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ABSTRACT 
 
The introduction of next-generation per- and polyfluoroalkyl substances 

(PFAS), including perfluoropentanoic acid (PFPeA) and 

hexafluoropropylene oxide dimer acid (GenX), has raised ecotoxicological 

concerns due to their persistence and occurrence in coastal ecosystems. 

These transitional environments are also increasingly affected by climate-

driven salinity fluctuations associated with extreme precipitation. This study 

assessed the effects of GenX and PFPeA, individually and as a mixture 

(MIX), on the bioindicator bivalve Mytilus galloprovincialis exposed for 28 

days to salinity 30 (optimal) and 20 (hyposaline stress). Tissue analyses 

further revealed PFAS accumulation, confirming organismal exposure 

despite the generally lower bioaccumulation potential attributed to short-

chain PFAS. A multi-biomarker approach evaluated metabolic, 

osmoregulatory, antioxidant, biotransformation, and cellular damage 

responses, complemented by the Integrated Biomarker Response index 

(IBRv2). Hyposalinity served as a major environmental stressor, increasing 

aerobic metabolism (ETS) and lipid peroxidation (LPO) even in the absence 

of PFAS exposure. At salinity 30, PFAS effects were compound-specific: 

PFPeA induced comparatively limited adaptive responses, whereas GenX 

caused stronger disruption of homeostasis, particularly through marked 

activation of carboxylesterases (CbEs), which also influenced mixture 

responses. Under hyposalinity, individual PFAS effects were partly masked, 

suggesting reduced physiological capacity to mount additional stress 

responses under high energetic demand. In contrast, MIX exposure at 

salinity 20 intensified disruption of the antioxidant system and redox 

imbalance. Overall, the results demonstrate that PFAS toxicity is strongly 

modulated by environmental conditions and support the need for multi-

stressor approaches in ecological risk assessment to better capture 

interactions between chemical contamination and climate-driven salinity 

changes. 
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1. INTRODUCTION 

1.1. PER AND POLYFLUOROALKYL SUBSTANCES (PFAS) 

First introduced in the 1940s, per- and polyfluoroalkyl substances 

(PFAS) comprise a large group of thousands of synthetic chemicals that 

have become ubiquitous in both industrial processes and everyday 

consumer products (Glüge et al. 2020). Historically, the most accepted way 

to classify these chemicals relied on the presence of a perfluoroalkyl moiety 

CnF2n+1- identifying PFAS as substances where fluorine atoms have entirely 

substituted the hydrogen atoms on at least one carbon (Buck et al. 2011). 

However, the scientific and regulatory community lacks a unified 

classification system. For instance, the European Chemicals Agency 

(ECHA) uses a broader metric, defining a PFAS as any substance 

containing at least one aliphatic CF2 or CF3 group (Wallington et al. 2021). 

This definitional ambiguity became particularly evident in 2018, when a joint 

task force of the Organisation for Economic Co-operation and Development 

(OECD) and United Nations Environment Programme (UNEP) identified 

over 4,700 PFAS compounds on the global market. Their inventory featured 

fully fluorinated molecules that did not meet the older criteria set by Buck et 

al. (2011) because they lacked a −CF3 group. Concurrently, breakthroughs 

in untargeted analytical screening have uncovered a wealth of previously 

undetected PFAS in the environment and in commercial products. This 

prompted a vital re-evaluation of how we categorize the "PFAS universe”. 

The updated consensus now characterizes a PFAS by molecular structure: 

it is defined as any fluorinated compound that features at least one fully 

fluorinated methyl (−CF3) or methylene (−CF2−) group, meaning the carbon 

atom is not bonded to any hydrogen, chlorine, bromine, or iodine. This 

modernized framework provides a baseline for a better grasp of the sheer 

diversity and scale of these chemicals (Wang et al. 2021). Taking an even 

broader regulatory stance, California's Safer Consumer Products Program 

defines PFAS as synthetic chemicals containing at least one fully fluorinated 
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carbon atom, thereby justifying their management as a single, unified class 

in certain consumer goods. Yet this multiplicity of definitions breeds 

significant confusion. Treating PFAS as a single monolithic group is 

especially controversial, as it indiscriminately bundles benign chemicals 

with highly hazardous ones. Consequently, it is crucial to pause and 

critically re-examine the core reasons behind the intense scrutiny of PFAS, 

ultimately questioning whether our current classification frameworks are 

truly fit for purpose (Wallington et al. 2021). 

When evaluating their applications, it is clear that certain PFAS uses 

remain indispensable for modern societal functioning, safety, and public 

health, mainly because no viable substitutes are currently available. 

Conversely, in applications considered non-essential, these substances 

could be phased out entirely without an immediate need for high-

performance replacements (Glüge et al., 2020). The extraordinary physical 

and chemical characteristics of PFAS are deeply rooted in their molecular 

framework. The heavily fluorinated segments render these molecules both 

water- and oil-repellent (hydrophobic and lipophobic), whereas their specific 

functional groups enable interactions with polar substances. A defining and 

highly problematic trait of PFAS is their inability to be broken down by 

natural biological, physical, or chemical mechanisms. While certain 

"precursor" compounds may degrade, they typically just convert into other 

highly persistent PFAS variants. This extreme durability makes them highly 

advantageous for industrial applications in harsh conditions, such as high 

temperatures, high pressure, or corrosive environments. However, this 

resilience is the primary source of environmental anxiety due to their 

indefinite persistence (Cousins et al. 2020). Because of these unique traits, 

PFAS have been aggressively incorporated into a vast array of commercial, 

industrial, and consumer goods since at least the 1950s. Their applications 

span adhesives, construction materials, ceramics, nanostructure synthesis, 

cleaning agents, coatings, waxes, paints, varnishes, inks, and cosmetics. 

They are widely utilised in specialised sectors, including dry cleaning, 

electronics manufacturing, chemical etching, explosives, ammunition, and 

specialised firefighting. Furthermore, they play critical roles in medical 
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applications, metal plating, mining and oil/gas industries, paper and 

packaging, pesticides, photography, plastics, rubber, refrigerants, and the 

semiconductor and transportation industries. Despite this widespread 

integration, it remains incredibly challenging to pinpoint which PFAS are 

used in specific applications and in what exact quantities. This critical data 

gap severely hinders accurate assessment of occupational exposure risks 

and environmental releases across industries (Gaines 2023). The high 

manufacturing costs associated with PFAS dictate that they are primarily 

reserved for demanding applications where conventional alternatives fall 

short. They are typically selected either when extreme performance is 

mandatory (such as in environments with severe temperature fluctuations 

or where absolute chemical inertness is required) or when a significantly 

smaller quantity of a PFAS can match the efficacy of a much larger volume 

of a non-fluorinated chemical. At the molecular level, this remarkable 

operational stability is driven entirely by the robust carbon-fluorine (C–F) 

bond. While this bond is highly advantageous for industrial use, it is the 

exact same feature that makes PFAS, along with their terminal degradation 

products, notoriously persistent and nearly impossible to break down in the 

environment. Furthermore, the perfluorinated carbon structures uniquely 

repel both water (hydrophobic) and oil (oleophobic), rendering them 

exceptionally effective as surface coatings and surfactants (Glüge et al. 

2020). 

Ultimately, PFAS substances are of major global concern because of 

their extreme persistence (along with the persistence of their degradation 

byproducts) and their documented and anticipated negative impacts on 

human health and environmental ecosystems. These risks have been 

clearly deduced from data on several extensively researched PFAS 

compounds (Glüge et al. 2020). The extreme environmental persistence of 

PFAS is fundamentally rooted in the C-F bond. Requiring approximately 485 

kJ/mol to break, it is the strongest covalent bond known in organic 

chemistry. This structural feature renders PFAS uniquely inert: they do not 

readily undergo hydrolysis, oxidation, or reduction. Furthermore, they are 

essentially immune to microbial degradation, as most organisms' natural 
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metabolic pathways cannot process their hydrophobic fluorinated 

structures. Consequently, PFAS accumulate rapidly in soils, sediments, and 

throughout food webs, exhibiting environmental lifespans ranging from 

decades to centuries (Cousins et al. 2020). This extreme resilience also 

extends to thermal treatments. Studies on incineration demonstrate that 

severing the C–F bond requires exceptionally high energy inputs. Complete 

mineralization requires temperatures exceeding 1100 °C for short-chain 

PFAS, and up to 1400 °C for complex compounds such as 

perfluorotetrafluoroethane (CF4). Standard municipal or industrial waste 

incinerators rarely sustain such extreme peak temperatures. When 

temperatures fall below these critical thresholds, the PFAS are only partially 

destroyed. This incomplete combustion often results in hazardous 

residues—such as hydrogen fluoride (HF) and shorter-chain fluorinated 

fragments—adsorbing onto activated carbon filters or escaping directly into 

the exhaust gases and residual ash. The combination of this unbreakable 

C–F bond, the complete absence of natural biological degradation 

pathways, and an incredibly high thermal threshold has rightfully earned 

PFAS the moniker of "forever chemicals." Once released, they cycle 

continuously through atmospheric, aquatic, and terrestrial environments. 

This dictates an urgent scientific imperative to thoroughly study their 

mechanisms of persistence, continuously monitor their distribution, and 

rapidly develop viable, advanced destruction technologies (Brunn et al. 

2023). 

The international drive to regulate hazardous environmental 

pollutants has a strong historical precedent. The recognition that 

chlorofluorocarbons (CFCs) were depleting the stratospheric ozone layer 

culminated in the 1987 Montreal Protocol, widely regarded as the most 

successful global treaty for chemical restriction. This framework was later 

expanded by the 2016 Kigali Amendment, which phased out climate-

damaging hydrofluorocarbons (HFCs) and severely restricted these 

substances globally (Brunn et al. 2023). Eventually, this international 

regulatory focus had to pivot toward the pervasive threat of longer-chain 

PFAS. Although the primary production of these legacy compounds has 



5 
 

ceased in the United States, they remain a critical environmental and public 

health issue due to widespread historical contamination. Consequently, the 

Stockholm Convention on Persistent Organic Pollutants (POPs), which 

restricts or bans hazardous chemicals, now explicitly includes key 

substances such as perfluorooctanoic acid (PFOA), perfluorooctanesulfonic 

acid (PFOS), and their precursors, requiring the global elimination or 

restriction of their production and use (Scheringer et al., 2014). In Europe, 

regulatory actions are accelerating rapidly: in March 2022, the ECHA 

proposed a gradual ban on the production and use of all PFAS in fire-

extinguishing foams at concentrations above 1 ppm over a 10-year period. 

Building on this momentum, in February 2023, ECHA published a sweeping, 

comprehensive proposal driven by a coalition of five nations (Germany, the 

Netherlands, Denmark, Norway, and Sweden). Aligned with the European 

Union's "Chemicals Strategy for Sustainability," this initiative seeks to 

restrict the entire class of PFAS, including fluorinated polymers (Brunn et al. 

2023). Despite the emergence of broad, class-wide regulatory efforts, public 

discourse and media reports detailing the dangers of PFAS still 

predominantly focus on specific legacy compounds, primarily PFOA and 

PFOS (Wallington et al. 2021). The broader class of PFAS first garnered 

significant global attention in the early 2000s, driven by reports highlighting 

the extreme hazards and ubiquitous environmental presence of two specific 

chemicals: PFOA and PFOS (Wang et al. 2021). Among the most widely 

used and studied compounds in the PFAS family, PFOA and PFOS are 

synthetic substances known for their extreme persistence and marked 

tendency to bioaccumulate in ecosystems and organisms. Both molecules 

are characterized by a rigid structure with an eight-carbon chain (Figure 1); 

the substantial difference lies in the terminal functional group: a sulfonate in 

PFOS and a carboxylic acid in PFOA (Tsuda 2016). This structural 

distinction leads to different toxicity mechanisms. On one hand, PFOS 

shows a marked tendency toward neurotoxicity and can interfere with 

neonatal development by altering essential physiological functions. 

Conversely, PFOA presents greater evidence of carcinogenicity, being 

classified as "possibly carcinogenic to humans",; and is capable of inducing 
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DNA damage through the activation of oxidative stress  (Tsuda 2016; Zahm 

et al. 2024). 

 

Figure1. Chemical structures of PFOA and PFOS (source: Carnero et al. 2021). 

 

To address the hazard posed by these substances, the 

Environmental Protection Agency (EPA) has established drinking water 

advisory levels to protect public health. These safety parameters are 

primarily based on developmental toxicity, aiming to prevent critical effects 

such as decreased birth weight and alterations in physical maturation linked 

to prolonged exposure (Tsuda 2016). However, the extreme persistence of 

these legacy compounds and the resulting bans have prompted the 

chemical industry to propose using shorter-chain PFAS. A relevant example 

is perfluoropentanoic acid (PFPeA), composed of only five carbon atoms. 

Although PFPeA was initially considered a safer alternative due to its 

shorter persistence in organisms, new concerns have recently emerged: its 

widespread detection in water sources and food suggests that the transition 

to short chains is not solving the problem of environmental contamination 

(Ren et al. 2026). 

 

1.1.1. Hexafluoropropylene oxide dimer acid (HFPO-DA) 

The term GenX is a commercial name commonly used to refer to the 

ammonium salt of Hexafluoropropylene Oxide Dimer Acid (HFPO-DA). In 

aqueous environments, this compound rapidly dissociates into the HFPO-

DA anion, the chemical species of primary toxicological and environmental 

concern (Guo et al. 2024). Belonging to the vast family of PFAS and, more 

specifically, to the subcategory of perfluoroalkyl ether carboxylic acids 
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(PFECA), GenX is characterized by a shorter fluorinated chain compared to 

traditional PFAS (such as PFOA and PFOS) and by the presence of an 

ether linkage (oxygen) within its molecular structure (Figure 2) (EPA 2018; 

Guo et al. 2024). This compound was introduced to the market starting in 

2010 as a direct industrial substitute for PFOA, which is classified as a POP 

and has been progressively banned globally due to strict regulatory limits, 

having historically been associated with severe environmental persistence, 

bioaccumulation, and systemic toxicity. The chemical industry developed 

GenX based on the theoretical assumption that a shorter fluorinated chain 

and the insertion of an ether linkage could favor faster biological elimination 

and lower overall toxicity, effectively making it a "safer" alternative (Guo et 

al. 2024). However, scientific literature has widely re-evaluated this 

presumed safety, highlighting environmental and health criticalities similar 

to those of older-generation compounds (EPA 2018; Guo et al. 2024).  

The industrial applications of GenX closely mirror those of its 

predecessor, PFOA. Thanks to its high surfactant performance and marked 

chemical inertness at high temperatures, this compound has become a 

crucial component across multiple production sectors. Its primary use is in 

the production of fluoropolymers, where it serves as a processing aid in the 

delicate emulsion polymerisation process. This step is fundamental for the 

synthesis of polytetrafluoroethylene (PTFE), commonly known by the trade 

name Teflon, and for the synthesis of various other fluoroelastomers (EPA 

2018; Guo et al. 2024). The excellent surfactant properties of GenX are 

exploited to create non-stick coatings for cookware and to provide water- 

and stain-repellent treatments for fabrics and carpets (EPA 2018). Guo et 

al. (2024) emphasise that the extraordinary properties of this compound – 

particularly its resistance to chemical and thermal degradation and its 

remarkable dielectric stability – have made it crucial to the development of 

advanced technologies. Currently, fluoropolymers synthesized using GenX 

are widely used in the semiconductor industry, where they ensure the 

necessary purity in handling aggressive chemical fluids. Concurrently, 

Chappell et al. (2020) highlight the fundamental role of these materials in 

the aerospace sector (for high-performance wiring insulation), in 
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telecommunications infrastructure (such as 5G networks), and, 

increasingly, in the development and production of lithium-ion batteries 

intended for electric vehicles (Chappell et al. 2020; Guo et al. 2024). 

The pervasiveness of industrial use of GenX inevitably results in 

continuous, massive releases into the environment, primarily through 

industrial discharges and landfill leachate. It is precisely in this context that 

the main criticality emerges, linked to the physicochemical characteristics 

of GenX. Although the molecule was designed with a shorter fluorinated 

chain and an ether linkage (see Figure 2) to reduce its bioaccumulation in 

mammals compared to PFOA, these same characteristics confer extremely 

high hydrophilicity and mobility in aqueous environments (Guo et al. 2024; 

Sun et al. 2016). The substance is, in fact, a markedly water-soluble 

pollutant. Once introduced into surface water bodies, it does not readily 

degrade and tends to remain in the water column rather than adsorb 

strongly to sediments. This high persistence and mobility in water systems 

transform the aquatic environment, from rivers to marine and coastal 

ecosystems, into the primary "sink" for the accumulation of this emerging 

contaminant (Guo et al. 2024). 

 

 

Figure 2. Chemical structure of GenX (source: Cayman Chemical) 

 

Despite initial claims of a reduced environmental footprint, monitoring 

campaigns have frequently detected GenX in aquatic systems worldwide. 

Surface water concentrations often range from tens of ng L-1 up to several 
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µg L-1, particularly in rivers downstream from fluorochemical manufacturing 

plants. For instance, environmental monitoring has detected GenX in 

several aquatic systems worldwide, typically associated with fluorochemical 

manufacturing discharges. In the United States, surface and drinking waters 

from the Cape Fear River watershed exhibited downstream concentrations 

reaching up to 4560 ng !!", with averages around 600 to 631 ng !!". In 

China, extreme levels were reported in the Xiaoqing River, where mean 

concentrations ranged from 118 ng !!" up to 9350 ng !!" downstream of a 

production facility. Similarly, in the Netherlands, GenX was found in the 

Rhine River basin at maximum concentrations of 812 to 814 ng !!" near a 

production plant, and was even detected in local drinking water supplies at 

concentrations between 0.25 and 11 ng !!". (Gebbink et al. 2017; Mullin et 

al. 2019).  

Furthermore, assessing the ecological risk of GenX requires 

understanding its bioaccumulation and toxicity in aquatic organisms. While 

early screening studies on fish suggested a relatively low bioaccumulation 

factor for GenX compared to legacy PFAS (Hoke et al. 2016), recent studies 

highlight the critical importance of assessing its impact on sensitive marine 

organisms. In terms of ecotoxicity, aquatic invertebrates, particularly 

bivalves, are proving to be vulnerable targets. Recent toxicological 

assessments utilizing the marine mussel Mytilus galloprovincialis as a 

model invertebrate have shown that exposure to GenX can induce 

significant sub-lethal effects. For instance, in vitro studies have shown that 

GenX induces diverse and pronounced biochemical responses in tissues 

such as the digestive gland, disrupting oxidative stress homeostasis and 

detoxification pathways, as evidenced by alterations in total antioxidant 

capacity (TAC) and acetylcholinesterase activity (Cunha et al. 2025a). 

Moreover, in vivo research has demonstrated that GenX exposure, 

particularly when combined with environmental stressors like salinity shifts, 

exacerbates these toxicological outcomes, leading to severe metabolic 

disruption, oxidative damage, and neurotoxicity (Bortot et al. 2025).  
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1.1.2. Perfluoropentanoic acid (PFPeA) 

The term PFPeA identifies perfluoropentanoic acid, a synthetic 

chemical substance belonging to the vast family of PFAS and, more 

specifically, to the subcategory of perfluoroalkyl carboxylic acids (PFCA). 

From a structural standpoint, PFPeA is characterized by an alkyl chain 

composed of five carbon atoms, four of which are fully fluorinated (Figure 

3). This specific conformation, combined with the extreme strength of the C-

F covalent bond, grants the molecule significant chemical inertia, extremely 

high resistance to thermal and biological degradation, as well as marked 

surfactant properties that make it simultaneously hydrophobic and 

lipophobic (Weatherly et al. 2023).  

 

Figure 3 Chemical structure of  PFPeA (source: Cayman Chemical) 

Over the last decade, increasingly stringent global regulatory 

restrictions on traditional long-chain PFAS, such as PFOA and PFOS, which 

were progressively banned due to their severe environmental persistence 

and toxicity, have pushed the chemical industry to rapidly seek alternatives. 

Consequently, PFPeA was thus introduced to the market as a "new 

generation" substitute. The theoretical assumption underlying this industrial 

transition was that a shorter fluorinated chain could favor faster biological 

elimination and, consequently, result in a lower potential for prolonged 

bioaccumulation, making the compound an intrinsically safer option (Xu et 

al. 2020; Weatherly et al. 2023). Supported by these premises, PFPeA has 
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found widespread use across a vast range of production sectors. Its 

excellent surfactant and film-forming properties are currently exploited in 

cleaning products, cosmetics and personal care formulations, coatings, 

waxes, paints, varnishes, and inks. The compound is also utilized in high-

performance fire-fighting foams, explosives, and ammunition. Beyond 

these, its applications extend to electronics, semiconductors, and medical 

uses, and it is involved in metal plating and the production of plastics, resins, 

and rubber. Finally, PFPeA is employed in packaging, paper, and 

cardboard, textiles, transportation components and general medical uses 

(Gaines 2023). However, recent scientific literature has widely refuted the 

presumed safety of this short-chain alternative, highlighting serious 

concerns about its environmental fate and ecotoxicological impacts. 

Precisely because of its short-chain structure, PFPeA is a markedly 

hydrophilic pollutant and highly mobile in aqueous environments. Once 

released into the environment through industrial discharges, wastewater, or 

landfill leachate, this compound shows a very low propensity to adsorb 

stably to sediments, instead accumulating in a persistent and ubiquitous 

manner within the water column of surface waters (Xu et al. 2020). In fact, 

environmental monitoring campaigns have increasingly highlighted the 

ubiquity of short-chain PFAS, including PFPeA, across aquatic systems 

worldwide. Surface water concentrations of PFPeA typically range from 

sub-ng !!" to tens of ng !!" in marine and coastal environments. In urban 

and industrialized rivers, recent monitoring campaigns reported PFPeA 

concentrations up to 9.2 ng !!", with drinking water levels reaching up to 

5.7 ng !!". Furthermore, its high mobility enables PFPeA to infiltrate 

groundwater reserves and travel long distances, resulting in its widespread 

detection throughout aquatic environments (Ahrens 2011; Brendel et al. 

2018). This high water mobility transforms rivers, estuaries, and marine 

ecosystems into primary final accumulation reservoirs, chronically exposing 

aquatic fauna, particularly benthic organisms and filter-feeding bivalves, to 

increasing concentrations of the dissolved contaminant (Xu et al. 2020). 

 Parallel to the environmental alarm, recent toxicological 

investigations conducted on in vivo murine models (mice) and in vitro have 
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outlined a concerning and severe systemic toxicity profile for PFPeA, with a 

particularly disruptive impact on the liver. Research has shown that 

exposure to PFPeA, even through unconventional contact routes such as 

dermal absorption, leads to rapid systemic distribution culminating in severe 

hepatomegaly. This condition is characterized by hepatocellular 

hypertrophy, marked alterations in genes associated with lipid metabolism, 

uncontrolled activation of peroxisome proliferator-activated receptors 

(PPARs), and the induction of inflammatory and necrotic processes 

(Weatherly et al. 2023). Delving deeper into the biochemical mechanisms 

of action, cutting-edge studies have identified oxidative stress as the 

primary molecular driver of the damage induced by this emerging PFAS. As 

demonstrated by Ren and colleagues (2026), exposure to PFPeA triggers 

a massive overproduction of reactive oxygen species (ROS) at the cellular 

level. This severe accumulation of free radicals chronically and abnormally 

activates the signal transduction pathway, leading to forced cell cycle arrest 

and pushing hepatocytes toward premature and permanent cellular 

senescence. The cells altered in this way begin to secrete highly pro-

inflammatory factors (that stimulate collagen deposition, culminating in a 

progressive and dangerous process of tissue fibrosis (Ren et al. 2026). The 

irrefutable evidence that ROS overproduction and the resulting oxidative 

stress are the triggering factors of PFPeA toxicity strongly suggests that 

measuring antioxidant stress biomarkers is a fundamental ecotoxicological 

step for understanding the real physiological impacts of this aquatic 

contaminant on key marine bioindicators, such as mussels (Ren et al. 

2026). 

 

1.2. CLIMATE CHANGE 

In addition to the growing concern over persistent chemical pollutants 

such as PFAS, climate change represents a major and increasingly 

pervasive pressure on natural ecosystems. Through rising average 

temperatures, altered precipitation regimes, and the increasing frequency 
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and intensity of extreme events, climate change can modify key 

environmental processes, including the water cycle, water-column 

stratification, and nutrient availability (IPCC 2022; Hoegh-Guldberg and 

Bruno 2010). These alterations may, in turn, influence the distribution, 

persistence, bioavailability, and toxicity of contaminants, highlighting the 

need to consider chemical pollution and climate-driven stressors as 

interconnected rather than isolated environmental challenges. In particular, 

aquatic ecosystems are among the most sensitive, as even relatively small 

variations in environmental parameters can significantly affect the 

physiology and distribution of organisms (Pörtner and Farrell 2008). Among 

these parameters, salinity emerges as a key variable, closely linked to 

climate change through processes such as intensified evaporation, ice melt, 

and changes in river flows (Durack et al. 2012). Consequently, 

understanding how global climate dynamics translate into changes in 

salinity is essential for analysing the effects on organisms and ecosystems, 

thereby highlighting salinity stress as one of the main environmental 

stressors linked to climate change. The accelerating global climate change 

is fundamentally altering Earth's atmospheric thermodynamics, leading to 

severe disruptions in global hydrological cycles. As global temperatures 

rise, evaporation rates increase, and the atmosphere retains higher 

concentrations of water vapor. This shifting climatic paradigm translates into 

greater unpredictability in weather patterns, characterized by an increase in 

the frequency, duration, and intensity of extreme meteorological events, 

such as prolonged droughts and sudden, heavy precipitation (IPCC 2022). 

Among all aquatic ecosystems, transitional coastal environments, such as 

estuaries and lagoons, are arguably the most vulnerable to these macro-

climatic hydrological shifts. In these habitats, the balance between 

freshwater and seawater inputs becomes highly unstable, setting the stage 

for acute salinity fluctuations that directly expose organisms to salinity stress 

(Van Niekerk et al. 2022). 
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1.2.1. Heavy rain periods and marine heat waves 

Within the broader context of climate change, extreme weather 

events represent the most acute drivers of environmental instability in 

coastal and transitional ecosystems. Two phenomena are particularly 

impactful: marine heat waves (MHWs) and periods of anomalous heavy 

rainfall. The MHWS are defined as prolonged, discrete periods of 

anomalously high water temperatures (Hobday et al. 2016). In shallow 

estuarine and lagoon systems, these intense heat events significantly 

accelerate evaporation rates, leading to rapid water loss and temporary but 

severe episodes of localised hypersalinization (Hamdeno and Alvera-

Azcaráte 2023). Conversely, the shifting climate paradigm is increasing the 

frequency, duration, and intensity of heavy rain events (Martel et al. 2021). 

During these torrential events, massive and unprecedented volumes of 

freshwater runoff are discharged into coastal basins within hours to days 

(Kelly et al. 2020). This sudden influx rapidly dilutes the marine water mass, 

drastically lowering the environmental osmotic pressure (Dix et al. 2008). 

Together, the increasing occurrence of MHWs and heavy rainfall creates a 

highly volatile hydrological regime. By dictating sudden and extreme shifts 

in the balance of water evaporation and freshwater input, these extreme 

meteorological events serve as the direct functional link between global 

climate anomalies and the acute salinity fluctuations that severely challenge 

resident aquatic communities (Hu et al. 2023). 

 

1.2.2. Salinity stressor  

Among the various environmental changes driven by climate change, 

salinity fluctuations are a major stressor for aquatic organisms. Estuaries 

serve as highly active transition zones, where continental river discharges 

merge with marine saltwater, creating a complex, constantly shifting 

environmental gradient. In these unique coastal systems, salinity functions 

as the fundamental ecological determinant, influencing not only the 

hydrochemical properties of the water column but also the spatial 

distribution and survival of estuarine communities. Beyond simply indicating 
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ion concentration, salinity strictly controls essential habitat characteristics 

such as fluid density and water column stratification. The latter, in particular, 

is crucial in regulating internal physical processes, such as the formation of 

optimal flocculation zones at the halocline, which influence sediment 

transport and oxygen availability (Zhang et al. 2021).  Therefore, any 

sudden deviation from standard salinity patterns triggers profound systemic 

disruptions that compromise both the physical and biological dynamics of 

the entire estuarine ecosystem (Hu et al. 2023). While certain coastal 

regions are currently facing severe salinization due to increased 

evaporation and rising sea levels, other estuarine systems are experiencing 

the exact opposite threat. Driven by altered climate patterns, sudden and 

abnormally heavy rainfall events generate massive volumes of freshwater 

runoff. When this enormous influx of freshwater enters shallow coastal 

lagoons, it rapidly dilutes the marine water, drastically dropping the osmotic 

pressure of the environment and triggering acute hyposaline conditions. 

This rapid decrease in salinity, often occurring within hours during severe 

storms, is a significant environmental stressor, pushing the survival limits of 

local biota (Van Niekerk et al. 2022). To inhabit these highly variable 

transitional waters, aquatic organisms must possess a high degree of 

ecological plasticity. Species living in estuaries are generally euryhaline, 

meaning they have evolved to tolerate a wide range of salinities. However, 

sustaining this ecological plasticity requires profound physiological 

adjustments (Kültz 2015; Van Niekerk et al. 2022). At the cellular level, this 

process of intracellular adaptation is extremely energy-intensive. 

Maintaining homeostasis in environments with fluctuating salinity requires, 

in fact, continuous modulation, synthesis, and degradation of organic 

osmolytes, as well as activation of ion pumps (Yancey 2005). This metabolic 

cost fits into the theoretical framework of "energy-limited stress tolerance". 

When coastal bivalves face significant environmental variations, such as 

changes in salinity, they undergo a progressive decline in their aerobic 

potential (aerobic scope). The organism is forced to reallocate its energy 

reserves to support cellular osmoregulation and damage repair 

mechanisms, at the expense of other vital functions and long-term 
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processes, effectively reducing the energy available for growth or 

reproduction (Sokolova 2013). Indeed, metabolic responses to hyposalinity 

stress involve profound reorganisations of the species' metabolome, which 

are necessary to restore osmotic balance and compensate for cellular 

stress (Sokolova et al. 2024). Osmoregulation is by no means an 

energetically inexpensive process. The costs of this adaptation have been 

extensively quantified in terms of respiration and aerobic metabolism. To 

sustain the high energy demand required by acclimation responses to new 

salinity conditions, mussels must increase their mitochondrial activity. 

However, common byproducts of increased mitochondrial activity are ROS 

and nitrogen species. There is, therefore, a delicate balance between pro-

oxidant agents and antioxidant systems; when this balance is disrupted by 

drastic changes in salinity (as typically occurs in intertidal or estuarine 

organisms), a redox imbalance results. This leads to marked oxidative 

stress, which can degrade essential cellular components (Rivera-Ingraham 

and Lignot 2017).  

Specifically, the Mediterranean mussel (M. galloprovincialis) has 

been shown to be strongly induced by salinity fluctuations, even when short-

term, oxidative stress (Gostyukhina et al. 2023). Exposure to saline 

gradients below optimal oceanic levels triggers complex biochemical 

alterations directly linked to hypotonic stress. As highlighted by recent 

studies on multi-stress responses, reduced salinity significantly increases 

basal metabolism and induces oxidative stress independently of other toxic 

contaminants, sometimes inhibiting the organism's natural antioxidant 

defences and compromising biotransformation enzymes (Freitas et al. 

2019b; Andrade et al. 2021). Furthermore, lowering salinity has been shown 

to be the most relevant and predominant ecological factor in modulating 

cellular biomarker responses, capable of inducing measurable histological 

and biochemical damage in M. galloprovincialis (Andrade et al. 2021). 

However, to cope with these sudden fluctuations before sustaining systemic 

damage, these bivalves engage in a dynamic readjustment process known 

as 'allostasis,' reorganizing their vital functions to reach a new physiological 

equilibrium. In this context, the analysis of tissue-specific biochemical 
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responses monitoring variations in metabolism, antioxidant defenses, and 

biotransformation enzymes in different organs becomes the key to 

thoroughly understanding the species' true compensatory mechanisms 

(Stakowian et al. 2025). Consequently, it is of fundamental importance to 

understand the physiological limits of this species and to precisely 

characterize the cellular dynamics triggered by specific osmotic regimes. 

Since estuaries and coastal zones are mussels' habitats of choice and are 

increasingly affected by climate change and variations in precipitation 

patterns, it is essential to define the impact of ecologically relevant salinity 

thresholds. Building on these premises, the present study focuses on the 

comparative analysis of the responses of M. galloprovincialis exposed to 

distinct ecologically relevant osmotic conditions, contrasting an optimal 

marine-coastal environment with a scenario of moderate-to-severe 

hypotonic stress. The decision to focus on reduced salinity rather than 

hypersalinity stems from the greater ecological relevance and realism of this 

scenario for populations inhabiting lagoon systems like the Ria de Aveiro. 

This ecosystem is characterized by complex hydrological dynamics, in 

which salinity exhibits pronounced temporal and spatial fluctuations driven 

by interactions between tides and freshwater influx from rivers. In particular, 

during periods of intense precipitation or in the innermost areas of the 

lagoon, salinity can drop sharply and remain low for extended periods, 

posing a constant physiological challenge for sessile organisms such as 

mussels. Conversely, extreme hypersalinity episodes are rare events and 

less significant for the survival of local populations than the risks associated 

with frequent low-salinity events or freshwater flooding, which have been 

identified as critical factors in the stability of the area's zooplanktonic and 

benthic communities. Therefore, investigating hyposalinity stress allows for 

the simulation of a realistic environmental challenge to which the species is 

effectively exposed in its natural habitat (Vieira and Bio 2011).  
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1.3. BIOMARKERS 

Water bodies are constantly subjected to considerable pressure from 

sewage discharges and industrial wastes. In the past, water quality 

assessment programs relied primarily on two traditional approaches: 

physicochemical parameter analysis and ecological biomonitoring (Kumari 

2017). However, the scientific community has progressively recognized the 

limitations inherent in these conventional methods. The physicochemical 

approach, in fact, exclusively quantifies the concentrations of pollutants in 

the environment in relation to priority substances, but it cannot predict their 

actual bioavailability, furthermore, ignoring the dangers associated with the 

combined effect of multiple contaminants, known as the "cocktail effect" 

(Dalzochio et al. 2016; Milinkovitch et al. 2019). On the other hand, the 

ecological approach provides an overview of the state of biological 

communities, but it acts a posteriori, limiting itself to recording damage when 

the population is already in decline, and without being able to clearly 

distinguish the effects of toxic substances from those induced by other 

environmental factors, such as temperature variations or habitat 

degradation (Milinkovitch et al. 2019). To overcome these critical issues, it 

became necessary to adopt a new and more effective approach based on 

the use of "biomarkers of pollution" (Kumari 2017). A biomarker is a 

quantitative measure of alterations at the molecular, cellular, biochemical, 

physiological, or ecological levels induced by exposure to environmental 

chemicals or anthropogenic factors (Dalzochio et al. 2016; El-SiKaily and 

Shabaka 2024). These diagnostic tools are generally divided into three main 

categories: biomarkers of exposure, which provide an early indication of 

organism exposure to certain classes of pollutants; biomarkers of effect, 

which evaluate toxicological impacts and actual health damage, such as 

oxidative stress or DNA damage; and biomarkers of susceptibility, which 

indicate an organism's intrinsic sensitivity to pollutants due to specific 

genetic or physiological factors (Dalzochio et al. 2016; El-SiKaily and 

Shabaka 2024). 
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The importance of biochemical markers lies in their ability to measure 

changes at the sub-cellular level even before evident physiological or 

morphological alterations manifest in the organism (Kumari 2017). When a 

pollutant enters a biological system, it primarily induces molecular and sub-

cellular level changes, whose responses are much faster than those 

measurable at the level of the entire ecological community (Kumari 2017; 

Milinkovitch et al. 2019). Consequently, biochemical markers serve as a true 

early warning system, enabling the detection of potential deterioration in an 

ecosystem's health and the implementation of preventive measures before 

resorting to costly, complex remediation (Milinkovitch et al. 2019). 

Furthermore, compared with simple chemical analyses of water, evaluating 

these responses in sentinel species allows unequivocal demonstration of 

whether contaminants are effectively bioavailable and whether they are 

altering the normal physiology of aquatic animals (Dalzochio et al. 2016). 

An additional advantage of this biomonitoring approach is its ability to 

assess the biological impact of POPs—chemical substances that do not 

readily degrade and persist in the environment for long periods. Detecting 

some classes of these compounds by chemical analysis alone can be 

difficult because instrument detection limits are sometimes higher than the 

biologically active concentrations. Biomarkers do not replace chemical 

analysis for quantifying the contaminant; rather, they circumvent this 

analytical limitation by directly revealing physiological alterations induced by 

these pollutants. This ensures that the actual bioavailability and toxicity of 

the contaminants are evaluated, confirming biological responses even at 

trace exposure levels (Milinkovitch et al. 2019). Many countries are already 

integrating biomarkers into their environmental monitoring programs to 

diagnose and prevent risks to aquatic habitats. For this approach to become 

a routine and universally recognized tool, it is essential that the scientific 

community continue to focus on the most relevant biological responses to 

predict ecosystem health status in a timely manner, before irreversible 

catastrophic events occur (Kumari 2017). 
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1.3.1. Biochemical markers 

Among these tools, biochemical responses are widely used because 

they provide early and sensitive indications of organismal stress. In this 

context, oxidative stress-related biomarkers have gained particular 

importance. The concept of oxidative stress was first introduced by Sies and 

Cadenas, although its relevance was not immediately recognized and its 

definition initially remained relatively vague. Early work highlighted that 

oxidative damage could arise not only from external sources, such as 

irradiation and exposure to toxic chemicals, but also from internal cellular 

processes. These endogenous mechanisms include hydroperoxide 

production during normal metabolism, mono-oxygenase activation in 

response to xenobiotics, aldehyde formation, singlet oxygen generation, 

and reduced glutathione (GSH) redox cycling (Hensley and Floyd 2002). 

This broader perspective marked a shift from viewing oxidative stress solely 

as environmentally induced to recognising it as an intrinsic aspect of cellular 

physiology. Originally, oxidative stress was defined as an imbalance 

between oxidants and antioxidants that favours oxidants. However, 

decades of research have refined this definition. It is now clear that cells are 

not passive targets of oxidative damage; rather, they actively respond to 

and regulate redox changes. Numerous redox-sensitive signaling pathways 

have been identified in which molecules such as hydrogen peroxide (H2O2) 

and nitric oxide act as signaling messengers, modulating cellular responses 

and adaptive mechanisms. Consequently, oxidative stress is currently 

described as a condition in which pro-oxidative processes overwhelm 

antioxidant defenses due to disruptions in redox signaling and cellular 

adaptation (Ji and Yeo 2021). In practical terms, oxidative stress reflects a 

loss of equilibrium between pro-oxidant and antioxidant species (Pisoschi 

et al. 2021). This imbalance is typically driven by excessive ROS production, 

combined with inadequate antioxidant defenses or failure of cellular 

buffering systems to maintain redox homeostasis. Under these conditions, 

ROS can interact with and damage essential biomolecules, contributing to 

the development of pathological states (Mukherjee et al. 2015). When 

oxidative stress becomes chronic, it leads to cumulative damage, including 
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lipid peroxidation, protein carbonylation, DNA strand breaks, nucleobase 

oxidation, and the formation of reactive aldehyde adducts (Pisoschi et al. 

2021). 
The ROS comprise a heterogeneous group of oxygen-containing 

reactive molecules, including superoxide anion (O2▪−), H2O2, hydroxyl 

radical (OH▪), singlet oxygen (1O2), peroxyl and alkoxyl radicals, as well as 

non-radical species such as peroxynitrite and hypochlorous acid (Halliwell 

1996). Many ROS are free radicals, defined as chemical species containing 

one or more unpaired electrons, a feature that confers high reactivity and 

the ability to initiate chain reactions (Li et al. 2016). While historically 

considered merely harmful by-products of metabolism, ROS are now 

recognized as essential components of normal cellular function. They are 

produced in a regulated manner and participate in signaling pathways that 

maintain cellular homeostasis (Hensley and Floyd 2002). At the cellular 

level, ROS are generated through multiple mechanisms. One of the primary 

sources is mitochondrial respiration, where electrons passing through the 

electron transport chain may leak and partially reduce oxygen, forming 

superoxide radicals (Halliwell and Gutteridge 2015). Additional sources 

include oxidoreductase enzymes, microsomal electron transport systems, 

and immune responses such as phagocytosis (Halliwell and Gutteridge 

2015). Environmental stressors, including pollutants and heavy metals, can 

further enhance ROS production. Transition metals can catalyze reactions 

such as the Fenton reaction, in which H2O2 reacts with ferrous ions to 

produce highly reactive hydroxyl radicals, amplifying oxidative damage 

(Viarengo et al. 1999). Marine organisms, especially bivalves such as M. 

galloprovincialis, provide a useful model for studying oxidative stress 

responses to environmental changes. In these organisms, ROS production 

is closely linked to metabolic activity and environmental conditions such as 

salinity fluctuations. Under hypoosmotic stress, cells experience water influx 

and swelling, triggering regulatory volume decrease (RVD) mechanisms. 

These processes increase mitochondrial activity and energy demand, 

thereby enhancing ROS generation. Interestingly, in mussels, increased 

mitochondrial activity does not necessarily correspond to higher ROS 
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levels. Instead, highly efficient antioxidant systems can counterbalance 

ROS production, leading to a net decrease in intracellular ROS. This 

indicates that the final ROS level depends on the dynamic balance between 

production and removal. Moreover, this response varies among species, 

highlighting the importance of species-specific redox regulation 

(Kladchenko et al. 2024). 

To maintain redox balance, organisms rely on a complex and 

integrated antioxidant defense system. This system includes both 

enzymatic and non-enzymatic components that work synergistically. Key 

antioxidant enzymes include superoxide dismutase (SOD), which converts 

superoxide radicals into H2O2; catalase (CAT), which decomposes H2O2 

into water and oxygen; and glutathione peroxidase (GPx), which reduces 

peroxides using glutathione as a substrate (Freitas et al. 2020a). In addition, 

non-enzymatic antioxidants such as carotenoids and GSH play a critical role 

in scavenging reactive species. In bivalves, these systems are particularly 

well developed, with high carotenoid concentrations and elevated activities 

of glutathione-related enzymes, including glutathione reductase (GR) and 

glutathione S-transferases (GSTs) (Soldatov et al. 2014). The antioxidant 

defense system operates as a tightly regulated network that maintains 

cellular homeostasis under normal conditions. However, environmental 

pollutants can disrupt this balance through multiple mechanisms, including 

enhanced ROS production, interference with antioxidant enzyme activity, 

and modulation of redox-sensitive signaling pathways (Regoli and Giuliani 

2014). When the intensity or duration of stress exceeds the organism’s 

capacity to respond, antioxidant defenses become insufficient. Initially, 

organisms may upregulate antioxidant enzymes as an adaptive response, 

but under severe or prolonged stress, enzyme activity can decline due to 

oxidative damage to proteins or altered gene expression (Matozzo et al. 

2001; Manduzio et al. 2004). When defense mechanisms fail, the 

accumulation of ROS leads to measurable cellular damage. This damage 

is commonly assessed through biomarkers such as lipid peroxidation 

(LPO), which reflects oxidative damage to cell membranes, and protein 

carbonylation (PC), an indicator of protein oxidation (Pisoschi et al. 2021). 
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These biomarkers provide direct evidence of oxidative injury and are widely 

used in environmental and toxicological studies. In the context of oxidative 

stress, commonly used biomarkers include antioxidant enzymes such as 

SOD, CAT, GR, and GSTs, as well as damage indicators like LPO and PC 

(Regoli and Giuliani 2014; Pisoschi et al. 2021). Overall, oxidative stress 

represents a central mechanism linking environmental exposure to cellular 

dysfunction and disease. The interplay between ROS production and 

antioxidant defenses determines whether cells maintain homeostasis or 

undergo damage. Beyond antioxidant defense systems, organisms rely on 

complex biotransformation mechanisms to neutralize xenobiotic 

substances, a process primarily divided into Phase I and Phase II reactions. 

Phase I biotransformation enzymes, notably carboxylesterases (CbEs), 

play a critical role by catalyzing the hydrolysis of a wide variety of ester- and 

amide-containing chemicals, converting them into their respective free acids 

(Hosokawa and Satoh 2001). The activity of these enzymes is essential for 

the detoxification or metabolic activation of various environmental toxicants, 

drugs, and carcinogens (Hosokawa and Satoh 2001). The products of these 

initial reactions are subsequently processed by Phase II enzymes, which 

aim to further increase their water solubility to facilitate excretion. Among 

the primary detoxification biomarkers in this phase are the GSTs. Although 

GSTs also exhibit antioxidant properties, their primary physiological role is 

to initiate the detoxification of potential alkylating agents by catalyzing their 

reaction with the sulfhydryl (-SH) group of glutathione (Habig et al. 1974). 

This mechanism neutralizes the electrophilic sites of toxic molecules and 

represents the first enzymatic step in mercapturic acid formation, ultimately 

rendering the compounds highly water-soluble so they can be safely 

excreted by the organism (Habig et al. 1974). 

In addition to oxidative stress markers, other biomarker categories 

are frequently integrated to provide a comprehensive assessment of 

organismal health and compensatory responses to environmental stress. 

Among these, metabolic biomarkers are crucial because coping with toxic 

stress requires considerable energy expenditure for detoxification and 

cellular repair. Evaluating energy metabolism provides insights into the 
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organism's overall physiological condition (De Coen and Janssen 2003). 

Specifically, electron transport system (ETS) activity is measured to 

estimate the potential metabolic rate and cellular respiration capacity, which 

fluctuate dynamically under stress (Sokolova et al. 2018). Furthermore, 

energy reserves, such as glycogen (GLY) and protein (PROT), are strictly 

monitored. The GLY acts as the primary short-term energy storage, and its 

rapid depletion indicates that the organism is mobilizing reserves to cope 

with stress. Total PROT content can also reflect the synthesis of stress-

response proteins (e.g., metallothioneins) or the catabolism of structural 

cellular proteins for energy when carbohydrate reserves are completely 

exhausted (Smolders et al. 2003).  

Neurotoxicity biomarkers constitute another fundamental class of 

early-warning tools, with acetylcholinesterase (AChE) activity being the 

most widely applied. Specifically, AChE is a key enzyme that terminates 

nerve impulse transmission by hydrolysing the neurotransmitter 

acetylcholine in the synaptic cleft. When an organism is exposed to 

neurotoxicants—such as organophosphates, carbamates, heavy metals, or 

certain emerging contaminants—AChE activity is strongly inhibited 

(Lionetto et al. 2013). This inhibition prevents the breakdown of 

acetylcholine, leading to its dangerous accumulation at synapses. The 

resulting continuous overstimulation of cholinergic pathways in the central 

and peripheral nervous systems causes severe physiological impairments, 

including tetany, muscle paralysis, and ultimately death (English and 

Webster 2012). However, it is important to note that neurotoxicity is not 

exclusively indicated by AChE inhibition; an anomalous increase in its 

activity can also be a clear symptom of neurotoxic disruption. For instance, 

Cunha et al. (2024) observed a significant increase in AChE activity in M. 

galloprovincialis following exposure to high concentrations of caffeine (10.0 

µg L-1). This phenomenon occurs when certain contaminants act as 

antagonists at specific inhibitory receptors, such as adenosine receptors. 

By binding to these receptors without activating them, the contaminant 

blocks the usual inhibitory effects, such as restricting calcium ion entry into 

presynaptic terminals. This blockage leads to an unregulated, enhanced 
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release of neurotransmitters into the synaptic cleft. Consequently, the 

organism responds with a compensatory increase in AChE activity to 

process the abnormal quantity of neurotransmitters, a mechanism 

supported by original studies such as Merighi et al. (2023) and Zhou and 

Zhang (2021). Thus, such an increase in enzymatic activity is a direct 

consequence of altered synaptic transmission and confirms the neurotoxic 

potential of the contaminant. 

 

1.4. BIOINDICATOR SPECIES  

Monitoring the quality of coastal and transitional marine ecosystems 

is a complex challenge for ecotoxicology. Since chemical analysis of abiotic 

matrices (water and sediments) provides only an instantaneous 

assessment without long-term indications of pollutant bioavailability, 

researchers worldwide use sentinel organisms to assess potential stress 

(Goldberg 1986). To define what makes a good bioindicator, several 

biological, ecological, and managerial characteristics must be considered. 

Firstly, as benthic, sessile organisms, bivalves cannot move away from 

adverse environmental conditions. This characteristic makes them excellent 

local indicators, providing useful information on the spatial distribution of 

contaminants (Viarengo et al. 2007; Gotti et al. 2022). Secondly, their life 

strategy, which involves continuously filtering large volumes of water, 

exposes them to dissolved or particulate-associated contaminants, thereby 

promoting their bioaccumulation in tissues to levels higher than those in the 

water column (Cuccaro et al. 2023). When exposed to these xenobiotic 

substances, bivalves activate complex biochemical and cellular responses, 

known as biomarkers, the study of which enables early diagnosis of 

ecological impacts, well before lethal effects manifest at the population level 

(Fabrello et al. 2023). From a laboratory perspective, the mussel offers 

immense advantages: it is readily available year-round, allowing for 

continuous sampling (Banni et al. 2011), and it exhibits marked genetic 

uniformity that reduces uncontrolled variables and the risk of sampling 

errors due to cryptic species (Seed and Suchanek 1992). From an 



26 
 

ecological standpoint, mussels exhibit an extraordinary resistance to 

environmental stresses. In rocky environments, their vertical distribution is 

determined precisely by their ability to tolerate the high temperatures and 

severe desiccation stress typical of intertidal zones during low tide periods 

(Munari et al. 2018). With relatively long lifespans and high resilience, they 

enable monitoring of chronic exposure to persistent contaminants, such as 

organotin compounds (Furdek et al. 2012) and microplastics, which raise 

serious public health concerns due to trophic transfer (Van Cauwenberghe 

and Janssen 2014). Thanks to these characteristics, the use of such 

organisms has been structured in global biomonitoring strategies.  

The paradigm of coastal biomonitoring has found its highest 

expression and standardization at the international level through the 

establishment of "Mussel Watch" programs. The concept was first proposed 

in the mid-1970s by the scientist Edward Goldberg, with the visionary goal 

of creating a worldwide environmental surveillance network based on the 

systematic use of bivalves (particularly species of the genus Mytilus) to 

assess the quality of coastal waters (Goldberg 1986). The genesis and 

enduring success of this program are based on a fundamental toxicological 

and analytical principle: the direct chemical analysis of seawater samples 

often presents intrinsic limitations due to wide temporal fluctuations in 

concentrations and complex analytical detection limits. Conversely, 

mussels, by constantly filtering enormous volumes of water, act as potent 

natural "bio-concentrators." They can accumulate xenobiotics in their 

tissues at concentrations hundreds to thousands of times higher than those 

dissolved in the surrounding water column (Beyer et al. 2017). This 

exceptional capacity provides researchers with a "time-integrated" 

measurement of the fraction of contaminants that are effectively 

bioavailable in the ecosystem, thereby overcoming the uncertainties 

associated with spot and episodic water sampling (Davison and Zhang 

2012; Beyer et al. 2017). Over the decades, Mussel Watch networks have 

expanded globally, becoming the standard protocol of choice for countless 

environmental protection agencies. Historically, these large-scale 

monitoring programs have been employed to track the spatial distribution 
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and delineate temporal trends of so-called "legacy" pollutants (historical and 

persistent), which include polycyclic aromatic hydrocarbons (PAHs), 

polychlorinated biphenyls (PCBs), organochlorine pesticides, and heavy 

metals (Beyer et al. 2017). In more recent times, the approach has been 

extended to identify and map the spread of so-called contaminants of 

emerging concern (CECs). These include pharmaceutical compounds, 

microplastics (Van Cauwenberghe and Janssen 2014), organotin 

compounds (Furdek et al. 2012) and, prominently, industrial surfactants 

such as PFAS (Beyer et al. 2017). 

 

1.4.1. Mytilus galloprovincialis 

As an exemplary species of the characteristics mentioned above, M. 

galloprovincialis, commonly known as the Mediterranean mussel, is a 

bivalve mollusc belonging to the Mytilidae family (Fig. 4) (Lamarck 1816). 

This organism feeds mainly on phytoplankton, constantly filtering and 

pumping large volumes of water through its broad ciliated gills. The gills, 

characterized by a large surface area and a thin epithelium, represent the 

primary site for direct interaction with the aquatic environment; they serve 

not only for feeding but also perform fundamental vital functions such as 

gas exchange, digestion, and the evacuation of waste and gametes (Beyer 

et al. 2017). Its ideal habitat is intertidal and estuarine environments, where 

it is constantly subjected to emersion and submersion by tidal cycles. It is a 

filter-feeding species that feeds on phytoplankton and suspended organic 

matter, and it anchors itself to the substrate with robust byssal threads. 

Under favorable conditions, it can form dense aggregations, contributing to 

the structuring of coastal habitats and to competition with other benthic 

species (GISD 2006; Bonham et al. 2017). 
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Figure 4. Three perspectives of Mytilus galloprovincialis a) shell appearance, b) 

side view of both shells with the visible interior and c) internal appearance of both 

shells (source: Ceyda 2022) 

 

The M. galloprovincialis, like other bivalves, is defined as an 

ecosystem engineer due to its capacity to modify the surrounding physical 

habitat: by aggregating into dense beds, mussels create a complex three-

dimensional structure that generates environmental heterogeneity, 

providing refuge and new colonization surfaces for a wide range of other 

marine organisms, thereby significantly increasing local biodiversity. 
Beyond its ecological relevance as an ecosystem engineer, M. 

galloprovincialis plays a primary role in the global socio-economic 

landscape, serving as a fundamental pillar of aquaculture and food security. 

From a production standpoint, this species alone accounts for 

approximately 14% of global marine bivalve production destined for human 

consumption (Ramos-Oliveira et al. 2021). This commercial and biological 

success is supported by an extremely broad geographic distribution, 

attesting to the species' extraordinary resilience. Belonging to the Mytilus 

edulis complex, a taxonomic grouping characterized by a peculiar 

antitropical distribution, the Mediterranean mussel has demonstrated 

exceptional invasive capacity and phenotypic plasticity over time (Gaitán-

Espitia et al. 2016). Although native to the Mediterranean basin, it belongs 

to a group of related species that prefer temperate climates and avoid 

tropical zones. Thanks to an extraordinary ability to settle in new 

environments and adapt rapidly, it has a strong invasive potential, making it 

a cosmopolitan species, widespread across almost the entire globe, well 
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beyond its native range. In some regions of the world, it is considered a 

highly ecologically successful invasive species. An emblematic case of this 

pronounced colonising aptitude is the coast of Chile, where the species was 

introduced relatively recently and has successfully established itself in 

ecosystems thousands of kilometres from its native range. In this new 

environmental scenario, the genetic structure of Chilean populations is 

currently monitored with strict scientific rigor through the use of molecular 

markers; the objective is to precisely decipher dispersal patterns and the 

complex mechanisms of local adaptation that allow this species to thrive in 

remote habitats (Oyarzún et al. 2024). The evolutionary success of M. 

galloprovincialis in such diverse ecological contexts is not, however, a 

random event, but rather rests on extremely robust and conserved genomic 

foundations. Indeed, recent and in-depth mitogenomic analyses have 

confirmed the remarkable evolutionary stability of the taxon, highlighting 

how purifying selection systematically preserves the integrity and 

functionality of coding genes within the mitochondrial genome (Gaitán-

Espitia et al. 2016). This strict mechanism of genetic conservation proves 

vital for the organism, as it ensures the maintenance of optimal metabolic 

efficiency, guaranteeing the species' survival and its reproductive fitness 

even when facing highly variable, unstable environmental conditions 

characterized by multiple stress factors (Gaitán-Espitia et al. 2016). 

Over the years, the physiology of species in the genus Mytilus has 

been extensively investigated, leading to the development of numerous 

biomarkers for detecting potential pollutants in the environment (Beyer et al. 

2017). At the cellular level, exposure to xenobiotics alters aerobic 

metabolism, leading to the overproduction of ROS and damage, including 

lipid peroxidation. The mussel responds through an efficient antioxidant 

system located mainly in the gills and digestive gland, which can be 

assessed by measuring the activities of enzymes such as SOD, CAT, and 

GPx (Santovito et al. 2005). Various xenobiotics, including Pharmaceuticals 

and Personal Care Products (PPCPs), can induce oxidative stress in 

aquatic organisms by overproducing ROS, resulting in cellular damage. To 

maintain redox equilibrium, these organisms activate antioxidant defense 
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systems that include specific enzymes such as SOD and CAT. However, 

when such mechanisms, along with biotransformation processes, prove 

insufficient, excess ROS can cause significant oxidative damage, including 

lipid peroxidation in membranes and protein oxidation (Regoli and Giuliani 

2014). In recent years, exposure to emerging contaminants, such as 

Triclosan and Diclofenac, has been associated with interference with the 

energy metabolism of the mussel (M. galloprovincialis), particularly through 

reduced ETS activity, thereby increasing oxidative stress (Freitas et al. 

2019a).  

The introduction of short-chain PFAS, proposed as an alternative to 

traditional compounds, has not resolved ecotoxicological criticalities. On the 

contrary, these emerging substances exhibit comparable adverse effects, 

sometimes more difficult to detect. Recent studies, conducted using in vitro 

assays, have evaluated the toxicity of six PFAS: two short-chain 

(perfluorohexanoic acid, PFHxA; 6:2 fluorotelomer acrylate, 6:2 FTA) and 

four long-chain (perfluoroundecanoic acid, PFUNDA; perfluorododecanoic 

acid, PFDOA; perfluorotetradecanoic acid, PFTEDA; perfluorotridecanoic 

acid, PFTrDA) on the digestive gland and gills of M. galloprovincialis, 

highlighting a significant environmental risk even for these molecules 

(Cunha et al. 2025b). Further evidence indicates that interactions between 

emerging PFAS, such as GenX, and salinity variations modulate 

toxicological responses in complex ways. Under hyposalinity conditions 

associated with chemical stress, the organism reacts by increasing 

respiration rates and intensely activating enzymatic antioxidant defenses, 

with an increase in the activity of SOD and CAT. Conversely, exposure to 

high concentrations of the pollutant under intermediate or high salinity 

conditions can lead to the collapse of the enzymatic defense system, 

favoring a shift toward non-enzymatic responses and causing acute 

histological damage and marked LPO in tissues (Bortot et al. 2025). 

Prolonged osmotic stress further contributes to this scenario by altering cell 

structure and compromising gill membrane permeability. This condition 

facilitates the entry of fluorinated compounds, increasing bioaccumulation 

levels and triggering a vicious cycle that amplifies oxidative imbalance. 
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Furthermore, this process accentuates neurotoxic effects, as evidenced by 

the inhibition of key biomarkers, including the enzyme AChE (Bortot et al. 

2025). Overall, the interaction between environmental changes and 

chemical contamination highlights how variations in ecological conditions 

can amplify the risks posed by emerging pollutants. In this context, the 

integrated use of M. galloprovincialis along with multi-biomarker suites 

represents a robust and reliable approach to realistic ecological risk 

assessment in transitional environments. The increasing occurrence of 

PFAS in aquatic ecosystems, together with the natural variability of 

environmental factors such as salinity, has raised growing concern 

regarding their potential impacts on marine biota. Due to their high chemical 

stability, persistence, and resistance to degradation, PFAS are widely 

distributed in coastal and estuarine environments, where they may 

accumulate and interact with organisms (Giesy and Kannan 2002; Ahrens 

2011). In these dynamic systems, salinity fluctuations are a key abiotic 

factor that influences both the bioavailability of contaminants and the 

physiological responses of exposed organisms (Freitas et al. 2019b). 

 

1.5. AIM OF THE STUDY 

 

The present study aimed to assess the biochemical responses of the 

mussel M. galloprovincialis following exposure to two emerging PFAS 

compounds: GenX and PFPeA. Considering the ecological relevance of 

estuarine environments, two salinity levels (20 and 30) were selected to 

simulate realistic scenarios and investigate how salinity variations may 

modulate PFAS toxicity. By comparing biomarker responses across 

different salinity conditions, the study also aimed to elucidate potential 

interactions between chemical exposure and environmental variability. 

Overall, this work aims to improve the understanding of the ecotoxicological 

risks posed by emerging PFAS in marine ecosystems.  
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2. MATERIAL AND METHODS 

2.1. STUDY AREA 

Situated on Portugal's northwestern coastline (40° 38' N, 8° 45' W), 

the Ria de Aveiro (Figure 5) is a well-mixed, shallow lagoon system 

distinguished by its highly intricate morphology. The basin spans roughly 45 

km in length and 10 km in width, with a surface area that varies widely with 

tidal fluctuations: it expands to 83 km² during spring high tides and shrinks 

to 66 km² at low tide. Geomorphologically, the landscape features a network 

of restricted waterways interspersed with extensive mudflats and salt 

marshes (Dias and Lopes 2006). Functioning as a mesotidal environment, 

the primary hydrodynamic driver of the lagoon is its semidiurnal tidal cycle. 

Freshwater enters the system predominantly through two rivers: the Antuã, 

providing a mean discharge of 5 m³ s-1, and the Vouga, contributing 50 m³ 

s-1 (Moreira et al. 1993; Vargas et al. 2017). 

Environmental conditions within the estuary undergo distinct 

seasonal shifts, primarily affecting temperature and salinity. Annually, water 

temperatures fluctuate between 12 °C and 24.5 °C. Salinity dynamics are 

more complex, governed by both seasonal cycles and tidal rhythms; for 

example, at the lagoon's entrance during the late spring and summer 

months, salinity measurements typically span from 25 to 36 (Dias et al. 

1999; Lopes et al. 2007). Conversely, intensified river discharge during the 

winter months can drive salinity down to minimums of 20 in regions situated 

downstream from the main channels (Rodrigues et al. 2012). Furthermore, 

a pronounced spatial salinity gradient exists throughout the estuarine 

system, increasing from 0 adjacent to the river discharge point up to 36 in 

closer proximity to the ocean (Lopes et al. 2007; Vargas et al. 2017). 

Beyond its appeal as a tourist destination, the Aveiro lagoon supports 

multiple commercial operations, including salt extraction, aquaculture, and 

port activities (Vargas et al. 2017; Aminot et al. 2019). However, 

anthropogenic pressures, specifically the discharge of sewage and 

agricultural runoff from surrounding lands, have triggered environmental 
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issues such as eutrophication (Lopes et al. 2007). Furthermore, the resident 

biota is subjected to stress from various chemical pollutants. Notably, 

metalloids such as mercury are distributed across the water column, local 

organisms, and benthic sediments (Coelho et al. 2005; Stoichev et al. 

2020). More recently, this ecosystem has also been impacted by emerging 

contaminants of concern, including ultraviolet filters, halogenated flame 

retardants, and per- and polyfluoroalkyl substances (PFAS), particularly 

perfluorooctanesulfonic acid (PFOS) (Cunha et al. 2005; Aminot et al. 2019; 

Gadelha et al. 2019). 

 

 

Figure 5. Map of Ria de Aveiro; adapted from Fortunato et al. (2013) 

 

2.2. EXPERIMENTAL SETUP AND SAMPLE PROCESSING 

2.2.1. Organisms Collection and Acclimation  

Mytilus galloprovincialis was selected as a model organism due to its 

sessile nature, wide distribution, and well-established use as a 

biomonitoring species (Regoli and Principato 1995; Bocchetti et al. 2008; 

Cravo et al. 2009). Its filter-feeding behavior promotes the accumulation of 
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contaminants, making it particularly suitable for evaluating environmental 

stressors. In the present study, mussels were exposed under controlled 

laboratory conditions to environmentally relevant concentrations of GenX 

and perfluoropentanoic acid (PFPeA), both individually and in combination, 

to better reflect realistic contamination scenarios. 

On March 6, 2026, specimens of M. galloprovincialis (length: 61.22 

± 4.42 mm; width: 32.57 ± 2.17 mm) were collected at the port of the Ria de 

Aveiro (Portugal) and immediately transported to the laboratory facilities. 

Upon arrival, the bivalves were acclimated for 10 days in tanks containing 

artificial seawater (Coral Pro Salt, Red Sea) maintained under constant 

aeration. During this phase, salinity was maintained at 30 ± 1 to 

representatively simulate the conditions present at the sampling site at the 

time of the organisms' collection (Figure 6). The organisms were fed starting 

from four days after arrival with a mixed diet consisting of three different 

microalgal species: Tetraselmis sp. (Phyto Algae), Isochrysis galbana 

(Phyto Algae), and Phaeodactylum tricornutum (Phyto Algae). The amount 

of algal mixture was calculated in proportion to the number of bivalves in 

each aquarium to provide 150,000 cells per mussel per day; the algae were 

then diluted in distilled water and added by adding 20 mL of the suspension 

to each tank. 

During the final days of the acclimation period, the bivalves 

underwent meticulous manual cleaning. Handling them with extreme care, 

any epibionts, small encrusting bivalves, and debris were removed from the 

shells, while paying the utmost attention to keeping the byssus, essential 

for the animal's anchorage, strictly intact. At the end of this procedure, the 

cleaned mussels were immediately transferred to a new tank containing 

freshly renewed artificial seawater, maintaining the same physicochemical 

conditions (salinity 30 ± 1 and constant aeration) as in previous days to 

minimise handling stress. 
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Figure 6. Field collection and laboratory acclimation of Mytilus galloprovincialis 

 

2.2.2. Experimental Design and Exposure 

Following the acclimation period, the mussels were randomly 

distributed into 24 aquaria to test the target treatments under two distinct 

salinity regimes (salinity 20 and salinity 30) and three different 

contamination scenarios: PFPeA (30 ng L-1), GenX (30 ng L-1), and a 

mixture of both (co-exposure to 30 ng L-1 of PFPeA and 30 ng L-1of GenX). 

The overall experimental layout comprised 24 aquaria, allocated as follows 

(Figure 7): 

 

• Control (CTL): six aquaria with artificial seawater (three at salinity 

20 and three at salinity 30). 

• PFPeA: six aquaria exposed to 30 ng L-1of PFPeA (three at salinity 

20 and three at salinity 30). 

• GenX: six aquaria exposed to 30 ng L-1 of GenX (three at salinity 20 

and three at salinity 30). 

• Mixture: six aquaria exposed to the mixture of PFPeA and GenX 

(three at salinity 20 and three at salinity 30). 
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Each experimental unit consisted of one aquarium (3 L each) containing 

five randomly selected mussels. To get the concentration of 30 ng L-1 for 

both GenX and PFPeA, a starting solution of 2.1 mg in 105 mL methanol 

100% was prepared; from that, an intermediate solution of 300 µg L-1 was 

prepared starting from the first one by pipetting 1.5 mL of the first stock in 

distilled water for a total volume of 100 mL; another intermediate solution of 

30 µg L-1 was prepared by pipetting 10 mL of intermediate solution 1 into 

distilled water, bringing the final volume to 100 mL. At the end, 3 mL of this 

solution was pipetted into each aquarium, resulting in a final methanol 

percentage of 0.00015%.   

 The present study focuses its attention on the comparative analysis of 

the responses of M. galloprovincialis exposed to two distinct conditions: a 

salinity of 30, representative of a marine-coastal environment close to the 

species' physiological optimum (CTL condition), and a salinity of 20, 

representative of a moderate to severe hypotonic stress scenario. The 

choice to use reduced salinity (20) rather than hypersalinity (e.g., 40) stems 

from the greater ecological relevance and realism of this scenario for 

populations inhabiting lagoon systems like the Ria de Aveiro. Throughout 

the entire period, mortality was regularly monitored; bivalves were 

considered dead if their valves remained open and failed to close in 

response to an external mechanical stimulus. During the 28-day exposure 

period, only two mortalities were recorded: one specimen in the CTL group 

at salinity 30 on day 10, and another in the PFPeA treatment (30 ng L-1) at 

salinity 20 on day 23. 

 

2.2.3. Exposure Conditions and Maintenance 

The exposure trial lasted 28 days. A static-renewal system was 

adopted, in which water was completely renewed weekly to maintain high 

water quality, concurrent with the re-spiking of the respective contaminants 

to re-establish the nominal PFAS concentrations. Throughout the entire 28-

day experimental period, salinity was strictly monitored and maintained at 

the target levels of 20 and 30, depending on the treatment. Continuous 
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mechanical aeration was provided to each aquarium to maintain optimal 

dissolved oxygen levels; additionally, the mussels were fed three times a 

week (on Mondays, Wednesdays, and Fridays), and the photoperiod was 

maintained under natural light conditions. Organisms’ mortality was daily 

checked.  

At the end of the exposure period, mussels were frozen and stored 

at -80 °C; afterwards, the whole soft tissues of each organism were 

homogenized under liquid nitrogen and divided into aliquots of 0.5 g of fresh 

weight (FW) for subsequent assessment of biochemical responses. The 

remaining homogenized tissue not used for the biochemical analyses was 

stored in 15 mL Falcon tubes at -80 °C. Each tube corresponded to a single 

mussel and contained an average of 5 g of FW. For the subsequent 

chemical analyses, one Falcon tube per aquarium and two Falcon tubes for 

the CTL groups (one from the salinity 30 control and one from the salinity 

20 control) were randomly selected. These selected samples were then 

shipped on dry ice from the University of Aveiro to the laboratory in Bologna. 

 

 

Figure 7. Experimental design for the experiment. Each treatment consisted of 

three tanks, which served as experimental replicates. Created with 

Biorender.com and Canva.com 
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2.3 CHEMICAL ANALYSES 

Native PFAS analytical standards and the isotopically labelled 

internal standards ¹³C₄-PFOA and ¹³C₃-GenX were purchased from 

Wellington Laboratories (Guelph, ON, Canada). All analytical procedures 

employed LC-MS grade reagents: methanol and ammonium acetate were 

purchased from Sigma-Aldrich (Milan, Italy), while ultrapure water was 

freshly generated daily using a Sartorius purification system (Milan, Italy). 

PFPeA and GenX were quantified by ultra-high-performance liquid 

chromatography coupled with tandem mass spectrometry (UHPLC-

MS/MS). The analytical extraction procedure followed the protocol 

proposed by Pacchini et al. (2026) with slight modifications. Briefly, 5 g of 

pretreated sample (see Section 2.2.3) was weighed into a tube and spiked 

with 50 µL of an internal standard mixture (¹³C₄-PFOA at 100 ng mL-1 and 

¹³C₃-GenX at 500 ng mL-1 in water). Then, 2.5 mL of sodium hydroxide (200 

mM) and 10 mL of methanol were added to each sample. After vortex mixing 

for 1 min, 150 µL of 4 M hydrochloric acid was added, and samples were 

vortexed again and centrifuged at 10,000 ×g for 10 min. 

Then, 14 mL of the supernatant underwent solid-phase extraction 

(SPE) using Oasis WAX cartridges (6 mL, 150 mg, 30 µm; Waters, Milford, 

MA, USA). Cartridges were conditioned with 4 mL of methanol and 4 mL of 

water. The sample was loaded onto the cartridges, which were 

subsequently washed with 4 mL of 2% formic acid in water followed by 4 

mL of methanol. Target analytes were eluted with 3 mL of 1% ammonium 

hydroxide in methanol. The eluates were evaporated under a gentle 

nitrogen stream at 45 °C, reconstituted in 500 µL of an 80:20 (v/v) water: 

methanol solution, and transferred into polypropylene vials for UHPLC-

MS/MS analysis. 

The system consisted of an Acquity UPLC binary pump 

(Waters, Milford, MA, USA), equipped with the PFC isolation kit to avoid 

background contamination. Chromatographic separation 

was performed using a Waters Acquity UPLC BEH C18 column (50 × 2.1 

mm, 1.7 μm), maintained at 40 °C. The mobile phase consisted of 
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ammonium acetate 5 mM in water (A) and methanol (B) at a flow rate of 0.3 

mL/min under programmed conditions. The UPLC was interfaced to an 

XEVO TQ-S Micro triple quadrupole mass spectrometer (Waters, Milford, 

MA, USA), set in negative electrospray ionization mode (ESI-) with a 

capillary voltage of -0.50 kV. The source and desolvation temperatures 

were 150 and 500 °C, respectively; the cone gas was set at 50 L/h and 

the desolvation gas at 900 L/h, while argon was used as the collision gas. 

The specific transitions monitored for each analyte, with the corresponding 

cone voltage (CV) and collision energy (CE) values, were: 

263.0>219.0 m/z (CV 6 V; CE 7 eV) and 263.0>69.0 m/z (CV 6 V; CE 32 

eV) for PFPeA; 285.0>169.0 m/z (CV 12 V; CE 8 eV) and 

285.0>185.0 m/z (CV 12 V; CE 88 eV) for GENX; 416.9>372.0 m/z (CV 20 

V; CE 8 eV) for 13C4-PFOA and 287.0>168.9 m/z (CV 12 V; CE 6 eV) 

for 13C3-GenX. Data were acquired and processed using MassLynx 4.2 

software (Waters, Milford, MA, USA).  

During analysis, calibrators (range: 0.1–20.0 ng g-1) and QC samples 

(0.1, 1.0, and 10.0 ng g-1) containing both target analytes were freshly 

prepared to assess method specificity, linearity, precision, and accuracy. 

Peak area ratios between analytes and internal standards were plotted 

against concentration and fitted by linear least squares regression. 

Calibrators were required to fall within ±15% of nominal values, with r² ≥ 

0.99. QC samples confirmed good accuracy (±15%) and precision (CV 

<15%) for all analytes, while specificity was confirmed by the absence of 

chromatographic signals at target retention times in blank samples, even 

after injection of the highest-concentration calibrators. 
 

2.4. BIOCHEMICAL ANALYSES  

The experimental approach involved analysing a suite of biomarkers 

associated with oxidative stress, biotransformation mechanisms, and 

cellular damage. These endpoints are widely used to detect early signs of 

toxicological stress and to provide an integrated view of organism health 

(Livingstone 2001). To evaluate the biological impacts of the experimental 

treatments, a comprehensive panel of biochemical markers was analyzed. 
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Specifically, metabolic rates were determined via electron transport system 

activity (ETS) assays, while energy reserves were assessed by quantifying 

carbohydrate content (CARB) and PROT content. Additionally, proline 

(PROL) content was measured to evaluate osmotic regulation. The 

antioxidant defense system was evaluated by measuring total antioxidant 

capacity (TAC) alongside the specific activities of catalase (CAT), 

superoxide dismutase (SOD), glutathione peroxidase (GPx), and 

glutathione reductase (GR). Furthermore, glutathione S-transferases 

(GSTs) and carboxylesterases (CbEs) activities were measured to assess 

biotransformation processes. Finally, indicators of cellular damage were 

assessed by measuring lipid peroxidation (LPO) levels, while 

acetylcholinesterase (AChE) activity was monitored to detect potential 

neurotoxic effects. 

Different extraction buffers were prepared depending on the specific 

biomarker to be analyzed. For the assessment of PROT, CARB, SOD, CAT, 

GPx, GR, GSTs, CbEs and AChE samples were homogenized in a 50 mM 

potassium phosphate buffer (pH 7.0) supplemented with 1 mM 

ethylenediaminetetraacetic acid (EDTA), 1% (v/v) Triton X-100, 1 mM 

dithiothreitol (DTT). The activity of ETS was determined using a Tris 

extraction buffer (pH 8.5) containing 0.1 M Tris-HCl, 153 µM MgSO₄, 0.2 % 

(v/v) Triton X-100, and 15 % (w/v) polyvinylpyrrolidone (PVP). LPO and 

PROL extractions were performed using 20% (w/v) trichloroacetic acid 

(TCA) and 3% (w/v) sulphosalicylic acid, respectively. Tissue disruption was 

then carried out for 90 s at a frequency of 20 s-1 using a TissueLyser II 

(Qiagen). Following sonication, the homogenates were centrifuged at 4 °C. 

Standard centrifugation conditions were set at 10,000 × g for 20 min (or 10 

min for PROL); however, specific protocol adjustments were made for ETS 

(centrifuged at 3,000 × g). Post-centrifugation, the resulting supernatants 

were carefully transferred to fresh microtubes. While extracts designated for 

PROL analyses were processed immediately to prevent degradation, the 

remaining samples were cryopreserved at -80 °C until further evaluation. All 

subsequent biochemical measurements were performed in technical 
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duplicate to ensure operator reproducibility, using a Synergy™ HT multi-

detection microplate reader (BioTek Instruments, Inc.). 

To prevent signal saturation on the microplate reader, preliminary 

dilution trials were performed for every biomarker. This optimization step 

involved evaluating a subset of four representative samples across three 

distinct dilution factors, ensuring that all readings remained within the 

instrument's detection limits. Samples were consistently processed in 

technical duplicates. To ensure accurate activity calculations, background 

correction was applied across all biochemical evaluations. This was 

achieved by including a blank for each parameter, consisting strictly of the 

specific extraction buffer and assay reagents, without the biological matrix. 

Subtracting the blank's absorbance removed any reagent-driven signal. For 

protocols relying on a standard curve, the baseline correction was 

performed using the standard with the lowest concentration as the blank. 

 

2.4.1. Metabolic capacity  

2.4.1.1. Electron transport system activity (ETS) 

The cellular ETS consists of a complex of cytochrome c carrier 

proteins and dehydrogenase enzymes that drive Adenosine triphosphate 

(ATP) synthesis via oxygen consumption. Environmental stressors can 

significantly alter baseline ETS functionality, triggering either an 

upregulation or a downregulation based on the intensity of the stressor and 

the organism's physiological response capacity  (King and Packard 1975; 

De Coen and Janssen 1997; Sokolova et al. 2018). 

The ETS activity was quantified according to the protocol originally 

established by King and Packard (1975), incorporating the modifications 

proposed by De Coen and Janssen (1997). The assay utilized a buffered 

substrate solution (BSS) containing 0.13 M Tris-HCl and 0.3% (v/v) Triton 

X-100, adjusted to pH 8.5. The enzymatic reaction was fueled by a 

coenzyme mixture providing final concentrations of 1.7 mM NADH and 250 

µM NADPH. Furthermore, 8 mM of p-Iodonitrotetrazolium (INT) was added 

to act as an artificial electron acceptor. As the ETS transfers electrons, INT 
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is reduced to formazan, producing a colorimetric change that can be 

continuously monitored. The kinetics of formazan formation were monitored 

spectrophotometrically by recording absorbance at 490 nm every 25 s for 

10 min. Final activity concentrations were calculated using the Beer-

Lambert law, applying an extinction coefficient ($) of 15.9 mM⁻¹ cm⁻¹: 

& = (
$ ⋅ * 

where A represents the measured absorbance variation and b denotes the 

optical path length of the light. The resulting ETS activity values were 

ultimately normalized and expressed as nmol min⁻¹ g⁻¹ FW. 

 

2.4.2. Energy reserves 

2.4.2.2. Protein content (PROT) 

Assessing protein concentrations is fundamental because these 

ubiquitous macromolecules play critical roles in molecular transport, 

storage, and energy provision. Furthermore, they are vital for fueling the 

organism's defense mechanisms to counteract cellular damage, particularly 

that induced by reactive oxygen species (ROS) (Andrade et al. 2021). The 

PROT levels were evaluated using an adapted biuret spectrophotometric 

assay, based on the foundational protocol by Robinson and Hogden (1940). 

The biochemical principle of this technique relies on a colorimetric shift 

producing a blue or purple color that occurs when copper (II) ions interact 

with amino acid peptide bonds in an alkaline environment (Robinson and 

Hodgen 1940). To quantify the results, a standard calibration curve was 

established using five bovine serum albumin (BSA) standard solutions 

diluted in distilled water, with concentrations ranging from 0 to 40 mg mL-1. 

Prior to analysis, the solutions were incubated in the dark for 10 min at 30 

°C. The optical density was then measured at 540 nm. In accordance with 

Beer's Law, the protein concentration in the sample of interest (x, expressed 

in mg mL-1) was determined by applying the inverse linear equation derived 

from the standards: 
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+ = , − *
.  

where y represents the absorbance of the sample, m is the slope of the 

curve, and b is the y-intercept. The final PROT results were normalized and 

expressed as mg g⁻¹ FW. 

 

2.4.2.3. Carbohydrate content (CARB) 

Glycogen serves as the principal carbohydrate storage form and a 

crucial energy reserve in animals. The dynamics of these reserves are 

closely linked to environmental stress: while severe stressors may trigger a 

state of metabolic depression to conserve energy, milder or ongoing stress 

typically leads to elevated ROS production and a consequent rapid 

depletion of these energetic stores (Sokolova et al. 2012). 

The CARB content was analyzed following the phenol-sulfuric acid 

procedure developed by DuBois et al. (1956), a highly reliable method for 

quantifying sugars, methyl derivatives, oligosaccharides, and 

polysaccharides. In this assay, a 5% phenol solution is utilized to modify cell 

membrane permeability without inducing cell death. Subsequently, the 

addition of sulfuric acid hydrolyzes the complex carbohydrates (di-, oligo-, 

and polysaccharides) into measurable monomeric sugars (DuBois et al. 

1956). This reaction yields a yellow-orange compound in proportion. A 

calibration curve was generated using eight glucose standards spanning 

from 0 to 5 mg mL-1. After a 30-min incubation at room temperature, 

absorbance was measured at 492 nm. The exact carbohydrate 

concentration was interpolated using the same algebraic formula applied to 

proteins ( + = #!$
% 		). Final CARB values were reported as mg g⁻¹ FW. 

 

2.4.3. Antioxidant capacity    

2.4.3.1. Superoxide dismutase (SOD) activity 

The enzyme superoxide dismutase plays a primary role in 

neutralizing oxidative stress by catalyzing the dismutation of the highly 
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reactive superoxide radical O&
∙!) into molecular oxygen and hydrogen 

peroxide (H&O&) (Regoli and Giuliani 2014). The activity SOD was 

quantified following the method described by Magnani et al. (2000), which 

monitors the inhibition of pyrogallol autoxidation (occurring at 50% in the 

presence of EDTA at pH 8.2). The inhibition percentage is calculated as 

follows:  

% inhibition = 01Abssample

1Absblank
2 × 100 

The resulting activity (U mL⁻¹) is obtained by dividing the inhibition 

percentage by 50%. The final results for SOD are expressed as U g⁻¹ FW, 

where one U of enzyme activity is defined as the inhibition of 50% of 

pyrogallol autoxidation. 

 

2.4.3.2. Catalase (CAT) activity 

The CAT is a critical antioxidant enzyme responsible for 

decomposing cellular H&O&	into water and oxygen, thereby mitigating its 

accumulation in the cytoplasm (Regoli and Giuliani 2014). For the 

quantification of CAT activity, the method by Aebi (1984) was followed. The 

reaction was initiated by adding 30 mM of H₂O₂ to the sample, and the 

subsequent decomposition of the substrate was measured 

spectrophotometrically at 240 nm. Readings were recorded at 15 s intervals 

over a 2-minute period. The results were calculated using the extinction 

coefficient (ε) of 0.0435 mM⁻¹ cm⁻¹ and expressed as U g⁻¹ FW, U 

represents the µmol of H2O2 consumed per min. 

 

2.4.3.3. Glutathione Peroxidase (GPx) activity 

The GPx acts as a scavenger of H&O&	, releasing water by utilizing 

reduced glutathione (GSH) as an electron donor, which consequently 

oxidizes into its disulfide form (GSSG) (Regoli and Giuliani 2014). The GPx 

activity was quantified according to the protocol by Paglia and Valentine 

(1967). This assay indirectly monitors the reduction of cumene 
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hydroperoxide by continuously oxidising GSH to GSSG. The enzyme GR 

immediately recycles GSSG back to GSH, a step that requires the 

concurrent oxidation of NADPH to NADP(. The decline in absorbance 

associated with NADPH consumption is measured at 340 nm over a 5-min 

period at 15 s intervals. Enzyme concentration is calculated using $ =
6.22 mM!"cm!") with the formula: 

& = (
$ × * 

where b is the optical path length. GPx activity is reported as nmol of 

oxidized NADPH per min per g of FW and expressed as U g⁻¹ FW. 

 

2.4.3.4. Glutathione Reductase (GR) 

The GR  is essential for maintaining the cellular redox balance by 

recycling GSSG back to its reduced state (GSH) via the consumption of 

NADPH (Regoli and Giuliani 2014). Based on an adaptation of the Carlberg 

and Mannervik (1985) protocol, GR activity is evaluated by monitoring 

NADPH oxidation, where the consumption of one NADPH molecule 

corresponds to the generation of two GSH molecules from one GSSG. The 

kinetic decrease in absorbance is read at 340 nm every 15 s for 5 min. 

Similar to GPx, the quantification relies on the Beer-Lambert derivation (& =
)

(+×$)) with $ = 6.22 M!"cm!". The results were expressed as U g⁻¹ FW, 

where U represents the quantity of enzyme which catalyzes the conversion 

of 1 nmol of NADPH per min. 

 

2.4.3.5. Total Antioxidant Capacity (TAC) 

The TAC provides an overall estimation of a biological sample's 

ability to neutralize ROS and free radicals (Benzie and Strain 1996). This 

parameter was assessed using the Ferric Reducing Antioxidant Power 

(FRAP) assay, originally proposed by Benzie and Strain (1996) and 

subsequently modified by Hagger et al. (2005). The FRAP (ferric reducing 

antioxidant power) assay was conducted by mixing the extracts with the 
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FRAP solution. After incubating the mixture for 10 min, spectrophotometric 

readings were taken at 593 nm, and the final data were expressed as µmol 

g⁻¹ FW. 

 

2.4.4. Biotransformation capacity  

The metabolic response to xenobiotics and oxidative stress damage 

is largely mediated by phase II biotransformation enzymes. Among the main 

biomarkers analysed to evaluate these processes are GSTs and CbEs, both 

of which are predominantly located in the cytosol. 

 

2.4.4.1. Glutathione-S-transferases (GSTs) activity 

Glutathione S-transferases are fundamental enzymes in 

detoxification processes. Their main function is to catalyse the conjugation 

reaction between the reduced form of glutathione (GSH) and the 

electrophilic centres of various compounds, including xenobiotics. They also 

play a crucial role in the inactivation of lipoperoxidation products formed 

following oxidative damage (Habig et al. 1974; Regoli and Giuliani 2014).  

The GSTs activity is typically quantified following the protocol of Habig et al. 

(1974), with subsequent modifications introduced by Carregosa et al. 

(2014). The enzymatic assay uses the substrate 1-chloro-2,4-

dinitrobenzene (CDNB). The enzyme catalyses the conjugation of CDNB to 

the thiol group of GSH, forming a thioether. Since the formation rate of this 

compound is directly proportional to the GSTs activity in the sample, the 

reaction can be monitored via a spectrophotometric assay. Measurements 

are performed by monitoring the increase in absorbance at 340 nm and 

recording values every 15 s for 5 min. To determine the enzymatic activity, 

the Beer-Lambert law is applied using the following formula: 

& = (
$ ⋅ * 

In this equation, the A is divided by the product of $ which for this specific 

reaction is 9.6 mM⁻¹ cm⁻¹ and the optical path length travelled by b. The 
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final results of the enzyme activity are expressed in nmol of product per min 

per g of FW (nmol min⁻¹ g⁻¹ FW).  

 

2.4.4.2. Carboxylesterases (CbEs) 

Carboxylesterases, another group of phase 1 biotransformation 

enzymes, belong to the class of B-type esterases (or B-type stressors) 

(CbEs_pNPB). These enzymes are present in the cytoplasm as different 

isoforms, which can be identified by their affinity for specific substrates, 

particularly naphthyl- and nitrophenyl-derivatives (Hosokawa and Satoh 

2001; Sanchez-Hernandez and Wheelock 2009; Solé et al. 2018).  The 

measurement of CbEs activity is based on the original methodology of 

Hosokawa and Satoh (2001), incorporating adaptations suggested by Solé 

et al. (2018). The test is a continuous spectrophotometric enzyme assay 

that evaluates the hydrolysis rate of specific substrates, such as p-

nitrophenyl butyrate or p-nitrophenyl acetate (pNPA). Hydrolytic activity is 

measured by monitoring absorbance at 405 nm every 15 s for 5 min. Once 

again, the quantification relies on the standard Beer-Lambert formula: 

& = (
$ ⋅ * 

For CbEs with the utilized substrates, the reference $ is 18 mM⁻¹ cm⁻¹. The 

obtained results are standardised and expressed as nmol min⁻¹ g⁻¹ FW. 

 

2.4.5. Cellular damage 

Cellular damage occurs when ROS alter the structural integrity of 

biological macromolecules. Due to their high reactivity, membrane lipids are 

particularly vulnerable to these attacks. The interaction between ROS and 

lipids generates highly unstable compounds, such as lipid peroxyl radicals 

(LOO•) and lipid hydroperoxides (LOOH). These molecules trigger a 

degradation chain reaction that persists until it is quenched by radical 

scavengers or by the intervention of specific antioxidant enzymes, such as 

SOD, CAT, or GPx (Regoli and Giuliani 2014).  
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2.4.5.1. Lipid Peroxidation (LPO) 

To evaluate the extent of lipid damage, LPO is assessed by 

measuring malondialdehyde (MDA), a major by-product of this process. The 

analytical procedure is based on the original method by Ohkawa et al. 

(1979), with modifications introduced by Carregosa et al. (2014). The assay 

principle relies on the reaction between LPO by-products (such as 

malondialdehyde (MDA) and 2-thiobarbituric acid (TBA), which leads to the 

formation of thiobarbituric acid reactive substances (TBARS). Operationally, 

the samples are incubated at 96 °C for 25 min, after which the reaction is 

rapidly stopped by placing them on ice. Quantification is performed 

spectrophotometrically by measuring absorbance at 532 nm. The MDA 

concentration is calculated by applying the following formula: 

& = (
$ ⋅ * 

where the absorbance (A) is divided by the product of the $ equal to 156 

mM⁻¹ cm⁻¹ and the light path distance (b). The final results of this assay are 

expressed as nmol MDA g⁻¹ FW. 

 

2.4.6. Osmotic regulation 

2.4.6.1. Proline (PROL) 

The PROL is a natural amino acid that functions as a primary 

osmolyte and osmoprotectant in aquatic organisms, playing a crucial role in 

adaptation to salinity stress. During environmental osmotic fluctuations, the 

intracellular accumulation of free amino acids like proline helps prevent 

water loss and allows organisms to achieve osmotic equilibrium more 

efficiently. Furthermore, proline acts as a compatible solute that protects the 

structural integrity of sub-cellular components and macromolecules, thereby 

maintaining overall cellular homeostasis under stress conditions (Li et al. 

2024). The PROL levels were assessed following the ninhydrin-based 

protocol of Bates et al. (1973). Samples and proline standards (0 – 75 μg 

mL-1, used for the standard curve) were incubated at 100 °C for 45 min. 
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Subsequently, absorbance was recorded at 520 nm, and the final content 

was expressed as µg g⁻¹ FW. 

 

2.4.7. Neurotoxicity  

2.4.7.1. Acetylcholinesterase (AChE) 

Cholinesterases (ChEs) are a family of enzymes specialized in the 

hydrolysis of choline-based esters, which function as neurotransmitters. 

The most extensively studied enzyme within this class is AChE, widely 

recognized as the primary biomarker for evaluating cholinergic impairment. 

Physiologically, AChE cleaves acetylcholine released into the synaptic cleft; 

however, its catalytic activity can be inhibited by exposure to various 

chemical compounds (Monserrat et al. 2007). The determination of AChE 

activity is based on the spectrophotometric method originally developed by 

Ellman et al. (1961), utilizing the microplate adaptations described by 

Mennillo et al. (2017). The assay employs acetylthiocholine iodide (ATChI) 

at 5 mM as the reaction substrate. Enzyme kinetics are monitored by 

recording absorbance at 412 nm over 5 min, with readings every 15 s. The 

enzymatic activity is calculated using the following formula: 

& = (
$ ⋅ * 

In this equation, the A is divided by the product of b and $ of 13.6 mM⁻¹ 
cm⁻¹. The final results are normalized and expressed as nmol min⁻¹ g⁻¹ FW. 

 

2.5. DATA ANALYSES  

 
2.5.1. Statistical analyses 

The results from biochemical assays (ETS, PROT, CARB, SOD, 

CAT, GPx, GR, TAC, GSTs, CbEs, LPO, PROL, AChE) were initially 

subjected to outlier removal. Subsequently, the dataset was analyzed 

through hypothesis testing using a permutational multivariate analysis of 

variance (PERMANOVA), performed using the dedicated add-on in 
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PRIMER v6 software (Anderson 2008). To investigate the impact of the 

contaminants (PFPeA, GenX, and their Mix) in association with two different 

salinity levels, the study tested the following null hypotheses: 

- H01 (Treatment effect): There are no significant differences in the 

measured parameters attributable to chemical exposure; i.e., the 

centroids of the CTL, PFPeA, GenX, and MIX groups do not differ 

from one another. 

- H02 (Salinity effect): There are no significant differences dependent 

on the salinity regime; i.e., the biological responses of organisms 

maintained at salinity 20 and salinity 30 are equivalent. 

- H03 (Interaction effect): There is no significant interaction between 

the two factors (Treatment x Salinity); therefore, the effect of 

contaminants on the modulation of mussel responses acts 

independently of the salinity level. 

 

The statistical significance level was set at p < 0.05. In cases where the 

main test yielded significant results, pairwise comparisons were performed. 

For the analyses, nine individuals were included per experimental condition. 

To reduce variability, data were averaged per tank, grouping three 

organisms per aquarium. Before calculating the Euclidean distance matrix, 

the dataset underwent square-root transformation and subsequent 

normalization. The resulting distance matrix was then analyzed using a two-

way PERMANOVA, setting 'treatment' (at four levels: CTL, PFPeA, GenX, 

MIX) and 'salinity' (at two levels: 20 and 30) as the main factors. To visually 

explore the ordination of samples, the Euclidean distance between 

centroids (i.e., the mean position of all points representing each specific 

treatment) was calculated based on the normalized biomarker expression 

matrices.  

 

2.5.2. Principal Coordinates Ordination (PCO) 

The results were graphically represented using Principal Coordinates 

Ordination (PCO). To identify the parameters most responsible for the 
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differences between groups, biological variables exhibiting a Pearson 

correlation greater than 75% with the spatial distribution of experimental 

conditions were projected onto the PCO plot as overlaying vectors. 

 

2.5.3. Integrated biomarker response index 

The Integrated Biomarker Response (IBR) index, version 2 (IBRvs2), 

was employed to integrate data from all measured biochemical parameters 

(AChE, LPO, CbEs_pNPA, CbEs_pNPB, GSTs, GR, GPx, CAT, SOD, TAC, 

CARB, PROT, PROL, ETS) and to illustrate the overall biochemical 

response patterns in organisms exposed to different contaminants (PFPeA, 

GenX, and MIX) at two different salinity levels (20 and 30). This 

methodological approach, originally developed by Beliaeff and Burgeot 

(2002) and subsequently adapted by Sanchez et al. (2013), was used to 

compare biochemical variations induced by the exposures relative to the 

respective CTL group. To normalize the data and reduce variability, a 

logarithmic transformation was applied to the raw values using the following 

formula: =. = log A/!/"B where C. represents the biomarker value for a given 

treatment and C0 indicates the mean value of the respective CTL group 

(CTL 30). The transformed data were subsequently standardized by 

calculating: D. = 1!!2
3  with E and F	corresponding to the overall mean and 

global standard deviation of =. ,	respectively. To center the data around zero 

and emphasize biochemical alterations relative to the basal condition, a 

deviation index was calculated: ( = D. − D0 where D0  represents the 

standardized value of the CTL. The final IBRvs2 score for each 

experimental condition was obtained by summing the absolute values of the 

deviations A for all analyzed biomarkers, according to the equation: 

IBRvs2 = ∑|(|. The results were visually represented using a bar graph to 

summarize the final IBRvs2 scores for all treatments, while the use of radar 

plots allowed for a detailed illustration of the contribution and deviation of 

each individual biomarker relative to the zero line (representing the CTL 

condition) in the composition of the overall IBRvs2 score. For the purposes 
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of calculation, the CTL 30 condition was used as a universal reference 

(baseline) for all data standardizations, thus ensuring direct comparability 

between all experimental groups. 

 

2.5.4. Independent Action model 

To evaluate the potential interactions between the chemical 

exposures (30 ng L-1 PFPeA, 30 ng L-1 GenX, and their mixture) and the 

environmental stressor (reduced salinity, 20), the Independent Action (IA) 

model was used, following the methodology described by Song et al. (2018). 

This model, widely used in toxicological studies, enables prediction of the 

combined effects of multiple stress factors by accounting for their individual 

impacts. For each biochemical parameter, the expected combination effect 

=4567(e.g., =4567(30 ng/L PFPeA(Salinity 20)) was determined. The  =4567 	was 

calculated using control-normalized single-treatment responses, to ensure 

that observed effects were solely attributed to the treatments applied. 
The formula adopted for calculating the predicted combination 

effects, using the interaction between PFPeA and reduced salinity as an 

example, was as follows: 

 

log! $
%"#$%(PFPeA'Salinity 20)
%)*+(CTL Salinity 30)

& = log! $
%)*+(PFPeA)

%)*+(CTL Salinity 30)
& + log! $

%)*+(Salinity 20)
%)*+(CTL Salinity 30)

& 

 

Where =8$9(Control Salinity 30), =8$9(PFPeA) and =8$9(Salinity 20) represent the 

experimental results observed in the control condition (Salinity 30), the 

single chemical treatment (30 ng L-1 of PFPeA at Salinity 30), and the single 

environmental stressor treatment (Salinity 20 without chemicals), 

respectively. This calculation was similarly applied to evaluate the 

interactions for GenX (30 ng L-1) + salinity 20, and the multi-chemical 

mixture (MIX: 30 ng L-1 PFPeA + 30 ng L-1 GenX) + Salinity 20. Additivity in 

combination effects was assessed by comparing the IA model prediction 

(e.g., =4567(PFPeA(Salinity 20)) with the observed combined response (e.g., 

=8$9(PFPeA(Salinity 20)). Non-additive effects were identified when the predicted 
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values deviated significantly from the observed combination response 

within ±95 % confidence intervals (t-distribution), and further analyses were 

conducted to evaluate the were calculated, and further analyses were 

conducted to evaluate the type, strength, and direction of interaction. To 

systematically characterize and interpret the dynamics of the interactions 

(e.g., synergism or antagonism), we used the classification framework 

proposed by Piggott et al. (2015) and the terminology described by Delnat 

et al. (2020). 
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3. RESULTS 

3.1 CONCENTRATIONS IN MUSSELS’ TISSUES 

The concentrations of the PFPeA and GenX detected in mussel 

tissue samples are reported in Table 1, expressed as ng g-1 wet weight 

(w.w.). PFPeA concentrations ranged from 0.12 to 0.59 ng g-1  w.w. in 

PFPeA- and MIX-exposed groups, respectively, while it was not detected in 

control samples. In contrast, GenX was generally found only at trace levels 

(< LOQ) in exposed mussels, with a single quantifiable value (0.14 ng g-1  

w.w.) obtained in a MIX-exposed sample at SAL 30, suggesting minimal 

tissue accumulation of GenX compared to PFPeA. 

 
Table 1. Concentration of PFPeA and GenX in mussel tissue (wet weight, ng g-1 ); 

lowercase letters: significance salinity 20; uppercase letters: significance salinity 

30; asterisks: significance between salinities; < LOQ: below limit of quantification; 

< LOD: below limit of detection. 

 

Treatment Mean SD Significance 
SAL 20 CTL < LOQ - a 

SAL 20 PFPeA 30 ng L-1  0.54 0.06 b * 
SAL 20 GenX 30 ng L-1  < LOD < LOD a 

SAL 20 MIX  0.20 0.13 a 
SAL 30 CTL < LOQ - A 

SAL 30 PFPeA 30 ng L-1  0.32 0.10 B * 
SAL 30 GenX 30 ng L-1  < LOD < LOD A 

SAL 30 MIX  0.16 0.04 B 
 

3.2. BIOCHEMICAL PARAMETERS 

3.2.1. Metabolic capacity  

3.2.1.1. Electron transport system activity (ETS) 

Regarding ETS activity, at salinity 20 showed significantly lower 

values in mussels exposed to the PFPeA treatment compared to the CTL, 

whereas no statistically significant differences were found among the CTL, 
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GenX, and MIX treatments. Furthermore, no significant differences were 

found among the contaminant treatments (PFPeA, GenX, MIX). Analyzing 

salinity 30, no significant variations were observed among treatments. 

When comparing the two salinity regimes, a significant difference was 

observed exclusively in the CTL group, which showed significantly higher 

ETS activity at salinity 20 than at salinity 30, whereas no significant 

differences between salinities were detected in organisms exposed to any 

of the contaminants (Figure 8). 

 

 
 

Figure 8. Electron transport system (ETS) activity in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 

and 30. Results are expressed as mean ± standard deviation (SD). Different 

uppercase letters indicate significant differences (p < 0.05) among treatments at 

salinity 20, whereas different lowercase letters indicate significant differences 

among treatments at salinity 30. An asterisk (*) denotes significant differences 

between salinities (20 vs 30) within the same treatment. 
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3.2.2. Energy reserves 

3.2.2.1. Protein content (PROT) 

Regarding PROT, salinity 20 revealed significantly higher values in 

the PFPeA and GenX treatments compared to the CTL; furthermore, the 

MIX treatment recorded significantly higher values than all the other 

treatments. At salinity 30, PROT levels were significantly higher in the GenX 

treatment than in the CTL, PFPeA, and MIX, while no significant differences 

were observed between the CTL and either the PFPeA or MIX treatments. 

When comparing the two salinity regimes, no significant variations were 

detected in the CTL group. Conversely, significant differences in salinity 

were observed across all contaminant-exposed groups. Specifically, PROT 

levels were significantly higher at salinity 20 than at salinity 30 in the PFPeA 

and MIX treatments, whereas in the GenX treatment, values were 

significantly higher at salinity 30 than at salinity 20 (Figure 9). 

 

 

 

Figure 9. Protein (PROT) content levels in Mytilus galloprovincialis exposed to 

PFPeA and GenX alone and their mixture (MIX) and at salinities 20 and 30. 

Results are expressed as mean ± standard deviation (SD). Different uppercase 
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letters indicate significant differences (p < 0.05) among treatments at salinity 20, 

whereas different lowercase letters indicate significant differences among 

treatments at salinity 30. An asterisk (*) denotes significant differences between 

salinities (20 vs 30) within the same treatment. 

 
3.2.2.2. Carbohydrate content (CARB) 

Regarding CARB, salinity 20 revealed significantly higher values in 

the PFPeA and MIX treatments compared to the CTL, whereas no 

significant differences were observed between the GenX treatment and the 

CTL. At salinity 30, CARB levels in the contaminant-exposed treatments did 

not differ significantly from the CTL; however, when comparing 

contaminants among themselves, the MIX treatment showed significantly 

higher values than the PFPeA treatment. When comparing the two salinity 

regimes, no significant differences were detected between salinities 20 and 

30 across the treatments (CTL, PFPeA, GenX, and MIX) (Figure 10). 

 

 

Figure 10. Carbohydrate (CARB) content levels in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 

and 30. Results are expressed as mean ± standard deviation (SD). Different 

uppercase letters indicate significant differences (p < 0.05) among treatments at 



59 
 

salinity 20, whereas different lowercase letters indicate significant differences 
among treatments at salinity 30. An asterisk (*) denotes significant 

differences between salinities (20 vs 30) within the same treatment. 

 
3.2.3. Antioxidant capacity    

3.2.3.1. Superoxide Dismutase (SOD) 

Regarding SOD activity, salinity 20 revealed no significant 

differences among treatments. At salinity 30, SOD levels were significantly 

lower in the GenX and MIX treatments compared to the CTL, whereas no 

significant differences were observed between the PFPeA treatment and 

the CTL. When comparing the two salinity regimes, no significant variations 

were detected in the CTL and PFPeA groups. Conversely, in both the GenX 

and MIX treatments, SOD activity was significantly higher at salinity 20 

compared to salinity 30 (Figure 11). 

 

 
 

Figure 11. Superoxide dismutase (SOD) activity in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 

and 30. Results are expressed as mean ± standard deviation (SD). Different 

uppercase letters indicate significant differences (p < 0.05) among treatments at 
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salinity 20, whereas different lowercase letters indicate significant differences 

among treatments at salinity 30. An asterisk (*) denotes significant differences 

between salinities (20 vs 30) within the same treatment. 

 
3.2.3.2. Catalase (CAT) 

Regarding CAT activity, the analysis at salinity 20 revealed 

significantly higher values in the MIX treatment compared to the CTL and 

PFPeA, whereas no significant differences were observed between the 

PFPeA or GenX treatments and the CTL. At salinity 30, CAT levels were 

significantly lower in the PFPeA treatment compared to the CTL and GenX, 

while no significant differences were found between the CTL and either the 

GenX or MIX treatments. When comparing the two salinity regimes, 

significant differences were observed across all treatments, with higher CAT 

activity at salinity 20 (Figure 12). 

 

 
 

Figure 12. Catalase (CAT) activity in Mytilus galloprovincialis exposed to PFPeA 

and GenX alone and their mixture (MIX) and at salinities 20 and 30. Results are 

expressed as mean ± standard deviation (SD). Different uppercase letters 

indicate significant differences (p < 0.05) among treatments at salinity 20, 

whereas different lowercase letters indicate significant differences among 
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treatments at salinity 30. An asterisk (*) denotes significant differences between 

salinities (20 vs 30) within the same treatment. 

 
3.2.3.3. Glutathione Peroxidase (GPx) 

Regarding GPx activity, the analysis at salinity 20 revealed 

significantly higher values in the MIX treatment compared to the CTL, 

PFPeA and GenX, whereas no significant differences were observed 

between the PFPeA or GenX treatments and the CTL. At salinity 30, GPx 

levels were significantly higher in the MIX treatment compared to the CTL, 

PFPeA and GenX, while no significant differences were found between the 

CTL and either the PFPeA or GenX treatments. When comparing the two 

salinity regimes, no significant variations were detected in the CTL and 

GenX groups. Conversely, significant differences in salinity were observed 

in the PFPeA and MIX treatments, both of which showed significantly higher 

GPx activity at salinity 30 than at salinity 20 (Figure 13). 

 

 
 

Figure 13. Glutathione peroxidase (GPx) activity in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 

and 30. Results are expressed as mean ± standard deviation (SD). Different 
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uppercase letters indicate significant differences (p < 0.05) among treatments at 

salinity 20, whereas different lowercase letters indicate significant differences 

among treatments at salinity 30. An asterisk (*) denotes significant differences 

between salinities (20 vs 30) within the same treatment. 

 
3.2.3.4. Glutathione Reductase (GR) 

Regarding GR activity, salinity 20 revealed significantly higher values 

in the MIX treatment compared to the CTL, PFPeA and GenX, whereas no 

significant differences were observed between the PFPeA or GenX 

treatments and the CTL. At salinity 30, no significant differences were found 

between any of the contaminant treatments (PFPeA, GenX, MIX) and the 

CTL. When comparing the two salinity regimes, no significant variations 

were detected in the CTL, PFPeA, and GenX groups. Conversely, a 

significant difference was observed in the MIX treatment, which recorded 

significantly higher GR activity at salinity 20 than at salinity 30 (Figure 14). 

 

 
 

Figure 14. Glutathione reductase (GR) activity in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 

and 30. Results are expressed as mean ± standard deviation (SD). Different 

uppercase letters indicate significant differences (p < 0.05) among treatments at 
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salinity 20, whereas different lowercase letters indicate significant differences 

among treatments at salinity 30. An asterisk (*) denotes significant differences 

between salinities (20 vs 30) within the same treatment. 

 
3.2.3.5. Total Antioxidant Capacity (TAC) 

Regarding TAC levels, salinity 20 showed no significant differences 

among the contaminant treatments (PFPeA, GenX, MIX) and the CTL. At 

salinity 30, TAC levels were significantly higher in the GenX and MIX 

treatments compared to the CTL, whereas no significant differences were 

observed between the PFPeA treatment and the CTL. When comparing the 

two salinity regimes, no significant variations were detected in the CTL 

group. Conversely, significant differences in salinity were observed across 

all contaminant-exposed groups (PFPeA, GenX, and MIX), with all groups 

recording significantly higher TAC values at salinity 30 than at salinity 20 

(Figure 15). 

 

 
 

Figure 15. Total antioxidant capacity (TAC) levels in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 

and 30. Results are expressed as mean ± standard deviation (SD). Different 

uppercase letters indicate significant differences (p < 0.05) among treatments at 
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salinity 20, whereas different lowercase letters indicate significant differences 

among treatments at salinity 30. An asterisk (*) denotes significant differences 

between salinities (20 vs 30) within the same treatment. 

 
3.2.4. Biotransformation capacity  

3.2.4.1. Glutathione-S-transferases (GSTs) 

Regarding GSTs activity, salinity 20 revealed significantly lower 

values in the PFPeA treatment compared to the CTL. In contrast, the MIX 

treatment showed significantly higher values than CTL, PFPeA, and GenX. 

In addition, no significant differences were observed between the GenX 

treatment and the CTL. At salinity 30, GSTs levels were significantly lower 

in the MIX treatment compared to the CTL and PFPeA, while no significant 

differences were found between the CTL and either the PFPeA or GenX 

treatments. When comparing the two salinity regimes, no significant 

variations were detected in the CTL, PFPeA, and GenX groups. A significant 

difference was observed exclusively in the MIX treatment, which recorded 

significantly higher GSTs activity values at salinity 20 compared to salinity 

30 (Figure 16). 

 

Figure 16, Glutathione-S-transferases (GSTs) activity in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 
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and 30. Results are expressed as mean ± standard deviation (SD). Different 

uppercase letters indicate significant differences (p < 0.05) among treatments at 

salinity 20, whereas different lowercase letters indicate significant differences 

among treatments at salinity 30 An asterisk (*) denotes significant differences 

between salinities (20 vs. 30) within the same treatment. 

 
3.2.4.2. Carboxylesterases (CbEs) 

Regarding CbEs-pNPA activity, the analysis at salinity 20 revealed 

significantly higher values in the MIX treatment compared to the CTL, 

whereas no significant differences were observed between the PFPeA or 

GenX treatments and the CTL. At salinity 30, CbEs-pNPA levels were 

significantly higher in the GenX and MIX treatments compared to the CTL 

and PFPeA, while no significant differences were found between the PFPeA 

treatment and the CTL. When comparing the two salinity regimes, no 

significant variations were detected in the CTL, PFPeA, and MIX groups. 

Conversely, a significant difference was observed exclusively in the GenX 

treatment, which showed significantly higher CbEs-pNPA activity at salinity 

30 than at salinity 20 (Figure 17A). 

Regarding CbEs-pNPB activity, the analysis at salinity 20 revealed 

significantly higher values in the PFPeA and MIX treatments compared to 

the CTL and GenX, whereas no significant differences were observed 

between the GenX treatment and the CTL. At salinity 30, CbEs-pNPB levels 

were significantly higher in all contaminant-exposed treatments (PFPeA, 

GenX, and MIX) compared to the CTL. In addition, the GenX and MIX 

treatments showed significantly higher values compared to the PFPeA 

treatment. When comparing the two salinity regimes, no significant 

variations were detected in the CTL and MIX groups. Conversely, significant 

differences were observed in the PFPeA and GenX treatments. Specifically, 

CbEs-pNPB activity was significantly higher at salinity 20 compared to 

salinity 30 in the PFPeA group, whereas in the GenX treatment, values were 

significantly higher at salinity 30 compared to salinity 20 (Figure 17B). 
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Figure 17. Carboxylesterases (A: CbEs-pNPA; B: CbEs-pNPB) activity in Mytilus 

galloprovincialis exposed to PFPeA and GenX alone and their mixture (MIX) and 

at salinities 20 and 30. Results are expressed as mean ± standard deviation 

(SD). Different uppercase letters indicate significant differences (p < 0.05) among 

treatments at salinity 20, whereas different lowercase letters indicate significant 

differences among treatments at salinity 30. An asterisk (*) denotes significant 

differences between salinities (20 vs 30) within the same treatment. 
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3.2.5. Cellular damage 

3.2.5.1. Quantification of Lipid Peroxidation (LPO) 

Regarding LPO levels, the analysis at salinity 20 revealed 

significantly lower values in the MIX treatment compared to the CTL, 

whereas no significant differences were observed between the PFPeA or 

GenX treatments and the CTL. At salinity 30, LPO levels were significantly 

lower in the PFPeA treatment compared to the CTL, GenX and MIX, while 

no significant differences were found between the CTL and either the GenX 

or MIX treatments. When comparing the two salinity regimes, no significant 

variations were detected in the GenX and MIX groups. Conversely, 

significant differences in salinity were observed in the CTL and PFPeA 

treatments, both of which showed significantly higher LPO values at salinity 

20 than at salinity 30 (Figure 18). 

 

 

 

Figure 18. Lipid Peroxidation (LPO) levels in Mytilus galloprovincialis exposed to 

PFPeA and GenX alone and their mixture (MIX) and at salinities 20 and 30. 

Results are expressed as mean ± standard deviation (SD). Different uppercase 

letters indicate significant differences (p < 0.05) among treatments at salinity 20, 

whereas different lowercase letters indicate significant differences among 
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treatments at salinity 30. An asterisk (*) denotes significant differences between 

salinities (20 vs 30) within the same treatment. 

 
3.2.6. Osmotic regulation 

3.2.6.1. Proline (PROL) 

Regarding PROL, analyzing the differences within salinity 20, a 

significantly higher concentration was observed in the PFPeA and GenX 

treatments compared to the CTL, in particular, the PFPeA treatment showed 

significantly higher values also compared to the MIX, which, in turn, did not 

record any significant differences compared to the CTL. At salinity 30, PROL 

levels were significantly lower in the GenX-exposed treatment than in the 

CTL and MIX treatments, whereas in the PFPeA and MIX treatments, no 

significant differences were observed relative to the CTL. All treatments 

showed significant differences between the two salinity levels, recording 

significantly higher values at salinity 20 compared to salinity 30 in all 

exposure conditions (Figure 19). 

 

 
 

Figure 19. Proline (PROL) levels in Mytilus galloprovincialis exposed to PFPeA 

and GenX alone and their mixture (MIX) and at salinities 20 and 30. Results are 



69 
 

expressed as mean ± standard deviation (SD). Different uppercase letters 

indicate significant differences (p < 0.05) among treatments at salinity 20, 

whereas different lowercase letters indicate significant differences among 

treatments at salinity 30. An asterisk (*) denotes significant differences between 

salinities (20 vs 30) within the same treatment. 

 
3.2.7. Neurotoxicity  

3.2.7.1. Acetylcholinesterase (AChE) 

Regarding AChE activity, the analysis at salinity 20 revealed no 

significant differences among the contaminant treatments (PFPeA, GenX, 

MIX) and the CTL. At salinity 30, no significant differences were found 

among the contaminant treatments (PFPeA, GenX, MIX) and the CTL. 

When comparing the two salinity regimes, no significant variations were 

detected in the CTL, PFPeA, and GenX groups. Conversely, the MIX 

treatment showed significantly higher AChE activity at salinity 30 than at 

salinity 20 (Fig. 20). 

 

 
 

Figure 20. Acetylcholinesterase (AChE) levels in Mytilus galloprovincialis 

exposed to PFPeA and GenX alone and their mixture (MIX) and at salinities 20 
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and 30. Results are expressed as mean ± standard deviation (SD). Different 

uppercase letters indicate significant differences (p < 0.05) among treatments at 

salinity 20, whereas different lowercase letters indicate significant differences 

among treatments at salinity 30. An asterisk (*) denotes significant differences 

between salinities (20 vs 30) within the same treatment. 

 
3.3. MULTIVARIATE ANALYSIS 

A multivariate analysis (Figure 21) was performed to describe 

variation in the global biochemical profile across the different treatments 

(CTL, PFPeA, GenX, Mix) and salinity regimes (20 and 30). The hierarchical 

clustering analysis (Fig. 21a) shows that salinity is the main factor for 

sample separation. The dendrogram shows a primary bifurcation into two 

macro-groups: group A, which includes only samples maintained at salinity 

30, and group B, which maintained at salinity 20. Within each salinity 

regime, samples are further subdivided by treatment. At salinity 30, CTL 

and PFPeA samples show a smaller distance, clustering in sub-cluster A.1, 

separate from the GenX and Mix treatments, which form sub-cluster A.2. At 

salinity 20, CTL, GenX, and PFPeA samples form sub-cluster B.1, while the 

Mix treatment shows a greater distance and is isolated in sub-cluster B.2. 

The spatial distribution observed in the dendrogram is consistent with the 

PCO results (Fig. 21b). The first two axes of the PCO explain a total of 70% 

of the data set's variance (PCO1: 45.4%; PCO2: 24.6%). The PCO1 axis 

clearly separates the samples by salinity, placing those at salinity 20 on the 

positive semi-axis and those at salinity 30 on the negative semi-axis. The 

PCO2 axis, on the other hand, reflects the separation linked to chemical 

treatments. The orientation of the vectors in the PCO plot indicates the 

association between the measured biochemical variables and the sample 

groupings. Sub-cluster A.1 is located in the upper-left quadrant, near the 

projection of the vector relating to AChE. Sub-cluster A.2 is positioned in the 

lower-left quadrant and is aligned with the direction of the PROT, TAC, 

CARB, CbEs_pNPB, and CbEs_pNPA vectors. Moving to the positive semi-

axis of PCO1, sub-cluster B.1 is associated with the SOD and PROL 
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vectors. Finally, sub-cluster B.2 shows a separation in the lower-right 

quadrant, aligning with the vectors for the enzymes CAT, GSTs, and GR. 

 

 

 

Figure 21 (A) Cluster analysis dendrogram illustrating the hierarchical 

relationships between samples based on treatments (CTL, PFPeA, GenX, Mix) 

and salinity levels (green: 30; blue: 20). Major clusters are indicated by nodes A 

and B, with their respective subdivisions (A.1, A.2, B.1, B.2). (B) Principal 

Coordinates Analysis (PCO) based on the total variation of the data. The plot 
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illustrates the distribution of samples by treatment (CTL, PFPeA, GenX, Mix) and 

salinity (20 in blue, 30 in green). The PCO1 and PCO2 axes explain 45.4% and 

24.6% of the total variation, respectively. The dashed ellipses identify clusters 

A.1, A.2, B.1, and B.2, while the vectors indicate the contribution of the different 

biochemical variables (AChE, SOD, PROL, CAT, GSTs, GR, CbEs_pNPB, 

CbEs_pNPA, CARB, TAC, PROT). 

 

3.4. INTEGRATED BIOMARKER RESPONSE (IBR) INDEX 

The application of the IBRvs2 index enabled quantification and 

comparison of the biochemical stress levels induced by the different 

treatments, using the CTL group at salinity 30 (CTL 30) as a baseline (value 

= 0). The overall index values highlight an impact that varies with both the 

tested contaminant and salinity. Evaluating specifically the results obtained 

at the salinity 20 condition (Figure 22C), the mere variation of the 

environmental parameter resulted in an increase of the IBRvs2 value in the 

CTL group (CTL 20) to 12.4 compared to the baseline reference (CTL 30). 

In this reduced-salinity condition, exposure to the MIX mixture elicited the 

experiment's peak response, reaching an IBRvs2 value of 20.5, while the 

single treatments showed lower scores, with values of 13.5 for PFPeA and 

13.0 for GenX. The analysis of the relative radar chart (Figure 22A) 

highlights a differentiated biological response among the various 

treatments. Specifically, exposure to PFPeA, GenX, and MIX increases 

several biomarker levels, including ETS, PROL, CARB, and CAT. The MIX 

treatment shows a tendency toward higher IBRvs2 values, particularly for 

enzymes linked to detoxification and oxidative stress, such as CbEs_pNPA 

and CbEs_pNPB, GSTs, and GR, with levels clearly higher than in the CTL 

profile. Overall, the MIX treatment suggests a more pronounced biological 

stress, with values systematically higher than those of the single 

compounds and controls. Conversely, parameters such as AChE and LPO 

exhibit more constrained variability, with several cases showing lower 
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values or, at least, less accentuated values in some treatments compared 

to CTL values. 

Specifically evaluating the results obtained at the salinity 30 condition 

(Figure 22C), the calculation of IBRvs2 highlighted the highest overall value 

for organisms exposed to GenX (14.7), followed by MIX (13.6) and PFPeA 

(10.1). From the analysis of the relative radar chart (Figure 22B), the general 

trend of deviations relative to the CTL (CTL 30 = 0) highlights diverse 

biological responses. The most significant positive peaks (induction) are 

recorded for the enzymes CbEs_pNPA and CbEs_pNPB, driven primarily 

by GenX exposure and, to a lesser extent, by the MIX. The ETS activity also 

shows clear induction, especially in the GenX and MIX treatments. A 

notable result concerns GPx, which shows positive induction only after the 

MIX treatment. On the opposite side (inhibition), transverse negative trends 

are observed for AChE and SOD; both parameters are indeed inhibited 

compared to the CTL in all experimental conditions tested (PFPeA, GenX, 

and MIX). 
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Figure 22 Integrated Biomarker Response (IBRvs2) index in Mytilus 

galloprovincialis after 28 days of exposure to 30 ng L-1 of PFPeA, GenX, and their 

MIX at salinity 20 and 30. (A) and (B) Detailed radar plots for the salinity 20 and 

30 conditions, respectively. (C) Histogram of the final IBRvs2 scores comparing 

the total biochemical impact between salinity 30 conditions (blue bars) and 

salinity 20 conditions (orange bars). In all radar plots, the solid black line 

indicates the reference baseline based on the control group (CTL 30 = 0). 
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3.5. INDEPENDENT ACTION MODEL (IA) 

 
The Independent Action (IA) model was applied to assess the 

interactive effects of reduced salinity (20) combined with single or mixed 

PFAS exposures (30 ng L-1 PFPeA, 30 ng L-1 GenX, and their mixture) 

across fourteen biochemical endpoints. The predicted versus observed fold 

changes, along with the 95% confidence intervals and the corresponding 

interaction classifications, are summarized in Tables 2,3 and 4. In the 

combined treatment of PFPeA and reduced salinity (Table 2), non-additive 

interactions were predominant. Specifically, synergism was the most 

frequent interaction type, accounting for 61.5% of total responses (8 of 13 

parameters). Within this category, unidirectional synergism up was detected 

for ETS, PROL, CbEs_pNPB, and LPO, while bidirectional synergism up 

was observed for CAT and AChE. Furthermore, one-directional synergism 

down was recorded for PROT and CARB. Purely additive interactions, 

where the observed variation fell within the 95% confidence intervals 

predicted by the model, constituted 30.8% of the cases (4 out of 13) and 

were identified for TAC, SOD, GPx, and GSTs. Antagonism accounted for 

the remaining 7.7% of interactions (1 out of 13), being limited exclusively to 

bidirectional antagonism for the enzyme CbEs_pNPA. Regarding the 

combination of GenX exposure and reduced salinity (Table 3), the results 

showed a higher frequency of additive interactions compared to the PFPeA 

treatment. Additivity accounted for 46.2% of cases (6 of 13) and was 

confirmed for CARB, CAT, GPx, GSTs, CbEs_pNPA, and AChE. 

Antagonistic interactions covered 30.8% of the responses (4 out of 13), 

manifesting as bidirectional antagonism up for PROL, bidirectional 

antagonism down for PROT and TAC, and one-directional antagonism up 

for LPO. Nevertheless, synergism remained evident in 23.1% of the cases 

(3 out of 13), classified as one-directional synergism up for ETS and 

CbEs_pNPB, and bidirectional synergism down for SOD. Finally, co-

exposure to the multi-chemical mixture at reduced salinity (Table 4) resulted 

in a clear shift towards generalized antagonistic interactions. Antagonism 

affected 61.5% of the parameters (8 out of 13), with bidirectional 
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antagonism up as the dominant pattern for PROL, CARB, CAT, GSTs, and 

CbEs_pNPA, accompanied by bidirectional antagonism down for PROT, 

TAC, and GPx. Synergistic effects accounted for 30.8% of responses (4 out 

of 13) and manifested as one-directional synergism for ETS, LPO, and 

AChE, and bidirectional synergism for SOD. Unlike the single treatments, 

purely additive responses in the mixture scenario were minimal, occurring 

in just 7.7% (1 out of 13) and strictly limited to the CbEs_pNPB parameter. 

 

 
Table 2. Comparison of the independent action (IA) model predictions for the 

combination of PFPeA with reduced salinity (20). Interaction type is classified 

based on the magnitude of combined effects and direction of individual responses. 

 
PFPeA 20 

IA MODEL FOLD CHANGE PREDICTIONS VS FOLD CHANGE OBSERVED - 
PFPeA 

endpoint predicted observed 95% CI observed Interaction type 

ETS 0.77 0.163 (0.045 — 0.280) One directional 
synergism up 

PROL 2.43 1.459 (1.349 — 1.569) One directional 
synergism up 

PROT -0.36 -0.238 (-0.329 — -0.147) One directional 
synergism down 

CARB -0.46 0.409 (0.052 — 0.765) One directional 
synergism down 

TAC -0.38 -0.280 (-0.389 — -0.171) Additive 
SOD -0.03 -0.021 (-0.103— 0.061) Additive 

CAT 1.95 0.891 (0.440 — 1.341) Bidirectional synergism 
up 

GPx -0.5 -0.448 (-0.835 — -0.061) Additive 
GSTs -0.06 -0.018 (-0.122 — 0.087) Additive 

CbEs_pNPA 0.38 -0.001 (-0.078 — 0.075) Bidirectional antagonism 
down 

CbEs_pNPB 0.3 0.152 (0.067 — 0.237) One directional 
synergism up 

LPO 0.6 0.449 (0.418 — 0.481) One directional synergism 
up 

AChE 0.87 0.217 (-0.105 — 0.538) Bidirectional synergism up 
 
 
 
Table 3. Comparison of the independent action (IA) model predictions for the 

combination of GenX with reduced salinity (20). Interaction type is classified based 

on the magnitude of combined effects and direction of individual responses. 
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GenX 20 
IA MODEL FOLD CHANGE PREDICTIONS VS FOLD CHANGE OBSERVED - GenX 
endpoint predicted observed 95% CI observed Interaction type 

ETS 1.269 0.337 (-0.205 — 0.880) One directional 
synergism up 

PROL 0.611 1.418 (1.264 — 1.571) Bidirectional antagonism 
up 

PROT 0.268 -0.523 (-0.735 — -0.311) Bidirectional antagonism 
down 

CARB -0.159 -0.020 (-0.701 — 0.661) Additive 

TAC 0.028 -0.248 (-0.344 — -0.152) Bidirectional antagonism 
down 

SOD -0.125 -0.010 (-0.037 — 0.017) Bidirectional synergism 
down 

CAT 0.974 1.428 (0.943 — 1.913) Additive 
GPx -0.047 -0.206 (-0.417 — 0.005) Additive 

GSTs 0.010 0.060 (-0.167 — 0.287) Additive 
CbEs_pNPA 0.194 0.197 (-0.033 — 0.427) Additive 

CbEs_pNPB 0.571 0.031 (-0.060 — 0.121) One directional 
synergism up 

LPO 0.634 0.006 (-0.111 — 0.123) One directional 
antagonism up 

AChE 0.652 0.250 (-0.254 —0.754) Additive 
 
 
 
Table 4. Comparison of the independent action (IA) model predictions for the 

combination of MIX with reduced salinity (20). Interaction type is classified based 

on the magnitude of combined effects and direction of individual responses. 

 
MIX 20 

IA MODEL FOLD CHANGE PREDICTIONS VS FOLD CHANGE OBSERVED - MIX 

endpoint predicted observed 95% CI observed Interaction type 

ETS 1.087 0.324 (0.169 — 0.479) One directional 
synergism up 

PROL 0.983 1.200 (1.034— 1.366) Bidirectional 
antagonism up 

PROT -0.093 -0.488 (-0.683 — -0.292) Bidirectional 
antagonism down 

CARB -0.608 0.525 (-0.113 — 1.162) Bidirectional 
antagonism up 

TAC 0.039 -0.139 (-0.288— 0.009) Bidirectional 
antagonism down 

SOD -0.112 0.004 (-0.038 — 0.047) Bidirectional 
synergism down 

CAT 0.900 1.701 (1.548 — 1.854) Bidirectional 
antagonism up 
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GPx 0.566 0.228 (0.193 — 0.263) Bidirectional 
antagonism down 

GSTs 0.022 0.450 (0.424 — 0.477) Bidirectional 
antagonism up 

CbEs_pNPA -0.440 1.086 (0.874 — 1.299) Bidirectional 
antagonism up 

CbEs_pNPB 0.440 0.432 (0.250 — 0.6144) Additive 

LPO 0.559 0.399 (0.253 — 0.545) One directional 
synergism up 

AChE 0.802 0.302 (0.189 — 0.416) One directional 
synergism up 
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4. DISCUSSION 

The introduction of next-generation per- and polyfluoroalkyl 

substances (PFAS), such as perfluoropentanoic acid (PFPeA) and 

hexafluoropropylene oxide dimer acid (HFPO-DA), commonly known as 

GenX, was driven by the industrial need to replace highly persistent legacy 

compounds (Weatherly et al. 2023; Guo et al. 2024). Despite the theoretical 

assumption of their lower bioaccumulability, the high hydrophilicity and 

mobility of these molecules lead to their ubiquitous accumulation and 

persistence in the water column of coastal and transitional aquatic 

ecosystems (Xu et al. 2020; Guo et al. 2024). In addition to chemical 

pollution, these habitats face severe pressure from climate change (IPCC 

2022). Besides the presence of pollutants, aquatic systems are increasingly 

affected by environmental changes associated with climate change. The 

increase in anomalous and intense precipitation generates massive 

freshwater runoffs that rapidly dilute estuaries (Kelly et al. 2020; Martel et 

al. 2021). In highly dynamic systems like the Ria de Aveiro, the 

intensification of river discharge can drop salinity to values close to 20 

(Rodrigues et al. 2012). This rapid dilution and the resulting drop in osmotic 

pressure act as a strong environmental stressor, challenging the survival 

limits and ecological plasticity of resident organisms (Van Niekerk et al. 

2022). Since toxic exposure in nature never occurs under constant 

conditions, salinity variations emerge as a key ecological variable that 

influences both the bioavailability of contaminants and the physiological 

responses of exposed organisms (Freitas et al. 2019b). Based on these 

premises, the present study examined the biochemical alterations induced 

in the bioindicator Mytilus galloprovincialis to clarify how a realistic scenario 

of hypotonic stress (salinity 20) modifies the toxicological impact of PFPeA, 

GenX, and their mixture, and compares these effects with those under 

optimal standard marine-coastal conditions (salinity 30). Before delving into 

the biomarker responses, it is important to briefly address the chemical 

analyses of the tissues. As reported in the results section, the obtained data 

were mostly at trace levels, which only allows us to suggest a minimal tissue 
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accumulation of GenX compared to PFPeA. Given these low detectable 

concentrations, the following discussion will primarily focus on the 

significant physiological and biochemical alterations induced by these 

contaminants, rather than on their toxicokinetic. 

 

4.1. SALINITY AS A MAJOR STRESSOR (20 VS 30) 

To realistically assess the ecological risk of emerging contaminants, 

it is fundamental to first establish the baseline physiological response of the 

bivalve in response to environmental variations alone. As clearly highlighted 

by the multivariate analysis: Principal Coordinates Analysis (PCO) and 

Cluster Analysis; salinity represents the main segregation factor of the 

biochemical profiles of the entire experimental set, asserting itself to all 

intents and purposes as the master stressor. Indeed, the multivariate 

models clearly separate the samples into two distinct macro-groups: Cluster 

A, which groups all treatments at optimal salinity (30), and Cluster B, which 

exclusively encloses the scenarios under hyposalinity conditions (20). The 

comparison between the CTL groups at the two tested salinities (CTL 20 vs 

CTL 30) revealed that the decrease of salinity acts as a powerful abiotic 

stressor, capable of profoundly altering the metabolism and cellular 

homeostasis of M. galloprovincialis. At the biochemical level, the metabolic 

capacity of marine organisms is commonly evaluated by measuring the 

activity of the electron transport system (ETS), which represents a direct 

indicator (or proxy) of the cellular respiratory potential and, consequently, of 

the organism's overall physiological state (Freitas et al. 2017). The analysis 

of this biomarker in the present study showed significantly higher values in 

organisms from the CTL group maintained at salinity 20 compared with 

those at salinity 30. Such evidence is widely supported in the literature: 

recent investigations on M. galloprovincialis indeed confirm that, at reduced 

salinities, mussels undergo drastic metabolic adjustments necessary to 

maintain homeostasis, experiencing a net increase in energy demands 

strictly associated with the intense physiological effort of osmoregulation. 

This peak in ETS activity thus reflects a massive increase in the aerobic 
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metabolic rate typical of hypotonic environments. A similar dynamic was 

documented by Cunha et al. (2026), in which uncontaminated mussels 

exposed to a salinity of 20 showed hyperactivation of the ETS to cope with 

environmental osmotic stress. Shifting the focus to osmotic stress 

adaptation, the biochemical analysis revealed a seemingly paradoxical 

finding at salinity 20: a statistically significant increase in intracellular proline 

(PROL) concentrations. Under hyposalinity conditions, the extracellular 

environment is more diluted; consequently, the physiological Regulatory 

Volume Decrease response in bivalves typically involves the efflux or 

catabolism of organic osmolytes to counteract cell swelling, rather than their 

accumulation. Therefore, the observed increase in PROL in our samples 

cannot be interpreted as a classic osmotic balancing mechanism. On the 

contrary, this peak most likely reflects two ecophysiological phenomena 

closely linked to severe stress: on the one hand, massive protein 

degradation (catabolism) triggered by osmotic shock and high energy 

expenditure; on the other hand, the targeted action of prol as a secondary 

osmoprotectant and antioxidant. As highlighted in several studies on M. 

galloprovincialis exposed to salinity gradients, strong osmotic fluctuations 

induce severe cellular oxidative stress and profound alterations in the 

metabolic network (Carregosa et al. 2014; Andrade et al. 2021). In this 

critical context, the accumulation of free prol primarily acts as a "scavenger" 

for reactive oxygen species (ROS) and as a stabilizing element for 

membranes and protein macromolecules to limit their denaturation, rather 

than merely as a pressure regulator. This severe redistribution of energy 

resources (Cunha et al. 2026) fundamentally clarifies why the hyposalinity 

condition alone renders the organism metabolically exhausted and, in fact, 

intrinsically more vulnerable to the toxicological action of additional stress 

factors, such as chemical exposure to PFAS (Magallanes Alba et al. 2026). 

This extreme metabolic effort, however, entails a severe biological cost for 

the organism. The hyperactivation of the ETS, necessary to meet the 

pressing energy demands of osmoregulation, inevitably accelerates the 

mitochondrial respiratory chain. As widely demonstrated in the literature for 

M. galloprovincialis, the increase in metabolic rate at low salinities 
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represents one of the main sources of intracellular overproduction of ROS, 

particularly superoxide anions (Freitas et al. 2017). Confirming this 

dynamic, our results demonstrate that mussels in the CTL group maintained 

at salinity 20 (CTL 20), despite not being exposed to any chemical 

contaminant, showed significantly higher lipid peroxidation (LPO) levels 

compared to those maintained at the optimal salinity of 30. This finding 

indicates that the surplus of free radicals, generated by high ETS activity in 

response to hypoosmotic shock, saturated and exceeded the buffering 

capacity of natural antioxidant defenses. This physiological trend is fully 

consistent with what was documented by Freitas et al. (2017) in similar 

environmental scenarios; the authors indeed demonstrated that in M. 

galloprovincialis exposed to severe hypoosmotic stress (salinity 14 

compared to a CTL of 28), a massive increase in LPO is triggered, driven 

precisely by the overproduction of ROS resulting from increased ETS 

activity (Freitas et al. 2017). From this perspective, the activation of 

antioxidant defense mechanisms assumes great relevance. The results 

also highlighted significant differences in Catalase (CAT) activity, which was 

notably higher in the salinity 20 group than in the salinity 30 group. This 

dynamic is consistent with the literature, which documents how the activity 

of antioxidant enzymes: such as superoxide dismutase (SOD) and CAT; is 

equally higher at low salinities in uncontaminated organisms, representing 

a response activated in order to eliminate excess ROS and prevent cellular 

damage caused by hypoosmotic stress (Andrade et al. 2021). Although the 

mussel's antioxidant system attempts to compensate for the redox 

imbalance, as evidenced precisely by this CAT hyperactivation at salinity 

20, this response is not sufficient to prevent full-blown oxidative damage to 

the membrane lipids of cells. The structural vulnerability induced by osmotic 

stress is further supported by recent ecotoxicological investigations on 

coastal macroinvertebrates (Berezina 2025). Exposure to prolonged or 

fluctuating hypoosmotic states in bivalves is indeed commonly associated 

with excessive ROS formation, changes in tissue antioxidant enzyme 

activity, and the triggering of severe LPO processes (Berezina 2025). The 

integration of these physiological and damage biomarkers (ETS, PROL, and 
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LPO), therefore, defines a clear environmental baseline: salinity 20 does not 

represent a simple ecological fluctuation, but a condition that is stressful in 

itself. The organism, in a desperate attempt to maintain osmotic 

homeostasis through a demanding aerobic metabolism, is forced to suffer 

structural damage (LPO), arriving at the subsequent chemical exposure in 

a state of profound physiological exhaustion (Freitas et al. 2017). To 

consolidate the environmental stress analysis, integrating biomarkers via 

the Integrated Biomarker Response version 2 (IBRvs2) index provides an 

overview of the biological cost borne by the organism. By calculating the 

IBRvs2 score using the CTL condition at salinity 30 (CTL 30) as the 

reference baseline (value = 0), the extent of the imbalance induced solely 

by the environmental variable clearly emerges. The results show that the 

salinity 20 condition, taken in isolation in the CTL group (CTL 20), yields an 

IBRvs2 score of 12.4, compared to 0 for the optimal CTL. This value, 

obtained by synthesizing the entire set of measured biochemical responses, 

demonstrates that the mere dilution of the water column profoundly alters 

the mussel's homeostasis, forcing the organism toward a state of chronic 

allostasis even before any exposure to chemical contaminants. This 

evidence is consistent with the integrated approach proposed by Freitas et 

al. (2017), which emphasizes how multi-biomarker monitoring is essential 

to detect underlying physiological alterations in coastal environments 

subject to hydrological instability, where single parameters might not 

capture the complexity of the adaptive response. Ultimately, the IBRvs2 

score of CTL 20 confirms that salinity should not be interpreted as a mere 

boundary physical parameter, but rather as an active ecological 

determinant, capable of imposing an energetic and oxidative burden that 

effectively pre-conditions the mussel's response capacity towards external 

stressors, such as PFAS compounds.  

Alongside the metabolic alterations and oxidative damage induced 

by reduced salinity, it is equally relevant to examine the resilience of 

numerous basal biochemical parameters. Specifically, regarding energy 

reserves, such as total protein (PROT) and carbohydrate (CARB), no 

statistically significant differences were observed between the two CTL 



84 
 

conditions (CTL 20 vs CTL 30). On the other hand, the basal activity of 

various antioxidant enzymes—specifically SOD, CAT, glutathione 

peroxidase (GPx), glutathione reductase (GR), and total antioxidant 

capacity (TAC)—of phase I and II biotransformation enzymes 

(carboxylesterases, CbEs, and glutathione S-transferases, GSTs), and the 

neurotoxicity biomarker (acetylcholinesterase, AChE) remained stable. This 

biochemical stability suggests that, even in the presence of a measurable 

adaptive effort (highlighted by the drastic increase in ETS, PROL, LPO, and 

CAT under hypoosmotic conditions), M. galloprovincialis manages to 

preserve a baseline cellular homeostasis, avoiding a depletion of its energy 

reserves or a generalized collapse of enzymatic defenses. This ability to 

maintain stable PROT and CARB levels reflects the pronounced 

ecophysiological plasticity typical of euryhaline species, which have evolved 

complex tolerance strategies to withstand sudden estuarine fluctuations 

without immediate metabolic collapse (Magallanes Alba et al. 2026). The 

preservation of these stable parameters highlights how the mussel 

responds to hypoosmotic stress through a true "targeted response": the 

organism focuses energy resource allocation exclusively on critical survival 

pathways (such as osmoregulation and hydrogen peroxide management) 

(Sokolova et al. 2012), while simultaneously maintaining essential 

biochemical maintenance functions and cholinergic nerve transmission 

intact. This resilience profile, while confirming that the mussel can tolerate 

a salinity drop to 20 in the short- to medium-term, implicitly underscores the 

nature of the energy deployed: the biological system is operating in a state 

of allostasis, namely, maintaining stability through change. In this state, the 

organism, although apparently stable in its basal parameters, is extremely 

close to its physiological tolerance limit (Sokolova 2013), therefore 

becoming pre-conditioned to suffer the adverse effects of potential 

additional stressors (Sokolova et al. 2012; Rynkowski et al. 2025).  
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4.2. PFAS IMPACTS AT OPTIMAL SALINITY (30) 

Multivariate analysis, through cluster analysis and PCO, highlights 

that under salinity 30 conditions, the CTL group and the PFPeA treatment 

exhibit a comparable biochemical profile and cluster together. In this optimal 

osmotic context, the data reveal that PFPeA exerts a limited impact on the 

homeostasis of M. galloprovincialis compared to GenX and MIX. This 

evidence is supported by the IBRvs2 Index: at salinity 30, the treatment 

exposed to PFPeA records an IBRvs2 score of 10.1, being distinctly the 

lowest among all tested contamination scenarios. A detailed analysis of 

individual biomarkers reveals that PFPeA exposure is not entirely inert, but 

triggers a circumscribed biochemical response. Specifically, statistically 

significant differences compared to CTL 30 were observed only for CAT and 

CbEs activity measured with p-nitrophenyl butyrate (CbEs_pNPB), 

indicating an attempted adaptation of detoxification systems and 

mechanisms involved in hydrogen peroxide management. In parallel, a 

statistically significant difference was observed in LPO levels; the LPO 

values in the PFPeA treatment at salinity 30 are significantly lower than 

those in CTL 30. This finding suggests that the enzymatic stimulation 

induced by PFPeA triggered a transient imbalance where scavenging 

systems are in 'over-shooting'. Rather than implying a positive (hormetic) 

effect of the contaminant, this likely reflects an acute, hyper-efficient 

compensatory response that temporarily suppressed LPO levels below 

baseline, a state that may still entail long-term biological costs (Cho et al. 

2025). Despite these specific variations, the low systemic toxicity of this 

compound is largely attributable to the fact that the vast majority of 

investigated parameters showed no statistically significant differences 

compared to CTL 30. Specifically, for ETS, PROT, CARB, and PROL, no 

statistically significant differences were observed, indicating similarity to 

CTL conditions. Similarly, no statistically significant differences were 

observed for SOD, GPx, GR, and TAC, indicating the absence of a 

substantial imbalance in the antioxidant system (Cho et al. 2025). Finally, 

the responses of GSTs, CbEs activity measured with p-nitrophenyl acetate 
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(CbEs_pNPA), and AChE also showed no statistically significant 

differences compared to CTL 30. The biological basis for this differential 

toxicity is strictly linked to the specific molecular structure of the 

contaminants rather than solely to aliphatic chain length. While both PFPeA 

and GenX are considered next-generation replacements, their chemical 

behavior differs profoundly. The PFPeA is a simple short-chain PFAS (five 

carbon atoms), whose high hydrophilicity facilitates faster excretion and 

limits systemic accumulation (Ateia et al. 2019). Conversely, GenX 

incorporates an ether bond within its fluorinated carbon chain, a structural 

feature that makes it highly reactive and capable of triggering wide-ranging 

metabolic, oxidative, and neurobehavioral dysfunctions in aquatic 

organisms, despite also being a modern alternative (Agostini Valle et al. 

2026). It is plausible to hypothesize that, under optimal metabolic conditions 

such as those guaranteed by salinity 30, where the organism is not 

burdened by the energetic load of hypoosmotic stress, M. galloprovincialis 

manages to effectively handle the exposure to the contaminant, limiting its 

permanence in the organism and reducing the probability that 

concentrations capable of triggering a widespread oxidative stress cascade 

are reached. This interpretation is consistent with Palazzolo et al. (2022), 

who highlight that short-chain PFAS, despite being highly persistent in the 

environment, generally exhibit lower biological permanence than long-chain 

PFAS. The authors also report that the biological half-life tends to increase 

with the carbon chain length, ranging from a few weeks or months for short-

chain PFAS, such as Heptafluorobutyric acid (HFBA), to several years for 

Perfluorooctanesulfonic acid (PFOS) and Perfluorooctanoic acid (PFOA), 

thus suggesting a greater probability of systemic accumulation for long-

chain PFAS (Palazzolo et al. 2022). This observation appears particularly 

consistent with the results obtained in the present study, in which PFPeA 

did not prove to be biologically inert, but caused limited and localized 

modifications, exclusively affecting CAT, CbEs_pNPB, and LPO, without 

involving most of the analyzed biomarkers or compromising the organism's 

overall redox balance. Further evidence supporting this interpretation 

comes from the study by Cho et al. (2025), who evaluated the effects of a 



87 
 

MIX of short-chain PFAS: Perfluorobutanesulfonic acid (PFBS), PFPeA, 

and Perfluoroheptanoic acid (PFHpA), as well as the individual compounds, 

in Danio rerio larvae. The authors observed that exposure to PFPeA, both 

individually and within MIXs, causes a significant reduction in SOD and CAT 

activities, while GPx and malondialdehyde (MDA) levels, used as indicators 

of LPO, are not significantly altered. Furthermore, the study highlights 

transcriptional regulation of several genes involved in the antioxidant 

response, suggesting that these modifications may reflect the activation of 

adaptive mechanisms to counter oxidative stress induced by short-chain 

PFAS exposure (Cho et al. 2025). Although the results obtained in the 

present work do not perfectly coincide with those observed in the zebrafish, 

a substantial analogy emerges in the absence of marked terminal oxidative 

damage. Indeed, in the present study, PFPeA increased CAT activity 

without significantly altering SOD, GPx, GR, or TAC, whereas LPO levels 

were significantly lower than those in the CTL. Such differences can be 

attributed to the profound physiological differences between the considered 

species and to the different experimental conditions (Cho et al. 2025). 

Overall, both studies suggest that exposure to short-chain PFAS can 

selectively modulate the antioxidant system without necessarily leading to 

extensive LPO or a collapse of cellular homeostasis. Studies conducted 

directly on M. galloprovincialis also confirm that PFAS toxicity depends not 

only on carbon chain length but also on the specific molecular structure of 

the contaminant. The study by Cunha et al. (2025b) indeed compared 

different PFAS, observing that the compound 6:2 Fluorotelomer acrylate 

(6:2 FTA) showed relatively limited effects, whereas Perfluorohexanoic acid 

(PFHxA), despite also belonging to short-chain PFAS, caused more 

pronounced alterations in antioxidant defenses and TAC. These results 

demonstrate that classifying a compound as a short-chain PFAS does not 

necessarily imply an identical toxicological profile, but rather that the 

chemical-structural characteristics of a single molecule are a determining 

factor in modulating the biological response (Cunha et al. 2025b). The 

comparison with long-chain PFAS further strengthens this interpretation. In 

M. galloprovincialis, Copeto et al. (2024) observed that PFOA exposure 
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induces a much more extensive oxidative response, characterized by a 

marked modulation of GSTs, SOD, and CAT activity, which reflects a 

progressive and massive involvement of antioxidant defense systems as 

the contaminant concentration increases to prevent the onset of LPO 

damage (Copeto et al. 2024). Conversely, in the present study, PFPeA 

exclusively determined localized modifications to CAT and CbEs_pNPB, 

while most of the biomarkers involved in the antioxidant response (SOD, 

GPx, GR, TAC, and GSTs) showed no statistically significant differences 

compared to the control. Overall, the results indicate that PFPeA, although 

not biologically inert, induces a limited, predominantly adaptive biochemical 

response in M. galloprovincialis under the tested optimal osmotic 

conditions. Such behavior appears consistent with the properties generally 

attributed to short-chain PFAS, characterized by a lower tendency for 

bioaccumulation and a shorter biological permanence compared to long-

chain PFAS (Palazzolo et al. 2022). However, it must be considered that 

toxicity does not depend exclusively on the carbon chain length, but is also 

strongly influenced by the specific molecular structure of the individual 

compound and by the experimental conditions considered (Palazzolo et al. 

2022; Copeto et al. 2024; Cho et al. 2025; Cunha et al. 2025b).  

The present study further demonstrated a marked and unequivocal 

convergence in the biochemical responses of mussels exposed to GenX 

and MIX under control conditions (salinity 30). Unlike the PFPeA treatment, 

which tends to cluster with the CTL group, GenX and MIX clearly separate 

from basal conditions, forming a distinct, spatially isolated cluster. This 

severe deviation from homeostasis is clearly quantified by the IBRvs2 

scores, which at salinity 30 record maximum and highly similar values: 14.7 

for single GenX exposure and 13.6 for joint exposure (MIX). The high impact 

observed in these two experimental scenarios is driven by simultaneous, 

specific physiological alterations. Specifically, both GenX and MIX trigger a 

massive induction of phase I biotransformation enzymes, as highlighted by 

extremely pronounced positive peaks for the esterase isoform CbEs_pNPB. 

The drastic activation of CbEs confirms what was suggested by Solé and 

Sanchez-Hernandez (2018), who indicate these enzymes as early 
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biomarkers and primary targets for the detoxification of complex emerging 

contaminants. From an ecotoxicological standpoint, the extreme overlap in 

the biochemical profiles demonstrates that GenX precisely dominates and 

drives the overall toxicity within the MIX. The peculiar chemical structure of 

this emerging molecule, characterized by an ether bond within the 

fluorinated chain, makes it particularly reactive and capable of triggering 

wide-ranging metabolic, oxidative, and neurobehavioral dysfunctions in 

aquatic organisms (Agostini Valle et al. 2026). Faced with this xenobiotic, 

the CbEs_pNPB system is forcefully activated in an attempt to hydrolyze 

and manage the accumulation of the molecule. This dynamic is well 

supported by recent literature on M. galloprovincialis, which demonstrates 

that emerging PFAS induce highly variable and pronounced biochemical 

responses (especially in the digestive gland), significantly modulating CbEs 

activity to cope with chemical stress (Cunha et al. 2025a). Furthermore, 

recent comparative investigations of marine bivalves have highlighted that 

GenX can induce oxidative stress and histopathological damage that are 

greater than those of historical congeners like PFOA, confirming its strong 

intrinsic toxicity (Wang et al. 2024). The co-presence of a second 

contaminant in the MIX treatment, therefore, does not overturn the 

"aggressive" biochemical footprint dictated by GenX. The statistically 

significant differences recorded in the direct comparison between GenX and 

MIX are indeed extremely localized to only four parameters: PROT, GPx, 

the CbEs_pNPA isoform, and PROL. The significant induction of GPx 

observed exclusively in the MIX suggests that the simultaneous 

management of two molecules (PFPeA and GenX) requires an additional 

antioxidant intervention aimed at neutralizing peroxides. The ability to 

prevent free radical accumulation through timely and coordinated 

modulation of scavenger enzymes (such as GPx) reflects a fundamental 

redox protection mechanism that maintains cellular homeostasis and limits 

the propagation of lipid-mediated structural damage, as widely described in 

the oxidative toxicity pathways of marine organisms (Regoli and Giuliani 

2014). This isolated cluster formed by GenX and MIX stands in sharp and 

severe contrast to the limited impact observed for PFPeA at the same 
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optimal salinity. If GenX forces the system towards a detoxifying 

hyperactivation (CbEs), drastically distancing itself from the controls, 

PFPeA sits at the opposite extreme: it keeps energy parameters and most 

basal enzymatic defenses stable, recording the absolute lowest IBRvs2 

score (10.1). The radical ecotoxicological divergence between the two 

groups is toxicokinetic in nature. The PFPeA is a short-chain compound 

(five carbon atoms) lacking ether bonds. The lower toxicity observed for this 

compound is supported by the intrinsic physicochemical differences of 

PFAS: the high hydrophilicity, greater water solubility, and reduced 

tendency for bioaccumulation of short-chain compounds facilitate their 

faster excretion (Ateia et al. 2019; Palazzolo et al. 2022). Under 

normosalinity conditions, this dynamic prevents systemic damage and 

hyperactivation of biotransformation that are instead imposed by the 

complex ether structure of GenX (Cunha et al. 2025a; Agostini Valle et al. 

2026). 

 

4.3. PFAS IMPACTS AT HYPOSALINITY (20) 

Shifting attention to the salinity 20 scenario, multivariate analysis 

shows a distinctly different ecotoxicological picture from that observed 

under optimal conditions. Both PCO and Cluster Analysis highlight a 

differentiated segregation among the treatments: while at salinity 30, GenX 

clearly detached from the control, at salinity 20, the biochemical profiles of 

mussels exposed individually to PFPeA and GenX lose their distinct 

toxicological specificity, showing a marked convergence towards the 

metabolic profile of the control group (CTL 20). These three treatments 

indeed group together within a single shared macro-cluster (Cluster B.1). 

This strong spatial affinity in multivariate models is unequivocally supported 

by the IBRvs2 scores. At salinity 20, the IBRvs2 index shows nearly 

superimposable values across the Cluster B.1 groups: CTL 20 at 12.4, 

PFPeA at 13.5, and GenX at 13.0. The substantial absence of an additive 

increase in the IBRvs2 index in groups exposed to single PFAS, compared 
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with the control, indicates that, in this specific environmental scenario, the 

presence of the single contaminant does not measurably aggravate the 

organism's systemic stress profile. In ecotoxicology, this dynamic is known 

as the 'masking effect'. As previously discussed, hyposalinity acts as a 

primary and dominant stressor, imposing a severe energetic and oxidative 

burden that forces the biological system into an energy-limited state 

(Sokolova 2013). Operating near its tolerance limits to cope with osmotic 

stress, the organism lacks the metabolic flexibility required to mount a 

detoxification response proportional to the additional chemical insult. 

Consequently, the biochemical response expected in response to chemical 

exposure is 'masked' by the massive baseline physiological effort (Freitas 

et al. 2020b). Recent studies investigating the combined impact of salinity 

variations and exposure to emerging contaminants (such as salicylic acid) 

in M. galloprovincialis confirm this dynamic: the osmotic stress dominates 

the physiological picture by altering metabolism and redox balance, without 

the addition of the single pollutant managing to trigger clearly additive or 

synergistic toxicological effects (Freitas et al. 2020b). The functional 

explanation for this flattening of responses lies in the bivalve's bioenergetic 

limits. According to the concept of energy-limited tolerance to stress, an 

organism's energetic resources and metabolic capacity to convert and 

allocate energy are intrinsically finite (Sokolova 2013). Under severe 

environmental stress (condition of osmotic pejus or pessimum), the 

organism's aerobic scope—that is, the fraction of energy available after 

meeting basal maintenance costs—is drastically reduced (Sokolova et al. 

2012). Since maintaining cellular homeostasis in hyposalinity almost 

completely drains the energy budget, the organism no longer has the 

metabolic flexibility required to mount a detoxification response proportional 

to the additional chemical insult (Sokolova 2013). This physiological limit 

invalidates the assumption that two stressors necessarily produce double 

the damage. On the contrary, as widely demonstrated in recent meta-

analyses on cumulative effects in marine bivalves, 'non-additive' or 

antagonistic interactions are extremely frequent in multi-stressor scenarios 

(Rynkowski et al. 2025). When the cost of basal maintenance is pushed to 



92 
 

the extreme by a physical stressor (such as salinity), the biochemical 

system loses the ability to express distinct toxicological reactions for 

individual pollutants, causing biomarker profiles (e.g., antioxidant and phase 

I enzymes) to collapse into a shared pattern dominated by the 

environmental factor (Rynkowski et al. 2025).  

On the one hand, single treatments at salinity 20 (PFPeA and GenX) 

undergo a masking effect that makes them converge towards the control's 

basal conditions; on the other hand, co-exposure to the MIX with 

hypoosmotic stress generates a radically different toxicological scenario. 

Multivariate analysis highlights how the MIX treatment at salinity 20 

detaches itself clearly and unequivocally from the other groups, forming a 

segregated and spatially distant cluster (Cluster B.2) compared to the 

reference group (Cluster B.1). This severe spatial deviation translates into 

reaching the worst ecological risk of the entire experimental setup: the 

IBRvs2 score indeed undergoes a dramatic surge, reaching the absolute 

peak of 20.5. This value, which is almost double that recorded in single 

treatments, indicates that the chemical mixture can 'break through' the 

masking effect imposed by salinity, triggering a profound disruption of 

cellular homeostasis and driving the biological system towards collapse. 

The analysis of the biochemical parameters driving this exceptional IBRvs2 

increase reveals that the mussel's detoxification and defense system is in a 

state of 'overdrive' (extreme functional overload). Regarding the PFAS MIX 

exposure scenarios, the analysis returned an ecotoxicological picture of 

severe physiological compromise. The data indeed showed statistically 

significant differences in GPx, GSTs, CbEs_pNPA, PROT, and GR 

compared with all other experimental groups. The inclusion of GR in this 

response network is fundamental: from an ecophysiological point of view, 

the concomitant alteration of GR and GSTs indicates that the entire 

glutathione system is working at maximum capacity to recycle reduced 

glutathione (GSH) and attempt to counteract the systemic oxidative stress 

induced by combined exposure. However, as previously introduced, the 

organism experiences a 'ceiling effect' under these multi-stressor 

conditions. It is highly plausible that the metabolic machinery lacks sufficient 
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ATP to sustain the de novo synthesis of additional detoxifying or specific 

antioxidant enzymes in response to PFAS chemical insult. This energetic 

diversion towards pure survival effectively nullifies the possibility of 

mounting an additive defense, thus causing the collapse of compensatory 

responses in the face of simultaneous exposure to multiple contaminants. 

The simultaneous hyperactivation of these systems testifies to a massive 

redox imbalance caused not by a single contaminant but by the lethal 

chemical 'cocktail' combined with strong osmotic stress. Recent 

ecotoxicological studies conducted on M. galloprovincialis exposed to the 

combination of pollutants and salinity variations confirm that the 

simultaneous alteration of antioxidant mechanisms and the glutathione 

cycle represents a clear signal of severe systemic toxicological stress, in 

which the overproduction of ROS threatens the organism's viability (Freitas 

et al. 2020b). However, the true extent of this clinical picture is revealed by 

applying the Independent Action (IA) model to assess toxicological 

interactions among mixture components. Mathematical processing revealed 

a seemingly counterintuitive finding: a full 61.5% of the interactions 

recorded for the MIX at salinity 20 are antagonistic (involving key 

biomarkers such as PROL, CARB, CAT, GSTs, and TAC). In a multi-

stressor context, it is of fundamental importance to interpret this data in a 

strictly biological key: 'antagonism' at the biomarker level does not in any 

way imply that the animal is experiencing a lesser impact or that the two 

molecules cancel each other out, thereby reducing toxicity. On the contrary, 

antagonism simply indicates that the measured biological response is lower 

than what would be obtained if the effects of the two PFAS were added 

mathematically. This occurs because the organism, likely depleted by the 

enormous osmoregulatory effort (salinity 20) and simultaneously assaulted 

by two complex fluorinated compounds, approaches its absolute 

physiological limit. The system cannot exceed its own maximum enzymatic 

expression capacity, preventing the animal from mounting an additive 

defense (Rynkowski et al. 2025). The organism enters a critical phase, 

corresponding to the ecological pessimum range, in which every residual 

fraction of energy is allocated exclusively to basal maintenance, thereby 
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sacrificing the ability to respond further to the chemical insult (Sokolova et 

al. 2012). This interpretation is strongly supported by recent reviews in 

marine ecotoxicology. Recent meta-analyses on the cumulative effects of 

multiple stressors on bivalves highlight how antagonistic responses are 

extremely prevalent in multi-stressor studies precisely due to intrinsic 

physiological limitations (Rynkowski et al. 2025). When an impassable 

physiological limit is reached, the impact of a second or third stressor is 

mathematically reduced simply because the system cannot exceed its own 

maximum enzymatic expression capacity (Rynkowski et al. 2025). 

Furthermore, genomic and transcriptomic studies on bivalves exposed to 

complex mixtures have demonstrated that the appearance of antagonistic 

interactions to predictive toxicity models often reflects the onset of 

toxicodynamic alterations and the partial failure of cellular mechanisms, 

which can no longer operate in a linear and additive manner (Banni et al. 

2011).  
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5. CONCLUSION AND FUTURE PROSPECTIVES  
 

The progressive replacement of legacy per- and polyfluoroalkyl 

substances (PFAS) with new-generation fluorinated compounds was driven 

by the need for safer alternatives, yet their high mobility leads to their 

persistent accumulation in coastal and transitional ecosystems (Xu et al. 

2020; Guo et al. 2024). Concurrently, these dynamic habitats are severely 

threatened by climate change, experiencing severe salinity declines due to 

anomalous freshwater runoff (IPCC 2022; Van Niekerk et al. 2022). This 

study demonstrated that emerging molecules like perfluoropentanoic acid 

(PFPeA) and hexafluoropropylene oxide dimer acid (HFPO-DA), commonly 

known as GenX interact with hypotonic stress, causing profound 

disturbances in the metabolic and antioxidant defense systems of Mytilus 

galloprovincialis. The results clearly highlight that hyposalinity (20) acts as 

a dominant "master stressor". The extreme dilution forces the mussel into a 

massive osmoregulatory effort, leading to the hyperactivation of the electron 

transport system (ETS), intracellular accumulation of proline (PROL), and 

severe oxidative damage via lipid peroxidation (LPO), even under 

uncontaminated conditions (Freitas et al. 2017; Cunha et al. 2026). This 

preconditions the biological system, forcing it into an energy-limited state 

that alters its capacity to cope with subsequent chemical insults (Sokolova 

2013). Under optimal osmotic conditions (salinity 30), the toxicity of PFAS 

is strictly dependent on their molecular structure. The compound PFPeA, 

being a short-chain and highly hydrophilic compound, induces only localized 

adaptive responses with minimal systemic toxicity, likely due to its faster 

excretion (Ateia et al. 2019; Palazzolo et al. 2022). Conversely, GenX, 

characterized by a highly reactive ether bond, drives a severe deviation from 

homeostasis, triggering a massive activation of phase I biotransformation 

enzymes: carboxylesterases activity measured with p-nitrophenyl butyrate 

(CbEs_pNPB) to manage the xenobiotic accumulation (Solé and Sanchez-

Hernandez 2018; Cunha et al. 2025a; Agostini Valle et al. 2026). When 

combined with severe hypotonic stress (salinity 20), individual PFAS 
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exposures undergo a "masking effect": the metabolically exhausted mussel 

lacks the energy flexibility to mount specific additive defenses against the 

single chemicals (Freitas et al. 2020b). However, co-exposure to the 

chemical mixture (MIX) breaks this masking effect, driving the organism 

toward physiological collapse. The simultaneous hyperactivation of the 

glutathione cycle enzymes, such as glutathione reductase (GR) and 

glutathione S-transferases (GSTs), indicates a massive redox imbalance 

(Freitas et al. 2020b). Crucially, the mathematical "antagonism" observed 

for the mixture does not imply reduced toxicity but rather signifies that the 

organism has reached its absolute physiological ceiling (ecological 

pessimum), losing the capacity to sustain additive enzymatic responses 

(Sokolova et al. 2012; Rynkowski et al. 2025). This work confirms that next-

generation PFAS, such as PFPeA and GenX, have not resolved the 

ecotoxicological criticalities of their predecessors, often exhibiting complex 

and severe impacts (Wang et al. 2024; Cunha et al. 2025b). Moving forward, 

ecological risk assessments must abandon single-contaminant testing 

under optimal conditions. Future biomonitoring strategies must prioritize 

multi-stressor scenarios that integrate realistic climatic variables, such as 

extreme salinity fluctuations, which act as powerful toxicity modulators 

(Freitas et al. 2017). Finally, to gain a deeper understanding of the partial 

failure of cellular mechanisms observed under severe environmental stress, 

future research should incorporate transcriptomic and genomic approaches 

to uncover the toxicodynamic alterations induced by complex chemical 

mixtures in marine bivalves (Banni et al. 2011). 
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