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Abstract: Microplastics (MPs) are plastic particles between 0.1 and 5000 um in size that have attracted
considerable attention from the scientific community and the general public, as they threaten the
environment. Microplastics contribute to various harmful effects, including lipid peroxidation,
DNA damage, activation of mitogen-activated protein kinase pathways, cell membrane breakages,
mitochondrial dysfunction, lysosomal defects, inflammation, and apoptosis. They affect cells, tissues,
organs, and overall health, potentially contributing to conditions like cancer and cardiovascular
disease. They pose a significant danger due to their widespread occurrence in food. In recent years,
information has emerged indicating that MPs can cause oxidative stress (OS), a known factor in
accelerating the aging of organisms. This comprehensive evaluation exposed notable variability in
the reported connection between MPs and OS. This work aims to provide a critical review of whether
the harmfulness of plastic particles that constitute environmental contaminants may result from OS
through a comprehensive analysis of recent research and existing scientific literature, as well as an
assessment of the characteristics of MPs causing OS. Additionally, the article covers the analytical
methodology used in this field. The conclusions of this review point to the necessity for further
research into the effects of MPs on OS.
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1. Introduction

Microplastics (MPs) are plastic particles with sizes ranging from 0.1 to 5000 um [1].
The capacity of MPs to pass through biological barriers while maintaining a high surface-
area-to-mass ratio and the potential for accumulation in higher-trophic-level organisms
through the food chain are both significant [2]. Due to their pervasiveness and potential
effects on the environment and public health, these particles are a global concern. Therefore,
scientists urgently need to learn more about the sources, characteristics, ecological effects,
and health effects of MPs.

Microplastics can be found in both aquatic and terrestrial environments. They enter
ecosystems through improper waste disposal, industrial discharges, and sewage, and
atmospheric transport causes their deposition even in the most remote regions of the planet.
Plastic fragments can be found in soil, air, freshwater, and saltwater tanks, as well as in
food. This demonstrates how widespread this kind of contamination is [3].

Microplastics can be classified into primary and secondary groups based on their origin.
The first category consists of particles that have been purposefully created by humans
and added to particular goods, e.g., face scrubs [4]. The degradation and fragmentation
of plastic objects lead to the formation of the second group. The degradation process can
aggravate the toxicity of MPs due to their increased oxidative potential and decreased
particle size. For instance, IL-13 levels in response to MPs showed dependency on the
size of the particles (1 pm-10 pm), where the highest level was observed after treatment
with 1 pm particles. Treatment doses of MPs were in the range 62.5-250 ug/mL and

Antioxidants 2024, 13, 579. https:/ /doi.org/10.3390/antiox13050579

https://www.mdpi.com/journal /antioxidants


https://doi.org/10.3390/antiox13050579
https://doi.org/10.3390/antiox13050579
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0001-8164-2029
https://orcid.org/0000-0002-1898-4381
https://orcid.org/0000-0002-6183-0978
https://orcid.org/0000-0002-9298-059X
https://doi.org/10.3390/antiox13050579
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox13050579?type=check_update&version=3

Antioxidants 2024, 13, 579

2 of 35

showed an increase in the level of IL-13 proportional to the dose [5]. The majority of MPs’
contribution to environmental contamination comes from these two processes [6]. Both in
abiotic matrices and in living things, plastic particles can break up [6]. Microplastics can
enter the human body through ingestion, inhalation, or dermal contact [7,8]. The occurrence
of plastic particles in the human organism, e.g., blood samples, has been confirmed [9].
However, the direct impact of MPs on human health has not yet been proven.

The main components of MPs are polymers, including polyethylene (PE), polypropy-
lene (PP), poly(ethylene terephthalate) (PET), and polystyrene (PS). These types of particles
exhibit different sizes, shapes, and colors [6]. Concerns about MPs relate to the type of
plastic, the harmfulness of the constituent polymers, the potential release of additives
introduced during the processing of the polymer material, and the physical presence of
plastic fragments (particle size and surface functionalization). Microplastics’ capacity to
adsorb metals and organic compounds poses a threat [10]. Microplastics have the potential
to transport different contaminants between various ecosystems. The negative effects
of MPs on a range of organs and functions may therefore be exacerbated by concurrent
exposure to additional substances that have been adsorbed on the surfaces of MPs [11].
Particularly, the toxicity brought on by MPs in combination with additives like bisphenols,
phthalates, and persistent organic pollutants (POPs) is greater than the toxicity induced by
MPs alone [12-14]. Additionally, biofilms, which are bacteria that colonize plastic particles’
surfaces, might facilitate the adsorption of pollutants [15]. Furthermore, environmental
conditions, exposure time, route, and concentration all have an impact on their harm-
fulness [15]. However, there is currently a lack of systematic knowledge regarding MPs’
impact on health. This leaves a sizable knowledge gap regarding the dangers posed by
plastic particles.

Numerous studies suggest that oxidative stress (OS) may play a role in the harm
caused by MPs [2,16]. The concept of OS in toxicology involves not only the initial
oxidative effects caused by particles but also the subsequent generation of reactive oxygen
species (ROS) in cells or tissues exposed to them. When plastic particles are absorbed,
the integrity of the cell membrane is compromised, the lipid bilayer is altered, pores
form, and the production of intracellular ROS is increased. In turn, the generation of ROS
leads to mitochondrial dysfunction, the release of pro-inflammatory cytokines, and cell
damage [17-19].

The idea of MPs as a determinant for OS has garnered significant attention and has
been associated with various aspects of particle toxicology. Thus, the purpose of this work is
to provide a critical review of whether the harmfulness of MPs that constitute environmental
contaminants may result from OS by correlating plastic particles with observed biological
effects in cells, tissues, organs, and whole organisms. Exploring the relationship between
these ostensibly unrelated concepts will help us better understand whether MPs pose a
threat to the environment and living things. In-depth comprehension of the described
issue will be possible through a review of the already-published scientific literature and the
investigation of various aspects of the presence of plastic particles in the environment and
their potential to cause OS. In addition, this review also discusses research methodology
on the subject, identifies knowledge gaps, and offers recommendations to improve future
analysis. In order to lessen the effects of the escalating environmental crisis triggered by
the presence of MPs, this article emphasizes the urgent need for interdisciplinary research
and mitigation strategies.

2. Materials and Methods

During the preparation of the presented review, scientific articles that were published
after 2018 from PubMed, ScienceDirect, and Scopus databases were analyzed. These were
peer-reviewed papers written in English. Older articles were included occasionally, only
when they made a significant contribution to the field of knowledge described. “Microplas-
tics” in combination with the terms “oxidative stress” or “reactive oxygen” in the title,
keywords, or abstract were used as search terms. The search “microplastics” and “oxidative
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stress” retrieved 718 publications, while the search “microplastics” and “reactive oxygen”
allowed for the retrieval of 253 articles. The results were subsequently refined by incorpo-
rating names of polymers that are common environmental contaminants: “polystyrene”,
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“polyethylene”, “poly(vinyl chloride)”, “polytetrafluoroethylene”, and “poly(lactic acid)”

V77

or phrases like “signaling pathway”, “lipid peroxidation”, “DNA damage”, “enzyme”,
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“cell damage”, “cell membrane”, “lysosomes”, “mitochondria”, “endoplasmic reticulum”,
“tissue”, “inflammation”, “reproduction”, “rat”, and “mouse”. After that, the texts of the
articles were analyzed, and the basic information was summarized. The primary criteria

employed for paper selection were that they needed to be related to the following:

(1) Plastic particles, which are common environmental contaminants and exist in the size
characteristic of MPs (from 0.1 to 5000 pm);

(2) The evaluation of the direct and indirect impacts of oxidative stress in humans
and animals.

Studies failing to meet these criteria were excluded. In preparing this article, we tried
to include a complete characterization of plastic particles. Papers that did not include
the names and precise sizes of MPs were excluded from this review. The analysis of
194 scientific papers was carried out.

3. Results and Discussion
3.1. Oxidative Stress: Mechanisms and Implications

Oxidative stress is “an imbalance between oxidants and antioxidants in favor of
the oxidants, leading to a disruption of redox signaling and control and/or molecular
damage” [20-22]. It is influenced by both internal and external factors, such as the health
status and age of the exposed person, UV radiation, cigarette smoke, air pollution, or diet.
When ROS are generated via natural body functioning, this process can be called oxidative
eustress. Oxidative stress involving a pathological imbalance between the production and
scavenging of free radicals is called distress [21,23,24]. Thus, we can refer to MP-induced
oxidative stress as distress.

3.1.1. Mechanisms of ROS Generation

Over the course of evolution, organisms have developed an effective process for pro-
ducing energy in the form of adenosine triphosphate (ATP) using oxygen. This mechanism
is the electron transport chain (ETC) conducted in the inner mitochondrial membrane and
results in the generation of ATP and ROS [25]. Radicals that exhibit the biggest health
implications are superoxide anion radical (O,°~), hydroxyl radical (*OH), and hydrogen
peroxide (H;O,). The superoxide anion radical is the major ROS produced in the ETC [26]
(Figure 1).

In the organism, the second most common mechanism generating ROS is the oxidation
of reduced forms of low-molecular-weight cellular components (RHj). In the presence
of oxygen (O,), they undergo one-electron oxidation with the production of O,*~ and a
free radical:

RH, + O = *RH+H" + O,°~

For example, glutathione, cysteine, catecholamines, and reduced flavine nucleotides
(FMNH;,, FADH,) are subjected to these reactions.

Another mechanism responsible for ROS generation is the oxidation of respiratory
proteins (RP), or hemoproteins. These are hemoglobin and myoglobin. This occurs due to
the presence of iron (Fe) in the complexes with the compounds mentioned. Respiratory
proteins are capable of fulfilling their function only if Fe is in the form of Fe?*. However,
Fe?* easily undergoes oxidation to Fe** with the generation of O,*~ [27]:

RP—Fe?**—0, — RP—Fe3*—0,°*~
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Figure 1. Simplified diagram of mitochondrial respiratory chain. Arrows indicate direction of
changes during the process. Red arrows show generation of reactive oxygen species, black arrow
indicate transformations and reactions of substrates, and blue arrow indicate direction of electrons
flow. Subsequent mitochondrial complexes are marked by Roman numbers; Q—coenzyme Qg and
C—cytochrome C.

It was proven that *OH has the most destructive influence on organisms and viable
cells. The source of this radical in vivo is the Haber—Weiss reaction catalyzed by Fe ions:

0,*~ + H,0, — Fe?* /Fe®* — *OH + OH™ + O,

Enzymatic reactions, or the ones conducted in peroxisomes (e.g., f-oxidation), are
the next important mechanisms generating ROS. In homeostasis, free radicals should be
managed by components of antioxidant defense, like certain enzymes (e.g., glutathione).
However, as a result of various agents (lack of antioxidant compounds in food, disease, and
other environmental factors), the production of ROS may be higher than their elimination.
An increase in the concentration of ROS leads to homeostasis disturbance and the formation
of OS.

3.1.2. Defense Mechanisms against ROS Overproduction

Through evolution, organisms have developed many ways to eliminate ROS and
reduce inflammation. These are both exogenous and endogenous mechanisms.

Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glu-
tathione S-transferase (GST), glutathione reductase (GSR), and thioredoxin reductase (TR)
are enzymes balancing the generation of ROS in living organisms. They interact to scavenge
ROS, and none of them can fulfill their function independently [28]. Superoxide dismutase
and CAT serve as the first line of defense against OS, whereas TR, GPx, GSR, and GST
constitute the second line [29,30]. Additionally, genetics play an important role in the
battle against ROS. Nuclear factor erythroid 2-related factor 2 (Nrf2) has a central role in
the regulation of antioxidant gene expression. It regulates the expression of more than
200 genes that encode proteins involved in antioxidant defense [29].

Exogenous substances that scavenge ROS are antioxidants from the diet. Antioxidant
therapy was found to improve mitochondrial integrity. Additionally, substances like
curcumin or vitamin C were linked to reducing OS [29,31].

Oxidative stress activates mechanisms of antioxidant defense [32]. In view of ROS
overproduction and chronic inflammation, enzymes and compounds alleviating its effects
may be insufficient. Therefore, every effort should be made to ensure that as few factors as
possible enter the body to increase ROS production. That includes contaminants from the
environment, e.g., MPs [33-36].
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3.2. Consequences of Microplastics—Induced Oxidative Stress

The biochemical reactions that alter chemical constituents and reaction equilibria
serve as the foundation for the theory explaining how MPs affect the development of OS.
The phenomena seen at higher levels of biological complexity are explained by a cascade
of branching changes that result in irreversible oxidative damage and the escalation of
inflammatory processes [2]. According to research findings to date, MPs have direct toxic
effects at the molecular, cellular, tissue, organ, individual, and population levels [17]. The
toxicity of MPs is size-dependent [37], and the potential for ROS generation increases with
plastic particle size [18,38]. Additionally, the generation of ROS rises when there are more
MPs present.

3.2.1. Formation of Oxidative Stress Due to the Effects of MPs

It has been shown that MPs can lead to the formation of ROS as a result of extracel-
lular and intracellular processes [17,18]. Plastic degradation is connected to extracellular
ROS [39]. Mechanical forces, temperature, light, chemicals, and biological variables con-
tribute to the formation of MPs. These factors can act independently or in combination,
leading to the formation of free radicals on the surfaces of plastics through various mech-
anisms [6,40]. For instance, this can involve the removal of a hydrogen atom from a
macromolecular chain or the addition of groups of atoms to unsaturated bonds [41]. Sec-
ondary radicals (e.g., superoxide and alkyl radicals) are created when free radicals react
with atmospheric oxygen, having an impact on living things.

Additionally, MPs (e.g., PS with 5 um diameter, concentration of 50 pg/L) in intracel-
lular processes result in ROS [42]. Through diffusion aided by transport proteins, passive
transport across cell membranes, and endocytosis, plastic particles can be taken up by
cells [43,44]. Microplastics are first transported to lysosomes and then, via the biofilm
system, transported to the mitochondria, causing alterations in the potential of the mito-
chondrial membrane [45]. These contaminants are recognized as foreign substances and
induce the defense of the innate immune system [42].

Oxidative stress is one of the most frequently reported negative effects that may result
from exposure to MPs. Microplastics elicit OS in two different ways. First, MPs raise
the level of ROS in body tissues, cells, and tissues. Additionally, as MPs alter the action
of antioxidants including SOD, CAT, and glutathione (GSH), ROS cannot be efficiently
removed, which also results in OS [46,47]. A change in antioxidant enzyme levels might be
related to the size, type, concentration, and exposure time of MPs, as well as the trophic
level of the tissues and organisms studied. Jeong et al. [48] observed the greatest effects
for particles with the smallest diameter due to increased retention time and their higher
bioavailability. Paracyclopina nana was treated with microbeads of PS at sizes of 0.5 and
6 um and at concentration of 10 pg/L for 24 h. Fluorescent 0.5 um PS-MPs were observed
until 24 h post-ingestion, while 6 um microbeads had disappeared. In contrast, Lu et al. [49]
reported that larger MP particles (5 um vs. 70 nm) induced a higher response after 7 days
(20 mg/L). Wan et al. [50] investigated the changes induced by PS-MPs by analyzing
antioxidant enzyme levels in larval zebrafish and noted an increase in MDA levels and
a decrease in CAT, GSH, and total antioxidant capacity (T-AOC). Zebrafish were treated
with 5 and 50 um PS-MPs at concentrations of 100 and 1000 png/L for 7 days. The content
of GSH decreased significantly after exposure to 100 and 1000 pg/L MPs. In addition,
the activity of CAT decreased significantly in larval zebrafish when exposed to 1000 pg/L
PS-MPs. However, there was no significant change in the activity of SOD between the
control group and both sizes of MPs in the treated groups. In contrast, Lu et al. [49]
observed in their study on Danio rerio that SOD and CAT activity levels increased with
rising concentrations of administered MP. Animals were treated with 5 um PS-MPs and
with exposure at concentrations of 20 png/L, 200 pug/L, and 2000 pg/L for 7 days. Generally,
the activities of SOD and CAT significantly increased in a dose-response manner. Thus, the
dose size, which affected the subsequent effect, was another crucial factor.
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3.2.2. Causes of the Negative Impact of MPs on Organisms

Understanding the causes of various types of damage is necessary to comprehend
how MPs affect living things. The activation of mitogen-activated protein kinase (MAPK)
pathways is the underlying cause of MPs’ detrimental effects on health. Major cellular
molecules like deoxyribonucleic acid (DNA) and lipids may malfunction or change in
structure as a result of this. Increased lipid peroxidation (LPO), oxidized biomolecule
formation, DNA mutations, and excess ROS all contribute to cell apoptosis [37]. Numerous
diseases may result from these modifications.

The activation of MAPK pathways can be induced or mediated by ROS [51]. It was
discovered that the size of the plastic particles affects how the MAPK pathway is activated.
Findings after 24 h of exposure to PS microbeads of 0.5 and 6 um at concentrations of
10 pug/mL in Brachionus plicalitis indicated that smaller particles activated more proteins
that may mediate their toxic effects [18]. Gene transcription, protein synthesis, cell division,
and cell apoptosis are just a few of the intracellular processes that are regulated by the
family of enzymes known as mitogen-activated kinases. As a three-level cascade of enzymes
that are successively activated as a result of phosphorylation, they take part in signaling
pathways. A concurrent rise in Nrf2 activity, which controls the expression of antioxidant
proteins that guard against oxidative damage, may regulate MAPK activation by ROS [52].
Crabs, namely Eriocheir sinensis, treated with 5 um MPs at a concentration of 4000 ng/L [53],
copepods, namely Paracyclopina nana, treated with 0.5 and 6 pm MPs at a concentration of
20 ng/mL [48], and Balb/c mice [47] treated with 5 um MPs at a concentration of 1 mg/d
exhibited activated MAPK pathways after being exposed to PS-MPs.

Microplastics are able to pass through a variety of biological barriers and come into
contact with lipid membranes. It has been found that plastic particles adhere to lipid
membranes. This causes the lipid bilayer to stretch significantly, which can seriously impair
the functioning of the cellular apparatus [54]. Nevertheless, MPs can also result in oxidative
processes that affect lipids, which can lead to LPO. This happens as a result of excessive
ROS generation, which leads to the oxidation of polyunsaturated fatty acids (PUFA) by
free radicals. This process results in damage to other lipid-containing structures, such as
cell membranes. This process is linked to a number of pathologies and disease states, such
as reactive aldehydes which are formed as a result of oxidation. They can combine with
proteins and DNA to form adducts, which alter their function and result in a number of
diseases, e.g., cancer, atherosclerosis, and neurodegenerative problems [55].

It was found that plastic particles affected LPO in the fish Dicentrarchus labrax, the coral
Coelogorgia palmosa, and C57BL/6] mice [37,56,57]. In the case of the fish Dicentrarchus
labrax, polymer microspheres (thermoset amino formaldehyde polymer, 1-5 um at concen-
trations of 0.25 and 0.69 mg/L) were used, and increased LPO in the brain and muscles
was observed [56]. In addition, exposure to MPs (PE, 180-212 pm, spheres, 50-70 mg/L)
increased LPO in the coral Coelogorgia palmosa, indicating oxidative damage [57]. This effect
was also observed when mice were treated with PS (0.5 and 5 pm, spheres, 10 mg/L) [37].
In these studies, all particles were spherical in shape. However, different polymers and
particle sizes were used. This makes it difficult to compare the results obtained and
demonstrates the need to standardize MPs studies.

Plastic particles can undermine the antioxidant defense mechanisms by increasing the
production of ROS. Reactive oxygen species in turn cause DNA damage, which disrupts
the genetic control of the proper DNA repair pathway [58,59]. Both the mitochondria and
the nucleus can suffer DNA damage as a result of MP exposure [60].

Plastic particles induce DNA damage that is dependent on the particles’ size, con-
centration, and exposure time [61,62]. Cobanoglu et al. (2021) treated human periph-
eral lymphocytes with different amounts of MPs (PE-MPs, 1045 pm). They found that
chronic stress in cells exposed to low concentrations of MPs (50 ng/mL) over a long pe-
riod of time (48 h) resulted in genomic instability [63]. In an experiment conducted on
human colon adenocarcinoma cells, Caco-2, an increase in ROS levels and cellular DNA
damage were observed after incubation at various concentrations (20 and 200 ug/L) of
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5 um PS-MPs. Therefore, it was concluded that toxic effects were dependent on the MPs’
concentration [64].

Studies on DNA damage caused by MPs were conducted on both mussels, Mytilus
galloprovincialis and Scrobicularia plana [65,66], and fish, Oreochromis niloticus [67]. In the
first study, the organisms were treated with PS and PE particles, both less than 100 pm
in size, at concentrations of 0.5, 5, and 50 ug/L [66]. In the second study, PS particles of
20 um in size were used (100 mg/L) [65]. In the third study, there was no information
about the type of MPs used, except that particles larger than 100 nm were employed and
concentrations were 1, 10, and 100 mg/L [67]. We think that, when examining the effect
of MPs on organisms, one of the fundamental requirements should be to provide the type
of plastic. Depending on the type of particle, various effects of MPs on the tested cells or
organisms can be identified. For instance, it has been found that PS caused an increase in
the amount of ROS [68-72], while PET sizes 25 and 90 um did not induce any changes in
ROS generation [69].

According to the studies discussed so far, plastic particles can cause genotoxicity [73].
Age-related disorders may also be influenced by OS and DNA damage mediated by
MPs [74]. Cancer and other genetic disorders can arise as a result of disruptions in the repli-
cation, transcription, and repair processes caused by DNA damage. The negative impact
of MPs on DNA, however, is still the subject of limited scientific study. The mechanisms
of DNA damage resulting from the interaction of MPs are not completely understood.
Further research is needed on the MPs-DNA relationship. It is of critical importance to
public health.

3.3. Research Approaches and Methodologies

The study of oxidative stress is realized via direct measurement of reactive oxygen
species as well as evaluation of the reactions/effects caused by the factors that induce
this condition. Techniques that can be classified under the categories of antioxidant status
evaluation or oxidative damage assessment are employed to investigate the impacts of
oxidative stress. The assessment of antioxidant status involves the measurement of an-
tioxidant enzyme levels indicative of oxidative stress generation, whereas the research of
oxidative damage encompasses, for instance, lipid peroxidation or DNA damage (including
metabolic pathways). Section 3.3 presents the research methods used in the analysis of
oxidative stress.

3.3.1. Measurement of Reactive Oxygen Species

The effects of various xenobiotics on aquatic organisms can be assessed using OS
indicators [75]. Reactive oxygen species are key molecules responsible for the damaging
effects of OS. Measurements to estimate cellular ROS levels by using specific ROS/RNS
fluorogenic probes have been used in the past [76,77]. Determination of H,O,, hydroxyl
radicals (OH®), and superoxide radicals (ROO®) can be performed using 5(6)-carboxy-
2/,7'-dichlorodihydrofluorescein diacetate (DCFDA). The membrane-permeable probe then
readily diffuses across cell membranes and is hydrolyzed by intracellular esterases to
the polar and non-fluorescent form of DCFH (2,7-dichlorodihydrofluorescein), which is
retained intracellularly. The DCFH is then trapped in the cells and reacts with H,O,
to form fluorescent 2’,7-dichlorofluorescein (DCF). The fluorescence intensity of DCF
can be analyzed using flow cytometry or a fluorescence plate reader [78]. Superoxide
(Oz27) molecules, on the other hand, can be detected with another fluorescent probe,
dihydroethidium (DHE) [79]. Hydroperoxides (R-OOH) are also determined by evaluating
derivatives of reactive oxygen metabolites. The method uses the Fenton reaction, where
hydroxyl groups are converted to alkoxy (RO*) and oxygen radicals (R-OO*®). The resulting
radicals are trapped in a chromogen (N, N -diethyl-para-phenylenediamine) by which the
corresponding radical cation is formed. The concentration of newly formed radicals is
directly proportional to the concentration of peroxides present in the test material, which
is measured using spectrophotometric methods [80]. However, direct measurement of
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ROS levels can pose difficulties in achieving high accuracy and precision due to their short
lifespan and rapid reactivity with components that regulate the redox state. This is related
to the fact that, while ROO® and HyO, show relatively good stability (from a few seconds
to a few minutes), it is OH™ that has a high reactivity (less than a nanosecond) [81].

Therefore, indirect evaluation of ROS is carried out via oxidative damage assessment
or antioxidant status assessment in order to evaluate MP-induced OS (Figure 2). To assess
oxidative damage, studies on LPO, DNA damage, or activation of signaling pathways
are used.

[ Methods of studying MPs-induced |
oxidative stress

f oxidative damage assessment { oxidative status assessment
1 J o

h 4 h 4
* Lipid peroxidation ¢ Superoxide dismutase (SOD)
* DNA damage * Catalase (CAT)

* Activation of signalling pathways ¢ Glutathione Peroxidase (GPx)
¢ Glutathione S-Transferase (GST)

Figure 2. Scheme of methods for studying MPs-induced oxidative stress [2,81].

3.3.2. Oxidative Damage Assessment-LPO Peroxidation

Overproduction of ROS causes excessive oxidation of cell membrane lipids. Malondi-
aldehyde is one of the most well-studied end products of the peroxidation of PUFA and is
often used in assessing OS conditions. It can be measured using the reagent thiobarbituric
acid (TBARS) [82]. It reacts under reduced pH conditions at 100 °C to form a pink- or red-
colored product, which is extracted with butanol and determined spectrophotometrically or
fluorometrically. This method is quick and easy, but not specific, as other aldehydes (other
than MDA) can react with TBARS and form derivatives that exhibit absorbance at the same
wavelength [83]. Alternatively, MDA can be determined using high-performance liquid
chromatography (HPLC) [84] and gas chromatography—mass spectrometry (GC-MS) [85],
but it is more labor- and time-consuming.

Other LPO markers used are 8-iso-prostaglandin F2 o (8-iso-PGF2 «), 4-hydroxy-
2-nonenal (4-HNE), conjugated diene (CD), and lipid hydroperoxides (LOOH), which
provide various reliable approaches for their identification [81]. The 8-iso-PGF2 «, which is
a product of non-enzymatic peroxidation of arachidonic acid in membrane phospholipids,
can be determined using high-speed ultra-high performance liquid chromatography with
tandem mass spectrometry (UHPLC-MS/MS). However, it is important to note the limita-
tions of labor intensity and the need for specialized and expensive equipment [86]. In turn,
the unsaturated hydroxyalkenal 4-HNE can be studied, preferably using immunohisto-
chemistry IHC) or HPLC [87,88]. Conjugated dienes formed as a result of the autoxidation
of PUFA induced by free radicals can be determined spectrophotometrically [89]. LOOH,
which constitutes the main PUFA oxidation product, can be determined using the xylenol
iron oxidation (FOX) test. It is based on the ability of LOOH to oxidize ferrous iron in
the presence of xylenol orange, leading to the formation of a colored iron—-xylenol-orange
complex, which is measured spectrophotometrically [90].

3.3.3. Oxidative Damage Assessment—DNA Damage

The main types of DNA damage (or changes) caused by OS are base modifications,
base sites (i.e., loss of base), and DNA strand breaks. The appropriate choice of test methods
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for measuring DNA damage varies depending on the subject of interest [91]. Currently,
the base modification of 8-oxoguanine is being used to evaluate DNA oxidation products.
Mass spectrometry (MS) or GC and LC with electrochemical detection (ECD) have been
employed for this purpose [81]. The gold standard appears to be the combination of LC
with tandem MS. However, despite their many advantages, these techniques also have
drawbacks. A large amount of DNA is needed [92], as well as proper preparation of the
DNA for testing, which causes artificial oxidative changes.

Another example of measuring oxidative base damage is Southern blot analysis. In
this method, DNA is treated with restriction enzymes, followed by digestion with, e.g.,
glycosylase, placing it on an agarose gel, and measuring the stripe intensity with a gene-
specific probe via Southern blot [93]. The advantage of this assay is the minimal processing
required, which significantly reduces the number of artifacts produced [94]. On the other
hand, a method that evaluates single-stranded and double-stranded DNA breaks (SSB or
DSB, respectively) is measured using single-stranded gel electrophoresis (also known as
the SCGE comet assay) [95]. Significant limitations of this assay are its sensitivity, repro-
ducibility, and relatively low throughput [91]. Currently, the following methods are used
to assess MP-induced DNA damage: electrophoresis [65], DNA microarray platform [66],
or microplate reader [96].

On the other hand, to assess MPs-induced oxidative damage, it may be useful to study
signaling pathways that can activate the body’s defense mechanism induced by OS. The
study of the effect of microplastic particles on the induction of OS is realized by analyzing
MAPK signaling pathways. The MAPK pathway activity is analyzed by determining
the phosphorylation status of p38 kinase (p-p38) and c-Jun N-terminal kinase (p-JNK)
after an appropriate incubation time [97]. The method used to assess the expression of
antioxidant genes and those involved in the MAPK signaling pathway is qRT-PCR (Real-
Time Quantitative Reverse Transcription PCR) [53].

Other examples of methods used to analyze MAPK signaling pathways applied to
assess oxidative stress include ELISA, NFkB activation assay [98], phospho-flow cytome-
try [99], electrophoretic mobility shift assays (EMSA) [100], or Western Blot [101,102].

3.3.4. Oxidative Status Assessment—Enzymatic Induction of Oxidative Stress

The main enzymes used in assessing antioxidant status are SOD, CAT, GPx, and GST.
The first, SOD, is responsible for regulating ROS levels by catalyzing the conversion of
superoxide to HyO, and molecular oxygen [103]. Their total activity can be determined
with a method based on the ability of SOD to inhibit the autoxidation of epinephrine to
adrenochrome in an alkaline environment and is measured with spectrophotometry [104].
In another method, the ability of SOD to inhibit the autoxidation of pyrogallol to a yellow
compound is tested and also measured spectrophotometrically [84]. In addition, there
are also indirect methods to measure SOD activity. They rely on the fact that superoxide
radicals, generated by the NADH/D-amino acid oxidase-phenazine-methosulfate (PMS)
system or the xanthine—xanthine oxidase system, cause the reduction of tetrazolium salts to
a blue compound, the absorbance of which is assessed spectrophotometrically [105].

The second enzyme, CAT, is responsible for the decomposition of H,O, into water
and oxygen [106]. One of the quantitative methods used is the spectrophotometric assay,
which tracks the decomposition of HyO, catalyzed by CAT by observing the decrease
in ultraviolet absorption (of hydrogen peroxide) over time [107]. Another colorimetric
method is based on the use of H,O, by CAT using the reagent KoCr,O7/acetic acid [108].
At elevated temperatures in the presence of hydrogen peroxide, dichromate in acetic acid is
reduced to chromium acetate. The above methods determine CAT activity as a result of the
disappearance of hydrogen peroxide. The unit of CAT is defined by the amount of 1 umol
of HyO, decomposed per minute. Other spectrophotometric methods are based on the
formation of a stable HyO, complex with ammonium molybdate [109], or the peroxidation
function of alcohol oxidation [110] is used.
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Another antioxidant enzyme, GPx, catalyzes the reduction of HyO, and lipid perox-
ides to water and lipid alcohols by oxidizing GSH to glutathione disulfide (GSSG) [108].
Ellman’s reagent, 5,5'-dithiobisnitrobenzoic acid (DTNB), is used to measure the amount
of H>,O, consumed in order to determine the GSH and GPx levels [111]. In another
method, GPx catalyzes the oxidation of glutathione by hydrogen peroxide, for example,
where it is later reduced by exogenous glutathione reductase, causing the oxidation of
the reaction coenzyme NADPH (the reduced form of nicotinamide adenine dinucleotide
phosphate—NADP") to NADPH™ [112].

The last enzyme belonging to the multigene isoenzyme family is GST. This isoenzyme
has a catalytic role in coupling with various harmful electrophilic compounds for detoxifi-
cation. In addition, many GST isoenzymes reduce LOOH and detoxify LPO end products
(e.g., 4-HNE) [113]. The method for assessing GST activity is the ability of the isoenzyme
to conjugate 1-chloro-2,4-dinitrobenzene (CDNB) to reduced glutathione. It is measured
spectrophotometrically [112].

Numerous models have discussed the possibility that MPs molecules may be responsi-
ble for the increased ROS generation that is induced within cells [114]. These models ranged
from fish cell lines to those of mammals, marine invertebrates, and live fish [42,115,116].
The kinds of cells or organisms used are crucial [45,68,71]. This effect was shown by Salimi
et al. (2022) who noticed that PVC induced OS and organelle damage only in human
lymphocytes. Fish lymphocytes did not experience any modifications. This demonstrated
that human lymphocytes are more susceptible to the toxicity of MPs when compared to
fish lymphocytes [117].

3.4. Effects of MP-Induced Oxidative Stress on Cells

Predicting the cytotoxicity of plastic particles requires an understanding of how they
interact with cells (Table 1). Therefore, an examination of how MPs affect specific cellular
organelles may be beneficial (Figure 3) [68-72,118,119].

l'.rsosomal
ydrolase

membrane | . Sl ‘ Lysosomal
damage "
Endoplasmic S .
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Figure 3. Effect of MPs on cells via OS (SOCs—the opening of store-operated Ca’* chan-
nels; ATP—adenosine triphosphate; RIRR—ROS-induced ROS-release; Na/K—the opening of
sodium/potassium transmembrane channels; and ER stress—endoplasmic reticulum stress).
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Table 1. Effects of MPs on cells via OS.

Exposure Association

Cells MP Type MP Size MP Shape Dose Time (OS vs. Endpoints)

Reference

Human cells

ROS increase (6 um, 10 pg/mL);
ROS decrease (31.7 um, 1000 ug/mL);
Increase secretion of IL-6 (6 pm, 1000 pug/mL;
31.7 um, 10, 1000 pg/mL)

ROS increase (20, 50, 70, 90, and 120 ug/L);
Increased mitochondrial membrane potential
(20, 50, 70, 90, and 120 ug/L);
Cytotoxicity (0.3 um, 20, 50, 70, 90, 120 ug/mL;
0.5 pm, 120 pg/mL, 1pum, 90, 120 pg/mL; 3 pm, 70,
90, 120 pug/mL; 6 pm, 50, 70, 90, and 120 pug/mL)

Caco-2 cells PS 0.1 and 5 pm Spheres 1,10, 40, 80, and 200 pg/mL 12h ROS increase (200 pug/mL) [120]

A549 cells PTFE 6 and 31.7 pm Fragments 10, 100, 500, and 1000 pg/mL 24 h [68]

03,05,1,3,

Caco-2 cells PS and 6 ym

Spheres 20, 50, 70, 90, and 120 ug/mL 24 h [71]

Decrease in intracellular HyO, levels (0.2 um,
02 10 ug/mL);
Caco-2 cells PS and 2 um Spheres 10, and 100 pg/mL 24 h Differential expressions of redox-related genes, [119]
including HMOX1, CAT, and GPx1
(2 pm, 100 pg/mL)

Decrease in intracellular H,O, levels
(10 and 100 pg/mL)

ROS increase (6 um; 100 pg/mL);
ROS decrease (31.7 pm, 1000 pg/mL);
Nitric oxide induction (6 um, 500 pug/mL; 31.7 pm,
1000 pg/mL)

CCD841CoN PS 0.1,0.5,1,and 5 um Spheres 12.5, 25, 50, and 100 pg/mL 1h ROS increase (0.5 pm, 100 pg/mL) [121]
ROS decrease (0.1 um, 50 and 100 pg/mL; 0.5 pm,

Fibers/

Caco-2 cells PS 8.9 um and 1.14 um Fragments

10 and 100 pg/mL 24h [119]

Caco-2 cells PTFE 6 and 31.7 um Fragments 10, 100, 500, and 1000 pg/mL 24 h [68]

CCD841CoN PS 0.1,0.5,1,and 5 um Spheres 12.5, 25, 50, and 100 pg/mL 05h 25,50, and 100 pg/mL; 5 um, 50 and 100 g /mL) [121]
ROS decrease (6 pm, 500 and 1000 pg/mL; 31.7 um,
1000 pg/mL);
HaCaT cells PTFE 6 and 31.7 pm Fragments 10, 100, 500, and 1000 pg/mL 24 h [68]

Nitric oxide induction (6 um, 10, 100, and
1000 pg/mL; 31.7 um, 10 pg/mL)

HelLa cells PE 3-16 pm Spheres from 0.01 to 10 pg/mL 24h Cytotoxicity (0.05, 0.1, 1, and 10 ug/mL) [115]
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Table 1. Cont.
. Exposure Association
Cells MP Type MP Size MP Shape Dose Time (OS vs. Endpoints) Reference
ROS increase (10 ng/mL);
HelLa cells PS 10 pm Spheres from 0.01 to 10 pg/mL 24h Cytotoxicity (0.05,0.1, 1, and 10 pg/mL) [115]
- ) Decreased activity of HMOX1 (300 ng/mL);
HEK?293 cells PS 3.15-3.93 um Spheres 300 ng/mL Cytotoxicity (300 ng/mL) [122]
-~ ROS increase (0.1 pm, 100 ug/mL; 0.5 pm,
HIEC-6 PS 0.1,0.5,1,and 5 um Spheres 12.5, 25, 50, and 100 pug/mL 4h 100 pg/mL; 5 um, 25, 50, and 100 pg/mL) [121]
: ROS increase (0.1 pm, 100 pug/mL; 0.5 pm, 25, 50,
HIEC-6 PS 0.1,0.5,1,and 5 um Spheres 12.5, 25, 50, and 100 pg/mL 8h and 100 wg/mL; 5 um, 100 pg/mL) [121]
HIEC-6 PS 0.1,0.5,1,and 5 um Spheres 12.5, 25, 50, and 100 pug/mL 24 h ROS increase (0.1 pm, 50 and 100 ug/mL) [121]
ROS decrease (3 pm, 1600 MPs/mL; 10 pm,
1600 MPs/mL);
HT-29 cells PS 3 and 10 um Spheres 800 and 1600 MPs/mL 7d ROS increase (3 wm, 800 MPs/mL; 10 wm, [123]
800 MPs/mL)
HT-29 cells PS 3 and 10 um Spheres 800 and 1600 MPs/mL 14 and 21 d ROS decrease (800 and 1600 MPs/mL) [123]
ROS decrease (3 pm, 1600 MPs/mL)
HT-29 cells PS 3 and 10 um Spheres 800 and 1600 MPs/mL 28d ROS increase (3 um, 800 MPs/mL; 10 um, [123]
800 MPs/mL; 10 um, 1600 MPs/mL)
ROS increase (3 um, 800 and 1600 MPs/mL; 10 um,
HT-29 cells PS 3and 10 um Spheres 800 and 1600 MPs/mL 48d 800 and 1600 MPs/mL [123]
ROS increase (48 and 96 ug/mL);
Human Increased activity of GSSG (24, 48, and 96 ug/mL);
lvmphocvtes PVC 0.16-1.82 um Spheres 24, 48, and 96 ug/mL 1h Decreased activity of GSH (24, 48, and 96 pug/mL); [117]
ymphocy Mitochondrial membrane potential collapse (24, 48,
and 96 pg/mL)
ROS increase (24, 48, and 96 nug/mL);
Human Increased activity of GSSG (24, 48, and 96 ug/mL);
lvm uho?: tes PVC 0.16-1.82 um Spheres 24,48, and 96 pg/mL 2and 3h Decreased activity of GSH (24, 48, and 96 ug/mL); [117]
ymphocy Mitochondrial membrane potential collapse (24, 48,
and 96 pg/mL)
Human ..
PVC 0.16-1.82 um Spheres 12,25, 50, and 100 pg/mL 3h Cytotoxicity (25, 50, and 100 pg/mL) [117]

lymphocytes
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Table 1. Cont.
. Exposure Association
Cells MP Type MP Size MP Shape Dose Time (OS vs. Endpoints) Reference
Human The accumulation of lipids droplets in the
macrophage PS 0.2 um Spheres 100 ug/mL 24h cytoplasm (100 g /mL) [124]
Human- Decrease in ATP content (0.025, 0.25, and
. 0.025, 0.25, 2.5 ug/mL);
qugmated . PS 1 pm Spheres and 2.5 ug/mL 24h SOD reduction (0.025, 0.25, and 2.5 ug/mL); [72]
cardiac organoids

Cytotoxicity (0.25 and 2.5 pg/mL)
ROS increase (6 um, 10 pg/mL; 31.7 um, 10 and

100 pg/mL);
Jurkat cells PTFE 6 and 31.7 um Fragments 10, 100, 500, and 1000 pg/mL 48 h Nitric oxide induction (31.7 um, 10 and [68]
1000 pg/mL)
ROS increase (6 um, 10, 100, 500, and 1000 ug/mL;
THP-1 cells PTFE 6 and 31.7 um Fragments 10, 100, 500, and 1000 pg/mL 48 h 31.7 um, 10 and 500 pg/mL); [68]

Nitric oxide induction (6 um, 500 and 1000 pg/mL)

05-1 um and Activation of NLRP3 inflammasome (250 pug/mL);
THP-1 cells PS ’ pm a Fragments 62.5,125, and 250 pg/mL 24hand 72 h Increased levels of IL-13 and MIP-143 (62.5, 125, [5]
8-10 um
and 250 pg/mL)

Activation of NLRP3 inflammasome (250 pug/mL)
THP-1 cells PS 0.5 um and 3 um Spheres 62.5,125, and 250 pg/mL 24hand 72 h Increased levels of IL-13 and MIP-13 (62.5, 125, [5]

and 250 pg/mL)

N ROS increase (0.05, 0.1 pg/mL);
T98G cells PE 3-16 um Spheres from 0.01 to 10 pg/mL 24 h Cytotoxicity (0.05, 0.1, 1, and 10 pg/mL) [115]
ROS increase (0.05, 0.1, 1, and 10 pg/mL);

T9I8G cells PS 10 pm Spheres from 0.01 to 10 pg/mL 24 h Cytotoxicity (0.05,0.1, 1, and 10 pg/mL) [115]
U937 cells PTFE 6 and 31.7 um Fragments 10, 100, 500, and 1000 pg/mL 48 h ROS increase (6 um, 100, 500, and 1000 pg/mL) [68]
Animal cells

ROS increase (25 mg/mL);
GC-2 cells PS 5 um Spheres 25 mg/mL 6h Decrease in ATP content (25 mg /mL) [70]
GC-2 cells PS 5 um Spheres 25 mg/mL 12h ROS increase (25 mg/mL) [70]

GC-2 cells PS 5 um Spheres 25 mg/mL 18 h ROS increase (25 mg/mL) [70]




Antioxidants 2024, 13,

579

14 of 35
Table 1. Cont.
. Exposure Association
Cells MP Type MP Size MP Shape Dose Time (OS vs. Endpoints) Reference
ROS increase (25 mg/mL);
Reduction in mitochondrial membrane potential
GC-2 cells PS 5 um Spheres 25 mg/mL 24h (25 mg/mL); [70]
Activation of the mitochondrial autophagy
pathway PINK1/Parkin (25 mg/mL)
25 .
RTG-2 cells PVC and 90 um Spheres 1mg/mL 24h ROS increase (1 mg/mL) [69]
. 25 .
RTgill-W1 cells pPVC and 90 um Spheres 1mg/mL 24h ROS increase (1 mg/mL) [69]
25 .
RTL-WT1 cells PVC and 90 ym Spheres 1 mg/mL 24h ROS increase (1 mg/mL) [69]
Skin cells mouse
(fibroblasts, PS 0.2,1,2and 6 um Spheres 100 pg/mL 24 h ROS increase (100 pg/mL) [74]
keratinocyte)

A549—human lung adenocarcinoma; Caco-2—human colorectal adenocarcinoma cell; CCD841CoN—cells isolated from normal human colon tissue; HaCaT—human keratinocyte; HeLa
cells—immortalized cell line; HEK293 cells—immortalized human embryonic kidney cells; HIEC-6—human intestinal epithelial cell-6; HT-29—human colorectal adenocarcinoma
cell; Jurkat cell—an immortalized line of human T lymphocyte cells; THP-1—a human monocytic cell line derived from an acute monocytic leukemia patient; T98G cells—a
glioblastoma cell line; U937—a cell line exhibiting monocyte morphology; B cells—secondary antigen-presenting cells, typically known to secrete antibodies; NK cells—natural
killer cells; GC-2 cells—a mouse spermatocyte line; RTG-2 cells—the rainbow trout ovary cell line; RTgill-W1—the rainbow trout gill cell line; RTL-W1—the rainbow trout liver
cell line; PS—polystyrene; PTFE—polytetrafluoroethylene; PE—polyethylene; PVC—poly(vinyl chloride); ROS—reactive oxygen species; MAPK—mitogen-activated protein kinase;
IL-6—interleukin-6; CAT—catalase; HMOX1—Heme oxygenase 1; GPx1—Glutathione peroxidase 1; GSSG—oxidized glutathione; ATP—adenosine triphosphate; GSH—glutathione;
NLRP3—the pyrin domain-containing protein 3; IL-13—interleukin-1f; MIP-13—macrophage inflammatory protein-1 beta; IEN-y—interferon-gamma; TNF-x—tumor necrosis factor-«;
IL-33—interleukin 33; IL-4—interleukin 4; IL-5—interleukin 5; IL-10—interleukin 10; IL-18—interleukin 18; TGF-31—transforming growth factor $1; h—hour; d—day.
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3.4.1. Effect of MPs on the Cell Membrane

The biological membrane that separates the interior of the cell from the outside
environment is called the cell membrane. It serves as a barrier, obstructing substances’ free
entry and exit into and out of the cell. Because of this, the intracellular environment is
comparatively stable, enabling the orderly progression of biochemical reactions [125].

The cell membrane is the first defense against MPs being taken up by cells. Endocyto-
sis, passive infiltration, phospholipid hydrolysis, or transport proteins found on the cell
membrane can all be used to take up plastic particles [126,127].

The direct or indirect damage that MPs cause by raising the level of ROS is one of the
mechanisms by which they have an effect on the cell membrane. When MPs come into
contact with the cell membrane, they physically harm the cells. Hydrophobic interactions
and Van der Waals forces allow for the adsorptive attachment of a significant number of
particles to the membrane [126]. As a result, the total membrane surface area decreases, and
its tension and thickness increase (PE and PMMA with a diameter of 8 to 10 um, concentra-
tion of 500 pg/mL; PE, PS, and PMMA with a diameter of approx. 1 pm, concentration
of 400-500 pg/mL) [54,128]. Additionally, particle size is important. It has been shown
that PS particles in a 10 mg/mL solution with a size of 5 um, in contrast to particles with a
size of 0.5 um, are unable to adhere to the cell membrane because of their size and weak
Brownian motion [126]. Aggregates of MPs, however, can lead to pore formation [128].
Due to their role in the production of more ROS, MPs also harm the cell membrane’s
structure. Even a brief exposure to MPs can result in an increase in intracellular ROS levels,
according to in vitro research. The structure of the cell membrane is harmed as a result of
the LPO that ROS cause (PVC with diameter from 0.16 to 1.82 um, concentrations of 48 and
96 ng/mL) [117]. Furthermore, it has been demonstrated that PS with diameters of 3 and
10 pm (800 and 1600 MPs/mL) induced ROS in human hepatocytes undergoing apoptosis
by opening Ca?* channels on the cell membrane (store-operated Ca?* channels-SOCs) [123].
Cellular damage created by OS and apoptosis are frequent consequences of MPs (PP with a
diameter of 8 um and a concentration of 10 mg/mL) [129].

3.4.2. Effect of MPs on Lysosomes

Cytoplasmic organelles, known as lysosomes, are encircled by a single lipid—protein
membrane. They contain hydrolases whose primary function is the phagocytosis of aging
cells or the digestion of foreign substances. These elements control the differentiation,
division, and growth of cells. Age-related diseases, such as cancer and neurodegeneration,
are caused by malfunctioning lysosome functions [130].

Reduced lysosomal hydrolase activity, a change in lysosomal pH, and dysfunctional
autophagy are all signs of lysosome damage (4 ng/mL of 191.6 nm PET and 1.85 um
PET) [131]. These organelles may be harmed by MPs directly or indirectly.

Lysosomal damage can occur through direct means when cells ingest plastic particles
(e.g., PS, 10 ug/mL) via endocytosis [132]. This ingestion can lead to attempts by the cell
to digest the foreign particles, which, in turn, may result in lysosome disruption [132].
For examples, in vitro tests on model cell membranes and rat basophilic leukemia cells
(RBL-2H3) have shown that PS (0.5 pm, 20 mg/L) accumulates in lysosomes [126].

The primary mechanism by which plastic particles are released from cells is exocytosis.
Cell membrane disruption is an alternative to exocytosis [126]. Since lysosomal mem-
branes are extremely vulnerable to the oxidative effects of ROS, the excessive production
of ROS is what causes the indirect effect of MPs (e.g., 0.2 pm, 100 and 200 ug/mL) on
lysosomes [133]. However, particle size is also crucial. Lysosomal membrane permeability
in human intestinal cells HT-29 exposed to PS (3 um, 800 MPs/mL) was observed under
a microscope. Cells exposed to PS (10 um, 800 MPs/mL) produced more ROS [123]. In
addition, both common and blue mussels (Mytilus galloprovincialis—20 g/L PE, and PS,
Mytilus edulis—50 ug PS/mL) exhibited lysosome dysfunction following contact with plas-
tic particles [66,134]. Microplastics were taken up by the gills and the stomach, where
they accumulated and caused histopathological changes as well as a significant inflamma-
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tory response, as evidenced by the destabilization of the lysosomal membrane [43]. The
swollen lysosomes released cathepsins into the cytoplasm, which ultimately damaged the
mitochondria and led to apoptosis (50 ug PS/mL) [135].

3.4.3. Effect of MPs on Mitochondria

Eukaryotic, double-membraned mitochondria carry out vital cellular processes like
respiration, energy production, and metabolism. The pathogenesis and development of
numerous illnesses, such as cancer, stroke, ischemia, diabetes, obesity, heart disease, and
neurodegenerative disorders, are influenced by mitochondrial damage [136,137].

The swelling of the mitochondria, weakening of the myelin substance in the mitochon-
drial membrane, reduction or disappearance of crista, decreased enzyme activity in the
mitochondria, altered permeability of the mitochondrial membrane, and damage to the
mitochondrial DNA are all morphological manifestations of MP damage [119,138,139].

Mitochondria are the primary sites of ROS production in cells, formed when ATP is
made through the oxidative phosphorylation of carbohydrates and fatty acids [140,141].
The inner membrane (Complexes I-1II), the matrix (dehydrogenases), and the outer mem-
brane (monoamine oxidase) contain the primary ROS producers in mitochondria [140].
Damage to the mitochondria causes an overproduction of ROS and different oxidases. It
has been shown that MPs (PS, 3.15-3.93 um, 300 ng/mL) can induce cytotoxicity through
OS by inhibiting heme oxygenase-1 (HMOX1), an antioxidant enzyme that is localized in
this organelle [122]. Under OS, there is a loss of mitochondrial membrane integrity, the
release of apoptotic factors, and the associated activation of caspase, which is an enzyme
from the cysteine protease group that degrades cellular proteins by cutting peptide bonds
(PS, 0.2 pm, 100 pg/mL) [124]. The permeability of the mitochondrial membrane is signifi-
cantly changed by MPs (PVC; 0.16-1.82 pum; 24, 48, and 96 pug/mL) [117]. They alter the
membrane’s structure by destroying the mitochondrial ETC, which lowers the membrane’s
potential and causes depolarization of the mitochondria (PS, 0.5 um, 100 pg/mL, 4 h of
exposure) [121]. Excessive mitochondria exposure to ROS may also result in the open-
ing of Na/K transmembrane channels, which disturbs the potential of the mitochondrial
membrane [117]. Through the ROS-induced ROS-release (RIRR) mechanism, increased ion
flux in membrane channels can further cause the collapse of the mitochondrial membrane
potential and the release of ROS [140]. It is the process by which one cellular compartment
or organelle produces or releases ROS, causing another compartment or organelle to pro-
duce or release more of it. The size of the plastic particles (PS, 0.117 um, 1 mg/L) that
cause damage to the mitochondrial membrane is related to that damage [97]. It has been
established that MPs significantly inflict more membrane damage than NPs [121].

Multiple studies have demonstrated that plastic particles decrease the potential of the
mitochondrial membrane [70,142]. Rotifers, namely Brachionus koreanus, a mouse sperma-
tocyte line (GC-2 cells), and adult zebrafish (Danio rerio) all showed this effect [18,70,143].
Additionally, a study of the rotifer Brachionus koreanus indicated that PS (0.05 and 0.5 pm,
10 ug/mL) had an impact on the outer mitochondrial membrane by increasing the amount
of ROS in cell compartments close to the mitochondria [18]. To investigate the impact of
MPs on the mouse spermatocyte line, larger PS (5 pm, 25 mg/mL) particles were used. The
findings demonstrated that the plastic particles reduced ATP production, compromised the
mitochondrial genome’s integrity, and disturbed the balance between mitochondrial fusion
and division. The autophagy pathway PINK1/Parkin in mitochondria was turned on [70].
In the liver of the zebrafish, exposure to MPs (<200 um, 1 mg/L) also resulted in a deficit in
mitochondrial respiration [143]. In contrast, PE (5-60 pm, 1 mg/mL) caused a reduction
in cell viability and an increase in the response to OS, particularly the production of mito-
chondrial superoxides, in human colorectal adenocarcinoma cells Caco-2 and HT-29 [144].
Mitophagy and mitochondrial fission may be indirectly triggered by MPs’ induction (PS,
5 pum, 0.1 mg/day—about 1.46 x 10° particles) of endoplasmic reticulum (ER) stress [145].
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3.4.4. Effect of MPs on an Endoplasmic Reticulum

The endoplasmic reticulum is a network of channels that is both intracellular and
intercellular and is separated from the basal cytoplasm by biological membranes. It is
under stress due to a variety of external factors, including MPs, which results in an increase
in the amount of unfolded or misfolded proteins present there [146,147].

Polystyrene was the polymer that was most frequently used in studies on how MPs
affected RS stress [145,148-150]. Rats, mice, and fish were used in these analyses [145,148-150].
It was discovered that PS (1 um, 2.0 mg/kg) caused young rats to express genes linked
to ER stress (PERK, elF2x, ATF4, and CHOP) [150]. The stress of ER and oxidative dam-
age were discovered to cause nephrotoxicity in other trials carried out on rats using the
same kind of particle (PS, 1 pm, 2.0 mg/kg/d) [148]. Oral administration of PS (5 um,
0.1 mg/day—about 1.46 x 10° particles) to the mice strain C57BL/6 ] resulted in OS, exces-
sive ROS production, and liver ER stress. Therefore, MPs are hepatotoxic [145]. However,
the results of the analyses conducted on carp showed that, in addition to causing ER stress,
plastic particles also disrupt the intestinal microflora, cause inflammation in the intestinal
tissue, and induce apoptosis [149].

3.5. Effects of MP-Induced Oxidative Stress on Tissues and Organs

Plastic particles have emerged as a brand-new class of environmental contaminants
that can build up in a variety of tissues and organs [151], producing ROS and triggering
OS (Table 2) [34,37,138,145,152-157]. For examples, damage to the liver and pancreas
in Lithopenaeus vannamei resulted from an imbalance in the antioxidant system, and this
damage worsened as the MP concentration increased (PS; 2 um; 0.02, 0.2, and 1 mg/L) [157].

Tissue and organ defects were observed in various in vivo models following exposure
to MPs [2,49,158]. The most prevalent were in the fish (e.g., PS; 5 um; 20, 200, and 2000 pg/L)
and mouse models (PS; 0.5 and 5 pm; 10 mg/L) [37,49].

Microplastics exposure led to physical damage to a fish’s digestive system and affected
their respiratory system [82]. Microplastics can build up in a fish’s liver, intestines, and gills.
Ingestion of plastic particles can result in inflammation in the liver and intestines [82]. How-
ever, compared to other organs, the liver is more vulnerable to oxidative conditions [159].
Plastic particles directly affected SOD and MDA in the gills, as well as SOD and CAT in the
digestive system of the fish Gambusia affinis [82]. Yang et al. attempted to assess the effect
of increasing exposure time to PS-MPs on the liver tissues of juvenile red crucian carp [160].
It has been found that the antioxidant enzyme activities of SOD, GST, and MDA initially
increase and then decrease with increasing exposure time. Simultaneously, CAT activity
showed a wave-like trend of increase and decrease. When tissues in the heart (PS, 500 um, 5
and 50 mg/L) and kidneys (PVC and PE; 40-150 pum; 1, 10, and 100 mg/mL) were exposed
to MPs, OS was also induced, leading to an antioxidant reaction [138,155]. Changed SOD,
MDA, CAT, and GST activities suggested OS (PS; 5 pm; 20, 200, and 2000 pg/L) [49].
Similar effects were observed in a mouse model (Mus musculus) when PS with particle sizes
of 5 and 20 um induced hepatic lipid accumulation and inflammation (0.5 mg/day) [158].
Additionally, MPs significantly decreased the weight of the liver and the proportion of
M1 macrophages compared to M2 macrophages in both models described (PS, 0.5 and
5 um, 10 mg/L; PVC and PE, 40-150 um, 1, 10, and 100 mg/mL) [37,155]. A high MPs
concentration caused tissues to undergo apoptosis more frequently.
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Table 2. Effects of MPs on tissues and organs via OS.

Tissues/Organs

MP Type

MP Size

MP Shape

Dose

Exposure
Time

Association
(OS vs. Endpoints)

Reference

Mice

Mice intestinal tract

ppr

8 and 10 um

Fragments

0.1, 1.0, and 10 mg/mL

28d

Increased activity of MDA (0.1, 1.0, and 10 mg/mL)
and GSSG (1.0, and 10 mg/mL);
Decreased activity of CAT, SOD, GSH, and GPx
(0.1, 1.0, and 10 mg/mL);

Activation of the TLR4/NFkB inflammatory signal
pathway (0.1, 1.0, and 10 mg/mL)

[129]

Mice liver tissue

PS

0.5and 5 um

Spheres

10 mg/L

Decreased activity of SOD, GPx, and CAT
(10 mg/L);
Reduction in the expression of proteins related to
oxidative stress, SIRT3, and SOD2 (10 mg/L)

[37]

Mice liver tissue

PS

5 pm

Spheres

0.01 mg/day (1 x 10° MPs)

28d

Increased activity of CAT, GPx, and AChE
(0.01 mg/day)

[158]

Mice liver tissue

PS

5 pm

Spheres

0.1 mg/day (1 x 10° MPs)
and 0.5 mg/day (5 x 10 MPs)

28d

Decreased activity of CAT
(0.1 mg/day and 0.5 mg/day);
Increased activity of SOD, GPx, and AChE
(0.1 mg/day and 0.5 mg/day)

[158]

Mice liver tissue

PS

20 um

Spheres

0.01 mg/day (2 x 10° MPs)

28 d

Increased activity of SOD, GPx, and AChE
(0.01 mg/day)

[158]

Mice liver tissue

PS

20 um

Spheres

0.1 mg/day (2 x 10* MPs) and
0.5 mg/day (1 x 10° MPs)

28 d

Decreased activity of CAT
(0.1 mg/day and 0.5 mg/day);
Increased activity of SOD, GPx, and AChE
(0.1 mg/day and 0.5 mg/day)

[158]

Mice lung tissue

PS

5 um

Spheres

1.25 and 6.25 mg/kg

3 times a
week for 3w

Decreased activity of SOD (6.25 mg/kg) and GPx
(1.25 and 6.25 mg/kg)

[156]

Mice
myocardial tissue

PS

500 um

Spheres

0.5,5, and 50 mg/L

90d

Increased levels of MDA (5 and 50 mg/L);
Decreased activity of SOD, GPx, and CAT
(5 and 50 mg/L);
Morphological changes in mitochondria
(5and 50 mg/L)

[138]
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Table 2. Cont.
Tissues/Organs MP Type MP Size MP Shape Dose Ex,l}?i(:;:re © SéstS(;ECrl\eZIt}l;:)IiIn ts) Reference
Other
Clam digestive gland .
(Scrobicularia plana) PS 20 pm Spheres 1mg/L 3d Increased activity of GPx (1 mg/L) [65]
Clam digestive gland .
(Scrobicularia plana) PS 20 pm Spheres 1mg/L 14d Increased activity of SOD (1 mg/L) [65]
Clam digestive gland Increased activity of SOD (1 mg/L);
(Scrobicularia plana) PS 20 pm Spheres Img/L 21d Decreased activity of CAT, GPx, and GST (1 mg/L) [65]
Clam gills .
(Scrobicularia plana) PS 20 pm Spheres 1mg/L 3d Increased activity of CAT and GPx (1 mg/L) [65]
Clam gills ..
(Scrobicularia plana) PS 20 pm Spheres 1mg/L 7d Increased activity of SOD (1 mg/L) [65]
Clam gills ..
(Scrobicularia plana) PS 20 um Spheres 1mg/L 14d Increased activity of SOD and GST (1 mg/L) [65]
Clam gills .
(Scrobicularia plana) PS 20 pm Spheres 1mg/L 21d Increased activity of SOD and GPx (1 mg/L) [65]
Increased activity of SOD, GSH, GPx, and GOT
Crab liver tissue (40 and 400 pg/L);
(Eriocheir sinensis) PS 0.5 pm Spheres 40 and 400 pg/L 7d Decreased activity of CAT, AChE, GPT, GST, and 53]
MDA (40 and 400 ug/L)
Increased activity of MDA
Crab liver tissue (4000 and 40,000 pg/L);
(Eriocheir sinensis) PS 0.5 pm Spheres 4000 and 40,000 ug/L 7d Decreased activity of CAT, SOD, AChE, GOT, GPT, 53]
GPx, GSH, and GST (4000 and 40,000 pg/L)
Shrimp (Litopenaeus Increased levels of SOD and GPx (0.02 mg/L);
vannamei) liver tissues PS 2 pm Spheres 0.02 mg/L 8d Decreased activity of CAT (0.02 mg/L) [157]
Shrimp (Litopenaeus Increased levels of MDA, SOD, and GPx
vannamei) pancreas PS 2 um Spheres 0.2and 1 mg/L 8d (0.2and 1 mg/L); [157]

tissues

Decreased activity of CAT (0.2 and 1 mg/L)
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Table 2. Cont.

. . Exposure Association
Tissues/Organs MP Type MP Size MP Shape Dose Time (OS vs. Endpoints) Reference
Zebrafish brai Increased activity of CAT, GSH, and GSSG
?Dl;;;s ; r;:a)m EP <200 um Fragments 0.1and 1 mg/L 21d (1 mg/L); [143]
orerio Decreased of LDH (1 mg/L)
Increased activity of CAT, SOD, and D-lactate
Zebrafish gut (50 pg/L and 500 pg/L);
(Danio rerio) PS 5 um Spheres 50 ug/L and 500 ug/L 21d Decreased activity of DAO [42]
(50 ng/L and 500 pug/L)
Zebrafish liver 20 pug/L ..
(Danio rerio) PS 5 um Spheres (2.9 x 102 particles /mL) 7d Increased activity of CAT (20 pg/L) [49]
200 pg/L
Zebrafish liver (2.9 x 103 particles/mL) Increased activity of CAT and SOD (200 ug/L and
(Danio rerio) PS 5 pm Spheres and 2000 pg/L 7d 2000 pg/L) (4]
(2.9 x 10* particles/mL)
Increased activity of CAT and SOD (1 mg/L);
Zebrafish liver EP <200 pm Fragments 0.1 and 1 mg/L 21d Decreased activity of GPx and GST (1 mg/L); [143]

(Danio rerio) Decreased mitochondrial membrane potential

(1 mg/L)

PS—polystyrene; PE—polyethylene; EP—ethylene-propylene copolymer; MDA—malondialdehyde; GSSG—oxidized glutathione; CAT—catalase; SOD—superoxide dismutase;
GSH—glutathione; GPx—glutathione peroxidase; TLR4—toll-like receptor 4; NFkB—nuclear factor kappa B; ROS—reactive oxygen species; SIRT3—sirtuin 3; SOD2—superoxide
dismutase 2; AChE—acetylcholinesterase; ER—endoplasmic reticulum; GST—glutathione S-transferase; GOT—aspartate transaminase; GPT—alanine aminotransferase; LDH—lactate
dehydrogenase; DAO—diamine oxidase; d—day; NI—not indicated.
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3.6. Effects of MP-Induced Oxidative Stress on Organisms

Microplastics are released into the environment and harm numerous organisms in
different ways (Table 3). Marine organisms are especially vulnerable [34,56]. Plastic
particles penetrate the organisms mainly through the gastrointestinal system [3]. The
most frequent observations of MPs’ effects on organisms include stunted growth, reduced
size (length and weight), negative effects on reproduction, developmental changes, and a
shorter lifespan [161-164]. Oxidative stress brought on by plastic particles can result in the
aforementioned effects.

3.6.1. Inhibition of Growth and Reduction in Body Size

It has been shown that MPs cause growth rates to decrease, usually based on models
of invertebrates [161,165]. A significant factor affecting the rate of MP-induced growth
reduction is particle size. Studies on the rotifer Brachionus koreanus have shown that, in
contrast to MPs of 6 um, a marked decrease in growth rate was observed for particles
of 0.5 um at similar PS exposure concentrations (10 pug/mL) [18]. Comparable findings
were reported for marine microalgae, Skeletonema costatum, in which 1 um PVC particles
significantly inhibited growth when compared to 1000 um PVC (50 mg/L) [166].

In addition, the body length of nematodes (Caenorhabditis elegans) was found to de-
crease after treatment with PS (0.5, 1, 2, and 5 um; 1 mg/L) [38]. Microplastics have been
proven to increase the body’s production of ROS, which has negative effects like weight loss,
in in vivo tests using rats (PS; 0.5 pm; 0.0.015, 0.15, and 1.5 mg/d) and the Chinese mitten
crab Eriocheir sinensis (PS; 5 um; 40 ng/L, 400 pg/L, 4000 png/L and 40,000 ng/L) [46,53].

3.6.2. Negative Effects on Reproduction and Developmental Changes

Excessive production of ROS and OS is associated with infertility [162,163]. It includes dis-
turbed spermatogenesis, fertilization, folliculogenesis, and implantation [167,168]. The impact of
MPs on reproduction was confirmed in aquatic organisms [169] and mammals [46,47,170-172].
Specific particles and their sizes, doses, and effects on reproduction are presented in Table 4.
The higher the concentration of MPs in the environment, the greater the consequences for
the reproductive system [173,174].

The main effect of MP exposure in males is sperm viability (decrease in number, di-
ameter, and speed of sperm) [174]. Plastic particles present in organisms enter into the
testicles and cause pathological histological changes. Microplastics are capable of bioaccu-
mulation in the testis, altering spermatogenesis progression and inducing an inflammatory
response [171]. In vitro research showed that plastic particles enter Sertoli and Leydig
cells [171]. Plastic particles (PS-MPs) at a dose of 0.1 mg/d reduce semen quality via the
NRF2-HO-1-NFgB pathway connected to OS [175]. In addition, they are linked to decreased
testosterone levels caused by excessive production of ROS [47].

The activation of the NLRP3/caspase-1 pathway in response to OS in females is one of
the causes of problems with reproduction induced by MPs. It is connected to pathological
inflammation and excessive release of the cytokines interleukin-1f (IL-1f) and interleukin-
18 (IL-xiel8) [176]. Modification of the hypothalamic—pituitary—gonadal (HPG) axis is
another feature of MPs exposure affecting the female reproductive system. It was found
that Oryzias melastigma, when exposed to PS-MPs (10-um) at a concentration of 2 ug/L, was
characterized with decreased sex hormone activity (173-estradiol and testosterone) and
gametes development [177]. In addition, PS-MPs at a concentration of 100 pm/L increased
OS in gonads [178].

Microplastics can cause reproductive toxicity by preventing the expression of genes
involved in detoxification and reproduction as well as inducing OS [179]. Nematodes
(Caenorhabditis elegans) after exposure to MPs at sizes of 1, 2, and 5 um and a concentration
of 1 mg/L, and green sea urchin embryos (Lytechinus variegatus) after exposure to PE
granules randomly sampled by sieving the surface sand in Santos Bay, have both shown
developmental changes [38,180]. It has been demonstrated that plastic particles promote
abnormal embryonic development [180].
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Table 3. An overview of studies where the biological effects of MPs on organisms via OS have been examined.
. . Exposure Association
Organism MP Type MP Size MP Shape Dose Time (OS vs. Endpoints) Reference
ROS increase (250, 500, and 750 mg/kg);
Benthic moll Lipid peroxidation (250, 500, and 750 mg/kg);
(meacez a?u;ossfz ) PP 11.86-44.62 um Spheres 250, 500, and 750 mg/kg 28d Impairs the biochemical parameters of CAT and [1]
p GPx (250, 500, and 750 mg/kg);
Reduced GSH and GST (250, 500, and 750 mg/kg)
Caenorhabditis elegans PS 05,1,2,and 5 um Spheres 1mg/L 3d Increase in gst-4p: GFP expression (1 mg/L) [2]
Coral (Coelogorgia Increased activity of CAT, SOD, and GSR
almosaé; 8 PE 180-212 um Spheres 50-70 mg/L 2d (5070 mg/L); 3]
P Lipid peroxidation (50-70 mg/L)
Increased activity of SOD (1 mg/L);
. carboxylate- Decreased activity of GSH (1 mg/L);
Daphnia magna modified PS 0.3 pm Spheres I mg/L 2d Increased levels of MDA (1 mg/L); 4]
Reduction in AChE (1 mg/L)
Larval zebrafish Decreased activity of GSH
(Danio rerio) PS 5and 50 um Spheres 100 and 1000 pg/L 7d (100 and 1000 pg/L); [5]
Decreased activity of CAT (1000 pg/L)
Marine copepod Increased activity of GSR, SOD, GST, and GPx
(Paracyclopina nana) PS 0.5 um Spheres 20 mg/mL 1d (20 mg/mL) [6]
Marine copepod Increased activity of SOD, GST, and GPx
(Paracyclopina nana) PS 6 pm Spheres 20 mg/mL 1d (20 mg/mL) [6]
Marine copepod .
(Tigriopus japonicus) PS 2 um Spheres 0.5 ug/L and 100 mg/L 30d ROS increase (0.5 pug/L and 100 mg/L) [7]
. Increased activity of SOD, CAT, GST, and GSH
Marine (1, 25,50, 75, and 100 pg/mL);
microcrustacean PS 11.86-44.62 pm Spheres 1,25, 50,75, and 100 pg/mL 2d LT ug. L [8]
(Artemia saling) Reduction in AChE activity
(1,25, 50, 75, and 100 pg/mL)
ROS increase (10 pg/mL);
Monogonont rotifer PS 0.5 um Spheres 10 pg/mL 1d Increased activity of SOD, GSR, and GST [9]

(Brachionus koreanus)

(10 ug/mL);
Decreased activity of GSH (10 pg/mL)
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Table 3. Cont.

. . Exposure Association
Organism MP Type MP Size MP Shape Dose Time (OS vs. Endpoints) Reference
Monogonont rotifer ROS increase (10 pg/mL);
(Brach i%nus koreanus) PS 6 um Spheres 10 pg/mL 1d Increased activity of GST (10 ug/mL); [9]
Decreased activity of GSH and SOD (10 pg/mL)
Nematode
.. Induced oxidative stress (1 mg/L);
(Caenorhabditis PS 1 pm Spheres 1mg/L 3d Enhanced the expression of GST-4 (1 mg/L) [2]
elegans)
PS—polystyrene; PE—polyethylene; PP—polypropylene; ROS—reactive oxygen species; CAT—catalase; SOD—superoxide dismutase; GPx—glutathione peroxidase; GSH—glutathione;
GST—glutathione S-transferase; gst-4—gene which encodes Glutathione S-transferase 4 (GST-4); GFP—green fluorescence protein; SOD—superoxide dismutase; GSR—glutathione
reductase; GOT—aspartate transaminase; GPT—alanine aminotransferase; MDA—malondialdehyde; AChE—acetylcholinesterase; d—day; NI—not indicated.
Table 4. Effects of MPs on reproduction via OS.
. . Exposure Association
Sex Organism MPs Type MPs Size MPs Shape Dose Time (OS vs. Endpoints) Reference

Increased levels of MDA (0.015, 0.15, and 1.5 mg/d);
Decreased the level of SOD (0.15 and 1.5 mg/d), GPx, and CAT (]
(0.015, 0.15, and 1.5 mg/d);
Fibrosis and granulosa cells apoptosis of ovary (5 and 25 ug/mL)

1,5, and 25 pg/mL
Rats PS 0.5 pm Spheres (0.015, 0.15, and 90d
1.5mg/d)

Mammals-Female Increased level of ROS in oocytes (30 mg/kg/d);

Reduced level of MDA (30 mg/kg/d);
Mice PS 0.8 um Spheres 30 mg/kg/d 35d Increased IL-6 concentration in ovaries (30 mg/kg/d); [2]
Decreased viability of oocytes (30 mg/kg/d);
Induced inflammation of ovaries (30 mg/kg/d)

Decreased expression of Nrf2 in the medium and high dose groups
(7 and 70 ug/d);

0.1,1,and 10 ng/mL Inflammatory reaction in testicular tissue—increased factor IL-13

Mice PS 5 um Spheres (07,7, and 70 g /d) 35d (7 and 70 pg/d); [3]
Decrease in number of viable epididymis (70 ug/d);
Mammals—Male Destroyed testis tissue structure (0.7, 7, and 70 pg/d)
Inflammatory reaction in testis—increased factors TNF-« and IL-6
) 1 mg/mL (1 mg/d)/
Mice PS 0.5,4, and 10 um Spheres (1 mg/d) 28 d Decreased testosterone level (1 mg/d); [4]

Abnormal sperm morphology (1 mg/d);
Decreased consumption of food by tested animals (1 mg/d)
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Table 4. Cont.

Exposure Association
Time (OS vs. Endpoints)

Activation of p38 MAPK (0.01, 0.1, 1, and 100 mg/d);
Increased level of Casp-3, TNF-«, IL-1p3, and IL-6 in the testicular
tissue (0.01, 0.1, 1, and 100 mg/d);
0.01,0.1, 1, and 24 Decreased concentration of testosterone (0.01, 0.1, 1, and 100 mg/d); 5]
100 mg/d Reduced the activity of enzymes LDH and SDH
(0.01,0.1, 1, and 100 mg/d);
Decreased in number of spermatogenic cells (0.01, 0.1, 1, and
100 mg/d)

PS—polystyrene; PE—polyethylene; ROS—reactive oxygen species; MDA—malondialdehyde; SOD—superoxide dismutase; GPx—glutathione peroxidase; CAT—catalase;
IL-6—interleukin-6; Nrf2—nuclear factor erythroid 2-related factor 2; IL-13—interleukin-1beta; TNF-oa—tumor necrosis factor o;; p38 MAPK—p38 mitogen-activated protein kinases;
Casp-3—caspase-3; LDH—lactate dehydrogenase; SDH—succinate dehydrogenase; d—day.

Sex Organism MPs Type MPs Size MPs Shape Dose Reference

Mammals-Male Mice PS 5-5.9 um Spheres
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Microplastics are recognized as damaging the reproductive system and reproduc-
tion [171,181]. However, it is still unknown what shape and size of plastic particles are
most susceptible to penetration into the reproductive system and produce the greatest toxic
effects. Research and results concerning MPs and disturbances to reproductive systems are
presented in Table 4. In these studies, mice and rats were fed MPs in amounts ranging from
0.0007 mg/day to 100 mg/day.

One of the problems associated with most papers on MPs is that plastic particles are
used in in vitro and in vivo toxicology studies in too high doses. Such an overestimation
of intake may stem from a paper published by Senathirajah et al. (2021) in which it was
determined that people can consume up to 5 g of MPs/week [182]. However, the study
was criticized because it contained errors leading to an overestimation of plastic particle
intake [183]. In another study, Mohamed Nor et al. (2021) estimated the daily consumption
of MPs at 0.000583 mg/person/day for adults. This intake can lead to an irreversible
accumulation of MPs of up to 0.0407 g/ person for adults up to age 70 in body tissue for
particle sizes of 1-10 um [184]. Compared to these data, the studies cited in Tables 1-4 use
doses higher than the exposures that have been determined for humans according to current
knowledge. Thus, the occurrence of analogous health consequences in humans is unlikely.
However, it should be noted that current limitations in MPs detection methods make it
difficult to fully estimate the environmental concentrations of this type of contaminant. In
addition, the high concentrations of plastic particles used in these studies may reflect the
combination of multiple exposure pathways in nature and simulate the expected increase
in MPs contamination in the future. The opposite problem is that inadequately designed
procedures for sample collection and processing may result in contamination, which could
cause the quantity of MPs in samples to be overestimated. Sources of plastic contamination
in typical laboratory procedures can include water (even Milli-Q water), consumables,
airflow (e.g., exhaust), and dust [185]. The primary tool for determining the amount of
contamination introduced during an experiment is blind testing, which must be performed
and included in conclusions [186].

3.6.3. Shorter Lifespan

Plastic particles can contribute to an increase in mortality in many groups of organisms.
For example, the LC50 (lethal concentration for 50% of organisms) falls within the range of
41-52 ug PP/mlL, depending on the developmental stage of Artemia salina [164].

Research is being conducted to link MPs to various disorders and diseases. Never-
theless, OS and an increased level of antioxidant enzymes are recurring results of MPs
exposure [187-189]. Polystyrene-MPs are believed to have the most toxic ecological ef-
fect [190]. However, other MPs are not considered safe [191]. Future research should focus
on the effects that different popular MPs, i.e., PE, PP, and PET containing aromatic rings
(like PS), have on living things.

3.7. Perspectives

Exposure to microplastic particles in the diet has become a growing public health
challenge due to the increasing problem of MPs” accumulation in the environment. Also,
MPs particles from food packaging materials are becoming a growing problem as they are
directly consumed by humans [192,193].

Currently, information on adverse effects from available literature sources is very
limited. In the case of cell-based assays, Caco-2 was most commonly studied [68,119,120].
A frequently occurring endpoint was the increase in ROS observed at MPs’ concentrations of
10-100 pg/mL [68,120]. However, an increase in ROS was also observed at 0.1 pg/mL [115].
These studies mainly focused on the use of PS in the form of microspheres with a diameter
of 5-10 um [115,120]. We believe that the concentrations of MPs used in studies of this type
should be reduced to reflect actual exposure. In the future, we would suggest the need
for studies on human erythrocytes with MPs in concentrations of about 1.6 ug/mL, since
this is the amount of plastic particles found in human blood [9]. These studies would need
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to use particles in the form of fibers and fragments, since MPs of such shapes are most
often found in the environment. Additionally, we think that future investigations on cells
should utilize smaller particles with sizes close to the lower limit of the MPs definition
(0.1-1 pm), as these particles, among others, are thought to be potentially hazardous to
health because of their small dimensions and consequent capacity for migration. Moreover,
other types of polymers, e.g., PA, PE, PET, and PP, would also need to be popularized in
cell studies. In the case of other studies, mice or their tissues are commonly used as model
organisms [37,129]. In these experiments, as in the case of cells, spherical PS with sizes
usually in the range of 5-20 um were most commonly used [37,158]. The most frequent
result of these tests was an alteration in the activity of antioxidant enzymes. We believe
that future research should focus on tissues/organs of the gastrointestinal tract, as they are
particularly affected by MPs due to widespread food contamination. Similar to cell studies,
it would be suitable to employ fibers and fragments, reduce particle sizes, modify polymers,
and lower concentrations in studies of tissues or organs to mimic actual exposures.

Studies on the toxicity of MPs conducted to date have shown that MPs exposure caused
intestinal damage, liver infection, flora imbalance, lipid accumulation, and subsequently
led to metabolic disorders [194]. Furthermore, MPs exposure increased the expression of
inflammatory factors, inhibited acetylcholinesterase activity, reduced germ cell quality, and
affected embryonic development [15,194]. Thus, we speculate that exposure to MPs may
be involved in the development of various chronic diseases.

Although scientists have discovered some toxic effects of MPs exposure using a
number of experimental models, they do not always reflect the actual concentrations. Thus,
it would be appropriate to assess the influence of MPs more realistically from the point
of view of their environmental concentration and the entire life cycle of organisms. There
is a need for further research to understand the long-term effects of MPs. Future toxicity
studies based on different doses of MPs and longer exposure times are recommended.

Due to the high surface energy of MPs, they also adsorb other pollutants, especially
heavy metals (mercury, aluminum, iron, or zinc) and organic compounds (phenanthrene,
benzo(a)pyrene, and others) [34]. Therefore, the mechanisms and environmental signifi-
cance of the interaction between MPs and other pollutants are likely to become an important
area of future research [10,34].

The issue of MPs toxicity requires further research to see if there is a synergy between
plastic microbeads and adsorbed pollutants and the toxic mechanism. Currently, studies
on MPs’ toxicity are mainly based on effects analysis, and the molecular mechanism is
not fully elucidated. In addition, almost all MPs toxicity studies use experimental models
and the harm to the human body is still unclear. Therefore, it becomes valuable to collect
epidemiological and clinical data. Biomarkers can be used to investigate the intrinsic
relationship between exposure to MPs and possible adverse health effects.

There should be a constant effort to pursue environmental sustainability by dealing
with environmental problems caused by MPs, technology, product recycling, or upgrading
the industrial structure. In addition, efforts should be made to strengthen national and
world legislation and improve industrial standards, which constitute an indispensable
part of controlling MPs pollution. Since plastic pollution is closely related to human
activities, everyone should take care on their own to reduce the accidental dumping of
plastic products and to dispose of them properly for the safety of the environment and
human health.

4. Conclusions

The foundation for the toxic effects that MPs have on most organisms is the induction
of OS. Lipid peroxidation, DNA damage, destruction of the morphology and function
of mitochondria, an increase in cellular inflammation, and apoptosis can all be results
of increased ROS production. The aforementioned damage will be made worse by the
higher ROS generation that develops as a result of the lower mitochondrial membrane
potential and mitochondrial depolarization caused by ROS. Thus, MPs have an impact on



Antioxidants 2024, 13, 579 27 of 35

cells, tissues, organs, and whole organisms. Nevertheless, there is currently no proof of
MPs’ direct impact on human health. It is essential to comprehend, among other things,
the interaction between MPs and OS in order to evaluate the full range of risks related to
plastic particles.

This comprehensive evaluation exposed notable variability in the reported connection
between MPs and OS. It probably indicates that alternative redox-independent triggering
mechanisms also have a significant role in the observed effects induced by plastic particles.
In addition, this inconsistency may stem from the absence of standardized analytical
criteria for comparing the obtained test results. The lack of a standardized analytical
methodology, the use of various research models, and the wide variety of MPs (polymer
type, size, shape, and surface charge) may be to blame for the variable and occasionally
contradictory risk assessment findings from various studies. These factors are essential for
determining how plastic particles affect ecosystems and human health. Additionally, in
many scientific papers concerning MPs, a common issue is the utilization of excessively
high doses of plastic particles in in vitro and in vivo studies. Consequently, the likelihood
of analogous effects occurring in humans to those observed in cells or animals is low.
However, it is important to note that current limitations in MPs’ detection methods hinder
the full estimation of environmental levels of this contaminant. Moreover, the elevated
concentrations of plastic particles employed in these studies may mirror the amalgamation
of multiple exposure pathways in nature and simulate the anticipated increase in MPs
contamination in the future.

For the purpose of creating a standardized research methodology with a public health
focus, more research is required, particularly on mammal models. It would be beneficial
to concentrate on how harmful MPs are when combined with other chemical pollutants
and, ultimately, on ways to lessen the environmental damage caused by MPs and related
OS. These topics are particularly relevant because MPs food contamination is increasingly
being found.
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