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Abstract

Microplastics (MPs) are increasingly detected environmental contaminants in both marine
and freshwater ecosystems, with reported concentrations ranging from a few to thousands
of particles per cubic meter depending on location and methodology. Although growing
evidence suggests potential risks to aquatic organisms, the extent of their ecological and
biological impacts is still under active investigation. Their size, persistence and capacity to
transport chemical additives and co-contaminants allow them to enter biological systems
by ingestion and respiration. When ingested, MPs cause oxidative stress, inflammation,
and metabolic disorders, resulting in the destruction of vital tissues in major body organs
including liver, gills, intestines, and brain. They also change gene expression, cause
endocrine and immune pathway perturbation, induce apoptosis, and cause gut microbiome
dysbiosis, all of which worsen the health and survival of the organism. MPs also serve as
vectors of heavy metals, antibiotics, pesticides, and pathogens and enhance toxicity due to
the Trojan horse effect and enable bioaccumulation in food webs. Due to their widespread
presence in water, soil, air, and food, MP pollution has direct effects on human, animal, and
ecosystem health. This review synthesizes current knowledge on the sources of MPs, the
mode of exposure, and the mechanism of toxicity and new ecological implications. It also
presents mitigation measures, and stresses a One Health paradigm as the key to taking
concerted action on the international level to minimize MP pollution and protect both the
environment and human health.

Keywords: MPs; oxidative stress; bioaccumulation; molecular toxicity; gut microbiome
dysbiosis; trophic transfer; one health framework

1. Introduction

MPs, generally less than 5 mm in size, are now considered one of the most important
environmental issues of the 21st century [1]. MPs detected in aquatic environments consist
of a wide range of polymer types, most commonly polyethylene (PE), polypropylene
(PP), polystyrene (PS), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and
polyamide (nylon). These polymers occur in various shapes such as fibers, fragments,
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films, beads, and foams, with fibers often dominant in surface waters [2]. Reported
environmental concentrations vary considerably depending on sampling location and
methodology. Surface marine waters typically contain MPs at concentrations ranging
from fractions of a particle per cubic meter to tens or hundreds of particles per cubic
meter, with higher localized values reported near coasts and accumulation zones [3]. In
heavily contaminated rivers and estuaries, measured microplastic concentrations can range
from ~10? up to ~10° or more particles per cubic meter depending on sampling location,
method, and proximity to pollution sources [4]. MPs are broadly classified into primary
MPs (intentionally manufactured particles including microbeads and resin pellets) and
secondary MPs formed by fragmentation of larger plastic items such as bottles, packaging,
and fishing gear through weathering processes [5].

MPs are formed from the disintegration of larger plastic materials or are manufactured
deliberately for industrial purposes such as cosmetics and packaging [6]. MPs are highly
persistent in the environment and can remain for decades to centuries depending on poly-
mer type and environmental conditions [2,7]. This persistence allows them to accumulate
widely in water, air, soil, and even the atmosphere, causing threats to humans, terrestrial
animals, and aquatic species, birds, biodiversity, and public health [8,9]. Concerningly,
several studies have shown that MPs have been detected in different parts of the human
body, particularly in the lungs and blood, which is alarming and may have adverse effects
on human biological systems in the future [10-13].

The spread of MPs is closely linked to the degradation of ecosystems, which con-
tributes to the pollution of rivers and marine environments and has long-term impacts on
forestry. In this regard, attention should be paid to the improvement of river and marine
environments, as reducing MP pollution will improve biodiversity and water quality and
will also greatly reduce human and animal contact with MPs. It is important to recognize
that ecosystem health is closely linked to public health [14]. Studies have shown that the
public’s perception of MP pollution is very limited, and that the chemical components of
MPs, especially BPA and phthalates, can also cause reproductive problems and neurological
disorders. These chemical components are released into our daily lives through products
such as packaging, toys, and personal care items, and enter our bodies through the food
chain and drinking water. However, the general public is not properly informed about
these risks by environmental and healthcare organizations, and even public education
campaigns are not effectively promoting this issue [15]. Addressing these risks requires
consideration of social and ethical dimensions, including increased public awareness of the
potential long-term impacts of MPs.

The impact of microplastic pollution is not uniform across populations. Individuals
living near or working in waste disposal systems, plastic industries, garment industries, and
tire manufacturing sectors are more highly exposed. In addition, humans are continuously
exposed to MPs through water, air, soil, and food [16,17]. Synthetic polymers, such as
polyester, nylon and acrylic, that are utilized in the garment industry have been found to
be the biggest contributors to MP pollution in the world, according to recent studies. When
clothes are washed, worn, and manufactured, these fibers are set free and may become
airborne and enter the lungs of humans and predispose them to respiratory diseases [10,18].
Likewise, the release of large quantities of MPs into the surrounding environments by car
tires and road surfaces under friction also leads to the dispersal of these substances over
long distances [19].

MPs are widely dispersed in the environment and have been detected even in remote
regions such as the Arctic and deep-sea sediments [20,21]. Their mobility and persistence
enable them to be introduced into the food chain, to be concentrated in aquatic life and
finally, to reach humans when they consume seafood [22]. MPs can accumulate pollutants
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and heavy metals, which makes them even more toxic [7,23]. Their small size allows
them to cause physical damage and biochemical imbalance across diverse organisms, from
plankton to large mammals [24].

Urban runoff, the discharge of wastewater, and the degradation of various items of
everyday use (packaging and synthetic fabrics) are the sources of MP pollution [25,26].
Aquatic organisms absorb the MPs or inhale them [27], and they may end up in the digestive
system and translocate to the liver, gills, brain, muscles, and reproductive tissues [28,29].

MPs have wide-ranging effects on humans, animals, and aquatic life. They can
cause cellular and tissue-level damage in vital organs such as the liver, intestines, gills,
and brain, thereby disrupting normal physiological functions. These impacts may also
interfere with essential biological processes, including immunity, reproduction, and
metabolism [28,30-33]. They can trigger cell death and premature cellular aging, which
weakens the health of tissues and organs. MPs also disrupt the balance of gut micro-
biota [34], causing dysbiosis that negatively impacts digestion, immune response, and
metabolism, sometimes leading to broader effects like neurotoxicity [35]. Moreover, MPs
can disrupt normal physiological processes and pose potential risks to organismal health.
These alterations can disturb the hypothalamic—pituitary-gonadal and thyroid axes, im-
pairing normal physiological homeostasis and posing a significant threat to organismal
health [36,37].

This review provides an integrated analysis of existing literature on the sources,
environmental pathways, physicochemical characteristics, and biological impacts of mi-
croplastics in aquatic environments, with particular emphasis on fish as key sentinel species.
It covers sources, environmental pathways, physicochemical properties, and multi-level
toxicity in aquatic organisms. It brings together findings from conventional ecotoxicological
analysis, histological analysis and molecular biomarkers analysis with the latest results of
omics, microbiome modulation and environmentally aged MP behavior. By combining
these diverse perspectives, the review offers an integrated understanding of how factors
such as particle size, polymer type, surface aging, and pollutant loading influence toxicity,
bioaccumulation, and trophic transfer [38-41]. While previous studies have examined
specific aspects of MPs, such as molecular mechanisms or ecological impacts, fewer studies
have considered these dimensions collectively. In this context, the present review attempts
to bring together molecular, ecological, and One Health perspectives within a unified
framework. Rather than presenting an entirely novel concept, this review aims to provide a
more integrated understanding by synthesizing existing evidence across multiple domains.
This approach may help to contextualize complex scientific findings and support an inte-
grated understanding of microplastic impacts across environmental systems and multiple
biological levels.

2. Methodology

This review was conducted through a systematic literature search in PubMed, Sco-
pus, Web of Science, and Google Scholar using combinations of keywords such as “MPs,”

"o "o 7o

“aquatic toxicity,” “bioaccumulation,” “trophic transfer,” “co-contaminants,” “marine MPs,”
and “freshwater ecotoxicology.” Approximately 125 articles published between 2000 and
2025 were initially identified. After duplicate removal, title/abstract screening, and full-
text assessment, studies lacking experimental evidence, clear methodology, or mechanis-
tic/toxicological insights were excluded. Priority was given to studies examining the
biological and molecular effects of microplastics, with particular emphasis on fish as widely
used sentinel species in aquatic ecotoxicology. While data from other aquatic taxa (e.g.,
bivalves such as Mytilus galloprovincialis and ciliates in trophic transfer experiments) were

incorporated where relevant, the final synthesis of 45 studies focuses primarily on fish due
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to the greater availability of detailed molecular, histopathological, and omics-level data.
This selection reflects our aim to provide an integrated mechanistic understanding while
acknowledging the broader aquatic context within a One Health framework.

3. Sources and Exposure Routes of MPs in Aquatic Species

The harmful effects of MPs (MPs) on aquatic life largely depend on where these plastics
come from and how they enter or interact with aquatic organisms. Research has shown
that aquatic species are exposed to a wide variety of MPs, both from natural environmental
pollution and from controlled laboratory conditions [42,43]. These particles mainly enter
organisms through ingestion and respiration, and the exposure route plays a crucial role in
determining how MPs behave inside the body and what kind of toxic effects they cause.

3.1. Diverse Sources and Characteristics of MPs

MPs used in research and observed in nature can be broadly categorized into two
types based on their origin: (i) environmentally derived microplastics, which are weathered,
heterogeneous particles collected from real aquatic ecosystems (rivers, lakes, estuaries,
or oceans), and (ii) laboratory-generated microplastics, which are commercially manufac-
tured pristine particles deliberately used in controlled experiments to investigate specific
toxicological mechanisms.

3.1.1. Environmental MPs: A Complex Mixture

Field studies provide a real-world picture of MP contamination, showing that aquatic
environments contain a complex mix of different particles. For example, research in the La-
gos Lagoon in Nigeria found that fish livers mostly contained black and blue polyethylene
(PE) and polystyrene (PS) fibers. These materials likely came from broken-down packaging
materials and synthetic textiles released through urban runoff and wastewater [44].

Similarly, a large study on fish in the Yellow River, China, found that the most com-
mon polymers were PET (40%), polypropylene (31%), and polyethylene (22%). More than
92% of the recovered MPs were fibers [45]. This fiber dominance is a global trend. In
Mediterranean commercial fish, cellophane and PET fibers were the most common types.
Notably, fish that consumed contaminated prey showed significantly higher microplastic
loads, suggesting that ingestion of contaminated prey contributes to increased MP accu-
mulation via trophic transfer [46]. Importantly, MPs found in nature are rarely clean or
virgin. They are often weathered by sunlight, water, and biological activity, which changes
their surface texture and chemistry. Aged MP particles typically develop rougher surfaces,
undergo oxidation, and gain a higher capacity to adsorb co-pollutants. These changes can
increase their chemical reactivity and, in many experimental conditions, enhance their toxic
effects. However, in real aquatic environments, MPs are rapidly covered by an eco-corona,
formed through the adsorption of natural organic matter and biological molecules [47].
This coating can alter how particles interact with living cells, sometimes reducing di-
rect cellular uptake, oxidative stress, and overall toxicity. Nevertheless, these effects are
highly context-dependent and may vary depending on environmental conditions and
particle characteristics.

3.1.2. Laboratory-Generated MPs: Pinpointing Mechanisms

In contrast to environmental samples, laboratory studies use well-defined and uniform
MPs to understand specific mechanisms of toxicity. Polystyrene (PS) microspheres, ranging
in size from 0.1 to 5 micrometers, are the most common type used because they are easy
to purchase and can be tagged with fluorescent dyes. This allows scientists to precisely
track how MPs are absorbed and distributed in fish like zebrafish and rainbow trout [48,49].
Other polymers such as polyethylene (PE), polypropylene (PP), and polyamide (nylon) are
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also used, often obtained from everyday items like toothbrush bristles to imitate real-life
plastic fragments [50,51]. A major improvement in recent studies is the use of intentionally
aged MPs, created by exposing particles to UV light. This process makes the plastics
more similar to those found in the environment, giving them rougher surfaces and higher
oxidation levels. Experiments on European perch have shown that UV-aged PE particles
cause more severe oxidative stress, DNA damage, and cell death than unaged ones [52,53].
This clearly demonstrates that aged plastics pose a greater toxic threat to aquatic species.

3.1.3. MPs from Biodegradable and Alternative Plastics

Growing environmental concerns about petroleum-based plastics have led to the
development of biodegradable and bio-based alternatives such as polylactic acid (PLA),
polyhydroxyalkanoates (PHA), polybutylene succinate (PBS), and starch-based polymers.
These materials are often considered eco-friendly because they can break down under
controlled industrial composting conditions. However, in natural environments like soil,
freshwater, and oceans, they do not always fully degrade. Instead of completely breaking
down, they often fragment into tiny particles called MPs or biodegradable MPs due to
environmental stress [54]. Unlike industrial composting facilities, natural environments do
not have the right conditions, such as proper temperature, oxygen, moisture, and microbial
activity, for complete biodegradation. Because of this, these materials can remain in the envi-
ronment for a long time and break down slowly through physical, chemical, and biological
processes. Studies show that while many bioplastics degrade well in controlled conditions,
they often do not perform effectively in real-world environments and can behave similarly
to conventional plastics [55]. Research also shows that some biodegradable plastics can
still produce MPs. In some cases, they may even break down faster into small particles
than conventional plastics in the short term. These MPs can harm aquatic organisms by
causing oxidative stress, inflammation, and reproductive problems. In addition, chemicals
added to these plastics and the byproducts formed during degradation can increase their
toxicity, making them a concern for the environment in certain situations [56]. Although
biodegradable plastics are considered a more sustainable alternative, their behavior in the
environment, long-term harmful effects on living organisms, and ability to accumulate in
the food chain are still not well understood. Therefore, more research is needed to properly
evaluate their safety and ensure they are used in a truly sustainable way.

3.1.4. Influence of Physical Properties on Uptake and Toxicity

MP toxicity depends not only on its environmental concentration but also on its physi-
cal and physicochemical properties, especially particle shape and surface charge. These
properties play an important role in how MPs are taken up, retained, and accumulated
in aquatic organisms, ultimately influencing their toxic effects [57]. Particle shape greatly
affects how MPs interact with biological tissues. Fibrous MPs, because of their long and
thread-like structure, often remain in the gastrointestinal tract and gill surfaces for a longer
time. Their shape allows them to become entangled with mucus layers and epithelial
tissues, which can cause continuous physical irritation, mechanical damage, local inflam-
mation, and slower excretion. Several studies have reported that fibers may cause more
severe intestinal toxicity than fragments or spherical particles because they stay in the body
longer and accumulate more easily [58]. In contrast, spherical particles, beads, and irregular
fragments are more easily taken up by epithelial and immune cells through processes such
as endocytosis and phagocytosis. This can lead to higher intracellular accumulation, disrup-
tion of normal cellular functions, and increased oxidative stress, including the generation of
reactive oxygen species (ROS). Irregular fragments may also cause greater physical damage
than smooth spherical particles because of their rough edges [58]. Film-like MPs may
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adhere more strongly to mucosal and epithelial surfaces due to their larger contact area.
This adhesion can disturb barrier integrity, reduce nutrient exchange, and affect normal
cellular balance, which may lead to broader physiological effects [59]. Surface charge is
another important factor that influences microplastic toxicity and molecular uptake. Since
cell membranes and mucus layers usually carry a negative charge, positively charged
MPs can bind more strongly to these surfaces through electrostatic attraction. As a result,
they often show increased adhesion, higher cellular uptake, deeper tissue penetration,
greater ROS production, stronger inflammatory responses, and activation of apoptotic
pathways [28]. On the other hand, negatively charged or neutral MPs may show lower
direct interaction with cell membranes, but they can still adsorb dissolved contaminants,
heavy metals, and hydrophobic organic pollutants because of their large surface area. This
allows them to transport co-contaminants into tissues which can further increase toxicity
beyond the direct effects of the MPs themselves [32]. Overall, these findings suggest that
the toxic effects of MPs in aquatic organisms are influenced not only by concentration but
also by particle shape and surface charge. These factors strongly affect bioaccumulation,
oxidative stress, tissue damage, and other sublethal effects across different species and
life stages.

3.2. Critical Exposure Pathways and Their Consequences

The way MPs enter aquatic organisms greatly influences how they are distributed in
the body and which organs are most affected. Two major exposure pathways are commonly
studied: waterborne and dietary.

3.2.1. Waterborne Exposure: Entry Through Gills and Ingestion

This is the most common exposure route in laboratory settings, where MPs are sus-
pended in water. Aquatic organisms absorb them through two main interfaces: the gills
and the digestive system. Gills are continuously filtering large volumes of water, which
makes them one of the first sites where MPs can accumulate. For instance, research on
the topmouth gudgeon (Pseudorasbora parva) found that gills are a primary site of MP
buildup. In studies using Atlantic salmon gill cell lines, small PS particles (0.2-1 um)
were observed to enter cells through endocytosis and phagocytosis. Once inside, they
localized in lysosomes, which may interfere with normal cell functions [60]. Another major
route is inadvertent ingestion. Many fish unintentionally consume MPs while feeding or
by mistaking them for food particles. This leads to a buildup of MPs in their digestive
tract. However, the severity of effects varies depending on experimental conditions such
as particle size, concentration, and exposure duration. Chronic exposure of zebrafish to
polypropylene MPs, for instance, caused notable intestinal damage, including thinning of
the gut wall, reduction in mucus-producing goblet cells, and weakened intestinal barrier
function [61]. Similarly, ingestion of polystyrene MPs in rainbow trout resulted in compara-
ble gut damage along with disruption of the gut microbiota [62]. These findings suggest
that waterborne exposure can impair both gill and intestinal integrity, although the extent
of damage appears more pronounced under chronic exposure or with smaller particles.

3.2.2. Dietary Exposure: The Trojan Horse Effect

Dietary exposure occurs when MPs are directly present in food or feed. This pathway
is particularly relevant in aquaculture, where MPs can enter through contaminated fish
feed. Laboratory studies consistently demonstrate the toxic effects of MPs in aquatic organ-
isms. For example, rainbow trout exposed to polyethylene (PE), including HDPE MPs of
approximately 50 um, at dietary concentrations of 0.5-5% for six weeks showed marked
oxidative stress, inflammatory responses, and tissue damage in the gills, liver, and kidneys,
along with suppressed immune function [63]. Similarly, Nile tilapia fed diets containing
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mixed MPs, such as PET, HDPE, PP, and nylon-6, exhibited reduced growth performance,
impaired nutrient digestibility, altered carcass composition, gut histopathological damage,
and weakened immune responses [64,65]. A fascinating and ecologically significant mech-
anism of dietary exposure is trophic transfer, where MPs move up the food chain. Both
laboratory and field studies provide strong evidence for the toxicological impact of MPs in
aquatic organisms. In a controlled laboratory experiment, Paramecium caudatum exposed
to fluorescent polystyrene (PS) beads loaded with cadmium (Cd) was subsequently fed to
zebrafish larvae, demonstrating successful trophic transfer of MPs and associated heavy
metals. This combined exposure induced significantly greater oxidative stress, metabolic
disruption, DNA damage, inflammation, and apoptosis compared with exposure to MPs
or Cd alone [66]. Complementing these findings, field observations have confirmed the
presence of MPs in wild fish species such as sardines, where fibers and fragments composed
mainly of PE and PP are frequently detected in the gut and gill tissues. Although higher
microplastic burdens are sometimes reported in larger or higher-trophic-level fish, evidence
for strong biomagnification remains inconsistent, suggesting that direct environmental
exposure is likely the primary route of ingestion rather than trophic transfer alone [46,67].

Overall, MPs originate from both environmental and laboratory sources, but their
behavior becomes more complex under real-world conditions due to processes such as
aging and interactions with co-existing pollutants. In aquatic environments, organisms
are mainly exposed to MPs through contaminated water and food, which significantly
affects how these particles are taken up, distributed within the body, and ultimately exert
toxic effects. These exposure pathways are therefore critical in shaping the biological
fate of MPs and provide the basis for understanding their subsequent physiological and
molecular impacts.

4. Physiological and Histopathological Effects of MPs

MPs can disrupt the physiological integrity and cellular homeostasis of aquatic organ-
isms through a variety of mechanisms. This section explores how MPs induce oxidative
stress and alter antioxidant defenses, leading to biochemical imbalances that damage
vital tissues. It further examines histopathological alterations in major organs such as
the liver, gills, intestines, and brain, revealing the structural evidence of toxicity. Finally,
it discusses how MPs bioaccumulate within aquatic species, detailing their distribution
patterns, size-dependent penetration, and interactions with coexisting pollutants. Together,
these subsections provide an integrated understanding of how MPs compromise both the
physiology and tissue health of aquatic life.

4.1. Oxidative Stress and Antioxidant Responses

One of the most commonly reported mechanisms by which MPs harm aquatic organ-
isms is through the induction of oxidative stress. This occurs when the balance between the
production of reactive oxygen species (ROS) and the body’s antioxidant defense system is
disrupted [68,69]. Several studies have shown that MP exposure can dramatically elevate
ROS levels. For example, in zebrafish larvae, researchers observed a 5.5- to 8-fold rise
in ROS after exposure [70]. Such overproduction of ROS triggers cellular damage, often
measured through increased lipid peroxidation, with higher levels of malondialdehyde
(MDA) detected in rainbow trout [48]. Similar oxidative damage has also been reported
in other studies [71]. The antioxidant defense system shows a two-phase response to this
stress. Initially, organisms attempt to counteract the damage by upregulating key antioxi-
dant enzymes such as superoxide dismutase (SOD) and catalase (CAT), as observed in Nile
tilapia [50]. Similar compensatory responses have also been reported under co-exposure
conditions [72]. However, when exposure is prolonged or at higher concentrations, this
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defense system becomes exhausted. In such cases, the activity of enzymes like SOD, CAT,
and glutathione peroxidase (GPx) declines, along with depletion of glutathione (GSH), as
shown in rainbow trout [62,73]. The presence of other pollutants can further shape this
dynamic. In some situations, MPs can reduce the toxicity of co-contaminants by adsorbing
them onto their surfaces, thereby lowering their bioavailability and limiting uptake by
aquatic organisms, as demonstrated for copper in Pseudorasbora parva. Yet in most cases,
MPs act as carriers that worsen the toxic effects. For instance, seahorses exposed to MPs
along with Vibrio harveyi showed a much stronger oxidative stress response compared to
single exposures [74]. Altogether, oxidative stress emerges as a central pathway through
which MPs exert toxicity in aquatic organisms, and the severity of this impact depends on
the dose, exposure time, and the presence of other pollutants. Collectively, these findings
reveal a consistent pattern in which microplastic exposure initially triggers a compensatory
antioxidant response, followed by enzymatic exhaustion under prolonged or high-dose
conditions. This biphasic response appears to be a common feature across aquatic species,
with the extent of oxidative damage largely influenced by particle concentration, duration
of exposure, and interactions with co-contaminants. However, it is important to note that
most of these findings are derived from controlled laboratory studies using relatively high
concentrations of pristine MPs. In natural aquatic environments, organisms are exposed to
a complex mixture of aged particles and multiple stressors, which may alter the magnitude
and nature of oxidative stress responses. Therefore, caution is required when extrapolating
these results to real-world scenarios. A consolidated summary of these species-specific
oxidative stress responses is provided in Table 1.

Table 1. Summary of MP-induced oxidative stress responses in key aquatic species.

Species Key Findings Markers/Enzymes Exposure Context
MPs increased ROS; .
Zebrafish (Danio rerio) embryos biosurfactant-MP hybrid ROS T (Nil;sj)i # (hybrid); MPs (polystyrene) alone vs. hybrid
reduced it; sod1 upregulation
MPs + Cu reduced MDA, .
Pseudorasbora parva boosted antioxidants MDA |; SOD 1, CAT 1 MPs (polystyrene) + copper
Rainbow trout Decreased antioxidants; SOD |, CAT |, GSH |; MPs (polystyrene) alone (liver)
(Oncorhynchus mykiss) increased damage in liver MDA 1, LPS 1 POTysty
) Reduced antioxidants;
Rainbow trout . g SOD |, CAT |; MDA 1,
(Oncorhynchus mykiss) increased d.am;?ge & GSH LPS 4; GSH | MPs (polystyrene) alone (gut)
depletion in gut
) ) ) 5.5-8 fold ROS rise; Nrf2 Virgin/weathered
Zebrafish (Danio rerio) larvae pathway activated ROS 1, Nrf2 1, nqol 1 MPs (polystyrene)
Rainbow trout Mixed response: initial boost SOD 1, MDA 1; CAT |, .
(Oncorhynchus mykiss) in SOD but overall damage GPx | MPs (HDPE) + enrofloxacin
Elevated ROS & damage; .
Zebrafish (Danio rerio) reduced antioxidants ROS 1, MDA T, NOT; Polystyrene MPs
L SOD |, CAT |
(reproductive impact)
Nile tilapia Upregulated antioxidant . N
(Oreochromis niloticus) genes (compensatory) SOD T, CATT MPs (polyamide) + spirulina
. . . Increased most antioxidants SOD 1, CAT 1, GST 1;
Zebrafish (Danio rerio) but GPx declined GPx | MPs + copper (long-term)
Seahorse Stronger ROS & H,0,; ROS 1, H,O, 1; SOD T, . .
(Hippocampus abdominalis) upregulated defenses CAT 7, Prx6 1 Polystyrene MPs + Vibrio harveyi
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4.2. Histopathological Damage

Histopathological studies give us direct visual proof of how MPs (MPs) damage
the tissues and organs of aquatic animals. The liver, intestines, gills, and brain are
the most frequently affected, and the lesions range from subtle degenerative changes to
severe necrosis.

The liver is especially sensitive. In zebrafish (Danio rerio), exposure to polystyrene MPs
(PS-MPs), either alone or combined with pollutants like cadmium (Cd) or the synthetic
hormone 17 x-methyltestosterone, causes classic signs of liver toxicity such as vacuoliza-
tion, congestion, and infiltration of inflammatory cells [75,76]. Similar structural damage,
including lipid accumulation and cellular degeneration, has also been reported in rainbow
trout (Oncorhynchus mykiss) [48], while comparable dose-dependent liver alterations have
been observed in other species [77]. It is important to note that these findings are derived
from multiple independent studies conducted under varying experimental conditions,
including differences in microplastic type, size, concentration, and exposure duration. The
digestive system also shows significant structural compromise. In zebrafish, polypropylene
MPs (PP-MPs) thin the intestinal wall, reduce goblet cells, destroy cilia, and damage the
mucosa, weakening the barrier and lowering immune defense [61]. These effects are further
intensified under co-exposure conditions, as demonstrated in Nile tilapia (Oreochromis
niloticus), where combined exposure to polyamide MPs (PA-MPs) and pesticides caused
severe epithelial degeneration and villus damage [50,51]. Gills, the main site for gas ex-
change, are another critical target. Structural abnormalities such as lamellar deformation
and cellular degeneration have been observed in multiple species under MP and pollutant
co-exposure [69,78], highlighting their sensitivity to environmental stressors. The brain is
likewise vulnerable to microplastic toxicity. Neurodevelopmental and structural damage,
including neuronal loss and cellular degeneration, has been reported across different fish
models under both single and combined exposures [49,79], indicating consistent neurotoxic
effects. It is important to note that not all studies report significant tissue damage. For
instance, Nile tilapia juveniles fed a diet containing a mix of common plastics such as PET,
HDPE, PP, and nylon-6 did not display major intestinal lesions, suggesting that the effects
of MPs depend on factors like species, age, MP type, and concentration [65]. Taken together,
these findings suggest that certain organs, particularly the liver, intestines, gills, and brain,
are consistently more vulnerable to microplastic toxicity. The extent of tissue damage
varies depending on factors such as particle type, concentration, duration of exposure,
and the presence of co-contaminants. Overall, this indicates that microplastics can cause
interconnected, multi-organ damage in aquatic organisms (Table 2). Nevertheless, most
histopathological evidence is derived from laboratory-controlled exposures, which may
not fully reflect environmentally realistic conditions where MPs are aged, heterogeneous,
and typically present at lower concentrations. Consequently, the extent of tissue damage
observed in experimental settings may differ from that occurring in natural ecosystems.

Table 2. Histopathological lesions induced by MPs in key organs of aquatic animals.

Species MP Type/Combination Organ Key Lesions/Effects
PS-MPs (0.5 mg/L) Vacuolization, congestion
Zebrafish (Danio rerio) 17x-methyltestosterone (50 ng/L), Liver s cong !

21 days infiltration of inflammatory cells

Rainbow trout
(Oncorhynchus mykiss)

Steatosis with lipid-filled vacuoles,
PS-MPs 5 um (500 ug/L) Liver shrunken nuclei,
mitochondrial damage
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Table 2. Cont.

Species MP Type/Combination Organ Key Lesions/Effects
. . Polyethylene MPs (7.07 pum, . Dose-dependent vacuolization
Asian seabass (Lates calcarifer) 1-100 ppt in feed), 16 days Liver and necrosis

Zebrafish (Danio rerio)

Thinned intestinal wall, reduced
PP-MPs 5 um (300-600 mg/L) Intestines goblet cells, destroyed cilia,
mucosal damage

Nile tilapia
(Oreochromis niloticus)

Polyamide MPs (10 mg/L water),
42 days =+ spirulina Intestines
supplementation

Significantly reduced goblet cells
per villus

Nile tilapia
(Oreochromis niloticus)

Epithelial degeneration,
Intestines detachment, mucosal thickening,
villus damage

Polyamide MPs (10 mg/L) =
sumithion (0.3 mg/L), 42 days

Striped catfish Polyamide MPs (10 mg/L) = Gill Deformed gill lamellae,
(Pangasianodon hypophthalmus) fenitrothion (0.60 mg/L) s degeneration of chloride cells
Topmouth eudecon Lamellar curling, edema,
OPMOUL UGE0 PS-MPs (1 mg/L) + Cu (50 pg/L) Gills aneurysms (milder damage
(Pseudorasbora parva) .
with MPs)
PS-MPs (0.4-0.6 jum, Incomplete brain ti formation
Zebrafish embryos (Danio rerio) 25-100 particles/L) £ fluoxetine Brain compie i u? nals lsue ormation,
(5-40 ng/L), 96 hpf euronat foss
) ) PP-MPs (100 pg/L) + . . .
Crucian carp (Carassius auratus) oxytetracycline (200 1g/L), 21 days Brain Severe neurochemical disturbances
PVC-MPs (0.5 mg/L) 4+ Cu?* . Vacuolization, degeneration of glial
Channa punctatus (0.85 mg/L), 15-60 days Brain cells, apoptosis
e . Mixed MPs (PET, HDPE, PP, No major lesions (effects depend on
Nile tilapia juveniles o . .
S nylon-6; 10-350 pum) at 2% w/w Intestines species, age, MP
(Oreochromis niloticus) . .
in feed type, concentration)

4.3. Bioaccumulation Patterns

MPs (MPs) accumulate in aquatic species through multiple exposure routes, mainly
ingestion and respiration. Ingestion is the most common pathway, as shown by studies re-
porting MPs in the guts of nearly all sampled fish from the Yellow River and Mediterranean
Sea, with omnivorous species like Cyprinus carpio carrying particularly high loads [45,46].
MPs can also move through the food chain, such as when ciliate prey (Paramecium cau-
datum) transfer MPs to zebrafish larvae, simultaneously increasing cadmium uptake [66].
Smaller MPs (<20 pm) can also be taken up via gill respiration, as seen in species like
topmouth gudgeon and killifish, especially in freshwater conditions [69]. Once inside the
body, MPs show a clear distribution pattern, usually highest in the intestine, followed by
the gills and liver [52,80]. Large particles tend to stay in the gut or gills, while smaller
ones (<20 pm) can cross biological barriers and spread to the liver, brain, muscles, and
even gonads. For example, tiny polyethylene MPs were found in the liver of zebrafish and
perch, while the smallest fraction (<1.2 um) reached the muscle tissue of the commercial
fish Serranus scriba [81]. A threshold of 20 um was used to distinguish between small and
large microplastics, as particles below this size are more likely to be internalized by cells
and translocate across biological barriers, whereas larger particles are typically retained in
the gut lumen or external interfaces [82]. In addition to serving as physical carriers, MPs
can change how harmful chemicals become available in the environment. Many pollu-
tants, such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
polybrominated diphenyl ethers (PBDEs), and metal ions, easily attach to MPs because
of their large surface area and water-repelling nature. When environmental conditions
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change, and especially when MPs enter the digestive system, factors like pH, enzymes,
and digestive fluids can cause these pollutants to detach and be released inside the body.
This process is often called the “Trojan horse” effect. In simple terms, MPs carry harmful
substances into the body and then release them inside [83,84]. Importantly, MPs often carry
pollutants like heavy metals, antibiotics, and pharmaceuticals on their surfaces. This can
either increase contaminant accumulation, as with methylmercury and oxytetracycline in
zebrafish and crucian carp [85,86], or in some cases reduce it, such as MPs binding copper
and lowering its tissue levels in Pseudorasbora parva [69]. The properties of MPs themselves
strongly influence how much they accumulate. Weathered or UV-aged MPs, with rougher
and more oxidized surfaces, are often retained more readily than pristine ones. In European
perch, aged polyethylene MPs showed greater tissue accumulation and were linked to
stronger oxidative and genotoxic effects [53,87]. Overall, bioaccumulation is not a passive
process of particle buildup but a dynamic interaction shaped by exposure route, particle
size, polymer type, and environmental aging, which together dictate how MPs and their
associated contaminants affect aquatic organisms (Figure 1).

Bioaccumulation Patterns of Microplastics in Aquatic Organisms

A. Exposure Routes

B. Tissue Distribution

Ingestion @ %

—

=7,
Respiration &
P 9 '
k_\ _ N
Trophic Intestines Liver Gonads

transfer

C. Particle Size Influence D. Trojan Horse Effect

) ODTL @ ]

Large MPs Small MPs
(>20 um) (<20 pm) Heavy metals  Antibiotics = Pharmaceuticals

Small MPs can cross
biological barriers
and spread to liver

Figure 1. Bioaccumulation patterns of MPs (MPs) in aquatic organisms.

In summary, MPs cause notable physiological disturbances in aquatic organisms,
largely driven by oxidative stress, tissue damage, and their tendency to accumulate within
the body. Histopathological studies provide clear evidence of structural alterations in key
organs, while patterns of bioaccumulation suggest that particle size plays an important
role in determining how MPs are distributed across different tissues. Together, these
findings indicate that MPs can impair organismal health at both cellular and organ levels,
establishing a clear link between exposure and functional disruption.
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5. Molecular Mechanisms of Microplastic Toxicity

MPs (MPs) exert toxicity at the molecular level through a range of interconnected
cellular mechanisms that disrupt normal physiological homeostasis. This section explores
how MPs trigger apoptosis and cellular senescence, leading to impaired cell survival and
tissue degeneration. It further examines alterations in gene expression and epigenetic
regulation, revealing how MPs can reprogram stress, immune, and reproductive pathways.
Additionally, the influence of MPs on the gut microbiome is discussed, emphasizing
microbial imbalance and inflammation that extend beyond the intestine. Finally, this
section highlights the metabolomic and biochemical disturbances caused by MPs, including
energy metabolism disruption, neurochemical imbalance, and hormonal dysregulation.
Together, these subsections provide an integrated molecular framework explaining how
MPs initiate and propagate toxicity in aquatic organisms.

5.1. Apoptosis and Cellular Senescence

MP exposure is known to induce programmed cell death (apoptosis) and cellular
senescence in aquatic species in a dose-dependent manner, with effects reported across
a wide concentration range spanning environmentally relevant levels (50 ug/L) to high
experimental doses (up to 600 mg/L), as summarized in Table 3. These processes are key
contributors to tissue injury and organ malfunction. These effects are mainly driven by
oxidative stress, mitochondrial disruption, and DNA instability caused by MPs. One of the
main pathways involved is mitochondrial-mediated apoptosis, marked by an increased
ratio of pro-apoptotic to anti-apoptotic proteins. In zebrafish and European perch, exposure
to MPs elevated the Bax/Bcl-2 ratio and activated cleaved caspases, indicating a clear
shift toward cell death [52,88]. Similarly, in Asian seabass (Lates calcarifer), polyethylene
MPs upregulated genes such as TRAIL and cytochrome ¢, while fibrous PET MPs in
black rockfish (Sebastes schlegelii) caused a massive rise in apoptotic blood cells [77,89].
MPs can also activate apoptosis through multiple stress pathways simultaneously. In
zebrafish larvae, MPs and cadmium co-exposure increased the expression of Caspase-3,
-8, -9, and -12, suggesting that death receptor, mitochondrial, and endoplasmic reticulum
stress mechanisms were all involved [66]. DNA damage caused by MPs further activates
the p53 signaling pathway, which promotes apoptosis and cell cycle arrest. This p53-
mediated apoptosis has been observed in species such as the Mediterranean mussel (Mytilus
galloprovincialis) and female zebrafish, where it contributed to ovarian degeneration and
lower fertility [71,90]. Apart from apoptosis, MPs can also push cells into a state of
permanent growth arrest known as cellular senescence. In rainbow trout (Oncorhynchus
mykiss), polystyrene MPs suppressed key cell cycle regulators, including cyclin B1, cyclin
B2, and CDK1, preventing normal cell division [48]. This was linked to RNA methylation
changes that affected the p53 pathway, leading to a senescence-like condition associated
with glutathione depletion and DNA damage [62]. Co-exposure with pollutants such as
fluoxetine, copper, and 17x-methyltestosterone further intensified apoptosis, increasing
caspase-3 and Bax expression in the brain, gonads, and other organs [49,72,76]. Overall,
these findings show that MPs disrupt cell survival and renewal through mitochondrial
injury, p53 activation, and epigenetic changes, offering a mechanistic explanation for the
tissue-level damage observed in aquatic organisms (Table 3).
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Table 3. Summary of apoptosis and cellular senescence induced by MP exposure in aquatic organisms.

Species

Exposure (MP Type/Dose)

Key Changes

Zebrafish (Danio rerio) embryos

Biosurfactant-microplastic hybrid
(BSuP, 5-500 ug/mL)

Reduced apoptosis levels in BSuP-treated
embryos compared to uP alone; minimal
induction of tp53 (apoptosis marker)

Rainbow trout (Oncorhynchus mykiss) liver

Polystyrene MPs (PS-MPs, 5 pm,
500 ug/L)

Induction of cellular senescence via
downregulation of cell cycle regulators
(cenbl, cenb2, cdkl, eif2sla); enrichment in
p53 signaling and cellular senescence
pathways; C-myc downregulated at m6A
and expression levels

Rainbow trout (Oncorhynchus mykiss)

Polystyrene MPs (PS-MPs, 5 um,
500 pg/L)

Upregulation of apoptosis/senescence
genes (BCL6, AKT1); cellular senescence
linked to glutathione depletion and
DNA damage

Zebrafish (Danio rerio) larvae

Virgin/weathered polystyrene (PS
10/30 um, 2 x 10°-2 x 10° particles/L)
and polyethylene (PE_w,

4 x 10* particles/L)

Elevated apoptosis in all MP groups
(strongest in PS 30 um); intrinsic apoptosis
pathway activation with downregulated
caspases and upregulated bcl2 in
weathered PS

Zebrafish (Danio rerio)

Polypropylene MPs (PP-MPs, 5 um,
300-600 mg/L)

Suppression of hepatic DNA repair/cell
cycle pathways leading to genomic
instability and apoptosis

Nile tilapia (Oreochromis niloticus) juveniles

Dietary MPs (PET, HDPE, PP, nylon-6;
10-350 pum, 2% w/w), 30 days

Upregulated Casp-3 (apoptosis marker) in
liver (1.3 x); downregulated in proximal
intestine (0.6-0.7 x); mild upregulation in
distal intestine

Zebrafish (Danio rerio)

MPs (1-5 um, 2 mg/L) alone or with
Cu (25 ug/L), 30 days

1 casp9 (apoptosis) in brain
(mixture-exposed females); 1 casp9 in
gonads (all exposed females;
MPs/Cu-exposed males)

Asian seabass (Lates calcarifer) fingerlings

Dietary polyethylene (PE,
7.07 £+ 1.18 um, 1-100 ppt in feed),
16 days

Activation of apoptosis pathways via
TRAIL, GADD45; upregulation of
pro-apoptotic genes (TRAIL, cytochrome c)
correlating with hepatocyte necrosis

Juvenile black rockfish (Sebastes schlegelii)

Oral fibrous/fragmented PET
(FiPET/FrPET, 3000 pm, 81 mg/kg),
72h

Significantly increased apoptosis in blood
cells (57.6-fold FrPET, 77.1-fold FiPET at
81 mg/kg); FiPET induced more apoptosis;
upregulation of p53, CASPS;
downregulation of MCM?7 (cell cycle)

Zebrafish (Danio rerio)

Polystyrene MPs (PS-MPs, 0.5 mg/L)
alone or with MT (50 ng/L), 21 days

Upregulation of Caspase-3 (apoptosis);
intensified inflammation and neuronal
damage via apoptotic pathways

Zebrafish (Danio rerio) and European perch
(Perca fluviatilis)

Polyethylene MPs (PE-MPs; small:
1045 um, large: 106-125 um; 10 mg/g
dry food), 21 days

1 Bax/Bcl-2 ratio and cleaved caspases
(4.6-5.3 x with small MPs), indicating
apoptosis activation; stronger effects with
small MPs; perch more sensitive
than zebrafish

European perch (Perca fluviatilis)

Virgin and UV-aged polyethylene MPs
(PE-MPs; 1 mg/g dry food), 15 days

1 Bax/Bcl-2 ratio and 1 cleaved caspases,
leading to apoptosis activation; stronger in
UV-aged PE-MPs compared to virgin

Zebrafish (Danio rerio) embryos

Fluoxetine (FLX, 5-40 ng/L) and
polystyrene MPs (MPs,
25-100 particles/L), 96 hpf

1 bax, bcl2, casp3 gene expression in
FLX-MPs mixtures, indicating apoptosis
activation; strongest in mixtures

Zebrafish (Danio rerio) embryos

Polystyrene MPs (PS-MPs,
0.1-10 mg/L) with MeHg (20 nug/L),
6-168 hpf

Apoptosis detected in mouth, liver, GI tract;
highest in MeHg + PS-MPs co-exposure
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Table 3. Cont.

Species

Exposure (MP Type/Dose)

Key Changes

Mediterranean mussel (Mytilus
galloprovincialis)

Environmental MPs (PE, PET, PP, PEVA,
HDPE; 50 ug/L) alone or with B[a]P
(1 pug/L), 1-3 days

1 P53, Bax, Caspase-3 — apoptosis
activation; | Bcl-2, DNA-ligase — impaired
DNA repair; T DNA fragmentation (45% in

MP + B[a]P)

Zebrafish (Danio rerio) females

Polystyrene MPs (PS-MPs, 0.5 um;
50-500 pg/L), 60 days

1 p53, bax, caspase-3, caspase-9 —
apoptosis activation; | bcl2, foxol —
reduced anti-apoptotic signaling;
dose-dependent DNA fragmentation

Zebrafish (Danio rerio) larvae

Fluorescent polystyrene beads (2.14 um;
1 x 10° items/L) + Cd2*
(0.001-0.1 pg/L), trophic transfer via
ciliates, 96 h

1 Caspase-3/8/9/12 — activation of death

receptor, mitochondrial, ER stress apoptosis

pathways; 1 Bax, | Bcl-2 — mitochondrial
permeabilization; T DNA damage

Snakehead fish (Channa punctatus)

PVC MPs (PVC-MPs; 0.5 mg/L) + Cu%*
(0.85 mg/L), 15-60 days

1T FOXO3a, BIM, BAX, APAF1, Caspase-9/3
— intrinsic apoptosis; | BDNF, miR132,
Bcl2 — loss of neuroprotection;

neuronal apoptosis

5.2. Gene Expression and Epigenetic Modifications

Microplastic (MP) exposure causes broad and complex changes in gene activity and
epigenetic regulation in aquatic organisms, disrupting vital cellular functions such as stress
response, metabolism, and immunity. Studies have shown that MPs can both activate
and suppress stress-related pathways. For example, in zebrafish larvae, weathered MPs
increased the expression of antioxidant genes like nrf2, nqol, and gclc, showing a protec-
tive response to oxidative stress [70]. However, in adult zebrafish, combined exposure to
MPs and 17«-methyltestosterone reduced the expression of Nrf2 and HO-1, weakening
antioxidant defense [76]. Similarly, genes encoding heat shock proteins such as HSP70 were
elevated in the gills of fish from polluted areas, indicating a general stress adaptation [44].
MPs also interfere with the body’s ability to detoxify and fight infections. In Asian seabass,
polyethylene MPs activated cytochrome P450 genes (CYP1b1, CYP2), reflecting a response
to chemical stress [77]. Meanwhile, immune genes often showed suppressed expression.
For instance, striped catfish exposed to MPs and pesticides displayed lower levels of MHC-
IT and IFN-f2, suggesting weakened immunity [78]. When MPs combine with pathogens
or other pollutants, the immune response can become overactive or misdirected. In Korean
rockfish, for example, co-exposure to MPs and Streptococcus iniae sharply increased inflam-
matory cytokines such as IL-13 and TNF-« [91]. Beyond these effects, MPs can alter gene
regulation through epigenetic modifications. In rainbow trout, exposure to polystyrene
MPs caused widespread changes in RNA methylation (m6A), which affected key regulatory
genes such as c-myc and triggered pathways linked to cellular aging and p53 signaling [48].
MPs also suppressed DNA repair genes like chek2 and pold3 in zebrafish, making cells
more prone to damage [61]. Moreover, MPs disrupt hormone and brain-related gene
expression. In zebrafish, genes in the reproductive axis (fsh3, Ihf3, cyp19a) were altered,
contributing to reduced fertility [71], while in fish brains, MPs reduced the protective BDNF
and miR132 genes, leading to neurodegeneration [79]. Together, these findings reveal that
MPs can deeply reprogram gene expression and epigenetic patterns, causing long-term
effects on cellular health, immunity, reproduction, and the nervous system (Table 4).
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Table 4. Effects of MPs on gene expression and epigenetic modifications in aquatic organisms.

Species Exposure Type Genes/Pathways Affected Key Effects/Observations
nrf2. naol. ecle Increased expression;
Zebrafish larvae Weathered MPs s Ao & protective response to

(antioxidant genes)

oxidative stress

Adult zebrafish

MPs + 17 x-methyltestosterone

Nrf2, HO-1
(antioxidant defense)

Reduced expression; weakened
antioxidant defense

Fish (gills from polluted areas)

MPs (environmental exposure)

HSP70 (heat shock protein)

Elevated expression; general
stress adaptation

Asian seabass

Polyethylene MPs

CYP1b1, CYP2
(cytochrome P450 genes)

Activated expression; response
to chemical stress
and detoxification

Striped catfish

MPs + pesticides

MHCH-II, IEN-32
(immune genes)

Suppressed expression;
weakened immunity

Korean rockfish

MPs + Streptococcus iniae

IL-1B, TNF-a

Sharply increased expression;
overactive/misdirected

(pathogen) (inflammatory cytokines) immune response
. m6A RNA methylation; Widespread changes; triggered
Rainbow trout Polystyrene MPs c-myc (regulatory gene); 1l . h
p53 signaling cellular aging pathways
Suppressed expression;
Zebrafish MPs (Dh?zeiz, £flde3ne3) increased cellular
pairs damage proneness
. fshp, 1hp, cypl9a Altered expression;
Zebrafish MPs (reproductive axis genes) contributed to reduced fertility
Zebrafish (brain) MPs BDNEF, miR132 Reduced expression; led

(neuroprotective genes)

to neurodegeneration

5.3. Gut Microbiome Dysbiosis

The gut microbiome plays a vital role in maintaining the health of aquatic organisms
by supporting digestion, immunity, and overall metabolism. When fish are exposed to MPs
(MPs), this delicate balance becomes disturbed, leading to gut dysbiosis, which means an
imbalance in the microbial community. One of the most common effects of MP exposure
is a shift in the core bacterial groups. For example, zebrafish exposed to polypropylene
MPs showed a decrease in beneficial bacteria such as Fusobacteriota and an increase in
Proteobacteria, a group often linked to infections [61]. In rainbow trout, polystyrene MPs
caused similar disturbances by increasing Bacteroidota while reducing Proteobacteria [62].
These changes upset the microbial balance that is essential for a healthy gut environment.
At a more specific level, MP exposure often leads to the loss of beneficial microbes and the
rise of harmful ones. In zebrafish, levels of Cetobacterium, a beneficial bacterium that pro-
duces important short-chain fatty acids (SCFAs), were reduced [61]. Meanwhile, harmful
bacteria such as Pseudomonas and Acinetobacter became more abundant [62]. This imbalance
worsened when MPs were combined with other pollutants like cadmium, resulting in the
overgrowth of pathogens such as Pseudomonas aeruginosa and Aeromonas veronii [66]. These
harmful microbes can damage intestinal tissue, reduce nutrient absorption, and weaken
the immune defense. The disruption of gut bacteria has direct consequences for fish health.
The decline in SCFA-producing bacteria lowers the production of essential compounds like
acetic and butyric acids, which help maintain gut integrity and brain function. In crucian
carp, exposure to MPs along with antibiotics caused a major reduction in these fatty acids,
which was linked to changes in brain chemistry and signs of neurotoxicity [86]. Addition-
ally, the overgrowth of harmful microbes can trigger inflammation by activating NF-«B
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and MAPK signaling pathways, leading to the release of pro-inflammatory cytokines [66].
Overall, MPs disrupt gut microbial communities, reduce beneficial metabolites, and pro-
mote inflammation, creating harmful effects that extend beyond the gut to affect the brain
and other vital organs (Figure 2).

High abundance of beneficial bacteria
* Fusobacteriota T

* Cetobacterium T

Balanced microbial community

Healthy Gut * Proteobacteria (normal level)

Normal SCFA production
Intact gut barrier (healthy villi)
Low inflammation

Loss of beneficial bacteria

* Fusobacteriota |

* Cetobacterium |,

Overgrowth of harmful bacteria

* Pseudomonas T

* Acinetobacter 1

Reduced SCFA production
Damaged gut barrier (inflamed villi)
Activated inflammatory pathways

Gut Microbiome Shift MP-exposed Gut

From Gut Dysbiosis to Systemic Toxicity - I

Gut microbiome disruption drives systemic toxicity via inflammatory, metabolic, and

K.

barrier-mediated pathways.

Neurotoxicity in Oxidative stress Chronic Growth reduction and
fish inflammation Increased disease
(Neurotransmitter susceptibility
imbalance)

Figure 2. Microplastic-induced gut microbiome dysbiosis and its systemic health impacts in fish.

5.4. Metabolomic and Biochemical Alterations

Exposure to MPs (MPs) leads to deep changes in the metabolic and biochemical bal-
ance of aquatic organisms, affecting how they generate energy, communicate through
neural signals, and regulate hormones. One of the most consistent findings across species
is the disruption of energy metabolism. In rainbow trout, polystyrene MPs disturbed liver
energy metabolism and cAMP signaling, showing that MPs can weaken normal energy reg-
ulation [48]. Similar results were found in European perch, where exposure to polyethylene
MPs caused a drop in glucose and triglycerides and a rise in lactate and free fatty acids,
indicating a shift toward anaerobic metabolism and fat breakdown [53]. Further metabolic
profiling revealed a decrease in vital compounds like lactic acid, acetylcarnitine, and amino
acids such as leucine and phenylalanine in the liver, suggesting that MPs reprogram entire
metabolic pathways [92]. MPs also disrupt neurotransmitter systems and brain signaling.
In crucian carp, co-exposure to polypropylene MPs and oxytetracycline led to the depletion
of short-chain fatty acids in the gut, including acetic, propionic, and butyric acids. This
alteration was linked to a neurochemical imbalance in the brain. This imbalance included
reduced acetylcholine, dopamine, and serotonin, along with elevated GABA levels [86].
Similarly, in snakehead fish, a combination of PVC MPs and copper lowered dopamine,
serotonin, and acetylcholine while increasing monoamine oxidase activity, clearly showing
disruption in brain chemistry [79]. The endocrine system also suffers greatly. In female
zebrafish, long-term exposure to polystyrene MPs caused a sharp drop in the estradiol-to-
testosterone (E2/T) ratio due to the downregulation of steroidogenic enzymes (Cyp19a) and
vitellogenin genes (vtgl, vtg2), leading to impaired hormone synthesis and reproductive
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health [71]. Advanced metabolomic studies have revealed more pathway-level disruptions
caused by MPs. In zebrafish, co-exposure to MPs and methylmercury activated glycolysis
and the TCA cycle while disturbing sphingolipid and glutathione metabolism [85]. Another
zebrafish study showed disruption in bile acid and sphingolipid metabolism through the
liver-brain axis [76]. In rockfish, fibrous PET MPs interfered with tryptophan and steroid
hormone metabolism [89]. These biochemical disturbances often appear alongside clinical
signs of toxicity, such as increased liver enzymes (ALT, AST, LDH), altered cholesterol and
urea levels indicating liver and kidney stress [64,69], and blood-related effects like reduced
red blood cell counts and hemoglobin in Korean bullhead and European perch [52,80].
Together, these findings reveal that MPs act as powerful metabolic disruptors that damage
energy balance, brain and hormone function, and vital biochemical pathways, ultimately
causing broad physiological harm to aquatic life (Table 5).

Table 5. Summary of metabolomic and biochemical alterations induced by MP exposure in
aquatic organisms.

Species Microplastic Type Key Effects

Disruption of liver energy
Rainbow trout Polystyrene (PS) metabolism and cAMP signaling,
weakening energy regulation

Decreased glucose and
triglycerides; increased lactate and
free fatty acids, shifting to
anaerobic metabolism and lipolysis

Gut depletion of short-chain fatty
acids (acetic, propionic, butyric);
brain neurochemical imbalance

European perch Polyethylene (PE)

Crucian carp Polypropylene (PP) +

oxytetracycline (J acetylcholine, dopamine,
serotonin; T GABA)
J Dopamine, serotonin,
Snakehead fish PVC + copper acetylcholine; T monoamine

oxidase activity, disrupting
brain chemistry

J Estradiol-to-testosterone (E2/T)
ratio; downregulation of Cyp19a,
Female zebrafish Polystyrene (PS) vtgl, and vtg2 genes, impairing
hormone synthesis
and reproduction

Activation of glycolysis and TCA
Zebrafish MPs + methylmercury cycle; disruption of sphingolipid
and glutathione metabolism

Interference with tryptophan and

Rockfish Fibrous PET steroid hormone metabolism

5.5. Translational Relevance to Human Health

MPs can enter the human body mainly when people eat contaminated seafood. This
shows that the aquatic food chain is an important pathway for these tiny plastic particles
to reach humans. A systematic review found that fish and shellfish eaten by humans are
often contaminated with MPs. This means that when these foods are consumed, MPs can
directly enter the human body [93]. Aquatic animals are directly exposed to MPs in the
water and sediment they live in. This can harm them by damaging their gills, making
it harder for them to eat, and even affecting whole populations of fish and other small
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Contaminated seafood

MPs found in gut and

organisms. Humans, on the other hand, are not exposed directly in the same way. Instead,
they mainly take in MPs indirectly by eating contaminated seafood. However, once these
particles enter biological systems, they may induce fundamental cellular responses such
as oxidative stress, inflammation, and cytotoxicity, as demonstrated in multiple human
cell line studies (e.g., Caco-2, A549, and BEAS-2B), alongside observations in aquatic
organisms [94]. A study by Cox et al. (2019), estimated that humans may consume about
39,000 to 52,000 microplastic particles each year and this number can be even higher when
exposure through inhalation is included [95]. After entering the body, MPs can remain
in the digestive system. Studies have found MPs in 94% of human stool samples, which
shows that humans are continuously exposed to them through their diet [96]. Notably,
recent studies have found MPs in human blood. This shows that these tiny particles can
cross the body’s natural barriers and move through the bloodstream [97]. MPs have been
reported to induce cellular responses such as oxidative stress, inflammatory signaling,
and immune-related changes in experimental systems; however, the nature, consistency,
and biological significance of these responses remain uncertain. They can also carry toxic
chemicals into the body through a process known as the “Trojan horse” effect [98]. Overall,
these findings provide strong real-world evidence that MPs from fish consumption can
build up in the human body and may create new health risks. These findings are clearly
summarized in Figure 3, which provides a conceptual overview of the possible routes of
entry, accumulation, and potential effects of MPs in the human body:.

Oxidative Stress

Inflammation

Bloodstream Potential
Health

Risks
MPs found in blood

Immune Response

Toxic Chemicals
Trojan horse effect

Figure 3. Transfer of MPs from seafood to humans and associated health risks.

Collectively, MPs exert their toxic effects through interconnected molecular pathways,
including apoptosis, altered gene regulation, disruption of the microbiome, and metabolic
imbalance. These mechanisms may help explain the observed physiological damage and
also suggest the potential ability of MPs to influence cellular functions and long-term bio-
logical responses. Such molecular insights provide a basis for a mechanistic link between
microplastic exposure and toxicity at the organismal level. Furthermore, while these molec-
ular mechanisms are well-established under laboratory conditions, their manifestation in
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natural environments may vary due to additional ecological and environmental variables,
highlighting the need for more field-based validation.

6. Mitigation Strategies for Microplastic Pollution

MP pollution originates from multiple interconnected sources, including excessive
plastic production, inadequate waste management, synthetic textile fibers, and tire wear
from road transport. These root causes contribute to the continuous release of MPs into the
environment through wastewater, atmospheric deposition, and surface runoff. Therefore,
effective mitigation requires a source-oriented and multi-level approach that addresses
both upstream production and downstream environmental pathways. Importantly, the
mitigation strategies outlined below are directly informed by the mechanistic and physi-
ological evidence discussed in earlier sections. For example, the roles of oxidative stress,
bioaccumulation, and the “Trojan horse” effect in amplifying toxicity underscore the need
for source reduction, improved wastewater filtration, and regulation of co-contaminant
transport. In this context, the proposed strategies are not merely policy recommendations
but are grounded in experimentally observed pathways of microplastic-induced toxicity.

The following strategies therefore highlight practical, science-based approaches to
reduce MP pollution and protect aquatic life.

e  The most effective mitigation strategy is reducing plastic at the source. The shift
to biodegradable materials, bio-based polymers and other environmentally friendly
alternatives can greatly reduce the amount of secondary MPs generated. When
promoting eco-design values, i.e., superior durability, minimized fragmentation, and
less-toxic chemical additives, the possibility of forming MPs in the course of use and
disposal is also reduced. However, even though biodegradable plastics are often
considered a sustainable solution, it is important to remember that they may still break
down into MPs under certain conditions. Therefore, their potential environmental
risks should also be carefully considered.

e  Another significant interception point of MPs is wastewater treatment plants (WWTPs).
The percentage of MP particles that can be removed using upgraded conventional
systems comprises membrane bioreactors (MBRs), rapid sand filtration, dissolved
air flotation, and advanced oxidation processes that can remove up to 90-99 percent
of plastic particles [99]. The use of microfiber filters in industrial laundries and
marketing household washing-machine filters can also help to reduce the flow of
synthetic fibers into the water [100]. This approach targets one of the final interception
points before MPs enter natural water bodies, making it highly effective in reducing
direct aquatic contamination. However, it does not address upstream sources such as
plastic production and textile emissions.

e Improved waste management activities such as frequent clean-up activities, separated
waste collection, and effective recycling mechanisms are expected to prevent the
disintegration of plastic waste materials into water bodies. The infrastructure of
cities can be improved with stormwater retention ponds, trash capture systems, and
sidewalk sediment filters that can decrease the amount of tire wear debris and synthetic
rubber scraps transported to rivers and coastal areas. These measures primarily
address the root cause of secondary MPs by preventing the breakdown of larger
plastic debris, and are particularly effective in urban environments where waste
leakage is high.

e The actions of the government are important. Single-use bans, microbead bans,
extended producer responsibility (EPR) and compulsory environmental labelling
are among the policies that can be used to reduce the production of plastic waste.
Enhancing the international regulations on plastic manufacturing, the development
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of circular economy models, and imposing fines on the inappropriate disposal of
materials are key elements of long-term decreases in MP pollution. Such regulatory
approaches act at the source level by limiting plastic production and use, making
them among the most effective long-term strategies for reducing overall microplastic
generation.

New environmental plans are based on the utilization of natural systems to trap or
degrade MPs. Natural barriers of filtration can be made by wetlands, mangroves [101],
and riparian vegetation, which can minimize the movement of MPs [102,103]. Also,
certain microorganisms can degrade polymers (e.g., some strains of Bacillus, Pseu-
domonas, and Ideonella sakaiensis) with good prospects for microbial bioremedia-
tion [104]. More studies are required to streamline these techniques to large-scale
usage without environmental danger. These approaches provide environmentally
sustainable mitigation by capturing or degrading MPs in natural settings, although
their large-scale efficiency and long-term ecological impacts require further evaluation.
The use of plastic and irresponsible disposal can be minimized by educating the
population about the problem, participating in community clean-up efforts, and in-
volving the citizens in science projects. Providing encouragement to change behaviors,
such as the selection of reusable products, reducing the use of synthetic textiles, and
supporting brands that are sustainable, will help to decrease the release of MPs at
a consumer level. Although indirect, this strategy addresses behavioral drivers of
plastic use and supports long-term reduction by influencing consumer choices and
promoting sustainable practices.

To ensure uniform monitoring of the world, it is necessary to develop uniform pro-
cedures in the process of sampling, analyzing, and reporting MPs. The creation
of risk assessment models considering the size of particles, polymer type, degrada-
tion, and co-contaminant effects will allow policymakers and researchers to make
more informed ecological and human health risk assessments and adopt specific
mitigation measures. This approach does not directly reduce MPs but plays a critical
role in identifying high-risk sources and guiding targeted mitigation strategies and
policy decisions.

A summary of mitigation strategies for MP pollution is presented in Table 6.

Table 6. Summary of mitigation strategies for microplastic pollution.

Category Mitigation Strategy Key Actions
Shift to biodegradable materials, bio-based
Source Reduction Reduce plastic production and use polymers, eco-design (durability, low

fragmentation, non-toxic additives)

Membrane bioreactors (MBRs), rapid sand

Wastewater Treatment Capture MPs before water filtration, dissolved air flotation, advanced
Improvements discharge oxidation; laundry microfiber filters;
washing-machine filters
Frequent clean-ups, separate waste
Solid Waste & Prevent plastic waste fragmentation  collection, efficient recycling; stormwater

Urban Management

and entry into water bodies retention ponds, trash capture systems,
sediment filters

Policy & Regulatory Actions

Single-use plastic bans, microbead bans,
extended producer responsibility (EPR),
environmental labeling, circular economy
models, fines for improper disposal

Government-level interventions
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Table 6. Cont.

Category

Mitigation Strategy Key Actions

Nature-based Solutions

Wetlands, mangroves, riparian vegetation
as natural filters; microbial bioremediation
(Bacillus, Pseudomonas, Ideonella sakaiensis)

Use natural systems for filtration
and degradation

Public Awareness &
Behavioral Change

Avoid synthetic clothing, choose reusable
products, community clean-up events,
citizen-science programs, support
sustainable brands

Educate and involve communities

Monitoring & Research
Standardization

Develop standardized sampling and
Improve scientific assessment and ~ analysis protocols, create risk-assessment
data reliability models considering particle size, polymer
type, degradation, and co-contaminants

7. One Health Approach

The One Health approach provides a useful framework that acknowledges the inter-
connections between human, animal, and environmental health, and may support efforts
to address microplastic pollution. Since MPs can move freely in the ecosystems, i.e., water,
soil, and food, they are a threat to wildlife, domestic animals, and people at the same time.
One Health encourages cross-sectoral collaboration among environmental scientists, health
experts, veterinarians, policy makers, and local communities with the aim of understanding
the exposure pathways, risk assessment, and the development of effective mitigation strate-
gies. Although the direct impacts of MPs on human health remain uncertain, evidence from
experimental and ecological studies highlights potential cross-system effects that support
the need for an integrated approach. The One Health framework may therefore contribute
to more comprehensive and coordinated strategies for reducing MP pollution and its poten-
tial long-term consequences through research, monitoring, community engagement, and
sustainable policy development.

8. Global Case Studies on One Health Approach

Building on the mechanistic and ecotoxicological evidence presented in earlier sec-
tions, the following case studies illustrate how these scientifically established impacts
of MPs translate into real-world interventions and policy actions within a One Health
context. Selected case studies and innovation-driven responses highlight how integrated
approaches can contribute to reducing microplastic pollution. For example, Rwanda’s ban
on plastic bags demonstrates how regulatory measures can effectively reduce plastic waste
and associated environmental and public health risks [105]. Similarly, initiatives such as
the Netherlands’ Plastic Pact aim to improve recyclability and reduce single-use plastic
consumption through circular economy strategies [106]. Technological innovations also
offer potential solutions. Recent developments include biodegradable and water-soluble
plastics designed to reduce environmental persistence and minimize microplastic forma-
tion [107,108]. In addition, observatories located along various oceanic shores continuously
monitor environmental risks, including the behavior and migration of marine species,
particularly those affected by MP pollution [109]. Emerging materials, such as advanced
“smart” plastics with improved durability and functional properties, may further contribute
to reducing fragmentation and environmental release, although their long-term environ-
mental safety requires further evaluation [110]. Moreover, the durability, adaptability, and
potential for safe degradation of these smart plastics may help reduce MP pollution. These
issues align with several Sustainable Development Goals, including SDG 3 (Good Health
and Well-being), SDG 6 (Clean Water and Sanitation), SDG 12 (Responsible Consumption
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and Production), SDG 13 (Climate Action), SDG 14 (Life Below Water), and SDG 15 (Life
on Land).

9. Proposed One Health Framework

Based on the demonstrated multi-level toxicity of MPs, particularly the mechanistic
and ecotoxicological evidence observed in fish as sentinel species, this section proposes
a One Health framework that integrates these scientific findings into coordinated mitiga-
tion and policy strategies. MP pollution is a complex, transboundary issue that requires
collaborative and multi-sectoral approaches. No single government or sector can address
it alone or mitigate its long-term consequences. Instead, a coordinated and sustainable
strategy may be adopted, as outlined in Figure 4, guided by the One Health framework.
According to this framework, governments around the world can work together to de-
velop and implement appropriate legislation to reduce MP pollution, including global
and national strategies aimed at minimizing plastic leakage into the environment and
supporting international agreements to control plastic pollution. Rather than advocating
for an outright ban, emphasis should be placed on source reduction, improved waste man-
agement, and the development of safer and more sustainable material alternatives. Key
actions may include reducing the use of single-use plastics, promoting alternative materials,
engaging the public, raising awareness, and providing incentives for industries to adopt
sustainable practices. Investment in innovative and environmentally safer materials may
further contribute to reducing microplastic generation. Packaging and consumer products
should also be designed with reuse, durability, and biodegradability in mind, while recog-
nizing that the environmental performance of such alternatives requires further evaluation
under real-world conditions. Researchers should continue to investigate environmentally
relevant exposure scenarios and associated risks, while civil society must play a key role
in raising public awareness and supporting accountability across institutions. Moreover,
public engagement may help encourage reduced reliance on single-use plastics and support
for sustainable products, thereby contributing to long-term mitigation efforts.
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Coordinated multi-sectoral actions are essential to reduce microplastic pollution
and associated ecological and health risks for current and future generations.

Figure 4. A One Health-based conceptual framework for mitigating microplastic pollution across sectors.
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10. Discussion on One Health Policy

Given the evidence that MPs may induce oxidative stress, immune disruption, and
systemic toxicity across species, effective policy implementation should be informed by
these mechanistic insights to support targeted and evidence-based mitigation strategies.
Effective implementation of a One Health Policy for MP pollution prevention requires a
well-trained and interdisciplinary workforce. Therefore, interdisciplinary curricula, in-
cluding medical, agricultural, and environmental education programs, should incorporate
topics related to MP pollution and its prevention. Similarly, training institutions, including
governmental and technical organizations, can further support capacity building through
specialized education and training programs. In addition, environmental scientists, to-
gether with diverse community groups, can offer oversight and guidance to support the One
Health Policy.

The ongoing negotiations of a global plastics treaty aim to incorporate the One Health
principles. This approach emphasizes the interconnectedness of people, animals, and
ecosystems, enabling a more comprehensive response to the global risks posed by plastic
pollution. In addition, the treaty may provide financial support to low- and middle-income
countries to facilitate its implementation [111]. Furthermore, data collection on plastic
pollution in air, water, soil, food, and other sources, as well as the identification of pollution
hotspots, the development of open-access databases, and strategies to reduce pollution
risks, should be systematically monitored [14]. It is also important to consider the co-
pollution of heavy metals, industrial waste, and MPs, which may enhance their spread
throughout ecosystems in the future [112]. Therefore, these issues should be incorporated
into the One Health framework to ensure coordinated prevention of such co-contamination.

While measures such as reducing plastic use, recycling, and clean-up efforts are im-
portant, they may not be sufficient on their own to address MP pollution. A broader
approach may include reducing plastic leakage into the environment, promoting safer
material alternatives, and encouraging sustainable production and consumption patterns.
Governments can support these efforts through appropriate regulations, incentives, and
public engagement strategies, while industry and stakeholders may contribute to innova-
tion and implementation. Such coordinated actions, combined with public participation,
may contribute to long-term mitigation of MP pollution [113,114]. Moreover, MPs have
been detected in seafood, drinking water, and agricultural products, suggesting potential
pathways of human exposure. In this context, strengthening food safety monitoring and
risk assessment frameworks may be beneficial for regulatory agencies [17].

11. Emerging Directions in One Health Microplastic Research

The emerging research directions outlined below are informed by the mechanistic
gaps and translational limitations identified in earlier sections, particularly regarding long-
term exposure, cross-system effects, and human health implications of MPs. Our One
Health Framework includes several guidelines for preventing MP pollution, which are
discussed below.

Research shows that nano- and MPs can enter the lungs through inhalation and may
induce inflammation or oxidative stress. In addition, these tiny plastic particles may
translocate to secondary organs, including the brain, where associated chemicals (e.g., BPA
and phthalates) could potentially disrupt normal biological functions. As a result, they
may be associated with potential neurological and developmental effects, although current
evidence remains limited. Therefore, these potential risks and their impacts should be
further investigated and considered within the One Health Framework. Furthermore, many
studies have highlighted the long-term problems caused by MPs in biodiversity, including
impacts on marine organisms, water systems, animals, humans, and various types of
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insects and mites. MPs have been reported to affect reproductive health, pollination,
and food production, as well as cause physical damage under certain experimental and
environmental conditions. Therefore, it is important to incorporate this analysis into the
One Health Framework.

Studies also show that MPs can disrupt climate-related processes. MPs in the ocean
may affect plankton, which interferes with carbon cycling processes. Floating plastic may
influence the reflection of sunlight and the absorption of heat in water. Additionally,
burning plastics releases greenhouse gases into the atmosphere. Therefore, the One Health
Framework should also consider how MPs threaten the climate and outline strategies to
prevent such pollution. Indoor air has been found to contain high levels of MPs, originating
from sources such as synthetic fabrics, carpets, and 3D printing materials. Poor ventilation
may increase exposure levels, which could pose potential health risks, although direct
links to specific diseases such as cancer remain insufficiently established. Therefore, health
policies may be developed to monitor and prevent indoor MP pollution, and this should be
part of the One Health Framework.

Social media can serve as an effective platform for preventing MP pollution and raising
public awareness. Digital platforms and social media may facilitate public engagement,
information sharing, and awareness related to MP pollution. Therefore, digital engagement
should also be considered as a strategy within the One Health Framework. Finally, there
is growing evidence that nano- and MPs may act as carriers of harmful bacteria and
genes, potentially contributing to altered microbial dynamics and the spread of antibiotic
resistance genes. Since these particles are widespread in water, food, animals, and the
environment, microbial communities attached to them may pose potential ecological and
health risks, although further research is required to establish these links. Therefore, this
concern should also be included in the One Health Framework.

12. Conclusions

MPs represent a persistent and biologically active class of contaminants that exert
multi-level toxicity in aquatic organisms. In marine and freshwater species, MPs can cause
physical obstruction, cellular damage, and physiological disruption, affecting growth,
reproduction, and survival. These effects may alter food web dynamics and ecosystem
stability. However, current understanding of human health impacts remains limited, and
most evidence is derived from experimental and model-based studies rather than direct
human data. Evidence suggests that exposure may be associated with oxidative stress,
metabolic disturbances, and disruption of normal biological functions, although many
aspects remain insufficiently understood. The capacity of MPs to adsorb and transport
heavy metals, antibiotics, and organic pollutants may further enhance their potential health
risks through combined exposures. Despite significant advances, there are still critical
gaps of knowledge in relation to chronic low-dose exposure, nano-size plastic behavior,
cross-generational impacts and long-term ecosystem level impacts. To handle the problem
of microplastic pollution, therefore, necessitates an integrated One Health approach that
supports the connection between the integrity of aquatic ecosystems and food safety and
human health. Coordinated global policies, standardized monitoring protocols, source
reduction strategies, and investment in sustainable material innovation are essential to
mitigate future risks.

13. Future Research Directions

Future studies should focus on understanding the long-term impacts of microplastics
on aquatic ecosystems under realistic environmental conditions rather than controlled labo-
ratory settings. More research using naturally aged microplastics is needed to reveal how

https://doi.org/10.3390 /microplastics5020102


https://doi.org/10.3390/microplastics5020102

Microplastics 2026, 5, 102 25 of 30

weathering and surface changes influence their toxicity. Exploring molecular mechanisms
through combined approaches such as transcriptomics, proteomics, and metabolomics can
help uncover how microplastics disrupt cellular and physiological processes. It is also
crucial to investigate how microplastics interact with other pollutants like heavy metals,
pesticides, and pharmaceuticals, as these combined exposures may intensify their harmful
effects. Developing standardized methods for detecting, quantifying, and characterizing
microplastics will improve the reliability and comparability of global studies. Finally, future
research should emphasize sustainable solutions, including the development of biodegrad-
able materials, better waste management systems, and effective policy implementation to
reduce plastic pollution and safeguard both environmental and human health.
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