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• Effects of microplastics on gill osmo
regulation were assayed in killifish.

• Microplastics alter gill osmoregulation 
function, particularly in freshwater.

• Microplastics alter both paracellular and 
transcellular permeability.
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A B S T R A C T

Estuaries and lagoons are characterized by fluctuating salinity and significant amounts of microplastics (MPs) 
and are increasingly subjected to various anthropogenic pressures. We investigated whether the accumulation of 
MPs in the gills of fish inhabiting these fragile ecosystems alters osmoregulation and, consequently, their ability 
to tolerate fluctuating salinity. The effects of a 15-day exposure to an environmentally relevant concentration 
(20 μg/L) of spherical polystyrene microplastics (PS-MPs) with a diameter of 5 μm were assessed in the Medi
terranean killifish Aphanius fasciatus, focusing on tissue and gene expression changes related to factors of par
acellular and transcellular permeability of the gill epithelium during the transition from seawater to freshwater. 
Our results revealed that PS-MPs indirectly impaired osmoregulation, particularly in fresh water, through their 
toxic effects on the gill tissue. Toxicity was evidenced by epithelial lifting, a decrease in the proportion of sec
ondary lamellae available for gas exchange, and upregulation of superoxide dismutase and heat shock protein 
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genes. Furthermore, exposure to PS-MPs directly affected gill epithelial permeability by maintaining relatively 
high paracellular permeability through the downregulation of claudin 3 and by modifying the expression of the 
transcellular transporter Na+/K+-ATPase and cystic fibrosis transmembrane conductance regulator in the gill 
epithelium. Overall, these findings confirm the toxic effects of PS-MPs on gill tissue and demonstrate, for the first 
time, that environmentally relevant concentrations of MPs adversely affect gill epithelium permeability during 
decreased salinity acclimation in the euryhaline fish A. fasciatus.

1. Introduction

Plastic debris are the most abundant pollutants in aquatic ecosystems 
because of their high production rates, low recycling rates, and slow 
degradation of most plastic polymers (Garcés-Ordόñez et al., 2022). 
Microplastics (MPs), defined as plastic particles with a diameter of less 
than 5 mm, are emerging pollutants in aquatic environments. MPs can 
originate directly from industrial processes (primary MPs) or from the 
degradation of large plastic debris via various physicochemical pro
cesses (secondary MPs) (Weinstein et al., 2016). Polystyrene (PS), a 
polymer derived from styrene monomers, is widely used in the pro
duction of polystyrene foam, toys, medical equipment, cup covers, 
construction materials, fishing gear, packaging foam, food containers, 
and many other applications (Ho et al., 2018; Siddiqui et al., 2023). PS is 
one of the major types of MPs (PS-MPs) found in aquatic environments. 
Owing to its high abundance in sediments and water, it has become the 
subject of numerous studies (Bagheri et al., 2020). In these environ
ments, PS-MPs arise primarily from the degradation of large plastic 
debris rather than from primary sources (Badylak et al., 2021).

The highest concentrations of MPs have been detected in shallow 
coastal waters, such as estuaries and lagoons, which are surrounded by 
densely populated coastlines and are increasingly subjected to various 
anthropogenic pressures, including chemical pollution (Iṅiguez et al., 
2016). A seasonal evaluation of floating MPs in a shallow Mediterranean 
coastal lagoon by Simantiris et al. (2022) reported an average of 40–50 
particles/L, with a particular abundance of nylon and polyester fibers. A 
recent analysis of MPs in estuaries along the Arabian Sea coast detected 
higher concentrations, ranging from 100 to 650 particles/L (Sunil et al., 
2024). These transitional waters are fragile ecosystems with significant 
ecological importance, providing feeding resources and habitats for 
various plant and animal species (Costanza et al., 1997; Esteves et al., 
2008). The presence of sediment traps and low water exchange are 
natural characteristics of lagoons and estuaries that favor the accumu
lation of MPs (Martellini et al., 2018). Consequently, accumulated MPs 
can negatively affect the physiology and ecology of animals in these 
environments (Lusher et al., 2017). Several in situ and in vivo studies 
have shown that ingested MPs accumulate in fish tissues 
(Garcés-Ordonez et al., 2022) and disrupt parameters related to growth, 
reproduction (Cormier et al., 2021), immunity (Li et al., 2024), and 
metabolism (Wang et al., 2022). In fish from lagoons and estuarine 
environments, the highest levels of MPs have been detected in the in
testines and gills (Su et al., 2019). However, their effects on gill function 
at environmentally realistic concentrations remain unclear.

Estuaries and coastal lagoons are characterized by highly fluctuating 
salinity and are inhabited by euryhaline fish, which can adapt their 
osmoregulation according to the salinity of the external environment 
(Kültz, 2015). The gill, which is in direct contact with the surrounding 
water, must exhibit extreme plasticity to cope with fluctuating salinity 
(Evans et al., 2005). Under external hypo-osmolarity conditions, the gill 
epithelium is crucial for maintaining the hydromineral balance by 
actively acquiring ions from the surrounding water through trans
cellular ion transport and restricting obligatory passive ion loss through 
the paracellular pathway between gill epithelial cells via the gill tight 
junction (TJ) complex (Kültz, 2015). Responding to changes in salinity is 
extremely stressful for fish and can be challenging because they must 
counteract solute gradients using active mechanisms to maintain a 
constant internal environment (Kültz, 2015). For instance, the metabolic 

energy required for osmoregulation and the transition from seawater 
(SW) to freshwater (FW) is energetically expensive, costing killifish up 
to 10% of their total energy budget (Kidder et al., 2006), which con
stitutes a significant pressure for the evolution of ‘‘behavioral osmo
regulation’’ in this estuarine species (Kidder et al., 2006). We 
hypothesized that the ingestion of MPs and their accumulation in the 
gills represent an additional challenge for fish to cope with fluctuating 
salinity in lagoon and estuarine waters, potentially affecting the ca
pacity of the gill epithelium to maintain an adequate hydromineral 
balance.

The Mediterranean killifish, Aphanius fasciatus, is found along the 
coastal zones of the central and eastern Mediterranean regions. It is one 
of the most strictly estuarine- and lagoon-dependent fish species 
(Whitehead et al., 1986). A. fasciatus is recognized as one of the most 
euryhaline species in the Mediterranean Sea and can live and reproduce 
across a broad range of salinities (Leonardos and Sinis, 1998). Several 
studies have highlighted the suitability of A. fasciatus as an indicator 
species for transitional water pollution by using its molecular, cellular, 
and physiological responses to elucidate the effects of pollutants on 
resident organisms in estuaries and lagoons (Messaoudi et al., 2009; 
Kessabi et al., 2010; Lionetto et al., 2023). Unfortunately, populations of 
A. fasciatus have dramatically declined due to pollution (Leonardo, 
2008), leading to its listing in annexes II and III of the “Bern Convention, 
” which pertains to the conservation of wildlife and the natural envi
ronment in Europe (Council of Europe, 2000). In a recent study, we 
demonstrated that exposure of A. fasciatus to environmental MPs results 
in significant histological alterations and oxidative stress in the gills 
(Kessabi et al., 2023). However, it remains unknown whether MPs affect 
the gill function of osmoregulation and, consequently, the ability of this 
euryhaline species to adapt to fluctuating salinity in its habitat. There
fore, in this study, we aimed to assess the tissue and gene expression 
profiles of certain factors related to paracellular and transcellular 
permeability of the gill epithelium in A. fasciatus in response to the 
transition from SW to FW. Our results will contribute to the under
standing of the impact of MPs on gill function and may help to elucidate 
one of the potential causes of the decline in A. fasciatus populations.

2. Materials and methods

2.1. Polystyrene microplastic particles (PS-MPs)

To assess the distribution and accumulation of MPs in the gills of 
killifish, we used spherical fluorescent polystyrene (PS-MPs) particles 
with 5 μm diameter (PS-FluoGreen-Fi199; GmbH, Berlin, Germany). The 
particles had excitation and emission wavelengths at 502 and 518 nm, 
respectively (Fig. 1). The assessment of the PS spheres revealed an 
average particle agglomerate size of 4.98 μm ± 0.15, and a ζ-potential of 
− 0.0934 ± 0.172. In this study, we used standard spherical PS-MPs 
instead of environmental MPs to limit factors that could interfere with 
gill epithelium permeability, such as the shape, size, and chemical na
ture of the polymers, which could complicate result interpretation. This 
spherical and pristine form of MP was also used to characterize only the 
potential deleterious effects of PS on gill epithelium permeability, in
dependent of all compounds that may adhere to the surface of the par
ticles under environmental conditions (e.g., trace metals, organic 
pollutants, and pathogenic germs).
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2.2. Animals and experimental design

A. fasciatus juveniles that were sexually immature and weighed in 
average 0.38 ± 0.05 g were collected from a coastal area in Monastir, 
Tunisia, in October 2022 by professional fishermen using a 4-m beam 
trawl. The selection of juvenile fish as a study model was based on 
bibliographic data, indicating the relevance of this developmental stage 
in assessing MPs contamination in estuarine fish (Kazour et al., 2020). 
Our previous study highlighted the suitability of histological and mo
lecular responses of juvenile A. fasciatus gills to MP exposure (Kessabi 
et al., 2023). Fish were transported alive to the laboratory and housed in 
150 L glass aquaria with SW under conditions similar to the collection 
sites: temperature, 16 ◦C; photoperiod, 12 h light/12 h dark; salinity, 33 
ppt; and dissolved oxygen, 6.2 ± 0.6 mg/L. Fish were fed once daily with 

commercially balanced fish food sticks (Tetramine, Hagen, France). The 
medium was renewed every 48 h, and inspections were conducted twice 
daily to remove wounded, diseased, or dead fish. Prior to experimen
tation, each fish was acclimated to the laboratory for one week under 
these conditions.

As shown in Fig. 2, after the acclimation period, one batch of fish 
remained in SW to form a control group (C-SW) and an exposed group to 
PS-MP (MP-SW) at a concentration of 20 μg/L for two weeks. Another 
batch was acclimated for 24 h to brackish water (BW) obtained by 
adding local fresh tap water (FW) to SW (1:1, v/v) (Seo et al., 2009; 
Chandrasekar et al., 2014). Subsequently, some BW fish were divided 
into a control group (C-BW) and PS-MP-exposed group (MP-BW). The 
remaining fish were transferred directly to FW and divided into a control 
group (C-FW) and PS-MP-exposed group (MP-FW). Both the MP-FW and 
MP-BW groups were maintained under the same conditions as the 
MP-SW group. Data relating to the different animal groups and protocol 
conditions are summarized in Table 1. According to several published 
studies, the concentration of 20 μg/L PS-MP used in this study was 
within the environmentally relevant levels (Dubaish and Liebezeit, 
2013; Zhao et al., 2014; Bergmann et al., 2017). The facilities and ani
mal use protocols for fish were reviewed and approved by the local 
ethics committee of the Institute of Biotechnology, University of 
Monastir, Tunisia (protocol number: CERSVS/ISBM038/2022). Animal 
housing adhered to the EEC 609/86 directives, which regulate the care 
of the experimental animals. After two weeks of PS-MP exposure, the 
animals were weighed and euthanized by decapitation. For histological 
and immunofluorescence analyses, the gills were removed and pre
served in 10% neutral-buffered formalin. One gill filament per fish was 
collected for RNA extraction and later molecular studies. Gill filaments 
intended for Na+/K+-ATPase activity were stored at − 80 ◦C.

2.3. Analytical procedures

2.3.1. Na+/K+ ATPase activity
Na+/K+-ATPase activity in the gill filaments was determined using 

the method described by McCormick (1993). This activity is based on 

Fig. 1. Spherical fluorescent polystyrene (PS-MPs) particles with a diameter of 
5 μm (PS-FluoGreen-Fi199; GmbH, Berlin, Germany). The excitation and 
emission wavelengths were 502 and 518 nm, respectively. Gr: × 100.

Fig. 2. Experimental design: Captured juveniles of Aphanius fasciatus (A. fasciatus) were maintained in the laboratory in seawater (SW) under conditions similar to 
those of the collection sites. After one week of acclimation, some fish were transferred to two 15 L glass aquaria without (C-SW) or with fluorescent polystyrene 
microplastics (MP-SW), and the remaining fish were transferred to 70 L glass aquaria containing brackish water (BW). After 24 h of acclimation in BW, some fish 
were transferred to two 15 L glass aquaria without (C-BW) or with fluorescent polystyrene microplastics (MP-BW), and the remaining fish were transferred to 50 L 
glass aquaria containing freshwater (FW). After 24 h of acclimation to FW, some fish were transferred to two 15 L glass aquaria without (C-FW) or with fluorescent 
polystyrene microplastics (MP-FW). Fish transferred to 15 L aquaria were sacrificed after 15 days.
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the sensitivity of the enzyme to ouabaïn, and is detected through the 
enzymatic coupling of ATP dephosphorylation to NADH oxidation.

2.3.2. Histological analysis
After being submerged in progressively higher concentrations of 

ethanol for dehydration, the fixed gills were hyalinized in Ottix Plus and 
Ottix Shaper, and then embedded in paraffin wax at 56 ◦C. Periodic acid- 
Schiff staining was applied to all specimens in 4 μm sections to reveal the 
branchial structure and mucus. Slides were examined at 40 × and 100 ×
magnification under an optical microscope (Leica DM200, Wetzlar, 
Germany), and micrographs were captured using a digital camera (Leica 
ICC50W, Wetzlar, Germany) with the Las EZ 3.4 software.

The secondary lamellar length (SLL), basal epithelial thickness 
(BET), and inter-lamellar distance (ID) are shown in Fig. 3. Three 
measurements were performed for each filament (distal, central, and 
proximal regions). The proportion of secondary lamellae available for 
gas exchange (PAGE index) was calculated using the formula described 
by Nero et al. (2006): PAGE index (%) = 100 × [SLL/(BET + SLL)]. The 
PAGE index correlates with the total gas exchange surface area of the 
fish gills (Don Stevens, 1992).

2.3.3. Immunofluorescence
For Na+/K+-ATPase, sodium-chloride exchanger (SLCA12/NKCC2), 

and cystic fibrosis transmembrane conductance regulator (CFTR), 4 μm 
sections of gills were deparaffinized, rehydrated, and processed as pre
viously described (Pariante et al., 2016). Briefly, antigen retrieval was 
performed under pressure by heating the slides at 90 ◦C for 30 min. 
Non-specific sites were saturated before the addition of Na+/K+-ATPase 
(ab195884), SLCA12/NKCC2 (ab244342), CFTR (ab131553), Cldn 3 
(ab15102), or Cldn 4 (ab53156) antibodies (Abcam, Cambridge, UK) 
diluted 1:100 for overnight incubation at 4 ◦C. The slides were then 
incubated for 1 h with the appropriate goat anti-rabbit secondary anti
body (Alexa Fluor 488,1:300 dilution). Images were captured using an 

epifluorescence microscope (Zeiss AxiostarPlus, Germany). The levels of 
Na+/K+-ATPase, SLCA12/NKCC2, CFTR, Cldn 3, and Cldn 4 were esti
mated by quantifying the green fluorescence intensity using the ImageJ 
software. Additionally, some slides were observed at 488 nm without 
antibody staining to confirm the fixation of PS-MPs on to the gill tissue.

2.3.4. Molecular analysis

2.3.4.1. Sequence analysis and primer design. The DNA sequences of 
Na+/K+-ATPase, CFTR, NKCC2, Cldn3, and Cldn4 were obtained using 
the SRS tool from the European Bioinformatics Institute (http://www. 
ebi.ac.uk/). Conserved sequence regions were identified by aligning 
known Cyprinodonta sequences when available, and supplemented with 
Percomorpha sequences, as required, using the EMBOSS EMMA tool 
(Rice et al., 2000). Gene-specific primer sets were then designed from 
these consensus sequences using Primer Express 2.0 (Applied Bio
systems, Foster City, CA, USA).

2.3.4.2. RNA extraction, sequencing, and quantitative real-time PCR 
analysis. Total RNA was extracted from the gill tissues using Trizol® 
reagent (ThermoFisher Scientific, Waltham, MA, USA). RNA concen
tration was measured using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific), and RNA quality was assessed using a2100 Bio
analyzer (Agilent, Santa Clara, CA, USA). To prevent genomic DNA 
contamination, RNA was treated with DNase I. Primers for the target 
genes (NKA, CFTR, NKCC2, Cldn3, and Cldn4) were designed based on 
sequences from other cyprinodont species to amplify the corresponding 
cDNA fragments. The PCR amplicons were sequenced using a3730 DNA 
Analyzer (Applied Biosystems, Foster City, California), and the BLAST 
algorithm on the NCBI server was used to search for homologous genes 
in GenBank (primer sequences are listed in Table 2). Sequences from at 
least three independent clones were deposited in the GenBank database. 
The First Strand cDNA Synthesis Kit (Roche) was used to reverse tran
scribe DNase I-treated RNA (100 ng–1 μg) into cDNA, which was stored 
at − 20 ◦C. For the quantification of specific transcripts, 100 ng of total 
RNA was used in a Light Cycler® 480 Real-Time PCR System (Roche) 
using SYBR® Green Mix (Takara Bio, Kusatsu, Shiga, Japan) and specific 
primer pairs (Table 2). The second derivative maximum (Cp) was used 
to quantify the relative mRNA levels of the stress-related genes, which 
were measured in triplicate. ΔCp values (ΔCp = Cpref - Cptg) were 
calculated by comparing the Cp values of the target genes to a reference 
gene, β-actin, which was selected after assessing its stability across all 
samples (Pfaffl, 2001). Primer adjustments were performed as required. 
mRNA abundance values were expressed as target gene mRNA copies 
per 1000 reference gene mRNA copies (‰ of the reference gene, 1000 ×
2ΔCp).

2.3.5. Statistical analysis
All data are presented as the mean ± standard error. Differences 

were considered statistically significant at p < 0.05. Statistical analysis 
was performed using one-way analysis of variance, followed by Tukey’s 
post hoc t-test and paired tests, where appropriate, using GraphPad 
Prism 9.0.

For molecular studies, statistical analyses were performed using the 

Table 1 
Fish and water parameters in different conditions.

Conditions C-SW MP-SW C-BW MP-BW C-FW MP-FW

Fish Number 30 30 30 30 30 30
Length (cm) 2.88 ± 0.29 2.97 ± 0.30 2.73 ± 0.11 2.87 ± 0.29 2.90 ± 0.25 2.63 ± 0.14
Weight (g) 0.45 ± 0.09 0.41 ± 0.04 0.34 ± 0.06 0.35 ± 0.09 0.44 ± 0.05 0.32 ± 0.06

Water Salinity (ppt) 33.00 33.00 16.00 16.00 0.94 0.94
Osmolality (mOsm/kg) 555.00 555.00 285.00 285.00 31.80 31.80
Na+ mmol/L 1430.00 1430.00 737.00 737.00 41.01 41.01
Cl− mmol/L 930.00 930.00 478.00 478.00 26.56 26.56

Fig. 3. Measurements of the gill filament of Aphanius fasciatus were used to 
estimate the proportion of secondary lamellae available for gas exchange 
(PAGE index). 
SLL: secondary lamellar length; ID: interlamellar distance; BET: basal epithelial 
thickness. Periodic acid-Schiff staining, Gr: × 40.
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SPSS software (version 17, SPSS Inc., Chicago, IL, USA). All calculations 
were based on ΔCp values, which were confirmed to follow normal 
distributions according to the Kolmogorov–Smirnov test.

3. Results

3.1. PS-MPs accumulation in gill tissue

The accumulation of PS-MPs in the gill tissue is shown in Fig. 4. The 
accumulated PS-MPs appeared as spherical fluorescent points distrib
uted throughout the gill tissue. PS-MPs primarily accumulated in the 
primary lamellae, secondary lamellae, and ionocytes. The tissue distri
bution did not differ with variations in salinity, and was similar across 
the different groups of fish exposed to MPs.

3.2. PS-MPs effects on gill tissue

Similar to other teleosts, the gill tissue of A. fasciatus is composed of 
filaments, each containing a primary lamella and secondary lamellae, 
with an epithelium comprising various cell types, including ionocytes, 
pavement cells, and mucus cells (MCs). Ionocytes were primarily located 
in the epithelium of the primary lamellae of fish in all groups. In fish 
from the C-SW group, ionocytes were associated with accessory cells 
(ACs) and were more abundant than in fish from the C-BW and C-FW 
groups (Fig. 5A). The density of MCs and ACs, as well as the thickness of 
the gill epithelium, decreased with decreasing salinity. MCs and ACs 
were almost absent in fish from the C-FW group (Fig. 5A). A significant 
increase in the PAGE index (p < 0.01) was also noted in C-BW and C-FW 
fish compared with that in C-SW fish (Fig. 5B). Exposure to MPs did not 
induce remarkable modifications in gill histology; the toxic effects were 
limited to partial detachment of the lamellar epithelium, which was 
more pronounced in MP-BW fish and even more pronounced in MP-FW 
fish (Fig. 5A). Exposure to MPs also caused a significant decrease in the 
PAGE indices of BW (p < 0.01) and FW (p < 0.05) fish. At the molecular 
level, the toxicity of MPs in the gill tissue was manifested by a highly 
significant increase in the expression of the gene encoding the heat 
shock proteinHSP70in MP-FW fish (Fig. 5C), and the gene encoding 
superoxide dismutase (SOD) (Fig. 5D) in both MP-BW and MP-FW fish.

3.3. Epithelium permeability

The permeability of the gill epithelium was evaluated by assessing 
the tissue and gene expression of Na+/K+-ATPase, NKCC, and CFTR as 
factors of transcellular permeability, and the gene expression of claudin 
3 and claudin 4 as factors of paracellular permeability.

3.3.1. Immunolocalization, activity, and gene expression of Na+/K+- 
ATPase

In the gills of SW fish, Na+/K+-ATPase immunofluorescence was 
primarily observed in the basolateral region of the primary lamellar 
ionocytes (Fig. 6A). Fluorescence remained localized in ionocytes in fish 
transferred to BW and FW, but significantly decreased in intensity with 
decreasing salinity (Fig. 6B). The highest Na+/K+-ATPase activity was 
also observed in the gills of fish in SW compared to those in BW and FW 
(Fig. 6C). Molecular analysis showed that the decrease in salinity had no 
effect on the expression of the gene encoding Na+/K+-ATPase (Fig. 6C). 
A significant decrease in the fluorescence intensity of Na+/K+-ATPase in 
the ionocytes of fish from BW and FW, compared to those from SW (p <
0.05 and p < 0.01, respectively), was observed under the effect of PS-MP 
(Fig. 6A and B). Exposure to PS-MP also significantly decreased the 
enzyme activity and gene expression in fish transferred to FW (Fig. 6C 
and D).

3.3.2. Immunolocalization and gene expression of NKCC
NKCC immunofluorescence was primarily localized in the baso

lateral region of ionocytes and was limited to the primary lamellae of the 
gills of fish in all groups (Fig. 7A). A highly significant decrease in 
fluorescence intensity (p < 0.01) was observed in fish from FW 
compared with those from SW and BW (Fig. 7B). FW ionocytes appeared 
larger than SW ionocytes, and NKCC expression was slightly apical. The 
decrease in salinity had no effect on the expression of the gene encoding 
NKCC, because the number of mRNA copies did not differ significantly 
among the fish in any of the groups (Fig. 7C). Under PS-MPs exposure, a 
significant decrease (p < 0.05) in the intensity of NKCC fluorescence was 
observed in fish in the MP-SW group (Fig. 7B) compared to that in the 
SW group (Fig. 6A). However, in freshwater, the effect of PS-MP expo
sure manifested as an increase in NKCC staining in the fish in the MP-FW 
group (Fig. 7B).

Table 2 
QRT-PCR primers of the corresponding Aphanius fasciatus sequences developed in this work.

Gene Acronym Forward primer (5′-3′) Reverse primer (5′-3′)

Na+/K + -ATPase Pump Na+/K+-ATPase CCTCTTCATCATCGCCAACA GATGTCGCTCTCAGCAGCTTC
CysticFibrosisTransmembraneRegulator CFTR GCATACTGGCCCTTGGAGTC CCCGTAGCACAGAGCTAAGCA
Na+/K+/2Cl- Pump NKCC AAGAAGAGGTGGAAGGACTGCA GCGGTCATGATCAATCCTGTT
Claudine 3 Cldn3 ACTGGTTCCTGTTCAAAGAGTGG CACCATCGCGTAGAGGCC
Claudine 4 Cldn4 ATGACGGACCTGAAGGAGGG TTGTCYCGGTCGGCGAAG
Heatshockprotein 70 HSP70 TTTTATCCTGGTGGTGGC GCCCTCTTGTTGTCTCTGAT
Superoxidedismutase SOD AGAGCATGGTTTCCATGTCCAT CCAACTCACCAGGTCTCCAA

Fig. 4. Localization of 5 μm fluorescent polystyrene microplastics (PS-MP) in gill tissue. 
SL: secondary lamellae; PL: primary lamellae; arrows: PS-MP in SL; arrowheads: PS-MP in ionocytes; PS-MP in PL. (Gr: × 40 (a: × 100)).
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3.3.3. Immunolocalization and gene expression of CFTR
Similar to Na+/K+-ATPase, CFTR was primarily located in the ion

ocytes of the primary lamellae, and the staining intensity decreased 
significantly with water salinity, reaching its lowest value in fish in the 
FW group (Fig. 8A and B). We also observed that CFTR distribution in 
ionocytes was both apical and subapical (Fig. 8A). Exposure to PS-MPs 
caused a significant decrease in the gill tissue expression of CFTR in 
MP-SW fish compared to that in the SW group. Conversely, in FW, PS- 
MPs increased the CFTR fluorescence intensity (Fig. 8A and B). The 
highest expression of the gene encoding CFTR was noted in the fish in 
the SW group, and the effect of exposure to PS-MP was manifested by a 
significant increase in the copy number of the corresponding mRNA in 
the MP-FW fish compared to that in the FW fish (Fig. 8C).

3.3.4. Gene expression of claudin 3 and claudin 4
Molecular analysis indicated that the expression of the gene encod

ing Cldn 4 did not differ significantly among fish from the different 
groups (Fig. 9B). In contrast, the Cldn 3 gene increased considerably 
with decreasing salinity, reaching its highest value in FW fish (Fig. 9A). 
A significant decrease in Cldn 3 gene (p < 0.05) expression was observed 
in fish in the MP-FW group compared to that in the FW group.

4. Discussion

Estuaries and lagoons are naturally characterized by fluctuating 

salinity and significant accumulation of MPs owing to sediment traps 
and slower water exchange. Fish inhabiting these transitional waters are 
euryhaline, and their gills exhibit extreme plasticity in coping with 
permanent salinity fluctuations. However, it remains unclear whether 
the increased accumulation of MPs in the gills of these fish, as described 
in several studies, alters their osmoregulatory function and, conse
quently, their ability to adapt to fluctuating salinity in fragile ecosys
tems. A. fasciatus is one of the most strictly estuarine and lagoon- 
dependent fish species, and was used as a model to study the tissue 
profile and gene expression of some factors of paracellular and trans
cellular permeability of the gill epithelium in response to decreased 
water salinity.

Gills are vital for respiration and osmoregulation in fishes. They are 
in continuous contact with chemical pollutants and particles, and are 
widely recognized as one of the most accumulated tissues for MPs 
(Karami et al., 2016; Limonta et al., 2019). Notably, the highest levels of 
accumulated MPs have been reported in the gills of euryhaline fish (Su 
et al., 2019). Using fluorescent PS-MPs, we successfully localized the 
particles in the gill filaments and ionocytes. Although the mechanisms 
involved in the translocation and internalization of PS-MPs across the 
cell membrane are poorly understood, some studies have confirmed that 
PS-MPs enter the cells by disrupting cell membrane integrity. Fleury and 
Baulinc (2021) reported that PS-MP beads (1–10 μm) attach to lipid 
membranes, leading to significant stretching of the lipid bilayer. Addi
tionally, it has been demonstrated that interactions between nano and 

Fig. 5. Histology of gill filaments (A), PAGE index (B), and gene expression of heat shock proteins (HSP70) (C) and superoxide dismutase (SOD) (D) in gills of fish 
acclimated to SW and those transferred in BW and FW in the absence (C-SW, C-BW, and C-FW) or presence of polystyrene microplastics (MP-SW, MP-BW, and MP- 
FW). 
AC: accessory cell; PC: pavement cell; SL: secondary lamellae; PL: primary lamellae; arrow head: ionocytes; arrow: detachment of the lamellar epithelium; star: mucus 
cell; *: p < 0.05 and **: 0.01 versus SW; a’: p < 0.01 versus BW; b: p < 0.05 and b’: p < 0.01 versus FW. (Gr: ×40; insets AC and PC: ×100).

A. Abbassi et al.                                                                                                                                                                                                                                 Chemosphere 368 (2024) 143783 

6 



micro PS (0.05–5 μm) and the cell membrane are mediated by hydro
phobic and van der Waals forces, facilitating PS internalization (Liu 
et al., 2021). Other studies have shown that internalization of PS-MPs 
can occur without altering the cell membrane through endocytosis 
and macropinocytosis mechanisms; however, these internalization 
pathways have only been verified for PS smaller than 5 μm (Liu et al., 
2021; Xu et al., 2021). It appears that water salinity does not affect the 
accumulation and distribution of PS-MPs in the gill tissue, but future 
quantitative analyses are needed to confirm this finding.

Although several studies have highlighted the toxicity of MPs in the 
gill tissues (Wang et al., 2019; Hu et al., 2020; Kessabi et al., 2023), it 
remains unclear whether this toxicity alters osmoregulation. Consistent 
with previous studies, we observed toxic effects of PS-MPs in the gill 
tissue, particularly in fish from the MP-FW group, including detachment 

of the lamellar epithelium, reduction in the PAGE index, and upregu
lation of genes coding for HSP70 and SOD. These alterations may indi
rectly indicate disruption of osmoregulation in response to decreasing 
salinity. Epithelial lifting and a decrease in the PAGE index have been 
considered by several authors (Rodrigues et al., 2015; Hu et al., 2020) as 
symptoms of osmoregulation disorders that could also affect respiratory 
gas exchange (Flores-Lopes and Thomaz, 2011). It is well established 
that the transcriptional responses of genes encoding stress proteins, such 
as HSP70 and SOD, can serve as useful biomarkers for biomonitoring 
aquatic environments in fish, particularly in A. fasciatus (Kessabi et al., 
2010; Sinha et al., 2012). HSP70 levels can significantly increase 
following exposure to various environmental pollutants, including MPs 
(Abarghouei et al., 2021; Choi et al., 2023), as it is associated with 
various physiological processes and stress resistance in fish. The 

Fig. 6. Immunolocalization (A), fluorescence intensity (B), activity (C), and gene expression (D) of Na+/K+-ATPase in the gills of fish acclimated to seawater (SW) 
and those transferred in BW and FW in the absence (C-SW, C-BW, and C-FW) or presence of polystyrene microplastics (MP-SW, MP-BW, and MP-FW). 
SL: secondary lamellae; PL: primary lamellae; arrow head: ionocytes; arrows: basolateral fluorescence of Na+/K+-ATPase in ionocyte; n: nuclei of ionocytes; *: p <
0.05 and **: 0.01 versus SW; a: p < 0.05 and a’: p < 0.01 versus BW; b’: p < 0.01 versus FW. (Gr:×40; inset “a": x 100).
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significance of our results lies in the observation of a significant increase 
in HSP70 and SOD genes in the gills of fish from the FW and BW groups 
following exposure to environmentally realistic concentrations of PS-MP 
(20 μg/mL), compared to previous studies that used much higher con
centrations of PS-MPs, such as 60 mg/L (Abarghouei et al., 2021) and 
300 mg/L (Choi et al., 2023).

As noted by Zink and Wood (2024) in their recent prospective re
view, only four studies have focused on the direct effects of MPs on gill 
ionoregulation. This study is the first to evaluate the direct effects of 
exposure to environmentally relevant concentrations of PS-MPs on the 
transcellular and paracellular permeability of the gill epithelium in 
euryhaline fish, where osmoregulation is essential for adaptation to 
fluctuating salinity in its habitat.

In this study, the transcellular permeability was explored by 
comparing the tissue and gene expression profiles of the most important 
membrane transporters, Na+/K+-ATPase, NKCC, and CFTR, in response 
to decreased water salinity in the presence or absence of PS-MPs. Our 
results indicated that the tissue expression of Na+/K+-ATPase, NKCC, 

and CFTR transporters was primarily localized in primary lamellar 
ionocytes, with the highest values observed in SW treatments. The 
transfer of fish to lower salinity did not alter the localization of the 
studied transporters, but significantly reduced their tissue expression. It 
is well established that exposure to higher salinity increases the 
expression of Na+/K+-ATPase (McCormick, 2001), NKCC (Marshall 
et al., 2002; Katoh et al., 2008; Flemmer et al., 2010), and CFTR (Katoh 
et al., 2003; Shaw et al., 2008)in euryhaline killifish species, whereas 
transferring SW-acclimated fish to FW significantly decreases their 
expression (McCormick et al., 1989; McCormick, 2001; Marshall et al., 
2002). To cope with dehydration caused by water loss in SW, similar to 
other euryhaline species, A. fasciatus must drink water and excrete 
excess NaCl by actively transporting Na + through the basolateral 
Na+/K+-ATPase, coupled with the secondary active transport of Cl− via 
the NKCC, which then exits the cell through the apical CFTR channel 
(Marshall et al., 2002). For both transporters (ATPase and NKCC), the 
response to high-salinity conditions in terms of protein or transport 
activity was only marginally reflected by their respective transcript 

Fig. 7. Immunolocalization (A), fluorescence intensity (B), and gene expression (C) of Na+/K+/2Cl− cotransporter (NKCC) in the gills of fish acclimated to seawater 
(SW) and those transferred in BW and FW in the absence (C-SW, C-BW, and C-FW) or presence of polystyrene microplastics (MP-SW, MP-BW, and MP-FW). 
SL: secondary lamellae; PL: primary lamellae; n: nuclei of ionocytes; arrow head: ionocytes; arrows: basolateral fluorescence of NKCC in ionocyte;: lack NKCC 
staining in ionocyte; *: p < 0.05 and **: 0.01 versus SW; a: p < 0.05 and a’: p < 0.01 versus BW; b: p < 0.05versus FW(Gr:×40, insets “a": x 100).
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levels. A similar situation has been observed in response to high-salinity 
in other fish, and has been attributed to various post-transcriptional 
regulatory mechanisms operating during high-salinity acclimation 
(MacKenzie et al., 2002; Shwe et al., 2020). During FW, fish experienced 
passive water gain and diffusive ion loss. Data regarding killifish ion
ocyte changes in FW are scarce; however, evidence suggests that these 
cells increase in size while maintaining basolateral Na+/K+-ATPase and 
apical NKCC expression (Katoh et al., 2003, 2008), which was confirmed 
to some extent in this study. Our results clearly indicated that a decrease 
in water salinity was associated with a significant decrease in the 
expression of the three transporters studied, with the lowest values 
consistently recorded in FW. The toxicity of PS-MPs was primarily 
manifested in FW by a decrease in Na+/K+ activity and the expression of 
the corresponding gene, as well as by a significant (p < 0.01) and un
expected increase in the tissue and gene expression of CFTR. Xue et al. 
(2022) reported a 60% reduction in gill Na+/K+-ATPase activity in 
zebrafish exposed to artificially degraded polyethylene MPs after five 

days in freshwater. Such modifications in ionocyte transporters could 
potentially disrupt osmoregulation during FW by decreasing the active 
basolateral uptake of Na+ and promoting apical loss of Cl− ions. Indeed, 
several studies have indicated that certain isoforms of Na+/K+-ATPase, 
such as NKA α1a (Chandrasekar et al., 2014), are expressed under 
hypo-osmotic conditions and are involved in the active uptake of Na+

and Cl− . However, gill CFTR expression should be undetectable in fish 
acclimated to FW, and Cl − excretion through the apical CFTR of the gill 
epithelium is essential only for seawater acclimation (Ouattara et al., 
2009; Evans et al., 2005). Several authors have noted the disappearance 
of apical CFTR within a few hours of its transfer from SW to FW 
(Marshall et al., 2002; Scott et al., 2005; Tang and Lee, 2011). Therefore, 
the persistence of relatively high CFTR expression after 15 days of 
acclimation of A. fasciatus to MP-FW was abnormal, indicating a toxic 
effect of PS-MP that may negatively impact osmoregulation.

The paracellular pathway is also crucial for regulating the perme
ability of the fish gill epithelium (Evans et al., 2005). In SW, the gill 

Fig. 8. Immunolocalization (A), fluorescence intensity (B), and gene expression (C) of the cystic fibrosis transmembrane regulator in the gills of fish acclimated to 
SW and those transferred to BW and FW in the absence (C-SW, C-BW, and C-FW) or presence of polystyrene microplastics (MP-SW, MP-BW, and MP-FW). 
SL: secondary lamellae; PL: primary lamellae; n: nuclei of ionocytes; arrow head: ionocytes; arrows: apical fluorescence of CFTR in ionocyte; **: 0.01 versus SW; a: p 
< 0.05 and a’: p < 0.01 versus BW; b: p < 0.05 versus FW(Gr:×40, insets “a": x 100).
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epithelium is “leaky,” and paracellular permeability is important for 
facilitating Na+ excretion, whereas in FW, the epithelium becomes 
“tight” to prevent passive ion loss (Chasiotis et al., 2008). The para
cellular pathway is regulated by the TJ complex between epithelial cells, 
which is composed of transmembrane and peripheral scaffolding pro
teins (Bagherie-Lachidan et al., 2008). Claudins are a large family of 
integral transmembrane TJ proteins and are major determinants of 
paracellular permeability (Van Itallie and Anderson, 2006). Changes in 
the mRNA levels of certain claudin isoforms have been observed in the 
gills of euryhaline fish in response to variations in salinity (Tipsmark 
et al., 2008; Duffy et al., 2011). Bagherie-Lachidan et al. (2008) found 
that a decreased abundance of Cldn 3 mRNA in euryhaline fish, Tet
raodon biocellatus, occurs in “leakier” epithelia and suggested that Cldn 
3 TJ proteins likely play an important role in maintaining osmoregula
tion in euryhaline species. Accordingly, by evaluating the number of 
Cldn 3 and Cldn 4 mRNA copies in the gills of fish from different groups, 
we observed that Cldn 4 was insensitive to variations in water salinity, 
where as Cldn 3 increased with decreasing salinity. However, the sig
nificant decrease in Cldn 3 mRNA copy number noted in fish from the 
MP-FW group reflects the toxic effect of MPs, which may be responsible 
for maintaining a certain permeability of the gill epithelium in FW and, 
consequently, passive ion loss.

In conclusion, our study revealed that 15 days of exposure of the 
euryhaline fish A. fasciatus to environmentally relevant concentrations 
of PS-MPs altered osmoregulation, particularly in FW, indirectly 
through their toxic effects on gill tissue, directly by maintaining rela
tively high paracellular permeability through the reduction in the 
expression of Cldn 3, and by modifying the expression of transcellular 
transporters Na+/K+-ATPase and CFTR in the gill epithelium. Although 
the present study yielded important results concerning the direct effects 
of PS-MPs on the permeability of the gill epithelium in response to 
reduced water salinity, more comprehensive studies are required to 
investigate the mechanisms underlying the translocation of PS-MPs into 
the gill tissue and their toxicity. It is also important to note that in vivo 
studies and laboratory conditions do not fully reflect field conditions, 
where salinity fluctuations can occur daily and where gills are in contact 
with MPs of varying sizes, shapes, and polymers. Thus, future in situ 
studies should focus on the effects of environmental MPs on the osmo
regulation of euryhaline fish. Overall, these results confirm the toxic 
effects of PS-MPs on the gill tissue and demonstrate for the first time that 
environmentally relevant concentrations of MPs adversely affect the 
permeability of the gill epithelium during decreased salinity acclimation 
in the euryhaline fish A. fasciatus.
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Jiménez: Visualization, Investigation, Data curation. Cristina E. 
Trenzado: Supervision, Investigation, Data curation. Eva E. Rufino- 
Palomares: Writing – review & editing, Visualization, Data curation. 
Hamadi Guerbej: Validation, Resources, Methodology, Investigation. 
Benjamin Piña: Writing – review & editing, Visualization, Funding 
acquisition, Conceptualization. Imed Messaoudi: Writing – original 
draft, Visualization, Supervision, Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request. 

References

Abarghouei, S., Hedayati, A., Raeisi, M., Hadavand, B.S., Rezaei, H., Abed-Elmdoust, A., 
2021. Size-dependent effects of microplastic on uptake, immune system, related gene 
expression and histopathology of goldfish (Carassius auratus). Chemosphere 276, 
129977. https://doi.org/10.1016/j.chemosphere.2021.129977.

Badylak, S., Phlips, E., Batich, C., Jackson, M., Wachnicka, A., 2021. Polystyrene 
microplastic contamination versus microplankton abundances in two lagoons of the 
Florida Keys. Sci. Rep. 11, 6029. https://doi.org/10.1038/s41598-021-85388-y.

Bagheri, T., Gholizadeh, M., Abarghouei, S., Zakeri, M., Hedayati, A., Rabaniha, M., 
Aghaeimoghadam, A., Hafezieh, M., 2020. Microplastics distribution, abundance 
and composition in sediment, fishes and benthic organisms of the Gorgan Bay, 
Caspian Sea. Chemosphere 257, 127201. https://doi.org/10.1016/j. 
chemosphere.2020.127201.

Bagherie-Lachidan, M., Wright, S.I., Kelly, S.P., 2008. Claudin-3 tight junction proteins in 
Tetraodon nigroviridis: cloning, tissue specific expression and a role in hydromineral 
balance. Am. J. Physiol. Regul. Integr. Comp. Physiol. 294, R1638–R1647. https:// 
doi.org/10.1152/ajpregu.00039.2008.

Bergmann, M., Wirzberger, V., Krumpen, T., Lorenz, C., Primpke, S., Tekman, M.B., et al., 
2017. High quantities of microplastic in Arctic deep-sea sediments from the 

Fig. 9. Gene expression of claudin 3 (A) and claudin 4 (B) in gills of fish acclimated to W and those transferred to BW and FW in the absence (C-SW, C-BW, and C- 
FW) or presence of microplastics (MP-SW, MP-BW, and MP-FW). 
*: p < 0.05 and **: p < 0.01 versus SW; a’: p < 0.01 versus BW; b: p < 0.05 versus FW.

A. Abbassi et al.                                                                                                                                                                                                                                 Chemosphere 368 (2024) 143783 

10 

https://doi.org/10.1016/j.chemosphere.2021.129977
https://doi.org/10.1038/s41598-021-85388-y
https://doi.org/10.1016/j.chemosphere.2020.127201
https://doi.org/10.1016/j.chemosphere.2020.127201
https://doi.org/10.1152/ajpregu.00039.2008
https://doi.org/10.1152/ajpregu.00039.2008


HAUSGARTEN observatory. Environ. Sci. Technol. 51, 11000e11010. https://doi. 
org/10.1021/acs.est.7b03331.

Chandrasekar, S., Nich, T., Tripathi, G., Sahu, N.P., Pal, A.K., Dasgupta, S., 2014. 
Acclimation of brackish water pearl spot (Etroplussuratensis) to various salinities: 
relative changes in abundance of branchial Na+/K+-ATPase and Na+/K+/2Cl2 co- 
transporter in relation to osmoregulatory parameters. Fish Physiol. Biochem. 40, 
983–996. https://doi.org/10.1007/s10695-013-9899-y.

Chasiotis, H., Kolosov, D., Bui, P., Kelly, S.P., 2008. Tight junctions, tight junction 
proteins and paracellular permeability across the gill epithelium of fishes: a review. 
RESPNB 184, 269–281. https://doi.org/10.1016/j.resp.2012.05.020.

Choi, J.H., Lee, J.H., Jo, A.H., Choi, Y.J., Kang, C.H., Kim, J.H., 2023. Microplastic 
polyamide toxicity: neurotoxicity, stress indicators and immune responses in crucian 
carp, Carassius carassius. Ecotoxicol. Environ. Saf. 265, 115469. https://doi.org/ 
10.1016/j.ecoenv.2023.115469.

Cormier, B., Le Bihanic, F., Cabar, M., Crebassa, J.C., Blanc, M., Larsson, M., Dubocq, F., 
Yeung, L., Clérandeau, C., Keiter, S.H., Cachot, J., Bégout, M.L., Cousin, X., 2021. 
Chronic feeding exposure to virgin and spiked microplastics disrupts essential 
biological functions in teleost fish. J. Hazard Mater. 415, 125626. https://doi.org/ 
10.1016/j.jhazmat.2021.125626.

Costanza, R., d’Arge, R., de Groot, R., Farberk, S., Grazzo, M., Hannon, B., Limburg, K., 
Naeem, S., O’Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M., 1997. 
The value of the world’s ecosystem services and natural capital. Nature 387, 
253–260. https://doi.org/10.1016/S0921-8009(98)00020-2.

Council of Europe, 2000. The Bern Convention. http://www.nature.coe.int/english 
/cadres/bern.htm. (Accessed 11 July 2002).

Don Stevens, E., 1992. Gill morphometry of the red drum, Sciaenops ocellatus. Fish 
Physiol. Biochem. 10, 169–176. https://doi.org/10.1007/BF00004528.

Dubaish, F., Liebezeit, G., 2013. Suspended microplastics and black carbon particles in 
the Jade system, southern North Sea. Water Air Soil Pollut. 224, 1352. https://doi. 
org/10.1007/s11270-012-1352-9.

Duffy, N.M., Bui, P., Bagherie-Lachidan, M., Kelly, S.P., 2011. Epithelial remodeling and 
claudin mRNA abundance in the gill and kidney of puffer fish (Tetraodon biocellatus) 
acclimated to altered environmental ion levels. J. Comp. Physiol. B 181, 219–238. 
https://doi.org/10.1007/s00360-010-0517-3.

Esteves, F., Caliman, A., Santangelo, J., Guariento, R., Fajarlla, Bozalli R., 2008. 
Neotropical coastal lagoons: an appraisal of their biodiversity, functioning, threats 
and conservation management. Braz. J. Biol. 68 (4), 967–981. https://doi.org/ 
10.1590/S1519-69842008000500006.

Evans, D.H., Piermarini, P.M., Choe, K.P., 2005. The multifunctional fish gill: dominant 
site of gas exchange, osmoregulation, acid-base regulation, and excretion of 
nitrogenous waste. Physiol. Rev. 85, 97–177. https://doi.org/10.1152/ 
physrev.00050.2003.

Flemmer, A.W., Monette, M.Y., Djurisic, M., Dowd, B., Darman, R., Gimenez, I., 
Forbush, B., 2010. Phosphorylation state of the Na+-K+-Cl- cotransporter (NKCC1) 
in the gills of Atlantic killifish (Fundulusheteroclitus) during acclimation to water of 
varying salinity. J. Exp. Biol. 213, 1558–1566. https://doi.org/10.1242/jeb.039644.

Fleury, J.B., Baulinc, V.A., 2021. Microplastics destabilize lipid membranes by 
mechanical stretching. PNAS 118 (31), e2104610118. https://doi.org/10.1073/ 
pnas.2104610118.

Flores-Lopes, F., Thomaz, A.T., 2011. Histopathologic alterations observedin fish gills as 
a tool in environmental monitoring. Braz. J. Biol. 71 (1), 179–188. https://doi.org/ 
10.1590/S151969842011000100026.

Garcés-Ordonez, O., Saldarriaga-Velez, J.F., Espinosa-Díaz, L.F., Canals, M., Sanchez- 
Vidal, A., Thiel, M., 2022. A systematic review on microplastic pollution in water, 
sediments, and organisms from 50 coastal lagoons across the globe. Environ. Pollut. 
315, 120366. https://doi.org/10.1016/j.envpol.2022.120366.

Ho, B.T., Roberts, T.K., Lucas, S., 2018. An overview on biodegradation of polystyrene 
and modified polystyrene: the microbial approach. Crit. Rev. Biotechnol. 38, 
308–320. https://doi.org/10.1080/07388551.2017.1355293.

Hu, L., Chernick, M., Lewis, A.M., Ferguson, P.L., Hinton, D.E., 2020. Chronic microfiber 
exposure in adult Japanese medaka (Oryziaslatipes). PLoS One 15 (3), e0229962. 
https://doi.org/10.1371/journal.pone.0229962.

Iṅiguez, M.E., Conesa, J.A., Fullana, A., 2016. Marine debris occurrence and treatment: a 
review. Renew. Sustain. Energy Rev. 64, 394–402. https://doi.org/10.1016/j. 
rser.2016.06.031.

Karami, A., Romano, N., Galloway, T., Hamzah, H., 2016. Virgin microplastics cause 
toxicity and modulate the impacts of phenanthrene on biomarker responses in 
African catfish (Clariasgariepinus). Environ. Res. 151, 58–70. https://doi.org/ 
10.1016/j.envres.2016.07.024.

Katoh, F., Hyodo, S., Kaneko, T., 2003. Vacuolar-type proton pump in the basolateral 
plasma membrane energizes ion uptake in branchial mitochondria-rich cells of 
killifish Fundulusheteroclitus, adapted to a low ion environment. J. Exp. Biol. 206, 
793–803. https://doi.org/10.1242/jeb.00159.

Katoh, F., Cozzi, R., Marshall, W., Goss, G., 2008. Distinct Na+/K+/2Cl-cotransporter 
localization in kidneys and gills of two euryhaline species, rainbow trout and 
killifish. Cell. Tissue. Res. 334, 265–281. https://doi.org/10.1007/s00441-008- 
0679-4.

Kazour, M., Jemaa, S., El Rakwe, M., Duflos, G., Hermabassiere, L., Dehaut, A., Le 
Bihanic, F., Cachot, J., Cornille, V., Rabhi, K., Khalaf, G., Amara, R., 2020. Juvenile 
fish caging as a tool for assessing microplastics contamination in estuarine fish 
nursery grounds. ESPR 27, 3548–3559. https://doi.org/10.1007/s11356-018-3345- 
8.

Kessabi, K., Navarro, A., Casado, M., Saïd, K., Messaoudi, I., Piña, B., 2010. Gene 
expression markers of stress response in the Mediterranean killifish Aphanius 
fasciatus. Development, validation and application to the evaluation of 

environmental impact on natural populations. Mar. Environ. Res. 70, 327–333. 
https://doi.org/10.1016/j.marenvres.2010.06.005.

Kessabi, K., Abbassi, A., Lahmar, S., Casado, M., Banni, M., Benjamin, P., Messaoudi, I., 
2023. Combined toxic effects of cadmium and environmental microplastics in 
Aphanius fasciatus (Pisces, Cyprinodontidae). Mar. Environ. Res. 189, 106071. 
https://doi.org/10.1016/j.marenvres.2023.106071.

Kidder, G.W., Petersen, C.W., Preston, R.L., 2006. Energetics of osmoregulation: II. Water 
flux and osmoregulatory work in the euryhaline fish, Fundulusheteroclitus. J. Exp. 
Zoolog. A. Comp. Exp. Biol. 305, 318–327. https://doi.org/10.1002/jez.a.252.

Kültz, D., 2015. Physiological mechanisms used byfish to copewith salinitystress. J. Exp. 
Biol. 218, 1907–1914. https://doi.org/10.1242/jeb.118695.

Leonardo, I., 2008. The feeding ecology of Aphanius fasciatus (Valenciennes, 1821) in the 
lagoonal system of Messolongi (western Greece). Sci. Mar. 72 (2), 393–401. https:// 
doi.org/10.3989/scimar.2008.72n2393.

Leonardos, I., Sinis, A., 1998. Reproductive strategy of Aphanius fasciatusNardo, 1827 
(Pisces: Cyprinodontidae) in the Messolongi and etolikon lagoons (W. Greece). Fish. 
Res. 35, 171–181. http://www.sciencedirect.com/science/journal/01657836/35/3.

Li, H., Liu, H., Bi, L., Liu, Y., Jin, L., Peng, R., 2024. Immunotoxicity of microplastics in 
fish. ISFSI 150, 109619. https://doi.org/10.1016/j.fsi.2024.109619.

Limonta, G., Mancia, A., Benkhalqui, A., Bertolucci, C., Abelli, L., Fossi, M.C., Panti, C., 
2019. Microplasticsinducetranscriptional changes, immune response and behavioral 
alterations in adult zebrafish. Sci. Rep. 9, 15775. https://doi.org/10.1038/s41598- 
019-52292-5.

Lionetto, M.G., Zonno, V., Schiavone, R., Giordano, M.E., Barca, A., Genuario 
Belmonte, G., Verri, T., 2023. The Mediterranean killifish Aphanius fasciatus 
(Valenciennes,1821) (Teleostei: Cyprinodontidae) as a sentinel species forProtection 
of the quality of transitional water environments:literature, insights, and 
perspectives. Water 15, 2721. https://doi.org/10.3390/w15152721.

Liu, L., Xu, K., Zhang, B., Ye, Y., Zhang, Q., Jiang, W., 2021. Cellular internalization and 
release of polystyrene microplastics and nanoplastics. Sci. Total Environ. 779, 
146523. https://doi.org/10.1016/j.scitotenv.2021.146523.

Lusher, A., Hollman, P.C.H., Mendoza-Hill, J., 2017. Microplastics in Fisheries and 
Aquaculture: Status of Knowledge on Their Occurrence and Implications for Aquatic 
Organisms and Food Safety. FAO Fisheries and Aquaculture Technical Paper, Rome, 
p. 140. https://www.fao.org/3/i7677en/i7677en.pdf.

MacKenzie, S., Cutler, C.P., Hazon, N., Cramb, G., 2002. The effects of dietary sodium 
loading on the activity and expression of Na, K-ATPase in the rectal gland of the 
European Dogfish (Scyliorhinuscanicula). CBPB 151, 185–200. https://doi.org/ 
10.1016/s1096-4959(01)00493-6.

Marshall, W.S., Lynch, E.A., Cozzi, R.R.F., 2002. Redistribution of immunofluorescence 
of CFTR anion channel and NKCC cotransporter in chloride cells during adaptation 
of the killifish Fundulusheteroclitus to sea water. J. Exp. Biol. 205, 12651273. 
https://doi.org/10.1242/jeb.205.9.1265.

Martellini, T., Guerranti, C., Scopetani, C., Ugolini, A., Chelazzi, D., Cincinelli, A., 2018. 
A snapshot of microplastics in the coastal areas of the Mediterranean Sea. TrAC, 
Trends Anal. Chem. 109, 173–179. https://doi.org/10.1016/j.trac.2018.09.028.

McCormick, S.D., 1993. Methods for nonlethal gill biopsy and measurement of Na+, K+- 
ATPase activity. Can. J. Fish. Aquat. Sci. 50, 656–658. https://doi.org/10.1139/f93- 
075.

McCormick, S.D., 2001. Endocrine control of osmoregulation in teleost fish. Am. Zool. 
41, 781–794. https://doi.org/10.1093/icb/41.4.781.

McCormick, S.D., Moyes, C.D., Ballantyne, J.S., 1989. Influence of salinity on the 
energetics of gill and kidney of Atlantic salmon (Salmo salar). Fish Physiol. Biochem. 
6, 243–254. https://doi.org/10.1007/BF01875027.

Messaoudi, I., Kessabi, K., Kacem, A., Saïd, K., 2009. Incidence of spinal deformities in 
natural populations of Aphanius fasciatus Nardo, 1827 from the Gulf of Gabes, 
Tunisia. Afr. J. Ecol. 47 (3), 360–366. https://doi.org/10.1111/j.1365-2028.200 
8.00972.x.

Nero, V., Farwell, A., Lister, A., Van Der Kraak, G., Lee, L.E.J., Van Meer, T., et al., 2006. 
Gill and liver histopathological changes in yellow perch (Percaflavescens) and 
goldfish (Carassiusauratus) exposed to oil sands process-affected water. Ecotoxicol. 
Environ. Saf. 63 (3), 365–377. https://doi.org/10.1016/j.ecoenv.2005.04.014.
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