 25 pg/mL, while a slight cytotoxicity was observed when cells were
treated with 50 pg/mL of PS-MPs. The PS-MPs were endocytosed efficiently by a small percentage of the cells
and mainly accumulated into endosomes. Proteomic analysis identified 389 differentially expressed proteins
involved in key pathways that impact metabolism, inflammation, endocrine functions and cell migration.
Finally, functional studies demonstrated an increase in cell motility following treatment with PS-MPs.

Materials and methods

Cell culture conditions

The hGF cell line (Cell Lines Service GmbH, Eppelheim, Germany) was cultured following the supplier in
Dulbecco’s Modified Eagle’s Medium (DMEM)/Nutrient Mixture F-12 Ham (Corning, NY, USA). The culture
medium was supplemented with 5% heat-inactivated Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin
(Thermo Fisher Scientific, MA, USA).

Microplastics
Commercial 1 pum PS-MPs (#S-89904, Sigma-Aldrich, MO, USA) and amine-modified fluorescent PS-MPs 1 pm
beads (#L1030, Sigma-Aldrich, MO, USA) were purchased and used as supplied from the vendor.

Cell metabolic activity

hGFs were seeded at a density of 2 x 10% cells/well into a 96-well tissue culture plate and incubated for 24 h
to allow cells attachment. hGFs viability was assessed using MTT assay (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2 H-tetrazolium bromide) (#ab146345, Abcam, Cambridge, UK) after 24, 48, and 72 h of treatment
with 50, 25, 5, 2.5, and 0.25 pg/mL of PS-MPs, and using vehicle treated cells as control. A volume of 10 pL/
well of MTT dye solution was added to the culture medium, and cells were incubated for 3 h at 37 °C. To
allow formazan formation, after 3 hours (h) of incubation at 37 °C with the MTT solution on the cells, we
added 100 puL/well of dimethyl sulfoxide (DMSO, Sigma-Aldrich, MO, USA) to dissolve the formazan crystals,
which produced a purple color. Formazan formation, which is directly proportional to viable cell numbers, was
quantified by measuring absorbance at 570 nm using a Synergy™ HT Multi-detection microplate reader (Biotech,
Winooski, VT, USA). The MTT assay was performed in three independent experiments. The absorbance reading
from the cell-only condition was subtracted from the DMSO-only reading and used as the blank. The untreated
condition was used to normalize the readings.

Cell cycle evaluation

Cell cycle phases were analysed using flow cytometric with propidium iodide (PI) DNA staining (#P1304MP,
Invitrogen, MA, USA). hGFs were seeded at a density of 2.5 x 10° cells/well into a 6-well culture plate and
incubated for 24 h to allow attachment. Cells were then treated with 50 pug/mL of PS-MPs for 24, 48, and 72 h.
After treatment, cells were harvested, washed with phosphate buffered saline (PBS), fixed in 70%ethanol, and
incubated over-night at + 4 °C with PI solution (PBS, PI, RNase A #A797C Promega, Madison, W1, USA). A total
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of 10.000 events/sec were acquired using a BD FACS Canto II flow cytometry (BD Bioscience, Franklin Lakes,
NJ), and data were analyzed with FLOWJO software v10.10 (BD Bioscience, Franklin Lakes, NJ).

Confocal fluorescent microscopy analysis

Immunofluorescence (IF) microscopy was used to evaluate the localization of fluorescent PS-MPs in hGF cells.
Cells were seeded on coverslips at a density of 2 x 10* and incubated for 24 h to enable cells adhesion. After
exposure to 50 ug/mL fluorescent PS-MPs for 24, 48, and 72 h, cells were fixed with 4% paraformaldehyde (PFA)
in PBS (Electron Microscopy Sciences, PA, USA) for 10 min. To block non-specific binding, cells were incubated
for 1 h with a homemade blocking buffer (PBS with 1% bovine serum albumin (BSA) and 0.01% saponin)
(Sigma-Aldrich, MO, USA). Samples were then incubated overnight at 4° C with a primary antibody against
early endosomes (EEA1 #610457, BD, Franklin Lakes, NJ, USA), washed three times with PBS, and further
incubated with a secondary fluorescent antibody (a-mouse Alexa Fluor 546 #A1135 Invitrogen, MA, USA) for
1 h at room temperature (RT). Finally, coverslips were mounted using Mowiol 4-88 reagent (Merck Millipore,
MA, USA), and images were acquired using a ZEISS LSM 800 confocal microscope (ZEISS, Jena, Germany) at
63x magnification. The image analysis was performed with Fiji Image] software (National Institutes of Health,
MD, USA).

PS-MPs internalization by flow cytometry

hGFs were seeded at a density of 2.5 x 10° cells/well cell per well in a 6-well culture plate and incubated for 24 h
to allow attachment. After treatment with 50 pug/mL fluorescent PS-MPs, the cells were washed twice with PBS
and then resuspended in 300 pL of PBS. Microplastic internalization was quantified at 24, 48, and 72 h using
flow cytometry, by measuring green fluorescent signals. A total of 10.000 events/sec were acquired using BD
FACS Canto II flow cytometer (Beckton Dickinson), and data were analysed by FLOWJO software v10.10 (BD
Bioscience, Franklin Lakes, NJ).

Transmission electron microscopy (TEM) analysis and imaging

For TEM analysis, hGFs were seeded at a density of 10 x 10 cells/well in a 35 mm uncoated dish (#P35G-
1.5-14-C, MatTek, Bratislava II Slovak Republic). Cells were treated with 50 pg/mL PS-MPs for 48, and 72 h,
and vehicle-treated as control. After treatment, cells were fixed in modified Karnosky’s fixative (4%PFA, 1%
glutaraldehyde in 0.1 M cacodylate buffer) for 30 min at RT, followed by a 48 h fixation at 4°C in diluted fixative
(1:10 in 0.1 M cacodylate buffer). Samples were then post-fixed with 1% osmium tetra-oxide (OsO,) (EMS,
Hatfield, PA, USA) and 1% potassium ferrocyanide for 1 h at 37 °C, followed by 1% uranyl acetate staining for
30 min at RT. Following sequential dehydration in a graded series of ethanol solutions, samples were embedded
in Hard-Plus epoxy resin (EMS, Hatfield, PA, USA) and polymerized at 60 °C for 16 h.

Thin sections (~ 70 nm) were obtained using a UC6 ultramicrotome (Leica, Milan, Italy) and visualized
using a Talos L120C transmission electron microscope (Thermo Fisher Scientific, MA, USA) at 120 kV, with
magnifications ranging from 2,000x to 53,000x. Images were captured using a 4 K x 4 K Gatan CCD camera
(Gatan Inc., Pleasanton, CA, USA).

Shotgun proteomics

hGFs were seeded at a density of 2 x 10° cells/well into a 6-well tissue culture plate and incubated for 24 h
to allow cell attachment. Cells were treated with 50 pg/mL of PS-MPs or vehicle for 48 and 72 h, after which
they were collected and lysed in RIPA buffer (50 Tris-HCI (pH 7.6), 0.1% sodium deoxycholate, 0.1% SDS, 1%
Triton-X-100,140 mM NaCl), supplemented with protease and phosphatase inhibitors. The Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, MA, USA) was used to determine total protein concentration. In these
experiments, the untreated control was sampled at 48 h. However, we also analyzed proteome changes between
untreated cells at 48 and 72 h to assess temporal variability. These controls were highly similar, with only a
few proteins differentially expressed between the two time points—an outcome that falls within the expected
variability of the method (data not shown). A total of 25 pg of proteins was loaded into a Nanosep 10-kDa-
cutoff filter (Pall Corporation, Michigan, USA) and digested following previously reported protocols®.
Briefly, samples were washed twice with 200 pL urea buffer (8 M urea, 100 mM Tris pH 8.5 in milliQ water)
to remove salts and detergents. Proteins were reduced by adding 100 puL of DTT solution (8 mM DTT in urea
buffer) and alkylated with 100 pL of Iodoacetamide (IAA) solution (50 mM IAA in urea buffer). The urea buffer
was then exchanged with 50 mM ammonium bicarbonate, followed by trypsin digestion at a 1:50 (enzyme:
proteins ratio, incubated overnight at 37 °C. The peptide mixture was collected by centrifugation, acidified
with 10% trifluoroacetic acid, and stored at -20 °C until analysis. Each digested protein sample was analysed
in technical triplicate by LC-MS/MS on a UltiMate3000 RSLCnano (Thermo Fisher Scientific, Waltham, MA,
USA) chromatography system coupled to an Orbitrap Fusion Tribrid mass spectrometer, operating in positive
ionization mode, equipped with a nanoESI source (EASY-Spray NG) (Thermo Fisher Scientific, Waltham, MA,
USA). In detail, peptides were loaded on a PepMap100 C,, pre-column cartridge (5 um particle size, 100 A
pore size, 300 pm i.d. x 5 mm length, Thermo Fisher Scientific, Waltham, MA, USA), and separated on an
EASY-Spray PepMap RSLC C,, column (2 pm particle size, 100 A pore size, 75 ym i.d. x 15 cm length, Thermo
Fisher Scientific, Waltham, MA, USA) at a 300 nL/min flow rate and a 35 °C temperature. The chromatographic
gradient was set as follows: from 95% eluent A (0.1% Formic Acid in water) to 35% eluent B (99.9% Acetonitrile,
0.1% Formic Acid) in 45 min and a total LC run of 65 min. Precursor (MS1) survey scans were recorded in the
Orbitrap, at resolving powers of 120 K (at m/z 200). Data-dependent MS/MS (MS2) analysis was performed in
top speed mode with a 3 s cycle time, during which the most abundant multiple-charged (2+-7+) precursor ions
detected within the range of 375-1500 m/z were selected for activation in order of abundance and detected in ion
trap at rapid scan rate. Quadrupole isolation with a 1.6 m/z isolation window was used, and dynamic exclusion
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was enabled for 60 s after a single scan. Automatic gain control targets were 4.0 x 10° for MS1 and 2.0 x 10 for
MS2, with 50 and 300 ms maximum injection times, respectively. For MS2, the signal intensity threshold was
5.0 x 10%, and the option “Injection Ions for All Available Parallelizable Time” was set. High-energy collisional
dissociation (HCD) was performed using 30% normalized collision energy.

Bioinformatics

Raw data were processed using PEAKS studio Xpro (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada)
using the ‘correct precursor only’ option enabled. Spectra were matched against the UniProt SwissProt database -
restricted to Homo sapiens taxonomy — supplemented with a list of common contaminants (20,619 entries). The
false discovery rate (FDR) was set to 0.5% at the peptide level. The post-translational modification (PTM) profile
was set as follows: fixed cysteine carbamidomethylation (AMass: 57.02), variable methionine oxidation (AMass:
15.99). Non-specific cleavage was allowed to one end of the peptides, with a maximum of 2 missed cleavages and
trypsin enzyme specificity. The highest error mass tolerances for precursors and fragments were set at 10 ppm
and 0.5 Da, respectively.

After processing every single raw data, the label free quantification (LFQ) tool of PEAKS Studio was used
to detect differentially expressed proteins. Parameters for LFQ were set as follows. Quantification type: Label
free quantification; Mass Error Tolerance: 10.0 ppm; Retention Time Shift Tolerance: 0.5 min; FDR Threshold:
0.5%. Statistical significance of differentially expressed proteins was assessed by ANOVA using a threshold at the
protein level > 20 — 10 IgP, a fold change > 1.3 and at least 1 peptide for quantification.

Bioinformatic analysis was performed using the BigOmics Playground platform (https://bigomics.ch/)
version v3.3.4.9001-master240426. Proteomic datasets from PEAKS Studio LFQ were uploaded into the
platform, selecting “homo sapiens” taxonomy and selecting t-test and trend.limma for Gene testing and gsva
and fisher for Geneset testing.

Western blot analysis

Total protein extracts were obtained by lysing the cells with RIPA buffer (50 Tris-HCI (pH 7.6), 0.1% sodium
deoxycholate, 0.1% SDS, 1% Triton-X-100, 140 mM NaCl) supplemented with protease and phosphatase
inhibitors (Merk, Darmstadt, Germany). After centrifugation at 12,000 rpm for 20 min at 4 °C, an equal
amount of protein (25 pg) was separated using Precast 8-16% Gel (GenScript, Piscataway, NJ, USA). Proteins
were transferred onto nitrocellulose membrane, blocked for 1 h with 5% BSA and 1% non-fat dried milk in
Tris-Buffered Saline (TBS), and incubated overnight at 4 °C with primary antibodies: a-fibronectin (#F3648,
Sigma-Aldrich, MO, USA), a-STAT1 (#9172, Cell Signaling, MA, U.S.A), a-Calreticulin (#SPA-601, Enzo Life
Sciences, Inc., NY, U.S.A), a-VDACI (#PA1954A, Invitrogen, MA, USA), and a-B-actin (#sc-69879, Santa Cruz,
CA, USA). After three washes with TBS-T (0.1% TWEEN-20 in TBS), membranes were incubated for 1 h at
RT with HRP-conjugated secondary antibodies (a-rabbit and a-mouse HRP IgG H&L Calbiochem, Merck
Millipore, Burlington, MA, USA). Chemiluminescent detection was performed using ECL Star Enhanced
Chemiluminescent Substrate (Euroclone, Milan, Italy) and bands were visualized using the UVITEC imaging
system and software (UVITEC, Cambridge, UK). Densitometric quantification was performed using Fiji Image]
software (National Institutes of Health, MD, USA).

Migration assay

Cell motility was evaluated using the Sartorius Incucyte S3 live cell analysis system. hGF cells (7 x 10° cells/well)
were seeded into 96-well plates and incubated for 24 h to allow cell attachment. A confluent cell monolayer was
scratched using a WoundMaker™ (Essen Bioscience, Ann Arbor, MI, USA), washed with PBS, and incubated
with a standard growth medium containing 50 pug/mL PS-MPs or vehicle. Phase-contrast images were captured
immediately after scratching using a 10x objective, and subsequently every 3 h up to 72 h. The migration rate was
determined by measuring the percentage of wound closure over time using IncuCyte ZOOM" Software.

Statistical analysis

All statistical analyses were performed using GraphPad Prism v9.01 (GraphPad Software, San Diego, CA,
USA). Data are expressed as mean + standard deviation (SD). Each experiment was repeated at least three
times. Shapiro-Wilk test was used to assess the Normality of the distributions. After confirming the normal
distributions, MTT assay data were analysed using one-way ANOVA with Sidak’s multiple comparisons.
Western blot data were analysed by one-way ANOVA. The wound healing assay data were analysed by two-way
ANOVA with SidaK’s multiple comparisons. Statistical significance was set at p < 0.05, and error bars represent
the standard deviation (SD).

Results

PS-MPs exhibit cytotoxic effects on hGF cells

To evaluate the cytotoxic effect of 1 um-sized PS-MPs on cell viability, hGF cells were incubated with different
concentrations of PS-MPs (0.25, 2.5, 5, 25, and 50 pg/mL) for 24, 48, and 72 h. Untreated cells were used as
controls. As shown in Fig. 1A, treatment with PS-MPs did not impact cell vitality at any tested concentration
after 24 h. In contrast, cell vitality was significantly reduced after 48 and 72 h of treatment at the concentration
of 50 pg/mL, therefore this concentration was selected for further experiments. The effect of PS-MP treatment
on the cell cycle, assessed via flow cytometry, showed no significant changes in the percentage of hGF cells in
specific cell cycle phases compared to the controls at any of the analysed time points (Fig. 1B, C).
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Fig. 1. Cytotoxic effect in hGF cells following PS-MPs treatment. (A) hGF cells were treated with increasing
concentrations of PS-MPs (0.25, 2.5, 5, 25, 50 pg/mL) or left untreated (CTRL). Cell viability is expressed as
% of viable cells relative to the control (* p-value < 0.05). (B) Flow cytometry analysis of the cell cycle in hGF
cells treated with 50 pg/mL PS-MPs and untreated (CTRL) at 24, 48, and 72 h. (C) Quantitative analysis of the
proportion of hGF cells across different cell cycle phases and treatments.

PS-MPs are internalized by hGF cells

To investigate the potential uptake of PS-MPs by hGF cells, confocal laser scanning microscopy (CLSM)
experiments were conducted on cells treated with 50 ug/mL of 1 pm green-fluorescent PS-MPs for 24, 48,
and 72 h. As shown in Fig. 2, these experiments revealed partial colocalization of fluorescent PS-MPs with
the endocytic marker EEA1. Measurements in the x-y plane, conducted at approximately half the cell’s height
along the z-axis, confirmed the intracellular presence of PS-MPs at all tested treatment time points (Fig. 2A,
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Fig. 2. Representative images of PS-MPs uptake by hGF cells. (A) CLSM image of hGF cells exposed to

50 pg/mL of 1 um green-fluorescent PS-MPs for 48 h. Similar images were obtained when cells were treated
for either 24-72 h. hGF cells were fixed and stained for the early endosomal marker EEA1 (red). The images
are composites from a Z-stack, with sections in the x-y plane (upper left), x-z plane (lower), and y-z plane
(upper right). The internalization of PS-MPs is evident in both the ortho YZ plane and XZ plane. Images are
representative of three fields per condition (n = 3). Scale bars represent 10 um. (B) 3D reconstruction of CLSM
images of hGF cells exposed to 50 ug/mL of PS-MPs for 48 h. (C) The graph shows the percentage of cells
internalizing MPs, based on confocal analysis presented in panels A and B. (D) Flow cytometry analysis of
PS-MPs uptake in hGF cells. The histogram represents the mean fluorescence intensity of 50 ug/mL of 1 um
green-fluorescent PS-MPs internalized in hGF cells after 24, 48, and 72 h.
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B). Figure 2B shows a 3D reconstruction of the cell, further supporting the uptake of PS-MPs. Specifically,
manual counting showed that approximately 20% of the cells internalised MPs at each time point (Fig. 2C).
Flow cytometry analysis carried out with green-fluorescent PS-MPs confirmed their internalization in hGF cells
(Fig. 2C) and demonstrated comparable uptake levels across all tested time points (24 h = 8.00% + 0.436; 48 h =
8.76% + 0.551; 72 h = 8.13% + 0.757).

Finally, transmission electron microscopy (TEM) was used to further refine the subcellular localization of
PS-MPs within hGF cells. TEM analysis showed that after 48 and 72 h, the majority of internalized PS-MPs
were enclosed within intracellular membranes, likely endosomes (Fig. 3A-F). In a few TEM sections, PS-MPs
were observed without a distinctly visible surrounding membrane, likely due to section orientation obscuring
membrane visibility. Untreated control cells did not show any detectable presence of PS-MPs (Fig. 3A-B).

Shotgun proteomics of hGF treated with PS-MPs

A shotgun label-free proteomics analysis was performed to identify proteins with altered expression following PS-
MP treatment. Specifically, control and PS-MPs-treated hGF cells were lysed, and digested with trypsin according
to the FASP protocol described in the “Materials and Methods” Section®*’. By setting the false discovery rate
(FDR) at 0.5% at the peptides level, approximately 2,000 proteins were identified in each technical replicate.
Label-free quantification (LFQ) analysis, using the parameters reported in the “Materials and Methods” Section,
identified 389 differentially expressed (DE) proteins following PS-MPs treatment (Supplementary Tables 1, 2).
As shown in Fig. 4, proteins were found to be upregulated or downregulated, displaying a consistent trend across
replicates. Interestingly, some proteins were upregulated at 48 h and downregulated at 72 h, or vice versa (Fig. 4),
suggesting an early and a late cellular response to PS-MPs exposure.

To gain insights into the molecular pathways and functions affected by PS-MPs treatment, the DE proteins
were analysed using the BigOmics platform. Figure 5A presents a clustered heatmap of the Hallmark Gene
Sets derived from the differential analysis at 48 h and 72 h compared to untreated control cells, along with the
corresponding functional annotation of gene modules. Gene set 1 is mainly composed of pathways that are
upregulated at both time points although mainly after 48 h of treatment (Fig. 5A). These include the epithelial-
mesenchymal transition (EMT), IL-2/STAT signaling, reactive oxygen species (ROS), and various metabolic
pathways such as glycolysis, adipogenesis, and oxidative phosphorylation (Fig. 5A and B). In greater detail, as
illustrated in the volcano plots, EMT was represented by 66 modulated proteins, showing overall activation at
both time points (Fig. 5C). Gene set 2 pathways are consistently downregulated at both time points and include
E2F transcription factor targets, mammalian target of rapamycin complex 1 (mTORC1) signaling, Myc targets,
and the unfolded protein response (UPR) (Fig. 5A and B). Myc targets were overrepresented by 125 modulated
proteins and displayed a moderate deactivation (Fig. 5C). Gene set 3 pathways, upregulated exclusively after
72 h of treatment, includes androgen and estrogen receptor responses, fatty acid metabolism, and inflammatory
responses (Fig. 5A and B). Gene set 4 pathways, upregulated exclusively after 72 h of treatment, includes
interferon a and y response and xenobiotic metabolism (Fig. 5A and B).

Validation of key proteins/pathways identified by proteomic analysis

As described above PS-MPs treatment modulated several molecular pathways, including EMT, IL-2/STAT
signalling, Myc targets, and E2F transcription factor targets. To support these inferences, we validated the
expression of fibronectin, signal transducer and activator of transcription 1 (STAT1), voltage-dependent anion-
selective channel protein 1 (VDACI), and calreticulin (CALR) in hGF cells treated with PS-MPs for 48 and 72 h
compared to untreated controls.

Fibronectin is recognized as a reliable marker for epithelial-mesenchymal transition (EMT). In hGF cells
exposed to PS-MPs, its expression showed a significant reduction at both times observed compared with
untreated control cells (CTRL vs. 48 h p-value = 0.047; CTRL vs. 72 h p-value = 0.001) (Fig. 6A). STAT1 is
primarily involved in the negative regulation of cell growth, differentiation, and apoptosis. Its expression showed
a slight decrease at 48 h and at 72 h (CTRL vs. 48 h p-value = 0.048; CTRL vs. 72 h p-value = 0.018) (Fig. 6B).
CALR is a protein involved in multiple cellular processes, like calcium homeostasis, ER stress response, and
apoptosis. Its expression decreased at 48 h and 72 h (CTRL vs. 48 h p-value = 0.003; CTRL vs. 72 h p-value
= 0.0003) (Fig. 6C). VDACI plays a crucial role in cellular metabolism and apoptosis and is associated with
MYC regulation. VDACI levels increased after 48 h and decreased after 72 h (CTRL vs. 48 h p-value = 0.039)
(Fig. 6D). Overall, the differential expression of these proteins in response to 1 um PS-MPs treatment supports
the proteomic findings.

Several Hallmark Gene Sets, particularly those related to EMT, suggest that PS-MP treatment may impact
cell migration. To functionally validate this observation, a cell migration wound healing assay was conducted.
hGF cells treated with PS-MP displayed an enhanced motility compared to untreated cells (Fig. 7A, B). For
example, by 12 h post-treatment, wound closure in PS-MPs-treated hGF cells reached 59.40% + 6.13, whereas
in control hGF cells, closure was only 29.10% * 6.00 (Fig. 7A, B). These data show a significant increase in hGF
cell migration after treatment with 50 ug/ml PS-MPs, consistent with EMT involvement as indicated by the
proteomic analysis.

Discussion

Plastics have been widely recognized by the international scientific community as an emerging global threat
to both environmental and human health, largely due to their pervasive accumulation in air, water, and soil.
Their extensive use is driven by their versatility, durability, and low cost?>*1-33, Plastics are composed of various
polymer types, with polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), and PS being the most
common—Tlisted here in order of global production and distribution!***-3¢. Although PE, PP, and PVC are
the most prevalent and environmentally relevant microplastics, the majority of toxicological and mechanistic
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CTRL

PS-MPs 48h

PS-MPs 72h

1um

Fig. 3. Representative TEM images of PS-MPs uptake by hGF cells. (A, B) TEM analysis of untreated hGF
cells (CTRL) at 2000X magnification and 4300X magnification. (C, D) TEM analysis of hGF cells treated
with 50 pg/mL 1 pm of PS-MPs for 48 h. Yellow asterisk indicates the internalized microparticles at 2000X
magnification and 2600X magnification. (E, F) TEM analysis of hGF cells treated with 50 ug/mL of 1 um
PS-MPs for 72 h. Yellow asterisk indicate the internalized microparticles at 2000X magnification and 5300X
magnification.
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Fig. 4. Hierarchical clustering analysis of DE proteins identified through proteomics. Hierarchical clustering
analysis of differentially expressed proteins comparing CTRL (red), PS-MPs 48 h (yellow), and PS-MPs 72 h
(blue) in hGF cells (3 replicates per condition). The vertical distances on each branch of the dendrogram
represent the degree of similarity between protein expression profiles of different conditions. Expression levels
are color-coded: red for upregulated, black for unchanged expression, and green for downregulated genes.

studies to date have focused primarily on PS. In line with this trend, we used PS particles in our investigation.
We acknowledge that this is a limitation, however, the use of PS microparticles also offers practical advantages,
as they are commercially available in defined sizes and surface chemistries, which enables robust comparisons
across studies and facilitates mechanistic investigations. Moreover, given the substantial body of literature using
PS as a reference material, employing it allows for meaningful comparison with existing datasets.

Plastics degrade into MPs and NPs, defined as solid polymeric particles measuring between 1 um and 5 mm
(MPs), and less than 1 pm in size (NPs), respectively’*%. We focused on MPs due to their high prevalence in
environmental samples such as oceans, soil, and air; notably, 1 um MPs are also frequently detected in widely
consumed foods and beverages'>*>-¥. Furthermore, current environmental regulations and public concern
primarily focus on visible plastic pollution, which makes MP studies more immediately relevant for informing
policy decisions. In contrast, NPs are more difficult to isolate and quantify, resulting in poorly established real-
world exposure levels. Finally, studies involving novel cellular or tissue targets, such as gingival fibroblasts,
frequently utilize MPs to explore potential biological effects and interactions, owing to the extensive availability
of benchmarking data for these materials.

One of the primary routes of human exposure to microplastics is ingestion, which necessarily involves
prolonged contact with oral mucosal tissues. The oral cavity is the first interface between ingested particles and
human cells, and studies have shown that food intake is among the main pathways by which microplastics enter
the organism and accumulate in tissues and organs®"?2, Importantly, the gingival area represents an anatomical
site where food particles, and, by extension, microplastics, can remain trapped for extended periods due to the
retentive characteristics of the tissue and structures such as the gingival sulcus and periodontal pockets. Just
as food debris can lodge between teeth and remain in contact with gingival tissues, MPs contained in food
may persist locally, increasing the likelihood of cellular interactions and potential adverse effects. Another
relevant aspect supporting the choice of this model is the widespread use of dental devices made of polymeric
materials. Occlusal splints commonly used for bruxism and clear aligners employed in orthodontic treatments
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Fig. 5. Pathway analysis of DE proteins identified through proteomics. (A) Clustered Heatmap displaying
differentially expressed pathways in hGF cells treated with 50 pg/mL of PS-MPs for 48 and 72 h compared
to control cells. (B) Functional annotation of the corresponding enriched gene modules based on the
HALLMARK GO database. (C) Volcano plots illustrating significantly differentially expressed proteins
associated with the EMT (left panel) and Myc (right panel) target pathways.

are composed of plastics that remain in prolonged contact with the gingiva. Wear and degradation over time
can release micro- and nanoplastic particles into the oral cavity, contributing to local exposure. Therefore,
studying the effects of microplastics on gingival cells is also pertinent in the context of contemporary dental
practice?>. While the gastrointestinal tract is more commonly investigated in MPs research, oral cell models
offer complementary insights into local cellular responses - such as motility changes, impaired wound healing,
and inflammatory activation that could have broader implications for mucosal barrier function. Since hGF
are essential for maintaining oral tissue integrity and repair, alterations in their motility may contribute to
pathological outcomes including delayed healing or chronic inflammation.

This study investigated the effects of PS-MPs at concentrations commonly reported in the literature (0.25-
50 pug/mL)*%*. We would like to point out that these concentrations exceed those typically associated with
chronic environmental exposure; however, high concentrations are commonly employed in toxicological studies
using a high-dose, short-term approach to elicit measurable effects within a practical timeframe. Conversely,
we acknowledge that certain scenarios, such as direct contact with plastic-containing materials like clothing,
dental aligners or teabag, may result in locally elevated microplastic concentrations. Our data showed that 1 um
PS-MPs were not toxic to hGF cells at experimental concentrations ranging from 0.25 to 25 ug/mL after 24, 48,
and 72 h of exposure, while the 50 pg/mL dose reduced cell viability. The effect of MPs on gingival fibroblasts
align with existing literature, which presents mixed results: some studies report increased cytotoxicity upon
microplastic exposure, whereas others observe no significant toxic effects>!*34°, The 50 pg/mL dose was
selected to assess cellular effects using multiple approaches, including particle internalization. We emphasize
that internalization was assessed using mildly cytotoxic concentrations of microparticles to maintain consistency
with the experimental conditions applied across the study, including in the functional assays. Demonstrating
efficient internalization at non-cytotoxic doses would not have been particularly informative within the time
frame of our experiments.

Next, our study demonstrated that PS-MPs are internalized by hGF cells, likely via endocytosis as evidenced
by the presence of intracellular membrane structures enclosing the particles. It is increasingly recognized
that endocytosis plays a fundamental role in the regulation of a wide range of cellular functions*!. Evidence
that confocal microscopy and flow cytometry analyses reflect internalized rather than surface-bound MPs is
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Fig. 6. Validation of proteomic data by Western blotting. Representative Western blot analysis showing
the expression of Fibronectin (A), STAT1 (B), CALR (C), and VDACI (D) in hGF cells after 48 and 72 h of
PS-MPs treatment. Cells cultured in medium alone served as negative control (CTRL). B-actin was used as
a loading reference protein. Quantification of the relative protein expression of Fibronectin (A), STAT1 (B),
CALR (C), and VDACI (D) in hGF cells after 48 and 72 h of PS-MPs treatment, normalized to CTRL. (* p-
value < 0.05).
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Fig. 7. Impact of PS-MPs on the motility of hGF cells. (A) Representative images of the hGF cell scratch assay
at baseline (0 h) and after 12, 18, and 24 h of treatment with 50 ug/mL of 1 um PS-MPs. Scale bars represent
400 um. (B) Relative wound density was measured using the Incucyte software as described in the “Materials
and Methods” Section. (* p-value < 0.05).

supported by 3D reconstruction of confocal images, which clearly revealed the presence of MPs within the
intracellular space.

We would like to highlight that both plain and amine-modified fluorescent PS microparticles were used in this
study. We acknowledge that amine modification can alter the physicochemical properties of MPs and potentially
influence their biological effects'2. Importantly, all functional experiments were conducted using unmodified
PS microparticles; thus, the observed biological effects can be attributed exclusively to unmodified MPs.
Fluorescently labelled microparticles were used for assessing particle internalization via confocal microscopy
and flow cytometry, currently the most common and straightforward methods for such analysis. While amine
modification may have affected the extent of internalization, the internalization patterns observed were consistent
with our TEM findings obtained using untagged microplastics. Although the level of internalisation appears
low, it is consistent with what is commonly observed for MPs measuring approximately 1 um*>*2. Regarding
the intracellular fate of internalized MPs, existing studies suggest that they tend to accumulate in the endo-
lysosomal compartment***4. However, as our study focused on short-term exposure and downstream molecular
effects we did not examine lysosomal trafficking or long-term intracellular persistence, which represents a
limitation of this work.

Next, we generated a protein expression profile for hGF cells and identified proteins and pathways influenced
by PS-MPs treatment. Gene ontology analyses of these proteomic data revealed that PS-MPs treatment induced
enrichment in several Hallmark GeneSets. It is worth noting that the modulation of Hallmark Gene Sets, as
defined by Liberzon et al.**appeared more consistent than the changes observed at the individual protein level.
These molecular pathways highlight the key consequences of MPs on hGF cells. Specifically, in alignment with
previous studies in different cell models, they reveal alterations in cell metabolism (glycolysis, adipogenesis,
and fatty acid pathways)***’endocrine disruption (androgen and estrogen receptor responses)*®->%inflammatory
responses (ROS and interferons a and y)***”*!cancer progression (EMT, Myc, and UPR)*'~**and xenobiotic
metabolism®%. Other authors demonstrated that PS-MPs reduce glycolytic activity and impair the function of
antioxidant enzymes in vitro, limiting the cells’ capacity to neutralize ROS*>>. As a result, the cells experience
significant stress and reduced ability to mitigate or eliminate harmful ROS. These findings collectively highlight
the potentially damaging effects of PS-MPs on cellular function, suggesting that such damage could potentially
lead to long-term adverse consequences®. Therefore, the excessive production of ROS can disrupt the
homeostasis of cellular components, and this damage has been associated with physiological changes, genomic
instability, and cancer development!®>°. In addition, previous studies have shown that treatment with PS-NPs
or PS-MPs induces the EMT process®”*8. In our study, treatment with PS-MPs in vitro also increased migration
ability by activating the EMT process. The formation of ROS, which further promotes the release of ROS from
the mitochondrial respiratory chain, contributes to the EMT process. Increased ROS signalling resulted in
varying degrees of mitochondrial dysfunction, which could lead to different outcomes in cell viability*’. It is
generally accepted in the literature that the phenotypic changes observed during EMT are the result of gene
reprogramming involving the activation of numerous transcription factors™.

Among the proteins most deregulated by PS-MPs treatment, especially after 48 h of exposure, overexpression
of cysteine-rich intestinal protein 1 (CRP-1) is observed. CRP-1 promotes EMT by activating the Wnt/B-catenin
and GSK3/mTOR signalling pathways. Furthermore, CRP-1 interacts with gamma-butyrobetaine hydroxylase
1 (BBOX1) and STIP1 homology and U-Box containing protein 1 (STUBI) to enhance the ubiquitination
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and degradation of BBOXI, leading to the nuclear accumulation of B-catenin, which facilitates the induction
of EMT®. Other proteins associated with inflammation and found to be deregulated following microplastic
treatment include fibronectin, Heme Oxygenase 1 (HO-1), and Glutaredoxin-1 (GLRX1). The increase in
HO-1 expression following PS-MPs treatment demonstrates that the treatment induces inflammation through
oxidative stress, as this HO-1 is a key marker of such responses. Induced by oxidative stress during inflammatory
processes, HO-1 likely serves as part of a cellular defence mechanism in response to stress. This induction
provides negative feedback to cell activation and mediator production, potentially modulating the inflammatory
response®’. GLRXI1 is a cytosolic enzyme that catalyses protein deglutathionylation. It modulates the synthesis
of inflammatory mediators by regulating S-glutathionylation-sensitive signalling pathways, such as NF-kB.
Overexpression of GLRX1 decreases IKKp S-glutathionylation and enhances NF-kB activation, subsequently
promoting the synthesis of inflammatory mediators®%.

To validate our proteomics findings and provide greater strength to the above functional analysis, we
confirmed the expression of a small subset of proteins (fibronectin, STAT1, calreticulin, and VDACI1) that were
identified as differentially expressed. Indeed, treatment of hGFs with MPs resulted in expression changes in all
four proteins that were consistent with the proteomics analysis. The reduction in fibronectin expression appears
to contrast with the induction of EMT, which is typically associated with the upregulation of mesenchymal
markers such as N-cadherin, vimentin, and fibronectin itself®>. However, in some cases, EMT activation can
be triggered by factors such as TGF-B, which can induce EMT through the downregulation of fibronectin
levels®. Besides its role in EMT, fibronectin is well documented to participate in various biological processes,
including cell adhesion, migration, stem cell formation, differentiation, and angiogenesis®>underscoring the
potential impact of microplastics on cell migration. Voltage-dependent anion channels (VDACs) play a critical
role in cellular metabolism and the initiation of apoptosis. In cancer cells, mitochondrial VDACI is particularly
important for promoting proliferation and migration®. On the plasma membrane, VDACI also contributes
to the regulation of apoptosis, potentially through its redox activity. In addition, VDACI is involved in the
regulation of lipid metabolism and mitophagy, processes that can trigger inflammation. Furthermore, to confirm
the involvement of the JAK/STAT signalling pathway the expression of the STAT1 protein was evaluated. STAT1
is primarily involved in the negative regulation of cell growth, differentiation, apoptosis, as well as tumour
initiation and metastasis®’. Calreticulin is a chaperone protein primarily involved in protein folding and calcium
buffering within the endoplasmic reticulum. Therefore, calreticulin plays a key role in maintaining proteostasis
and regulating calcium-dependent processes. In specific contexts, including cancer cells, calreticulin can
be translocated to the cell surface, where it influences cancer progression in a context-dependent manner.
Additionally, extracellular calreticulin acts as a damage-associated molecular pattern (DAMP), contributing to
inflammatory responses.

Finally, based on insights from the pathway analysis and the known roles of fibronectin, STAT1, calreticulin,
and VDACI in regulating cell migration, we investigated whether MPs could stimulate cell motility. A wound-
healing assay revealed an enhanced migratory capacity, confirming that PS-MP exposure promotes cell motility
in hGF cells. In line with our findings, it has been reported that MP treatment increases the expression of adhesion
molecules (VCAM-1, ICAM-1) and pro-inflammatory cytokines (IL-1p, TNF-a), changes that are associated
with enhanced cell motility®. Additionally, a study on colorectal cancer cell lines exposed to 0.25, 1, and 10 um
PS-MPs demonstrated a significant increase in migration only at 0.25 pum, indicating a size-dependent effect that
diminishes with larger particle diameters®-7".

Collectively, our data indicate that alterations in specific molecular pathways regulate cell motility, adhesion,
and apoptosis, with PS-MPs enhancing migration in hGF cells. Given the increasing use of plastic materials and
the consequent accumulation of environmental microplastics, our findings highlight the potential adverse effects
of PS-MPs on hGF cells, particularly in the context of cancer. This study is the first to investigate the impact of
MPs on gingival fibroblasts and to demonstrate that exposure to PS-MPs can affect cell motility and survival.
Further observational studies are necessary to elucidate the long-term consequences of PS-MPs exposure in the
oral cavity and the underlying mechanisms.

Data availability

All data are available in the main text. Proteomics data have been submitted to the MassIVE public Repository
(https://massive.ucsd.edu/) and are accessible under the MassIVE identifier MSV000096484 and ProteomeXch
ange identifier PXD058127.

Received: 18 April 2025; Accepted: 5 September 2025
Published online: 08 October 2025

References

1. Xu, D, Ma, Y., Han, X. & Chen, Y. Systematic toxicity evaluation of polystyrene nanoplastics on mice and molecular mechanism
investigation about their internalization into Caco-2 cells. . Hazard. Mater. 417, 126092 (2021).

2. Umamaheswari, S., Priyadarshinee, S., Kadirvelu, K. & Ramesh, M. Polystyrene microplastics induce apoptosis via ROS-mediated
p53 signaling pathway in zebrafish. Chem. Biol. Interact. 345, 109550 (2021).

3. Siddiqui, S. A. et al. Polystyrene microplastic particles in the food chain: Characteristics and toxicity—A review. Sci. Total Environ.
892, 164531 (2023).

4. Ain Bhutto, S. U. & You, X. Spatial distribution of microplastics in Chinese freshwater ecosystem and impacts on food webs.
Environ. Pollut. 293, 118494 (2022).

5. Liu, C. et al. Widespread distribution of PET and PC microplastics in dust in urban China and their estimated human exposure.
Environ. Int. 128, 116-124 (2019).

6. Gigault, J. et al. Current opinion: What is a nanoplastic? Environ. Pollut. 235, 1030-1034 (2018).

7. Yang, S. et al. Reproductive toxicity of micro- and nanoplastics. Environ. Int. 177, 108002 (2023).

Scientific Reports |

(2025) 15:35128 | https://doi.org/10.1038/s41598-025-19064-w nature portfolio


https://massive.ucsd.edu/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

8. Ali, N. et al. The potential impacts of micro-and-nano plastics on various organ systems in humans. eBioMedicine 99 (2024).
9. Ter Halle, A. & Ghiglione, J. E. Nanoplastics: a complex, polluting terra incognita. Environ. Sci. Technol. 55, 14466-14469 (2021).

10. Amato-Lourengo, L. F. et al. An emerging class of air pollutants: Potential effects of microplastics to respiratory human health? Sci.
Total Environ. 749, 141676 (2020).

11. Hartmann, N. B. et al. Are we speaking the same language? Recommendations for a definition and categorization framework for
plastic debris. Environ. Sci. Technol. 53, 1039-1047 (2019).

12. Banerjee, A., Billey, L. O. & Shelver, W. L. Uptake and toxicity of polystyrene micro/nanoplastics in gastric cells: Effects of particle
size and surface functionalization. PLoS One 16, 0260803 (2021).

13. Lambert, S., Scherer, C. & Wagner, M. Ecotoxicity testing of microplastics: Considering the heterogeneity of physicochemical
properties. Integr. Environ. Assess. Manag. 13, 470-475 (2017).

14. Wu, B, Wu, X,, Liu, S., Wang, Z. & Chen, L. Size-dependent effects of polystyrene microplastics on cytotoxicity and efflux pump
Inhibition in human Caco-2 cells. Chemosphere 221, 333-341 (2019).

15. Della Torre, C. et al. Accumulation and embryotoxicity of polystyrene nanoparticles at early stage of development of sea urchin
embryos paracentrotus lividus. Environ. Sci. Technol. 48, 12302-12311 (2014).

16. Okamura, T. et al. Oral exposure to polystyrene microplastics of mice on a normal or high-fat diet and intestinal and metabolic
outcomes. Environ. Health Perspect. 131, 027006 (2023).

17. Karbalaei, S., Hanachi, P,, Walker, T. R. & Cole, M. Occurrence, sources, human health impacts and mitigation of microplastic
pollution. Environ. Sci. Pollut. Res. 25, 36046-36063 (2018).

18. Prata, J. C. Airborne microplastics: Consequences to human health? Environ. Pollut. 234, 115-126 (2018).

19. Tsochatzis, E. D. et al. Microplastics and nanoplastics: Exposure and toxicological effects require important analysis considerations.
Heliyon 10, €32261 (2024).

20. Wertz, P. W. Synopsis of barrier function of skin and oral Mucosa—1. Int. J. Mol. Sci. 22, 9383 (2021).

21. Stapleton, P. A. Toxicological considerations of nano-sized plastics. AIMS Environ. Sci. 6, 367-378 (2019).

22. Xu, S., Ma, ], Ji, R., Pan, K. & Miao, A. J. Microplastics in aquatic environments: Occurrence, accumulation, and biological effects.
Sci. Total Environ. 703, 134699 (2020).

23. Quinzi, V. et al. A spectroscopic study on orthodontic aligners: First evidence of secondary microplastic detachment after seven
days of artificial saliva exposure. Sci. Total Environ. 866, 161356 (2023).

24. Xiao, M. et al. Assessment of cancer-related signaling pathways in responses to polystyrene nanoplastics via a kidney-testis
microfluidic platform (KTP). Sci. Total Environ. 857, 159306 (2023).

25. Caputi, S. et al. Microplastics affect the inflammation pathway in human gingival fibroblasts: A study in the Adriatic sea. Int. J.
Environ. Res. Public Health 19, 7782 (2022).

26. Liang, B. et al. Underestimated health risks: Polystyrene micro- and nanoplastics jointly induce intestinal barrier dysfunction by
ROS-mediated epithelial cell apoptosis. Part. Fibre Toxicol. 18, 20 (2021).

27. Lu, Y. Y. et al. Size-dependent effects of polystyrene nanoplastics on autophagy response in human umbilical vein endothelial cells.
J. Hazard. Mater. 421, 126770 (2022).

28. Fan, Z. et al. A study on the roles of long non-coding RNA and circular RNA in the pulmonary injuries induced by polystyrene
microplastics. Environ. Int. 163, 107223 (2022).

29. Distler, U., Kuharev, J., Navarro, P. & Tenzer, S. Label-free quantification in ion mobility—enhanced data-independent acquisition
proteomics. Nat. Protoc. 11, 795-812 (2016).

30. Wisniewski, J. R., Zougman, A., Nagaraj, N. & Mann, M. Universal sample preparation method for proteome analysis. Nat.
Methods 6, 359-362 (2009).

31. Thornton Hampton, L. M. et al. Research recommendations to better understand the potential health impacts of microplastics to
humans and aquatic ecosystems. Micropl. Nanopl. 2, 18 (2022).

32. Smith, M., Love, D. C., Rochman, C. M. & Neff, R. A. Microplastics in seafood and the implications for human health. Curr.
Environ. Health Rep. 5, 375-386 (2018).

33. Bhuyan, M. S. Effects of microplastics on fish and in human health. Front. Environ. Sci. 10 (2022).

34. Lamichhane, G. et al. Microplastics in environment: Global concern, challenges, and controlling measures. Int. J. Environ. Sci.
Technol. 20, 4673-4694 (2023).

35. Goodman, K. E., Hua, T. & Sang, Q. X. A. Effects of polystyrene microplastics on human kidney and liver cell morphology, cellular
proliferation, and metabolism. ACS Omega 7, 34136-34153 (2022).

36. Barboza, L. G. A. et al. Microplastics in wild fish from North East Atlantic ocean and its potential for causing neurotoxic effects,
lipid oxidative damage, and human health risks associated with ingestion exposure. Sci. Total Environ. 717, 134625 (2020).

37. Hwang, J. et al. Potential toxicity of polystyrene microplastic particles. Sci. Rep. 10, 7391 (2020).

38. Marcellus, K. A., Bugiel, S., Nunnikhoven, A., Curran, I. & Gill, S. S. Polystyrene Nano- and microplastic particles induce an
inflammatory gene expression profile in rat neural stem cell-derived astrocytes in vitro. Nanomaterials 14, 429 (2024).

39. Rodrigues, A. C. B. et al. Scientific evidence about the risks of micro and nanoplastics (MNPLs) to human health and their
exposure routes through the environment. Toxics 10, 308 (2022).

40. Bengalli, R. et al. Characterization of microparticles derived from waste plastics and their bio-interaction with human lung A549
cells. J. Appl. Toxicol. 42, 2030-2044 (2022).

41. Xia, T., Kovochich, M., Liong, M., Zink, J. I. & Nel, A. E. Cationic polystyrene nanosphere toxicity depends on cell-specific
endocytic and mitochondrial injury pathways. ACS Nano 2, 85-96 (2008).

42. Lu, Y, Cao, M., Tian, M. & Huang, Q. Internalization and cytotoxicity of polystyrene microplastics in human umbilical vein
endothelial cells. . Appl. Toxicol. 43, 262-271 (2023).

43. Deng, J. et al. Microplastics released from food containers can suppress lysosomal activity in mouse macrophages. J. Hazard. Mater.
435, 128980 (2022).

44. Domenech, J. et al. Long-Term effects of polystyrene nanoplastics in human intestinal Caco-2 cells. Biomolecules 11, 1442 (2021).

45. Liberzon, A. et al. The molecular signatures database hallmark gene set collection. Cell. Syst. 1, 417-425 (2015).

46. Zhang, Y. et al. Polystyrene microplastics-induced cardiotoxicity in chickens via the ROS-driven NF-kB-NLRP3-GSDMD and
AMPK-PGC-1a axes. Sci. Total Environ. 840, 156727 (2022).

47. Wang, J., Wang, X., Zhang, C. & Zhou, X. Microplastics induce immune suppression via S100A8 downregulation. Ecotoxicol.
Environ. Saf. 242, 113905 (2022).

48. Yilmaz, B., Terekeci, H., Sandal, S. & Kelestimur, E Endocrine disrupting chemicals: Exposure, effects on human health, mechanism
of action, models for testing and strategies for prevention. Rev. Endocr. Metab. Disord. 21, 127-147 (2020).

49. Kannan, K. & Vimalkumar, K. A. Review of human exposure to microplastics and insights into microplastics as obesogens. Front.
Endocrinol. 12 (2021).

50. Cheng, W. et al. Polystyrene microplastics induce hepatotoxicity and disrupt lipid metabolism in the liver organoids. Sci. Total
Environ. 806, 150328 (2022).

51. Wang, Y. L. et al. The kidney-Related effects of polystyrene microplastics on human kidney proximal tubular epithelial cells HK-2
and male C57BL/6 mice. Environ. Health Perspect. 129, 057003 (2021).

52. Park, J. H. et al. Polypropylene microplastics promote metastatic features in human breast cancer. Sci. Rep. 13, 6252 (2023).

53. Goswami, S. et al. The alarming link between environmental microplastics and health hazards with special emphasis on cancer. Life
Sci. 355, 122937 (2024).

Scientific Reports|  (2025) 15:35128 | https://doi.org/10.1038/s41598-025-19064-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

54. Zheng, H., Wang, J., Wei, X., Chang, L. & Liu, S. Proinflammatory properties and lipid disturbance of polystyrene microplastics in
the livers of mice with acute colitis. Sci. Total Environ. 750, 143085 (2021).

55. Mahmud, E, Sarker, D. B., Jocelyn, J. A. & Sang, Q. X. A. Molecular and cellular effects of microplastics and nanoplastics: Focus on
inflammation and senescence. Cells 13, 1788 (2024).

56. An, X. et al. Oxidative cell death in cancer: Mechanisms and therapeutic opportunities. Cell. Death Dis. 15, 1-20 (2024).

57. Halimu, G. et al. Toxic effects of nanoplastics with different sizes and surface charges on epithelial-to-mesenchymal transition in
A549 cells and the potential toxicological mechanism. J. Hazard. Mater. 430, 128485 (2022).

58. Traversa, A. et al. Polyethylene micro/nanoplastics exposure induces epithelial-Mesenchymal transition in human bronchial and
alveolar epithelial cells. Int. . Mol. Sci. 25, 10168 (2024).

59. Morin, C. et al. Intricate ribosome composition and translational reprogramming in epithelial-mesenchymal transition. Proc.
Natl. Acad. Sci. 121, €2408114121 (2024).

60. Ye, X. et al. Cysteine-rich intestinal protein family: Structural overview, functional diversity, and roles in human disease. Cell.
Death Discov. 11, 1-13 (2025).

61. Alcaraz, M. J., Fernandez, P. & Guillen, M. I. Anti-Inflammatory actions of the Heme Oxygenase-1 pathway. Curr. Pharm. Des. 9,
2541-2551 (2003).

62. Zhang, Y. et al. Glutaredoxin-1 modulates the NF-kB signaling pathway to activate inducible nitric oxide synthase in experimental
necrotizing Enterocolitis. Mol. Ther. Methods Clin. Dev. 32, 101214 (2024).

63. Nitta, T. et al. Prognostic significance of epithelial-mesenchymal transition-related markers in extrahepatic cholangiocarcinoma:
Comprehensive immunohistochemical study using a tissue microarray. Br. J. Cancer 111, 1363-1372 (2014).

64. Jiang, J. et al. Redox regulation in tumor cell epithelial-mesenchymal transition: Molecular basis and therapeutic strategy. Signal
Transduct. Target. Ther. 2, 1-12 (2017).

65. Zhou, E et al. Fibronectin promotes tumor angiogenesis and progression of non-small-cell lung cancer by elevating WISP3
expression via FAK/MAPK/ HIF-1a axis and activating Wnt signaling pathway. Exp. Hematol. Oncol. 12, 61 (2023).

66. Arif, T, Vasilkovsky, L., Refaely, Y., Konson, A. & Shoshan-Barmatz, V. Silencing VDACI expression by SiRNA inhibits cancer cell
proliferation and tumor growth in vivo. Mol. Ther. Nucleic Acids 8, 493 (2017).

67. Hu, X, Li, J,, Fu, M., Zhao, X. & Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal Transduct. Target. Ther.
6, 1-33 (2021).

68. Vlacil, A. K. et al. Polystyrene microplastic particles induce endothelial activation. PLOS ONE 16, 0260181 (2021).

69. Brynzak-Schreiber, E. et al. Microplastics role in cell migration and distribution during cancer cell division. Chemosphere 353,
141463 (2024).

70. Jeong, J. & Choi, J. Adverse outcome pathways potentially related to hazard identification of microplastics based on toxicity
mechanisms. Chemosphere 231, 249-255 (2019).

71. Jeong, J., Im, J. & Choi, J. Integrating aggregate exposure pathway and adverse outcome pathway for micro/nanoplastics: A review
on exposure, toxicokinetics, and toxicity studies. Ecotoxicol. Environ. Saf. 272, 116022 (2024).

Author contributions

MR., V.P, PD.C. and M.S. conceived the study. ED.C. performed the analyses; ED.C. and A.G.R., generated
plots, and tables. M.R., V.P, and M.S. jointly supervised the project. ED.C., M.R., V.P.,, and M.S. wrote the orig-
inal draft and edited the manuscript. C.D.S. and P.D.C. edited the manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding
This work has been funded by the European Union -NextGenerationEU under the Italian Ministry of University
and Research (MUR) National Innovation Ecosystem grant ECS00000041 -VITALITY -CUP D73C22000840006.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-19064-w.

Correspondence and requests for materials should be addressed to M.R., V.P. or M.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:35128 | https://doi.org/10.1038/s41598-025-19064-w nature portfolio


https://doi.org/10.1038/s41598-025-19064-w
https://doi.org/10.1038/s41598-025-19064-w
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Polystyrene microplastics are internalized by human gingival fibroblasts, enhance cell motility and induce molecular changes revealed through proteomic analysis
	﻿﻿Materials and methods
	﻿Cell culture conditions
	﻿Microplastics
	﻿Cell metabolic activity
	﻿Cell cycle evaluation
	﻿Confocal fluorescent microscopy analysis
	﻿PS-MPs internalization by flow cytometry
	﻿Transmission electron microscopy (TEM) analysis and imaging
	﻿Shotgun proteomics
	﻿Bioinformatics
	﻿Western blot analysis
	﻿Migration assay
	﻿Statistical analysis

	﻿Results
	﻿PS-MPs exhibit cytotoxic effects on hGF cells
	﻿PS-MPs are internalized by hGF cells
	﻿Shotgun proteomics of hGF treated with PS-MPs
	﻿Validation of key proteins/pathways identified by proteomic analysis

	﻿Discussion
	﻿References


