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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Prdx4 regulates lipid metabolism and 
has a secondary role as an antioxidant 
molecule.

• PFAS induces protein oxidation even at 
low concentrations, without affecting 
lipids.

• PFAS downregulates prdx4 gene 
expression in S. cephalus kidney.

• A hydrophobic cellular environment re
duces the probability of PFAS-proteins 
bond.

• Distinct oxidative stress responses 
observed in skeletal muscle and kidneys 
under PFAS exposure.
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A B S T R A C T

Given the pervasive detection of perfluoroalkyl substances (PFAS) in several environmental matrices and their 
known toxicological effects, it is imperative to investigate their impact on the physiological responses of 
freshwater organisms. This research is crucial for developing effective strategies to protect aquatic ecosystems by 
directly addressing how PFAS influences aquatic species’ health and survival. In this study, we conducted a 
biomonitoring analysis to evaluate the effects of naturally occurring PFAS, specifically perfluorooctane sulfonic 
acid (PFOS) and perfluorooctanoic acid (PFOA), on the physiology of common chub (Squalius cephalus), a 
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Advanced oxidation protein products
Oxidative stress
Peroxiredoxin 4

freshwater fish native to the Veneto region. We measured oxidative damage in the kidney and skeletal muscle, 
with results showing that low PFAS contamination is sufficient to increase protein oxidation in both tissues. 
Conversely, even high PFAS levels did not induce lipid peroxidation in either tissue. We also examined the 
expression of peroxiredoxin isoform 4 (prdx4) in the kidney, finding its down-regulation with increasing PFAS 
pollution, which demonstrates the minor function of Prdx4 against oxidative stress. Instead, its down-regulation 
plays an important role in increasing lipid accumulation in the cell, creating a hydrophobic environment that 
limits PFAS bioaccumulation and their capacity to bind proteins, thus preserving them from further damage.

1. Introduction

The scientific community has increasingly focused on emerging 
pollutants in recent years due to their rising numbers, environmental 
persistence, and potential toxic effects on organisms. Despite their 
growing prevalence, there remains limited information about their 
transport, persistence, and overall impact on ecosystems. Per- and pol
yfluoroalkyl substances (PFAS) are chemical surfactant compounds 
produced since 1950 (Baran, 2001). They consist of a hydrophobic 
aliphatic tail composed of 4–16 carbon atoms; the hydrogen atoms are 
only partially or totally replaced by fluorine atoms, according to the 
structure -CnF2n+1- (Buck et al., 2011). They also have a functional 
group, generally carboxyl or sulfonic. PFAS are distinguished into short- 
and long-chain based on the number of fluorinated carbon atoms. The 
great variability of the shapes and structures of these compounds gives 
them multiple chemical-physical properties, leading to their increased 
use in different industrial sectors with a subsequent uncontrolled release 
of these substances into the environment.

Due to the strength of the fluoro-carbon bonds, PFAS exhibits 
remarkable chemical stability and high thermal inertia (Baran, 2001), 
which results in a high persistence in all environmental matrices, 
particularly in the water system, which serves as the main reservoir of 
these substances. PFAS have been detected in biological matrices, from 
apex predators to the lowest trophic levels (Teunen et al., 2021). In 
organisms, PFAS are rapidly absorbed by inhalation and ingestion and 
only partially metabolised. They mainly bioaccumulate in different body 
tissues, depending on the length of the alkyl chain, the molecule’s 
functional group and the tissue’s protein content. PFAS are frequently 
low-pKa acids charged at environmentally relevant pH levels, making it 
difficult to cross cell membranes by passive diffusion (Bangma et al., 
2022). However, some PFAS can still cross cell membranes via passive 
diffusion, particularly those with shorter chain lengths and less ionisa
tion (Zheng et al., 2023).

Research indicates that specific transport proteins use PFAS as sub
strates, facilitating their entry into cells and their movement within 
them (Dankers et al., 2013). In particular, these substances can bind the 
most abundant blood serum proteins, like globulins and albumin, the 
primary carriers of PFAS inside the body (Forsthuber et al., 2020). This 
bond can affect their toxicity, transport to active sites, and elimination of 
half-lives, hence their bioaccumulation within animals and humans 
(Fischer et al., 2024). Specifically, binding affinities for proteins have 
been reported for several PFAS, including perfluorooctane sulfonic acid 
(PFOS) and perfluorooctanoic acid (PFOA) (Jensen and Leffers, 2008). 
Indeed, PFAS can interact with proteins, interfering with their structure 
and function.

In addition, previous research showed how PFAS can interfere with 
the correct lipid metabolism of the cells. PFAS have a similar structure to 
fatty acids; as a result, they are transported by liver fatty acid-binding 
proteins (L-FABP) to hepatocytes, where they induce hepatotoxicity. 
Peroxisome proliferator-activated receptors (PPARs) are nuclear re
ceptors which regulate lipid metabolism and adipogenesis (Behr et al., 
2020). They are usually activated by fatty acids; due to their similarity, 
PFAS can bind these receptors, altering lipid homeostasis (Fragki et al., 
2021). The structural differences between PFAS, particularly the carbon 
chain length, play a fundamental role in regulating lipid metabolism 
(Zhao et al., 2023). For instance, some C8 compounds (PFOS, 

chlorinated perfluorooctane sulfonate and 6:2Cl-PFESA) induce hepatic 
steatosis exclusively via lipid synthesis to induce adipogenesis, while 
8:2Cl-PFESA, in addition, preferentially suppresses lipid excretion (Yi 
et al., 2019).

Moreover, PFAS are among the pollutants that can increase the 
production of reactive oxygen species (ROS), leading to an imbalance in 
the cellular redox equilibrium and raising the risk of oxidative stress 
(Bonato et al., 2020). An excess of ROS can cause damage to various 
macromolecules (proteins, lipids and DNA), interfering with their 
structure and function at the level of different cellular compartments 
and modulating the gene expression (Juan et al., 2021). Organisms have 
evolved an antioxidant defence system able to respond to limit the risk of 
oxidative stress by activating multiple non-enzymatic and enzymatic 
antioxidants (Ferro et al., 2017, 2020; Ricci et al., 2017; Bakiu et al., 
2022a; Schumann et al., 2023, 2024a).

Among the latter, peroxiredoxins (Prdx) play a fundamental role in 
detoxifying the cell from ROS, cooperating with glutathione peroxidase 
(GPx) and catalase as scavengers of organic and inorganic hydroperox
ides. Prdxs are a multigenic family of ubiquitous peroxidase-active en
zymes in living organisms (Al-Asadi et al., 2019; Tolomeo et al., 2019; 
Drago et al., 2022), widely distributed in various tissues and organs. Six 
isoforms are known in fish, each differing in their intracellular location 
(Ambruso, 2013). They are classified into three classes, according to the 
structure and mechanism of action: typical 2-Cys (Prdx1, 2, 3 and 4), 
atypical 2-Cys (Prdx5), and 1-Cys (Prdx6).

Prdx4 is a typical 2-Cys Prdx composed of two subunits: one contains 
a peroxidatic cysteine, while the other contains a resolving cysteine. The 
reaction with ROS involves two steps. In the first one, the peroxidatic 
cysteine attacks the peroxide substrate and is oxidised to S-hydrox
ycysteine Cys-SOH. In the second step, Cys-SOH reacts with the Cys-SH 
of the other subunit to form an inter-subunit disulphide bridge (Rhee, 
2016). Oxidised Prdxs are then restored to a reduced state by a reducing 
agent, such as glutathione, NADPH and thioredoxins. Prdx4 is mainly 
present in the endoplasmic reticulum and in the extracellular environ
ment (Lee, 2020), with a N-terminal signal peptide in its primary 
sequence, targeting it for secretion from the cell (Shi et al., 2014). 
Therefore, it protects the host from oxidative damage by removing ROS 
inside and outside the cell (Yamada and Guo, 2018).

To date, few works have investigated the structural and functional 
characterisation of Prdx4 in fish, and none have assessed its expression 
variation in environmental contexts impacted by anthropogenic 
contamination. Therefore, this study’s primary objective was to char
acterise Prdx4 in the common chub (Squalius cephalus).

S. cephalus is a generalist species with extensive ecological plasticity 
(Balestrieri et al., 2006), allowing it to thrive in diverse and often 
polluted environments. Its resilience and adaptability make it a valuable 
bioindicator for assessing water contamination levels and understanding 
the vulnerability of aquatic ecosystems (Nyeste et al., 2019). Therefore, 
we evaluated how this freshwater fish species can face the stress caused 
by environmental concentrations of PFAS in rivers of the Veneto region 
(Italy). Veneto represents one of the most emblematic cases of PFAS 
water contamination, mainly originating from a fluorochemical plant, 
which has been active since 1964. The contamination involved the 
provinces of Vicenza, Padua and Verona, for a total estimated area of 
190 km2 (Pitter et al., 2020).

In the present study, we investigated the physiological responses 
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from chronic exposure to PFAS in the kidney. Some previous studies 
identified the kidney as one of the main targets for PFAS accumulation 
(Cui et al., 2009; Yoo et al., 2009) and one of the responsible organs for 
perfluorocarbons (PFCs) excretion (Butenhoff et al., 2004). This physi
ological role could contribute to the increase in ROS production in the 
organ, with a consequent rise in oxidative stress risk.

We characterised the prdx4 sequence, which was previously un
known, and performed phylogenetic analyses to verify if the molecular 
evolution of this protein led to the conservation of the principal func
tional domains of the protein or introduced differentiation in S. cephalus 
from orthologous genes of phylogenetically related species. Further
more, we measured the mRNA accumulation of prdx4 to assess whether 
this gene may undergo up-regulation or down-regulation following 
PFAS exposure. To evaluate the role of Prdx4 in counteracting oxidative 
stress, we also examined two indicators of lipid and protein oxidative 
damage.

2. Materials and methods

2.1. Sampling sites

Three sampling sites, characterised by different PFAS concentra
tions, were selected, all located around the province of Vicenza (Italy) 
within the Leogra-Bacchiglione basin. Leogra Torrent, in Torrebelvicino 
(VI) (45.71779193 N; 11.30627616 E) was referred to as the “very low 
polluted site” (used as control site); Roggia Moneghina River, in Gru
molo delle Abbadesse (VI) (45.5116 N; 11.6560 E) as the “low polluted 
site”; Retrone River, in Altavilla Vicentina (VI) (45.51350834 N, 
11.5045197 E), as the “highly polluted site”. Data on PFAS concentra
tions in surface waters were provided by the Regional Agency for 
Environmental Prevention of Veneto (ARPAV) (Table S1). Contaminant 
levels, including pesticides, metals, and volatile organic compounds 
(VOCs), were below detection limits, suggesting PFAS as the primary 
pollutant.

The fieldwork activity was carried out in a single day, ensuring 
minimal environmental variation between the three sites (temperature 
within a 0.5-degree range; pH approximately 8.0–8.1). Ten specimens of 
S. cephalus (Linnaeus, 1758) with comparable size (19.99 ± 5.14 cm) 
were sampled from each site with the electrofishing technique 
(authorised by decree of the director of the Agri-environment, Planning 
and Management of Fish and Wildlife Hunting of the Veneto Region, n. 
336 of December 14, 2020). The individuals were immediately sacri
ficed using an overdose of clove oil (concentration of 0.070 mL/L). Af
terwards, they were rapidly dissected to remove the kidneys, which 
were frozen in liquid nitrogen and stored at − 80 ◦C until analyses.

Studies were carried out following ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines, in accordance with the 
Guidance on the operation of the Animals (Scientific Procedures) Act 
1986 and associated guidelines, and with the EU Directive 2010/63 for 
the protection of animals used for scientific purposes.

2.2. RNA extraction, quantification, assessment of the RNA integrity and 
cDNA synthesis

Kidney samples were processed using the guanidine thiocyanate- 
phenol-chloroform method to extract the total RNA content, according 
to the TripleXtractor protocol (Grisp, Porto, Portugal). NanoDrop™ 
2000/2000c Spectrophotometer (Thermo Scientific, Wilmington, USA) 
was used to quantify the RNA concentration. The purity of the RNA was 
assessed by calculating the 260/280 and 260/230 absorbance ratios and 
the integrity by running an aliquot of 1000 ng/μL of RNA in a 1% 
agarose denaturing gel electrophoresis. RNA samples were reverse 
transcribed with a cDNA Synthesis Kit (biotechrabbit, Berlin, Germany) 
to obtain a 50 ng/μL concentrated cDNA.

2.3. Gene characterisation, primer design and assessment by PCR

The sequence of prdx4 of S. cephalus was unknown; therefore, we 
performed a preliminar gene characterisation. The primers for 
sequencing were designed on fathead minnow (Pimephales promelas), the 
most phylogenetically related species, in the NCBI GenBank® database. 
Primer3 v 4.1.0 program (primer3.ut.ee/) was used to design primers, 
which were subsequently analysed with the IDT OligoAnalyzer™ tool 
(eu.idtdna.com/calc/analyzer) and the Beacon Designer™ program 
(premierbiosoft.com/qOligo/Oligo.jsp?PID = 1). To identify conserved 
domains for primer design, a multiple sequence alignment was per
formed with the GenomeNet ClustalW program (genome.jp/tools-bin/ 
clustalw), inserting sequences of other Cypriniformes. Only the primers 
located in regions with a >90% degree of conservation were selected. 
They were amplified with PCR and tested by gel electrophoresis; the PCR 
products were purified with the GenUP™ PCR/Gel Cleanup Kit (bio
techrabbit, Berlin, Germany) and sent to Eurofins Genomics Company 
(Ebersberg, Germany) for sequencing.

2.4. Phylogenetic analyses

The T-Coffee package was used (Notredame et al., 2000) to obtain 
multiple alignments of Prdx4 coding region and amino acid sequences. 
jModelTest2 (Darriba et al., 2012) was used to conduct a statistical se
lection of best-fit nucleotide substitution models to analyse the molec
ular evolution of organisms Prdx4. Analyses were performed using 88 
candidate models and three types of criteria: Akaike information crite
rion (AIC), corrected AIC (cAIC) and Bayesian information criterion 
(BIC). The TrN + I + G resulted the best-fit model of all analysed coding 
region sequences evolution with a γ shape value (four rate categories) of 
1.814 using all statistical criteria (–lnL = 9681.46).

Phylogenetic trees were built using the Bayesian inference (BI) 
method implemented in Mr. Bayes 3.2 (Ronquist et al., 2012). Four in
dependent runs, each with four simultaneous Markov Chain Monte Carlo 
(MCMC) chains, were performed for 1,000,000 generations sampled 
every 1000 generations. Furthermore, we also used the maximum like
lihood (ML) method implemented in PhyML 3.0 (Guindon et al., 2010), 
while the relative bootstrap analyses were performed on 100,000 trees. 
FigTree v1.4 software was used to display the annotated phylogenetic 
trees.

2.5. Quantification of gene expression

The prdx4 mRNA concentration in the kidney was evaluated by qRT- 
PCR (Applied Biosystems® 7500 Fast Real-Time PCR). The qRT-PCR 
cycling parameters were the following: 95 ◦C for 2 min, 38 cycles at 
95 ◦C for 20 s and 60 ◦C for 1 min, and finally 95 ◦C for 15 s, 60 ◦C for 1 
min, 95 ◦C for 15 s, and 60 ◦C for 15 s for the melting profile analysis 
(detection of genomic contamination). Each sample was run three times 
(technical triplicate). On the sequence obtained by Eurofins, ad-hoc 
primers for gene expression analysis were designed (Table S2) and the 
amplification efficiency was verified at first (absolute quantification). 
To exclude individual-specific responses, the standard curve was set up 
with increasing concentrations of a pool of cDNA from various in
dividuals. Gapdh was used as a housekeeping gene to normalise the 
transcription levels between different samples. Lastly, formula 2− ΔΔCt of 
the Pfaffl mathematical model (Pfaffl, 2001) was applied to calculate the 
gene expression by the comparative Ct method (Livak and Schmittgen, 
2001). qRT-PCR provides, as a result, a relative quantification value, 
which relates the PCR signal of the target transcript in a treatment group 
to that of the untreated sample (control).

2.6. Advanced Oxidation Protein Products and lipid peroxidation

Advanced Oxidation Protein Products (AOPP) are uremic toxins 
created during oxidative stress by reacting plasma proteins with 
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chlorinated oxidants such as chloramines or hypochlorous acid. AOPP 
were measured using the Witko-Sarsat et al. (1996) spectrophotometric 
method on the microplate reader Infinite® 200 PRO (Tecan Trading AG, 
Switzerland) at a 340 nm wavelength. The concentration of AOPP was 
expressed as a micromoles/litre of chloramine-T equivalent.

The Lipid Peroxidation Assay kit (Sigma-Aldrich, Saint Louis, U.S.A.) 
was used to quantify lipid peroxidation, determined by the reaction of 
malondialdehyde (MDA) with thiobarbituric acid to form a colouri
metric product, which is proportional to the present MDA. The sample 
optical density was read on the microplate spectrophotometer Multis
kan™ SkyHigh (Thermo Fisher Scientific, Singapore) at 532 nm.

Both MDA and AOPP values were normalised on the total protein 
content of each sample. The protein amount of the cell extract was 
assessed via the Folin-Ciocalteau phenol reagent method (Lowry et al., 
1951), using growing concentrations of bovine serum albumin as 
standard.

2.7. Statistical analysis

The results are shown as mean values of ten samples ± Standard 
Deviation. The Prism GraphPad software (Version 10.3.1, Boston, MA) 
was used for the statistical analysis of the data. A one-way variance 
analysis (ANOVA) was applied, followed by Tukey’s test to determine 
the significance of the differences. A p-value <0.05 was considered 
statistically significant.

3. Results

3.1. Phylogenetic analyses

The multiple alignment of the amino acid sequence of S. cephalus 
with Prdx4 of other species of teleosts (Fig. S1) showed the total con
servation of the catalytic centre (FYPLDFTFVCPTEI); this sequence re
mains unaltered also considering the group of tetrapods. It contains two 
of the three residues of the catalytic triad (P and T) and the peroxidatic 
cysteine. The third residue of the catalytic triad (R) is fully conserved 
too. In addition, the amino acid sequence GEVCPA, containing the 
resolving cysteine, is present in all considered species. The structural 
motif GGLG and the threonine, which regulate the enzyme’s peroxidase 
activity, remain unaltered in every species. The structural motif YF is 
conserved in teleosts and tetrapods. Unfortunately, the sequence of 
S. cephalus obtained from the sequencing is incomplete; this makes it 
impossible to verify that this motif is also conserved in this species. The 
initial part of the sequence appears less conserved between the species, 
with many amino acid substitutions, and contains the signal peptide that 
is cleaved in the translocation of Prdx4 in the endoplasmic reticulum or 
during its secretion.

The cladogram obtained on the nucleotide sequences (Fig. 1) is not 
entirely resolved, with an average posterior probability support of 87.5 
% for all nodes in the BI analysis, and an average bootstrap support value 
of 56.3 % in the ML analysis. The sequences of the Cypriniformes (to 
which S. cephalus belongs) are closely related to each other and clearly 
separated from those of the other orders (posterior probability and 
bootstrap value of 100%).

Fig. 1. Phylogenetic relationships among Prdx4s of various organisms, reconstructed based on nucleotide sequences of the coding region and using both BI 
(arithmetic mean = - 9714.72; harmonic mean = - 9744.35) and ML (arithmetic mean = - 9683.35) methods. Posterior probability (first number) and bootstrap 
values (second number, if present) higher than 50 % are indicated on each node. The scale for branch length (0.9 substitution/site) is shown below the tree.
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3.2. Prdx4 gene expression in the kidney

From the results of prdx4 gene expression analysis (Fig. 2), it is 
evident a statistically significant (p < 0.001) lower mRNA levels both at 
the “low polluted” site and at the “highly polluted” site compared to the 
“very low polluted” site. The decrease is 58% and 63.1%, respectively. 
No significant variation exists between the “low polluted” and “highly 
polluted” sites.

3.3. Protein oxidation

The graph in Fig. 3a shows a statistically significant increase (p <
0.0001) in AOPP levels of kidney tissue in both the “low polluted” and 
“highly polluted” sites compared to the “very low polluted” one (about 
47% higher). There is no significant variation between the two polluted 
sites. Conversely, the graph of the skeletal muscle (Fig. 3b) shows a 
highly significant increase (about 137%; p < 0.0001) only in the “low 
polluted” site.

3.4. Lipid peroxidation

MDA levels measured in both “low polluted” and “highly polluted” 
sites did not statistically differ from the “very low polluted” site in 
kidney tissue (Fig. 4a).The same pattern occurs in the skeletal muscle 
(Fig. 4b), in fact the graph shows an absence of significant differences 
between all sites.

4. Discussion

The obtained sequence of the prdx4 gene of S. cephalus consists of a 
partial coding sequence since both the C-terminal and N-terminal re
gions are incomplete. However, this part is predictable from the other 
teleosts’ sequences due to its high homology degree, confirming the 
presence of all amino acids and structural motifs important for protein 
function. One of the structural motifs (YF) is contained in this C-terminal 

region. At the same time, the other one (GGLG) is located in the middle 
of the prdx4 sequence, between the two catalytic cysteines and is part of 
the protein’s loop region. Our results showed that these two motifs are 
conserved between all analysed species. From the literature, we know 
that they are conserved at a deeper phylogenetic level inside all the 
eukarya but differ in prokaryotic organisms (Wang et al., 2012). In 
eukaryotic organisms, these two structural motifs are responsible for the 
conformational change during the catalytic cycle and allow the forma
tion of the disulphide bridge between the catalytic cysteines. They 
confer susceptibility at high levels of peroxides, guiding to inactivation 
and hyperoxidation (Bolduc et al., 2018).

Furthermore, our results showed the total conservation among all 
species of the three residuals of the catalytic triad (P, T and R). These are 
involved in the peroxidatic activity and the activation of the adjacent 
conserved cysteine (Hofmann et al., 2002). The sequence 
(FYPXDFTFVCPTEI), containing the catalytic centre, is conserved 
among all analysed species, including tetrapods. This result is explained 
by this region’s fundamental role in the protein’s functioning, contain
ing the peroxidatic cysteine, which is responsible for the reduction of 
hydroperoxides (Bakiu and Santovito, 2015).

For the same reason, the sequence (GEVCPA) containing the 
resolving cysteine is fully conserved among all species, even tetrapods 
(Bakiu and Santovito, 2015). This residue is responsible for the recovery 
of the peroxidatic cysteine to a reduced state (Bolduc et al., 2018). 
Instead, the N-terminal region appears more variable and less conserved 
among species. This result is due to weaker selective pressures acting on 
this sequence. This region includes a signal peptide responsible for the 
transmembrane translocation of the enzyme to the ER lumen; it is rich in 
hydrophobic residues and before the end of the process it is removed 
from the enzyme through a peptidase (Zimmermann et al., 2011). This 
N-terminal region is the same that allows the secretion of the enzyme in 
the extracellular environment (Fujii et al., 2015). Also, the threonine 
residual responsible for the phosphorylation of the enzyme is a common 
feature of all Prdx4s (Rhee and Woo, 2011).

The gene expression analysis results in the kidney show a down- 
regulation of prdx4 transcriptional level with increased environmental 
PFAS concentration. A superficial assessment of this result might suggest 
that Prdx4 is less critical in antioxidant protection against oxidative 
stress risk in chronic PFAS exposure. This hypothesis is conceivable as 
we know the complexity of stress responses, which can involve the in
duction of several proteins alternatively and specifically activated at 
different extracellular and intracellular cellular sites (Piva et al., 2024; 
Schumann et al., 2024b). Therefore, in this case, we expect an inter
vention of other antioxidant defence components, such as other Prdxs 
isoforms, some GPx, or non-enzymatic components. Indeed, in the liver 
of the identical specimens, exposure to increased PFAS concentrations 
had led to increased transcription of the sod2 gene, coding for mito
chondrial superoxide dismutase (Piva et al., 2022). An alternative hy
pothesis to explain the down-regulation of prdx4 would be related to 
steatosis, which is often found in organs where PFAS accumulate and 
which could represent a defence mechanism against the toxicity these 
substances exert on proteins.

Previous studies have demonstrated a positive correlation between 
lipid vacuolisation (steatosis) and PFAS accumulation in hepatocytes of 
various fish species, such as Padanian goby (Padogobius bonelli) (Piva 
et al., 2022). Similar correlations have been found in eels exposed to 
PFOA (Wolf and Wolfe, 2005), zebrafish exposed to PFOS (Du et al., 
2017; Cheng et al., 2016), and rats exposed to PFOA and PFOS (Harper 
and Wolf, 2009). However, this correlation was not observed in common 
chub (Piva et al., 2022). The structural similarity between fatty acids 
and PFAS allows these substances to interact with PPAR receptors, found 
in the liver and kidney. PPARs regulate the transcription of genes 
involved in fatty acid metabolism, glucose homeostasis, and lipid uptake 
(Kiss-Tóth and Rőszer, 2008). This could explain the disruption of lipid 
homeostasis observed in tissues exposed to PFAS. The increasing lipid 
accumulation could appear as a forced consequence caused by the 

Fig. 2. prdx4 mRNA expression levels in mean values (N = 8) with relative 
standard deviations, illustrated by the error bars. Different colours represent the 
three sites: “very low polluted site” in green, “low polluted site” in yellow, and 
“highly polluted site” in red. Asterisks indicate a statistically significant dif
ference from the “very low polluted” site (**p < 0.001).
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similar structure between PFAS and fatty acids. However, it could also 
be considered a defence mechanism to reduce the hydrophilicity of the 
intracellular environment, limiting PFAS bioaccumulation and reducing 
protein damage in highly polluted environments.

Prdx4 is specifically expressed in the endoplasmic reticulum (Valero 
et al., 2015), where it has two main functions: it acts as a scavenger 
against peroxides, and it inhibits the lipid accumulation in the cell 
(Yamada and Guo, 2018). By down-regulating the prdx4 gene, the 

inhibition of cellular lipid accumulation would be blocked, initiating the 
vacuolisation process. However, it must be considered that only the liver 
was histologically analysed in this species to highlight steatosis, but we 
cannot exclude the possibility of lipid accumulation involving the kid
ney instead, as evidenced by studies in humans that have shown chronic 
kidney disease associated with PFAS exposure (Conway et al., 2018) and 
it is known that chronic kidney disease induces lipid dysmetabolism and 
lipid droplet accumulation in this organ (Mitrofanova et al., 2023). 

Fig. 3. AOPP in kidney (a) and skeletal muscle (b) expressed in chloramine-T eq. (μmol/mg proteins), in mean values (N=8) with relative standard deviations. 
Different colours represent the three sites: “very low polluted site” in green, “low polluted site” in yellow, and “highly polluted site” in red. Asterisks indicate a 
statistically significant difference from the “very low polluted” site (***p < 0.0001).

Fig. 4. Lipid peroxidation in kidney (a) and skeletal muscle (b) expressed in MDA levels (nmol/mg proteins) and mean values (N = 8) with relative standard de
viations. Different colours represent the three sites: “very low polluted site” in green, “low polluted site” in yellow, and “highly polluted site” in red. ns indicates a not 
statistically different result from the “very low polluted” site.
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There are certainly no data on fish, so it will be interesting to carry out 
studies in the future, perhaps using larger species than chub. Recent 
investigations have also demonstrated ectopic lipid deposition in the 
renal tubules concerning endoplasmic reticulum stress (Hosokawa et al., 
2020).

The mechanism underlying lipid accumulation is known in mam
mals. Downregulation of prdx4 leads to the accumulation of misfolded 
proteins, activating the Unfolded Protein Response (UPR). This response 
regulates transcription factors such as ATF4 and XBP1, which directly 
influence lipid and glucose metabolism (Hetz et al., 2020). Furthermore, 
altered endoplasmic reticulum function can affect the secretion of li
poproteins, such as apoB, causing dyslipidaemia and steatosis (Conlon 
et al., 2016).

It is known that PFAS principally exert their toxicity against cyto
plasmic proteins, which are purely hydrophilic molecules (Bangma 
et al., 2022). The absence of lipid peroxidation under conditions of PFAS 
exposure can be considered a common condition in many organs and 
tissues, as shown by data from the liver (Piva et al., 2022) and, in our 
work, the kidney and skeletal muscle (Fig. 4).

Conversely, our results about AOPP levels show differences in 
oxidative stress responses between kidney and muscle tissues, which 
reveal complex and tissue-specific adaptive mechanisms. In the kidney, 
protein oxidation increases significantly at both “low” and “highly 
polluted” sites compared to the “very low polluted”, indicating height
ened oxidative stress (Fig. 3a). This suggests that even low PFAS con
centrations are sufficient to promote the formation of ROS, which causes 
oxidative damage to proteins and that the damage remains even in 
chronic exposure conditions. It is plausible that the latter include en
zymes involved in cellular oxidoreductive systems, resulting in altered 
ROS production. Given their short half-life, it is conceivable that ROS 
oxidise primarily on the first molecules they encounter, i.e. the enzymes 
themselves. However, although significantly increased protein damage 
is present in the analysed kidneys from the most polluted sites, it is 
equally evident that the fish are healthy. The hypothesis is that they 
probably maintain high levels of antioxidant defences, avoiding even 
more significant molecular damage. This physiological response re
quires an extra investment of metabolic energy, which could affect these 
fish’s life history (Souza et al., 2018).

An even higher level of PFAS (such as that present at the "highly 
polluted" site) did not determine a further increase in protein oxidation, 
probably because of the activation of the antioxidant system or other 
defence mechanisms. For example, by increasing the amount of fat in
side the cell, the hydrophilicity of the intracellular environment is 
reduced, decreasing the potential of PFAS bioaccumulation in this tissue 
(Yoo et al., 2009). Therefore, the interaction between PFAS and the 
protein component becomes less probable. This hypothesis stems from 
the evidence that in vitro PFAS are able to bind to both of these types of 
molecules non-specifically and with very similar affinities (Qin et al., 
2023).

This feature concerning the kidney cannot be extended to other tis
sues. In fact, AOPP levels in muscle tissue present a different pattern, 
increasing at the low-polluted site but decreasing at the “highly 
polluted” site compared to the “very low polluted” (Fig. 3b). This trend 
suggests a negative feedback mechanism or adaptive response in muscle 
tissue at higher PFAS concentrations. The decrease in AOPP levels at the 
“highly polluted” site could indicate upregulated antioxidant defences 
or a shift in metabolic processes that mitigate oxidative damage, already 
shown in other freshwater fish exposed to environmental contaminants 
including PFAS (Houde et al., 2014; Michailidou et al., 2024), demon
strating tissue-specific responses to environmental pollutants. These 
findings highlight the differential sensitivity and adaptive capacity of 
various tissues, with the kidney experiencing direct oxidative stress, 
while muscle tissues may deploy alternative protective mechanisms.

Although we did not measure PFAS concentrations in the kidney, 
total PFAS concentrations in the skeletal muscle were found to be 1.4 
μg/kg dry wt in the “very low polluted”, 6.64 μg/kg dry wt at the “low 

polluted” site, and 41.16 μg/kg dry wt in the liver at the “highly 
polluted” site (Schumann et al., 2024b). As a reference, PFAS concen
trations in the liver reached 303.64 μg/kg dry wt at the “highly polluted” 
site, 38.98 μg/kg dry wt at the “low polluted” site, and 12.45 μg/kg dry 
wt at the “very low polluted” site (Schumann et al., 2024b). These values 
confirm that the liver is the primary site of PFAS bioaccumulation, likely 
due to its role in lipid metabolism and detoxification. Given the struc
tural and functional characteristics of the kidney and its immune func
tion, it is plausible that PFAS accumulation in the kidney could mirror or 
even exceed that of muscle tissue, as happens in other freshwater fish 
(Goeritz et al., 2013; Surma et al., 2021) From these data, a correlation 
between PFAS concentration and the physiological parameters analysed 
is not evident. This finding was expected as cells may respond qualita
tively differently depending on the presence of the inducing factor, in 
particular when it comes to antioxidant defences. Indeed, it is well 
known that certain antioxidant proteins (less performing but 
fast-activating, such as superoxide dismutases and metallothioneins) are 
considered the first line of defence against oxidative stress (Bakiu et al., 
2022b; Trentin et al., 2025), while others (with greater scavenger ac
tivity but delayed activation such as catalase and some isoforms of 
glutathione peroxidase) come into play later (Tolomeo et al., 2022; 
Pacchini et al., 2023).

Additionally, our study did not show any significant correlation be
tween the measured parameters (MDA or AOPP levels or gene expres
sion) and the fish’s sex. This suggests that PFAS-induced oxidative stress 
and physiological responses are independent of sex in S. cephalus, indi
cating that both males and females are equally affected by PFAS 
contamination.

5. Conclusions

In conclusion, this study provides new information on the influence 
of PFAS on the organism’s physiology. Substances such as PFOA and 
PFOS can alter the health of fish, determining an increase in protein 
oxidation at a minimal level of contamination. However, at the con
centrations present at the sites considered in this work, fish can still 
respond to the risk of oxidative stress, activating the antioxidant de
fences. Among these, the peroxiredoxin isoform prdx4 appears to be 
down-regulated. Our results provide the secondary importance of this 
enzyme as an antioxidant molecule and its primary role in lipid meta
bolism. Its inactivation determines the increased lipid bioaccumulation 
inside the cytoplasm, potentially starting the process of cell vacuolisa
tion that can favour a hydrophobic cellular environment that makes the 
binding between PFAS and protein less probable, preventing damage at 
the protein level.

Further studies will be needed to clarify the molecular basis of this 
process, e.g. by studying the mRNA expression of the Adipose 
differentiation-related protein (Adrp) that is a lipid droplet marker, the 
transcription of which is known to increase when intracellular lipid 
levels rise (Targett-Adams et al., 2005). Additionally, our study high
lighted the tissue-specific responses to PFAS exposure, which are valu
able to gain a more comprehensive understanding of its physiological 
impacts.
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Surma, M., Hliwa, P., Sznajder-Katarzyńska, K., Wiczkowski, W., Topolska, J., 
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