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Abstract: This study examined the intestinal effects of polyethylene (PE; size 46.6 + 11.3 pm) and polystyrene
(PS; size 52.5 + 11.5 um) microparticles at three different concentrations (0.5%, 2%, and 5%) on juvenile rainbow
trout (Oncorhynchus mykiss) using an integrative approach combining transcriptomics, proteomics, and microbi-
ome analysis. After a six-week experiment, molecular analyses identified concentration-dependent transcriptional
responses, including downregulation of genes involved in ion exchange (slc9a1b) and appetite regulation (ghri),
alongside upregulation of immune- and stress-related genes (i/10, tfa), particularly at higher concentrations.
Proteomic profiling showed a more pronounced effect of PS compared to PE, including suppression of diges-
tive enzymes, disruption of lipid and energy metabolism, and activation of proteins associated with oxidative
stress and immune responses. Microbiome analysis confirmed plastic-induced dysbiosis, characterised by reduced
microbial diversity, depletion of beneficial taxa (e.g., Bacteroidota, Actinobacteriota), and shifts in short-chain
fatty acid—producing bacteria. By integrating multiple levels of biological organisation, this study provides new
insights into how microplastics interfere with intestinal physiology, beyond acute toxicity. The findings emphasise
the relevance of polymer type and exposure concentration in shaping biological responses and highlight the vul-
nerability of freshwater species to environmental microplastics.
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Plastic pollution is a major issue of the modern
age. Although the number of studies investigating
its effects on aquatic organisms is increasing, our
understanding of its toxicity remains limited and
requires further investigation (Matavos-Aramyan
2024; Ghobish et al. 2025). Aquatic biota repre-
sent one of the most vulnerable components of the
biosphere to plastic pollution, as plastic waste pre-
dominantly ends up in aquatic environments, and
its production continues to rise annually (Walker
and Fequet 2023).

Microplastics, defined as particles ranging from 1
to 5 um in size (Hodkovicova et al. 2022), have been
shown to affect fish behaviour (Wang et al. 2022a;
Subaramaniyam et al. 2023; Li et al. 2024), growth,
nutrition and the gut microbiome (Naidoo and
Glassom 2019; Wang et al. 2024), and reproduc-
tion (Wang et al. 2019; Wang et al. 2024). They also
disrupt immune, antioxidant, neural and endocrine
functions (Hodkovicova et al. 2021; Barboza et al.
2023; Hollerova et al. 2023; Li et al. 2024; Wang
et al. 2024), and lead to the depletion of energy
reserves (Alberghini et al. 2022; Subaramaniyam
et al. 2023). Since microplastic transfer through
the food chain has been confirmed, potential risks
to human health should also be taken into consid-
eration (Alberghini et al. 2022).

Recent studies have confirmed that the host gut
microbiota is closely linked to metabolism, im-
mune function, energy storage, and the overall
health status of fish (Morshed and Lee 2023; Kanika
et al. 2025). The gut microenvironment is a deli-
cate ecosystem that varies among fish species and
is composed mainly of different bacterial phyla,
predominantly Proteobacteria, Fusobacteria, and
Firmicutes (Kanika et al. 2025). This balance can
be easily disrupted by various factors, including
changes in diet, environmental conditions, stress,
pharmaceuticals, and xenobiotics (Kanika et al.
2025; Tolas et al. 2025).

Some authors have suggested that microplastics
may induce gut dysbiosis and inflammation (Xie
et al. 2021; Ma et al. 2025). However, knowledge
about the effects of different types of microplastics
on gut homeostasis across fish species remains lim-
ited and requires further investigation, particularly
in freshwater species.

In addition, microplastics have been reported
to exhibit a high affinity for lipids, potentially
disrupting lipid metabolism in fish organisms
(Del Piano et al. 2024). As they do not serve
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as a source of energy, their presence may lead to en-
ergetic and nutrient deficiencies (Qiao et al. 2019a).
These disruptions may alter the physiology of the
intestinal epithelium and, together with microbial
dysbiosis, can impair nutrient absorption, intesti-
nal permeability, hormone and insulin metabolism,
and immune cell production (Qiao et al. 2019a; Del
Piano et al. 2024; Lee et al. 2024; Yan et al. 2025).

Our primary hypothesis was that polyethylene
(PE) and polystyrene (PS) microplastics — the
most abundant plastic types found in surface
waters (Yang et al. 2023) — may induce concen-
tration-dependent alterations in the gut system
of Oncorhynchus mykiss. To test this hypothesis,
we employed microbiome, transcriptomic, and
proteomic analyses — robust approaches for elu-
cidating the impact of xenobiotics on biological
pathways (Mishra et al. 2021; Zheng et al. 2024).
However, to date, only a limited number of studies
have examined the effects of microplastics at the
proteomic and microbiome levels, particularly
in freshwater fish species.

MATERIAL AND METHODS
Ethical statement

The studies were carried out in accordance with
institutional guidelines and national legislation, Act
No. 246/1992 Coll., on the Protection of Animals
against Cruelty, as amended. The experiments
were implemented with the approval of the Ethics
Committee of Mendel University in Brno (Czech
Republic) (No. 15371/2019, 7062/2020-2).

Experimental design

The data for this study were obtained from two
separate experiments conducted under identi-
cal conditions. The design of these experiments
has already been published in our previous stud-
ies on rainbow trout (Hodkovicova et al. 2021;
Hollerova et al. 2023).

In brief, both experiments were conducted ac-
cording to a modified guideline of the Organisation
for Economic Co-operation and Development for
the testing of chemicals No. 215 (Fish Juvenile
Growth Test; OECD 2000), using the same mod-
el organism — juvenile rainbow trout (O. mykiss,


https://www.agriculturejournals.cz/web/vetmed/

Veterinarni Medicina, 71, 2026 (8): 295-309

Original Paper

https://doi.org/10.17221/85/2025-VETMED

n = 160 per experiment in total). Both studies were
performed in duplicate.

In both experiments, fish were fed similar com-
mercial feed pellets (EFICO Enviro 921 Advance
3 mm, Biomar, Denmark) in a total amount cor-
responding to 1.5% of their wet body weight,
divided into three portions per day. The feed com-
position was as follows: 42—45% crude protein,
24—-27% crude lipid, 13.5-19.5% carbohydrates,
0.8-2.3% crude cellulose, 4.5-6.5% ash, and 0.9%
total phosphorus.

Each experiment lasted six weeks, preceded
by a two-week acclimatisation period. In both ex-
periments, identical microplastic exposure con-
centrations were tested by supplementing the feed
with PE or PS microparticles at doses of 0.5%, 2%,
and 5%, with results compared to a control group.
PE microparticles were purchased from Sigma-
Aldrich Ltd. (St. Louis, MO, USA) and PS mic-
roparticles from EPRUI Biotech Co., Ltd. (Beijing,
P.R. China). The sizes of the tested polymers were
46.6 £ 11.3 pm for PE and 52.5 + 11.5 pm for PS.
The properties of the microparticles, including
protocols for feed preparation and quality evalua-
tion, are described in detail in our previous studies
(Hodkovicova et al. 2021; Hollerova et al. 2023).

Throughout both experiments, water quality
and fish health were regularly monitored, with
no deviations observed. After six weeks, sampling
was conducted. Intestinal tissue and content were
collected specifically for this study and used for
gene expression, proteomic, and gut microbiome
analyses.

Gene expression analysis

For gene expression analysis using quantitative
real-time polymerase chain reaction (QRT-PCR),
samples from the cranial part of the intestine were
collected during autopsy (n = 8 per concentration
and polymer type, i.e., PE and PS). The samples
were immediately preserved in RNAlater (Thermo
Fisher Scientific, Waltham, MA, USA), then ho-
mogenised in TRI Reagent RT (Molecular Research
Center, Cincinnati, OH, USA), and total RNA was
extracted using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), following the manufacturer’s
instructions.

The extracted RNA was reverse transcribed into
messenger RNA (mRNA) using the LunaScript RT

SuperMix Kit (New England BioLabs Inc., Ipswich,
MA, USA), following the manufacturer’s protocol.
For complementary DNA (cDNA) synthesis, the
reaction was incubated at 25 °C for 2 min to allow
primer annealing, followed by 55 °C for 10 min, and
then inactivated at 95 °C for 1 minute.

One part of the transcriptomic analysis focused
on detecting potential immunological changes
through the expression of cytokine-related genes.
Primer sequences for interleukin 1 beta (il15), 23
(il2f3), 8 (il8), and 10 (il10), as well as tumour ne-
crosis factor alpha (¢nfa), were adapted from Perez-
Sanchez et al. (2011). Another part of the analysis
targeted genes involved in intestinal function.
These primer sequences were designed using the
NCBI Primer-BLAST tool (available at ncbi.nlm.
nih.gov/tools/primer-blast/). The genes of inter-
est included: flap endonuclease 1 (fenl), ghrelin/
obestatin prepropeptide (ghrl), interferon gamma
(ifng), intelectin (ilect), nuclear receptor subfam-
ily 3 group C member 1 (glucocorticoid receptor,
nr3cl), PCNA-associated factor (paf), solute car-
rier family 9 member Alb (slc9a1b), and transfer-
rin-a (¢fa).

To determine the most suitable reference gene for
normalisation, 60S ribosomal protein L31 (60S) and
beta-actin (S-actin) were tested using NormFinder
software (Moma, Aarhus, Denmark; Andersen et al.
2004). Both candidate reference genes were adapted
from Perez-Sanchez et al. (2011), and 60S was se-
lected as the most stable gene for normalisation.
Primer sequences are listed in Electronic supple-
mentary material (ESM) Table S1.

Gene expression analysis was performed for all
samples in triplicate using the LightCycler 480 sys-
tem (Roche, Basel, Switzerland) and the QuantiTect
SYBR Green PCR Kit (Qiagen, Germany). The cy-
cling conditions were as follows: initial denatur-
ation at 95 °C for 15 min, followed by 45 cycles
of denaturation at 95 °C for 15 s, annealing at 58 °C
for 30 s, and extension at 72 °C for 30 seconds.
Melting curve analysis was conducted between
60-95 °C. The resulting data were analysed us-
ing the LightCycler 480 SW 1.5 software (Roche,
Basel, Switzerland), based on threshold cycle (Ct)
values and the comparative AACt method. The
relative expression of each gene of interest (GOI)
was calculated using the formula: [1/(2¢t°*")]/[1/
(2€*)]. Normalised gene expression is presented
as mean * standard deviation (SD) relative to the
control group.
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Proteomic analysis

For the proteomic analysis, intestinal samples
(n = 8 per concentration and polymer type, i.e.,
PE and PS) were processed from the homogenates
for gene expression analysis. The bottom organic
fraction from TRI Reagent separation was taken
to a new tube without the precipitated DNA in the
interphase. Three volumes of ice-cold acetone (MS
grade; Sigma-Aldrich, St. Louis, MO, USA) were
added and kept at —20 °C for 30 min until proteins
were fully precipitated. Tubes were then centri-
fuged at 15 000 x g for 10 min at 4 °C. The protein
pellet without supernatant was washed three times
in 0.3 M guanidine hydrochloride in 95% ethanol
(Penta, Prague, Czech Republic) and 2.5% glycerol
(Carl Roth, Karlsruhe, Germany). The last wash-
ing step was done only in ethanol/glycerol solu-
tion. The protein pellet was resuspended in 8 M
urea (Serva, Heidelberg, Germany), 0.1% SDS (Carl
Roth, Karlsruhe, Germany), 0.2% Triton X-100 (Carl
Roth, Karlsruhe, Germany) and 25 mM TEAB (tri-
ethylammonium bicarbonate; Sigma-Aldrich, St.
Louis, MO, USA), vortexed and incubated for one
hour at room temperature with constant shaking.
After centrifugation at 20 000 x g for 10 min, the su-
pernatant was taken, and protein concentration was
measured using Pierce BCA Protein Kit (Thermo
Fisher Scientific, Prague, Czech Republic). 50 pg
of proteins were used for each sample preparation
with the FASP (filter-aided sample preparation)
method (Wisniewski et al. 2009). Each sample was
washed six times with 8 M urea in Vivacon 500
centrifugal tubes (Sartorius Stedim, Gottingen,
Germany) with a 10 000 MWCO membrane filter.
Dithiothreitol (10 mM; Sigma-Aldrich, St. Louis,
MO, USA) and iodoacetamide (50 mM; Serva,
Heidelberg, Germany) in 25 mM TEAB buffer
were used for reduction and alkylation, respec-
tively. Proteins were then digested with trypsin
(Thermo Fisher Scientific, Waltham, MA, USA)
in a 1:50 ratio, for one hour at 37 °C and then
overnight at 25 °C. After centrifugation, the eluate
with digested peptides was evaporated (DNA120
SpeedVac; Thermo Savant, Holbrook, NY, USA),
and the peptide pellet was resuspended in 0.1%
aqueous formic acid (Sigma-Aldrich, St. Louis,
MO, USA) which serves as a mobile phase for liq-
uid chromatography (UltiMate 3000 RSLCnano;
Thermo Scientific, Waltham, MA, USA). For sepa-
ration and elution of peptides, a 2-hour gradient
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with an increasing concentration of acetonitrile
(0.1% formic acid in acetonitrile; Sigma-Aldrich,
St. Louis, MO, USA) at a flow rate of 300 nl/min
was used. Peptides were separated on a 25 cm col-
umn (Acclaim PepMap RSLC C18, 2 um, 100 A,
75 pm 1.D.; Thermo Scientific, Prague, Czech
Republic). uHPLC was connected to an EASY-spray
ion source (Thermo Fisher Scientific, Waltham,
MA, USA) and a Q Exactive mass spectrometer
(Thermo Scientific, Bremen, Germany). A sur-
vey scan over the m/z range 390—1 700 was used
to identify protonated peptides with charge states
of at least 2, which were automatically selected for
data-dependent MS/MS analysis and fragmented
by HCD dissociation. Ten fragment mass spectra
after each full scan were recorded. Measured spec-
tra were then searched using Proteome Discoverer
(v2.4; Thermo Scientific, USA) with Sequest HT
as a search algorithm. Oxidation of M, deamidation
of N and Q as dynamic modifications, and carbami-
domethylation of C as a static modification were
used. Precursor and fragment mass tolerances
were set up to 10 ppm and 0.02 Da, respectively.
The Uniprot database for the Oncorhynchus mykiss
strain (from 2021/03) was used in Sequest HT. Only
peptides with a false discovery rate of less than
0.01 were considered well identified. The quantity
of identified proteins is expressed by the area under
the curve of the chromatographic peak detected
by a mass spectrometer. Relative quantification
is given by the mean of the three most abundant
peptides for each identified protein. Normalisation
was applied according to the total peptide amount.

Microbiome analysis

During autopsy, intestinal contents (n = 10 per
concentration and polymer type, i.e., PE and PS)
were collected into sterile 2 ml Eppendorf tubes,
kept on ice throughout the dissection, and immedi-
ately frozen at —80 °C. In total, samples from eight
individuals per concentration group were collected
in duplicate.

Gut microbiota composition was analysed by next-
generation sequencing of the V3/V4 variable regions
of 16S rRNA genes, following the protocol described
by Kubasova et al. (2017). Briefly, individual fae-
cal samples were homogenised with zirconia/silica
beads (0.1 mm diameter; Beckman Coulter, Brea,
CA, USA) using a Precellys 24 tissue homogeniser
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(Bertin Instruments, Montigny-le-Bretonneux,
France). DNA was then extracted using the QIAamp
DNA Stool Mini Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions.

DNA concentration and purity were assessed
spectrophotometrically using a NanoDrop 2000
device (Thermo Scientific, Waltham, MA, USA),
based on 260/280 and 260/230 absorbance ratios.
PCR amplification targeting the V3/V4 region
of the eubacterial 16S rRNA gene, DNA clean-up,
and MiSeq sequencing were performed as previ-
ously described (Kubasova et al. 2017).

Amplicon data were processed using QIIME 2
(v2021.2; Bolyen et al. 2019). Raw sequence data
were demultiplexed, quality-filtered, and sequenc-
ing primers were removed using in-house scripts
based on Je (Girardot et al. 2016) and fastp (Chen
etal. 2018). Sequence denoising was performed us-
ing DADA2 (Callahan et al. 2016) via the q2-dada2
plugin. Taxonomic classification of amplicon se-
quence variants (ASVs) was conducted using the
q2-feature-classifier (Bokulich et al. 2018) with
the scikit-learn naive Bayes classifier trained on the
Silva 138 99% OTU full-length reference database
(Quast et al. 2013).

Statistical analysis

All data are presented as mean + SD. Statistical
analyses were performed using Prism v8 software
(GraphPad, San Diego, CA, USA). Normality
of data was assessed using the Shapiro—Wilk test,
and homogeneity of variances was evaluated us-
ing Bartlett’s test. For normally distributed data,
comparisons were made using one-way ANOVA
followed by Tukey’s multiple comparison post
hoc test. For non-normally distributed data, the
Kruskal-Wallis test was applied.

Statistical comparisons were performed across
all groups, with P < 0.05 considered statistically
significant. In tables and figures, means denoted
with different superscript letters (a,b,c) indicate
statistically significant differences. Box plots dis-
play the median, first (Q1) and third (Q3) quartiles,
with whiskers representing a maximum of 1.5 times
the interquartile range; outliers are shown as indi-
vidual points.

All proteomic data were analysed using Proteome
Discoverer software (v2.4; Thermo Fisher Scientific,
Waltham, MA, USA). Visualisations of principal

component analysis and the heatmap were per-
formed using R software with the R-package pl-
ugins Openxlsx (v4.2.4), Factoextra (v1.0.7), Gplots
(v3.1.1) and Ggplot2 (v3.3.5). Statistical analysis
of qualitative and quantitative proteomic data was
performed in Proteome Discoverer, proteins were
identified with a false discovery rate (FDR) of 0.01,
the statistical significance of protein abundance
ratios within groups was determined by an adjusted
P-value of less than 0.05. Results that were not sta-
tistically significant are not discussed in detail.

RESULTS AND DISCUSSION
Morphology, behaviour and mortality

During both studies, morphological param-
eters, behaviour, and mortality were monitored.
Regarding morphometric analysis, no significant
differences were observed among individuals
within each experiment. In the study involving PE
microparticles, one fish from the 5% PE group was
euthanised (day 33). Similarly, in the PS group, two
individuals from the 5% concentration group were
euthanised (day 34 and 36). In both cases, eutha-
nasia was performed due to extensive necrotic skin
lesions.

In addition, reduced feeding time, increased ag-
gression, and elevated activity levels were observed
in the 5% concentration groups for both PE and
PS during the entire experiment. The heightened
activity and aggression were likely associated with
the non-nutritional nature of microplastics added
to the feed pellets. Furthermore, both aggressive
behaviour and the adhesion of microplastics to the
skin surface were considered contributing factors
to the development of skin lesions, which ultimately
led to the need for euthanasia.

These observations are in line with previous find-
ings showing that microplastic exposure can alter
behavioural patterns in fish, including increased
activity and aggressive interactions. For example,
increased locomotor activity has been associated
with aggression (Critchell and Hoogenboom 2018).
Although behavioural responses may vary between
groups and exhibit high individual variability, such
changes suggest that microplastic exposure can
disrupt normal behavioural dynamics, including
feeding-related activity and social interactions
(Narwal et al. 2025).
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Gene expression

Microplastics have been shown to interfere with
key physiological pathways, including metabolic
and energetic processes (Limonta et al. 2019; Zhao
et al. 2020), xenobiotic metabolism, immune func-
tion (Limonta et al. 2021; Banaei et al. 2022), and
glucose and lipid regulation (Wan et al. 2019; Zhao
et al. 2020), particularly at the transcriptomic level.
Based on this evidence, we selected genes of inter-
est that are involved in pH regulation, immune
response, and oxidative stress, as these processes
are closely interlinked and critical for intestinal ho-
meostasis. Changes in their expression may thus
reflect early molecular responses to microplastic-
induced epithelial disruption and systemic stress.

Maintaining pH is essential for proper cellu-
lar function and survival, and one of the primary
mechanisms involved in pH regulation is ion trans-
port. Fish must prevent ion loss, and most species
actively absorb ions through specialised chloride
cells (Kumai and Perry 2012). One of the regula-
tors of intracellular pH is the sodium—hydrogen ex-
changer (NHE), which is encoded by the SLC9 gene
family (Anderegg et al. 2022). NHEs are responsible
for H* efflux and the maintenance of intracellular
pH; their primary role is to prevent intracellular
acidosis by exporting H* ions (Yang et al. 2022).
The SLC9 gene family also plays a role in maintain-
ing overall cellular homeostasis and, when coupled
with Cl”and H,O transport, contributes to cell vol-
ume regulation (Chen et al. 2023). Studies also sug-
gest a potential role for NHEs in inflammation and
cancer progression, with NHE upregulated in in-
flammatory conditions and tumours, possibly due
to its role in pH regulation and cellular proliferation
(Zhou et al. 2021).

In our study, a significant decrease in slc9alb
expression was observed in fish exposed to 5% PE
(P < 0.024). This could result in impaired regula-
tion of H*/Na* exchange, leading to plasma acidi-
fication and, consequently, disrupted enzymatic
activity, metabolism, and overall cellular function.
Moreover, given the role of NHEs in pH regulation
and the maintenance of intestinal microbiota, re-
duced expression may also contribute to microbial
dysbiosis.

Interestingly, this downregulation was accom-
panied by a significant increase in the mRNA ex-
pression of i[10 and tfa. For il10, the increase was
observed in the 2% and 5% PE exposure groups
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compared to the control (P < 0.041), and mRNA
expression was also significantly upregulated at the
5% concentration (P < 0.027) of PS when compared
to both the 0.5% and 2% concentrations. The up-
regulation of i[10, an anti-inflammatory cytokine,
may reflect a compensatory response to inflamma-
tory or oxidative stress induced by microplastics.
Similarly, the increase in tfa expression suggests
a potential response to elevated oxidative stress,
as transferrins are involved in iron sequestra-
tion and the mitigation of reactive oxygen spe-
cies (ROS) via the Fenton reaction (Mokhtar et al.
2023). Transferrins are important acute-phase
proteins capable of binding free iron ions; their
function is essential for maintaining oxidative bal-
ance in the organism (Bayne and Gerwick 2001).
In our study, tfa gene expression was significantly
downregulated in the 0.5% PS group, whereas a sig-
nificant upregulation was observed at the 5% PS
concentration when compared to the 0.5% PS group
(P < 0.048). This increase in tfa expression is likely
a physiological response to oxidative stress induced
in the intestinal tissue by PS microparticles. The
induction of oxidative stress by PS in other organs —
namely the liver, gills, and kidneys — has already
been confirmed in this experiment and published
by Hollerova et al. (2023).

These combined molecular changes in genes
involved in pH balance, immunity, and oxidative
stress may indicate a shift in the intestinal environ-
ment toward stress adaptation and inflammation
control, possibly a consequence of microplastic-
induced epithelial disruption and dysbiosis.

Some studies of microplastic exposure have ob-
served changes in diet intake when organisms are
exposed to microplastic pollution (Hodkovicova
et al. 2021; Liang et al. 2023). The effect of plastic
presence in the diet on feeding behaviour appears
to be species-specific in fish, with both orexigenic
and anorexigenic responses reported (Delgado
et al. 2017; Basto-Silva et al. 2020). In vertebrates,
ghrelin is a gut—brain hormone that plays a central
role in the regulation of food intake and intestinal
motility (Basto-Silva et al. 2020).

In our study, a significant decrease in ghrl ex-
pression was observed in fish exposed to 5%
PE. Considering the findings described above
— namely, signs of ongoing intestinal inflamma-
tion — it is likely that ghrelin production was also
impaired. This reduction may contribute to altered
food intake, an energy deficit, and overall stress
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in the fish. In addition to its metabolic functions,
ghrelin also plays a role in immune regulation
by influencing the expression of cytokines such
as il1f3, il10, and tnfa, as demonstrated in hybrid
tilapia (Oreochromis spp.) (Han et al. 2020). The
same study also showed that ghrelin stimulation
promoted the formation of ROS, suggesting its in-
volvement in oxidative stress responses. The gene
expression results for both PE and PS exposures
are shown in Figure 1.

Proteomics

The overall changes in the intestinal protein ex-
pression profile, as measured by mass spectrom-
etry, are presented in the form of scatter plots
(Figure 2). Protein abundance in each sample from
microplastic-exposed fish was compared to the
control group, and the resulting ratios are shown
as log, fold changes. A log, ratio between -1 and
1 indicates no biologically significant difference
in protein abundance. In contrast, values above 1
or below —1 (corresponding to an abundance ratio
>2 or <0.5, respectively) reflect biologically relevant
changes.

When comparing the effects of the two polymer
types, a greater number of significant changes
in the intestinal proteome were observed follow-
ing PS exposure compared to PE. While a concen-
tration-dependent response was evident in fish
exposed to PE, PS exposure caused pronounced
alterations in protein expression even at the lowest
tested concentration.

Principal component analysis (PCA) did not re-
veal significant differences between the control
group and any of the PE-treated groups. In con-
trast, clear separation was observed in the 0.5%
and especially the 5% PS groups. Although the 2%
PS group did not show major divergence from the
control, it still exhibited more pronounced pro-
teomic changes than any of the PE concentrations
(ESM Figure S1). A heatmap was used to visualise
the proteomic data (Figure 3).

POLYETHYLENE

In general, PE exposure affected fewer proteins
than PS. Among the proteins upregulated by PE,
two uncharacterised proteins showed high se-
quence similarity to fatty acid-binding proteins
(FABPs) previously identified in other fish species.
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Figure 1. mRNA expression levels of ghrl, slc9alb, il10, and tfa in the cranial part of the intestine of O. mykiss after
six weeks’ oral exposure to three different concentrations (0.5%, 2%, and 5%) of polyethylene (PE) or polystyrene (PS)

microparticles

a-¢Statistically significant differences are indicated by different superscript letters
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Figure 2. Scatter plots showing differentially expressed proteins in the intestinal tissue of O. mykiss after six weeks’
oral exposure to three concentrations (0.5%, 2%, and 5%) of polyethylene (E1, E2 and E3, respectively) or polystyrene
(S1, S2 and S3, respectively) microparticles relative to the control group (CTRL)

Each blue dot represents an individual protein and its abundance ratio compared to CTRL. Grey triangles represent
filtered-out proteins. Red diamonds show proteins with significant changes in abundance ratio higher than 2 or lower
than 0.5 (>1 or <~1in log,) compared to the same protein of the control group
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Figure 3. Heatmap of differentially expressed proteins in the intestinal tissue of O. mykiss after six weeks’ oral expo-
sure to three concentrations (0.5%, 2%, and 5%) of polyethylene (PE) or polystyrene (PS) microparticles

Rows represent individual proteins; columns represent treatment groups. Colour intensity reflects relative protein abun-
dance, with red indicating upregulation and blue indicating downregulation
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FABPs are a class of proteins involved in the intra-
cellular transport and metabolism of long-chain
fatty acids and other hydrophobic ligands (Agellon
2024). The production of ROS triggered by fatty ac-
ids and their metabolites can be mitigated by their
binding to FABPs, which serves a protective role.
PE exposure has been shown to increase ROS
production; for example, elevated fabp gene expres-
sion was observed in the liver of zebrafish following
exposure to 10—40 um PE particles (Kurchaba et al.
2020). In our study, FABP expression was signifi-
cantly upregulated in the 5% PE group, supporting
the hypothesis that PE interferes with fatty acid
metabolism and induces oxidative stress at higher
concentrations. In addition, fatty acids have been
recognised as regulators of mucin — the main com-
ponent of intestinal mucus — which plays a key role
in innate immunity and in protecting the intestinal
wall (Sun et al. 2021). In contrast, larval zebraf-
ish exposed to PS showed decreased fabp6 mRNA
levels (Wan et al. 2019). Similarly, in our study, PS
exposure at 0.5% and 2% resulted in reduced FABP
protein levels, consistent with previous findings.
Regarding the immune system, several proteins
were slightly upregulated in the 5% PE group.
Among them was leukocyte cell-derived chemo-
taxin 2 (LECT2), which is known to regulate i/1J
and il10, neutrophil chemotaxis, and the innate
immune response (Li et al. 2021). Additionally,
precerebellin-like protein (CBLNL) and trout
C-polysaccharide binding protein 1 (TCBP1)
are both recognised as acute-phase reactants
in O. mykiss (Kumar et al. 2019, Syahputra et al.
2019). The upregulation of both proteins in the
5% PE group suggests a response to pathological
processes and homeostatic disturbance, potentially
caused by infection, inflammation, or tissue trau-
ma (Kobis et al. 2017). Mechanical trauma caused
by PE particles, leading to inflammatory processes
in the intestinal tissue, is a plausible explanation
(Hodkovicova et al. 2021). This is further sup-
ported by the upregulation of a cluster of peptidase
S1 domain-containing proteins, as shown in the
heatmap. These proteases are known to participate
in inflammatory responses (Modica et al. 2015).

POLYSTYRENE
PS exposure resulted in a broader impact on di-

gestive proteases compared to PE, particularly
downregulating proteins with serine endopepti-

dase activity, such as trypsin- or chymotrypsin-like
enzymes, which are crucial for protein digestion.
This downregulation across all PS concentrations
likely impairs intestinal digestion and reduces feed
utilisation. The decreased activity of trypsin af-
ter exposure to PS was already documented for
juvenile orange-spotted groupers (Epinephelus
coioides) (Wang et al. 2022a). Notably, a pepti-
dase (AOA060XWSO0), possibly involved in feed-
ing and starvation responses, was also suppressed
in our study.

In compensation, a VWFD-domain protein —
homologous to mucin-2 — was upregulated, sug-
gesting increased mucus secretion by goblet cells
in response to xenobiotic stress (Wang et al. 2024).
Their upregulation in response to environmental
concentrations of microplastics has already been
observed, for example, in Oryzias melastigma ex-
posed to PS (Chen et al. 2022). Additionally, certain
hydrolases were affected, e.g., ABHD®6, implicated
in monoacylglycerol hydrolysis and gut motility
(Pusch et al. 2022), was upregulated in the 5% PS
group, while enzymes such as alpha-amylase and
carboxylic ester hydrolase were downregulated,
indicating potential disruptions in carbohydrate
and lipid metabolism.

Metalloendopeptidases were generally downreg-
ulated across all tested PS concentrations, except
for one (i.e., HCE23), with no clear concentration-
dependent trend. These enzymes are involved
in various functions, mainly tissue repair and
immunity (Xie et al. 2023). Furthermore, certain
fish pathogens (e.g., Aeromonas, Vibrio, Yersinia,
Pseudomonas) secrete metalloendopeptidase exo-
toxins that are highly immunogenic and may have
haemagglutinating properties (Mekasha and Linke
2021). Thus, the observed downregulation may im-
pair host defence mechanisms against these patho-
gens. Supporting this, a study on Japanese flounder
(Paralichthys olivaceus) revealed that metallopro-
teinases (a key subgroup of metalloendopeptidases)
are involved in environmental stress responses and
immune defence (Xie et al. 2023).

Immune-related proteins were also upregulated
under PS exposure (notably at 5%), including Ig-like
domain-containing proteins associated with anti-
gen binding and complement activation (Mokhtar
et al. 2023). Conversely, poly(U)-specific endori-
bonuclease was downregulated, and a peptidase S1
domain-containing protein — similar to trypsin and
involved in cytokine regulation — was also reduced.
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Proteins associated with oxidative stress re-
sponses were upregulated, reflecting increased
ROS production and xenobiotic efflux activities
in line with previous findings of increased oxida-
tive stress by PS exposure (Hollerova et al. 2023).
However, UDP-glucuronyltransferase, which fa-
cilitates xenobiotic detoxification via glucuroni-
dation, was significantly downregulated at 5% PS,
mirroring reports in Gobiocypris rarus (Wang
et al. 2022b). Additionally, an ER-resident protein
(AOA060YT94) was downregulated, hinting at po-
tential endoplasmic reticulum damage and subse-
quent metabolic dysregulation (Wang et al. 2021).

Finally, PS exposure decreased the expression
of glycine amidinotransferase (GATM), important
for creatine synthesis and energy storage, and ap-
peared to suppress glucagon activity — possibly
via microbiome-altered propionate levels. These
changes collectively indicate impaired energy me-
tabolism and altered feeding regulation. Regarding
other proteins, PS appears to downregulate gluca-
gon activity, probably via microbiome alterations.
The short-chain fatty acid propionate, produced
by Bacteroidota, stimulates the glucagon-related
protein glucagon-like peptide 1 (de Souza-Silva
et al. 2022). In fact, Bacteroidota decreased at all
tested PS concentrations in our study, as discussed
below, which correlates with the decreased gluca-
gon activity at the protein level.

Microbiota characterisation

The gut does not function solely as a mechanical
and chemical barrier. Together with its microbiome,
it also plays a critical role in immune and energy
system activation, nutrient absorption and source
of vitamins, hormone and enzyme regulation, etc.
(Chapagain et al. 2019; Varo et al. 2021; de Souza-
Silva et al. 2022). The composition of the gut mi-
crobiota is a crucial indicator of an individual’s
health. Disruptions to its balance, i.e., dysbiosis,
can lead to disease onset and metabolic imbalance.
Numerous factors can alter microbiota structure,
including diet composition, pharmaceuticals, envi-
ronmental and other stressors (de Souza-Silva et al.
2022; Luan et al. 2023; Wu et al. 2025).

Among the xenobiotics capable of altering gut mi-
crobiota composition are microplastics. However,
knowledge of their impact on fish remains lim-
ited, and the available studies are often inconsis-
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tent (Varo et al. 2021; de Souza-Silva et al. 2022).
Similarly, in our study, results revealed that both PE
and PS exposure altered the gut microbiota com-
position; however, in distinct ways. Nevertheless,
in both cases, bacterial richness — both in terms
of abundance and diversity — was higher in the con-
trol group. Results are given in Figure 4.

Reduced diversity of gut microbial phyla
is a mark of dysbiosis and has been associated with
increased disease susceptibility, as a less diverse
microbiota provides limited competition against
pathogens (Qiao et al. 2019a; Colin et al. 2022).
The most abundant phyla in the intestinal micro-
biota of freshwater and marine fish are typically
Firmicutes and Proteobacteria, considered core gut
taxa. Together with Actinobacteria, Bacteroidota,
Fusobacteria, and Tenericutes, they can account for
up to 90% of gut microbial communities, although
their proportions vary based on numerous internal
and external factors (Butt and Volkoff 2019; Terova
et al. 2019; Rimoldi et al. 2021).

The ratio of Bacteroidota to Firmicutes is particu-
larly important, as both phyla produce short-chain
fatty acids like butyrate and propionate, which
are key energy sources and play roles in immune
modulation (Butt and Volkoff 2019). Microplastics
have been shown to increase Firmicutes, Pro-
teobacteria, and Verrucomicrobia, while decreas-
ing Bacteroidota and Actinobacteria — a shift
associated with metabolic disorders (de Souza-
Silva et al. 2022). Butyrate, primarily produced
by Firmicutes, supports colonocyte energy me-
tabolism, has anti-inflammatory effects, and en-
hances insulin sensitivity and gut barrier function
(Terova et al. 2019; de Souza-Silva et al. 2022).
However, in our study, Firmicutes abundance
declined with increasing PE concentrations and
at 0.5% PS. We also observed a positive correla-
tion between Firmicutes and Proteobacteria, with
Proteobacteria increasing in a concentration-de-
pendent manner in PE groups. These bacteria are
linked to cancer, insulin resistance, and the pro-
duction of lipopolysaccharides, which damage the
mucosa and increase gut permeability (Qiao et al.
2019a; de Souza-Silva et al. 2022).

For PS exposure, bacterial diversity was again
higher in control. At 0.5% and 5% PS, Fusobacteriota
increased, while Firmicutes decreased, in line with
previous zebrafish studies (Jin et al. 2018; Qiao et al.
2019b). Fusobacteriota promote mucus secretion
and anti-inflammatory responses (Chapagain et al.
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Figure 4. Relative abundance of dominant bacterial phyla in the intestinal microbiota of O. mykiss after six weeks’ oral

exposure to three different concentrations (0.5%, 2%, and 5%) of polyethylene (PE) or polystyrene (PS) microparticles

Data are presented as the mean relative abundance (%) per group (n = 10)

2019) which is in line with the transcriptomic and
proteomic results of our study.

Actinobacteriota were notably reduced in both PE
and PS groups, compared to controls. As producers
of antimicrobial, antitumor, and immunosuppressive
compounds, their depletion may weaken gut defence
(Salwan and Sharma 2020). Similar reductions have
been reported in zebrafish and Poecilia reticulata
exposed to PS (Qiao et al. 2019a; Huang et al. 2020).

To summarise, exposure to microplastics in-
duced significant dysbiosis in the gut microbiota
of fish, characterised by reduced bacterial diversity,
a decline in beneficial phyla such as Bacteroidota
and Actinobacteriota, and an increase in poten-
tially pro-inflammatory taxa like Proteobacteria.
The observed microbial shifts may therefore im-
pair nutrient absorption, compromise gut barrier
function, and promote intestinal inflammation.
The microbiome changes are associated with im-
mune responses and the subsequent predominant
abundance of pathogen species, which may lead
to activation of gut-associated lymphoid tissue and
infections (Butt and Volkoff 2019; Tay et al. 2025).
Collectively, these findings indicate that microplas-
tic-induced gut dysbiosis can compromise intesti-
nal homeostasis, immune competence, metabolic
balance, and overall organismal health.

Summary

Our study demonstrates that exposure to PE and
PS microplastics induces molecular, proteomic,
and microbiome-level alterations in the intestine
of O. mykiss. Transcriptomic data revealed the
downregulation of genes involved in ion exchange
(slc9a1b) and appetite regulation (ghrl), along with
the upregulation of immune- and stress-related
genes (il10, tfa) — all of which were particularly
evident at higher microplastic concentrations.
Proteomic analysis indicated a broader and more
severe impact of PS, including the suppression of di-
gestive enzymes, disruption of lipid and energy me-
tabolism, and activation of proteins associated with
oxidative stress and immune response. Microbiome
profiling confirmed dysbiosis, characterised by re-
duced microbial diversity, depletion of beneficial
phyla (e.g., Bacteroidota, Actinobacteriota), and
shifts in short-chain fatty acid-producing bacteria.

Altogether, the results indicate that microplastic
exposure — especially to PS — can impair gut func-
tion, digestion, immunity, and overall homeostasis
in rainbow trout. O. mykiss was selected as a model
species due to the current scarcity of studies ad-
dressing microplastic effects in freshwater fish
(Hodkovicova et al. 2022).
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Given the observed differences between PE and
PS effects, the toxic potential of microplastics
should be further investigated, as different poly-
mer types and their physicochemical properties
can elicit diverse biological responses across fish
species.

Conflict of interest

The authors declare no conflict of interest.

REFERENCES

Agellon LB. Importance of fatty acid binding proteins in cel-
lular function and organismal metabolism. ] Cell Mol
Med. 2024 Mar;28(5):e17703.

Alberghini L, Truant A, Santonicola S, Colavita G, Giac-
cone V. Microplastics in fish and fishery products and
risks for human health: A review. Int ] Environ Res Pub-
lic Health. 2022 Dec 31;20(1):789.

Anderegg MA, Gyimesi G, Ho TM, Hediger MA, Fuster
DG. The less well-known little brothers: The SLC9B/
NHA sodium proton exchanger subfamily-structure,
function, regulation and potential drug-target ap-
proaches. Front Physiol. 2022 May 25;13:898508.

Andersen CL, Jensen JL, Orntoft TF. Normalization of real-
time quantitative reverse transcription-PCR data:
A model-based variance estimation approach to identify
genes suited for normalization, applied to bladder and
colon cancer data sets. Cancer Res. 2004 Aug 1;64(15):
5245-50.

Banaei M, Forouzanfar M, Jafarinia M. Toxic effects of pol-
yethylene microplastics on transcriptional changes, bio-
chemical response, and oxidative stress in common carp
(Cyprinus carpio). Comp Biochem Physiol C Toxicol
Pharmacol. 2022 Nov;261:109423.

Barboza LGA, Otero XL, Fernandez EV, Vieira LR, Fernandes
JO, Cunha SC, Guilhermino L. Are microplastics contrib-
uting to pollution-induced neurotoxicity? A pilot study
with wild fish in a real scenario. Heliyon. 2023 Jan 20;
9(1):e13070.

Basto-Silva C, Balbuena-Pecino S, Oliva-Teles A, Riera-He-
redia N, Navarro I, Guerreiro I, Capilla E. Gilthead sea-
bream (Sparus aurata) in vitro adipogenesis and its
endocrine regulation by leptin, ghrelin, and insulin. Comp
Biochem Physiol A Mol Integr Physiol. 2020 Nov;249:110772.

Bayne CJ, Gerwick L. The acute phase response and innate
immunity of fish. Dev Comp Immunol. 2001 Oct-Dec;
25(8-9):725-43.

306

https://doi.org/10.17221/85/2025-VETMED

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E,
Knight R, Huttley GA, Gregory Caporaso J. Optimizing
taxonomic classification of marker-gene amplicon se-
quences with QIIME 2’s q2-feature-classifier plugin. Mi-
crobiome. 2018 May 17;6(1):90.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC,
Al-Ghalith GA, Alexander H, Alm EJ, Arumugam M,
Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A,
Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodri-
guez AM, Chase J, Cope EK, Da Silva R, Diener C, Dor-
restein PC, Douglas GM, Durall DM, Duvallet C,
Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz
JM, Gibbons SM, Gibson DL, Gonzalez A, Gorlick K,
Guo J, Hillmann B, Holmes S, Holste H, Huttenhower C,
Huttley GA, Janssen S, Jarmusch AK, Jiang L, Kaehler
BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D,
Koester I, Kosciolek T, Kreps J, Langille MGI, Lee J,
Ley R, Liu YX, Loftfield E, Lozupone C, Maher M,
Marotz C, Martin BD, McDonald D, Mclver L], Melnik
AV, Metcalf JL, Morgan SC, Morton JT, Naimey AT,
Navas-Molina JA, Nothias LF, Orchanian SB, Pearson T,
Peoples SL, Petras D, Preuss ML, Pruesse E, Rasmussen
LB, Rivers A, Robeson MS 2™, Rosenthal P, Segata N,
Shaffer M, Shiffer A, Sinha R, Song SJ, Spear JR, Swafford
AD, Thompson LR, Torres PJ, Trinh P, Tripathi A, Turn-
baugh PJ, Ul-Hasan S, van der Hooft JJJ, Vargas F,
Vazquez-Baeza Y, Vogtmann E, von Hippel M, Wal-
ters W, Wan Y, Wang M, Warren J, Weber KC, William-
son CHD, Willis AD, Xu ZZ, Zaneveld JR, Zhang Y,
Zhu Q, Knight R, Caporaso JG. Reproducible, interactive,
scalable and extensible microbiome data science using
QIIME 2. Nat Biotechnol. 2019 Aug;37(8): 852-7.

Butt RL, Volkoff H. Gut microbiota and energy homeosta-
sis in fish. Front Endocrinol (Lausanne). 2019 Jan 24;10:9.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson
AJ, Holmes SP. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat Methods. 2016 Jul;
13(7):581-3.

Chapagain P, Arivett B, Cleveland BM, Walker DM, Sa-
lem M. Analysis of the fecal microbiota of fast- and slow-
growing rainbow trout (Oncorhynchus mykiss). BMC
Genomics. 2019 Oct 29;20(1):788.

Chen JC, Fang C, Zheng RH, Chen ML, Kim DH, Lee YH,
Bailey C, Wang KJ, Lee JS, BoJ. Environmentally relevant
concentrations of microplastics modulated the immune
response and swimming activity, and impaired the devel-
opment of marine medaka Oryzias melastigma larvae.
Ecotoxicol Environ Saf. 2022 Aug;241:113843.

Chen S, Zhou Y, Chen Y, Gu]J. fastp: An ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics. 2018 Sep 1;34(17):
i884-90.


https://www.agriculturejournals.cz/web/vetmed/

Veterinarni Medicina, 71, 2026 (8): 295-309

Original Paper

https://doi.org/10.17221/85/2025-VETMED

Chen Z, Huang B, Yan Z, Hong Y, Zhao M, Jin M, Zheng A,
Wang Z. Genome-wide expression profile analysis of the
NHE and NKA gene family in Rachycentron canadum
(Linnaeus, 1766) and its response to salinity adaptation.
Front Mar Sci. 2023 Jul 21;10:1228933.

Colin Y, Molbert N, Berthe T, Agostini S, Alliot F, Decen-
ciere B, Millot A, Goutte A, Petit F. Dysbiosis of fish gut
microbiota is associated with helminths parasitism rather
than exposure to PAHs at environmentally relevant con-
centrations. Sci Rep. 2022 Jun 30;12(1):11084.

Critchell K, Hoogenboom MO. Effects of microplastic ex-
posure on the body condition and behaviour of plank-
tivorous reef fish (Acanthochromis polyacanthus). PLoS
One. 2018 Mar 1;13(3):e0193308.

de Souza-Silva TG, Oliveira IA, Silva GGD, Giusti FCV,
Novaes RD, Paula HAA. Impact of microplastics on the
intestinal microbiota: A systematic review of preclinical
evidence. Life Sci. 2022 Apr 1;294:120366.

Del Piano F, Almroth BC, Lama A, Piccolo G, Addeo NF,
Paciello O, Martino G, Esposito S, Mercogliano R,
Pirozzi C, Meli R, Ferrante MC. Subchronic oral exposure
to polystyrene microplastics affects hepatic lipid me-
tabolism, inflammation, and oxidative balance in gilthead
seabream (Sparus aurata). Ecotoxicol Environ Saf. 2024
Jul 1;279:116455.

Delgado M]J, Cerda-Reverter JM, Soengas JL. Hypothalamic
integration of metabolic, endocrine, and circadian signals
in fish: Involvement in the control of food intake. Front
Neurosci. 2017 Jun 26;11:354.

Ghobish SA, Motti CA, Bissember AC, Vamvounis G. Mi-
croplastics in the marine environment: Challenges and
the shift towards sustainable plastics and plasticizers.
] Hazard Mater. 2025 Jul 5;491:137945.

Girardot C, Scholtalbers J, Sauer S, Su SY, Furlong EE. Je,
a versatile suite to handle multiplexed NGS libraries with
unique molecular identifiers. BMCC Bioinformatics. 2016
Oct 8;17(1):419.

Han Z, Zhou Y, Zhang X, Yan J, Xiao J, Luo Y, Zheng H,
Zhong H. Ghrelin modulates the immune response and
increases resistance to Aeromonas hydrophila infection
in hybrid tilapia. Fish Shellfish Immunol. 2020;98:100-8.

Hodkovicova N, Hollerova A, Caloudova H, Blahova J,
Franc A, Garajova M, Lenz ], Tichy F, Faldyna M, Kulich P,
Mares J, Machat R, Enevova V, Svobodova Z. Do food-
borne polyethylene microparticles affect the health
of rainbow trout (Oncorhynchus mykiss)? Sci Total En-
viron. 2021 Nov 1;793:148490.

Hodkovicova N, Hollerova A, Svobodova Z, Faldyna M,
Faggio C. Effects of plastic particles on aquatic inverte-
brates and fish — A review. Environ Toxicol Pharmacol.
2022 Nov;96:104013.

Hollerova A, Hodkovicova N, Blahova J, Faldyna M, Franc A,
Pavlokova S, Tichy F, Postulkova E, Mares J, Medkova D,
Kyllar M, Svobodova Z. Polystyrene microparticles can
affect the health status of freshwater fish — Threat of oral
microplastics intake. Sci Total Environ. 2023 Feb 1;858
(Pt 3):159976.

Huang JN, Wen B, Zhu JG, Zhang YS, Gao JZ, Chen ZZ.
Exposure to microplastics impairs digestive performance,
stimulates immune response and induces microbiota
dysbiosis in the gut of juvenile guppy (Poecilia reticulata).
Sci Total Environ. 2020 Sep 1;733:138929.

Jin'Y, Xia J, Pan Z, Yang J, Wang W, Fu Z. Polystyrene mi-
croplastics induce microbiota dysbiosis and inflammation
in the gut of adult zebrafish. Environ Pollut. 2018 Apr;235:
322-9.

Kobis JM, Rebl H, Goldammer T, Rebl A. Multiple gene and
transcript variants encoding trout C-polysaccharide bind-
ing proteins are differentially but strongly induced after
infection with Aeromonas salmonicida. Fish Shellfish
Immunol. 2017 Jan;60:509-19.

Kubasova T, Davidova-Gerzova L, Merlot E, Medvecky M,
Polansky O, Gardan-Salmon D, Quesnel H, Rychlik I.
Housing systems influence gut microbiota composition
of sows but not of their piglets. PLoS One. 2017 Jan 13;
12(1):e0170051.

Kumai Y, Perry SF. Mechanisms and regulation of Na* up-
take by freshwater fish. Aquat Biol. 2012;16:65-75.

Kumar G, Hummel K, Razzazi-Fazeli E, EI-Matbouli M.
Modulation of posterior intestinal mucosal proteome
in rainbow trout (Oncorhynchus mykiss) after Yersinia
ruckeri infection. Vet Res. 2019 Jul 17;50(1):54.

Kurchaba N, Cassone BJ, Northam C, Ardelli BF, LeMoine
CMR. Effects of MP polyethylene microparticles on mi-
crobiome and inflammatory response of larval zebrafish.
Toxics. 2020 Aug 11;8(3):55.

Lee H, Song SJ, Kim CS, Park B. Polystyrene nanoplastics-
induced intestinal barrier disruption via inflammation
and apoptosis in zebrafish larvae (Danio rerio). Aquat
Toxicol. 2024 Sep;274:107027.

Li B, Liang W, Fu S, Fu C, Cai Z, Munson A, Shi H. Swim-
ming behavior affects ingestion of microplastics by fish.
Aquat Toxicol. 2024 Jan;266:106798.

Li Q, Zhang Z, Fan W, Huang Y, Niu J, Luo G, Liu X,
Huang Y, Jian J. LECT?2 protects Nile tilapia (Oreochromis
niloticus) against Streptococcus agalatiae infection. Front
Immunol. 2021 May 20;12:667781.

Liang W, Li B, Jong MC, Ma C, Zuo C, Chen Q, Shi H. Process-
oriented impacts of microplastic fibers on behavior and
histology of fish. ] Hazard Mater. 2023 Apr 15;448:130856.

Limonta G, Mancia A, Abelli L, Fossi MC, Caliani I, Panti C.

Effects of microplastics on head kidney gene expression

307


https://www.agriculturejournals.cz/web/vetmed/

Original Paper

Veterinarni Medicina, 71, 2026 (8): 295-309

and enzymatic biomarkers in adult zebrafish. Comp Bio-
chem Physiol C Toxicol Pharmacol. 2021 Jul;245:109037.

Limonta G, Mancia A, Benkhalqui A, Bertolucci C, Abelli L,
Fossi MC, Panti C. Microplastics induce transcriptional
changes, immune response and behavioral alterations
in adult zebrafish. Sci Rep. 2019 Oct 31;9(1):15775.

Luan Y, Li M, Zhou W, Yao Y, Yang Y, Zhang Z, Ringo E,
Olsen RE, Liu Clarke J, Xie S, Mai K, Ran C, Zhou Z. The
fish microbiota: Research progress and potential applica-
tions. Engineering. 2023 Oct;29(10):137-46.

Kanika NH, Liaqat N, Chen H, Ke ], Lu G, Wang J, Wang C.
Fish gut microbiome and its application in aquaculture
and biological conservation. Front Microbiol. 2025 Jan 7;
15:1521048.

Ma F, Wang W, Dong ], Zhou X, Lin Z, Zheng P, Nian X.
Ecotoxicological impacts of polystyrene microplastics
on rainbow trout: A multidisciplinary analysis of gut mi-
crobiota dysbiosis, oxidative stress, and cellular senes-
cence for environmental risk assessment. Process Saf
Environ Prot. 2025 Jan;199:107323.

Matavos-Aramyan S. Addressing the microplastic crisis:
A multifaceted approach to removal and regulation. En-
viron Adv. 2024;17:100579.

Mekasha S, Linke D. Secretion systems in Gram-negative
bacterial fish pathogens. Front Microbiol. 2021 Dec 15;
12:782673.

Mishra S, Lin Z, Pang S, Zhang W, Bhatt P, Chen S. Recent
advanced technologies for the characterization of xeno-
biotic-degrading microorganisms and microbial commu-
nities. Front Bioeng Biotechnol. 2021 Feb 10;9:632059.

Modica MV, Lombardo F, Franchini P, Oliverio M. The venom-
ous cocktail of the vampire snail Colubraria reticulata (Mol-
lusca, Gastropoda). BMC Genomics. 2015 Jun;16(1):441.

Mokhtar DM, Zaccone G, Alesci A, Kuciel M, Hussein MT,
Sayed RKA. Main components of fish immunity: An over-
view of the fish immune system. Fishes. 2023 Feb;8(2):93.

Morshed SM, Lee TH. The role of the microbiome on fish
mucosal immunity under changing environments.
Fish Shellfish Immunol. 2023 Aug;139:108877.

Naidoo T, Glassom D. Decreased growth and survival
in small juvenile fish, after chronic exposure to environ-
mentally relevant concentrations of microplastic. Mar
Pollut Bull. 2019 Aug;145:254-9.

Narwal N, Ali I, Kakakhel MA. Exposure to microplastics
impairs fish’s major behaviors: A novel threat to aquatic
ecosystem. ] Hazard Mater Plastics. 2025 Nov;8:100001.

OECD. Test No. 215: Fish, juvenile growth test. OECD
guidelines for the testing of chemicals, section 2. Paris:
OECD Publishing; 2000 Jan 21. 16 p.

Perez-Sanchez T, Balcazar JL, Merrifield DL, Carnevali O,

Gioacchini G, de Blas I, Ruiz-Zarzuela I. Expression

308

https://doi.org/10.17221/85/2025-VETMED

of immune-related genes in rainbow trout (Oncorhynchus
mykiss) induced by probiotic bacteria during Lactococcus
garvieae infection. Fish Shellfish Immunol. 2011 Aug;
31(2):196-201.

Pusch LM, Riegler-Berket L, Oberer M, Zimmermann R,
Taschler U. a/B-Hydrolase Domain-Containing 6
(ABHD®6)- A Multifunctional Lipid Hydrolase. Metabo-
lites. 2022 Aug 18;12(8):761.

Qiao R, Deng Y, Zhang S, Wolosker MB, Zhu Q, Ren H,
Zhang Y. Accumulation of different shapes of microplas-
tics initiates intestinal injury and gut microbiota dysbio-
sis in the gut of zebrafish. Chemosphere. 2019a Dec;
236:124334.

Qiao R, Sheng C, Lu Y, Zhang Y, Ren H, Lemos B. Micro-
plastics induce intestinal inflammation, oxidative stress,
and disorders of metabolome and microbiome in ze-
brafish. Sci Total Environ. 2019b Apr 20;662:246-53.

Quast C, Pruesse E, Yilmaz P, Gerken ], Schweer T, Yarza P,
Peplies J, Glockner FO. The SILVA ribosomal RNA gene
database project: Improved data processing and web-
based tools. Nucleic Acids Res. 2013 Jan;41(Database
issue):D590-6.

Rimoldi S, Antonini M, Gasco L, Moroni F, Terova G. Intes-
tinal microbial communities of rainbow trout (Oncorhyn-
chus mykiss) may be improved by feeding a Hermetia
illucens meal/low-fishmeal diet. Fish Physiol Biochem.
2021 Apr;47(2):365-80.

Salwan R, Sharma V. Molecular and biotechnological as-
pects of secondary metabolites in actinobacteria. Micro-
biol Res. 2020 Jan;231:126374.

Subaramaniyam U, Allimuthu RS, Vappu S, Ramalingam D,
Balan R, Paital B, Panda N, Rath PK, Ramalingam N, Sahoo
DK. Effects of microplastics, pesticides and nano-mate-
rials on fish health, oxidative stress and antioxidant de-
fense mechanism. Front Physiol. 2023 Jun 26;14:1217666.

Sun BY, Yang HX, He W, Tian DY, Jian PY, Wu K, Yang CG,
Song XH. A grass carp model with an antibiotic-disrupted
intestinal microbiota. Aquaculture. 2021;541:736790.

Syahputra K, Kania PW, Al-Jubury A, Marnis H, Setyawan
AC, Buchmann K. Differential immune gene response
in gills, skin, and spleen of rainbow trout Oncorhynchus
mykiss infected by Ichthyophthirius multifiliis. PLoS One.
2019 Jun 20;14(6):e0218630.

Tay DD, Kumar VS, Shapawi R, Shah MD, Ahmad HF, Ma-
zlan N. The relationship between the gut microbiome
and the aquacultured fish, general prospects toward fish
health: A systematic review. Appl Biochem Biotechnol.
2025 Oct;197(10):6314-57.

Terova G, Rimoldi S, Ascione C, Gini E, Ceccotti C, Gasco L.
Rainbow trout (Oncorhynchus mykiss) gut microbiota

is modulated by insect meal from Hermetia illucens pre-


https://www.agriculturejournals.cz/web/vetmed/

Veterinarni Medicina, 71, 2026 (8): 295-309

Original Paper

https://doi.org/10.17221/85/2025-VETMED

pupae in the diet. Rev Fish Biol Fish. 2019 Dec;29(4):
465-86.

Tolas I, Zhou Z, Zhang Z, Teame T, Olsen RE, Ringo E,
Ronnestad I. A fishy gut feeling — Current knowledge
on gut microbiota in teleosts. Front Mar Sci. 2025;11:
1495373.

Varo I, Osorio K, Estensoro I, Naya-Catala F, Sitja-Boba-
dilla A, Navarro JC, Perez-Sanchez J, Torreblanca A, Pi-
azzon MC. Effect of virgin low density polyethylene
microplastic ingestion on intestinal histopathology
and microbiota of gilthead sea bream. Aquaculture. 2021;
545:737245.

Walker TR, Fequet L. Current trends of unsustainable plas-
tic production and micro(nano)plastic pollution. TrAC
Trends Anal Chem. 2023;160:116984.

Wan Z, Wang C, Zhou J, Shen M, Wang X, Fu Z, Jin Y. Ef-
fects of polystyrene microplastics on the composition
of the microbiome and metabolism in larval zebrafish.
Chemosphere. 2019 Feb;217:646-58.

Wang J, Li Y, Lu L, Zheng M, Zhang X, Tian H, Wang W,
Ru S. Polystyrene microplastics cause tissue damages,
sex-specific reproductive disruption and transgenera-
tional effects in marine medaka (Oryzias melastigma).
Environ Pollut. 2019 Nov;254(Pt B):113024.

Wang YL, Lee YH, Hsu YH, Chiu IJ, Huang CC, Huang CC,
Chia ZC, Lee CP, Lin YF, Chiu HW. The kidney-related
effects of polystyrene microplastics on human kidney
proximal tubular epithelial cells HK-2 and male
C57BL/6 mice. Environ Health Perspect. 2021 May;
129(5):57003.

Wang Q, Huang F, Liang K, Niu W, Duan X, Jia X, Wu X,
Xu P, Zhou L. Polystyrene nanoplastics affect digestive
function and growth in juvenile groupers. Sci Total En-
viron. 2022a Feb 20;808:152098.

Wang C, Hou M, Shang K, Wang H, Wang J. Microplastics
(Polystyrene) exposure induces metabolic changes in the
liver of rare minnow (Gobiocypris rarus). Molecules.
2022b Jan 18;27(3):584.

WangJ, Wu F, Dong S, Wang X, Ai S, Liu Z, Wang X. Meta-
analysis of the effects of microplastic on fish: Insights
into growth, survival, reproduction, oxidative stress, and
gut microbiota diversity. Water Res. 2024 Dec 1;267:
122493.

Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal
sample preparation method for proteome analysis. Nat
Methods. 2009 May;6(5):359-62.

Wu Z, Zhang Q, Wang X, Li A. Alterations and resilience
of intestinal microbiota to increased water temperature
are accompanied by the recovery of immune function
in Nile tilapia. Sci Rep. 2025 Feb 11;15(1):5094.

Xie M, Lin L, Xu P, Zhou W, Zhao C, Ding D, Suo A. Effects
of microplastic fibers on Lates calcarifer juveniles: Ac-
cumulation, oxidative stress, intestine microbiome dys-
biosis and histological damage. Ecol Indic. 2021;133:
108370.

Xie H, Hu ], Wang Y, Wang X. Identification of the matrix
metalloproteinase (MMP) gene family in Japanese floun-
der (Paralichthys olivaceus): Involved in immune re-
sponse regulation to temperature stress and Edwardsiella
tarda infection. Fish Shellfish Immunol. 2023 Aug;
139:108878.

Yan Z, Yang Y, Xiang J, Chen Y, Zhu P, Yuan S, Huang R,
Hu X, Ma Y. Exposure routes induce differential intesti-
nal damage in zebrafish from polystyrene microplastics.
Process Saf Environ Prot. 2025 Mar;197(1):107020.

YangJ, Zhou Z, Pu F, Zhou T, Xu P. The genome-wide iden-
tification and adaptive evolution of slc9 genes in Leucis-
cus waleckii under extremely alkaline conditions. Gene.
2022 Oct 5;840:146769.

Yang J, Monnot M, Sun Y, Asia L, Wong-Wah-Chung P,
Doumengq P, Moulin P. Microplastics in different water
samples (seawater, freshwater, and wastewater): Removal
efficiency of membrane treatment processes. Water Res.
2023 Apr 1;232:119673.

Zhao Y, Bao Z, Wan Z, Fu Z, Jin Y. Polystyrene microplas-
tic exposure disturbs hepatic glycolipid metabolism at the
physiological, biochemical, and transcriptomic levels
in adult zebrafish. Sci Total Environ. 2020 Mar 25;710:
136279.

Zheng Y, Tang H, Hu J, Sun Y, Zhu H, Xu G. Integrated
transcriptomics and proteomics analyses reveal the ame-
liorative effect of hepatic damage in tilapia caused by pol-
ystyrene microplastics with chlorella addition. Ecotoxicol
Environ Saf. 2024 Oct 15;285:117076.

Zhou X, Jiang M, Liu Z, Xu M, Chen N, Wu Z, Gu C, ChinE,
Yang X. Na+/H+-Exchanger Family as Novel Prognostic
Biomarkers in Colorectal Cancer. ] Oncol. 2021 Nov 1;'
2021:3241351.

Received: October 18, 2025

Accepted: April 30, 2026
Published online: August 21, 2026

309


https://www.agriculturejournals.cz/web/vetmed/

