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Inflammation hazard from nanomaterials and particles of concern. However, only a limited number of studies have so far
Cytokines directly measured human exposure to MNPs and examined the relationship between such exposure and its

Genotoxicity impact on human health. This review aims to provide an overview of the current state of research on biomarkers
of oxidative stress, inflammation, and genotoxicity that have been explored in relation to MNPs exposure, using
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human, cellular, animal, and plant models. Both in-vitro and in-vivo models suggest an increased level of
oxidative stress and inflammation as the main mechanism of action (MOA) leading to adverse effects such as
chronic inflammation, immunotoxicity and genotoxicity. With the identification of such biological endpoints,
representing critical key initiating events (KIEs) towards adaptive or adverse outcomes, it is possible to identify a
panel of surrogate biomarkers to be applied and validated especially in occupational settings, where higher levels

of exposure may occur.

1. Introduction

Synthetic or semi-synthetic materials typically made from polymers
derived from petroleum-based are commonly called “plastics”. Despite
this oversimplification, plastics are a huge and heterogeneous class of
compounds with many industrial and bio-medical applications. There
are many types of polymers, but some of the most common types include
polyethylene (PE), polystyrene (PS), polypropylene (PP), or polyvinyl
chloride (PVC). The formers being the most widely used in the world
(Cantor and Watts, 2011). Owing to their properties, these polymers find
extensive applications in industrial sectors, such as automotive, in
aerospace and electronics. Furthermore, the food industry relies on these
polymers for packaging and wrapping purposes (Ncube et al., 2021a;
Ncube et al., 2021b).

Plastics can be generated from primary sources including industrial
processes, like the production of waterborne paints, medical devices,
electronics, coatings, and adhesives. They can also be indirectly pro-
duced as secondary materials when larger plastic debris fractures and
breakdown through various processes, both natural and non-natural.

Despite the significant increase in plastic production over years,
societies have become over-reliant on plastic due to its durability, low
cost, and versatility. The consequences of this heightened production
include the accumulation of vast amounts of plastic waste that pollutes
both terrestrial and aquatic ecosystems. Indeed, as shown in the litera-
ture LDPE (low density polystyrene), HDPE (high density polyethylene)
and cellulose acetate are the types of plastics most commonly identified
in landfills (Afrin et al., 2020). On the other hand, PE, PET (polyethylene
terephthalate), PP, PVC, PI (polyisoprene) and PS were identified in
sewage, industrial effluents and from the ocean spray (Di Bella et al.,
2022; Caracci et al., 2023). The same plastics have also been identified
in the atmosphere around urbanised and industrial areas, due to their
small size, particles are easily transported by the wind (Pandey et al.,
2022). Furthermore, it has been shown in studies by O’Brien and
Syversen et al., that the plastics used in the textile and fishing industry
are PA (polyamides), PP PE and PES (polyester) (O’ Brien et al., 2020;
Syversen et al., 2022). Nonetheless, plastic production is expected to still
increase in the coming decades (Network; Walker and Fequet, 2023) and
it will be a growing need to find alternative eco-friendly materials or
solutions to limit their spread in the environment by better educating
people (Dube, Grace, 2023). Plastic materials can broadly be classified
into five categories based on their sizes which includes; megaplastics
(>1 m); macroplastics (<1 m), mescoplastics (<2.5 cm), microplastics
(<5 mm); and nanoplastics (<1 um) (Barnes et al., 2009; Wang et al.,
2018a).

Once disposed of, plastic waste is exposed to environmental factors
that has the potential to break down into substantial quantities of
microplastics (MPs) and nanoplastics (NPs). The breakdown of plastic
into smaller particles raises global concerns regarding its possible im-
pacts on the environment and human health (Wagner and Reemtsma,
2019). While MPs have been extensively studied for their environmental
impact, our understanding of the quantities, types, and toxicity of NPs
and their impacts on human health is limited. It is noteworthy taht a
single MP particle can further breakdown into billions of NP particles,
indicating the widespread of NPs pollution (Zhang et al., 2023);(Hale
et al., 2022). NPs may pose a greater risk than MPs due to their ability to
penetrate biological membranes, but whether NPs exposure can affect
human health is still debated (Gigault et al., 2016; Hernandez et al.,

2017; Ter Halle et al., 2017). The increase in plastic waste represents a
health trait to human health as MNPs have been found in many food
products, owing to their widespread distribution in aquatic and terres-
trial areas (Kolandhasamy et al., 2018; Wagner and Reemtsma, 2019;
Wang et al., 2020). MNPs can enter the human body through three
primary pathways: inhalation, ingestion, and skin contact (Prata et al.,
2020; Rahman et al., 2021). Airborne MPs have been detected in urban
dust as a result of synthetic textiles and rubber tire degradation; these
particles are typically sub-micronic in size and can be inhaled (Prata,
2018). Ingestion is considered the major route of exposure for the gen-
eral population, as they are found in the food chain and water sources.
Studies have shown that these tiny plastic particles enter the human
food chain through various media, including consumption by animals
(Santillo et al., 2017), contamination during food production (Karami
et al., 2017), and leaching from plastic packaging (Mason et al., 2018).
MNPs have been found in a range of food products, including honey,
beer, salt, sugar, fish, shrimp, and bivalves, as well as in tap, bottled, and
spring water. In fact, a high percentage of tap water sources around the
world have been found to contain MPs particles (Kosuth et al., 2018;
Mamun et al., 2023).

Although the number of studies about the potential effects of MNPs
on living organisms steadily increases (Chang et al., 2020), research on
human exposure and toxicity in this context is relatively new. A recent
review summarized the current knowledge on the exposure routes of
MNPs to humans, and possible pathways for translocation into body
compartments (Ramsperger et al., 2023).

Prata et al., 2020 highlighted that following exposure and uptake,
the potential toxicity of MNPs may result from oxidative stress and
inflammation, which consequently could affect the immune and nervous
systems (Prata et al., 2020). Both in-vitro and in-vivo models suggest
that increased level of oxidative stress and inflammation are the pri-
marily MOA leading to adverse effects, mainly chronic inflammation,
immunotoxicity, and genotoxicity (Poma et al., 2019; Demir, 2021;
Gonzalez-Acedo et al., 2021). While these simplified models are useful
for hazard identification, they do not fully reflect the complexity of in-
teractions occurring within human body. However, researchers are still
encountering difficulties in assessing the impact of MNPs on human
health, owing to the variability of exposure scenarios, the changeable
pattern of MNPs along with their constituents and contaminants and the
lack of standardized protocols including biomarkers for assessing rele-
vant biological and health endpoints. As a result, until now very few
studies have measured human exposure to MNPs and assessed the
relationship between MNPs exposure and its effects on human health.

This paper aims to provide a comprehensive review of the current the
state of the art of biomarkers investigated following exposure to MNPs in
humans, as well as cellular, animal and plant models. Biomarkers are
chemicals, metabolites, or products of an interaction between a chemi-
cal and some target molecule that is measured in the human body
compartments (World Health Organization, 2006). An exposure bio-
markers is the concentration of a parent compound or its metabolites in
biological matrices (Nieuwenhuijsen et al., 2006), whereas an effect
biomarker is a measurable biochemical, physiological, and behavioral
effects or other alterations within an organism that, depending on the
magnitude, can be associated with an established or possible health
impairment or disease (Zare Jeddi et al., 2021). Biomarkers can reveal
changes in biological systems resulting from complex pathways of
exposure. With the identification of such biological endpoints,
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representing the KIEs towards adaptive or adverse outcomes, it should
be feasible envisaged a panel of surrogate biomarkers to be applied and
validated, especially in occupational settings, where exposure may
occur and can be easier characterized.

2. Materials and methods

The search strategy consisted of filtering the publications with a
combination of keywords specifying the following mesh terms with
synonyms: “Oxidative stress”, “Inflammation”, “Genotoxic”, “Bio-
markers” (full list of all biomarkers), “Microplastics”, “Nanoplastics”
(full list of MNPs). The complete string is provided in the appendix A. We
transferred the results from databases to Microsoft Excel spreadsheet
where inclusion and exclusion criteria were recorded. Two reviewers
evaluated the publications independently and a third reviewer resolved
cases of disagreement.

Following PRISMA 2020 Statement (Page et al., 2021), the papers
were first screened for title and next for abstract. In both steps, ac-
cording to the exclusion criteria, we excluded studies (1) without bio-
markers of oxidative stress, inflammation, or genotoxicity, (2)
investigating micro- nanoplastic’s additives, (3) performed on bacteria,
(4) all review papers, (5) full texts with unpublished data, (6) corre-
spondences, (7) conferences abstracts without full text and (8) clinical
studies (e.g. bone integration of plastic prosthesis).

Studies focused on or analyzing the possible adverse effects of MNPs
as result of human mainly occupational, cell, animal, and plant models
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were considered eligible.

The Fig. 1 summarizes the main steps of the searching strategy.

We reported the following information according to the study types
identified: humans, in-vitro and in-vivo: animals and plants. For in-vitro
studies, the information reported were the following: author’s name,
publication time, title, cell type, plastic-type (also size), assessed bio-
markers, exposure time, experimental methods, concentration, main
results, references, and notes. For in-vivo studies were extracted: au-
thor’s name, publication time, title, organism type, number of animals
or plants, plastic type (also size), matrix (only for animals), assessed
biomarkers, exposure time, experimental methods, concentration, main
results, references, and notes.

For studies on humans, we reported: author’s name, publication
time, title, number of subjects, worker’s exposure, age, smoking habits,
plastic-type (also size), matrix, analytical methods, assessed biomarkers,
exposure time, experimental methods, concentration, main results, ref-
erences, and notes. Data reported by graphs in original studies were
extracted by the Web Plot Digitizer software (Rohatgi 2022), version
4.6, Pacifica, California, USA, https://automeris.io/Web PlotDigitizer/
accessed on February 2023).

Among the 5818 studies identified, 757 were duplicates removed by
EndNote. The remaining 5061 were screened as title and abstract. Of
these, 4849 were excluded and 202 were screened as full text. Finally, 65
articles were included in this state of art review. The exclusion criteria
lead to the removal of 137 studies because of the absence of biomarkers
of oxidative stress (OS), inflammation, or genotoxicity (n = 79). MNPs

Identification of studies via databases and registers

Records removed before screening:
Duplicate records removed by EndNote

— | Records excluded (n = 4859)

v

(n=757)

) |
& Records identified from™:
& PubMed (n = 1436)
g Embase (n = 4382)
e
5
b} Total = 5818
—/
A
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Reports sought for retrieval
o (n=203)
=
=
[
: '
Q
(7]
Reports assessed for eligibility
(n=202)
—/
)
E Studies included in review
= (n =65)
©
£
—

—»| No biomarkers of oxidative stress,

Reports not retrieved
(n=1)

A\

Reports excluded:

inflammation, or genotoxicity (n = 79);
Not only micro and nanoplastics but even
metals, other chemicals (n = 6);

Clinical studies (plastics for prothesis)
(n=3);

Other (publication type, no published data
or information) (n = 49)

Fig. 1. Flowchart of the identification for eligible studies from a search among original articles.



M. Panizzolo et al.

were not considered as polymers but for their additives or chemicals
(n = 6), no data or information published or publication type (n = 49)
or were clinical studies (e.g. plastics used for dental or orthopedic
prothesis) (n = 3). Data from the 65 included articles were extracted
using different templates and organized into spreadsheets according to
the type of study. 28 for in-vitro models, 30 for in-vivo studies on ani-
mals, 4 for in-vivo studies on plants, and only 3 for studies on humans.

3. Results

Table 1 summarizes the number of eligible articles, according to
study type, that investigated the different MNPs. PS is the most widely
investigated MNPs in the studies in-vitro and in-vivo. Indeed, among the
studies included in this review, 43 articles (>50%), explored the
possible adverse effects of PS in-vivo, 53.4% on animals, 9.3% on plant
models and 37.3% on cell lines. The second most analyzed polymer is PE
being reported in 17 articles. 70.5% investigated the possible effects in
animal models, and only 29.5% on in-vitro studies. It is worth
mentioning that these two MNPs were not studied in humans. 8 articles
explored PVC, 62.5% in cell lines, 25% in animal studies, and only
12.5% in humans, in occupational scenarios. The other MNPs investi-
gated are: not specified polymers (n=5), PP (n=4), polymethyl
methacrylate (PMMA) (n = 3), polyethylene terephthalate (PET)
(n =2), polyurethane (PUR) (n=1), and polylactide-co-glycolide
(PLGA/PVA) (n =1).

Table 2 reports the size range of plastics investigated. In in-vitro
studies, the plastics size range varies from 0.029 to 150 um, while in
in-vivo the plastics analyzed had a much wider range (from 0.2 um to
5 mm which mirrors environmental exposure). In occupational studies,
since the workers are exposed to mixtures and not to a single particle
with defined chemical identity the size range was not provided.

3.1. Biomarkers of oxidative stress, inflammation, and genotoxicity

In the following tables are listed all the biomarkers investigated and
the results reported by the included articles.

3.1.1. Oxidative stress

Oxidative stress is a central mechanism of action for both pulmonary
and extra-pulmonary health effects of particulate matter (Mills et al.,
2009). ROS (reactive oxygen species) are formed as a normal attribute of
aerobic life as a by-product of metabolic reactions. Their excessive
presence can lead to molecular and tissue damage defined as a result of
oxidative stress, i.e. a perturbation of the physiological redox balance

Table 1
Number of eligible articles, according to study type, that investigated the
different MNPs.

Type of MNPs Type of study n (%)
In-vitro In-vivo Occupational Total
animals plants

PS 16 (37.3) 23 (53.4) 4(9.3) / 43
PE 5 (29.5) 12 (70.5) / / 17
PVC 5 (62.5) 2(25.0) / 1(12.5) 8
MPs 2 (50.0) 2 (40.0) / 1 (20.0) 5
PP 2 (50.0) 2 (50.0) / / 4
PMMA 3 (100) / / / 3
PET / 2 (100) / / 2
PUR / / / 1 (100) 1
PLGA/PVA 1 (100) / / / 1
Total 34 43 4 3 84

*Some studies investigated more than one plastic type

PS (polystyrene), PE (polyethylene), PVC (polyvinylchloride), MPs (micro-
plastics), PP (polypropylene), PMMA (Polymethyl methacrylate), PET (Poly-
ethylene terephthalate), PUR (polyurethane), PLGA/PVA (polylactide-co-
glycolide)
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Table 2
Plastics size range analyzed according to the different study types.

Type of MNPs Plastic size range (um)

In-vitro In-vivo
animals plants
PS 0.029-2.0 0.2-5000.0 0.1-20.0
PE 0.21-80.0 1.2-5000.0 /
PVC 0.12-150.0 <0.3 /
MPs 0.1-50.0 38-355.0 /
PP 0.08-0.25 1.2-1000.0 /
PMMA 0.05-10.0 / /
PET 0.2-0.6 10-250.0 /
PUR / / /
PLGA/PVA 0.2-0.3 / /

PS (polystyrene), PVC (poly vinil chloride), PE (polyethylene), PP (poly-
propylene), PET (polyethylene terephthalate), PLGA/PVA (polylactide-co-gly-
colide), PMMA (polymethyl acrylate), PUR (polyurethane), MPs (generic
microplastics polymers).

that is not balanced by the body’s appropriate adaptive responses (Sies,
2015).

Thus, investigating biomarkers of oxidative stress, such as reactive
oxygen species (ROS) and their adducts, as well as the enzyme pathways
involved in the maintenance of an adequate physiological balance, su-
peroxide dismutase (SOD), catalase (CAT) and malondialdehyde (MDA),
in biological media, can provide direct evidence of perturbation induced
in biological systems (Marrocco et al., 2017; Halappanavar et al., 2021).

Wang et al. studied the adverse effects, following exposure to PS
(0.025-0.8 pg/ml) of renal tubule cells by quantifying the release of ROS
(Wang et al., 2021). Similarly, Schirinzi et al. who analysed the ROS
production following PE (10 ng/ml) and PS (10 pg/ml) exposure using
brain and epithelial cell models, found significant increases in ROS
levels as compared to untreated controls (Schirinzi et al., 2017).

20 out of 65 studies included in this review reported a possible effect
following MNPs exposure. 12 out of 20 showed a statistically significant
increase in ROS following MNPs exposure as compared to the untreated
control groups, 5 did not show a significant increase, 2 showed no
change and only one reported a statistically significant decrease in ROS
generation.

Living are endowed with effective defence systems to scavenge and
thus counter balance excessive ROS production (Kotha et al., 2022).
Enzymes such as SOD and CAT are involved in catalysing the conversion
of superoxide anion to oxygen and hydrogen peroxide (Wang et al.,
2018Db; Sies and Jones, 2020), making the superoxide radical less reac-
tive, by transforming it into molecular oxygen and hydrogen peroxide
(H2053). SOD and glutathione peroxidase (GPx) activities are commonly
measured as biomarkers of oxidative stress (Lubos et al., 2011). 12
studies included in this review investigated these enzymatic pathways
counterbalancing ROS production. Moreover, lactate dehydrogenase
(LDH) and GPx have been used as biomarkers in in-vitro and in-vivo
(animal) studies, whereas HyO, production has only been studied
in-vivo (both animal and plant models). Other biomarkers of oxidative
stress consistently used in animal models are glutathione S-transferase
(GST) (n = 10) and glutathione (GSH) (n = 11).

Vecchiotti et al. and Chen et al., carried out in-vitro studies where
human cell lines were exposed to varying concentrations of PS (from 25
to 1200.0 ug/ml) for 4h to a maximum of 48 h, showing an early
downward trend in SOD enzyme activity, with small increase after 48 h
(Vecchiotti et al., 2021; Cheng et al., 2022).

From Table 4 and Table 5, it is argued that similar decreasing trends
in SOD enzyme activity are expected in other animal and plant model
studies (Xiao et al., 2021; Li et al., 2022; Rodrigues et al., 2022; Ni et al.,
2023). Conversely, studies by Cocci et al., found an increasing trend in
SOD activity following exposure to PS (Lu et al., 2016; Cocci et al.,
2022).

Various articles reported a significant increase in ROS levels by using
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Table 3

Biomarkers of MNPs exposure analysed in in-vitro studies.

Ecotoxicology and Environmental Safety 267 (2023) 115645

Cell type Plastic type, size Concentration Exposure Experimental Biomarkers Autors, Year
time methods (Oxidative stress;
Inflammation; Genotoxicity
and others)
Onion root cells PS, 100 nm 25, 50, 100 pg/ml 3d TTC and Evans Blue ROS: tdose/dependent; MDA: (Maity et al.,
staining; TBARS; qPCR *1 vs ctrls; Cell viability: 1; 2023)
Comet test: *1; ML | vs ctrls

Human intestinal PS, 0.5 and 2 um 5 or 20 pg/ml 48 h, 28 DCFDA and flow ROS: *1 vs ctrls; NPs (Bonanomi
(CCD-18Co) cells dand 6 w cytometry internalization *1 vs MPs et al., 2022)

Human bronchial PS and NH,-PS, 25, 50, 100, 200, 400 pg/ 24h WST-1 and MTT; DCFH- ROS: NH,-PS *1 vs PS; IL-1p *1 (Jeon et al.,
epithelial cells 100 nm ml DA; qPCR expression NH,-PS vs PS; 2023)

cytotoxic effects: NHy-PS *1 vs
PS

Peripheral blood PS, 29, 44 and 72 nm 0.0001-100 pg/ml 24h Comet assay; ELISA 8-0xodG: *1 0,1 ug /ml- 100 pg (Malinowska

mononuclear cells /ml vs ctrls; Comet tail: 100 ug et al., 2022)
/ml: 1 23.1%, 29 nm 1 13,88%,
44 nm; 1 6.9% 72 nm

Human lung (A549) wMP, < 50 um 0.1, 1, 10, 100 pg/ml 24,48 h ELISA; DCFDA ROS: no*1 vs ctrls; IL-8%1 vs (Bengalli et al.,
cells ctrls; IL-6 1 vs ctrls 2022)

HepG2 cells, Caco-2 PP, 80-250 nm PP: 0-175 ng/ml, 3,24h LDH; WST-1; Comet assay; concentration/dependent; (Roursgaard
cells PET, 200-600 nm PET: 0-63 ng/ml and DCFDA ROS: 3 h no*; DNA damage: 1; et al., 2022)

0.6-7.1 pg/ml Metabolic activity: no* effects

Human gingival MP, 100 and 600 nm Different concentrations 48 h MTS; qPCR NFKB *1 vs ctrls; NLRP3 (Caputi et al.,
fibroblasts (hGFs) expression | vs ctrls; Cell 2022)

viability: | vs ctrls

Murine fibroblasts PS, 9.5-11.5 ym 1, 10, 20 pg/ml 6-24 h Hemacytometer; MTT; SOD: | PS and PE vs ctrls; IL1, (Palaniappan
and canine kidney PE, 1.0-4.0 um qPCR TNF-a: 1 PS exposure vs ctrls; et al., 2022)
epitelial cell lines IL-1p, TNF-o: | PE exposure vs

ctrls; Cell viability: | vs ctrls;
Metabolic rates: 1 vs ctrls
Human embryonic PS, 1 ym 25 pg/ml 48 h Commercial kits; P450-Glo GST activity, GSH, SOD: | vs (Cheng et al.,
stem cell line H1 assay kit; ELISA ctrls; MDA: 1 vs ctrls; LDH: | vs 2022)
ctrls; ROS: 1 vs ctrls; IL-6,
COL1A1: fregulated dose-
dependent; SULT1A1, PPARa,
PPARy: | regulated and 1
regulated dose-dependent;
AST and ALT: *1 PS-MP
exposure; CYP1A: |regulated

Human monocytes PS, PMMA, 30-300 particles/cell 18,20 h ELISA IL-6, TNF-o and IL-10: 1 vs ctrls (Weber et al.,
and dendritic cells PVC, 50-310 nm 2022)

A549 cells with PS, NH,-PS, PS- 2.5,5,10, 25,50, 100, 200, 6,9,24h MTT; fluorescence ROS: *1 vs ctrls; MN: 1, *1 at # (Shi et al.,
surface COOH, 2 um and 400 ug/ml microscope; DCFH-DA concentrations; Cell viability: | ~ 2022)
modification 80 nm vs ctrls

Human embryonic PS, 3 and 54 pm 3-300 ng/ml 24h Phase-contrast ROS *1 vs ctrls; HO-1 (Chen et al.,
kidney cells microscope; DCFH-DA; expression: no*; NF-kB: No* vs 2022a)

Quantibody ® Human ctrls; NLRP3 expression: *| vs

Inflammation Array 3 Kit ctrls; ZO-2, AAT: 1 vs ctrls; 11
regulation 33 different
cytokines dose-dependent; Cell
viability*| vs ctrls;

Caco-2/HT29-MTX- PS and NH,-PS, 1,5,10 0r 50 |1g/cm2 in 24h ELISA 1L-1, IL-6, IL-8 and TNF-« (PS, (Busch et al.,
E12/THP-1 cell 50 nm; PVC, < 50 pm 100 pl of medium NH,-PS): No* vs ctrls; IL-1f 2021)
lines (PVCQ): *1 vs ctrls; IL-8: |; TNF-

o and IL-6: No*; Cell viability:
*| vs ctrls;
Human lung cell lines PMMA, 120 nm 25, 50, 100, 150, 200 pg/ 24, 48, DCFDA; LDH-Glo ROS*?1 vs ctrls; LDH*1 vs ctrls; (Mahadevan
PVC, 140 nm ml 72h cytotoxicity assay Cell apoptosis: 1 vs ctrls and
Valiyaveettil,
2021)

Colorectal PS, 100 nm 100, 200, 400, 800, 15, 30, MTS; Total ROS; Western ROS: depending on (Vecchiotti
Adenocarcinoma 1200 pg/ml 45 min, blot by OECD guidelines concentration *1 vs ctrls; et al., 2021)
cells (HCT 116) 1, 4, 24, SOD1: |, SOD2: 1, CAT: t;

48 h GPx1: 1 depending on
concentration vs ctrls; MN: 1 vs
ctrls; Cell viability: | vs ctrls

Human kidney PS, 2 ym 0.025, 0.05, 0.1, 0.2, 0.4, 5, 10, 30, Sulpforhodamine B; ROS: *1 vs ctrls; Cell viability: (Wang et al.,
proximal tubular 0.8 pg/ml, 0.8 mg/ml 60, MitoSOX Red *| vs ctrls 2021)
epithelial cells 120 min, 3

days

Human periphral PE, 10-45 pm 25, 50, 100, 250, 500 pg/ 48 h CBMN assay with minor MN: *1 vs ctrls; NBP and NBUD (Cobanoglu
blood lymphocytes ml modifications *1, CIN: *1 vs ctrls; CBPI: % et al., 2021)

index No* vs ctrls

Human lung PS, 1.72 ym 1-1000 pg/cm2 24,48 h Trypan blue; DCFH-DA; ROS: *1 vs ctrls; IL-6*1, IL-8 1 (Dong et al.,
epithelial cells ELISA vs ctrls; ZO-1, AAT: 1t 2020)

(continued on next page)
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Cell type Plastic type, size Concentration Exposure Experimental Biomarkers Autors, Year
time methods (Oxidative stress;
Inflammation; Genotoxicity
and others)
expression; Cell viability: *| vs
ctrls
Human P-PS, 0.05-0.1 pm F- 0-50-100-150-200 pg/ml 24-48 h Trypan Blue; DCFH-DA; ROS: *1 vs ctrls in 3 cell lines; (Rubio et al.,
hematopoietic cells PS, 0.04-0.09 pm Comet assay Genotoxic damage: *1 vs ctrls; 2020)
Cell viability: 3 cell lines | vs
ctrls
Human fibroblast PS, 100 nm 5, 25, 75 ug/ml 4,24,48h MTS; Total ROS; CBMN by ROS: *1 vs ctrls; MN: *1 dose- (Poma et al.,
(Hs27) cell line OECD guidelines dependent vs ctrls; CBMN: No* ~ 2019)
vs ctrls; Cell viability: | vs ctrls
Kidney leucocytes PVC, 40-150 um 1 mg/ml, 10 mg/ml, 1h,24h MTT; flow cytometry; POx: No* vs ctrls; Cell (Espinosa et al.,
PE, 40-150 pm 100 mg/ml chemiluminescence; viability: | vs ctrls; Phagocytic ~ 2018)
colorimetric assay capacity: No* vs ctrls; Burst
activity: *1 vs ctrls;
Human cerebral and PE, 3-16 um 10 ng/ml to 10 pg/ml 24,48 h HCA ROS: *1, 1 respectively PE, PS (Schirinzi et al.,
epithelial cell lines PS, 10 ym vs ctrls; Cell viability: no*| vs 2017)
ctrls
Hamster fibrobast PS, NA 19.5, 39.1, 78.1, 156, 313, 24h,48h Test di Ames Test Ames: No* vs ctrls; CA: (Nakai et al.,
(CHL/IU) 625, 1250, 2500, 5000 pg/ no* all concentrations vs ctrls; 2014)
plate Cell growth: 1 vs ctrls
A549 cell line PLGA/PVA ~ 234 nm, 0.005-3.5 mg/ml 48 h MTT; Non-radioactive LDH: No* effects vs ctrls; IL-6, (Grabowski
PLGA/CS ~ 233 nm, and 0.01-2 mg/ml Cytotoxicity Assay; IL-8 and MCP-1: 1 vs LPS- etal., 2013)
PLGA/PF68 ~ multiplexing CBA treated;
229 nm, TiO2 ~ IL-1f, TNF-a, IL-10 data were
421 nm, PS ~ 250 nm under LOD; Cell viability: 1 vs
ctrls
Monocyte cell line PE, PE-HM, 2, 3 pm; Ratio 1:1, 100:1, 500:1 18, 24, MTS; TiterZyme EIA assay IL-1B, TNF-a: 1 vs ctrls, dose- (Smith and
TH1 in culture PCU, 1, 7 pm particles/cell 72h dependent; Cell viability: No* Hallab, 2010)
vs ctrls
Pulmonary cell PVC, 0.2-2.0 um, 0156 mg/ml 4,16, 24 ELISA general cytokines release: 1; IL- (Xu et al., 2003)
cultures 50 pm and 48 h 6, and IL-8: *1
Three human PE, 0.21, 0.49, 4.3, Cell number ratios: 100:1, 24h MTT; ELISA U937 cells: IL-1p: 0.49 pm *1 (Matthews
monocytic cell lines 7.2, and 88 um 10:1, 1:1 and 0.1:1. vs 0.21 um; IL-6: 0.49, 4.3, et al., 2001)
(monomac-1, U937 7.2 yum* 1 vs ctrls; TNF-a:
and THP-1) (0.21, 0.49, 4.3 um) *1 vs ctrl;
THP-1 cells: IL-1p: 0.49 pm 1
vs ctrls, 0.21 and 0.49 pm *1 vs
ctrls; IL-6: *1 0.21, 0.49 pm vs
ctrls; TNF-a: 0.21, 0.49,
4.3 pm, 0.49 um *1 vs ctrls;
Cell viability: no* vs ctrls;
Human monocyte/ PMMA, 1-10 ym LOW: < 0.05% PMMA, 72h ELISA IL6: no co-culture 1 vs ctrls; (Lind et al.,
macrophages, and HIGH: > 0.05% IL1p: 1 co-culture + PMMA vs 1998)

fibroblast

alone; TNF-a: co-culture +
PMMA

PE (polyethylene), PVC (polyvinylchloride), PP (polypropylene), PMMA (Polymethyl methacrylate), PET (Polyethylene terephthalate), PLGA/PVA (polylactide-co-
glycolide), P(pristine), F (fluorescent), PS (polystyrene), NH2-PS(amino functionalized polystyrene), PS-COOH (carboxy functionalized polystyrene), PCU (poly-
carbonate polyurethane), NPs (nanoplastics), MPs (microplastics), MI (mitotic index), MN (micronuclei), ROS (reactive oxygen species), SOD (superoxide dismutase),
CAT (catalase), MDA (malondialdehyde), POX (peroxidase), GST (glutathione S-transferase), LDH (lactate dehydrogenase), COL1A1 (collagen type I alpha 2 gene),
SULT1A1 (sulfotransferase family 1A member 1 gene), PPAR-a (peroxisome proliferator-activated receptor alpha), PPAR-y (peroxisome proliferator-activated receptor
gamma), ALT/AST (alanine aminotransferase, aspartate aminotransferase), CYP1A (cytochrome P450 Family 1 Subfamily A Member), TNF-a (tumor necrosis factor
alfa), IL- (Interleukin -), GPx (glutathione peroxidase), CBMN (cytokinesis-block micronucleus), MCP-1 (monocyte chemoattractant protein-1), LPS (lipopolysac-
charides), ZO- (tight junction protein), AAT (alpha-1 antitrypsin), CBPI (cytokinesis-block proliferation index), NPB/NBUD (nucleoplasmic bridge/ nuclear bud), TTC
assay (triphenyl tetrazolium chloride), TBARS (Thiobarbituric acid reactive substances), qPCR (quantitative Polimerase Chain Reaction), DCFDA or DCFH-DA assay
(2°,7’-dichlorodihydrofluorescein diacetate), WST-1 assay (4-[3-(4-lodophenyl)—2-(4-nitro-phenyl)—2H-5-tetrazolio]—1,3-benzene sulfonate), MTS assay (3-(4,5-
dimethylthiazol-2-yl)—5-(3-carboxymethoxyphenyl)—2-(4-sulfophenyl)—2H-tetrazolium), MTT assay (3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bro-
mide), ELISA (Enzyme-linked immunosorbent assay), EIA (Enzyme Immuno Assay), HCA (high content analysis), CBA (multiplexing Cytometric Beads Array), *
(significantly), |(decreased/inhibited), 1(increased).

onion root cells (Maity et al., 2023), intestinal (CCD-18Co) cells
(Bonanomi et al., 2022), human bronchial epithelial cells (Jeon et al.,
2023), and human lung cells (Dong et al., 2020) treated with PS particles
(0.5-0.08 um). In-vivo studies in fish (Cocci et al., 2022), broilers (Lu
et al., 2023), mice (Wang et al., 2021), and sea worms (Missawi et al.,
2020; Lombardo et al., 2022) also showed significant increases in ROS,
SOD, and CAT levels compared to controls following exposure to PS and
PE (5 mm-1 um). However, studies in plant organisms (Maity et al.,
2020; Liu et al., 2022a; Ni et al., 2023), did show increasing, albeit not
significant, trends in CAT compared to controls following treatment
with PS (0.01-1 pm).

Among oxidative stress endpoints, MDA has been the most widely
investigated (Toto et al., 2022). MDA is a metabolite resulting from the
peroxidation of fatty acids. This molecule can interact with nucleic acids
and can create DNA adducts generating mutations that might evolve into
cancer (Del Rio et al., 2005). Increases in MDA levels were found in 10
out of 14 studies. In-vitro studies conducted by Maity et al. and Cheng
et al. found higher MDA levels as compared to controls after exposure to
0,01 and 0,1 um PS, respectively (Cheng et al., 2022; Maity et al., 2023).
In-vivo animal studies on broilers (Lu et al., 2023) and sea worms
(Missawi et al., 2020) showed a significant increase of MDA levels
compared to controls after exposure to PS, PE, and PP.
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Table 4
Biomarkers of MNPs exposure analysed in animal studies.
Animal model, n° Plastic type, size ~ Concentration Exposure time Experimental Matrix Biomarkers Autors, Year
methods (Oxidative stress;
Inflammation;

Genotoxicity and others)

Mullus barbatus, PE, 5-1 mm, 1-20 or 2-15items/ NA qPCR Gut tissues SOD, CAT expression: 1 in (Cocci et al.,
Merluccius 1-05 mm individual gut tissue vs ctrls; IL1, 2022)
merluccius, 32 PS, 0.5-0.1 mm IL-8, and INF-y

expression: 1 in both
species;

IL-10: 1 regulated in gut
tissue

Aeromonas PE, 75-100 pm 0.1, 1, and 10 mg/L 35 days Commercial kits Intestinal and SOD and CAT: * | vs ctrls; (Ding et al.,
hydrophila, 90 muscle tissues GSH, GSH-Px, and GST: 2022)

initially 1 trend, then |
trend

Charadrius PET, (8.1 x 104 fibres/ 24 h Photometric analysis Tissues GST: (PET) 1 vs ctrls; (Esterhuizen
javanicus, 100-250 pm, L), 0.01 mg/L (w/ CAT activity: (PET)t vs et al., 2022)
15 HDPE, PS, 2 um, v), 0.01 mg/L, ctrls; GST: *inhibition

and NH2-PS, 0.1 mg/L (w/v), yellow-HDPE MP;
100 nm 1 mg/L (w/v) CAT: red-HDPE MP | vs

ctrls, blue-HDPE MP,
No* , * | vs ctrls

Gallus gallus PS, 5 um 1 mg/L, 10 mg/L, 6 weeks Electron microscopy Lung tissue and CAT, and GSH: | vsctrls;  (Lu et al.,
domesticus, 100 mg/L commercial kits serum MDA: * 1 in all groups; 2023)
120 Pathological changes in
lung tissue: 1 damage vs
ctrls
Carassius auratus,32  PS, 44 nm 0 —100 pg/L 30 days Automated laser flow Liver, gut and ENAs: * 1 vs ctrls (Brandts
blood cell analyser; muscle tissues et al., 2022)
optical microscope;
EIA
Oryzias melastigma, PS, 6.0 ym 1.1 pg/L, 1.1 x 10° 14 days qPCR Tissues SOD at T7: * 1 vs ctrls; (Chen et al.,
NA pg/L, 1.1 x 10° pg/ CAT, Gpx, AHR and 2022a)
L CYP1Al at any T: No* vs

ctrls; CAT, Gpx, AHR and
CYP1Al at any T: = vs
ctrls;

IL-1p at T3: * 1 vs ctrls;
IL-6, TNF-0, JAK, NF-kB,
and STAT-3 at T7: * 1 vs
ctrls; muc7-like at T7: * 1
vs ctrls; NF-xB at T14: * |
vs ctrls; STAT-3 at T7: * 1
vs ctrls; 11-6, il-1f, NF-xB
at T14: * | vs ctrls; IL-8: 1
vs ctrls; TNF-a: * 1 vs
ctrls; mucl3-like at T3:

* 1 vs ctrls; Hegl and
muc5AC-like at T14: * |
vs ctrls; muc2 and mucl3
at T3: * | vs ctrls

Cyprinus carpio, 8 PE, NA 1000 ng/L 21 days Protein determination Gill tissues SOD, AOC, CAT, NO, (Cao et al.,
kit; ELISA GSH-Px: * | vs ctrls; 2023)
MDA: * 1 vs ctrls; NF-xB/

NLRP3 signal: * 1;
NLRP3, IL-1f: * 1 vs ctrls;
IFN-y, TNF-q, IL-2 and IL-
10: * 1 vs ctrls; IL-4, IL6
and IL-8: 1 vs ctrls

Eisenia andrei, PS, < 500 pm Car 2,7,14, 28 Fluorescence-based Tissues AChE: |*Inhibited; ROS, (Lackmann
20 Cartyre tyre,1-1000 mg/kg, days measurements with GSH, and GPx: * | vs et al,, 2022)
abrasion, PS, 0.1-100 mg/kg microplate reader ctrls; CAT: | vs ctrls
600 um
Fundulus Crum rubber, Experiment A: 0, Experiment A: DNA Damage assay; Liver, intestinal Experiment B: (LaPlaca
heteroclitus, 38-355 um 0.059,0.585, 1371, 8/51 exposure colorimetric detection tissues, and blood/ 8-OHdG: 1 dose- et al., 2022)
Experiment A: 40 2.548 g/L days; kit; Glutathione plasma dependent (p + 0.27 *);
Experiment B: 45 Experiment B: 0, Experiment B: fluorescent detection MDA | dose-dependent
0.01, 0.032, 0.10, 9/42 days of Kit (p—0.21 *);
and 0.25 g/L 24 h exposure GSH: 1 dose-dependent (p

0.15 *); Experiment A:
CYP1A protein: 1 vs ctrls

Mus musculus, PS, 5 um Intracheal-PS: 1.25 48 h exposure Immuno-fluorescence; Lung tissues SOD: |vs ctrls; GSH: 1 vs (Lietal.,
44 and 6.25 mg/kg, in 3x/week for detection kits; western ctrls; Pulmonary fibrosis: 2022b)
protective group: 21 days blot a-SMA and collagen I * 1
6.25-50 mg/kg vs ctrls (dose-dependent)

(continued on next page)
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Animal model, n°

Plastic type, size

Concentration

Exposure time

Experimental
methods

Matrix

Biomarkers

(Oxidative stress;
Inflammation;
Genotoxicity and others)

Autors, Year

Holothuria
tubulosa,
30

Mus musculus,
19
Dicentrarchus
labrax,
162

Scrobicularia plana,
420

Coturnix
japonica,10

Rattus norvegicus,
70

Macrobrachium
nipponense,
300

Sparus aurata,
45

LDPE 17%, PP
27%, PS 16%,
HDPE, PVC
13%, PL 8%,
PET 3%, PA 1%
PS and NH2-PS,
100 nm

Virgin PVC and
incubated PVC,
< 0.3 mm

LDPE 4-6 pm,
20-25 pm

+ Benzo A
pyrene (BaP)

PS, 3293.4 ym

PS, < 5 mm

PS-NP, 500 nm

MPs

3 different polluted
areas

50 pg/ml x mouse
4 times week

MP environmental
concentration 1%
w/w

1 mg/L

11 MPs particles/
quail/day, 22 MP
particles/quail/day,
once a day

1%, 5% and 10%
PS-pellets; 1, 5, 10%
FP

0.04 mg/L, 0.4 mg/
L, 4 mg/L, 40 mg/L

according to the sea
water

2 weeks

90 days

Time 0, 7 days,
and 14 days

9 days

90 days

28 days

120 days

Spectrophotometer;
colorimetric assay kit

WST-1 and MTT;
Duoset ELISA

iQ5 optical System
Software v. 2.0

Colorimetric assay

ELISA; colorimetric
assay

UV/Vis
spectrophotometer

Commercial kits

Commercial
colorimetric kit

Gut tissues

Serum

Blood and liver
tissue

Gills, and digestive
glands

Crop,
proventriculus,
gizzard, small
intestine, muscle
(pectoral), brain
and liver tissues

Blood (plasma)

Gill, liver, gut, and
muscle tissues

Blood, Plasma, and
liver tissues

CAT, SOD, GST, GSH: * t
vs ctrls;

AChE, MDA: No* 1 in all
areas vs ctrls

IL-1p: t NH2-PS vs PS-MP

LPO: both groups 30 days
| vs ctrls;

60, 90 days 1vs ctrls;
CAT: 60 days 1 incubated
vs ctrls; 90 days | virgin
and Incubated vs ctrls;
TNF-a receptor: (30, 60,
90 days) | vs ctrls; PPAR-
receptor-a/y: (30, 60
days) 1 vs ctrls, (90 days)
| vs ctrls

SOD: day 14, all groups |
vs ctrls; day 7 PE+BaP

* 1, * | (at
#concentration and n°
exposure days); SOD
activity: | digestive
glands vs gills; CAT
activity: day 7 PE+BaP
gills * | vs ctrls, day 14
PE+BaP digestive glands
| vs ctrls; GST activity:
day 7 PE+BaP, 1 vs ctrls;
AChE: day 14 PE+BaP * 1
vs ctrls;

LPO levels: day 14
PE+BaP 1 levels vs PE
H20,: No* vs ctrls;

ROS: 1 vs ctrls; NO: | vs
ctrls;

MDA: 1 vs ctrls; SOD
activity: | vs ctrls; CAT:
No* in # tissues; CAT: 1
vs ctrls;

AChE: No* between
groups, trend 1 in both
tissues; Body mass: 9 days
(PS-MPs) | vs ctrls

TC, TG, HDL: No* vs
ctrls; LDL: (1% PS, and
5% PS, and 5%FP) * 1 vs
ctrls; GSH, GPx, GST,
SOD, CAT, and MDA: (1%
PS, 5%PS, 10% FP)

No* vs ctrls

H,0,: * 1 vs ctrls; GSH-
Px, GSH: * 1, No*, * | (at
# concentrations) vs
ctrls;

GST: * 1 vs ctrls; SOD:

* 1, | activity (#
concentration);

CAT |, 1 (#
concentration)

Liver: SOD, MPO No* vs
ctrls; CAT: * 1 vs ctrls;
GPx: * 1 t60 vs t120;
MDA: 1 vs ctrls; ROS * 1
vs ctrls; GST: * 1 vs ctrls
Plasma: SOD No* vs ctrls;
CAT, MPO: * 1 vs ctrls;
MDA: * |

Blood cells: CAT, MPO
No* ; SOD: * |; MDA,
ROS: * 1 vs ctrls

(Lombardo
et al., 2022)

(Jeon et al.,
2023)
(Peda et al.,
2022)

(Rodrigues
et al., 2022)

(De Souza
et al., 2022)

(Nnoruka
et al., 2022)

(Fan et al.,
2022)

(Capo6 et al.,
2022)

(continued on next page)



M. Panizzolo et al.

Table 4 (continued)

Ecotoxicology and Environmental Safety 267 (2023) 115645

Animal model, n°

Plastic type, size

Concentration

Exposure time

Experimental
methods

Matrix

Biomarkers

(Oxidative stress;
Inflammation;
Genotoxicity and others)

Autors, Year

Ctenopharyngodon
idella,
300

Goniopora columna,
198

Caenorhabditis
elegans, NA

Caenorhabditis
elegans, 400

Dicentrarchus
labrax,
NA

Mus musculus,
24

Mus musculus,
NA

Acropora sp.,
NA

Mus musculus, 24

mytillus spp.,
Exposure 1: 8
Exposure 2: 8

Poecilia reticulata,
60

Hediste diversicolor,
NA

Corbicula fluminea,

NA

Danio rerio,
180

PS, 32-40 um

PE-MP,
40-48 ym

PS, 1 um

PS, 20-100 nm

PSNP + HA
(humic acid),
30-70 nm

PS, 5 um

PS, 2 um

PET, PE,
10-40 ym

PS-MPs 1, 4,
10 ym

PS, 20 um and
50 nm, PMA,
10 x 30 pm

PS, 32-40 ym

PE, PP, HDPE,
LDPE, PAPEVA,
1 mm to 1.2 ym
PS, 80 nm

PS, 5, 20 um
and 70 nm

100 pg/L, 1000 pg/
L

5, 10, 50, 100 and
300 mg/L

0.1, 1.0, 10, and
100 mg/L

0,1-100 pg/L

0.02 mg/L and
20 mg/L PSNPs
+ 1 mg/L of HA

0.1 mg/day

0.2 and 0.4 g/day
twice a week
250 mg/100 ml

10, 50 and 100 pg/
ml/day

PS, 500 ng/L
PMA, 500 ng/L,

100 pg/L, 1000 pg/
L

Areas with different
plastic pollution

0.1, 1 and 5 mg/L

20 mg/L

21 days

7 days

48h

6,5 days

90 days

4-8 weeks

24h,96h

14 days

24 h, 7 days

28 days

NA

96 h

4h,12h,1, 2,
7 days (every
48 h new PS
solution)

ELISA

Commercial kits

Fuorescence
microscope; gPCR

DCFDA

qPCR; commercial kits;
spectrophotometric
method; TEAC

Optical microscope;
qPCR

Shandon HistoCentre
3; western blot
Commercial kits

Protein assay Kkit;
western blot

Commercial Kits;
comet assay

Different methods
according to different
studies

Different methods
according to different
studies

ELISA

Commercial kits

Liver tissues

Tissues

Tissues

Tissues

Skin mucus,
Blood, and
Head kidney
tissues

Liver tissues

Kidney tissues

Tissues

Mid colon tissues

Digestive glands
and gills tissues

Gut tissues

Tissues

Visceral mass,
gills, and mantles
tissues

Liver tissues

SOD: * | vs ctrls; CAT: PS-
1000 ug/L * | vs PS-

100 pg/L; CYP1A: 1
(liver) dose-dependent
MDA, GST, CAT, GSH,
SOD: * 1 vs ctrls;

GPx: * 1, * | (5 exposure
time and
#concentration);

GSH and GST: No* vs
groups

ROS: * 1 vs ctrls; Clk-1,
ctl-1, SOD-3, SOD-4, and
SOD-5 in FO: * 1 vs ctrls;
SOD-3: * 1 vs ctrls in the
F3 and F4 generations;
Metabolic activity: * | vs
ctrls;

ROS: 1 vs ctrls;
Locomotion behaviour,
brood size: No* changes
vs ctrls;

TNF-a, IL-10: * 1 vs ctrls;
IL-1B, IL-6, IL-8 (TNF-a):
No* vs ctrls
(#concentration); TGFb:
all exposure conditions

* 1 vs ctrls;

TG, TC, TAC: No* vs ctrls;
MC2R gene: * 1 vs ctrls;
GR1: * 1 vs ctrls;

ROS: | vs ctrls; MMP: | vs
ctrls; Liver lesions:
hepatic tissue rupture vs
ctrls

ROS: 1; kidneys lesions: 1

LDH: 24 h |, 96 h values
* | vsctrls; TAC: 24 h * 1,
48 h, 72 h | vs ctrls; T-
SOD: 24h 1,96 h | vs
ctrls; GSH: 24 h 1 vs ctrls,
96 h| vs ctrls; NO: 96 h
* 1 vs ctrls; GGDPH: 24 h
* |vs ctrls

NLRP3, NF-kB, TNF-q, IL-
6, IL-1 B, IL-10, and TGF-
B1: * 1 vs ctrls

SOD: * 1 vs ctrls;

TBARS: * | vs ctrls; MN:
No* vs ctrls; Comet assay:
No* vs ctrls

TNF-q, IFN-y, TLR4, and
IL-6: * 1 vs ctrls;

TNF-o: no* between two
MP-treated groups; TLR4:
* 1 vs ctrls (higher conc.
Vs lower);
Histopathological
changes: in gut MPs
exposed changed vs ctrls,
CAT, GST, AChE, MDA: 1
vs ctrls

MDA, SOD, CAT, GSH-Px,
GST, GSH: * 1 vs ctrls;
AchE and GPT: * | vs
ctrls; GOT: No* vs ctrls;
SOD and CAT: * 1 dose-
dependent

(Chen et al.,
2022b)

(Liu et al.,
2022b)

(Chen et al.,
2021)

(Liu et al.,
2021)

(Brandts
et al., 2021)

(Pan et al.,
2021)

(Wang et al.,
2021)

(Xiao et al.,
2021)

(Choi et al.,
2021)

(Cole et al.,

2020)

(Huang
et al., 2020)

(Missawi
et al., 2020)

(Li et al.,

2020)

(Lu et al.,
2016)
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PE (polyethylene), HDPE (high density polyethylene), LDPE (low density polystyrene), PVC (polyvinylchloride), PP (polypropylene), PET (Polyethylene tere-
phthalate), PMA (polymethyl acrylate), PS (polystyrene), NH2-PS(amino functionalized polystyrene), PS-COOH (carboxy functionalized polystyrene), PS-MP (poly-
styrene-microplastics), NPs (nanoplastics), MPs (microplastics), ROS (reactive oxygen species), SOD (superoxide dismutase), CAT (catalase), TBARS (Thiobarbituric
acid reactive substances), POX (peroxidase), GST (glutathione S-transferase), GSH (glutathione), GSH-Px (plasma glutathione peroxidase), PPAR-a (peroxisome
proliferator-activated receptor alpha), PPAR-y (peroxisome proliferator-activated receptor gamma), CYP1A (cytochrome P450 Family 1 Subfamily A protein), TNF-a
(tumor necrosis factor alfa), IL- (Interleukin -), MDA (malondialdehyde), ENAs (extractable nuclear antigens), GPx (glutathione peroxidase), MCP-1 (monocyte
chemoattractant protein-1), LPS (lipopolysaccharides), INF-y (interferon gamma), AHR (aryl hydrocarbon receptor), muc- (muc genes), NFkB (nuclear factor kappa-
light-chain-enhancer of activated B cells), STAT-3 (signal transducer and activator of transcription 3), TAP/TAC (total antioxidant capacity), NO (nitric oxide), NLRP3
(NOD-like receptor family pyrin domain containing 3), AChE (acetylcholinesterase), a-SMA (alpha-smooth muscle actin), PE-BaP (polyethylene-benzo-a-pyrene), LPO
(lactoperoxidase), H202 (hydrogen peroxide), TC (total cholesterol), TG (triglycerides), HDL (high-density lipoprotein), LDL (low-density lipoprotein), MC2R-gene
(Melanocortin 2 Receptor), GR1 (gamma response 1 protein), GGDPH (glucose-6-phosphate dehydrogenase), TGF-f1 (transforming growth factor-betal), TLR-4
(tool-like receptor-4), GOT/AST (aspartate aminotransferase), MPO (myeloperoxidase), FP (foam particles), MMP (plasma matrix metalloproteinases), qPCR
(quantitative Polimerase Chain Reaction), DCFDA or DCFH-DA assay (2’,7’-dichlorodihydrofluorescein diacetate), WST-1 assay (4-[3-(4-Iodophenyl)—2-(4-nitro-
phenyl)—2H-5-tetrazolio] —1,3-benzene sulfonate), MTT assay (3-(4,5-dimethylthiazol-2-y1)—2,5-diphenyltetrazolium bromide), ELISA (Enzyme-linked immunosor-
bent assay), EIA (Enzyme Immuno Assay), TEAC (Trolox equivalent antioxidant capacity) *(significantly), |(decreased/inhibited), t(increased).

Table 5
Biomarkers of MNPs exposure analysed in plants studies.
Plant model, n° Plastic type, Concentration Exposure Experimental Biomarkers Autors,
size time methods (Oxidative stress and others) Year
Skeletonema P-PS, A-PS, L- 0,5,10and 50 mg/ 0, 24, 48, Commercial SOD: (P-PS) | dose-dependent; CAT: (1 ym) 1 vs (0.1 pm P-PS); (Ni et al.,
costatum, NA PS, 0.1-1 pm L 72,96 h kits MDA: tdose-dependent; Growth: all three groups *| vs ctrls; 2023)
Apostichopus PS, 20 pm- 100 mg/kg 60 days Different ROS, MDA: (PS 20 pm) *1 vs (PS 100 nm) and vs ctrls; SOD, CAT: (Liu et al.,
japonicus, 360 100 nm methods 10 days (PS 20 pm) 1 vs ctrls; Growth rate: < (PS, 100 nm) vs 2022a)
according to > (PS 20 pm)
different
studies
Lemna minor L., PS, 230 and 100 and 200 mg/L NA Different SOD, CAT, and POX activity: 1 vs ctrls; low PS, H,O, scavenging (Arikan
NA 260 nm methods by regulating the redox state and enzyme/non-enzyme; Growth: etal., 2022)
according to 100 mg/L No* toxicity effects on growth
different
studies
Allium cepa, NA PS, 100 nm 25, 50, 100, 200 24, 48, Different SOD: 72 h 1 dose-dependent vs ctrls; MDA: 72 h No* vs ctrls; (Maity
and 400 mg/L 72h methods Lipidic peroxidation: 72 h*| vs ctrls; CAs index: 72 h*1 vs ctrls; etal., 2020)
according to Root growth: | vs ctrls
different
studies

P-(pristine), A-(aged), L-(leached), PS (Polystyrene), SOD (superoxide dismutase), CAT (catalase), MDA (malondialdehyde), POX (peroxidase), ROS (reactive oxygen
species), H202 (hydrogen peroxide), CAs (chromosomal aberrations), * (significantly), |(decreased/inhibited), 1(increased).

Table 5 summarizes the biomarkers of effect of MNPs reported in NF-kb, endowed with a central role in the inflammatory response, and
plant studies analysed. Studies in A. japonicus (Liu et al., 2022a) and NLRP3, one of the proteins involved in inflammation, which is expressed
S. Costatum (Ni et al., 2023) following PS exposure point to a similar on the membrane of macrophages to initiate the inflammatory response.
trend of MDA levels as in-vivo animal studies. Moreover, 7 articles analyzed the NLRP3 multi-protein complex and

Similarly to MDA, total antioxidant capacity (TAC) or total antioxi- the MY88D protein responsible for the activation of the innate immune
dant power (TAP) has been used to assess the cumulative effects of the response (Table 3).
antioxidants (Suresh et al., 2009). In animal models, Xiao et al. observed NFKb was investigated in 4 studies. For instance, Caputi et al.
a notable rise in TAC levels within 24 h of exposure to PET and PE (Xiao showed a significant increase in Nf-kb levels and an increase in NLPR3
etal., 2021). Conversely, a separate study conducted by Brandts et al. on protein expression in cell cultures of human gingival fibroblasts exposed
fish exhibited no alteration in micronuclei (MN) of liver and muscle to MP (0.1-0.6 pm) (Caputi et al., 2022). Similarly, Chen et al., showed
tissues after PS (0,04 pm) exposure (Brandts et al., 2021). an increase in Nf-kb levels in human embryonic kidney cells exposed to

PS (3.54 um) but at the same time, a significant decrease in NLPR3
3.1.2. Inflammation protein expression following a 24-hour exposure (Chen et al., 2022a).

Inflammation is a physiological condition carried out by living or- In-vivo studies in fishes exposed to PE for 21 days (Cao et al., 2023)
ganisms in response to external stimuli, such as pathogens, inorganic or and in mice following 14 days of PS exposure (Choi et al., 2021), showed
organic particles, such as plastic (Pahwa et al., 2023). Based on the time inflammasome activation with significant increases in NfKb and NLPR3
course of the inflammatory response, we can distinguish acute and levels compared to untreated controls.
chronic inflammation. The mediators used in both types of responses are The papers included in this review have analysed different cytokines,
cytokines that play a pleiotropic function in mediating and regulating like the pro-inflammatory IL-1p (n = 12), 1L-6 (n = 14), TNF-o (tumor
the immune response: on one side, they stimulate the cytokine pro- necrosis factor alfa) (n = 14) and INF -y ((interferon gamma) (n = 3)
duction and thus increase inflammation levels; on the other side they (Zhang and An, 2007). Of 10 articles dealing with IL-1f levels, five of
reduce the production in order to limit the inflammatory response them showed significant increases in IL-1p after exposure to PE or PS in
(Ghelli et al., 2022). in-vitro models.

Table 3 and Table 4 summarize the studies that have investigated Exposure to MNPs consisting of PS, PMMA, and PVC (ranging from
cytokines, such as IL (interleukin)—1f, IL-6, IL-8, and IL-10 as bio- 50 to 310 nm) led to elevated levels of IL-6, as indicated by 11 studies,
markers of inflammation in cell lines and animal studies. which demonstrated slight changes compared to untreated controls.

The modulation of immune response has been investigated by the Additionally, 9 studies reported increased levels of TNF-a, while 3
evaluation of transcription factors, e.g. the nuclear transcription factor studies showed elevated INF-y levels.
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IL-8 and IL-10 have a dual function, in stimulating the production of
other cytokines and limiting their production. Increased levels have
been shown in all investigated papers. This suggests that MPs can affect
the regulation of pro-inflammatory cytokine production through nega-
tive feedback (Zhang and An, 2007).

In-vitro studies report the inflammatory biomarkers as the main in-
dicators of the perturbation occurring in biological systems and cell
cultures challenged with different types of MNPs. Weber et al., analysed
the exposure of human monocytic dendritic cells to PMMA and PVC
(0,05-0310 um), highlighting an increasing trend of IL-10 and
decreasing trend for IL-6 and TNF-a compared to controls (Weber et al.,
2022). Conversely, Bengalli et al. showed a statistically significant
increasing trend of IL-6 and IL-8 in human lung cells exposed to MP
(<50 um) compared to controls (Bengalli et al., 2022). Cheng et al.,
showed a dose-dependent increase of IL-6 in cell medium of human
embryonic cell lines after exposure to PS (1 um) (Cheng et al., 2022).
Palaniappan et al. tested L929 cells after exposure to PE (1-4 pm), PS (9,
5-11,5 um) showing dose-dependent trend of IL-1f and TNF-a (Pala-
niappan et al., 2022). On the contrary, Busch et al., didn’t show any
changes in levels of both pro-inflammatory cytokines in Caco2 cells
exposed to PS micro particles, though IL-1p levels were significantly
higher after exposure to PVC (50 nm) as compared to controls (Table 3)
(Busch et al., 2021).

In animal models, exposure to particulate matter (PM) has been
shown to induce increased levels of IL-1p, IL-8, IL-10 in various tissues,
such as gut, mucous membranes, blood and kidney cells, compared to
controls. Cocci et al., reported progressively increasing levels of IL-1p,
IL-8, IL-10, TNF- a, and INF-y following exposure to PE and PS with
respective sizes of 5-1 mm, 1-0.5 mm, and 0.5-0.1 mm (Table 4) (Cocci
et al., 2022). In the gills of carp exposed to PE for 21 days, the levels of
IL-2, IL-10, INF-y, and TNF-a were significantly higher than in controls,
while IL-4, IL-6, and IL-8 showed a non-significant increase compared to
non-exposed individuals (Cao et al., 2023). In the renal tissues of sea
bass following exposure to PS (30-70 nm), no statistical differences
were observed in the levels of IL-1p, IL-6, and IL-8 compared to controls.
Conversely, significantly higher levels of TNF-a were detected in
exposed fish compared to non-exposed individuals (Brandts et al.,
2021). In mice exposed to PS (1, 4, 10 um) at a concentration of
50-100 mg/cmz, the levels of IL-1 B, IL-6, IL-10, TNF-a, and Nf-kB
significantly increased compared to controls. Similarly, Huang et al.
showed in intestinal tissues of fish exposed to PS (32-40 um) at
100-1000 mg/ml an increasing trend of TNF-a, IL-6 and INF-y compared
to controls (Huang et al., 2020). Regarding the studies included in this
work, carried out in humans and plants, no cytokines were analysed.

3.1.3. Genotoxicity

The DNA damaging potential of MNPs is known or suspected, and
has been investigated, both in-vitro and in-vivo. Oxidative stress and
inflammation can lead to oxidative damage to nucleic acids.

In the present paper we found evidence of genotoxicity from MNPs
following exposure to known polymers. DNA strand breaks and MN were
the main biomarkers used to assess this endpoint. MNs and chromo-
somal aberrations (CA) were investigated both in-vitro and in-vivo
(animal models) as well as in few human studies (blood nucleated
cells). MNs derive from whole chromosomes or acentric fragments that
do not migrate to the poles during anaphase and are not incorporated
into the main nucleus, giving rise to smaller accessory nuclei (Heddle
et al., 1991). In this review, 5 articles (4 on cell cultures and 1 on
experimental animal models) investigated the presence of MN reporting
an increase compared to controls following prolonged exposure to
MNPs. In addition, CA (n = 3) and sister chromatid exchanges (SCE)
(n = 1) were investigated.

Maity et al., and Malinowska et al., tested the genotoxicity of 0.1 um,
0.029 um, 0.044 um, 0.072 um PS particles in exposed cells by Comet
test showing an increasing dose-dependent trend in DNA damage as
compared to non-exposed (Maity et al., 2020; Malinowska et al., 2022).
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MNs were investigated in lung carcinoma epithelial cells by Shi et al.,
highlighting an increasing trend of MN formation after exposure to
0.08-2.0 um PS compared to controls (Shi et al., 2022). Conversely, Cole
et al. who conducted a study on mussels exposed to PS (0.05-20.0 ym),
and PMA (10.0 x30.0 um) did not show statistical differences for MN
formation between exposed and not exposed mussels (Cole et al., 2020).

Roursgaard et al., analysed PP (0,08-0,25 um) and PET (0,2-0,6 um)
exposure toxicity, on hepatocellular carcinoma and colorectal adeno-
carcinoma epithelial cell lines, assessing an increasing DNA damages in
a dose-dependent manner after exposure to PET compared to controls
(Table 3) (Roursgaard et al., 2022). In a study carried out on fish by
Laplaca et al., DNA damages (8-0x0-dG) increased in a dose-dependent
manner after exposure to crumb-rubber (38-355.0 um) compared to
controls underlining a positive correlation (Rho=0,27 *) (Table 4)
(LaPlaca et al., 2022).

One study carried out in workers exposed to MP analysed CA and SCE
on blood cells and it was demonstrated trend towards an increase of CA
in those exposed to Acrylonitrile (ACN), and a similar number of SCE
compared to controls (Major et al., 1998) (Table 6). Maity et al., found
significant increases of CA in plants after exposure to PS (0,1 um) at
different concentrations (Table 5) (Maity et al., 2020).

Whereas mechanistic studies in plant species seem irrelevant for
human exposure, many in-vivo studies in rodents suggest at least three
endpoints relevant for human beings, although the dose levels are, in
many cases, far behind the likelihood of exposure for humans. Inflam-
mation in gut tissues, gill, mid colon, liver, and muscle tissues may lead
to alterations of lipid metabolism, and reduction of antioxidant defence
system that can be defined as either oxidative stress, inflammation or
general toxicity biomarkers summarized in Tables 3-6.

4. Discussion

MP are ubiquitous in the environment and have been detected in
different environmental media, raising concerns about human exposure
through different pathways. While there is limited evidence suggesting
MPs, excluding their chemical constituents or contaminants, migh have
adverse effects on human health, there is a growing consensus among
stakeholders and heightened public awareness to reduce exposure to
MNPs.

Numerous in-vivo and in-vitro studies indicate that exposure to
MNPs can lead to inflammation, ROS production, genomic instability
and immune system dysfunction. These findings are consistent across
living species, suggesting common pathways of disease and MOA shared
with other foreign particulates, resulting in biochemical changes and
subtle dysfunctions. Key biomarkers assessed in these studies often
reflect imbalances in antioxidant defence system, including markers like
lipid peroxidation, membrane damage, ROS, SOD, CAT, MDA, GST,
GSH, GPx, and TAP.

Inflammation is one of the probable outcomes investigated following
MNPs exposure; in particular, IL-1, IL-6, IL-8, IL-10, TNF-a, NF-kB were
the cytokines most frequently investigated as an index of an inflam-
matory condition in clinical, environmental, and occupational studies
are the same as those investigated in the papers included in this review.
For genotoxicity, biomarkers such as MNs, cytokinesis-block prolifera-
tion index, Comet test index, CA, and SCE have been frequently studied
as indicators of DNA damage, which is crucial for human health
(Cobanoglu et al., 2021). Recent critical reviews have provided insight
into the possible mechanisms that can lead to initiation and progression
of cancer pathogenesis in the body (Alimba et al., 2021; Domenech et al.,
2023). The potential mechanisms underlying the development of cancer
caused by MNPs revolve around the individual and/or interactive effects
of ROS, the induction of oxidative stress, genome instability, and chronic
inflammation. However, it is yet to be explored whether these mecha-
nisms hold relevance for human health through dedicated studies on
human subjects.

There are concerns about the potential of MNPs impact the entire
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Table 6
Biomarkers of MNPs exposure analysed in human studies.
Subjects, n° Plastic Concentration Exposure Experimental Matrix Biomarkers Autors, Year
type time methods (Inflammation, genotoxicity, and others)
exposed workers, 889 PVC 1000 ppm x 1 year Sonography and Blood test, liver lesions 39,5% (BMI<27) (Mastrangelo
year enzymatic assays liver et al., 2004)
imaging
14 exp symptomatic, PUR NA 24h GC-MS Urine, Ctrl: U-MDX [0,28[nq-2,3]], U-2,4-TDX (Littorin et al.,
15 exp plasma, [0,32[ng-0,6]], U-2,6-TDX [0,27[nq-0,611; 2002)
asymptomatic, 9 nasal lavage exposed: U-MDX][0,35 [nqg-0,6]],U-2,4-TDX
non-exposed fluid [nq [ng-1.0]],U-2,6-TDX [0,27 [0,35 [ng-
0,711
26 exposed, 26 non- MPs, NA 20 months  GC Urine and ACN* 1 vs ctrls; CA 1 vs ctrls; SCE= (No*) vs ~ (Major et al.,
exposed ACN, Blood ctrls 1998)
DMF

ACN: Acrylonitrile, DMF (Dimethylformamide), PVC (polyvinil chloride), PUR (polyurethane), MPs (generic microplastics polymers), SCE (sister chromatids ex-
change), U-MDX (metabolites of 4,4’ -diphenylmethane di-isocyanate), U-TDX (2,4- and 2,6-toluene diisocyanate), GC (Gas chromatography), MS (mass spectrometry),

*(significantly), |(decreased/inhibited), t(increased).

ecosystem (Mateos-Cardenas et al., 2019),as they are found in both in-
door and outdoor environments, spread by atmospheric events like rain
and wind, and even transferred between marine species in aquatic
ecosystems. (Zhang et al., 2020). For this reason, numerous studies have
focused on aquatic ecosystems by investigating their presence and
possible trophic transfer from aquatic plants to animal organisms.
(Welden et al., 2018) and (Nelms et al., 2018) in their work noted a
transfer of MNPs between prey-predator marine species (Welden et al.,
2018);Nelms et al., 2018). While transfer to humans via plants has been
suggested (Schwabl et al., 2019), it remains poorly understood, and the
route of intake, whether through the food chain or other exposures
including occupational, is unclear due to the lack of standardized
methods and procedures for identifying and interpreting results.
(Toussaint et al., 2019). Research on the effects of MNPs has primarily
been conducted in controlled settings, indicating growth reductions at
the cellular and apical level, lower biomass yields, and increased levels
of OS and inflammation in exposed animals (Pan et al., 2021; Cocci
etal., 2022), but the extent of trophic transfer has mostly been studied in
laboratory models (He et al., 2021). Limited studies have explored the
impact of MNPs exposure in occupational settings, potentially leading to
increased intake and effects primarily observed in in-vitro or in-vivo
models with animals or plants.

Inflammatory biomarkers play a crucial role in biomonitoring the
effects of MNPs exposure.p This review summarizes the types of MNPs
studied, their sizes and the biomarkers used in in-vitro, in-vivo, and
occupational studies. To assess the risks to human health, more studies
considering various exposure scenarios and the size distribution of
airborne plastic particles, including those reaching the alveolar region of
the lungs, are necessary. Workplace studies can offer insights into dose-
response relationships and overcome the limitations of in-vitro tests. The
identification of reliable biomarkers should support field studies and
epidemiological investigations, aiding in understanding the potential
risks of MNPs and the development of mitigation strategies (Mastrangelo
et al., 2004).

Therefore, the biomarkers summarised in this review may be a good
starting point for investigating effects in the occupational setting to
provide a complete scenario and the necessary knowledge on the
adverse effects that MNPs may have on humans. Therefore, the bio-
markers summarised in this review may be a good starting point for
investigating effects in the occupational setting to provide a complete
scenario and the necessary knowledge on the adverse effects that MNPs
may have on humans. These findings suggest a minimum set of bio-
markers to be assessed in biological matrices of volunteers and workers
with potential exposure to MNPs should help clarifying its relationship
with health outcomes. This can be further complemented with recently
validated biomarkers reflecting long-term endpoints, such as chronic
inflammation and fibrosis, as well as cardiovascular endpoints, consid-
ering possible interference in lipid metabolism. This consideration is

12

based on what we know from field investigations of nanomaterials, in
which the successful implementation of a harmonized protocol allowed
to demonstrate the feasibility of similar research projects in the future,
facilitating further studies in target populations, and inform stake-
holders of regulatory aspects targeting occupational exposure to MNPs
(Bergamaschi et al., 2015; Guseva Canu et al., 2023).

Human studies on MNPs exposure remain limited. Although some
recent investigations have found MNPs in stool (Schwabl et al., 2019)
and in induced sputum samples (Huang et al., 2022) further research is
needed to clarify the implications of MNPs presence in human biological
samples. Challenges include aggregating data from various studies using
different analytical methods and considering factors like plastic shape,
which can significantly influence the harm caused by MNPs. As pointed
out in the work of Suman et al., smaller plastics in the um range are more
bioavailable in both in-vitro and in-vivo models by increasing levels of
OS, inflammation, and possible genotoxicity (Suman et al., 2021).
Moreover, different studies showed that plastics with an irregular shape
were the ones most ingested by organisms; this combined with the small
particle size makes them more harmful (Desforges et al., 2015; Steer
et al., 2017; Sun et al., 2017; Schwabl et al., 2019). Considering these
aspects, it seems reasonable to take advantage of what we already know
about particles toxicology, working under the assumption that different
nanoparticles may lead to the same pathway for disease, or share com-
mon mechanisms (e.g. inflammation).

5. Conlusions

Data on biomarkers of effect after inhalation or dietary exposure for
characterizing the hazard of MNPs remain relatively scarce, primarily
restricted to studies with model particles, such as polystyrene beads.
These model particles typically fall within the regulatory size range (e.
g., < 10 um) as defined by the World Health Organization (WHO). These
investigations underscore the need of more comprehensive data on the
impacts of MNPs, considering factors beyond mere size, including as-
pects like shape, polymer composition and other attributes representa-
tive of environmentally relevant MNPs.

Despite the limited characterization of MNPs’ hazards, especially
concerning human health, existing literature findings suggest that MNPs
may yield adverse effects akin to those observed with other extensively
studied solid and insoluble particles, presumably through comparable
modes of action. Nevertheless, the available data fall short of providing a
definitive link between MNP exposure and specific illnesses, both
directly and indirectly. Quality control concerns in published studies, as
highlighted by the WHO in 2006, have not been adequately addressed.
Biomarkers of effect are valuable tools in the early detection of sub-
clinical changes before the onset of disease, aiding in the anticipation of
potential adverse effects associated with engineered nanomaterials and
the elucidating of dose-effect relationships. However, their practical
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utility in environmental and occupational exposure monitoring and
health surveillance remains limited.
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