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Simple Summary: Plastic debris is categorized by size as macro-, meso-, micro-, and nanoparticles.
However, little attention has been given to plastic particles that are invisible to the naked eye, yet
too big to be considered nanoparticles. Although the health and ecological effects of the ingestion of
micro- and nanoplastics are starting to be well-documented, plastic particles at the lower size limit
of microplastics have different characteristics than large (1–5 mm) microplastic particles and may
induce higher toxicity. Within our study, we exposed fish specimens to powder particles of polyvinyl
chloride (PVC) via ingestion. The polymer used, although considered biologically inert, manifested
notable negative effects in its powder form.

Abstract: Plastic debris is considered an emerging aquatic pollutant as an alarming number of
reports are indicating the environmental contamination with such agents. Ichthyofauna has been
subjected to increasing plastic pollution over the past years, which has led to detrimental effects
in the food chain, and consequently to the general health of ecosystems. In this study, we exposed
juvenile specimens of Oreochromis niloticus to polyvinyl chloride (PVC) in powder form. Specimens
and water parameters were closely monitored for 40 days before tissue samples were collected for
histological and biochemical analysis. Structural hepatic alterations were observed in specimens from
the exposed groups, such as intercellular corridors, dilation of sinusoidal capillaries, hyperchromatic
nuclei, nuclear hypertrophy, and cytoplasm vacuolization. Low catalase activity was observed in
the case of 1000 mg of PVC/kg feed group, as well as high levels of malondialdehyde compared to
the control group, indicating oxidative stress. Glutathione peroxidase activity was also significantly
decreased in the 500 and 1000 mg/kg feed group compared to the control group. These findings
suggest that a midterm exposure to PVC particles can significantly affect the activity of antioxidative
enzymes in O. niloticus specimens and induce changes of hepatic tissue structure.

Keywords: microplastics; polyvinyl chloride; oxidative stress; fish; pollutants

1. Introduction

Plastic waste is now considered a ubiquitous pollutant in both aquatic and terres-
trial environments [1,2]. There are different groups of plastic debris that vary in shape,
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size, and/or chemical composition, and these characteristics can be related to their tox-
icity [3,4]. From a chemical point of view, most consumers’ plastics can be divided into
seven groups [5], among them being polyvinyl chloride (PVC), a polymer produced by
polymerization of the toxic vinyl chloride monomer [6]. Although composed of up to 57%
vinyl chloride monomers, PVC is the third most manufactured plastic in the world and one
of the most widely used plastic materials in everyday items as well as in medical products,
being considered safe, versatile, and having a low cost of ownership [7,8], but being highly
problematic as a pollutant [9–11].

Despite the fact that most plastic products are considered safe and are an integral
part of our everyday lives, [6] plastic waste has high detrimental effects on the ecosystem
and public health [12]. It is not only the chemical composition and substances resulting
from their degradation, but also the size and shape of the plastic litter itself that causes
the detrimental effects [13–15]. Judging by their size, plastic fragments have been divided
in nano-, micro-, meso-, macro-, and megasize ranges, but a consensus on the ranges’
limits has not been reached [16]. The National Oceanic and Atmospheric Administration
concluded that the most prevalent form of plastic litter is microplastics (MPs), which
should be defined as fragments <5 mm with a suggested lower size boundary of 333 µm
for ease of detection [17]. Others reported MPs as particles with sizes of 1–1000 µm [18]
or 1–5000 µm [16], although a clear nomenclature is lacking [18]. Currently, the classes of
plastic waste that are receiving the most attention are macro- and microparticles visible by
eye, as these can be easily observed in the environment and intestinal tract of wild fauna
that mistakenly ingested them as food [19–22].

Consumption of these particles can generally cause mechanical damage or obstruction
of the digestive tract, which in turn leads to the prevention of proper nutrient absorption.
However, there is a possibility that small microplastics are able to penetrate through the
intestinal wall and be transported to other tissues [21], as well as having different size-
dependent toxicity [14,23]. The lack of a clear size nomenclature and no general consensus
regarding plastic debris size categories is detrimental to their study, as confusion can take
place and some plastic debris size classes and their effects can be overlooked or disregarded.

This study focused on PVC particles invisible to the naked eye that are still too big
to be considered in the nanosize category (1 nm–1000 nm) [24,25]. PVC is a high-density
polymer, a property which leads to it sinking to the bottom of water bodies, thus increasing
its prevalence in sediments and therefore, facilitating more PVC ingestion by bottom
dwelling species [26]. The species used in this study, Oreochromis niloticus, represents
a fitting biological model for microplastics toxicity studies through its high economic
potential, wide geographic distribution, and ease of brooding in natural and laboratory
environments, as well as being a known model to study the responses and adaptations of
fish populations to aquatic pollutants in fresh and brackish water [27–31]

The study aimed at gauging the effects of ≈50 µm Ø PVC particles on O. niloticus
via liver histological observations and liver enzymatic activities, as well as levels of lipid
peroxidation after a 40-day monitored exposure to the pollutant. The exposure took place
via ingestion in a controlled environment, as the species is susceptible to MPs contamination
via ingestion, but also via non-ingestion exposure through gills or even tegument [29,32].

2. Materials and Methods
2.1. Specimens and Exposure Conditions

Commercially available juvenile specimens of Oreochromis niloticus (length ≈ 6 cm;
weight ≈ 4 g), hatched and grown in an experimental facility under a controlled and
nontoxic environment, were randomly distributed into 3 groups (10 specimens per group
per water tank), using water tanks of 40 L capacity each (Aquamedic nursery water tanks,
Aquamedic, Bissendorf, Germany). This study was run with (i) a control group, represented
by fish which received feed without PVC, (ii) a second group exposed to 500 mg of PVC
per kg feed, and (iii) the third group exposed to 1000 mg of PVC per kg feed. The water
tanks with exposed specimens and the water tank with the control group were subjected
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to identical water filtration conditions. Water was recirculated constantly via continuous
pumping (Oceanrunner 2500, Aquamedic, Bissendorf, Germany) and the filtration was
assured by an multilayer sponge bed, activated charcoal, and ceramic beads systems.

Temperature, pH, and oxygen saturation sensors (Aquamedic, Bissendorf, Germany)
were connected to the aquariums via a PC platform (AT-Control v7.0.0.6 software) to moni-
tor the parameterstwice per day, before and after feeding; The measurements took place
during the 40-day exposure study (Supplementary Table S1), after a 2-week accommodation
period.

Feed pellets containing PVC were made in two concentrations: 500 mg of PVC per kg
of feed and 1000 mg of PVC per kg of feed, respectively. The feed was prepared by grinding
“Aller Futura 0.5–1 mm” (Aller Aqua, Denmark, Christiansfeld) feed pellets (Table 1) and
then adding PVC (Polyvinyl chloride powder, Carl Roth, Karlsruhe, Germany) (particles
size ≈ 50 µm Ø) and water under constant mixing. The paste obtained was reformatted
into ≈ 1 mm Ø pellets using a pellet maker and left to dry on paper towels for 24 h at room
temperature. The control group received the same reformatted feed, but without PVC.
All specimens were fed once a day with pellets weighing 1.5% of the groups’ total body
mass. The specimens were sacrificed by decapitation, as using asphyxiation or other means
would have interfered with the enzymatic assays.

Table 1. Nutrient composition of feed pellets used. Nitrogen-free extract (NFE) consists of carbohy-
drates, sugars, starches, and a major portion of materials classed as hemicellulose in feeds. When
crude protein, fat, water, ash, and fiber are added and the sum is subtracted from 100, the difference
is NFE.

Category Unit of Measure

Crude protein (%) 60

Crude fat (%) 15

Nitrogen-free extract (NFE) (%) 5.7

Ash (%) 12.6

Fiber (%) 0.7

P (%) 1.4

Gross energy (MJ) 21.2

Digestible energy (MJ) 19.7

The study was performed in conformity with the Guide for the Use and Care of
Laboratory Animals recommendations regarding reduction of animal suffering and number
of animals sacrificed [33], being approved by the Ethics Committee of Research within the
University of Bucharest (decision no. 42/07.07.2021).

2.2. Biochemical Assays
2.2.1. Preparation of Tissue Homogenates, Catalase (CAT), and Glutathione Peroxidase
(GPx)

Liver tissue samples from 5 specimens per group were suspended 1:10 w/v in ice-cold
buffer (0.1 M Tris-HCl, 5 mM EDTA, pH 7.4) and homogenized for 2 min at
30 movements/sec using a Mixer Mill (MM 301 homogenizer, Retsch, Haan, Germany).
The mix was centrifuged at 10,000× g for 10 min at 4 ◦C and the supernatant was collected
and used for the assays.

CAT activity was measured spectrophotometrically at 240 nm by evaluating the
disappearance of H2O2 from the reaction medium which also contained total protein
extract and 0.1 M potassium phosphate buffer (pH~7.1). The activity of GPx was evaluated
by monitoring the oxidation of NADPH by t-butyl hydroperoxide at 340 nm. All enzymatic
activities were measured on Specord200Plus spectrophotometer (Analytik Jena, Germany)
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and calculated as specific activities (units/mg of protein), the results were expressed as
mean values.

2.2.2. Lipid Peroxidation

For monitoring lipid peroxidation under the form of malondialdehyde (MDA), thio-
barbituric acid (TBA) was used as the reactive substance. MDA-TBA adducts, formed
as a result of the reaction between MDA from the biological sample and TBA at 37 ◦C,
can be measured fluorometrically (λ excitation = 520 nm, λ emission = 549 nm). For
200 µL of sample with a protein concentration of 1 mg/mL, 700 µL of 0.1 N HCl was added,
and the mixture was incubated for 20 min at room temperature. Then, 900 µL of 0.025 M
thiobarbituric acid weas added, and the mixture was incubated for 65 min at 37 ◦C. The
fluorescence was recorded using a Jasco FP750 spectrofluorometer (Tokyo, Japan) with the
wavelengths set at 520 nm/549 nm for excitation/emission. MDA content was calculated
based on a 1,1,3,3-tetramethoxypropane standard curve in the range of 0–0.5 µM. The
results were expressed as nmoles of MDA/mg protein.

2.3. Histological Analysis

Liver samples were immediately collected after tissue clarification and briefly kept
on ice prior to being immersed in the fixative solution (25 mL of formaldehyde, 1 g of
NaH2PO4, 1.625 g of Na2HPO4, and H2O up to 250 mL) to avoid tissue degradation. The
dehydrating and tissue clarification steps were performed using consecutive incubations
with ethanol of increasing concentrations (70◦, 90◦, and 100◦) and then with toluene (100◦).

The samples were embedded in paraffin wax at 60 ◦C and sectioned with a microtome
(Rotary Microtome model 45, Lipshaw, Detroit, Michigan, USA) with slide thickness set at
6 µm. These sections were put on slides and kept at room temperature. Then, the slides were
deparaffinized using toluene and washed with ethanol of decreasing concentrations (100◦,
90◦, and 70◦) and water. Then, the staining with hematoxylin and eosin was performed,
followed by dehydration in ethanol, clarification with toluene, and mounting in Canada
balsam [34]. For each specimen, five slides were visualized on an Olympus BX43 light
microscope (Olympus, Tokyo, Japan). The histological changes within the liver tissues were
analyzed by randomly selected sections obtained for each fish as qualitative observation.

2.4. Statistical Analysis

Results were analyzed using the Student t-test (Microsoft Excel). Values were calcu-
lated as mean ± standard deviation (SD) expressed relative to control. The results were
considered significant only if the p value was less than 0.05.

3. Results
3.1. Enzymatic Activity

CAT activity in the hepatic tissue from the 500 mg PVC group was not significantly
lower than the levels from the control group. However, a drastic decrease of CAT activity
was observed in the hepatic tissue of fish from the 1000 mg PVC group (Figure 1), suggesting
a high accumulation of hydrogen peroxide and enzyme inhibition.

Glutathione (GSH) level, the most abundant cellular thiol antioxidant, was evaluated
through the activity of the GPx enzyme, which exhibited significantly lower activities in
the PVC-exposed groups compared to the control group (Figure 2).

Lipid peroxidation induced by PVC MPs was evaluated through the MDA values
(Figure 3). The increasing MDA levels correlated with the CAT and GPx activity and
indicated a rate of lipid peroxidation that increased with the concentration of the pollutant
(p < 0.001 for 1000 mg PVC group compared to the control group).

3.2. Histological Observations

The liver of control fish exhibited normal architecture with uninucleate polygonal
hepatocytes, embedded between blood sinusoids. The vesicular nucleus, provided with
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a centrally placed nucleolus, had homogeneous chromatin. Most of the cells contained
unstained cytoplasm (Figure 4A) or vacuolated, with eccentrically placed nuclei (Figure 4B).
Cytoplasm vacuolization and nuclear hypertrophy (Figure 5A,B) were present in the
500 mg PVC-exposed group. Also, there were observed increased hepatocyte cytoplasm
basophily, cytoplasm vacuolation, nucleus, vacuolation, clumps of nuclear chromatin,
necrosis, and leucocytes penetrating the walls of blood vessels and infiltrating the sur-
rounding tissue (Figure 6A–D).

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 17 
 

 

 

Figure 1. Catalase activity measured in the hepatic tissue from control and PVC-exposed groups. 

The results were expressed as mean values ± standard deviation (n = 5 specimens per group). *** p 

< 0.001 compared to control group. 

Glutathione (GSH) level, the most abundant cellular thiol antioxidant, was evaluated 

through the activity of the GPx enzyme, which exhibited significantly lower activities in 

the PVC-exposed groups compared to the control group (Figure 2). 

 

Figure 2. Glutathione peroxidase activity measured in the hepatic tissue from control and PVC-

exposed groups. The results were expressed as mean values ± standard deviation (n = 5 specimens 

per group). ** p < 0.01 compared to control group. 

Lipid peroxidation induced by PVC MPs was evaluated through the MDA values 

(Figure 3). The increasing MDA levels correlated with the CAT and GPx activity and in-

dicated a rate of lipid peroxidation that increased with the concentration of the pollutant 

(p < 0.001 for 1000 mg PVC group compared to the control group).  

Figure 1. Catalase activity measured in the hepatic tissue from control and PVC-exposed groups.
The results were expressed as mean values ± standard deviation (n = 5 specimens per group).
*** p < 0.001 compared to control group.

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 17 
 

 

 

Figure 1. Catalase activity measured in the hepatic tissue from control and PVC-exposed groups. 

The results were expressed as mean values ± standard deviation (n = 5 specimens per group). *** p 

< 0.001 compared to control group. 

Glutathione (GSH) level, the most abundant cellular thiol antioxidant, was evaluated 

through the activity of the GPx enzyme, which exhibited significantly lower activities in 

the PVC-exposed groups compared to the control group (Figure 2). 

 

Figure 2. Glutathione peroxidase activity measured in the hepatic tissue from control and PVC-

exposed groups. The results were expressed as mean values ± standard deviation (n = 5 specimens 

per group). ** p < 0.01 compared to control group. 

Lipid peroxidation induced by PVC MPs was evaluated through the MDA values 

(Figure 3). The increasing MDA levels correlated with the CAT and GPx activity and in-

dicated a rate of lipid peroxidation that increased with the concentration of the pollutant 

(p < 0.001 for 1000 mg PVC group compared to the control group).  

Figure 2. Glutathione peroxidase activity measured in the hepatic tissue from control and
PVC-exposed groups. The results were expressed as mean values ± standard deviation
(n = 5 specimens per group). ** p < 0.01 compared to control group.

In the 1000 mg PVC-exposed group, dilation of sinusoidal capillaries and mast cells
was present (Figure 7), along with intercellular corridors and hyperchromatic nuclei
(Figure 8) being observed. The vacuolated cytoplasm of the hepatocytes showed an in-
creased eosinophilia, the nuclei underwent changes such as hypertrophy, pyknosis or
karyolysis. Atypical lymphocytes and red blood cells appear in widely dilated sinusoidal
capillaries; necrotic areas were observed as well (Figures 9–12).
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eosin stained to reveal regressive changes in liver tissue: alteration that affects the tissue structure
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hypertrophy (arrow), vacuolation (NV), the appearance of clumps of nuclear chromatin (CNC), and
necrosis (N).
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Figure 9. Microphotographs of Oreochromis niloticus liver, exposed to 1000 mg PVC (hematoxylin–
eosin staining). The vacuolated cytoplasm of the hepatocytes shows an increased eosinophilia; the
nuclei undergo changes such as hypertrophy, pyknosis (P) or karyolysis (K). Atypical lymphocytes (L)
and red blood cells appear in widely dilated sinusoidal capillaries. Necrotic areas are observed (N).
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Intranuclear eosinophilic granules (Figure 12) and intranuclear granular material
(Figure 13), as well as karyorrhexis, a nuclear modification specific to necrosis (Figure 14),
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were also highlighted. The intensification of eosinophilia and hyalinization of the cytoplasm
was evident in the necrotic region of the tissue (Figure 15).
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4. Discussion

Liver histological observations provide robust indications of fish toxicity because
this organ is primarily responsible for the detoxification and inactivation of exogenous
compounds [32,35–37]. The fish liver features similar general circulatory components as the
mammalian liver, blood being supplied by hepatic arterioles and portal veins, and drained
by hepatic veins [37]. In many species belonging to Teleostei, such as Cichlidae (bony
fish), the liver is divided into three lobes, however, no lobulation was recognized in some
Teleostei [38]. Oreochromis niloticus, a bony fish, presents two hepatic lobes with hepatocytes
being spread out as anastomotic cords, arranged in two cellular layers and surrounded by
sinusoids [39]. In all fish species, the liver presents much of the same metabolic functions
as those of mammals, including the metabolism of xenobiotic compounds. However, this
metabolic function has a lower capacity than that found in mammals due to the ability
of excretion of some toxic substances via gills. Furthermore, analogous mechanisms for
managing xenobiotic compounds, including both phase I and phase II biotransformation
reactions, and many of the same microsomal and cytosolic enzymes found in mammals,
are also present in fish [37].

The goal of biotransformation is to produce metabolites that are more hydrophilic
than the parent compound, and therefore, more easily excreted. Due to certain anatomic
and physiologic considerations, hepatic toxicity in fish tends to be less severe than in
mammals, and fish do not generally display a zonal response pattern of hepatic intoxication.
Morphologic features of liver toxicity are often exacerbations of findings that may be
observed in control fish [37]. Therefore, observations of such modifications need to be
correlated with other markers, such as oxidative stress.

Oxidative stress is quantified by the balance between the activity of antioxidant
enzymes and the level of lipid peroxidation, as well as direct quantification of reactive
oxygen species (ROS). The alteration of antioxidant enzymes activity and the elevation of
MDA levels which indicate lipid peroxidation in fish exposed to different pollutants, can
be regarded as bioindicators of oxidative stress [40–43]. Studies have identified different
oxidative stress responses which are triggered through exposure to microplastics, mainly
by dysregulations of CAT and superoxide dismutase enzymes, as well as higher MDA
levels, suggesting a strong link between MPs pollution and liver enzymatic imbalance
in fish [43,44]. It was also reported that the size of PVC MPs showed a significant role
in fish toxicity and mortality, as PVC particles in the size range of ≈100 µm were more
toxic than those in the size range of 100–1000 µm [45]. In our study, the exposure to
1000 mg PVC per kg of feed decreased the activity of CAT compared to the control group
in a significant way (Figure 1), confirming the perturbation in the antioxidative homeostasis
of Oreochromis niloticus liver. Although there were no important differences between PVC-
exposed groups in terms of GPx activity (Figure 2), a dose-dependent increase was noticed
for MDA level (Figure 3). These changes could be explained by a high concentration of ROS
(such as hydrogen peroxide and hydroperoxides) that alter the normal activities of CAT
and GPx, with negative consequences on lipid peroxidation that affected the hepatocytes’
structure. Previously, the same pattern of oxidative stress and hepatic damage induced by
PVC was also revealed in Clarias gariepinus and O. niloticus as well [43,46]. However, as no
other study is currently available on this size of PVC MPs and O. niloticus, as far as we know,
and considering the toxicological impacts of PVC MPs being shown on other fish species
such as on muscle tissue of Etroplus suratensis [47] and liver of Sparus aurata L. [48], our
findings on O. niloticus are of significant importance for environmental science regarding
microplastic pollution. Considering that other reports confirmed a greater resistance of
O. niloticus to various xenobiotics [46,47], we can state that PVC exposure in the feed can
significantly alter fish life and consequently ecosystem health, including human health, as
MPs can migrate into the muscle tissue [2,43].

Although still trailing behind in terms of available data, the genotoxic effects of mi-
croplastics in fish are now beginning to be explored alongside other classic ecotoxicological
effects (oxidative stress, reproductive impairment, feeding dysfunctions, etc.) [49].
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In fish, like in other organisms, ROS causes DNA damage through a variety of
processes, such as base and/or sugar alterations, sugar–base cyclization, DNA–protein
crosslinks, and intra- and interstrand crosslinks [50]. The genotoxicity of microplastics
could be the result of direct interaction with DNA molecules or indirect mechanisms by
free radicals’ overproduction and oxidative stress [51], DNA damage being responsible for
histopathologic changes in liver tissue [52,53]. Antamanalp et al. reported that MPs expo-
sure induces lipid peroxidation in a concentration-dependent manner [43], and although
ROS generation is now well-correlated with MP pollution, very few reports, if any, specify
the immunological aspects triggered by such exposure in O. niloticus.

Morphological studies of fish immune systems can be considered somewhat forgotten
or ignored, an example being the lack of acknowledgment of a lymphatic vessel system
in fish [54]. In addition, another fact not well acknowledged is that fish may have lym-
phatic vessels related to the intestines [55], as an elaborate system of lymphatic vessels.
Such was found present in the common wolffish intestine, with Mast cells (MCs) being
closely associated with lymphatic vessels, however, the same was not identified in rainbow
trout [55]. The fish MCs, also known as eosinophilic granule cell (EGCs) [56], originate
from hematopoietic organs, and although fish lack bone marrow and lymph nodes, they
have a lymphatic system that is mainly composed of the head, kidney, spleen, thymus,
and mucosa-associated lymphoid tissue. The digestive tract is usually the richest source of
MCs/EGCs in fish, especially in parasitic infestation [57], as teleost MCs/EGCs show close
functional similarity to the mast cells of mammals, being motile and able to migrate to the
site of infection and/or tissue damage where they release mediators of inflammation [58].
Although there are no identical distribution patterns or morphological features that mast
cells exhibit between fish species [59], the tissue distribution of MCs/EGCs in species from
a certain genus shows a characteristic pattern, which is commonly also present at the family
level [58]. In terms of plastic exposure, there are studies indicating that plastic ingestion in
fish induces hepatic [60], as well as innate immune system [61] stress.

5. Conclusions

The present study indicates that a midterm exposure to PVC MPs that are at the lower
end of MPs size spectrum (≈50 µm Ø) can induce toxic effects in Oreochromis niloticus
via elevated oxidative stress levels. Histopathological changes also occurred in the ex-
posed groups and the oxidative stress was initiated in a dose-dependent manner, with
consistent differences between the exposed groups and the control group, as reported
by other authors that evaluated MPs of various other sizes [23,30,35,46]. In conclusion,
these findings contribute to a better understanding of the toxicity of PVC MPs ingestion in
O. niloticus, highlighting the need for a MPs size-related hazards classification. Further-
more, a deeper investigation into cell signaling pathways that are modulating the PVC
toxicity, especially those involved in the generated immune response, should be continued
in further studies.
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