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Plastics play a crucial role in nearly each aspect of societal production and everyday life, therefore making them
one of the most widespread pollutants on a global scale. Because synthetic plastics are not entirely biodegrad-
able, they often remain in the environment and fragment into micro- and nanoplastic particles. The detrimental
impacts of nanoplastics on the environment and human health have received substantial worldwide interest in
recent years. However, the effects of nanoplastics on human health have not yet been fully explored. Our study

ROS
Apoptosis aimed to investigate the cytotoxic effects of polystyrene nanoplastics on two distinct mammalian cell lines:
Caspase-3 normal rat kidney cells (NRK52E) and human umbilical vein endothelial cells (HUVECs). Results showed that

polystyrene nanoplastics generate cytotoxicity in both NRK52E and HUVECs in a concentration- and time-
dependent manner. Additionally, polystyrene nanoplastics induced pro-oxidant levels (e.g., reactive oxygen
species and hydrogen peroxide) and reduced antioxidants (glutathione content and glutathione peroxidase
enzyme activity) in both types of cells. We also found that polystyrene nanoplastics cause apoptosis in both
NRK52E and HUVECs, as shown by the activation of the caspase-3 enzyme and the loss of mitochondrial
membrane potential. Interestingly, it was noticed that the vulnerability of HUVECs cells against polystyrene
nanoplastics was a little higher than that of NRK52E cells. Also, the cell toxicity caused by polystyrene nano-
plastics in NRK52E and HUVECs was effectively alleviated by co-exposure to a reactive oxygen species inhibitor,
N-acetyl-cysteine. This suggests that oxidative stress could be one of the possible pathways by which polystyrene
nanoplastics cause cell toxicity. The present work warrants future study to explore the toxicity mechanisms of
polystyrene nanoplastics in appropriate in vivo models.

1. Introduction microplastics (<5 mm) or even smaller pieces called nanoplastics (<100

nm) through processes such as mechanical wear and tear, degradation

Plastics have become extensively utilized in recent times, covering
diverse parts of our everyday life and industrial production, therefore
making them one of the most widespread pollutants on an international
scale (Banerjee et al., 2022). Currently, the global use of plastics has
surged to more than 400 million tons per year (Wang et al., 2023). By
2050, it is projected that there will be almost 12,000 million tons of
plastic trash (Wen et al., 2022). Efforts are underway to tackle this
problem by implementing international agreements on plastic waste
management and suggesting the adoption of a circular bio-economy for
plastics (Alimi et al., 2022). However, the persistent nature of plastics
poses challenges to completely eliminating them (Li et al., 2022). These
plastic products that are made by humans are inevitably thrown away
into the nearby environment, particularly those that are used only once,
and then they are broken down into very small pieces called
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caused by exposure to ultraviolet radiation, and degradation caused by
biological factors (Singh et al., 2022). Nanoplastics pose a greater risk to
organisms compared to microplastics because of their smaller particle
size, which enables them to pass through cell membranes in a random
manner (Oliveri Conti et al., 2020). According to reports, micro- and
nanoplastics have been found in various environments worldwide, such
as land, air, oceans, sediments, and freshwater. This presence of micro-
and nanoplastics poses a danger to both the environment and humans (Li
et al.,, 2022). Upon ingestion, micro- and nanoplastics infiltrate and
amass in different tissues and organs, such as the stomach, gut, liver, and
kidneys (Jeyavani et al., 2022; Rist et al., 2017). This can lead to
physical damage, such as blockages or perforation, as well as trigger
oxidative stress, inflammatory reactions, and metabolic dysfunctions
(Fournier et al., 2020; Ragusa et al., 2021) Micro- and nanoplastics have
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Table 1
Zeta potential and particle size distribution of polystyrene nanoplastics in
deionized water and culture medium at different time intervals.

Suspension Deionized water Culture medium
preparation
time
Zeta Hydrodynamic Zeta Hydrodynamic
potential size potential size
0Oh -31.2mV 23.4 nm -29.3 27.4 nm
mV
4h —-30.1 mV 24.8 nm —28.8 29.3 nm
mV
8h —28.9 mV 26.4 nm -27.5 30.1 nm
mV
24 h —29.8 mV 29.3 nm —26.8 31.4 nm
mV

been identified in various human organs and bodily fluids, including the
lung, kidney, placenta, urine, intestine, and blood (Fournier et al., 2020;
Lietal., 2023). However, the impact of these micro- and nanoplastics on
human health remains uncertain.

Polystyrene is one of the most commonly used plastics that is pro-
duced by the polymerization of styrene monomers. Main sources of
polystyrene nanoplastics include discharge from various products like
cosmetics, paints, biomedical items, electronics, and pharmaceutical
products (Kik et al., 2020). Polystyrene nanoplastics are non-degradable
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and persist in the environment for several years, leading to significant
environmental pollution (Yan et al., 2023). Polystyrene nanoplastics can
be exposed to organisms through direct consumption of water and food,
accidental ingestion while feeding or drinking, or transmission along the
food chain (Gupta et al., 2022). Research on the toxicity of polystyrene
nanoplastics in various biological systems is limited.

Polystyrene nanoplastics can enter the gastrointestinal tract through
the consumption of contaminated food and/or water (Xu et al., 2023).
After absorption, nanoplastics can enter the bloodstream and target
important vital organs like the liver and kidneys, disrupting their ac-
tivities and leading to toxicity (Banerjee et al., 2022; Li et al., 2023).
Nanoplastics entering the cardiovascular system may come into contact
with human blood vessels (Cepulis et al., 2023). Therefore, the impact of
nanoplastics on the blood vessels has received significant attention.
Endothelial cells form a thin layer covering the interior of human blood
vessels. Endothelial cells are a focus of nanotoxicity/nanomedicine
research due to two specific aspects. First, edothelial cells are the initial

Table 2

1Csp values of polystyrene nanoplastics in selected cell lines.
Exposure time NRKS52E HUVECs
24h 55 pg/ml 52 ug/ml
48 h 49 ug/ml 41 pg/ml
72h 27 ug/ml 23 ug/ml
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Fig. 1. Dose- and time-dependent cytotoxicity of polystyrene nanoplastics in two distinct cell lines. (A) NRK52E cells and (B) HUVEGs. *significantly different from

the controls (p < 0.05).
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Fig. 2. Polystyrene nanoplastics-induced pro-oxidants generation in NRK52E cells and HUVECs. (A) Intracellular ROS generation and (B) H,O. production.

*significantly different from the controls (p < 0.05).

point of interaction with nanoplastics upon entering the bloodstream
before they are transported to specific organs (Setyawati et al., 2015).
Secondly, endothelial cells are crucial in controlling blood vessel
constriction, blood clot formation, internal balance, immune -cell
attraction, and hormone movement (Tomaszewski et al., 2015). Endo-
thelial cell dysfunction is linked to a variety of cardiovascular illnesses.
Evaluating the toxicity of nanoplastics on endothelial cells involved in
the development of cardiovascular illnesses can offer valuable insights
into the harmful effects of nanoplastics on cardiovascular systems.
Human umbilical vein endothelial cells (HUVECs) are a commonly uti-
lized in vitro model for studying endothelial cells (Cao et al., 2017).

On the other hand, the kidney is often another target organ for
nanoscale materials including nanoplastics due to its toxin-excreting
capabilities (Li et al., 2023). The NRK52E is a cell line that has been
stably immortalized and originates from rat kidney tubules. The
NRK52E cell line is considered a suitable model for studying the effects
of different nanoscale materials or xenobiotics on kidney damage and
toxicity mechanisms (Dev et al., 2022; Lateef et al., 2023).

Here, two toxicologically relevant discrete cell lines (HUVECs and
NRK52E) were chosen to explore the cytotoxic potential of polystyrene
nanoplastics. N-acetyl-cysteine (NAC) helps replenish the intracellular
GSH pool to enhance antioxidant functions. It has been established that
NAC is effective in scavenging ROS and is commonly used as a

pharmaceutical drug or nutritional supplement for a variety of health
conditions. In this study, during some experiments, cells were exposed to
both NAC and nanoplastics to investigate the potential mechanisms of
nanoplastic toxicity via the oxidative stress pathway.

2. Materials and methods
2.1. Polystyrene nanoplastics

Polystyrene nanoplastics of 20 nm diameter was acquired from
Huge-Biotechnology Company (Shanghai, China). Polystyrene nano-
plastics were diluted in serum-free cell culture media to achieve
required concentrations (1-200 pg/ml) for characterization of aqueous
behavior and cytotoxicity experiments. Aqueous behavior of poly-
styrene nanoplastics in culture medium was characterized by dynamic
light scattering (DLS) (Zeta-Sizer HT, Malvern Instruments).

2.2. Cell culture and exposure of polystyrene nanoplastics

HUVECs and NRK52E cells were acquired from ATCC (USA). Both
kinds of cells were cultured in DMEM supplied with 10 % FBS, 100 ug/
ml streptomycin, and 100 U/ml penicillin. Cells were cultured in a hu-
midified incubator at 37 ‘C with a continuous supply of 5 % CO». In order
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Fig. 3. Polystyrene nanoplastics-induced antioxidants depletion in NRK52E cells and HUVECs. (A) GSH level and (B) GPx enzyme activity. *significantly different
from the controls (p < 0.05).
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Fig. 4. Polystyrene nanoplastics-induced caspase-3 enzyme activity in NRK52E cells and HUVECs. *significantly different from the controls (p < 0.05).
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Fig. 5. Polystyrene nanoplastics-induced MMP loss in NRK52E cells and HUVECs. *significantly different from the controls (p < 0.05).

to carry out toxicity experiments, cells were exposed to polystyrene
nanoplastics for 24, 48, and 72 h. Nanoplastics dilutions were sonicated
for 15 min at 40 W before being exposed to cells.

2.3. Measurement of toxicity parameters

The MTT assay was performed in accordance with the procedure that
Mosmann had previously documented (Mosmann, 1983), with slight
modifications (Ahamed et al., 2021). The quantification of ROS within
cells was achieved by employing 2‘7‘-dichlorodihydrofluorescein
(H2DCFDA) in conjunction with a microplate reader (Synergy-HT Bio-
tek) (Ahamed et al., 2021). The intracellular concentration of GSH was
determined through the protocol provided by Ellman (Ellman, 1959). To
evaluate the activity of the GPx enzyme, the experimental procedures
outlined by Rotruck and co-workers were implemented (Rotruck et al.,
1973). The quantitative analysis of MMP was performed following the
earlier described protocol (Creed and McKenzie, 2019) with minor ad-
justments as outlined before (Ahamed et al., 2021). The caspase-3
enzyme activity was assayed employing a BioVision colorimetric Kkit.
The estimation of protein content was performed utilizing the protocol
described by Bradford (Bradford, 1976).

2.4. Statistical assessment

Results were analyzed by one-way analysis of variance (ANOVA),
followed by Dunnett‘'s multiple comparison procedure. Data were pre-
sented as the mean =+ SD of three separate tests (n = 3). The p < 0.05 was
assigned as statistically significant.

3. Results and discussion
3.1. DLS characterization of polystyrene nanoplastics

The zeta potential and particle size distribution of polystyrene
nanoplastics are presented in Table 1. Polystyrene nanoplastics were
diluted into deionized water and culture medium from the stock sus-
pension. A zetasizer Nano ZS was used to measure the zeta-potential
(surface charge) of polystyrene nanoplastics in deionized water and
complete culture medium (DMEM with FBS supplementation) at
different aging periods (0, 4, 8, and 24 h). Results showed that zeta-
potential values were in the range of —27 mV to —31 mV in different
aging periods. Zeta potential data indicated that polystyrene nano-
plastics were fairly stable in both kinds of aqueous medium. DLS data
showed that the hydrodynamic size of polystyrene nanoplastics in both

kinds of aqueous media was found to be in the range of 23 nm to 31 nm
at different aging periods (0, 4, 8, and 24 h). DLS data also indicated that
the hydrodynamic size of polystyrene nanoplastics did not change
significantly within 0-24 h aging period. This also indicates that the
dispersed nanoplastic suspensions were stable over the selected period
that was used in toxicity studies. Earlier studies found that the higher
stability of colloidal suspensions of nanostructured materials is associ-
ated with their better interaction with biological systems (Khorrami
et al., 2018; Shi et al., 2022).

3.2. Cytotoxic response of polystyrene nanoplastics

The potential toxicity of polystyrene nanoplastics could be a signif-
icant hurdle in diverse applications; hence, it is necessary to study the
toxicological profile of theses nanomaterials. Here, we investigated the
toxicity of polystyrene nanoplastics in two distinct cell lines. NRK52E
and HUVECs were treated with different concentrations of nanoplastics
(1-200 pg/ml) for various exposure times (24-72 h), and cytotoxicity
was assessed through a MTT assay. Results showed that polystyrene
nanoplastics induced dose- and time-dependent cytotoxicity in both
NRKS52E (Fig. 1A) and HUVECs (Fig. 1B). The IC50 values of polystyrene
nanoplastics in NRK52E cells were 55, 49, and 27 ug/ml for 24, 48, and
72 h, respectively. Moreover, the IC50 values of the same nanoplastics
for HUVECs were 52, 41, and 23 pg/ml for 24, 48, and 72 h, respectively
(Table 2). These results further indicated that HUVECs were marginally
more susceptible to polystyrene nanoplastics exposure in comparison to
NRK52E cells. Recently, Shi and co-workers showed that 80 nm poly-
styrene nanoplastics induced a dose-dependent cell viability reduction
of human lung cells (A549) in the concentration range of (2.5-400 pg/
ml) (Shi et al., 2022). The cytotoxic effects of polystyrene nanoplastics in
different cells have also been reported in other studies. Another study
found that 50 nm polystyrene nanoplastics induce dose-dependent
cytotoxicity in human liver cells (HepG2) in the concentration range
of 10-100 (He et al., 2020).

3.3. Oxidative stress response of polystyrene nanoplastics

The ROS are byproducts of cellular metabolism and play crucial roles
in cell signaling and maintaining internal stability. Nevertheless, an
organism experiences an overabundance of ROS during periods of stress,
which can result in damage due to oxidative stress. As a result, the
cellular oxidative damage leads to the breakdown of lipids, proteins, and
DNA through oxidation. The superoxide anion (03%), hydrogen peroxide
(H202), and the hydroxyl radical (HO®) are the three main components
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Fig. 6. Role of ROS in polystyrene nanoplastics-induced toxicity in NRK52E cells and HUVECs. Cells were treated with a moderate concentration of nanoplastics (50
ug/ml) with or without antioxidant NAC (2 mM) for 24 h. (A) MTT cell viability and (B) intracellular ROS level. *significantly different from the controls (p < 0.05).
# protective effect of NAC against nanoplastics-induced cytotoxicity and ROS generation.

of ROS. The precise methods by which nanoplastics generate toxicity
have not yet been fully understood. The global scientific community is
currently investigating the mechanism of the oxidative stress pathway
caused by nanostructured materials, which leads to toxicity. Nano-
plastics might cause oxidative stress through two mechanisms: by pro-
moting the production of pro-oxidants or by impairing the cellular
antioxidant defense system. In this study, explored the oxidative stress
response of NRK52E and HUVEGCs cells after being exposed to poly-
styrene nanoplastics. Both types of cells were exposed 10, 25, 50, and
100 ug/ml of polystyrene nanoplastics for 24 h and determined the
several parameters of pro-oxidants (ROS and H202) and antioxidants
(GSH and GPx). Results demonstrated that nanoplastics induced ROS
generation (Fig. 2A) and H202 level (Fig. 2B) in both NRK52E and
HUVEGCs in a dose-dependent manner.

The balance between the production of oxidants and their removal
by antioxidant defense mechanisms is highly fragile. Hence, we further
conducted a more in-depth analysis on the impact of polystyrene
nanoplastics on the antioxidant molecule GSH and the enzyme GPx in
NRK52E and HUVEGs. The antioxidant biomarkers have a crucial

function in eliminating the extremely reactive free oxygen radicals
(Chen et al., 2020). The antioxidant molecule GSH catalyzes the
reduction of HyO» into singlet oxygen and water with the catalysis of
GPx enzyme. The results showed that the levels of the antioxidant GSH
and the activity of the GPx enzyme were depleted with increasing doses
of nanoplastics in both NRK52E and HUVECs (Fig. 3A and B). Moreover,
oxidative stress generated by polystyrene nanoplastics in HUVECs was
slightly higher than NRK52E cells. Present results are supported by other
investigators where they observed that toxicity of polystyrene nano-
plstics was mediated via oxidative stress pathway (He et al., 2020; Liu
et al., 2020).

3.4. Apoptosis response of polystyrene nanoplastics

Apoptosis is a kind of programmed cell death that sustains the ho-
meostasis of tissues (Al Olayan et al., 2020). Programmed cell death
might be triggered by several factors, including nutrient deficiency,
growth factors, and external stimuli (Li et al., 2021). Excessive ROS
generation in the cells can also act as a signalling molecule for the
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initiation of apoptosis (Yao et al., 2019). The antioxidant molecule GSH
has also been associated with apoptosis stimulation (Malla et al., 2020).
Hence, we further explored the effects of polystyrene nanoplastics on the
apoptosis biomarkers of NRK52E and HUVECs. Cells were treated for 24
h with 10, 25, 50, and 100 pg/ml of nanoplastics, and caspase-3 enzyme
activity and MMP level were determined in order to explore the
apoptosis effect of polystyrene nanoplastics. As we can see in Fig. 4, the
activity of the apoptotic enzyme caspase-3 was dose-dependently higher
in both types of cells as compared to the controls. Moreover, polystyrene
nanoplastics were also found to induce dose-dependent MMP loss in
both NRK52E and HUVEGs (Fig. 5). Interestingly, the apoptosis response
of polystyrene nanoplastics against HUVECs was slightly higher than
that of NRK52E cells. Previous studies also observed that polystyrene
nanoplastics exposure to different cultured cells cause caspase-3 gene
activation and MMP loss (Banerjee et al., 2022; Liu et al., 2022). A recent
study also reported that polystyrene nanoplastics induced lung damage
through apoptosis pathway (Wu et al., 2024).

3.5. Possible mechanisms of cytotoxicity induced by polystyrene
nanoplastics

There is a scarcity of research that explores the potential mechanisms
of toxicity induced by polystyrene nanoplastics. Some investigators
observed that ROS generation and oxidative stress could be possible
pathways for toxicity generated by polystyrene nanoplastics in biolog-
ical systems (Liu et al., 2020; Yan et al., 2023). In this work, we further
explored the role of ROS in polystyrene nanoplastics-induced toxicity in
NRK52E and HUVECs. Both the cells were treated for 24 h with 50 pg/ml
of polystyrene nanoplastics with or without co-exposure to the ROS
inhibitor N-acetylcysteine (NAC). Results demonstrated that polystyrene
nanoplastics-induced ROS in both NRK52E and HUVECs was signifi-
cantly alleviated by NAC (Fig. 6A). Moreover, polystyrene nanoplastics-
induced cytotoxicity in both cell types was effectively reverted by NAC
co-exposure (Fig. 6B). These results indicate that polystyrene
nanoplastics-induced cytotoxicity in both NRK52E and HUVECs was
mediated via the oxidative stress pathway. A recent research has also
observed that NAC effectively reduce the polystyrene nanoplastic-
induced apoptosis in vitro and in vivo (Wu et al., 2024).

4. Conclusion

We observed that polystyrene nanoplastics generate cytotoxicity in
normal rat kidney cells (NRK52E) and human umbilical vein endothelial
cells (HUVECs) in a concentration- and time-dependent manner. Inter-
estingly, it was found that HUVECs were slightly more susceptible to
polystyrene nanoplastics exposure as compared to NRK52E cells. Poly-
styrene nanoplastics were further observed to induce pro-oxidants (ROS
and GSH) generation and antioxidants (GSH and GPx) depletion in both
NRK52E and HUVECs. Caspase-3 enzyme activation and MMP loss in
both cell types suggest the apoptosis response of polystyrene nano-
plastics. Besides, cytotoxicity generated by polystyrene nanoplastics was
efficiently alleviated by NAC co-exposure, which indicates that oxida-
tive stress might be one of the possible mechanisms of nanoplastics-
induced cell toxicity. This study necessities further investigation into
the toxicity mechanisms of polystyrene nanoplastics in appropriate an-
imal models.
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