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ABSTRACT

Per- and polyfluoroalkyl substances (PFAS) are emerging contaminants
with persistent environmental and biological presence, raising concerns about their
health impacts. This thesis focuses on the toxicological effects of a novel PFAS,
namely hexafluoropropylene oxide dimer acid (HFPO-DA), also known as GenX.
This contaminant is known among the scientific community for its ability to induce
oxidative stress and disrupt protein function. However, its effects on marine
organisms, specifically Mytilus galloprovincialis, are still unknown. A new in vitro
methodological approach was adopted to assess the impact of this PFAS by
focusing on specific biomarkers, including lipid peroxidation, antioxidant enzyme
activity and acetylcholine esterase. It has been shown how HFPO-DA, combined
with salinity alteration, induced toxicity in vitro and in vivo. Key findings indicate
that GenX induced oxidative stress at low and high contamination levels, producing
reactive oxygen species (ROS) and, consequently, oxidative damage. The in vitro
assay reported an inhibition of the antioxidant enzymes, which may be responsible
for the observed oxidative damage. While mussels tend to suffer mainly salinity
changes, alteration even at hypo and hypersaline conditions may indicate that the
contaminant may induce toxicity at different conditions. The in vitro approach
offers a reliable and reproducible method for assessing PFAS-related oxidative
damage, providing a valuable tool for future toxicological research. These findings
contribute significantly to the broader understanding of HFPO-DA impacts on
ecosystems, potentially informing future research and mitigation strategies.






1 - INTRODUCTION

1.1 — Fluorinated substances

Poly- or per- fluoroalkyl substances (PFAS) are compounds known
worldwide as per- or poly-fluorinated carbon chains, and they have been used for
stain-resistant coating in firefighting foams or non-stick cookware for the past
decade (Bonato et al., 2020; Savoca & Pace, 2021). However, the definition is
changing nowadays, considering a plethora of new pharmaceuticals and pesticides
with fluorinated carbons, independently on the chain length (Luki¢ Bilela et al.,
2023). In 2018, nearly 5000 different PFAS were commercialised (OECD, 2018a).
These chemicals are known to be stable, as the bond between carbon and fluorine
is challenging to metabolise biologically and physically, as it resists processes like
photooxidation and hydrolysis (EFSA, 2008). Moreover, the danger of these
substances lies in their tendency to bind primarily to proteins, leading to harmful
effects in both vertebrate and invertebrate species (Bonato et al., 2020; Alesio et
al., 2022; Hou & Zhang, 2024). Specifically in humans, these are carcinogenic,
altering the functioning of the thyroid, the metabolism and the reproductive system
(Melzer et al., 2010; Fisher et al., 2013; Itoh et al., 2016). Most of these deleterious
effects have been mainly attributed to increased reactive oxygen species (ROS)
production, mainly driven by the interaction with the peroxisome proliferation
pathway or mitochondrial dysfunctions (Bonato et al., 2020). This increase in ROS
may not only increase the antioxidant responses but also lead to oxidative damage
in case the dose of PFAS turns out to be excessive, with toxic compounds like
aldehydes produced (Regoli & Giuliani, 2014; Bonato et al., 2020).

Among these substances, perfluorooctanoic acid (PFOA) and
Perfluorooctanesulfonic acid (PFOS) are known to show relevant concentrations all
around the world, and due to their link to cancer and their persistence in the
environment and animals, they have been banned from commerce (EFSA, 2008;
Geng et al., 2024). These substances are constantly released into the environment,
making them available in different environmental matrixes, like soil, groundwater
and rivers, and the increase in production at the beginning of the decade led to a
growth of their concentration even in the marine environment (White et al., 2015;
Heydebreck et al., 2015; Song et al., 2018; Joerss et al., 2020). For instance, the
production of PFOA went on until their proven toxicity: since the year 2000, their
production and adoption have decreased in both America and Europe, also thanks
to their ban at the Stockholm convention (Bonato et al., 2020; EUR-Lex, n.d.). The
concentration in drinking waters of PFAS can range up to 25 ng/L, while in river
samples, the variation is wider: from non-detected up to 111 ng/L in the Rhine-
Meuse delta (Heydebreck et al., 2015; Gebbink et al., 2017; Gebbink & van
Leeuwen, 2020). On the other hand, higher concentrations of PFAS can be detected
in various areas of the world. In fact, in the Xiaoquing River in China,
concentrations of these contaminants rise to 800 pug/L, and rivers in the Bohai Sea
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reported levels up to 13 pg/L (Heydebreck et al., 2015; Zhao et al., 2020). In both
the Netherlands and China, a high contribution of fluorinated substances found was
given by PFOA, which is the most abundant and the most soluble in freshwater
bodies (Joerss et al., 2019; Gebbink & van Leeuwen, 2020; Zhao et al., 2020). The
presence of these contaminants in rivers led to their distribution in the estuarine
environment (Heydebreck et al., 2015; Zhao et al., 2020; Wu et al., 2023). These
chemicals can be detected even in open seas, where the action of currents
contributes to the distribution of the compounds: specifically, in the Arctic Sea, the
sum of PFAS can be up to 120 pg/L (Kwok et al., 2015; Joerss et al., 2020). The
availability of these compounds, even at low environmental concentrations, may
pose a threat to the ecosystems by altering the process of carbon sequestration
carried out by the phytoplankton (Casal et al., 2017; Niu et al., 2019; Mahmoudnia,
2023). There have been experiments that relate PFAS exposure directly to the
bioaccumulation in different organisms. Martin et al. (2019) showed that Holoturia
tubulosa specimens collected from the environment showed natural PFAS
accumulation levels of nearly 400 ng/g. However, there is a need to discriminate
between long-chain and short-chain PFAS: the latter are more likely to dissolve in
water and not go into the sediment, and because of this, they are claimed to be less
toxic than the other long-chained alternatives (Joerss et al., 2019; Fabrello et al.,
2021). An experiment was carried out to determine the bioaccumulation factor of
various PFAS revealed that long-chained PFAS had the highest bioaccumulation
potential (Martin et al., 2019). Again, in Charleston, organisms of Tursiops
truncatus have been shown to accumulate PFAS even at a concentration of 1 pg/g,
leading to developmental problems in the juveniles, in which these chemicals
seemed to have a higher concentration than adults (Houde et al., 2005). Wang et al.
(2023) analysed the behaviour of zebrafish exposed to PFOA: these authors showed
the movement alteration in these organisms, highlighting a possible impairment of
the fish exposed to these contaminants. The accumulation of PFAS in marine
bivalves can also lead to metabolic, reproductive and developmental disturbances
(Islam et al., 2021). In Mytilus galloprovincialis, PFOS accumulates in the tissues,
mainly in digestive glands, leading to a possible threat to human consumption of
this organism (Cunha et al., 2005). Their embryos' antioxidant responses are
affected even at a concentration of 0.1 pg/L of PFOA, making larvae of marine
organisms more sensitive to those substances (Fabbri et al., 2014). These kinds of
responses may lead to an altered effect on community and ecosystem functioning
due to chronic exposure or altering the reproductive capacity of different aquatic
organisms, with the induction of oxidative stress being the most common pathway
(Lee et al., 2020; Mahoney et al., 2022; Luki¢ Bilela et al., 2023).

Hexafluoropropylene oxide dimer acid (HFPO-DA), also known as GenX,
is a PFAS produced by Du-Pont factories and used to produce fluoropolymers
(Gebbink & van Leeuwen, 2020). Its use has been adopted worldwide as a PFOA
replacement: at the beginning, the compound was claimed to be less toxic than its



long-chained counterpart due to the shorter chain, but there were still concerns
about its stability (Kudo et al., 2001; Li et al., 2021; Yang et al., 2022). In recent
years, the compound quickly spread in freshwater pools, rivers and groundwater
near fluorochemical plants and has been detected in lagoons worldwide, especially
in areas with wastewater treatment plants (Heydebreck et al., 2015; Mahoney et al.,
2022). Its concentration ranges from 0 ng/L to 100 ng/L in estuaries worldwide,
with Europe and China being the major countries affected by the release of these
PFAS (Heydebreck et al., 2015; Sun et al., 2016; Gebbink et al., 2017; Song et al.,
2018; Mullin et al., 2019; Joerss et al., 2019; Gebbink & van Leeuwen, 2020; Zhao
et al., 2020; ARPAV, 2024; Yuan et al., 2024). Moreover, the compound has been
detected in the Arctic Sea, even though its presence is limited to pg/L,
demonstrating that the oceanic currents may affect the transportation of this
contaminant even in remote regions of the world (Joerss et al., 2020). The threat
posed by the availability of this chemical in the environment has been studied and
proven to cause rat diseases, like problems with liver toxicity, immune system
disruption, and potential links to cancer: the main cause of this is the alteration the
compound causes to the lipid metabolism of the organism (Conley et al., 2020).
Furthermore, the exposure alters lipid metabolism also in zebrafish, generating
behavioural and developmental issues while causing down-regulation of the
peroxisome proliferation genes as well as the ones related to cell apoptosis (Wang
et al., 2023). In the aquatic environment, it is known that the compound may impair
the photosynthetic abilities of Chlorella, negatively affecting its growth, while also
inhibiting part of the antioxidant responses (Niu et al., 2019; Li et al., 2021). As the
effects of this PFAS are slightly different from its banned alternative (PFOA), there
is an increased need for studies on the impact of the substance on marine animals
to provide information about its bioavailability and bioaccumulation (Wang et al.,
2024). Exposure of mussels to this category of contaminants generally leads to an
increase in antioxidant enzyme activity, and an alteration of this response may also
lead to an increase in lipid peroxidation (LPO) (Lee et al., 2020; Xu et al., 2022).
Furthermore, some substances may be affected by the stability in different media,
leading to a transformation of the chemical, making that more or less prone to alter
the organism's response (Ohoro et al., 2024).



1.2 - Climate changes

During the past decades, climate change has affected the environment due
to increased greenhouse gasses in the atmosphere, which worsens the greenhouse
effect (IPCC, 2023). Their atmospheric accumulation leads to higher temperatures,
which triggers various environmental alterations, including melting glaciers in
mountains and polar regions, shifting precipitation and drought patterns (Fenoglio
et al., 2010; IPCC, 2023). The latter is especially true for transition environments
exposed to fluctuation in salinities that depend on both inputs from freshwater and
saltwater from the sea. Analyses in estuarine environments predict that, due to
increasing temperature, the salinity in estuaries will increase due to the lack of an
appropriate availability of freshwater (Vargas et al., 2017; Bal et al., 2021). In fact,
according to IPCC, the increase in ocean surface temperature of 0.88 °C compared
to the past century is worrying, which affects acidification and salinity, ultimately
altering fishing and aquaculture worldwide (IPCC, 2023; FAO, 2024). Future
climate change projections indicate an even greater risk of global warming, with
rising emissions, which will potentially push temperatures to 1.5°C or higher. This
is expected to intensify heatwaves, extend drought periods, and severely affect
ecosystems and humans (IPCC, 2023). Nowadays, estuaries, coastal environments
of transition zone between rivers and sea, are subjected to an increase in salinity,
referred to as salinisation (Herbert et al., 2015; Bal et al., 2021). This process may
be due to both natural or anthropogenic sources: the former causes are phenomena
like the sea spray, frequency of rain, sea level rise and melting glaciers; the latter
instead refers to alteration caused by humans, like changes in hydrology or
widespread removal of deep-rooted perennial plants (Herbert et al., 2015). The
increasing trend of salinisation of coastal ecosystems may lead to rapid salinity
shifts, hindering freshwater tidal species' competitiveness against euryhaline
species, ultimately reducing biodiversity, limiting species distribution, and
potentially altering ecosystem services in estuaries (Costanza et al., 1998; Herbert
et al., 2015; Rothig et al., 2023). These environments are, in fact, one of the most
valuable ecosystems in the world, providing nutrient cycling, food production and
coastal protection from erosion, creating optimal and protected conditions for
various plant and animal species (Costanza et al., 1998). Many euryhaline
organisms use these environments. For instance, the crab Carcinus maenas thrives
in estuaries to live and feed. This adaptation allows the organism to spread around
different estuaries worldwide and compete with native species (DeRivera et al.,
2005). Humans have long exploited estuaries for their productivity and accessible
locations, particularly targeting bivalves. Activities such as fishing and harvesting
these animals have been practiced for generations (FAO, 2009). For instance,
Mytilus galloprovincialis or the crab Carcinus aestaurii are species of economic
interest, and they became invasive in other regions of the world, as they are well
adapted to coastal and estuarine environments (Steffani & Branch, 2003; FAO,
2009; Matozzo et al., 2013a). Organisms living in coastal environments are adapted



to changing environmental conditions, as these environments undergo cyclical
fluctuation of parameters like water currents or tidal change, by conforming their
internal fluids to the external salinity or regulating the osmotic pressure,
maintaining an adequate environment inside their organs (Freire et al., 2011; Bal et
al., 2021). For example, organisms like crabs, mussels and clams live in these
environments and exhibit different strategies. Sessile organisms, like mussels or
clams, are directly exposed to sunlight and air; this changes their ability to breathe,
but they react by lowering their metabolism to avoid damage (Velez et al., 2017,
Andrade et al.,, 2019). On the other hand, mobile species can move in the
environment, avoiding stressors to find suitable conditions. Creating unsuitable
salinity conditions or environmental parameters inside the range of tolerance for a
species may alter energy metabolism (Freitas et al., 2017; Leite et al., 2023). For
instance, when exposed to higher salinities, the mussel M. galloprovincialis tends
to decrease the metabolic rate, but membrane damage increases due to coping with
oxidative stress (Andrade et al., 2021, 2024a). As previously reported, lagoons are
important ecosystems that may provide invaluable benefits to the environment and
humans (Costanza et al., 1998). For instance, lagoons in Portugal and Spain were
used to produce salt, which has been a factor in both economic income and
preservation of the ecosystem, as salt production significantly affects the
biodiversity of organisms present in those environments (Rodrigues et al., 2011).
Therefore, the loss of these structures, along with the action of increasing water
level, poses a significant threat to estuaries and the preservation of some birds,
which depend on some invertebrates and microbiota that reach their optimal
proliferation in salty environments (Rodrigues et al., 2011).

However, estuaries are not only subject to environmental alterations due to
the variation in tides and riverine input but also due to the actions of mankind
(Freire et al., 2011; Herbert et al., 2015; Vargas et al., 2017). Not only salinisation
but also chemicals coming from rivers are another stressor in lagoons, as these
contaminants are going to accumulate in the water column, in sediments and living
organisms, potentially influencing the wealth and well-being of organisms in
lagoons (Rodrigues et al., 2011). In the past decade, many contaminants in the
aquatic environment have been identified, those being mostly metalloids and
Persistent Organic Pollutants (POPs), like bisphenol A, microplastics and PAHs
(Freitas et al., 2019b; Andrade et al., 2021; OECD, 2023; Andrade et al., 2024a).
Nowadays, research focuses more and more on manufactured chemicals that can be
released into the environment, mainly known as Contaminants of emerging concern
(CEC) (Freitas et al., 2020; Wu et al., 2023). These contaminants belong to the
classes of UV filters, Personal Care Products (PCPs), Polycyclic Aromatic
Hydrocarbon (PAHs), Pharmaceuticals and antibiotics, pesticides, halogenated
flame retardants and PFAS (Aminot et al., 2019; Bordalo et al., 2022; Wu et al.,
2023). Different sources of these contaminants are present in the environment:
agricultural fields, landfills and emission of ultrafine particles and micro and nano



plastics also contribute to the spreading of these pollutants, leading to further threats
in open ocean and arctic regions too (Joerss et al., 2020; Xu et al., 2022). However,
the discharge of high quantities of these contaminants in rivers not only led to a
high concentration in the riverine environment but also an increase in the presence
of the contaminant worldwide, due to first the riverine discharges at the levels of
estuaries but also marine currents, that bring these contaminants in the most remote
regions of the world (Zhao et al., 2012; Kwok et al., 2015). These compounds are
released into the environment as a consequence of improper disposal. They can act
as endocrine disruptors (EDs). These substances impair the endocrine system by
causing hormonal imbalance: they have been linked to a range of adverse health
effects in humans, including disruptions in thyroid, kidney, and metabolic
functions, as well as impacts on reproductive health and steroid hormone regulation
(OECD, 2023). These compounds present an elevated concentration near
wastewater treatment plants (WWTPs), generally placed in riverine areas and
discharge chemical compounds in the rivers without proper disposal or degradation
(Gebbink et al., 2017). Furthermore, contaminants act with other environmental
factors or other chemical components already present. They can be associated with
plastics, which are present in ocean environments and their threat to organisms and
ecosystems is well known. For instance, many organisms can ingest microplastics
and their pollutants, resulting in a possible way of transfer of associated
contaminants on the trophic chain (Scott et al., 2021; Luki¢ Bilela et al., 2023;
Wang et al., 2024). Therefore, testing the possible implications of the effect on
organisms exposed to PFAS and environmental changes may lead to a deeper
understanding of other implications in marine organisms. For these reasons, a deep
understanding of the effect of the contaminant in the environment, especially in
marine biomonitor organisms like bivalves, is required.



1.3 - Bivalves and test organism

To assess the possible stress caused by pollutants present in the
environment, bivalve molluscs have been widely adopted as they are filter-feeding
organisms that thrive in coastal waters (Lockwood & Somero, 2011; Fabrello et al.,
2021; Curpan et al., 2022). Bivalves may be well adapted to face various stressors
that range from differences in salinity to air exposure and temperature variations.
For example, in the intertidal habitat, these organisms face conditions where the
shell may reach up to 30 °C in temperature (Freire et al., 2011; Denny et al., 2011).
Salinity changes may be due to saltwater input in lagoons or increased freshwater
input in others, causing mussels to face seasonal environmental changes. In
particular, in the case of Mytilus edulis, it is known that the increase in transcription
of heat shock protein (HSP) genes, which function is to stabilise the proteins in case
of unsuitable environmental conditions, occurs when exposed to low salinities
(Lockwood & Somero, 2011; Barrett et al., 2022).

Furthermore, bivalves thrive in estuaries, where factors such as fluctuations
in salinity and higher concentrations of contaminants are present and can be
stressful to those organisms (Funes et al., 2006; Freire et al., 2011). For these
reasons, bivalves have developed different responses to the fluctuation in
environmental parameters: the adaptation of antioxidant defences and transcription
of molecules that may be triggered in hypo or hypersaline conditions, depending on
the organism (Freire et al., 2011). Due to their wide availability in the environment
and their presence in different estuaries, bivalve molluscs are used as biomonitoring
species to assess the health of the environment they live in: their sedentary
behaviour and their filter-feeding strategy are common characteristics of those
animals, which also allow for the quantification of the contaminants they are
exposed to (Regoli & Principato, 1995; Bocchetti et al., 2008; Cravo et al., 2009).
Therefore, as the human consumption of mussel and fish products is increasing,
there is a need to control and understand the possible health issues related to these
organisms (Carella et al., 2018; FAO, 2024).

M. galloprovincialis (Lamarck, 1819) is a bivalve mollusc belonging to the
Mytilidae family, which thrives in estuaries and intertidal environments. Therefore,
in their habitat, they constantly face emersion and immersion in the water due to
tidal changes, which make this species more likely to be exposed to extreme
environmental conditions, one of which salinity changes (Freire et al., 2011). In the
case of this animal, Mytilus also transcribe for genes functional to synthesise
proteins that attach directly to the cytoskeleton, stabilising its structure to prevent
rupture in case of an osmotic imbalance (Ji et al., 2014; Barrett et al., 2022). M.
galloprovincialis has been adopted over the years as a model organism in various
ecotoxicological experiments all over the globe to understand the impact of
xenobiotic substances on the environment, both using in vivo and in vitro
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approaches (Solé et al., 2021; Andrade et al., 2021; Curpan et al., 2022). For
instance, Carella et al. (2018) analysed different biomarkers to assess the quality of
life of these mussels in different sites to define the possible stressors in the
Campania coast in Italy. Alternatively, the post-mitochondrial fraction allows for
the assessment of the disruption of the biochemical response of these organisms
(Cruz et al., 2023; Vieira Sanches et al., 2023). This bivalve has a worldwide
distribution and is an invasive species living in the intertidal habitat and estuarine
environment (Steffani & Branch, 2003; FAO, 2009). The invasiveness of this
organism in other regions allows a wide availability and replicability of the
experiments and possible comparison of its physiology with other bivalve species.
This is the case in the study of Lockwood & Somero (2011), in which the proteome
of two species of Mytilus sp. was analysed. The aim was to understand the
difference in zonation caused by lower salinities, as M. edulis is more tolerant than
M. galloprovincialis. Furthermore, the small dimension of mussels usually allows
laboratory experiments to be carried out with little or no difficulties. In those in vivo
studies, mussels are kept in controlled conditions to understand their physiology in
case of one or multiple stressors, allowing them to check how they interact (Freitas
et al., 2020; Andrade et al., 2021). There are multiple ways in which factors may
interact (additive, synergistic, antagonistic), causing the organism to face different
stress levels (Kroeker et al., 2017). For instance, related to the antioxidants in
Mpytilus, in some scenarios, exposure to a particular environmental condition and a
contaminant may have different outcomes, leading possibly to inhibition (Orbea et
al., 2002; Freitas et al., 2019b; Andrade et al., 2021, 2024a).

This species is also world-renowned for its aquaculture: in 2016, the
worldwide production of blue mussels was slightly more than 100 thousand tonnes
(FAO, 2024). However, there are also other relevant economic benefits of the
presence of this mussel in the environment. They provide ecosystem services in
their habitat, like removing phytoplankton from the water column and improving
water quality (van der Schatte Olivier et al., 2020). Mytilus sp. physiology has been
studied over the years, and many different biomarkers have been developed to
detect possible contaminants in the environment (Cravo et al., 2009). For instance,
while the presence of metal has been associated with an increase in metallothionein,
the response, also known as peroxisome proliferation is mainly related to exposure
to polycyclic aromatic hydrocarbons (PAHs) and other organic contaminants
(Orbea et al., 2002; Cajaraville et al., 2003; Carella et al., 2018). As a consequence
of the increase of these organelles, the associated oxidases and the oxidation of fatty
acids increase the release of ROS, causing increased oxidative stress (Regoli &
Giuliani, 2014; He et al., 2021). Not only histological analyses have been
developed, but also, the response of antioxidant enzymes and biotransformation in
mussels is crucial to understand their variability with environmental parameters,
like pH, temperature and salinity, or the exposure to novel or legacy contaminants
(Regoli & Principato, 1995; Freitas et al., 2020; Leite et al., 2023). Another possible



alteration that derives from the exposure to a contaminant is the neurotoxicity. For
instance, in Mytilus sp., various substances like pesticides, pharmaceuticals or even
POPs have been shown to induce neurotoxicity and impairment in the behaviour of
the organism (Escartin & Porte, 1997; Freitas et al., 2019b; Wang et al., 2024). For
these reasons, the responses of the organisms may change, possibly leading to
behavioural responses like closure of the valves and difficulty breathing, ultimately
affecting the welfare of the animals (Grimmelpont et al., 2024). In the case of
salinity alteration, M. galloprovincialis might either increase or decrease their
metabolism and vary the production of antioxidant responses (Andrade et al.,
2024a). Alteration of the salinity to high values may alter the osmotic balance of
the organism’s internal fluid compared to the environment, leading to an overall
decrease in the activity of antioxidants, which in turn leads to an increase in
oxidative stress (Freitas et al., 2017). While the possible interaction between
different factors may not always provide the expected outcome, none of the
contaminants are in the environment on their own. While most studies on PFAS
focus on the exposure of an organism directly to a particular contaminant, the use
of a combined exposure between legacy and novel compounds may provide
additional information on the nature of their effects (Xu et al., 2022; Geng et al.,
2024). For instance, the impact of exposure to PFOS and PFOA may alter the
filtration rate of the green mussel (Liu et al., 2014). The study by Xu et al. (2022)
showed that combined exposure to PFOS and nanoplastics may have a more
detrimental effect on the amount of ROS produced than exposure to PFOS alone in
mussels, leading to increased oxidative stress



1.4 — Oxidative stress and biomarkers

Oxidative stress is the imbalance in reactive oxygen species (ROS)
production and their scavenging through different molecules (Freitas et al., 2020;
Aranda-Rivera et al., 2022). ROS may be generated in different ways in the cells.
For instance, the generation of ROS may happen through triggering the
mitochondrial proteins associated with respiration (Regoli et al., 2011a; Andrade et
al., 2024b). Those proteins are altered by a possible electron leakage in the
mitochondrial membrane, which causes a reaction with oxygen. In the case of
mitochondria, the level of ROS production depends on the activity of the electron
transport chain and the possible associated electron leakage (Rutter et al., 2010;
Regoli & Giuliani, 2014). On the other hand, ROS can be produced by different
substances: for instance, substances like metals trigger the Fenton reaction, which
implies the reaction of hydrogen peroxide (H202) with a transition metal, typically
a ferrous ion, leading to an increase in hydroxyl radicals and consequent damage to
the cell (Viarengo et al., 1999).

On the other hand, the increased release of specific contaminants like PAHs
and polychlorinated biphenyls (PCBs) leads to an activation of the pathway of the
cytochrome p450, leading to further electron leakage in the cell due to the slow
reaction (Regoli & Giuliani, 2014). Most PFAS, instead, are known to disrupt the
peroxisome proliferator-activated receptor (PPAR) pathway, leading to an increase
in peroxisomes and, as a consequence, enzymes related to lipid metabolism (Conley
et al., 2020; Wang et al., 2023). In fact, in the case of increased expression, the
amount of HO; increases in the organism due to increased activity of fatty acid
oxygenase, leading to further damage in the cells, as the molecule can cross the
membranes (Yeldandi et al., 2000).

Therefore, cells have developed specific molecules that are functional for
facing oxidative stress by mitigating ROS generation in different ways through
antioxidants. Antioxidant is a general term to refer to all those molecules that bind
or reduce the effect of singlet oxygen, H>0O2 and oxidised organic molecules that
attract electrons (Regoli & Giuliani, 2014; Aranda-Rivera et al., 2022). They may
have different origins, like carotenoids, that need to be assumed in animal diets
through plants; other organic molecules that can be synthesised by the organisms
directly, like thioredoxins or glutathione; or enzymes, that carry out reactions to
mitigate the reactivity of ROS (Aranda-Rivera et al., 2022). These enzymes are
crucial to face oxidative stress as, unlike other molecules that bind directly to ROS
and need to be re-synthesized or reused, they can be active or inactive and always
present in the cell. Those carry out several reactions, but they can be present in the
cell in different isoforms or have different locations in the organelles of the
organisms, where their affinity for the substrate plays a crucial role in their activity.
For instance, superoxide dismutase (SOD) is present in 3 different isoforms in
organisms: SODI1, SOD2 and SOD3. While the second is present mainly in
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mitochondria, and it is also known as MnSOD, the other two isoforms refer to the
Cu/Zn SOD, which is present in the cytoplasm (SOD1) or in the extracellular
medium (SOD3), leading to different functional activities of the enzymes
(Manduzio et al., 2003; Letendre et al., 2008).

Furthermore, while the MnSOD is the main one expressed in every organ,
the amount of SOD3 may vary: the expression of the enzyme in the extracellular
environment is thought to be a way to prevent excessive oxidative damage by
carrying out the dismutation of singlet oxygen directly outside biological
membranes (Manduzio et al., 2003). In some instances, the reactions in the
organisms are different and require different affinities of the enzymes to their
substrate, ideal for the organelle or section of the cell they need to protect. Enzymes
like catalase (CAT), glutathione peroxidase (GPx) and peroxiredoxins (Prdx) carry
out the same reaction: releasing water and oxygen from the dismutation of H20:
(Regolietal., 2011a; Molavian et al., 2015). However, these enzymes not only carry
out the reaction in a different way but also possess different spatial locations: while
GPx and Prdx are mainly located in the cytoplasm, CAT is located in peroxisomes
(Floh¢, 2012; Fransen et al., 2012; Molavian et al., 2015). This spatial distribution
of the enzymes influences their activity based on the type of reaction triggered in
the cell. For instance, the activation of the PPAR system causes an increased
synthesis in the associated enzymes, leading to the increase in oxidases and the
consequent increase in the activity of CAT (Regoli & Giuliani, 2014).

On the other hand, the increasing concentration of ROS triggers signalling
molecules that lead to the activation of different pathways. For instance, when
exposed to metals, mussels tend to use metallothionines to scavenge oxyradicals
and activate various transcription factors in the cell DNA to increase the antioxidant
enzymes and glutathione (GSH) metabolism (Viarengo et al., 1999). The
antioxidant enzymes that are present in the cell require the use of a reducing agent
whose purpose is to reduce the ROS. For instance, GPx and Prdx6 couple that
reaction with the oxidation of GSH, while other isoforms of Prdx require
thioredoxins instead (Molavian et al., 2015). For this reason, a crucial action in
recycling these molecules is played by enzymes like the glutathione reductase (GR)
or the thioredoxin reductase (TrxR), which make GSH and thioredoxin available
again in the cells (Molavian et al., 2015; Aranda-Rivera et al., 2022). The GR
catalyse the reaction to convert 1 molecule of GSSG back to 2 molecules of GSH.
These enzymes not only cover an important role in the regulation of the substrate
availability in the cell without the need to synthesize them again, but also, allow the
correct maintenance of the appropriate redox balance condition for the cell when
they are exposed to stressful environmental conditions (Freitas et al., 2017).
However, the redox balance of the cells does not depend only on the antioxidants,
but also on the possible de-novo synthesis of thiols. For instance, GSH is a
tripeptide made of cysteine, glutamate and glycine synthesized by the glutamate-
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cysteine ligase (GCL) first and the glutathione synthetase then in a 2-step process,
which requires ATP (Forman et al., 2009).

Together with the antioxidant enzymes and reducing agents, other enzymes
are responsible for protecting the cell from oxidative damage through the
detoxification of the cell from xenobiotics. These enzymes are known as
biotransformation enzymes. As their name suggests, they are responsible for
transforming the xenobiotic to be excreted by the cell more efficiently before they
react with other molecules and trigger oxidative damage (Regoli & Giuliani, 2014).
One of these enzymes is the glutathione-S-transferase (GST), whose role is to bind
the xenobiotic to a molecule of GSH. This reaction may cause either an activation
or deactivation of the compound of interest, making it more water-soluble, leading
to different effects in the cell (Habig et al., 1974). On the other hand, some
compounds do not require an additional reductive agent but carry out the reaction
just by transforming molecules containing an ester bond and a carboxylic acid into
an alcohol and an acid: the carboxylesterases (CbEs) (Escartin & Porte, 1997;
Hosokawa & Satoh, 2001; Solé¢ et al., 2018). Both enzyme's activity varies
according to seasonal or environmental fluctuations, leading to different responses
depending on possible exposure to pollutants (Escartin & Porte, 1997; Bebianno et
al., 2007; Andrade et al., 2021).

However, some enzymes may be destabilised by the presence of
environmental contaminants that bind to those molecules in different ways
(Andrade et al., 2024b). In general, it has been shown that in zebrafish, algae and
bivalves, there could be an alteration of the antioxidant responses when these
organisms are exposed to various PFAS, both legacy and novel compounds (Niu et
al., 2019; Fabrello et al., 2021; Wang et al., 2023; Geng et al., 2024). An alteration
of the functioning of the antioxidant enzymes or the biotransformation and
excretion enzymes may ultimately increase the amount of free ROS or contaminant
present in the cell. At that point, chain reactions and alteration of a specific cell
compartment can be caused. In particular, an increase in ROS may alter cysteine
residues in proteins, create a reaction with lipids or damage DNA, altering the
genetic information or the transcription of some enzymes, possibly leading to
tumorigenesis (Jahngen-Hodge et al., 1997; Zhang et al., 2016; Aranda-Rivera et
al., 2022). For instance, one possible consequence of protein damage is the
carbonylation of proteins, which occurs when a ROS reacts with an amino acid in
the structure of the protein itself. This alteration can be measured by the change in
the number of aldehydes and ketones in the cells (Suzuki et al., 2010). A change in
protein oxidation response may depend on the environmental change the organism
is exposed to. For example, while the changes in salinity do not alter this parameter,
they may be modified by a higher temperature or the presence of a contaminant
(Andrade et al., 2021; Leite et al., 2023). In addition, ROS may target lipids: the
increase in lipid hydroperoxides causes a chain reaction with other lipids, leading
to the release of malondialdehyde (MDA) (Regoli & Giuliani, 2014). These
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changes can be monitored, as lipids are more sensitive than proteins to peroxidation,
making it a widely recognized biomarker for monitoring oxidative damage in
bivalves (Freitas et al., 2017; Fabrello et al., 2021; Andrade et al., 2021; Xu et al.,
2022).

Regarding PFAS, their toxicity is generally associated with their binding
directly to the proteins present in the solution (Sakurai et al., 2013). In this way,
they alter their structure and the reaction they carry. One essential protein identified
as a neurotoxic biomarker is acetylcholine esterase (AChE), which inhibition in
activity is associated with an increased signal and a possible impairment of the
organism's response. For instance, the study of (Wang et al., 2023) showed that
zebrafish exhibited abnormal behaviour patterns that could potentially affect
survival, reproduction, and predator avoidance, highlighting the risk of PFAS at
higher ecological levels. This disruption in response mechanisms at the individual
level could have cascading effects on populations and ecosystems, making PFAS a
significant concern in environmental toxicology.
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1.5 - Aim of the study

As PFAS are generally widely distributed worldwide, the study of the
possible alteration that these contaminants may cause at reported environmental
concentrations in seas and estuaries in the environment may lead to possible
alteration to the organisms living there, possibly altering the ecosystem. In
particular, there seems to be a lack of knowledge on the effect of HFPO-DA on
marine bivalves. Furthermore, previous studies addressing PFAS exposure did not
focus on the possible impact of changing environmental conditions, which may lead
to different stability of the chemicals or alteration in organism responses to it
(Freitas et al., 2017; Yin et al., 2022). To do so, the biomonitoring species M.
galloprovincialis has been chosen. Being a sessile organism which feeds by water
filtering and thanks to its high availability in estuaries around the world, it is
considered an ideal biomonitoring organism (Regoli & Principato, 1995; Bocchetti
et al., 2008; Cravo et al., 2009). To achieve this, the present study focuses on two
approaches: the first is an in vitro experiment, which implies the use of a
contaminant and directly exposes the s9-subcellular fraction of the organism used.
The use of in vitro techniques nowadays allows for the detection of possible
alteration in the organisms’ biochemical performance to certain pollutants, like
antibiotics, pharmaceuticals or other substances present in the environment, while
limiting the number of organisms sacrificed (OECD, 2018b; Solé¢ et al., 2021; Cruz
et al., 2023; Giannessi et al., 2023). In the present case, the homogenate
corresponded to the post-mitochondrial fraction, as it is the one related to the
enzymes in the cytoplasm and the microsomal component of the organism,
including most of the antioxidants, biotransformation and neurotoxicity parameters
(Vieira Sanches et al., 2023). If this analysis reported relevant alteration or damage
to the cellular structures, an analysis in vivo, thus exposing the whole organism to
the contaminant, can be considered. Only environmentally relevant concentrations
of the contaminant in estuaries were used in the latter experiment. In this way, the
possible influence of the contaminant on these organisms was analysed to show
whether their response is altered by the presence of HFPO-DA in the environment.

Therefore, this study aims to understand whether the emerging PFAS
HFPO-DA may alter the mussel's biochemical responses, and if the salinity changes
can influence the impacts caused by the contaminant.
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2 - MATERIALS AND METHODS

2.1 - Study area

The Aveiro Lagoon (Ria de Aveiro) is located on the Northwest coast of
Portugal: it is 45 km long and spans 10 km in width, covering an area that ranges
from 83 km? to 66 km? at high and low tide respectively (Dias & Lopes, 2006). The
bar-built estuary, mainly influenced by tides rather than riverine input, includes
different environments like channels, mudflats, and salt marshes, and the only
access from the sea to the lagoon occurs thanks to a westside channel. Nevertheless,
the estuary presents two fluvial inputs in the eastern part, namely from rivers Vouga
and Antud (Dias & Lopes, 2006; Lopes et al., 2007; Vargas et al., 2017). The
estuary is subject to different seasonal environmental changes; the main effect of
these variations is on temperature and salinity. The first varies between 12 °C to
24.5 °C across the year, while salinity is influenced not only by the season but also
by the tide: for instance, in the mouth of the lagoon during the late spring and
summer period, values may range from 25 to 36 (Dias et al., 1999; Lopes et al.,
2007). However, during the winter, riverine inputs are higher, and areas located
downstream of the channels could reach values as low as 20 (Rodrigues et al.,
2012). Additionally, a horizontal variation in salinity can occur within the estuary,
ranging from 0 near the river mouth to 36 closer to the ocean (Lopes et al., 2007,
Vargas et al., 2017).

The Aveiro lagoon is also known for its tourism as well as the presence of
aquaculture facilities, salt extraction, and harbour presence (Vargas et al., 2017;
Aminot et al., 2019). In particular, human activities and the consequent release of
sewage or drainage from agricultural fields around the lagoon cause phenomena
like eutrophication (Lopes et al., 2007). In addition, in the Aveiro lagoon, different
chemical compounds have been registered as responsible for stress to the
organisms. For instance, in the lagoon, levels of different metalloids, including
mercury, have been detected in water, organisms and sediments (Coelho et al.,
2005; Stoichev et al., 2020). Furthermore, in recent years, contaminants like
halogenated flame retardants, UV filters and PFAS, specifically PFOS, have been
detected in this ecosystem (Cunha et al., 2005; Gadelha et al., 2019; Aminot et al.,
2019).
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2.2 — Invitro assay
2.2.1 — Experimental setup and sample processing

After the first sampling in February, 50 individuals of M. galloprovincialis
were immediately transported to the laboratory in wet conditions. They were placed
in tanks of artificial seawater (Coral Pro Salt Red Sea) at 17+1 °C, pH 8.1£0.1 and
salinity 28+1 for 1 week. During this period, mussels were kept on the previously
reported conditions and fed every other day using Oceanlife® solution (composed
of 1 spoon of Oceanlife Coral Food®, 1 mL of Oceanlife Phyto Marine®, and 4mL
of deionized water for 100L), administered at a concentration of 50 uL/L. For this
study, 40 mussels were sacrificed: after the acclimation period in the laboratory,
individuals were opened and dissected to extract both digestive glands (DG) and
gills (G) tissues separately. The collected tissues were joined in 4 pools,
corresponding to 4 replicates of 10 organisms per tissue and per treatment, and all
the replicates were weighted.

Each pool was then subject to homogenization by using a Potter-Elvehjem
homogenizer to process each pool of organs and transfer them to different falcons
per different pools. Then, a phosphate buffer (K;HPO4, 0.1 M, pH 8) (1:2 p/v ratio)
was added to act as a stabiliser for the enzymes of interest (OECD, 2018Db).
Subsequently, centrifugation at 10000 g for 20 min at 4 °C was carried out to obtain
the organs' post-mitochondrial supernatant (S9 fraction). After that, the
supernatants were collected, and 1 mL was stored in different microtubes: the ones
containing the same pool of organisms were marked similarly. These microtubes
were then preserved at -80 °C until their use. For each pool, the total volume of
supernatant fractions obtained was recorded and used to determine the
concentration of protein per gram (g) of tissue, and this was achieved according to
the spectrophotometric biuret method adopted by Robinson & Hogden (1940) (the
procedure is written below in the “Biochemical analyses” section).

For the in vitro assay, a stock solution of HFPO-DA was prepared by
diluting 2 mg of the chemical in 10 mL of methanol: this solvent is recommended
for storing the contaminant for long periods at room temperature (Liberatore et al.,
2020; Zhang et al., 2022). After that, the starting solutions were prepared by serial
dilution of the stock solution. Specifically, the process implied first the preparation
of an intermediate stock solution by diluting 100 pL of stock solution with 900 uLL
of distilled water. The subsequent exposure of the subcellular component was made
by testing the five concentrations of concentrations of the previously mentioned
contaminant with four homogenate replicates each. A volume corresponding to 1
mg of protein per litre (L) of sample was pipetted in 450 puL of phosphate buffer
(KoHPOg4, 0.1 M, pH 8.2) in 5 microtubes. After that, 50 pL of the contaminant
were taken from the previously prepared solutions to get the contaminant's final
concentration (Figure 1).
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Once the contaminant was inserted into the microtubes, all of them were
vortexed and put in an orbital incubator at 25 °C + 2 °C at 1350 g. Two exposure
times were tested to verify which was the most effective in describing the alteration
caused by the contaminant to the biomarkers of mussel S9 fraction: 30 min and 60
min. These in vitro tests can be carried out for up to 2 h (OECD, 2018b).

This type of approach reinvolves the study of the alteration of the enzyme
activity in response to the exposure of the post-mitochondrial supernatant (S9
fraction) of a pool of organisms. It is helpful to perform an initial screening on the
possible alteration of the organism's biochemical responses thanks to its high
throughput analysis (Solé et al., 2021; Vieira Sanches et al., 2023). Nevertheless,
the choice of concentration for this experiment is critical. The approach relies on
acute exposure (the order of minutes) to biological material, so a higher amount of
the contaminant should be used than in vivo experiments (Sol¢ et al. 2020, Cruz et
al. 2023). Therefore, the choice was based on levels of HFPO-DA present in
estuaries and freshwater bodies from different surveys. Specifically, the levels
chosen for the concentration were 100 ng/L, close to the highest possible found in
estuarine environments, 1 ug/L, more common in contaminated freshwaters, 10
ng/L, less common but still possible to be found in these environments, and 100
png/L, which is a concentration that is still not found in the environment
(Heydebreck et al., 2015; Sun et al., 2016; Gebbink et al., 2017; Song et al., 2018;
Mullin et al., 2019; Joerss et al., 2019; Gebbink & van Leeuwen, 2020; Zhao et al.,
2020; ARPAYV, 2024; Yuan et al., 2024).

[HFPO-DA] 0pg/L 0.1 pg/L 1 pg/L 10 pg/L 100 pg/L

Hx4 H)M

Hx:ﬂ Hx:ﬂ

Figure 1: Representation of the experimental design of the in vitro test. Above, samples contain the
gills, while on the bottom, the digestive gland. The increasing concentrations of the contaminant
with five levels tested horizontally. Each concentration had four replicates.
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2.3 - In vivo assay

In vivo testing is the common, most integrative approach for the proper
evaluation of the effect of a contaminant on the responses of organisms in the
environment (Bernardini et al., 2021; Fabrello et al., 2021; Andrade et al., 2021,
2024a). The choice of this experiment is determined by the need for information
related to the effect of contaminants in the environment: for this approach,
organisms with well-known biochemical and physiological responses are chosen
(Matozzo et al., 2013b; Andrade et al., 2021; Cruz et al., 2023; Vieira Sanches et
al., 2023). The concentrations of HFPO-DA selected for this test were based on a
typical environmental level of this novel PFAS and the highest concentrations
reported in the literature in estuarine environments: respectively 10 ng/L and 100
ng/L (Heydebreck et al., 2015; Gebbink et al., 2017; Joerss et al., 2019; Gebbink &
van Leeuwen, 2020; Zhao et al., 2020; ARPAV, 2024).

2.3.1 - Collection and maintenance conditions

After the second sampling (end of February 2024), 300 organisms of M.
galloprovincialis of similar size (length: 54.101 + 3.597; width: 30.448 + 2.176)
were transported to the laboratory in wet conditions and were placed in tanks of
artificial seawater at 17+1 °C, pH 8.1+0.1 and salinity 30+1 (use of Coral Pro Salt
Red Sea). All mussels were cleaned from epibionts the day after the collection and
left to rest in tanks for 7 days of acclimation. At the beginning of the second week,
mussels were divided into three tanks with an equal number of organisms to allow
them to get used to the different salinities. During that week, the changes in the
salinity were obtained by 2 +1 every 2 days until the target levels were reached: 1
tank was kept at 30, 1 tank was brought to salinity 40, while in the third, the salinity
was decreased to 20. The synthetic seawater was changed twice in the first week
and at each salinity variation in the second week, maintaining consistent pH and
temperature conditions during each renewal. During this period after the cleaning,
mussels were kept in the previously reported conditions and fed every other day
using Oceanlife® solution (composed of 1 spoon of Oceanlife Coral Food®, 1 mL
of Oceanlife Phyto Marine®, and 4mL of deionized water for 100L), which was
administered at a concentration of 50 uL/L every other day.

2.3.2 — Experimental setup and sample processing

After the acclimation period, different aquaria were prepared, each one with
3L of artificial seawater. Each aquarium held six mussels, with 18 organisms per
treatment, as each condition was replicated in three aquaria. The conditions tested
involved two orthogonal factors: the concentration of the contaminant (0 ng/L
(CTL), 10 ng/L and 100 ng/L of HFPO-DA) and the three different salinities (20,
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30 and 40). Therefore, the combination of these factors resulted in nine treatments:
1) uncontaminated mussels at salinity 20; 2) uncontaminated mussels at salinity 30;
3) uncontaminated mussels at salinity 40; 4) 10 ng/L HFPO-DA exposed mussels
at salinity 20; 5) 10 ng/L HFPO-DA exposed mussels at salinity 30; 6) 10 ng/L
HFPO-DA exposed mussels at salinity 40; 7) 100 ng/L HFPO-DA exposed mussels
at salinity 20; 8) 100 ng/LL HFPO-DA exposed mussels at salinity 30; 9) 100 ng/L
HFPO-DA exposed mussels at salinity 40 (Figure 2). Additionally, two tanks
without mussels per salinity level with the highest concentration of HFPO-DA (100
ng/L) were prepared as positive controls. These aquaria's purposes were to assess
the stability of the tested PFAS at different salinities and to certify that the changes
in concentration in the rest of the aquaria with mussels were related to the
organisms’ activity and not by external factors. The contaminant concentration in
the different treatments was prepared following two different starting solutions with
one intermediate solution each to get the same concentration of the solvent
(methanol) of 0.0006% in all treatments. This solvent has been chosen for
appropriate storage of the contaminant for long periods of time at room temperature,
while other less-toxic solvents were not suitable for this aim (Liberatore et al., 2020;
Zhang et al., 2022). A methanol control has not been carried out, as the solvent is
known to be toxic to marine invertebrates only at high concentrations. Previous
studies confirmed that there were no statistically significant differences between
control tanks and methanol ones, even when testing for different salinity levels
(Helmstetter et al., 1996; Kaviraj et al., 2004; Hutchinson et al., 2006; Bordalo et
al., 2022; Cuccaro et al., 2023).

To get the concentration of 10 ng/L, a starting solution of 1.8 mg/L in
methanol 100% was prepared; from that, an intermediate solution of 3 ug/L was
prepared starting from the first one by pipetting 170 pL of the first stock in distilled
water for a total volume of 100 mL; 10 mL of this solution were then pipetted in
the nine aquaria. Instead, to get the final concentration of 100 ng/L, a starting stock
solution of 18 mg/L has been prepared; the intermediate solution, in this case of 30
ng/L, has been prepared by dissolving 417 puL of the first solution in 250 mL of
distilled water. Then, 10 mL of that solution was pipetted into the 15 aquaria (nine
conditions with the organisms and in the six blank aquaria).

During the experiment, mussels were fed every other day with a mixture in
equal parts of three algae: Isochrysis galbana, Provirion Industries NV, BE;
Tetraselmis sp., AqualGae; Phaeodactylum tricornutum, AqualGae. These
organisms were combined in the same quantity (8 mg each) in a solution of 40 mL
to get a concentration of 150,000 cells/animal/day, considering that 1g has 3*10°
cells. Seawater conditions, including HFPO-DA concentration, salinity and pH,
were reestablished each week in aquaria. However, before the water exchange took
place, for the first 2 weeks, 50 mL of seawater samples from every pool were
collected to assess the stability and the possible changes in concentration of the
contaminant. The experiment's mortality has been documented weekly too. For this
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experiment, 162 mussels were sacrificed and, at the end of the exposure, divided as
follows: at least two individuals for the biochemistry, one for histological analyses,
and the remaining organisms for quantifying the tissue.

To analyse the biomarkers and the biochemical analysis, the whole
organism tissue of three organisms per aquaria was crushed using a mortar and
divided into seven different microtubes of 0.5 = 0.1 g fresh weight (FW). The
remaining tissue was collected in a falcon of 15 mL and weighed. Both microtubes
and falcons were stored in a freezer at -80 °C until the moment of the extraction
required to analyse the biochemical parameters. The extraction process is achieved
by diluting the samples in different extraction buffers specific to groups of
biochemical parameters. In fact, for Acetylcholine esterase (AChE), lipid
peroxidation (LPO), protein content (PROT), glycogen (GLY), superoxide
dismutase (SOD), catalase (CAT), total antioxidant capacity (TAC), glutathione
peroxidase (GPx), glutathione reductase (GR), glutathione-S-transferase (GSTs)
and carboxyl esterases (CbEs), a standard buffer has been used for the extraction of
the supernatant fraction: a 50mM phosphate buffer with ImM EDTA, 1% Triton
X-100, ImM DTT at pH = 7.0. For the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) extraction, a phosphate buffer (K2HPO4, 0.1 M, pH 8)
has been used. Instead, for the electron transport system (ETS) supernatant
extraction, a 0.1 M TRIS-HCI buffer with 15% PVP, 153 uM Magnesium Sulphate
(MgSO4) and 0.2% Triton X-100 at pH 8.5. Reduced glutathione (GSH) and
oxidized glutathione (GSSG) were extracted using a KPE extraction buffer with
0.1% Triton X-100 and 0.6% sulfosalicylic acid. In every case, 1 mL of the
appropriate buffer was pipetted inside the microtube with 0.5 g of tissue (1:2 p/v
ratio).

Afterwards, samples were transferred to a TissueLyser II instrument
(Qiagen) set at frequency 20 s™! for 1:30 min to allow tissue breakage. Subsequently,
homogenates using the phosphate buffer at pH 7.0 were centrifuged at 4 °C for 20
min at 10,000 g, at 4 °C for 20 min at 3,000 g for ETS and MTT and the samples
for GSH/GSSG at the same temperature for 10 min at 10,000 g. The process allows
the creation of a supernatant with the cellular material of interest, which is essential
for analysing the biochemical parameters. Consequently, 1 mL of the liquid was
collected and placed in different aliquots, which were then directly processed for
the biomarker analysis or stored at -80 °C until their use.
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Figure 2: Experimental design for the in vivo experiment. Each treatment presented three different tanks, which
were the experimental replicates. Created with BioRender.com.
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2.4 — Biochemical analyses

A set of various biochemical parameters was used to assess the biological
effect of each tested treatment. In particular, the measurement of metabolic activity
occurred using the ETS and MTT assays. The energy reserves have been analysed
using GLY and PROT quantification. The measurement of the activity of the TAC
and the enzymes SOD, CAT, GPx and GR has evaluated the activity of
antioxidants. Biotransformation enzymes that have been assessed are GSTs and
CbEs. Redox balance has also been evaluated by analysing reduced glutathione
(GSH) and oxidized one (GSSG) level. Oxidative damage was assessed using the
LPO assays. Neurotoxicity results from the analysis of the AChE activity.

For the experiment in vitro, the biomarkers that have been tested were the
antioxidant enzymes SOD, CAT, GPx and TAC; biotransformation enzymes GSTs
and CbEs; biomarkers of neurotoxicity AChE and oxidative damage LPO. This set
of biomarkers was selected as it covers all the major categories of biochemical
responses to oxidative stress: it gives a broad view of the possible oxidative stress
caused by these compounds in the subcellular fraction. On the other hand, the in
vivo experiment included all the previously mentioned biomarkers.

For all the selected biomarkers, in vitro and in vivo assays, analyses were
carried out in technical duplicates (except for GLY and GSSG due to the high
reaction speed), and a BioTek Epoch 2 microplate reader did the measurements.
Except for PROT, GLY, ETS, MTT, TAC, GSH, GSSG and LPO, which were
expressed per fresh weight (FW), the others, as they are enzymes, their activity has
been standardized by the PROT of the respective sample, calculated as described in
the “Energy reserves” section. For each biomarker, a preliminary test for the
dilution with four samples and three dilution levels has been carried out to avoid
overflow due to the highest response that the machine could register.

A blank was used in all the biochemical parameters analysed: it was
composed of only the extraction buffer for the biomarker of interest and all the
reagents present in the assay without the sample. It is used to apply background
correction by removing, during the calculation of the activity, the absorbance
related only to the reagents. In the case of using the standard, the lowest standard
concentration has been used as a blank to apply background correction.

2.4.1 - Metabolic capacity

The ETS in the cells corresponds to the system of dehydrogenase enzymes
and cytochrome c electron carrier proteins that, through oxygen consumption,
produce Adenosine triphosphate (ATP). Its variation from a normal level may be
caused by stressors present in the surrounding environment, which may cause either
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an increase or a decrease depending on the severity of the alteration (King &
Packard, 1975; De Coen & Janssen, 1997; Sokolova et al., 2012)

The ETS activity was measured following the method by King & Packard
(1975) and modification by De Coen & Janssen (1997). The method implies the use
of the buffer substrate solution (BSS), which is made of 0.13 M Tris-HCI, 0.3%
(v/v) Triton X-100 at pH 8.5; a solution which mixes NADH and NADPH, which
the ETS uses in concentration 1.7 mM and 250 pM respectively; p-
IodoNitroTetrazolium (INT) 8§ mM. INT is used as an electron acceptor to register
electron transmission rate; in this way, it forms a formazan, which may vary the
absorbance measured by a spectrophotometer. After the reaction, the absorbance is
read at 490 nm for 10 min in intervals of 25 s. The results are calculated by the
extinction coefficient (¢) = 15900 M~ ! cm™ ! by the following formula:

C—A
T exb

In this case, the absorbance (A) is divided by the product between the extinction
coefficient and the distance travelled by light (b). The results were expressed as
nmol per min per g of FW.

Another relevant parameter that gives an idea about the metabolic activity
is the MTT assay.

This assay is based on van Meerloo et al. (2011) method with modifications
made by Cuccaro et al. (2021). The assay is based on the ability of the succinate
dehydrogenase system of the active mitochondria to reduce 3 [4,5-dimethylthiazol-
2-y1]-2,5-diphenyltetrazolium bromide to its insoluble form (a formazan): the
reaction makes the substance turn from yellow to purple. The absorbance is then
read at 560 nm. The amount of formazan in the solution can be calculated using the
extinction coefficient () = 51000 M~ ! cm™ ! from Bagchi et al. (2001) by the
following formula:

_A
T exb

In this case, the absorbance (A) is divided by the product between the extinction
coefficient and the distance travelled by light (b). The results were expressed as
nmol per g of FW.

2.4.2 - Energy reserves

Analyzing the quantification of PROT is essential as these molecules are
everywhere in the organisms. Their function is crucial in the transportation of
compounds, the storage of molecules, and the energy source for the organisms to
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cope with defence mechanisms and damages caused, among other things, by the
production of ROS (Andrade et al., 2021).

The analysis principle is based on the adaptation of the biuret reaction
provided by Robinson & Hogden (1940). The reaction implies that the Copper 11
exposed in an alkaline environment reacts with the amino acid peptide bonds. In
this way, the solution turns to a blue or purple colour. Five standards that report the
concentration from 0 to 40 mg/mL using bovine serum albumin (BSA) and distilled
water were prepared. The absorbance was read at 540 nm, and the results were
calculated through the calibration curve by obtaining the value of the y-intercept
and the slope of the standards and using the reverse equation:

x = (y-b)/m

In which m is the slope, b is the intercept in the y-axis, and y is the absorbance of
the sample, the protein concentration in the sample of interest (x) expressed in mg
per mL is obtained. The results were expressed in mg per g of FW.

Glycogen is the primary carbohydrate storage form in animals, and its
prominent role is to be an energy source. When organisms are under extreme stress,
they can decrease their metabolic capacity, avoiding the consumption of their
energy reserves. Conversely, in the absence of extreme situations, an increase in
ROS and a decrease in reserves can be detected (Sokolova et al., 2012).

The analysis of the amount of GLY is based on the method from DuBois et
al. (1956), which relies on the reaction of phenol with sulfuric acid: it can be used
for the quantification of sugars, their methyl derivates, oligosaccharides and
polysaccharides. Phenol is used at 5% to alter the membrane permeability without
killing the cell, while sulfuric acid breaks di- oligo- and polysaccharides to allow
the quantification of sugars. The measurements are done through 8 standards of
glucose, ranging from 0 mg/mL to 5 mg/mL, which is useful to quantify the amount
in the samples. The absorbance read at 492 nm. The results are then calculated
through the calibration curve:

x = (y-b)/m

In which m is the slope, b is the intercept in the y-axis, and y is the absorbance of
the sample, the protein concentration in the sample of interest (x) expressed in mg
per mL is obtained. Results were expressed as mg per g of FW.
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2.4.3 — Antioxidant capacity

The antioxidant enzyme SOD is an enzyme that catalyses the dismutation
of the superoxide radical (*O2"), producing H>O> and molecular oxygen (Regoli &
Giuliani, 2014).

The activity of SOD was determined following the protocols of (Magnani
et al., 2000): it is based on the measurement of the enzyme activity through the
inhibition of the pyrogallol autoxidation by the dismutation of the *O,". Pyrogallol
is subject to autoxidation at 50% in the presence of EDTA at pH 8.2. Calculation of
the activity of SOD is obtained in the percentage of inhibition and activity is
calculated as follows:

A Abs sample

X 0
A Abs blank 100%

% inhibition of pyrogallol autoxidation =

% inhibition of pyrogallol autoxidation
50%

(Cu-Zn) SOD activity (U/mL) =

The results were expressed in U per mg of PROT, which is the activity of the
enzyme standardized by the protein content of the sample, where U corresponds
to the amount of enzyme that catalyses the conversion of 1 micromole (umol) of
*O2” per min.

The enzyme CAT catalyses the decomposition of two H>O2 molecules by
releasing oxygen and water. Its action is critical to decreasing the presence of H2O:
molecules in the cytoplasm, forming oxygen and water (Regoli & Giuliani, 2014).

The activity of CAT was determined following the procedure of Johansson
& Borg (1988) with modification from Carregosa et al. (2014). It involves the
reaction of the enzyme with methanol based on an adequate concentration of H>O».
In this way, 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald) is used as a
chromogen because of the reaction with the formaldehyde so created. The technique
requires using the Potassium Periodate to catalyse the reaction between
formaldehyde and Purpald, with the consequent formation of Potassium hydroxide.
Nine standards from 0 uM to 150 uM of formaldehyde are prepared by dilution in
reaction buffer (KoHPO4+KH>PO4, 50 mM, pH 7.0). The readings are carried out 5
min after the release of the latter reagent at 540 nm, and the results are then
calculated through the calibration curve by obtaining the value of the y-intercept
and the slope of the standards, the use of the equation:

x = (y-b)/m

In which m is the slope, b is the intercept in the y-axis, and y is the absorbance of
the sample, the concentration of enzyme in the sample of interest (x) expressed in
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mg per mL is obtained. The final concentration of the parameter is then expressed
in the formation of 1nmol formaldehyde per minute per mg of PROT.

The GR is also classified as an antioxidant enzyme that recycles oxidized
glutathione (GSSG) to form reduced glutathione (GSH). It maintains the right
balance between GSH and GSSG through NADPH consumption, maintaining the
redox balance (Regoli & Giuliani, 2014).

The principle of the method, based on an adaptation of the one proposed by
Carlberg & Mannervik (1985), is observing the oxidation of NADPH, whose
consumption corresponds with the creation of 2 molecules of GSH from one of
GSSG. The oxidation of NADPH can be monitored at 340 nm. Hence, the rate of
decrease of the measurements carried out during 5 min at intervals of 15 s. The
level of dilution used for this biomarker in the in vivo experiment is 2x. The
quantification occurred by use of the extinction coefficient (€) 6220 M cm™! by
the following formula:

_A
T exb

In this case, the absorbance (A) is divided by the product between the extinction
coefficient and the distance travelled by light (b). The results were expressed as
nmol per minute per mg of PROT.

The GPx is another antioxidant enzyme whose function is to scavenge the
H>O> present in the cell and release water. This is achieved by oxidising the reduced
Glutathione (GSH), which is used as an electron donor (Regoli & Giuliani, 2014).

The enzyme was analysed using the method described by Paglia &
Valentine (1967), which is based on the reduction of cumene hydroperoxide
through the oxidation of GSH to form GSSG. GR promptly reduces the product
with the reformation of GSH and consequent conversion of NADPH to NADP+,
which can be identified spectrophotometrically. The readings are carried out in 5
min with a reading every 15 seconds at 340 nm, and the reaction shows a decrease
in absorbance proportional to the GPx concentration in the sample. The
quantification occurred by use of the extinction coefficient (€) 6220 M cm™! by
the following formula:

_A
T exb

In this case, the absorbance (A) is divided by the product between the extinction
coefficient and the distance travelled by light (b). The results were expressed as
nmol per min per mg of PROT.
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The TAC measures a biological sample's ability to neutralize free radicals
or ROS (Benzie & Strain, 1996). The analysis of this parameter is based on the
protocol of Benzie & Strain (1996), modified by Wootton-Beard et al. (2011) and
Capo et al. (2020): it consists of the use of the Ferric reducing antioxidant power
(FRAP) solution, in which occurs the reduction of a ferric ion (Fe*") to a ferrous
ion (Fe?") by the antioxidants present in the sample. The result is a formation of the
ferrous tripyridyl triazine complex, whose absorbance can be measured with a
sequence of readings every 15 s for 4 min at 593 nm. Twelve standards from 0 uM
to 1000 uM of Fe (II) are prepared by dilution in distilled water. The results are
then calculated through the calibration curve by obtaining the value of the y-
intercept and the slope of the standards, the use of the equation

x = (y-b)/m

in which m is the slope, b is the intercept in the y-axis, and y is the absorbance of
the sample, the protein concentration in the sample of interest (x) expressed in mg
per mL is obtained. The TAC was expressed in umol per g of FW.

2.4.4 - Biotransformation capacity

The biotransformation enzyme GSTs is one of the major phase II
detoxification enzymes found mainly in the cytosol, and they catalyse the
conjugation of the reduced form of GSH with the electrophilic centres of several
compounds, for instance, xenobiotics, and the inactivation of lipoperoxidation
products formed during oxidative damage (Habig et al., 1974; Regoli & Giuliani,
2014)

It has been analysed using the methodology of Habig et al. (1974). In
particular, the enzyme catalyses the conjugation reaction of the 1-Chloro-2,4-
dinitrobenzene (CDNB) with the GSH. This forms a thioether in which the
extinction coefficient can be monitored spectrophotometrically through a sequence
of reads. The results are presented as the increase in absorbance at 340 nm every
15 s for 5 min. The quantification occurred by use of the extinction coefficient ()
9600 M! cm™! by the following formula:

_A
T exb

In this case, the absorbance (A) is divided by the product between the
extinction coefficient and the distance travelled by light (b). The results were
expressed as nmol per min per mg of PROT.
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The other biotransformation enzymes analysed are the CbEs, which are
classified as phase 2 detoxification, and there are different isoforms in the
cytoplasm (Hosokawa & Satoh, 2001; Solé¢ et al., 2018).

The method is based on the Hosokawa & Satoh (2001) method, with
corrections provided by Solé et al. (2018), and it focuses on using p-nitrophenyl
butyrate. A continuous spectrophotometric enzyme assay determines the hydrolysis
rate of this compound. The measurements are carried out at 405 nm every 15 s for
5 min. The level of dilution used for this biomarker in the in vivo experiment is 2x.
The quantification occurred by use of the extinction coefficient (€) 18000 M ! cm™
by the following formula:

_A
T exb

In this case, the absorbance (A) is divided by the product between the
extinction coefficient and the distance travelled by light (b). The results were
expressed as nmol per min per mg of proteins.

2.4.5 - Redox balance

The evaluated biomarker is the ratio between GSH and GSSG (GSH/GSSG)
to determine the redox balance. The ratio of the two forms of glutathione is
important, as it indicates the oxidative stress in the cells (Regoli & Giuliani, 2014).
Both GSH and GSSG are based on the principle of Rahman et al. (2006), and in
both cases, the absorbance is read at 412 nm and 750 nm in a sequence of 5 reads
in 2 min (one every 30 s). Results are then calculated through the respective
calibration curve: by obtaining the value of the y-intercept and the slope of the
standards, the use of the equation

x = (y-b)/m

in which m 1is the slope, b is the intercept in the y-axis, and y is the absorbance of
the sample. The protein concentration in the sample of interest (x) expressed in
nmol per g of FW for the single parameters is obtained. At the same time, no unit
of measurement is used for the ratio of the two glutathione forms.

The analysis of GSH relies on the principle that the oxidation of GSH occurs
by the sulthydryl reagent 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB) and forms
the 5’-thio-2-nitrobenzoic acid (TNB). The protocol requires the use of 7 standard
concentrations that range from 0 to 90 umol/L of GSH and imply the mixing of the
GSH stock solution with KPE buffer.
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On the other hand, the quantity of GSSG in the sample can be determined
by the activity of the GR; in particular, the protocol is based on the measurement
of NADPH consumption by the enzyme. To bind the GSH, 2-vinylpyridine is used,
and the excess of this compound is neutralized with triethanolamine. The protocol
requires the use of 7 standard concentrations that range from 0 to 90 umol/L of
GSSG and imply the mixing of the GSSG stock solution with KPE buffer.

2.4.6 - Cellular damage

Cellular damage refers to the event in which ROS alter the structure of
cellular components. Due to their reactivity, cellular components like lipids can be
damaged and form compounds like lipid peroxyl radical (LOO) and lipid
hydroperoxides (LOOH), which are highly reactive: these start a chain reaction
until compounds which is quenched by radical scavengers or by other enzymes (e.g.
GSTs) (Regoli & Giuliani, 2014).

The principle of the method by Ohkawa et al. (1979), with modification by
Carregosa et al. (2014), is based on the estimation of LPO through the quantification
of the thiobarbituric acid reactive substances (TBARS). These can be formed during
the reaction between LPO by-products with 2-thiobarbituric acid (TBA).

The calculation is done considering the extinction coefficient of (g) =
156000 M! cm™! of MDA by the following formula

A
T exb

in which the absorbance (A) is divided by the product between the extinction
coefficient and the distance travelled by the light (b). The results were expressed as
nmol of MDA per g of FW.

2.4.7 - Neurotoxicity

The class of enzymes of the cholinesterase (ChEs) that hydrolyse mainly
choline-based esters used as neurotransmitters. One of the most studies is the
acetylcholine esterase (AChE), which is the primary biomarker of cholinergic
impairment: the enzyme is responsible for breaking down the acetylcholine released
in the synaptic, but its activity may be inhibited by different compounds (Monserrat
etal., 2007, 2011).

The protocol is based on Ellman et al. (1961) and (Mennillo et al., 2017) for
the adaptation to microplates. The method uses the Acetylthiocholine iodide
(ATChI, 5 mM) as a substrate to split to determine AChE activity. The sequence of
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reads is carried out at 412 nm for 5 min every 15 s. The results are calculated using
the molar extinction coefficient of (¢) = 13600 nM™' cm™! by the following formula:
A
CExb

In this case, the absorbance (A) is divided by the product between the
extinction coefficient and the distance travelled by light (b). The results were
expressed as nmol per min per g of proteins.
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2.6 - Statistical analyses

Biochemical data from in vivo or in vitro conditions (ETS, MTT, GLY,
PROT, SOD, CAT, GR, GPx, TAC, GSTs, CbEs, GSH, GSSG, GSH/GSSG, LPO,
AChE) and from all treatments were submitted firstly to a process of outlier
removal, secondly to hypothesis testing using a permutational multivariate analysis
of variance (PERMANOVA) by using the PERMANOVA add-on in PRIMER v6
(Anderson, 2008). The null hypotheses were different for the two approaches.

For the in vitro assay, two null hypotheses were tested: (1) no changes in
antioxidant defences, biotransformation enzymes, oxidative damage, or
neurotoxicity parameters can be detected under different concentrations of HFPO-
DA, and (2) no changes occur in these biochemical responses with different
exposure durations. Data analysis was done by importing the dataset into PRIMER,
transforming, normalizing, and calculating the Euclidean distance matrix.
Statistical differences were assessed using a two-factor PERMANOVA test:
contaminant concentration (five levels) and exposure time (three levels), with the
tissues (DG and G) set as a random factor (two levels). Univariate permutational
ANOVA was performed on each response variable, with a significance level of o =
0.05. Significant differences between exposure times at the same concentration
were marked with an asterisk, while discrepancies between concentrations at the
same exposure time were indicated with different letters.

For the in vivo assay, the null hypotheses tested were: (1) no differences
across salinities for non-contaminated organisms can be found, (2) no differences
across salinities for HFPO-DA contaminated mussels are present, and (3) no
differences between controls and HFPO-DA contaminated organisms within each
salinity level can be recorded. The data analysis was done using nine organisms per
treatment and performing the average per aquarium (three organisms per aquarium
were used). After square root transformation and normalization of the dataset, the
Euclidean distance matrix was subjected to a two-factor PERMANOVA test
(HFPO-DA concentration and salinity were the factors, both with three levels each).
Univariate permutational ANOVA tests followed for each parameter without
normalization, with o = 0.05.

Principal Coordinate Analyses (PCOs) based on the Euclidean distance
similarity matrix were calculated across all biochemical parameters per treatment
for both assays. In the in vitro assay, they were used to visualize the difference at
30 minutes of exposure. For the in vivo assay, a single PCO illustrated treatment
differences. In both assays, Spearman correlation vectors of biochemical
descriptors with correlations above 75% were added as supplementary variables in
the graphs.
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3 - RESULTS

3.1 — In vitro assay
3.1.1- Choice of the time of exposure

This study focused on the 30-min response over the 60-min response due to
the observed variability and potential inaccuracies at longer exposure times.
Analyses show that there is either a higher or non-significant difference in response
at 30 min for most biomarkers. In contrast, at 60 min, the results become
inconsistent, particularly for GPx and TAC. These inconsistencies may be
attributed to protease activity, which can degrade enzymes and proteins over time,
leading to lower or less reliable measurements at 60 min (OECD, 2018b). Studies
by Giannessi et al. (2023) and Vieira Sanches et al. (2023) also support the
observation of a more robust biomarker response at 30 min.

Moreover, the extended exposure time may introduce additional variability
due to factors like reagent handling and enzyme degradation, further justifying the
selection of 30 min for more accurate and consistent results. 30 min is the ideal time
chosen for these kinds of experiments: altering the exposure times may lead to
problems in the interpretation of the results as an alteration of the adopted standard
time (OECD, 2018b; Solé et al., 2021; Cruz et al., 2023; Vieira Sanches et al.,
2023). The analysis of longer exposure times of the supernatant may, however, be
relevant to observe a possible time-dependent response of the enzymes. For this
aim, protease inhibitors may further assist this type of analysis, improving the
response by making it more accurate and reliable.
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3.1.2 — Multivariate analysis
3.1.2.1 - Principal Coordinate analysis (PCO)

The Principal Coordinate analysis (PCO) is a type of graph that shows the
overall multivariate response of the different biochemical parameters that have been
analysed. Specifically, in the case of this study, the variability of responses between
gills (G) and digestive gland (DG) combined with the concentration of the
contaminant allows us to summarise the primary trend of the results (Anderson,
2008; Andrade et al., 2021).

A PCO graph has been created to allow for a more simplified understanding
of the trend of the results. It is possible to see in Figure 1 that the highest variability
can be shown between the organs, as the horizontal axis explains 90.7% of the
overall dataset variability. This isolates G, placed on the left part of the graph, and
the DG, which is located on the right instead. Most parameters explain this trend,
except the AChE, which tends to have a more vertical influence, creating a
concentration gradient from the lowest to the highest part of the graph (Figure 3).
The biochemical parameters reported in the graph are related to the biological
responses using Pearson correlation coefficients. The parameters that explain the
variation in the horizontal axis are CAT, CbEs, GPx, GSTs, LPO, SOD and TAC:
while CAT, GSTs, CbEs, LPO and TAC are pointing toward the digestive gland,
GPx, and SOD are pointing to the gills, indicating a possible higher response of
these biomarkers on that organ.

Organ
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PCO1 (90.7% of total variation)
Figure 3: Principal Coordinate analysis (PCO) with data related to 30 min from the in vitro analysis. In the
graph, the contaminant concentrations have been reported in ug/L except 0 ug/L (reported as CTL). The legend
indicates the two different organs tested, represented in the graph by different symbols. Pearson correlation
vectors are superimposed as supplementary variables with r > 0.75: AChE, CAT, CbEs, GPx, GSTs, LPO, SOD
and TAC.
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3.1.2.2 - Effect of factors

PERMANOVA results show a significant variation of the single random
factor organ in the analysis, as the main PCO (Figure 3) also clearly indicates that
the two organs are entirely separated. The concentration itself does not significantly
influence the results. However, its effect may depend on the organ analysed, as the
p-value of the interaction is close to the significance level adopted (Table 1).

Table 1: PERMANOVA table of the results. On the left, the factors (Co = Concentration; Or = Organ) with
their individual effect (2" and 3" rows) and their interaction (4" row)

Source df SS MS Pseudo-F P(perm) Unique P(MCO)
perms
Co 4 18.123 4.5308 2.1664 0.2379 7224 0.1827
Or 1 25541 255.41 254.52 0.0001 9936 0.0001
CoxOr 4  8.3655 2.0914 2.0841 0.0763 9933 0.0773
Res 30 30.104 1.0035
Total 39 312
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3.1.3 — Biochemical responses
3.1.3.1 - Antioxidant capacity

The results show that the activity of SOD in the DG was significantly higher
at 1 ug/L than the control, while at higher concentrations, the trend highlights a
significantly lower activity than the control (Figure 4A). The G instead report a
decrease in activity for SOD proportional to the concentration (Figure 4E).

Related to the CAT, in the DG, it is possible to see a significant inhibition
of the enzyme activity regardless of the contaminant concentration (except for the
concentration of 10 ug/L) (Figure 4B). In the G, there is a significant inhibition of
the activity of the enzyme at the highest concentration (100 ug/L) (Figure 4F).

In the case of the GPx, in the DG, a significant decrease in enzyme activity
was reported only at the intermediate concentration (1 pg/L) (Figure 4C).
Conversely, in G, the enzyme activity increased at the highest concentration
compared to the control (Figure 4G).

The TAC content in the DG showed a significant increase at 10 pg/L
compared to the control (Figure 4D). In G, there is a significant increase in at 0.1
ng/L, 1 ng/L and 100 pg/L compared to the control, while no significant difference
at 10 pg/L can be observed neither against the control nor against the other
concentrations (Figure 4H).
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ANTIOXIDANT ENZYMES
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Figure 4: Antioxidant capacity: Superoxide dismutase (SOD), Catalase (CAT), Glutathione peroxidase (GPx),
Total antioxidant capacity (TAC). A-D: digestive gland; E-H: gills. “CTL” identifies 0 ug/L. Different letters
represent a significant difference among treatments.
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3.1.3.2 - Biotransformation capacity

Related to the GSTs in the DG, the results show that a significant decrease
in the activity can be reported at 10 pg/L. compared to the control. In contrast, there
is no significant difference with the other concentrations tested (Figure 5A). In the
G, a significant decrease in the enzyme activity was observed at 1 pg/L compared
to the control (Figure 5C).

The activity of CbEs in the DG does not show any significant change in all
levels of the contaminant compared to the control. Nevertheless, a significant
inhibition is presented between 0.1 pg/L and 10 pg/L and a subsequent rise in
activity between 10 pg/L and 100 pug/L. (Figure 5B). In the G, there are no
significant differences among treatments (Figure 5D).

BIOTRANSFORMATION ENZYMES

A GSTs C
16.0 - a 9.0
14.0 A ab ab ab 8.0 A 2 ab
5 b = 7.0 ab ab
5 12,0 5701 /
g €60 b
% 10.0 1 !
£ 8.0 £s0
£ £40
= 6.0 4 =
o 3 30
E 40 20
2.0 4 1.0 4
0.0 . . . . , 0.0 4 . . . .
cTL 0.1 1 10 100 cTL 0.1 1 10 100
B ChEs D
1600 1 ab ab . 35.0 - a
140.0 a b 300 a a a
5 1200 5 2
g 120 £ 250 A
100.0
g £ 200 |
= 800 =
E £ 15.0
£ 600 £
=]
£ 400 A £ 100 A
c c
200 5.0 |
0.0 . . . . , 0.0 4 . . . .
cTL 0.1 1 10 100 cTL 0.1 1 10 100
He/L Hg/L
ODG mG

Figure 5: Biotransformation enzymes: Glutathione S-transferases (GSTs) and Carboxilesterases (CbEs) in
Mpytilus galloprovincialis. A-B: digestive gland; C-D: gills. “CTL " identifies 0 ug/L. Different letters represent
significant differences (p<0.05) among treatments.
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3.1.3.3 - Oxidative damage

Considering LPO in the DG, it was possible to see a significant increase
with increasing concentration of the contaminant. A further increase was recorded
between 10 pg/L and 100 pg/L at the same exposure time (Figure 6A). In contrast,
in the G, there is a significant increase in oxidation comparing the control with 0.1
ng/L, 1 pg/L and 100 pg/L (Figure 6B).
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Figure 6: Oxidative damage: Lipid peroxidation (LPO) levels in Mytilus galloprovincialis. A: digestive gland;
B: gills. “CTL” identifies 0 ug/L. Different letters mean a significant difference (p<0.05) among treatments.

3.1.3.4 - Neurotoxicity

In the case of the AChE, in the DG, a significantly increased activity can be
reported at 10 pg/L than 1 pg/L, both of which do not differ from the control (Figure
7A). On the other hand, in the G, a significant inhibition of the activity was

observed between the control and 1 pg/L and also between the control and 10 pg/L
(Figure 7B).
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Figure 7: Neurotoxicity: acetylcholinesterase (AchE) activity in Mytilus galloprovincialis. A: digestive gland;
B: gills. “CTL” identifies 0 ug/L. Different letters represent significant differences (p<0.05) among treatments.
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3.2 — In vivo assay
3.2.1 — Multivariate analysis
3.2.1.1 — Principal Coordinate analysis (PCO)

The PCO explains the disparity of responses between the different salinities
and concentration of the contaminant in vivo (Figure 8). In this case, the main
variability is between the 3 salinities, with the PCO1 explaining a horizontal
variation of 58.6%. This is explained mostly by AChE, CAT, CbEs, ETS, GPx, GR,
GSH/GSSG, GSTs, MTT, SOD and TAC. On the other hand, for the vertical axis,
the variability (15.8%) is explained by LPO and PROT. It is possible to see that the
treatments are grouped by salinity and isolated one from the other: the salinity 40
is on the left, while 30 is on the bottom and 20 on the right. However, the
concentration at 100 ng/L of Gen-X at salinity 30 was located closer to the salinity
20 treatments, and the concentrations of 10 ng/L and 100 ng/L of salinity 40 are
separated from the control condition and any other treatment on the vertical axis.
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Figure 8: Principal Coordinate analysis (PCO) with all data from the in vivo analysis. The graph reported the
contaminant concentrations in ng/L except for 0 ng/L (reported as “CTL”). Different symbols represent three
different salinities. Pearson correlation vectors are superimposed as supplementary variables with r > 0.75:
AChE, CAT, CbEs, ETS, GPx, GR, GSH/GSSG, GSTs, LPO, MTT, PROT, SOD, TAC.
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3.2.1.2 - Mortality rate

The mortality of the organisms is reported in percentages per treatment,
which is the ratio between the number of dead mussels and the number of organisms
per treatment at the beginning of the experiment (Table 2).

Table 2: Number and percentage of dead organisms per condition. The condition reports the level of the
contaminant (CTL = control; 10 = 10 ng/L HFPO-DA; 100 = 100 ng/L HFPO-DA) and the level of salinity
later (20, 30 or 40)

CONDITION PERCENTAGE (%)
CTL-20 0
CTL-30 0
CTL-40 16.7
10-20 0
10-30 0
10-40 5.6
100-20 5.6
100-30 0
100-40 5.6
TOTAL 3.7

3.2.1.3 - Effect of factors

PERMANOVA results did not show any significant difference in the effect
of concentration, though there is a significant effect of salinity, and the combination
of the two factors is significant (Table 3).

Table 3: PERMANOVA table of the results. On the lefi, the factors (Co = Concentration, Sa = Salinity) with
their individual effect (2nd and 3rd row) and their interaction (4th row)

Source df SS MS Pseudo-F P (perm) Unique P(MC)
perms

Co 2 25.714 12.857 1.7464 0.0923 9928 0.1003

Sa 2 199.29 99.643 13.535 0.0001 9926 0.0001

CoxSa 4 58.483 14.621 1.986 0.0279 9894 0.0304

Res 18 132.52 7.362

Total 26 416
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3.2.2 - Biochemical responses
3.2.2.1 - Metabolism

According to the graph of the metabolism and energy reserves, it is possible
to see, related to the controls, that there is a higher activity of the ETS (Figure 9A)
at salinity 20 compared to the one at 30 and 40, all 3 showing a significant
difference one another. Secondly, at the concentrations of 10 ng/L and 100 ng/L, a
significant decrease has been found at the highest salt level compared to the other
2. Furthermore, at control salinity, a significant increase in metabolism can be
found at 100 ng/L compared to the other two conditions.

For the MTT assay, there are no significant changes at different salinities
for the controls and the lowest concentration of the contaminant. However, at 100
ng/L, there is a significant increase in metabolism at salinity 30 compared to the
other two salinities. Moreover, the change at that level is also significantly different
from the control condition and the condition of 10 ng/L with the intermediate
condition (Figure 9B).

3.2.2.2 - Energy reserves

For GLY content, there are no significant differences between controls at
different salinities. However, there is a significant inhibition when considering the
condition at 10 ng/L at the lowest salinity compared to the same concentration at
the highest level. In addition, for the condition at 100 ng/L, there is a significant
increase at salinity 40 compared to the other levels. Furthermore, concentrations of
100 ng/L at salinity 40 are significant also compared to control and 10 ng/L in the
same salinity (Figure 10A).

Considering PROT content, there is a significant increase between salinities
30 and 40 at the control condition, while no difference was detected at the
concentration of 10 ng/L and 100 ng/L at different salinities. On the other hand, a
significant increase was found between control and 100 ng/L at salinity 30 (Figure
10B).
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Figure 9: Metabolism parameters in Mytilus galloprovincialis exposed to different salinities (20, 30, 40) and
different contaminant concentrations. A: ETS, B: MTT. Different letters identify significant (p<0.05) differences
among salinity levels for a given concentration. Asterisks (*) identify significant changes in response between
2 levels of concentration within each salinity.

44



ENERGY RESERVES

A GLY N
E3
1.4 - r 1
b
1.2 -
1.0 -
Fos{ A
= A ab
ED 0.6 ~ I a a I {[ a A
0.4 T L b
0.2 |
0.0 . . :
20 30 40
B PROT
12.0 -
*
10.0 1 a a
A,B a a a B o
8.0 I I a A I
E -
o 6.0 A
o
£
4.0 -
2.0
0.0 . . .
20 30 40
Salinity
Concentration

CTLO 10ng/LO 100 ng/LE

Figure 10: Energy reserves parameters in Mytilus galloprovincialis exposed to different salinities (20, 30, 40)
and different contaminant concentrations. A: GLY, B: PROT. Different letters identify significant (p<0.05)
differences among salinity levels for a given concentration. Asterisks (*) identify significant changes in
response between 2 levels of concentration within each salinity.
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3.2.2.3 — Antioxidant capacity

For SOD, a significant increase between salinities 30 and 40 at
a concentration of 10 ng/L was found. Also, at control salinity, a significant
increase in activity between the concentrations 10 ng/L and 100 ng/L has been
found (Figure 11A).

Regarding CAT, the controls and concentration of 100 ng/L are
significantly higher at salinity 20 compared to the other salinities. In contrast, at 10
ng/L concentrations, the differences are significant only when compared to salinity
30. No significant differences were observed between different concentrations at
the same salinity level (Figure 11B).

In GPx instead, a significant increase in the controls and 100 ng/L HFPO-
DA exposed mussels at the highest salinity compared to 20 and 30 is shown. In
contrast, a significant and directly proportional increase is present among 10 ng/L
conditions across the three salinities. Furthermore, there is a significant inhibition
at 10 ng/L compared to 100 ng/L at salinity 30 (Figure 12A).

In GR, a significantly higher activity has been found at salinity 20 for both
control conditions and 100 ng/L. compared to the other two salinities. However,
considering 10 ng/L, there is a significant decrease in activity at control salinity
compared to the other two conditions. There is a significant decrease between the
control and 10 ng/L at salinity 20. Furthermore, at salinity 40, a significant increase
is present comparing 10 ng/L to the other two contaminant concentrations (Figure
12B).

Related to TAC, a significantly enhanced content between controls at
salinity 20 is found, while a significant decrease is found at 10 ng/L at salinity 40
compared to 30. Significant increase has also been found at salinity 30 comparing
100 ng/L to 10 ng/L and control conditions (Figure 13).
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Figure 11: Antioxidant enzymes in Mytilus galloprovincialis exposed to different salinities (20, 30, 40) and
different contaminant concentrations. A: SOD, B: CAT. Different letters identify significant (p<0.05)
differences among salinity levels for a given concentration. Asterisks (*) identify significant changes in
response between 2 levels of concentration within each salinity.
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Figure 12: Antioxidant enzymes in Mytilus galloprovincialis exposed to different salinities (20, 30, 40) and
different contaminant concentrations. A: GPx, B: GR. Different letters identify significant (p<0.05) differences
among salinity levels for a given concentration. Asterisks (*) identify significant changes in response between
2 levels of concentration within each salinity.
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ANTIOXIDANT CAPACITY
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Figure 13: Total antioxidant capacity (TAC) in Mytilus galloprovincialis exposed to different salinities (20, 30,
40) and different contaminant concentrations. Different letters identify significant (p<0.05) differences among
salinity levels for a given concentration. Asterisks (*) identify significant changes in response between 2 levels
of concentration within each salinity.

3.2.2.4 - Biotransformation capacity

For GSTs activity, a significant inhibition between salinity 20 and 40 at 10
ng/L. Moreover, there is an increased activity at the lowest salinity, considering 100
ng/L, compared to the other two salinity levels. A significant increase exists at
salinity 20 between 10 ng/L and 100 ng/L of the contaminant (Figure 14A).

Considering CbEs (Figure 14B), significantly enhanced activity can be
shown at salinity 20 to the other two salinities. Moreover, a significant difference
between the control and 100 ng/L at the highest salinity level has been found.
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Figure 14: Biotransformation enzymes in Mytilus galloprovincialis exposed to different salinities (20, 30, 40)
and different contaminant concentrations. A: GSTs, B: CbEs. Different letters identify significant (p<0.05)
differences among salinity levels for a given concentration. Asterisks (*) identify significant changes in
response between 2 levels of concentration within each salinity.
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3.2.2.5 - Redox balance

The GSH content showed a significant decrease at salinity 40 at the
concentration 100 ng/L compared to 20. However, there are no significant
differences in the contaminant concentration within salinity levels (Figure 15A).

In GSSG analysis, a significant increase is found at salinity 20 compared to
the other two salinity tested for the control condition. On the other hand, there are
no significant differences in concentration of the contaminant within salinity levels
(Figure 15A).

In the ratio of GSH/GSSG, no significant difference has been found between
salinities, considering the same concentration, nor within salinities between
concentration levels of the contaminant (Figure 16).
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Figure 15: Redox balance of Mytilus galloprovincialis exposed to different salinities (20, 30, 40) and different
contaminant concentrations. A: GSH, B: GSSG. Different letters identify significant (p<0.05) differences

among salinity levels for a given concentration. Asterisks (*) identify significant changes in response between
2 levels of concentration within each salinity.
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Figure 16: Redox balance (GSH/GSSG ratio) of Mytilus galloprovincialis exposed to different salinities (20,
30, 40) and different contaminant concentrations. Different letters identify significant (p<0.05) differences
among salinity levels for a given concentration. Asterisks (*) identify significant changes in response between
2 levels of concentration within each salinity.

3.2.2.6 - Cellular damage

Considering LPO, a significant increase was observed at 10 ng/L
concentration comparing salinity 40 and the other two salinities. Furthermore, there
was a significant increase in salinity 30 at 100 ng/L compared to the other two
concentrations (Figure 17).

3.2.2.7 - Neurotoxicity

Considering AChE, significant decreases were found for concentrations 10
ng/L and 100 ng/L at salinity 40 compared to the same concentrations at the other
two salinities. No significant changes were observed within salinities (Figure 18).
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Figure 17: Oxidative damage (LPO) of Mytilus galloprovincialis exposed to different salinities (20, 30, 40) and
different contaminant concentrations. Different letters identify significant (p<0.05) differences among salinity
levels for a given concentration. Asterisks (*) identify significant changes in response between 2 levels of
concentration within each salinity.
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Figure 18: Neurotoxicity (acetylcholinesterase activity, AChE) in Mytilus galloprovincialis exposed to different
salinities (20, 30, 40) and different contaminant concentrations. Different letters identify significant (p<0.05)
differences among salinity levels for a given concentration. Asterisks (*) identify significant changes in
response between 2 levels of concentration within each salinity.
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4 - DISCUSSION

Fluoroalkyl substances are widely distributed in the environment, from
groundwaters to rivers, reaching estuaries and sea. Due to their environmental
persistence, mostly caused by the strong bond between carbon and fluorine
molecules, they have been detected both in inorganic and organic matrixes
(Heydebreck et al., 2015; Song et al., 2018; Joerss et al., 2020). Their effects range
depending on the molecular structure (Niu et al., 2019; Xu et al., 2022; Wang et al.,
2023). Nevertheless, most of these compounds are known to interact and bind to
proteins directly, altering their functioning, and potentially causing an overall
imbalance in the organism's metabolism (Alesio et al., 2022; Wang et al., 2023).
One more possible cause of alteration on the welfare of marine mussels is also
represented by climate change, which leads also to the alteration of salinity patterns
too (IPCC, 2023). With this study, it has been analysed if HFPO-DA alters the
protein functioning in M. galloprovincialis using the S9 subcellular fraction of the
organism, and the possible alteration caused by the contaminant to the mussels
directly exposed to it, that has been checked in combination with the reported
alteration of salinities in estuaries, to assess whether it can produce different effects.

4.1 - In vitro assay

As previously mentioned, these kinds of studies present a limitation because
only the subcellular post-mitochondrial fractions of the organisms are exposed to
the chemical, and the short time of exposure plays a role in the regulation of the
response too (OECD, 2018b; Vieira Sanches et al., 2023). Therefore, a higher
concentration of the contaminant must be used to see whether potential alteration
in the oxidative status of the organisms can be seen. In the present study, as carried
out in the experiments of Cruz et al. (2023), Giannessi et al. (2023) and Vieira
Sanches et al. (2023), the pools of organs were divided by using gills, which are the
first organ exposed directly to the water and responsible for the filtration and the
creation of currents; and the digestive gland, which instead is the one responsible
for the biotransformation and detoxification of the compounds (Livingstone et al.,
1992; Regoli & Principato, 1995). In this way, it is possible to define in detail
whether the alteration caused by the compound impacts one organ or the other.

4.1.1 — Multivariate analysis general perspective

According to the multivariate analysis, there is an evident distinction
between the two organs: gills (G) and digestive gland (DG). This difference has
been already reported in other studies, as these organs may present specific isoforms
for particular enzymes, or they may show a different expression of antioxidant
enzymes compared to biotransformation, maybe also caused by the different

57



contact with the external medium and functional role of the organs (Livingstone et
al., 1992; Regoli & Principato, 1995; Vieira Sanches et al., 2023). In fact, the DG
exhibit a higher expression of biotransformation and detoxification enzymes than
mussels' gills (Regoli & Principato, 1995). The expression of different enzymes
over others is crucial for the system's functioning.

Even though it is not significant according to the analysis, the alteration of
the enzyme’s activity caused by the contaminant cannot be completely ruled out, as
there is a bit of variability between the control and the one with the highest
concentration of the contaminant in both organs. This means that there could be a
subtle effect of alteration related to the presence of the contaminant that alters the
enzymatic response. This might be caused by the tendency of PFAS to alter the
activity of antioxidant enzymes, as they bind to proteins (Bonato et al., 2020; Alesio
et al., 2022). This has already been shown in other studies involving PFAS, but not
in vitro, suggesting that the contaminant may alter directly the protein functioning
in the system (Niu et al., 2019; Wang et al., 2023). Nevertheless, the inhibition of
the activity of the antioxidant enzymes in the present study seems to be correlated
with an increase in non-enzymatic responses, as reported by the TAC. This increase
in antioxidants may be possible, as these components may be stored in stress
granules (SG), smaller cytoplasmatic compartments that present proteins that bind
to RNA and regulate their transcription: the rise in activity is not only related to
TAC, but also to SOD and GPx, which showed an increase in DG and G
respectively with higher concentration of HFPO-DA (Anderson & Kedersha, 2009;
Drago et al., 2023). However, this minor increase seems not to be enough to
compensate for the rise in LPO in the samples exposed to the contaminant,
suggesting that the cellular damage in this preliminary study may be a signal of a
more complex regulation of the antioxidant system of in the organism.

4.1.2 — Antioxidant capacity

It needs to be considered that there may be different trends of enzyme
expression between the two organs, depending on the isoforms present. In the
present study, it has been highlighted that there may be a differential expression of
enzyme Cu/Zn-SOD: the expression of the enzyme varies according to the
concentration of the contaminant in the DG, and it is possible that the extracellular
SOD may be responsible for the creation of different trends (Manduzio et al., 2004;
Letendre et al., 2008). As the SOD-3 expression is induced during exposure to
contaminants in that organ, it is possible that the presence of the contaminant
initially induces the expression of this isoform, but it inhibits the enzyme response
at higher concentrations (Manduzio et al., 2004). This increase could be possible in
in vitro assays in the case there are stress granules (SGs) present in the cytoplasm
of the organism that can regulate the expression of the enzyme’s transcription
(Drago et al., 2023; Piva et al., 2024). These granules have been identified in

58



organisms like Botryllus schlosseri and Trematomus bernacchii, but if these
enzymes are present in bivalves too, they may influence the response to stressors
by activating the transcription of proteins at intermediate concentrations (SOD) or
with increasing concentration of the contaminant (GPx and TAC) that may give
further assistance to face the threat posed by HFPO-DA exposure.

The enzyme GPx detoxifies the organism from H>O> in the cytosol. The
activity of GPx is higher in the gills, in accordance with other studies (Cruz et al.,
2023; Giannessi et al., 2023). Even though GPx and CAT have the same function
(detoxification from H>O» by creating molecular oxygen and water), their location
is different in the cell, and so is the way the reaction occurs: while GPx requires
reduced glutathione to carry out the reaction and it is present mainly in the
cytoplasm, CAT forms an intermediate enzyme-substrate complex that reacts with
a second molecule of H202, forming oxygen and water in peroxisomes (Johansson
& Hékan Borg, 1988; Molavian et al., 2015). This also results in a different affinity
for the enzymes to their substrate: while GPx detoxifies one molecule at a time,
CAT may be activated only when a high concentration of this ROS is reached
(Dobal et al., 2022). Nevertheless, the higher activity in the G seems only slightly
affected by the presence of the contaminant, resulting in a statistically significant,
even if minimal, increase in activity only at the highest level of exposure. This
might indicate that the production of H>Os slightly increases in the cytosol even
though there is significant inhibition of SOD in the same organ: this is possible if
H>0:> is produced by divalent reduction of molecular oxygen, as hypothesised in
other studies (Santovito et al., 2005). This may as well explain the high inhibition
seen in the SOD: in fact, it is known that most enzymes functioning is inhibited by
the product of their reaction to limit the reactivity of the enzyme. Therefore, SOD
may be inhibited by the presence of H>O», resulting in a decreased activity of the
enzyme, probably also related to an action of the compound itself (Regoli &
Giuliani, 2014).

On the other hand, the higher activity of the enzyme CAT in the DG may
be linked to the higher density of peroxisomes, cellular organelles that are involved
in the degradation of organic substances through the production of H>O> by
oxidases (Regoli & Principato, 1995; Cancio et al., 1999; Aranda-Rivera et al.,
2022). In other studies, CAT has been found to have higher activity in the DG rather
than in the G, and this may imply that the generation of H20- in digestive glands is
not carried out by the SOD but it is generated through other mechanisms (Cruz et
al., 2023; Giannessi et al., 2023). Nevertheless, the increase in the concentration of
HFPO-DA in the G inhibits this enzyme activity, causing an impairment when
facing oxidative stress, especially in this organ. Compared to other enzymes in the
DG, like GPx, which is less abundant than in G, the inhibition of CAT caused by
the chemical in this organ may be crucial for protecting the cell from oxidative
damage generated in peroxisomes.
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4.1.3 — Biotransformation capacity

The biotransformation enzymes may be more expressed in the digestive
gland, as this organ focuses more on the digestion and excretion of toxic compounds
(Livingstone et al., 1992). Thus, a higher activity of enzymes based on the
transformation using glutathione or the Carboxylesterases can be possible.
Nevertheless, their activity may be influenced by the presence of the chemical,
which is why screening these compounds is important to assess the potential
biological excretion of a specific contaminant (Cruz et al., 2023). Specifically,
while there is no significant variation in the activity of CbEs, there is a trend of
inhibition for the GSTs, meaning that the chemical may influence their activity.
Other studies in vitro with other compounds report increased activity, even though
at low concentrations (Giannessi et al., 2023; Vieira Sanches et al., 2023); in the
present study, this is not true. As the minor deactivation of GSTs activity is
statistically significant, it might indicate a possible alteration in the function of
excretion of the compound, with potential effects on the accumulation in the
organism.

4.1.4 — Oxidative damage

The observed trend of inhibition of antioxidant enzymes influenced the
amount of ROS present in the extract, causing oxidative damage in the cell. This
has been assessed by measuring LPO levels, a relevant method to evaluate oxidative
damage in ecotoxicological studies (Cruz et al., 2023; Giannessi et al., 2023).
However, in this case, the higher amount of ROS in the cells causes a significant
increase in LPO even at the lowest level of exposure in the digestive gland. Studies
in vitro involving other compounds did not show any possible creation of oxidative
damage in the cells proportional to an increase in concentration, as in this case (Cruz
et al., 2023; Giannessi et al., 2023; Vieira Sanches et al., 2023). This might imply
that, due to oxidative damage in vitro, even at the lowest tested concentrations, in
the present study 100 ng/L, there might be an alteration to organisms directly
exposed to the chemical. This is crucial to decide whether to carry out an in vivo
study, as the oxidative damage may signal increased stress, probably caused by
enzyme inhibition, which may damage the organism. Therefore, it may be worth
analysing their response in vivo.

4.1.5 - Neurotoxicity

One more biochemical parameter to consider is neurotransmission, as
HFPO-DA is also known to alter the nervous system, with a possible effect on the
behaviour of the organisms too (Wang et al., 2023). This is achieved through the in
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vitro analysis of AChE, one of the main enzymes that regulate the signalling
pathway for activating the action potential in neurons (Escartin & Porte, 1997;
Mennillo et al., 2017). In particular, AChE is an enzyme which regulates
neurotransmission: in G, the activity of cilia is essential to create the flow of water
and allow gaseous exchange and feeding in bivalves (Cruz et al., 2023). Inhibition
of the activity of AChE may cause either a prolonged signal or trigger an
insensitivity of cells to acetylcholine (Regoli & Principato, 1995; Cruz et al., 2023).
In the present study, inhibition of the enzyme's activity has been found, especially
in G, meaning that the neurotransmission of the organism may be affected when
exposed to HFPO-DA, consequently altering both the feeding and respiration of
mussels.
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4.2 - In vivo assay

Obtaining significant results on a screening analysis in vitro as the one
performed in this study, considering the LPO, might imply that there could be a
potential alteration in the whole body's response that may adapt to different
environmental conditions to face the exposure to the contaminant. As previously
mentioned, the effects of climate change are happening worldwide, causing
alterations in sea surface temperature, precipitation rates and salinity changes in
both open water bodies and estuaries, causing organisms to face different sources
of stress (Freitas et al., 2017; IPCC, 2023). Hence, this climate change rate may
significantly alter marine organisms' ability to face exposure to certain pollutants,
like various PFAS (Niu et al., 2019; Bonato et al., 2020). Most legacy compounds
are known to cause oxidative damage mainly through the interaction with the
PPAR, causing an alteration in lipid metabolism (Regoli & Giuliani, 2014; Bonato
et al., 2020; Shi et al., 2024). Nevertheless, it is believed that not all PFAS directly
affect the response by direct interaction with these receptors. In fact, according to
Wang et al. (2023) in zebrafish this pathway was affected only by PFOA, while
novel chemicals, one of which is Gen-X, did not directly affect it, but it led to the
alteration of the lipid metabolism too. The increase in density of peroxisomes
increases the fatty acid metabolism and lipid homeostasis through the disruption of
a very long fatty acid chain, as well as the production of ROS mainly by oxygenase,
like Acyl-CoA oxidase (Cajaraville et al., 2003; Regoli & Giuliani, 2014; He et al.,
2021).

4.2.1 — Multivariate analysis general perspective

Starting from the analysis of the PCO, it is possible to see a clear separation
of the three salinity treatments: 40 on the left side of the graph, 20 on the right side
and 30 in the middle. However, the presence of the treatment of 100 ng/L with 30
of salinity close to 20 may represent a possible threat of the contaminant to normal
conditions of salinity, which leads to an increase in all the antioxidant parameters.
It is known that M. galloprovincialis mostly suffers from hyposaline conditions, in
which it deals with increasing antioxidant enzymes activity and regulation of the
appropriate redox balance through the increase in glutathione and GR activity, but
also in TAC (FAO, 2009; Lockwood & Somero, 2011; Andrade et al., 2024a).
However, in the present analysis, it seems that with salinity 30, the concentration
of 100 ng/L of HFPO-DA is close to those treatments, meaning that the presence of
the contaminant at intermediate salinities may induce higher stress in organisms
compared to extreme conditions, which instead do not show clear alteration
patterns. It is worth noting that the main effect that the contaminant induces is the
increase mainly in non-enzymatic responses, like TAC, GSH and GSSG, leading to
alteration of GR, probably to maintain the appropriate redox balance in the cell
(David et al., 2007; Regoli & Giuliani, 2014). The increase in non-enzymatic
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defences is also suggested by the analysis of metabolism and energy reserves
parameters: while the cells do not seem to use GLY, the increase in mitochondrial
respiration and protein suggests that there are other mechanisms in action used to
cope with the presence of the contaminant. The availability of the chemical in
combination with extreme levels of environmental change may lead to further
hazards to the ecosystem if bioaccumulation happens (EFSA, 2008; Freitas et al.,
2019b; Paciello et al., 2023; Andrade et al., 2024a). None of these effects are
detected at other salinity levels, and the results are inconclusive. This implies that
salinity changes alone may be the most significant stressor. More research is needed
to understand the contaminant's impacts as salinity changes, as some biomarkers,
such as GR, GSTs, and CbEs, change with increasing contaminant concentrations
at extreme salinities, making it plausible that organisms accumulate HFPO-DA to
some extent.

4.2.2 — Metabolism and Energy Reserves

In the present study, the ETS is one parameter that follows a clear pattern
with the salinity. This biomarker clearly shows a difference in the three salinity
levels that have been tested, with a decreasing trend as the salinity increases. This
might imply that lower salinity levels, as expressed before, are less tolerable by M.
galloprovincialis. Nevertheless, the changes in PROT content at extreme salinities
may be mostly related to the increase also of free amino acids and heat shock
proteins, which stabilise the organism's osmolarity and proteins (Kube et al., 2006;
Podlipaeva & Berger, 2012). Alternatively, the increase in PROT may also be
caused by an increased synthesis of antioxidants.

On the other hand, proteins may be altered by the excessive respiration rate
in mitochondria, which creates excessive ROS production, damaging proteins and
lipids, altering cellular structures, and toxic or reactive compounds need to be
excreted from the cell (Regoli & Giuliani, 2014; Aranda-Rivera et al., 2022). This
has also been discussed by Andrade et al. (2021), who studied the same salinity
levels. In their study, ETS levels decreased with increased salinity but were coupled
with increased protein content. Moreover, the increased PROT at the highest
salinity level may also partially corroborate the reduced activity of the ETS in
mitochondria at different salinities. Other studies report an opposite trend of the
protein compared with the one of the ETS, which relates to the fact that organisms
may need less energy at the highest salinity (Freitas et al., 2017; Andrade et al.,
2021). A higher energetic expenditure may be associated with a specific behaviour
of the organisms, like the valve closure, which is helpful to lower the metabolism,
even though there may be an increased need for ATP demand (Anestis et al., 2007,
Velez et al., 2017; Andrade et al., 2021). Also, a higher energy expenditure at low
salinities may be correlated with the need to maintain appropriate cell functioning
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by synthesising more protein to maintain the osmotic balance, enhancing their
transcription (Lockwood & Somero, 2011).

MTT represents mainly the activity of the succinate dehydrogenase (SDH),
which is an enzyme that is not only involved in the electron transport chain but also
the Krebs cycle (Rutter et al., 2010; Rai et al., 2018). The evaluation of this
biomarker provides information about mitochondrial health and metabolic activity,
and it can be used to estimate the cell viability in a medium (van Meerloo et al.,
2011; Cuccaro et al., 2021). The double role of SDH allows us to have a broader
view of the state of the mitochondria (Bénit et al., 2022). In the present study, the
activity is not altered by salinity, even though there seems to be a non-significant
decrease in activity with increasing salinity.

As salinity is the main factor influencing the organism's metabolism, the
contaminant generates a response visible only at salinity 30, an intermediate
environmental condition for mussels. This can be seen not only in the response of
the ETS but also in MTT, suggesting that a possible increase in activity on the
electron transport system may be caused by the increase in activity of complex II
specifically (Bénit et al., 2022). The presence of the contaminant associates an
increase in activity with a significant magnification of PROT: this may be possible
due to the increased need to synthesise proteins or antioxidants to decrease the
possible oxidative stress caused by the exposure to this PFAS (Freitas et al., 2019a;
Paciello et al., 2023). This response to exposure has been thought of as a defence
mechanism: facing a xenobiotic may be a situation when increasing the production
of proteins, specifically antioxidant defences, may prevent or limit cellular damage
(Smolders et al., 2003). Other studies have also observed increased mitochondrial
activity in mussels exposed to a contaminant (Cunha et al., 2005; Freitas et al.,
2017; Paciello et al., 2023). It is known that PFAS may lead to the creation of ROS
through an alteration of the activity of peroxisomes, and this might ultimately lead
to an impairment of the activity of the ETS via the production of oxygen radicals
involving free metal ions in the cell, or an increase in energy demand and ATP
synthesis (Regoli et al., 2011b; Fransen et al., 2012; Regoli & Giuliani, 2014).
Therefore, even though it has been shown that HFPO-DA does not directly alter
that pathway in zebrafish, it may be possible that it indirectly affects the functioning
of peroxisomes and lipid metabolism in M. galloprovincialis, leading to higher
energy expenditure due to increased synthesis of new proteins (Wang et al., 2023).

4.2.3 — Antioxidant capacity and redox balance

On the other hand, an increase in the ETS activity does come with a cost:
an increase in the production of ROS due to a higher pace of reaction and possible
electron leakage in the chain (Regoli & Giuliani, 2014; Aranda-Rivera et al., 2022).
Therefore, the observed increase in protein content may be attributable to a
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corresponding rise in various factors, including a potential elevation in antioxidants,
which are essential for mitigating oxidative stress and limiting possible structural
damages (Smolders et al., 2003; Freitas et al., 2019a). It is known that different
antioxidant enzymes are linked to one another by strict regulation mechanisms that
are based both on the reaction that they catalyse and their location in the cell
(Santovito et al., 2005; Regoli & Giuliani, 2014; Dobal et al., 2022). For this reason,
analysing the responses on their own would not give an appropriate view of the
overall effects on the biological response. As antioxidants can be identified as an
indirect measure of ROS present in the cells of the organisms, an increase in
antioxidant response may be linked to a stressful increase in ROS (Freitas et al.,
2019a, 2020). The increase in respiration at lower salinities generates more ATP,
which is reflected in the activity trend of the other antioxidants. Hence, the increase
of more than one biomarker might imply a higher production of oxygen species in
that environmental scenario, as it is known to be stressful for the species of mussels
analysed here (Lockwood & Somero, 2011). In fact, according to the results
obtained, higher metabolism correlates with a higher activity of antioxidant
biomarkers, considering enzymes like CAT, GR and TAC. The increase in
antioxidant enzymes at lower salinity in M. galloprovincialis has already been
discussed in Andrade et al. (2021) and Freitas et al. (2017) as a response of the
organism to face oxidative stress and increased ROS formation. In some studies, it
is possible to see a high correlation between SOD and CAT, as H>Oz, the product
of the former enzyme, is the substrate of the latter (Regoli & Giuliani, 2014; Freitas
et al., 2017). However, in the present analysis, there seems not to be a correlation
in activity between these two enzymes. While CAT activities vary with salinity,
SOD does not display this alteration. This may be due to the different location and
generation of ROS during exposure to lower salinities: some studies hypothesise
that, in presence of high quantities of *O>’, the formation of H>O> can happen for
divalent reduction of the molecule or by action of the enzymes in peroxisomes, that
form the molecule as a consequence of fatty acid catabolism (Santovito et al., 2005;
Aranda-Rivera et al., 2022). While it is true that H2O» can be used as a signalling
molecule in different pathways, due to its permeability and mobility in the cell, it
may cause damage to cellular structures (Zhang et al., 2016). On this matter, CAT
is not the only enzyme that dismutases H>O> in water and oxygen: GPx catalyses
the same reaction but uses GSH as an electron donor (Molavian et al., 2015). In the
present study, compared to the other antioxidants, the activity of the latter enzyme
is reversed, being higher at higher salinities. While this result may seem to clash
with the activity of GR, which is similar to CAT, the possible reason behind this
trend may be associated with an affinity of GPx to work at different salinities. GSH
is a reductant in the cell's cytoplasm (Forman et al., 2009). Therefore, a higher
activity of the GR, which converts GSSG back to GSH, may be linked to a higher
renewal of this reductant, leading to the maintenance of appropriate redox balance
without needing an increase in the activity of GPx. Furthermore, a higher rate of
conversion of GSH makes it available in the environment, leading to higher use of
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the reduced glutathione in the cytosol, where other antioxidants are present too: in
particular, the Prdxs. These enzymes are available in the cell, catalysing the reaction
to form water from H>O,. While most of the isoforms use thioredoxins, the Prdx-6
competes for the substrate with the GPx, as both enzymes rely on glutathione for
the reduction of the active site (David et al., 2007; Molavian et al., 2015). In this
way, the use of GSH, renewed constantly by GR at salinity 20, means that it is
possible to hypothesise a dependency on the salinity between those two enzymes:
while GPx activity could be higher at higher salinities, Prdx-6 may be more active
at lower environmental values, implying a different detoxification action. One more
hypothesis may be instead a biosynthesis of GSH ex-novo in the case of the highest
salinity level: in this scenario, the activity of GR may be less preferred with
increasing salt content, and instead, the synthesis of GSH and excretion of GSSG
is promoted. Glutathione synthesis is carried out by the glutamate-cysteine ligase
(GCL), which binds these two amino acids together, catalysing the first step to form
GSH. After that, the glutathione synthetase adds a glycine molecule to create the
final molecule of GSH (Forman et al., 2009). Therefore, testing the activity of both
these enzymes would give even more information related to their dependency on
salt content, and there could be a different regulation of both the enzymes'
transcription and cell functioning (Campos et al., 2016; Podbielski et al., 2022).
According to these possible implications, there may be a different activity of the
enzyme to possible environmental variations.

However, when considering the alterations provided to the different
antioxidants by the contaminant, it is possible to see that other effects depend on
the chemical concentration. First, from a broader view, there are effects mainly at
intermediate salinity, except for GR, which seems to be slightly altered at extreme
levels. The alteration at extreme levels of the enzymes might indicate a possible
accumulation of the contaminant even at higher or lower salinities. This may lead
to possible alteration of the responses, making the reductase more influenced by
this trend. However, in non-optimal conditions, the chemical structure of the
pollutant may be altered, leading to the formation of alternative chemical forms
(Zhang et al., 2022). Even though information on the stability of the contaminant at
different salinities is not available yet, it is known that the contaminant can be
registered even in the open ocean, but the amount may vary due to the dissolution
of the contaminant in that environment (Joerss et al., 2020). As GR shows much
variability between the control and 10 ng/L at salinities 20 and 40, with the former
decreasing and the latter increasing in activity, it might be that for this enzyme
specifically, there is a significant variation in the response derived by a combined
action of the intermediate concentration and the salinity. In this case, it is possible
to hypothesise that there could be different stability of the enzyme at the tested
salinities, which may destabilise the molecular structure according to the salt
content, altering the possible response of the organisms (Ohoro et al., 2024).
However, this should be tested to check for contaminant accumulation in mussels.
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While at salinity 30, there seems to be an increase in the activity of CAT in general,
even though it is not significant, it has been reported in zebrafish (Wang et al.,
2023). There is also a decrease in the activity of GPx: this might imply that, at the
same salinity level, the contaminant favours the response of one enzyme over the
other, which might be correlated with the different locations of the two enzymes in
the cellular compartments. While GPx is mainly located in the cytoplasm, the
alteration of the activity of peroxisomes generated by HFPO-DA might favour, at
higher concentrations of ROS, an increase in the activity of CAT, which is mostly
in those organelles (Regoli & Principato, 1995; Regoli & Giuliani, 2014). This may
lead ultimately to the depletion of the generated H»>O» directly in peroxisomes,
leading to lower activity of GPx. Furthermore, the increase in the activity of SOD
at the highest concentration of the contaminant compared to the 10 ng/L conditions,
which can also be seen in other organisms like Chlorella sp. at the same
concentration (Niu et al., 2019). The increase in SOD may lead to an increase in the
generation of H2O», enhancing then CAT activity.

This overall enhanced activity of the antioxidants is further associated with
an increase in TAC at the highest concentration at salinity 30, suggesting that this
alteration of the contaminant may be related to an increase in synthesis or activation
of other compounds able to reduce the reactivity of oxygen species (Benzie &
Strain, 1996; Franco et al., 2016). An imbalance in the GSH/GSSG ratio, indicating
a potential disruption of the cell's redox status, may arise when the capacity of the
antioxidant system is overwhelmed by an excess of oxidised glutathione (GSSG)
(Regoli & Giuliani, 2014). The fact that no imbalance in the ratio of these
compounds is presented, makes it possible to assume that there is not a drastic effect
of the contaminant, letting cells maintain their redox balance unaltered, which is
essential to prevent oxidative damage in case of inhibition of some enzymes.
Nevertheless, the increase in TAC may be related to a non-significant increase in
GSH, GSSG and GR activity, corroborating the possibility that non-enzymatic
antioxidant responses may be preferred over enzymatic ones. Furthermore, TAC
reflects also the general trend of responses of other antioxidants at low salinities
possibly due to exposure to osmotic stress.

4.2.4 — Biotransformation capacity

The presence of xenobiotics in the organisms usually correlates with the
possible excretion of the contaminant from the organism itself through metabolism
from the cells through different mechanisms. In particular, the main enzymes
involved in this process are the phase II or Biotransformation enzymes, which are
GSTs and CbEs (Regoli & Giuliani, 2014; Solé¢ et al., 2018). These enzymes bind
GSH to the molecule or modify the substrate with an ester bound to an alcohol and
an acid compound, respectively (Habig et al., 1974; Hosokawa & Satoh, 2001). In
this way, the compound may be transformed into an inactive or active compound
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and released by the cell through different transport systems, one of which is the
Multidrug resistance protein, responsible for both the excretion of excess GSSG
and compounds generated by GSTs (Regoli & Giuliani, 2014). According to the
present analysis, both enzymes are slightly affected by salinity alteration. Still, the
salinity response also alters the reaction caused by the contaminant, primarily
visible at extreme levels. As far as CbEs and GSTs respond to salinity, it is possible
to see that there is a trend of decrease in activity at the highest level of salinity
compared to the lower value, a trend that has already been confirmed by other
studies for both enzymes (Bebianno et al., 2007; Andrade et al., 2021). This is due
to the effect of salinity shifts, which has been shown to increase the activity of GSTs
and CbEs at lower values due to their correlation with antioxidant responses and
detoxification, which is enhanced in stressful conditions (Andrade et al., 2021,
2024a). However, it is worth noticing that the presence of the contaminant worsens
the alteration caused by the salinity. While for GSTs, the alteration results in
increased enzyme activity at salinity 20 at 100 ng/L, CbEs seem to be inhibited at
the same concentration at salinity 40. This variability in responses might imply that
the activity of the GSTs operates with a higher pace for the detoxification of the
compound at lower salinity, which has been found to be possible also in other
studies (Andrade et al., 2021). The same kind of increase in activity, even though it
is not significant, can be seen at the highest level of salinity and may imply that
HFPO-DA has indeed effects on the alteration of GSTs at extreme salinities, and
the contaminant does not pose a threat to the functioning of GSTs in intermediate
conditions. For CbEs, instead, there is a slight inhibition of the enzyme when the
organisms are exposed to the highest level of contamination combined with high
salt content: this might be caused by a possible alteration of the enzyme when
exposed to HFPO-DA at high salinity, causing a decrease in activity and a possible
alteration that is not visible at the other conditions, probably caused by the PFAS
altering the structure of the enzyme. GSTs in marine bivalves seem to be altered
only at high concentrations of PFAS (Fabrello et al., 2021; Xu et al., 2022).
However, this finding at altered salinity conditions may indicate that there could be
a significant alteration with altered environmental conditions.

4.2.5 — Oxidative damage

Variations in salinity or other environmental parameters may affect the
expression and activity of the antioxidants and the possible oxidative damage that
derives from those (Freitas et al., 2017; Andrade et al., 2021). In particular, damage
may be caused, depending on the organism, by exposure to high salinity or
hyposaline waters (Freire et al., 2011). Andrade et al. (2024) showed that long-term
exposure to non-ideal salinity does not influence lipid peroxidation per se, as the
blue mussel cells can cope with the stress and act as osmo-conformer accordingly,
also by regulating the number of osmolytes present in their tissues (Kube et al.,
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2006). The presence of a contaminant may alter the response of organisms, leading
to damage to their structures and their cells, which may be or not more pronounced
in the case of environmental changes (Freitas et al., 2020; Leite et al., 2023). In the
present study, an alteration caused by the novel PFAS is present at both salinity 30
and salinity 40, while at salinity 20 does not display significant changes, with the
level of LPO that is stable probably due to the enhanced antioxidant enzyme activity
at that level (Freitas et al., 2020).

On the other hand, in hypersaline conditions, the organisms show an
increase in lipid peroxidation at 10 ng/L compared to the same concentration at the
other two salinities: this may imply that, due to the inhibition of antioxidants at the
highest salinity, the effect of the contaminant is worsened by the lower metabolism
of the animal at those conditions. However, the main impact of the contaminant can
be seen at salinity 30, in which the PFAS, at their highest concentration, induced a
peak in LPO. This response may imply that the chemical may cause lipid
peroxidation in the organisms. In the study of Fabrello et al. (2021), Ruditapes
philippinarum is subject to oxidative damage due to exposure to novel
perfluorinated compounds, especially when the organism is exposed for a short
time. Furthermore, specimens of Perna viridis are subject to lipid peroxidation
when exposed to high levels of PFOS: even though the study examines a higher
concentration of legacy PFAS, it highlights that both legacy and novel PFAS may
lead to oxidative damage in marine organisms (Xu et al., 2022). Furthermore, it has
been shown that sperms of M. galloprovincialis respond to PFOA and PFOS at
concentrations as low as 0.1 pg/L (Fabbri et al., 2014).

4.2.6 - Neurotoxicity

As far as neurotoxicity is concerned, AChE is a biomarker that has been
widely investigated to assess whether a contaminant may alter the
neurotransmission of a signal, especially since it has been discovered to be a
relevant marker in the case of organophosphorus pesticides (Ellman et al., 1961,
Escartin & Porte, 1997; Mennillo et al., 2017; Freitas et al., 2019a; Fabrello et al.,
2021). In particular, previous studies on mussels highlighted a possible influence
and variability of the parameter with both salinity and exposure to a contaminant,
suggesting that a combination of the factors may influence the response of the
organism exposed (Andrade et al., 2024a). In the present study, in accordance with
Andrade et al. (2021), there is no variation in the response in the AChE activity
between controls at different salinity.

On the other hand, a non-significant decrease due to the contaminant is
present at salinity 40. HFPO-DA has been shown to alter the activity of AChE by
increasing its activity in zebrafish embryos (Wang et al., 2023). The presence of
HFPO-DA combined with the highest possible salinity exposed changes the effect
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of the chemical, as it inhibits the enzyme’s activity compared to the same
concentration at the other two salinities. This trend suggests that the presence of the
contaminant may alter the movement of the cilia placed on the gills: this would
cause a de-sensibilisation of the organs, leading to possible alteration of the
movement of water and, therefore, impaired feeding and accumulation of the
contaminant (Escartin & Porte, 1997).
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S - CONCLUSIONS & FUTURE
PERSPECTIVES

In recent years, numerous fluorinated compounds have been reported in
both estuarine and open sea environments, and their presence in estuarine and
marine environments may cause an impact on bivalves (Heydebreck et al., 2015;
Fabrello et al., 2021; Geng et al., 2024). With this study, it has been assessed that
novel chemicals of the same class may cause disturbances in the antioxidant system
of the blue mussel M. galloprovincialis, possibly giving insights into the threat that
these compounds may pose not only in freshwater environments and humans but
also to the marine environment (Bonato et al., 2020; Ohoro et al., 2024).

In the present study, it has been shown, through an in vitro first assessment
analysis of the gills and the digestive glands of mussels, that there may be an
alteration of the enzyme activity; it has been highlighted a general trend of
inhibition of the responses of antioxidants associated with an increase in the amount
of LPO in the organisms even at the lowest concentration of the chemical. Even
though the experiment is based on the procedure adopted by Cruz et al. (2023), the
study may have been improved by including a methanol concentration control to
compare the study results better. However, methanol is not known to significantly
alter marine organisms' response unless the concentration exceeds 2%, which is not
the case in this experiment (Helmstetter et al., 1996; Cruz et al., 2023). Due to the
limitation of time, stability of proteins and length of the experiment, it has been
decided that the lowest concentration of HFPO-DA tested was the highest
concentration ever recorded found in estuarine environments (Heydebreck et al.,
2015; OECD, 2018b; Vieira Sanches et al., 2023).

PFAS are compounds that alter, directly or indirectly, the activity of
peroxisomes in the organisms, leading to a change in the production of ROS directly
in these organelles (Bonato et al., 2020; Wang et al., 2023). In peroxisome
proliferation, several ROS are produced from the disruption of lipid homeostasis,
which mainly leads to the production of H202, and PFAS may be responsible for
the alterations of the associated nuclear genes responsible for the phenomenon
(Orbea et al., 2002; Regoli & Giuliani, 2014). Consequently, there may be an
increase in different oxygenase enzymes, which are helpful for the catabolism of
lipids, and would justify the slight increase in activity of CAT. One way to assess
whether the transcription of peroxisome proliferators is happening is to quantify the
Acyl-CoA oxidases (AOX), enzymes which transcription is directly correlate to the
PPAR pathway (Cancio et al., 1999; Cajaraville et al., 2003). In fact, contrary to
the CAT, those enzymes have been widely adopted to analyse the peroxisomes
proliferation in different organisms, including M. galloprovincialis (Cancio et al.,
1999). Therefore, in future studies, it may be worth analysing the activity of the
AOX enzymes, to understand if HFPO-DA inhibits its activity or enhances it.
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The present study also highlighted the need to analyse more antioxidant
enzymes to understand the trend of the response of the combination of a
contaminant with salinity, which seems to have a relevant effect in the experiment
in vivo. In particular, the higher rate of conversion of glutathione made by the GR
with a low activity of GPx at the lowest salinity tested suggests that other enzymes
may be involved in the redox balance of cells under those environmental conditions.
It has been hypothesised that the action of peroxiredoxins may be relevant in this
case, especially the 6™ isoform, which is known to use glutathione instead of
thioredoxins (David et al., 2007; Molavian et al., 2015). Therefore, the need to
understand the use of glutathione by Myfilus in other studies may give further
insights into their physiology. Furthermore, GR presented a low activity, while GPx
may present a high activity at high salinities: in this case, given the increased
activity of the former enzyme at an intermediate concentration of the contaminant,
to assess whether there could be an alteration to the activity or transcription of the
glutamate-cysteine ligase in mussels in that scenario (Forman et al., 2009).

Other alterations of the enzymes, caused by the contaminant, are also visible
in the biotransformation enzymes, even though it is mainly at extreme levels: an
increase in the activity of GSTs at the lowest salinity, an inhibition of CbEs at the
highest and different patterns in GR at both altered salinities. For the CbEs, even
though the alteration is significant, it is only minor compared to the former. It is
conceivable that the accumulation of the contaminant or its derivates, in this
instance, may create a condition in which the organism cells, already facing osmotic
stress and activating GSTs, face a condition in which the presence of the chemical
leads to an increased biotransformation activity, suggesting that the organism,
already stressed at extreme salinities, increase significantly the biotransformation
due to the accumulation of this xenobiotic. Nevertheless, altering these parameters
at extreme salinity levels in mussels might imply that an accumulation of the
contaminant may be possible: it may be that its stability in saltwater is be affected
only partially by the salt content. In the experiment by Avellan-Llaguno et al.
(2020), the increased salinity favoured the bioaccumulation of PFAS in an estuarine
fish. Therefore, although HFPO-DA is a short-chain PFAS, its bioaccumulation at
altered salinities may still be possible.

The in vitro does not predict with high fidelity the trend of antioxidant
enzymes in the in vivo assay. The former experiment generally reports inhibition of
the antioxidant enzymes, especially CAT and SOD, which have been shown to
occur also in short-term exposure of other marine algae (Niu et al., 2019). The in
vivo analysis reports instead an increase in the activity of SOD and no significant
increase in CAT. This can be explained mainly by the way the experiment in vitro
works: the supernatant used is the S9-subcellular fraction, which is deprived of
DNA, mitochondria and major organelles, leaving only cytoplasm, microsomes and
possibly stress granules in the cell (Richardson et al., 2016; OECD, 2018b; Drago
et al., 2023). Therefore, all the alteration caused by the contaminant at the genetic
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level, which is common in PFAS, is lost. As most PFAS alter the peroxisome
metabolism by stimulating the PPAR pathway, the lack of genetic information or
the possibility of activating that pathway does not favour the analysis of those
responses, leading instead to a possible activation of alternative mechanisms for the
regulation of the transcription (Anderson & Kedersha, 2009; Piva et al., 2024).
Therefore, while the study aims to understand whether the contaminant causes an
alteration to the organism tissue, which is reported through the generation of
oxidative damage, considering an experiment ex vivo using cells extracted from M.
galloprovincialis may give more information on the altered genetic pathway related
to enzyme activity and possible transcriptomic responses of the mussel cell.
However, that approach has limitations, too, especially in the durability,
conservation of the samples, and loss of information on the metabolism of the
organism as a whole (OECD, 2018b). Overall, in vitro and ex vivo, even though
they do not consider the whole metabolic variability of the organism, can be
preferred as tools for a first screening of the activity or alteration in the cells of
interest, to justify further experiments on the whole organism, as happened in this
study (OECD, 2018b).

In addition, the organ's division is essential to understanding how a specific
tissue might respond to the presence of a contaminant. While analysing a specific
biochemical marker gives insights into its function in the organ, the presence of
different isoforms of the same enzyme in the same area may provide uncertain
results. As previously discussed, the SOD is an enzyme which activity varies
according to the organ: however, as the measurement of the activity of an enzyme
is an indirect measurement of its quantity, maybe targeting a specific enzyme
through the use of a western blot to understand whether a particular isoform is more
present than the other in a specific tissue would give better insights on the
variability between the organs and further knowledge in the physiology of the
organism (Manduzio et al., 2004; Letendre et al., 2008). This will help to get more
precise results and possible implications of inhibition directly on specific isoforms
in a targeted way.

Overall, both in vitro and in vivo experiments show that not all the
antioxidants are susceptible to the changes on the exposure directly to the chemical:
cells have been shown to enhance the use of non-enzymatic systems to compensate
for oxidative stress. In particular, the significant increase in TAC in both assays and
non-significant increase in both GSSG and GR at salinity 30 in vivo might imply
that these molecules are preferred to face the oxidative stress present in the cell,
maybe because of the alteration of function of the enzymes due to the interaction
with HFPO-DA (Bonato et al., 2020; Avellan-Llaguno et al., 2020; Alesio et al.,
2022). The alteration of the GR activity may be a physiological response to
maintain the accurate redox balance in the cell (David et al., 2007; Regoli &
Giuliani, 2014). Therefore, assessing the possible synthesis of other reducing
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peptides like other thioredoxins may give more insights into the regulation of the
response of the cells (Wang et al., 2013).

To conclude, more studies that analyse the combination of more PFAS, both
novel and legacy, should be applied to understand their possible interaction in a
changing environment. The combination of the presence of HFPO-DA and the
climate changes in this study may suggest the need to regulate the release of this
contaminant as well as PFOA and PFOS, which have been banned by the European
Union for several years (EFSA, 2008). However, analysis of the oxidative stress
status is only one of the many needed to assess the danger that this contaminant
represents at the ecosystem level: as sentinel organisms are affected by this
contaminant, more studies are required to possibly evaluate the genotoxicity,
reproduction or, at the ecosystem level, bioaccumulation potential of this
compound.
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