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PREFACE 

 The growing awareness of the interconnection between human, animal, 

and environmental health has underscored the need for an integrated ñOne 

Healthò approach. This perspective recognizes that the well-being of 

ecosystems, humans, and animals is mutually dependent, necessitating 

joint strategies to address environmental and health challenges. Per- and 

polyfluoroalkyl substances (PFAS) exemplify this challenge: their 

persistent environmental contamination and adverse biological impacts, 

evident across a broad range of organisms from microorganisms to 

humans, demand rigorous ecological and health assessments. 

Understanding the multifaceted consequences of PFAS is essential for 

developing effective policies and intervention strategies that protect both 

environmental and biological systems. 

This study investigates the impacts of PFAS through a cross-sectional 

analysis that integrates ecological and health dimensions, employing the 

One Health framework to synthesize information on how these 

contaminants affect organisms and the environment. This interdisciplinary 

approach is fundamental for achieving a comprehensive understanding of 

PFAS effects and for formulating regulations that can effectively mitigate 

associated risks. 

Chapter 1 provides an introductory literature review that establishes the 

theoretical foundations of environmental and ecosystem dynamics, with a 
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particular focus on contaminant dispersion mechanisms. Although this 

chapter does not present original empirical data, it offers a comprehensive 

overview of established ecological principles and contamination 

dynamics, thereby creating the necessary context for the original analyses 

that follow. 

Chapter 2 focuses on evaluating the biochemical and behavioral effects of 

PFAS using alternative animal modelsðspecifically, the earthworm 

Eisenia fetida, a model organism widely employed in soil contamination 

studies. Given their ecological relevance, sensitivity to soil pollutants, and 

crucial role in nutrient cycling, earthworms serve as an effective surrogate 

for understanding PFAS impacts on terrestrial environments. This chapter 

examines the physiological and behavioral responses of earthworms 

exposed to various PFAS compounds, providing insights into the direct 

impacts on soil ecosystems. 

Chapter 3 explores the correlations between PFAS-induced alterations in 

neurotransmitter profiles and the resulting motor and behavioral changes. 

Using animal models, this chapter analyzes the effects of PFAS on brain 

function and behavior, highlighting potential risks to neurological health. 

Chapters 4 and 5 present original experimental data on the neurotoxic 

effects of PFAS on both the central and peripheral nervous systems, with 

a particular emphasis on next-generation PFAS compounds. These 

chapters incorporate novel molecular docking studies that elucidate the 
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interactions between PFAS and specific neurological targets at the 

molecular level, offering new insights into the mechanistic underpinnings 

of PFAS-induced neurotoxicity. 

Chapter 6 examines the proteomic alterations induced by PFOS exposure 

in peripheral blood mononuclear cells (PBMCs) following stimulation 

with pathogen-associated molecular patterns. This chapter provides a 

detailed analysis of the molecular changes triggered by PFOS, shedding 

light on the underlying pathogenic mechanisms and immune signaling 

pathways affected by this contaminant. 

Finally, Chapter 7 synthesizes the studyôs findings and proposes an 

Integrated Approach to Testing and Assessment (IATA) of PFAS 

substances. Drawing on the empirical results and best practices identified 

throughout the research, this chapter outlines strategic guidelines for the 

management and control of PFAS at the European level. 

Collectively, this work underscores the necessity of a holistic One Health 

perspective in addressing the pervasive challenges posed by PFAS and 

contributes to the formulation of comprehensive and effective regulatory 

policies. 
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ABBREVIATIONS  

 

¶ 5-HT - 5-Hydroxytryptamine (Serotonin) 

¶ Abcb1 - ATP-binding cassette sub-family B member 1 

¶ Abcg2 - ATP-binding cassette sub-family G member 2 

¶ ACh - Acetylcholine 

¶ AChE - Acetylcholinesterase 

¶ ADHD - Attention Deficit Hyperactivity Disorder 

¶ ADONA - Dodecafluoro-3H-4,8-dioxanonanoate 

¶ AFFF - Aqueous Film-Forming Foam 

¶ BBB - Blood-Brain Barrier 

¶ Ca2+ - Calcium Ions 

¶ CAT - Catalase 

¶ ECF - Electrochemical Fluorination 

¶ F-53B - 6:2 Chlorinated Polyfluoroalkyl Ether Sulfonate 

¶ FSA - Fluorosulfonamide Alcohols 

¶ FTAC - Fluorotelomer Acrylates 

¶ FTO - Fluorotelomer Olefins 

¶ FTOH - Fluorotelomer Alcohols 

¶ FTP - Fluorotelomer Polymers 

¶ GABA - Gamma-Aminobutyric Acid 
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¶ GABA_A Receptor - Gamma-Aminobutyric Acid type A Receptor 

¶ GPx - Glutathione Peroxidase 

¶ GR - Glutathione Reductase 

¶ GST - Glutathione S-Transferase 

¶ HFPO-DA - Hexafluoropropylene Oxide Dimer Acid (also known 

as Gen-X) 

¶ IARC - International Agency for Research on Cancer 

¶ IATA - Integrated Approaches to Testing and Assessment 

¶ IL -6 - Interleukin 6 

¶ iPSCs - Induced Pluripotent Stem Cells 

¶ MEA - Microelectrode Array 

¶ NAFLD - Non-Alcoholic Fatty Liver Disease 

¶ NAMs - New Approach Methodologies 

¶ NAPL - Non-Aqueous Phase Liquid 

¶ NK Cells - Natural Killer Cells 

¶ OECD - Organisation for Economic Co-operation and 

Development 

¶ PAP - Polyfluoroalkyl Phosphate Esters 

¶ PCOS - Polycystic Ovary Syndrome 

¶ PFAA - Perfluoroalkyl Acids 

¶ PFAS - Per- and Polyfluoroalkyl Substances 

¶ PFBA - Perfluorobutanoic Acid 
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¶ PFBS - Perfluorobutanoic Sulfonic acid 

¶ PFEA - Perfluoropolyethers 

¶ PFECA - Perfluoroether Carboxylic Acids 

¶ PFESA - Perfluoroether Sulfonic Acids 

¶ PFHxS - Perfluorohexane Sulfonic acid 

¶ PFOA - Perfluorooctanoic Acid 

¶ PFOS - Perfluorooctane Sulfonic acid 

¶ PoDs - Points of Departure 

¶ PPAR - Peroxisome Proliferator-Activated Receptor 

¶ PVN - Paraventricular Nucleus (of the hypothalamus) 

¶ REACH - Registration, Evaluation, Authorization, and Restriction 

of Chemicals 

¶ ROS - Reactive Oxygen Species 

¶ SOD - Superoxide Dismutase 

¶ STG - Stomatogastric Ganglia 

¶ STNS - Stomatogastric Nervous System 

¶ TNF-Ŭ - Tumor Necrosis Factor Alpha 

¶ WWTP - Wastewater Treatment Plant 
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1.1.PFAS 

Recent studies have increasingly highlighted the severe threat to global 

health posed by per- and polyfluoroalkyl substances (PFAS), a diverse 

group of over 4,600 synthetic organic compounds widely utilized since the 

late 1940s for their unique properties (Peritore et al., 2023). These 

properties, such as oil and water repellency, have made PFAS valuable in 

various industrial and commercial products, including fast food containers, 

dyes, waterproofing agents for fabrics, carpets, and upholstery, non-stick 

coatings for cookware, flame retardants, and aqueous film-forming foams 

(AFFF) (Wang et al., 2017; Xiao, 2017; Kwiatkowski et al., 2021). The 

persistence of PFAS in the environment has allowed them to become 

widespread contaminants, raising significant concerns for both 

environmental and human health. 

Given their extensive use, PFAS have been detected globally, even in 

remote regions far from pollution sources, underscoring their pervasive 

nature (Panieri et al., 2022). Their persistence is largely due to their unique 

physio-chemical properties, including the strength of the carbon-fluorine 

bond, the larger size of the fluorine atom compared to hydrogen, dielectric 

properties, and low surface tension. These characteristics make PFAS 

resistant to heat, chemicals, and biochemical degradation, enhancing their 

versatility, strength, and durability across a wide range of applications 

(Bonato et al., 2020; Teymoorian et al., 2021). 

https://www.sciencedirect.com/science/article/pii/S0025326X17301751
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Contamination by PFAS arises from various sources, including AFFF 

spills at firefighting training facilities, discharges into water bodies, and 

the use of contaminated sewage sludge as soil amendments. Additionally, 

irrigation of fields with contaminated surface or groundwater, as well as 

the use of pesticides and herbicides containing PFAS, contribute to their 

environmental spread (Ghisi et al., 2019). Once in the soil, these 

substances are absorbed by plants, entering the food chain and ultimately 

reaching humans, where they can cause significant health issues (Zhao et 

al., 2013). 

The stability of PFAS is due to their polar organic molecular structure, 

which consists of multiple carbon-fluorine bonds forming either a linear 

or branched chain. Their amphipathic nature, characterized by a 

hydrophobic carbon tail and a hydrophilic head formed by the functional 

group, enables them to bind to both proteins and lipids once inside 

organisms (Panieri et al., 2022). This property contributes to their tendency 

to accumulate in the body. For example, perfluorooctane sulfonate (PFOS) 

and perfluorooctanoic acid (PFOA) are two highly toxic and widely used 

PFAS that are easily absorbed but not metabolized, leading to an increase 

in body burden over time (Blake and Fenton, 2020; Shahsavari et al., 

2021). The bioaccumulation potential of PFAS increases proportionally 

with the length of the carbon chain, further compounding their persistence 

in the environment. 
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Finally, PFAS can originate from various substances containing a 

perfluoroalkyl fraction through both abiotic and biotic processes that 

modify the non-fluorinated portion of the molecule, converting it into 

perfluoroalkyl substances. This transformation, coupled with the extensive 

use of PFAS in diverse industrial applications, underscores their 

significant impact on both environmental and human health (Ghisi et al., 

2019). 
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Table 1:List of legacy PFAS, uses and chemical features (Ghisi et al., 2019). 

Per- and polyfluoroalkyl substances (PFAS) are divided into two primary 

categories: perfluoroalkyl and polyfluoroalkyl substances.  

Perfluoroalkyl substances include both long and short carbon chains 

(ranging from C2 to C13+), with a functional groupðeither carboxylic 

(PFCA) or sulfonic (PFSA) acidðattached to one end. Fluorine atoms are 
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bonded to all positions along the chain except at the carboxyl head 

(Parsons et al., 2008). In contrast, polyfluoroalkyl substances are only 

partially fluorinated, as some carbon atoms are bonded to hydrogen or 

oxygen, resulting in weaker chains that are more susceptible to microbial 

degradation (Buck et al., 2011). 

Among the various PFAS, three of the most extensively studied and 

widespread compounds are perfluorooctane sulfonate (PFOS), 

perfluorooctanoic acid (PFOA), and perfluorohexane sulfonate (PFHxS). 

PFOS is characterized by eight fully fluorinated carbon atoms terminating 

in a sulfonic functional group, with a molecular weight of 500.13 g/mol. It 

has been used for decades as a coating and protective agent. On the other 

hand, PFOA consists of a fully fluorinated seven-carbon chain ending in a 

carboxylic functional group, with a molecular weight of 414.07 g/mol. 

Historically, PFOA has been a crucial component in aqueous film-forming 

foams (AFFF), non-stick coatings, and waterproofing agents. PFHxS, with 

a six-carbon fully fluorinated chain and a molecular weight of 400.12 

g/mol, PFHxS shares similar physicochemical properties and applications 

with PFOS and PFOA. (Buck et al., 2011). 

The bioaccumulation of PFAS in organisms has raised serious concerns, 

leading to numerous ecotoxicological studies. These studies have linked 

PFAS exposure to a variety of adverse effects on human health and 

ecosystems, including cancer, immune system dysfunction, liver damage, 
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hormonal disruption, and developmental and reproductive harm (Fenton et 

al., 2021). Due to their widespread use, persistence, and associated risks, 

PFOS and PFOA have become the focus of significant attention from 

scientists, consumers, and policymakers. As a result, regulatory actions 

have been implemented: the U.S. Environmental Protection Agency (EPA) 

banned PFOS in consumer products in the 2000s, and in May 2009, PFOS 

was added to Annex B of the Stockholm Convention on Persistent Organic 

Pollutants (POP), which restricts its production and use (Grønnestad et al., 

2019; EU Regulation 2019 1021). Ten years later, PFOA was also included 

in Annex A, which mandates the complete elimination of certain 

substances, In May 2025, the Stockholm Convention adopted 29 decisions, 

including eight joint decisions by the three conventions on shared issues. 

A key outcome of the Conference was the amendment of Annex A to the 

Stockholm Convention to include three new chemicals: the pesticide 

chlorpyrifos and two groups of industrial chemicals, long-chain 

perfluorocarboxylic acids (LC-PFCAs) and medium-chain chlorinated 

paraffins (MCCPs).  

Similarly, the European Union has enforced regulations to limit PFOS 

content in products to a maximum of 10 mg/kg, as outlined in the 2010 

Commission Regulation. Some countries, such as Norway, have adopted 

even stricter measures, banning PFOS in firefighting foams and the textile 

industry (Grønnestad et al., 2019). In Italy, on January 29, 2014, the 
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Istituto Superiore di Sanità (ISS) announced that concentrations of 

Perfluorobutanoic Acid (PFBA) and Perfluorobutanoic Sulfonate (PFBS) 

found in various matrices up to 500 ng/L pose no significant risk to human 

health and recommended adhering to established guidelines for other 

PFAS (Regione Veneto). 

These regulatory measures have driven industries to seek alternative 

compounds, both fluorinated and non-fluorinated. Among the fluorinated 

alternatives to legacy PFAS, two main groups have emerged: short-chain 

PFAA homologs (C8 or shorter) and perfluoropolyethers (PFEA). PFEA 

are further subdivided into perfluoroether carboxylic acids (PFECA) and 

sulfonic acids (PFESA), which are similar in structure and chemistry to 

PFCA and PFSA but with an acidic functional group attached to a per- or 

polyfluoroether chain rather than a perfluoroalkyl chain (Morganti et al., 

2021). For example, in the production of polytetrafluoroethylene, PFOA 

has been replaced by molecules that link shorter chains with one or more 
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oxygen atoms, forming linear or cyclic ethers or polyethers such as 

ADONA, Gen-X, and C6O4 (Wang et al., 2015b; Morganti et al., 2021). 

 

 

Table 2: List of New Generation PFAS (Zhang et all. 2021). 

Short-chain perfluoroalkyl acids (PFAA) are generally considered to have 

lower bioaccumulation and toxicity than their long-chain counterparts. 

However, these compounds can still pose significant risks to the ecosystem 

due to their persistence, potential for bioaccumulation, ecotoxicity, and 

ability to travel long distances in the environment (Wang et al., 2015b). In 
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fact, short-chain PFAA are just as persistent as long-chain PFAA. 

Although they are less bioaccumulative in animals and humans, they may 

show higher absorption in plant tissues, including leaves, stems, and fruits 

(Wang et al., 2013). 

Alternative organofluorine ether molecules have been developed to exhibit 

lower bioaccumulation potential by introducing one or more alkyl ether 

bonds (CïOïC) along the fluoroalkyl chain, which theoretically makes the 

chain more susceptible to breakdown (Munoz et al., 2019). However, the 

toxicity of these alternatives remains unclear and warrants further 

investigation. The inclusion of oxygen atoms in the perfluoroether chain 

was intended to create a vulnerable point in the molecule, allowing the 

chain to break into shorter, less persistent perfluorinated segments (Wang 

et al., 2015b). 

In some cases, the potential for bioaccumulation has not been well-

documented, such as with hexafluoropropylene oxide dimer acid (HFPO-

DA, also known as Gen-X) and dodecafluoro-3H-4,8-dioxanonanoate 

(ADONA) (Munoz et al., 2019). In other instances, available data has 

contradicted expectations. For example, the F-53B 6:2 chlorinated 

polyfluoroalkyl ether sulfonate (6:2 Cl-PFESA) may have a higher 

bioaccumulation potential than PFOS, potentially leading to 

biomagnification in food webs. Additionally, 6:2 Cl-PFESA appears to 

have acute toxicity similar to PFOS, while ADONA shows lower acute 
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toxicity in rats compared to PFOS or PFOA (Munoz et al., 2019). 

Generally, known perfluoroether carboxylic acids (PFECA) and 

perfluoroether sulfonic acids (PFESA) have physicochemical properties 

similar to long-chain PFAS, such as high-water solubility and air-water 

partition coefficients that are within an order of magnitude of those for 

PFOA and PFOS (Wang et al., 2015b). 

Perfluoropolyethers have been categorized into eight classes, including 

perfluoroalkyl monoether carboxylates (such as HFPO-DA ammonium 

salt), fluoroalkyl polyether carboxylates (including ADONA), and 

unsaturated fluoroalkyl ether carboxylates. These compounds are used as 

processing aids in the production of fluoropolymers, replacing ammonium 

salts of PFOA and perfluorononanoate (PFNA) during the manufacture of 

polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) 

(Munoz et al., 2019). 

GenX, developed as a replacement for PFOA in fluoropolymer production, 

is also used as an oil-repellent coating due to its water solubility at pH > 

2.84. While it was presumed to have lower bioaccumulation and toxicity, 

various adverse effects have been observed in animal studies, likely due to 

its persistence in the environment (Gebreab et al., 2020). During the 

production of GenX, by-products such as perfluoro-2-methoxypropanoic 

acid (PFMOPrA) and perfluoro-4-methoxybutanoic acid (PFMOBA) can 
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be generated and may spread due to unauthorized discharges (Woodlief et 

al., 2021). 

Another next-generation PFAS, known commercially as C6O4, is a 

monocyclic perfluorinated ether. It is a multi-component mixture of 

diastereoisomers of the compound ammonium ((2,2,4,5-tetrafluoro-5-

(trifluoromethoxy)-1,3-dioxolan-4-yl)oxy) difluoroacetate. This 

compound is highly soluble (> 667 g/L at 21°C) and thermally unstable 

(Coperchini et al., 2020). 

In 2011, the Solvay registered C6O4 under the European Union's REACH 

(Registration, Evaluation, Authorization, and Restriction of Chemicals) 

law as a production intermediate not intended for environmental release 

(Mahoney et al., 2022). This molecule is also indicated as a PFOA 

replacement, with its salt used as an industrial auxiliary in the 

polymerization of fluoropolymers such as PTFE, which is used in non-

stick cookware and other food-contact items. Despite its intended 

containment within industrial processes, C6O4 contamination was 

detected in 2019 in the Po River, with concentration peaks around 100 ng/l. 

This contamination originated from plant discharges and leachate from 

landfills that accepted industrial waste (Zhu et al., 2022). Additionally, 

C6O4 was found in the blood of workers at production facilities, raising 

concerns about the environmental and health risks associated with this new 

compound (Minuz et al., 2021). 
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1.1.1. PFAS exposure and fate pathways 

This section delves into the mechanisms of transport and the fate of PFAS 

after they are released into the environment, with an emphasis on 

understanding how these contaminants migrate and distribute from their 

points of origin. It is essential to recognize that the fate and transport of 

PFAS are governed by three key factors: 

1. Characteristics of PFAS: This includes whether the compounds are 

perfluorinated or polyfluorinated, as well as their chain length, 

functional groups, and charge state. 

2. Characteristics of the Contamination Site: Factors such as the site's 

geochemistry, hydrology, prevailing atmospheric conditions, and 

the presence of co-contaminants play a crucial role. 

3. Nature of the Release: This pertains to the specific circumstances 

under which PFAS are introduced into the environment. 

Among these factors, the inherent characteristics of PFAS are particularly 

influential, adding complexity to environmental assessments. As 

previously mentioned, the vast array of PFAS compounds exhibits diverse 

behaviors in the environment, depending on their physical and chemical 

properties. 

The primary direct sources of PFAS released into the environment include 

industrial discharges into surface and groundwater, atmospheric 
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deposition, accidental spills, and the use of firefighting foams. Indirect 

sources encompass landfills, wastewater treatment plants (WWTPs), and 

the application of contaminated biosolids. A thorough analysis of the 

processes governing the deposition, accumulation, transformation, and 

absorption of these contaminants requires an interdisciplinary approach, 

underscoring the complexity of managing PFAS-impacted sites (Sharifan 

et al., 2021). 

Recent studies suggest that contamination from direct sources of PFAS has 

a significant environmental impact, accounting for approximately 80% of 

the total impact (Armitage et al., 2006; Dickman & Aga, 2022)). In 

comparison, indirect sources contribute much less to the overall 

environmental burden. Additionally, analyzing emissions from direct 

sources is critical for understanding long-range transport and global fate 

characteristics. 

Contamination stemming from industrial facilities can be categorized 

based on how PFAS are utilized in the production process: primary use 

refers to PFAS being integral to the final product, while secondary use 

involves PFAS supporting industrial operations. Since the 1950s, a variety 

of industries have routinely employed PFAS, including textile and leather 

manufacturers, paper mills, metal finishers, wire producers, plating 

facilities, and manufacturers involved in surfactants, resins, molds, 

plastics, photolithography, and semiconductors (ITRC, 2020). While the 

https://www.sciencedirect.com/science/article/abs/pii/S0048969721010378
https://www.sciencedirect.com/science/article/abs/pii/S0048969721010378
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specific mechanisms of PFAS release differ by industry, common 

pathways include wastewater and rainwater discharges, solid waste 

disposal (both on-site and off-site), accidental releases like leaks and spills, 

and emissions from stacks and fugitive sources. Moreover, industrial sites 

often involve co-contaminants (e.g., solvents, petroleum products) that 

may further influence PFAS behavior (see Figure 1). 

Figure 1 Conceptual Site Model for industrial site. 

Landfills are a significant source of PFAS contamination, serving as the 

final destination for numerous consumer products, industrial waste 

containing PFAS, sewage sludge from wastewater treatment plants, and 

waste from contaminated sites. The presence of PFAS in landfill leachate, 

including compounds such as perfluoroalkyl acids (PFAA), fluorotelomer 

polymers (FTP), perfluoroalkyl sulfonamide derivatives, and 

polyfluoroalkyl phosphate esters (PAP), is well-documented, though 

concentrations can vary widely (Meegoda et al., 2020). Modern landfill 

https://www.sciencedirect.com/science/article/abs/pii/S0304389420302308
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management practices aim to reduce leachate infiltration by employing 

composite liners, compacted soil layers, and leachate collection systems, 

making proper landfill construction and management critical to preventing 

groundwater contamination. Recent research has also highlighted the role 

of atmospheric transport from landfills, observing that gas emissions 

contribute to the dispersal of PFAS. 

Controlled activities such as firefighting drills, as well as uncontrolled 

events like accidents and spills during transportation, result in the 

discharge of aqueous film-forming foams (AFFF) into the environment. 

AFFFs, commonly known as firefighting foams, are commercially 

available surfactant solutions composed of water, hydrocarbon surfactants, 

organic solvents, polymers, various additives, and fluorosurfactants 

(ITRC, 2020). These foams have been used for decades to extinguish 

hydrocarbon fuel fires. 

Two main categories of AFFF can be distinguished based on their 

production method: those synthesized via electrochemical fluorination 

(ECF) (Buck et al., 2011) and those produced through 

fluorotelomerization. While ECF-derived and fluorotelomerization-

derived AFFFs contain markedly different PFAS mixtures, empirical 

studies have often identified PFOS as the predominant compound in higher 

concentrations at contaminated sites (Filipovic et al., 2015). Upon 

environmental release, AFFFs have the potential to contaminate surface 
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waters, groundwater, and soils. It is important to note that petroleum 

hydrocarbons from unburned fuels, particularly non-aqueous phase liquids 

(NAPLs), are often detected alongside PFAS and can influence their fate 

and transport dynamics (McKenzie et al., 2016). 

Although PFAS are less volatile than other organic contaminants, they can 

still partition into the atmosphere under certain conditions. Airborne PFAS 

typically include neutral volatiles such as fluorotelomeric alcohols 

(FTOH), fluorotelomeric olefins (FTO), fluorotelomer acrylates (FTAC), 

and fluorosulfonamide alcohols (FSA) (Meegoda et al., 2020). 

Additionally, ionic species like perfluorooctanoic acid (PFOA) and PFOS, 

though low in volatility, may be transported bound to particulate matter 

(Yao et al., 2017). Atmospheric contamination is a key mechanism for 

PFAS migration, as partitioning occurs between gaseous and particulate 

phases, leading to wet or dry deposition on the Earth's surface (Galloway 

et al., 2020). Consequently, atmospheric deposition processes, influenced 

by prevailing wind patterns, can result in extensive PFAS contamination 

and establish a regional "background" concentration in terrestrial 

ecosystems (Sharifan et al., 2021). 

Extensive research has identified significant levels of PFAS in the 

effluents of wastewater treatment plants (WWTPs), particularly short-

chain PFAS due to their high mobility in urbanized and industrialized 

environments (McKenzie et al., 2016). PFAS originating from WWTPs 

https://www.sciencedirect.com/science/article/abs/pii/S004565351530044X
https://www.sciencedirect.com/science/article/abs/pii/S0304389420302308
https://www.sciencedirect.com/science/article/abs/pii/S0025326X17307358
https://www.sciencedirect.com/science/article/abs/pii/S0269749120300440
https://www.sciencedirect.com/science/article/abs/pii/S0269749120300440
https://www.sciencedirect.com/science/article/abs/pii/S0048969721010378
https://www.sciencedirect.com/science/article/abs/pii/S004565351530044X
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typically follow several pathways, including point source effluent 

discharges, accidental leaks or releases from shallow embankments, 

atmospheric emissions, and disposal of biosolids and other by-products 

generated during treatment. The PFAS profile in WWTPs is influenced by 

several factors (ITRC, 2020): 

¶ The type and concentration of PFAS in industrial wastewater 

discharges. 

¶ The biological and chemical transformation of polyfluorinated 

substances (i.e., PFAS precursors) into intermediates and terminal 

degradation products, such as perfluoroalkyl acids (PFAA). 

¶ The physical and chemical partitioning processes involved. 

Generally, perfluorinated compounds are not effectively removed during 

wastewater treatment, while polyfluorinated precursors may be converted 

into PFAA (Sharifan et al., 2021). Due to their hydrophobic nature, PFAS 

tend to adsorb to solid particles and accumulate in residual sewage sludge 

or biosolids. The use of biosolids is a common practice for nutrient 

recycling and soil fertility enhancement; however, this practice can lead to 

the release of PFAS into agricultural land, impacting the vadose zone and 

potentially contaminating water, crops, and dairy products. 

https://www.sciencedirect.com/science/article/abs/pii/S0048969721010378
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Figure 2 Pathways of PFAS environmental release and exposure (Meegoda et al., 2020) 

1.1.2.  Toxic effects and detoxification mechanisms 

When a contaminant is dispersed in the environment and comes into 

contact with organisms, it can alter metabolism; consequently, growth, 

reproduction, and, in severe cases, the survival of a population are 

influenced. In this situation, the exposed organism may respond with an 

increase or decrease in one or more cellular or physiological processes. 

Primary toxicity is typically exerted at the biochemical and molecular 
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levels, such as altering enzymatic activities, DNA, and metabolic products. 

Only later effects can be observed at the organelle, cell, tissue, organism, 

and population levels. All these negative effects vary depending on the 

nature of the substance, the concentration ratio, the exposure time, and the 

organism's conditions. Specifically, PFAS induce oxidative stress mainly 

due to an increase in the production of reactive oxygen species (ROS), 

which can damage biological macromolecules like proteins, lipids, and 

nucleic acids, and a simultaneous reduction in the activity of antioxidant 

enzymes. In turn, oxidative stress initiates the apoptosis program. It is 

important to note that the organism also develops adaptive responses to 

stress aimed at restoring equilibrium. 

Indeed, studies have shown that in some animal and plant species, low 

concentrations of PFOS and PFOA increase the activity of antioxidant 

enzymes, while higher concentrations inhibit their activity. In addition to 

these damages, there is also an increased energy expenditure for 

compensatory and adaptive responses, consequently reducing the energy 

available for other functions of the organism. 

ROS are physiologically formed in organisms during ATP formation at the 

mitochondrial level: oxygen is the final electron acceptor in the electron 

transport chain and is normally reduced to water; however, some electrons 

can react directly with the molecule. About 3% of O2 used by the cell is 

converted into ROS, but this value increases, sometimes significantly, if 
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the cell is under stress, such as from PFAS contamination. Being persistent 

substances with slow degradation, highly polar, and mobile in aqueous 

environments, including biological tissue water, PFAS can cause severe 

health damage to the entire ecosystem. ROS induce lipid membrane 

peroxidation through the oxidation of polyunsaturated fatty acids, 

inactivation of enzymes by oxidizing them, and damage to nucleic acids 

by altering their integrity. Consequently, oxidative stress in humans has 

been linked to various diseases, including diabetes, cardiovascular 

diseases, chronic inflammatory diseases, central nervous system disorders, 

age-related disorders, and cancer (Bonato, M et al., 2020). 

Living organisms respond with increased expression of antioxidant 

enzymes and other molecules aimed at protecting and repairing oxidative 

damage. The main antioxidant enzymes are catalase, superoxide 

dismutase, glutathione peroxidase, peroxiredoxins, and methionine 

sulfoxide reductase. These must act together as some of their products are 

still reactive and cytotoxic, such as H2O2 produced by SOD. Non-

enzymatic antioxidants, on the other hand, are low-molecular-weight 

molecules rich in thiol groups, such as metallothioneins or glutathione (a 

substrate for glutathione peroxidase and acts as a scavenger of ROS during 

H2O2 detoxification processes). Cells in response to PFAS can also 

activate and/or silence genes that encode for defensive enzymes, 

transcription factors, and structural proteins (Rudzanová et al., 2024). 
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Consequently, there may be an accumulation of oxidation products of 

lipids, nucleic acids, proteins, sugars, and sterols, leading to cellular 

dysfunction. 

In higher plants, several experiments have shown that at low 

concentrations of PFOS, germination is favored as it stimulates the 

hydrolytic activity of seed amylase, while at higher values, it causes 

inhibitory effects and cellular damage to roots and shoots of seedlings. In 

the study developed by Zhou et al., (2016), researchers analyzed the toxic 

effect of high concentrations of PFOA, which causes physiological stress 

by inhibiting the growth of wheat seedlings. It was observed that roots 

were more inhibited than shoots since they are the first contact point of 

organic contaminants in soils. Zhou et al., (2016) assessed the activities of 

catalase (CAT) and peroxidases (POD) and the content of proline. The 

latter is an amino acid that accumulates in response to contamination and 

thus environmental stress, to prevent membrane alteration and act as a 

scavenger of hydroxyl radicals. The activity of POD in eliminating H2O2 

produced by superoxide dismutase and the proline content increased 

significantly with increasing concentration; conversely, CAT activity was 

inhibited, likely explaining the reduction in growth. 

In humans, exposure to PFOA and PFOS has resulted in an increase in the 

activities of superoxide dismutase (SOD), CAT, and glutathione reductase 
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(GR), and a decrease in the activity of glutathione peroxidase (GPx) and 

glutathione S-transferase (GST) (Bonato et al., 2020). 

It has also been demonstrated that PFAS stimulate adipocyte 

differentiation, lipid metabolism in cell cultures, and potentially estrogenic 

and anti-estrogenic effects. These findings indicate potential genotoxic and 

cytotoxic effects in human cells. 

In vivo experiments on mice have demonstrated that PFOA induces 

histopathological changes in the pancreas due to oxidative stress. PFAS 

are known to cause peroxisome proliferation in rodents by activating the 

peroxisome proliferator-activated receptor Ŭ (PPARŬ), which is involved 

in regulating energy homeostasis, lipid and glucose metabolism, and 

adipocyte differentiation and function (Bonato et al., 2020). These 

substances can also act as PPAR agonists, as PFOA, structurally like 

endogenous fatty acids, is transported to the nucleus where it activates 

PPAR. PFAS, including PFOS, PFOA, PFCA, and PFSA, can bind to class 

2 peroxisome proliferator-activated receptors like PPARŬ. Activation of 

these receptors increases the beta-oxidation of fatty acids and ROS 

production. Oxidative stress in humans is particularly harmful and has 

been linked to various diseases, including arteriosclerosis, heart attacks, 

central nervous system disorders, and cancer (Sunderland et al., 2019).  
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There is considerable chemical, biochemical, and molecular data 

supporting the idea that PFAS cause oxidative stress in animals; however, 

it should be noted that most of this data is based on experiments conducted 

on fish. Chemical data concern the formation of ROS and lipid 

peroxidation. For example, in vitro studies on red goldfish (Carassius 

auratus) treated with PFOA and tilapia hepatocytes (Oreochromis 

niloticus) with PFOS or PFOA have shown that PFAS significantly 

increase the rate of ROS formation in a dose-dependent manner. In 

contrast, in embryos of fathead minnows (Pimephales promelas) and 

zebrafish larvae exposed to PFOS, lipid peroxidation is reported. A 

specific case is observed in Pimephales promelas, where a significant 

increase in damaged lipids is seen in males, while females do not show this 

effect. One of the few articles not based on fish reports the results of 

chicken exposure to PFOS and F53-B at environmentally relevant 

concentrations: no oxidative damage to lipids or proteins was observed 

(Bonato et al., 2020). 

Biochemical data include glutathione biosynthesis and the induction of 

antioxidant enzymes. Studies analyzing GSH levels in PFAS-exposed 

organisms are limited, and all are conducted in vitro. For example, a study 

on red goldfish lymphocytes treated with PFOA shows a reduction in GSH 

content, likely because it is utilized as a cofactor by GPx and GST 

enzymes. As for antioxidant enzyme activity, the most studied are SOD, 
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CAT, and GPx. PFAS lead to an increase in SOD induction, as seen in 

zebrafish treated with PFOS or yellow perch (Perca flavescens) sampled 

from the St. Lawrence River. However, there are exceptions, such as in 

Japanese medaka (Oryzias latipes) and goldfish, where PFOA exposure 

does not modify or decreases SOD activity. Alternatives to PFOS, like F-

53B or 6:2 FTAB, also significantly reduce SOD activity or do not produce 

changes (Bonato et al., 2020). The only available data for mitochondrial 

SOD were found in chickens, where activity increases with PFOS and F-

53B treatment. The increased SOD activity is presumably due to an 

increase in the rate of superoxide radical formation (O2ī), the target of the 

enzyme; conversely, decreased activity indicates strong oxidative stress, 

which leads to the inactivation of antioxidant defenses. CAT activity is 

much more variable than that of SOD, with species-specific and dose-

dependent responses: in environmental conditions, CAT increases, as in 

yellow perch; at higher laboratory concentrations, zebrafish embryos show 

increased CAT activity, but concentrations >1.0 mg/L can exert inhibitory 

effects; tilapia is more resistant, with CAT activity increasing even at 

PFOS or PFOA concentrations of 30 mg/L. Variations in CAT activity 

may also be influenced to some extent by the pathways of contaminant 

acquisition, with dietary pathways seemingly not favoring oxidative stress. 

In chickens, CAT activity is not affected by F53-B. Glutathione peroxidase 

shows similar variability: in some cases, PFAS exposure did not induce 
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modifications in enzymatic activity, as in Arctic kittiwakes (Rissa spp.) 

accumulating PFAS from the environment and chickens exposed to PFOS; 

in zebrafish exposed to PFOS, activity increased, while in tilapia exposed 

to PFOS and PFOA, a dose-dependent reduction was observed. In many 

cases, it can be observed that CAT and GPx enzymatic activities are 

inversely correlated since both have H2O2 as a substrate, thus being 

complementary in the antioxidant system. As for glutathione reductase 

activity, crucial in glutathione synthesis, it is influenced by treatments with 

PFOS or F-53B in chickens (Bonato et al., 2020). 

 

1.1.3. Persistence, Ubiquity, and Toxicity of PFAS 

from terrestrial ecosystems to human health 

Per- and polyfluoroalkyl substances (PFAS) are hazardous due to their 

persistence, ubiquity, and toxicity. These substances can disrupt biological 

functions, potentially causing molecular and cellular damage that affects 

physiological processes throughout the organism. If not properly 

addressed, PFAS can lead to visible effects in tissues, organs, and systems. 

Such alterations can impact essential functions, behavior, development, 

growth, and reproductive success. Over time, these changes may affect 

entire populations and ecosystems, leading to reduced ecosystem services, 

loss of biodiversity, and issues with trophic networks and biomagnification 
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(M¿ller, C. E et al., 2011, Grßnnestad, R et al., 2019, DôHollander et al., 

2014).  

Soil contamination by PFAS presents significant risks, particularly with 

regard to introducing contaminants into trophic networks and subsequent 

biomagnification. This is the process where pollutants accumulate at 

higher concentrations as they ascend the food chain. Initially absorbed by 

plants through their roots, PFAS are transported to above-ground parts 

consumed by herbivores and then preyed upon by carnivores. Earthworms 

also absorb PFAS directly from the soil, which are then ingested by various 

small omnivorous mammals (Grßnnestad, R et al., 2019, DôHollander et 

al., 2014). The transfer of PFAS is facilitated by their high degree of 

bioaccumulation, efficient transfer from food to consumers, long 

persistence, and low elimination rates from organisms (DôHollander et al., 

2014). 

For Bombus terrestris, long-term exposure to PFOS can lead to sublethal 

effects on foraging behavior and reproduction, potentially causing colony 

loss and contributing to a broader decline in biodiversity (Mommaerts et 

al., 2011). As PFOS is present in all plant compartments, including pollen 

and nectar, further field studies are required to fully assess the associated 

risks. 

PFAS contamination impacts soil ecosystems, particularly affecting 

earthworms, which play a critical role in nutrient cycling and soil structure. 
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PFAS can reduce the activity of key soil enzymes and disrupt beneficial 

microbial activities. He et al. (2016) demonstrated that PFAS exposure 

disrupts the activity of dehydrogenase, urease, and nitrification potentialð

essential enzymes in soil nutrient metabolism. 

The effects of PFAS on different organisms vary based on species, 

exposure time, and concentration. For example, Zhao et al. (2020) found 

that earthworms and wheat influence each other in PFAS bioaccumulation. 

Earthworms tend to accumulate longer-chain PFAS, while plants 

accumulate shorter-chain PFAS. When both are present, earthworms 

compete with wheat for long-chain PFAS, resulting in lower 

bioaccumulation in plants. PFAS bioaccumulation in mammals also 

occurs, with the liver frequently being the primary organ affected (Riebe, 

R. A et al., 2020). 

In humans, PFAS impact various organs including the kidneys, thyroid, 

liver, testes, ovaries, placenta, and pancreas. PFAS accumulate in these 

organs and generate reactive oxygen species (ROS) that damage cellular 

metabolism and physiological functions. As PFAS are bioaccumulative, 

concentrations increase with age. In adults, PFAS levels are highest in the 

pulmonary tissue, although PFOS and PFOA preferentially accumulate in 

the liver and bone structure (Bonato, M et al., 2020). Prenatal exposure to 

PFAS can influence fetal development and long-term health. 
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PFAS act as endocrine disruptors, potentially altering reproductive health. 

They can affect the regular development of testes during fetal 

development, disrupting spermatogenesis and steroidogenesis. In adults, 

PFAS can interfere with reproductive and steroid hormones. Oxidative 

stress from ROS negatively impacts male reproductive function, leading 

to infertility due to disruptions in the hypothalamic-pituitary-gonadal axis 

and hormonal system communication. Elevated cortisol levels from PFAS 

exposure can inhibit luteinizing hormone (LH) secretion, affecting 

testosterone production (Bonato, M et al., 2020). 

In women, PFAS exposure is associated with polycystic ovary syndrome 

(PCOS), a leading cause of ovarian infertility due to endocrine disruption. 

ROS can inhibit progesterone production and interfere with its hormonal 

activity, potentially affecting fetal development and leading to severe 

outcomes such as miscarriage (Manea, S et al., 2020). The kidneys, 

involved in PFAS excretion, can suffer damage through reabsorption of 

PFAS in renal tubules, extending their half-lives in the body. While the 

exact toxicity mechanisms are not fully understood, theories include 

receptor activation or mitochondrial dysfunction. Associations between 

PFAS exposure and reduced renal function or kidney cancer have been 

observed, with higher serum concentrations linked to increased mortality 

(Bonato, M et al., 2020). 
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PFAS exposure is also connected to higher risks of cerebrovascular 

diseases, myocardial infarction, and Alzheimerôs disease, particularly with 

PFOA exposure. Women may face an elevated risk of breast cancer and 

Parkinsonôs disease. PFAS are suspected obesogens, potentially altering 

metabolic functions and cholesterol levels. Studies indicate that PFAS 

exposure associated with obesity increases the risk of lipid metabolism 

disturbances. PFAS may also contribute to type 2 diabetes, though results 

are inconsistent. High PFOA exposure is linked to elevated platelet 

aggregation, which may lead to atherosclerotic cardiovascular diseases due 

to the activation of platelets by ROS produced by other platelets or by the 

PFAS themselves (Bonato, M et al., 2020). 

Overall, extensive research underscores the need for continued 

investigation into the full impact of PFAS on ecosystems and human health 

and highlights the urgency of implementing effective management and 

mitigation strategies. 

1.2. Innate immune system and PFAS 

 

Perfluorinated compounds, may have adverse effects on the immune 

system and innate immunity, which is essential and universally present in 

all plants and animals (Antoniou et al., 2022, 2018; Qazi et al., 2009; 

Pecquet et al., 2020; Phelps et al., 2023). Specifically, PFAS have been 

shown to be immunotoxic, but most data are focused on effects in humans 
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and rodents. There is some information on Danio rerio (zebrafish), but 

data on other organisms are still lacking. Regarding invertebrates, which 

represent over 90% of existing species and play crucial roles in the 

ecosystem, there is a notable absence of literature, with only one study 

available on Perna viridis, known as the green mussel (Liu and Yew-

Hoong Gin, 2018). Consequently, most research examines adaptive 

immunity rather than innate immunity. Many studies focus on lymphocyte 

responses and alterations, T and B cell proliferation, cytokine production, 

and NK cell cytotoxic activity (Phelps et al., 2023). Other studies have 

explored disease resistance, monocyte phagocytosis, and secondary effects 

such as lymphoid organ weight, serum antibody levels, and histological 

changes in immune organs (Antoniou et al., 2022). Few studies have 

investigated the effects of PFAS on neutrophils and macrophages, and 

those that have used a relatively small number of PFAS (Phelps et al., 

2023). 

The immunological effects of four long-chain PFAS (C7-C9) on 

phagocytic capacity and spontaneous cytotoxicity in Perna viridis have 

been examined. The study revealed a marked decline in 

immunocompetence due to exposure to these pollutants, with biomarker 

responses decreasing as exposure levels rose. Importantly, cell vitality was 

found to decrease with higher concentrations of the pollutants, potentially 

leading to reduced immune activity that relies on effective cell-to-cell 
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interactions. Previous research in rodents and human cell cultures has 

similarly documented compromised cell vitality following PFAS exposure 

(Souders et al., 2021). 

Moreover, PFAS have been shown to cause instability in lysosomal 

membranes, which are involved in phagocytosis of foreign substances and 

degradation of cellular waste and debris (Liu and Yew-Hoong Gin, 2018). 

Both phagocytosis and spontaneous cytotoxicity decline as PFAS 

concentrations increase, which is particularly concerning since these 

processes are the primary immune defense mechanisms in invertebrates. 

Phagocytosis involves cells engulfing solid particles to eliminate 

pathogens and bacteria, and inhibition of this process could lead to reduced 

immune competence, possibly due to diminished cell vitality following 

PFAS exposure. Spontaneous cytotoxicity refers to the ability of 

hemocytes to recognize and destroy foreign cells. Similar response 

patterns in both mechanisms may be linked to cell vitality, as these 

immune processes rely on healthy interactions between hemocytes and 

foreign cells. (Liu and Yew-Hoong Gin, 2018). 

PFAS might also induce immunotoxicity through gene regulation: studies 

have shown that these substances can suppress cell adhesion, affecting 

phagocytosis and spontaneous cytotoxicity (Liu and Yew-Hoong Gin, 

2018). In other organisms, such as zebrafish, studies have been conducted 

on toxicity during embryo development to assess the effects on 
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neutrophils, the first immune cells to develop. Pecquet et al. (2020) 

performed a chemotaxis assay in D. rerio to observe and count the total 

number of neutrophils migrating in response to a small wound at the tail, 

comparing results across various PFOA treatments. The PFOA 

concentrations were 60 and 6 times lower than the lowest experimental 

concentration inducing sub-lethal effects. The results showed a statistically 

significant trend of decreased neutrophil recruitment with increasing 

PFOA concentration, without altering the overall neutrophil count in the 

organism: higher pollutant concentrations led to fewer neutrophils at the 

wound site. This demonstrates that developing embryos are sensitive to 

PFOA exposure, which modifies the innate immune system in vivo during 

embryonic development (Pecquet et al., 2020). 

In contrast, Phelps et al. (2023) investigated respiratory burst in zebrafish 

larvae. This is a crucial function of neutrophils and macrophages that 

involves generating reactive oxygen species (ROS), which have 

microbicidal properties and also act as secondary messengers in signal 

transduction to amplify the immune response. Another notable aspect of 

Phelps et al.'s (2023) study is the use of additional molecules, including 

GenX, Nafion byproduct 2, and PFMOAA-Na (sodium salt of 

perfluoromethoxyacetic acid), along with commonly used legacy PFAS 

such as PFOA and PFOS. Zebrafish larvae treated with these nine 

pollutants were also exposed to phorbol 12-myristate 13-acetate (PMA) to 
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induce ROS production. The researchers found that PFHxA and GenX 

significantly inhibited respiratory burst, with PFHxA showing slightly 

more potent effects compared to GenX (Phelps et al., 2023). However, 

neither compound altered the neutrophil count, which could explain the 

suppression of this phenomenon. 

Previous studies in mice had also examined the potential effects of PFAS 

on innate immunity, focusing primarily on PFOS effects on Natural Killer 

(NK) cell functionality (Qazi et al., 2009). High doses of the pollutant were 

found to reduce NK cell activity, whereas lower concentrations actually 

increased cellular activity. Evidence indicates that exposure to PFOS 

during gestation can suppress NK cell activity in adult offspring, 

suggesting that these cells are particularly sensitive to the compound 

during developmental stages (Qazi et al., 2009). 

In a study by Antoniou et al. (2022), various components of innate 

immunity, including serum lysozyme and NK cell activity, were analyzed 

in mice. The researchers observed differing responses between males and 

females: for instance, NK cell activity increased in males but not in 

females. Conversely, lysozyme activity significantly increased in females 

but not in males, with no relationship to PFOS dose. 

Qazi et al. (2009) explored the effects of PFOS and PFOA on various types 

of circulating innate immune cells and the functional capacity of 

macrophages in the peritoneal cavity, bone marrow, and spleen. Both 
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chemicals were found to cause leukopenia and lymphopenia, which are 

reductions in circulating white blood cells and lymphocytes. Neutropenia, 

a decrease in neutrophils, was noted only with PFOA exposure. Although 

the total number of macrophages remained unchanged, PFOS and PFOA 

exposure increased the proportion of macrophages in the peritoneal cavity 

but decreased both their proportion and total number in the bone marrow. 

(Qazi et al., 2009). Additionally, increased levels of pro-inflammatory 

cytokines TNF-Ŭ and IL-6 were observed in cells isolated from the 

peritoneal cavity and bone marrow of mice exposed to both pollutants, in 

response to bacterial lipopolysaccharide stimulation. 

Despite some previous studies suggesting that PFAS do not induce lethal 

toxic effects, these results imply that sub-lethal effects are a significant 

concern, as the health of organisms may become more vulnerable due to 

immune system weakening, especially when PFAS coexist with other 

toxic pollutants or pathogens (Liu and Yew-Hoong Gin, 2018). 

 

1.3. Per- and Polyfluoroalkyl Substances (PFAS): Thyroid 

Dysfunction, Cancer Risk, and Endocrine Disruption 

 

PFAS, or per- and polyfluoroalkyl substances, are chemical compounds 

capable of contaminating various natural environments, including water, 

air and soil, resulting in human exposure from a variety of sources, both 



 46  
 

occupational and environmental. Common PFAS include 

perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS) and 

perfluorohexanesulfonic acid (PFHxS). Their ubiquitous occurrence in the 

environment and their ability to persist without degradation, as 

documented by Fromme et al. (2009), contribute to their spread and 

consequently to the risk of human exposure via multiple pathways. 

 

In recent years, scientific attention has increasingly focused on 

understanding the effects of environmental chemicals, particularly those 

with estrogenic activity such as PFAS, on cancer risk. This growing 

interest reflects concern about how these widely used chemicals may 

interact with the human endocrine system and negatively affect health, 

potentially contributing to the development of various cancers. PFAS are 

ubiquitous in the environment and can act as xenoestrogens, substances 

that mimic the effects of estrogen in the human body. This property allows 

them to alter the hormonal system, which could increase the risk of cancer 

(Wan et al., 2021). 

Perfluorooctanoic acid (PFOA) and, to a lesser extent, 

perfluorooctanesulfonic acid (PFOS) are associated with thyroid 

dysfunction. Recent studies have documented changes in thyroid hormone 

levels following exposure to these PFAS (Coperchini et al., 2020), as 

shown in Figure 3. PFAS are therefore associated with thyroid problems, 
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indicating a negative impact on the availability and regulation of thyroid 

hormones (Kim et al., 2018). 

 

Figure 3: The role of6 PFAS in thyroid health. (Coperchini et al., 2020) 

In terms of cancer risk, the International Agency for Research on Cancer 

(IARC) has classified PFOA as "carcinogenic to humans" (Group 1) based 

on robust mechanistic evidence and sufficient evidence from animal 

studies. In contrast, PFOS was classified as "possibly carcinogenic to 

humans" (Group 2B). Although research on the association between PFAS 

and thyroid cancer is still limited and the mechanisms by which PFAS 

exposure might influence the development of thyroid cancer are only 

partially understood (Boyd et al., 2022), current data suggest that PFAS 

may be associated with an increased incidence of tumors, particularly 

those affecting the kidneys and testes (Steenland et al., 2020). 
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Despite numerous systematic reviews and meta-analyses documenting a 

significant increase in the risk of kidney and testicular cancers associated 

with PFAS exposure, convincing evidence establishing a significant link 

between PFAS and liver cancer has not emerged. Recent studies and global 

analyses have not found relevant associations between PFAS and liver 

carcinogenesis (Ying et al., 2018; Steenland et al., 2021; IARC, 2017; 

Chang et al., 2016; Ding et al., 2020). 

In summary, PFAS, due to their estrogenic properties and widespread 

environmental dispersion, pose a considerable threat to human health. 

These chemical compounds have the potential to negatively impact various 

aspects of health, including an increased risk of developing various types 

of tumors. Among the cancers associated with PFAS exposure, breast 

cancer is particularly concerning. Additionally, alterations in thyroid 

function represent another significant adverse effect, further 

compromising overall well-being. The extensive environmental spread of 

PFAS amplifies these risks, making the issue particularly urgent and 

relevant. Therefore, it is essential to continue monitoring and studying the 

impact of PFAS on human health to implement appropriate preventive 

measures and minimize potential harm (Wan et al., 2021; Davies and 

Welch, 2006; Miranda-Filho et al., 2021). 
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1.4. PPARs and PFAS: Impacts on brain function and 

metabolic health 

 

An important molecular target that should be further explored is the group 

of nuclear receptors known as peroxisome proliferator-activated receptors 

(PPARs). These receptors act as transcription factors and are categorised 

into three main subtypes: PPARŬ, PPARɔ and PPARɓ/ŭ. Each of these 

subtypes has a specific tissue distribution and gene regulation. In general, 

PPARs are expressed in tissues with high metabolic demand, such as liver, 

kidney and brain, and play a crucial role in regulating the immune system 

(Zhang and Young, 2002). Consequently, PPARs represent a major 

molecular target for renal, hepatic and immune disorders associated with 

exposure to PFAS, with potential direct and indirect effects on the brain. 

Evidence from in vivo and in vitro studies suggests that various PFASs act 

as agonists for all three types of PPARs. For example, perfluorooctanoic 

acid (PFOA) has been observed to interact with PPARŬ, PPARɔ and 

PPARɓ/ŭ receptors and promote adipogenesis in 3T3-L1 cells (Li et al., 

2019). In addition, animal studies have shown that PFAS can alter hepatic 

lipid metabolism, likely through interactions with PPARs, contributing to 

the risk of non-alcoholic fatty liver disease (NAFLD) associated with 

exposure to these compounds (Rebholz et al., 2016; Kirk et al., 2021). 
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Since metabolic processes are regulated by the brain via the 

neuroendocrine system of the hypothalamus, PPARŬ, which is expressed 

in the paraventricular nucleus of the hypothalamus, plays a crucial role in 

the feedback system that regulates feeding behavior (Asakawa et al., 

2008). Consequently, PPARs in the brain may represent critical targets for 

PFAS and significantly affect overall metabolic homeostasis (Behr et al., 

2020). In addition, PPARŬ is also localized at the blood-brain barrier 

(BBB), where it regulates the expression of ATP-binding cassette efflux 

transporters (ABC), including P-glycoprotein (Abcb1), breast cancer 

resistance protein (Bcrp/Abcg2) and multidrug resistance-associated 

protein (Mrp2/Abcc2) (More et al., 2017). PPARŬ modulates the activity 

of these transporters and thus influences the passage of substances through 

the BBB. This regulation could have a significant impact, not only on the 

protection of the brain from potentially harmful substances, but also on the 

efficacy of drugs used to treat neurological diseases. 

More et al., study (2017) has shown that PPARŬ agonists, including PFOS 

and PFNA, increase both the expression and activity of these efflux 

transporters. Although this mechanism may serve as a protective response 

to limit the penetration of PFAS into the brain, it could also interfere with 

the efficacy of drugs used to treat neurological disorders, which could 

reduce the availability and efficacy of necessary medications to treat these 

disorders (Kirk et al., 2021). 
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Therefore, it is crucial to conduct further research to gain a more 

comprehensive understanding of the role that PPARs play in both the 

direct and indirect effects of PFAS on brain function and overall 

neurological health. A more detailed and systematic investigation is 

needed to clarify the extent to which PPARs influence brain responses and 

pathophysiologic mechanisms related to PFAS exposure. This approach 

will help to uncover the complexity of the biological processes involved 

and may provide information for future therapeutic strategies and 

preventive measures to treat neurological problems associated with PFAS. 

 

1.5. Neurological damage correlations with PFAS 

contamination 

 

Numerous scientific studies have examined the effects of PFAS on the 

nervous system in detail. The accumulated evidence suggests that these 

chemicals have neurotoxic effects and may be associated with chronic 

psychiatric disorders and various neurodegenerative diseases. These 

findings, well documented in the scientific literature (Brown-Leung J.M., 

Cannon J.R., 2022), confirm the growing concern and interest in the 

potential neurological health risks associated with PFAS exposure. 

It has been hypothesized that PFAS, due to their surfactant properties, may 

impair the integrity of cell membranes, facilitate their passage through the 
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blood-brain barrier and accumulate in brain tissue (Harada et al., 2006; Yu 

et al., 2020). Studies in mice treated with PFOS have shown an impairment 

of the blood-brain barrier characterized by increased permeability to a 

variety of substances. This phenomenon has made the brain susceptible 

not only to the accumulation of PFAS, but also to the penetration of other 

neurotoxins and toxic compounds, increasing the risk of severe damage to 

the central nervous system. 

New data increasingly suggest that PFAS could be neurotoxic and 

significantly impair neurological function (Cao and Ng, 2021). Recent 

research suggests that these chemicals not only affect the health of the 

nervous system but can also alter various aspects of its functions, 

highlighting the need for further studies to fully understand the 

mechanisms by which PFASs exert their neurotoxic effects. There is 

growing evidence that PFAS are neurotoxic by disrupting neuronal 

transmission, particularly affecting the dopaminergic and glutamatergic 

systems. These neurochemical systems are crucial and play a key role in 

age-related psychiatric disorders and neurodegenerative diseases. 

Alterations in dopaminergic and glutamatergic signaling pathways due to 

PFAS exposure may contribute to the development and progression of 

such pathological conditions, highlighting the importance of further 

investigation of these neurobiological mechanisms. 

In addition, exposure to PFAS appears to be associated with an increased 
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risk of attention-deficit/hyperactivity disorder (ADHD) and a higher 

mortality rate associated with Parkinson's disease and Alzheimer's disease 

in the elderly population. Recent studies have shown that mixtures of 

PFOS, PFOA and other PFAS lead to significant changes in 

neurotransmitter levels (Foguth et al., 2020). These changes are associated 

with alterations in neurotransmitter receptors and transporters, which can 

severely impair neuronal communication and contribute to the 

development of neurological and psychiatric disorders (Grønnestad et al., 

2021). 

PFAS cause considerable fluctuations in dopamine levels in various 

regions of the brain. Studies by Foguth et al. (2020), Grønnestad et al. 

(2021) and Khan et al. (2019) using various animal models such as mice, 

female cod and tadpoles of the Northern Leopard Frog have shown that 

exposure to PFAS mixtures during the developmental or juvenile period 

leads to reduced dopamine levels in the brain. These results suggest that 

exposure to PFAS may have profound effects on the dopaminergic system, 

potentially impacting behavior and neurological function during 

development. In contrast, studies in adult rats have shown an increase in 

norepinephrine, dopamine and serotonin levels in the hypothalamus. This 

increase in neurotransmitters documented by López-Doval et al. (2014) 

suggests that PFAS exposure may have different effects on brain 

neurochemistry depending on the developmental stage and age of the 
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animal. Such changes in neurotransmitter levels could have significant 

effects on the function of the hypothalamus and the regulation of 

neurobiological responses. 

Evidence from animal and cell models suggests that PFOS and PFOA can 

significantly alter GABAergic neurotransmission (Brown-Leung J.M., 

Cannon J.R., 2022) and impair intracellular calcium regulation. A study 

by Li et al. (2017) found that exposure to PFAS in rats induces 

neurotoxicity through mechanisms of oxidative stress resulting from redox 

imbalance and promotes increased apoptosis and abnormal autophagy. 

These results suggest that PFAS may seriously impair neuronal health by 

disrupting normal cellular processes and activating stress responses. 

It is important to note that the identification of a clear neurotoxic pattern 

is complex, as the effects of PFAS on the nervous system can vary greatly 

depending on the brain region affected, the dose administered and the sex 

of the exposed organism. For example, a study in rodents has shown that 

the biodistribution of PFAS varies between the sexes, suggesting that the 

neurobiological responses and manifestations of neurotoxicity may be 

influenced by specific biological factors (Brown-Leung J.M., Cannon J.R., 

2022). This emphasises the need to carefully consider these variables in 

PFAS neurotoxicity research. 
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1.5.1. Effects on neurotransmitter systems 

Studies on large mammals, such as polar bears and North Atlantic pilot 

whales, have shown that PFAS accumulate in the brain and may be 

associated with alterations in neurotransmitter levels (Dassuncao et al., 

2019). Research on prenatal and/or neonatal exposure in mice and rats has 

revealed increases in motor activity, reductions in habituation, and deficits 

in spatial learning and memory (Butenhoff et al., 2009; Fuentes et al., 

2007; Goulding et al., 2017). Developmental neurotoxicity has also been 

documented in other species, such as zebrafish larvae (Ulhaq et al., 2013). 

However, epidemiological studies have produced mixed results regarding 

the risks of PFAS exposure for neurodevelopment. Some studies indicate 

an association with neurobehavioral development (Høyer et al., 2015). 

Prolonged PFAS exposure thus continues to be a concern due to its 

potential long-term effects on the nervous system. 

The mechanisms underlying the observed neurotoxicity have been studied 

in vitro using neuronal cells. At micromolar concentrations, PFOS and 

PFOA influence various (pre)-synaptic processes, including cell viability 

(Berntsen et al., 2017) and intracellular calcium (Ca2+) levels (Liu et al., 

2011). Additionally, PFOS and PFOA may alter post-synaptic processes, 

such as glutamate-activated currents and potassium currents (Liao et al., 

2009). Although in vivo studies suggest a role of the cholinergic and 

glutamatergic systems (Zhang et al., 2019), detailed studies on the effects 
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of  PFAS on post-synaptic receptors and channels are lacking. 

PFAS, including PFOS, PFOA, PFNA, PFHxS, PFUA, 

perfluorobutanesulfonic acid (PFBS), 2,3,3,3-tetrafluoro-2-

(heptafluoropropoxy)-propanoic acid (HFPO-DA or GenX), and their 

mixtures can affect the pathways involved in neurotransmitter levels, 

altering the expression and function of neurotransmitter receptors and 

transporters, and modifying the metabolism of these neurotransmitters 

(Brown-Leung and Cannon, 2022). 

Previous studies have demonstrated agonistic effects on GABAA 

receptors by persistent organic pollutants, including polychlorinated 

biphenyls and brominated flame retardants (Antunes et al., 2010; Hendriks 

et al., 2012). The GABAA receptor, being the principal inhibitory receptor 

in the central nervous system, is crucial for brain development (Represa & 

Ben-Ari, 2005) and neuronal signal transduction. The effects of PFAS on 

this receptor could impact the spontaneous activity of the neural network. 

Olsen & Sieghart (2009) used Xenopus oocytes expressing the human 

Ŭ1ɓ2ɔ2L GABAA receptor, the most common subunit combination to 

study the acute effects of PFOS and PFOA through two-electrode voltage 

clamp recordings. They further explored whether these effects influenced 

the spontaneous activity of neural networks using MEA recordings in 

primary rat cortical networks. Lastly, the study compared these results 

with neuronal models derived from human iPSCs to assess if the observed 
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effects in rodents were consistent with those in human cells. 

 

1.5.2. Correlations between neurotransmitter effects and motor and 

behavioral alterations 

 

Neurotransmitters play a crucial role in regulating muscle activity and 

nervous system function, both in humans and earthworms. However, the 

mechanisms through which these neurotransmitters influence motility and 

muscle function can vary between species, highlighting both similarities 

and differences. 

In humans, acetylcholine (ACh) acts as an excitatory neurotransmitter that 

stimulates muscle contraction, while GABA functions as an inhibitory 

neurotransmitter, modulating muscle contraction and preventing excessive 

excitation. This balance between excitation and inhibition is essential for 

proper neuromuscular function. 

In earthworms, acetylcholine serves a similar role as a chemical mediator 

in the ventral nerve cord, where acetylcholinesterase has been observed at 

the boundary between neuronal layers and at the neuropil level (Gardner 

and Walker, 1982). Ionotropic nicotinic receptors have been identified in 

the circular and longitudinal somatic muscles, while the intestinal visceral 

muscles appear to be regulated by muscarinic cholinergic receptors. 

GABA, on the other hand, exerts an inhibitory effect on circular and 
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longitudinal muscles through ionotropic receptor-channels similar to 

GABA-A receptors, which are permeable to chloride (Walker et al., 1993). 

Gong et al. (2011) confirmed the presence of these receptors, 

demonstrating that the nitroamine CL-20 can interact with the GABA-A 

receptor at the picrotoxin binding site (Gong et al., 2012). 

Serotonin, synthesized from tryptophan, is also present in the ventral nerve 

cord of earthworms and acts as a modulator of the nervous system. Studies 

by Alvarez et al. (1969) suggested a relaxing effect on longitudinal and 

visceral muscles, with elevated levels of 5-HT in the body wall potentially 

correlated with rhythmic and prolonged contractions (Gardner and Walker, 

1982). 

The stomatogastric nervous system (STNS) of earthworms, which includes 

the enteric plexus and six pairs of stomatogastric ganglia (STG), controls 

contractile activities along the alimentary canal. Serotonin is released from 

the central nervous system and stomatogastric ganglia, affecting intestinal 

muscle with concentration-dependent effects: low levels of 5-HT cause 

relaxation, while higher levels lead to slight contractions. Acetylcholine 

promotes alimentary canal motility through muscarinic receptors (Barna 

et al., 2001). 

In summary, acetylcholine and GABA are involved in muscle regulation 

through excitatory and inhibitory mechanisms respectively, while 

serotonin modulates muscle activity and contributes to rhythmic 
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contractions. These neurotransmitters interact through specific receptors 

that influence muscle behavior and intestinal motility. 

 

1.6. One-Health Approach 

The One Health approach has evolved from a conceptual framework into 

a strategic pillar of twenty-first-century global health governance.  By 

explicitly acknowledging that the wellbeing of people is inseparable from 

that of animals and the ecosystems they share. The rise in zoonotic 

diseases, climate change, antimicrobial resistance, and food safety are 

complex issues requiring coordinated solutions across human medicine, 

veterinary science, environmental sciences, and public policy. According 

to the EFSA, adopting a One Health approach not only enhances 

prevention and response to health emergencies but also optimizes resource 

use, reducing duplication and inefficiencies in health systems (EFSA 

2022; WOAH 2024, Melnyk, et al., 2024) A further crucial aspect of the 

One Health approach is the need to have effective tools to measure its 

implementation and evaluate its real impact. In this context, the World 

Bank has proposed a set of operational indicators in its Operational 

Framework for the strengthening of human, animal and environmental 

public health systems at their interface, with the aim of monitoring and 

making the adoption of the One Health (paradigm measurable (Berthe. Et 

al, 2018)  
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Figure 4: The One-Health approach, the concept of health is based on the 

awareness that human health depends on the health of ecosystems and animals. 

(Biorender.com) 

 

Additionally, practical tools such as the handbook by Rüegg et al., (2018) 

provide guidelines for the assessment and concrete implementation of the 

One Health paradigm. Scientific evidence demonstrates that integrating 

knowledge across sectors improves epidemiological surveillance, risk 

management, and the sustainability of health interventions (Pitt, S. J., & 
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Gunn, A. (2024); EFSA 2024; WOAH 2024), establishing One Health not 

as an option but as a fundamental requirement for addressing 21st-century 

health challenges. This research fits into this scenario, proposing an 

integrated analysis of the biological effects of PFAS through the combined 

use of ecotoxicological, cellular and molecular models. In line with the 

One Health principles, the work aims to generate scientific evidence useful 

for guiding more effective regulatory strategies, supported by measurable 

indicators that can be transferred to the context of public and 

environmental health. 

 

1.7. IATA (Integrated Approaches to Testing and 

Assessment) 

 

IATA, or Integrated Approaches to Testing and Assessment, represents a 

comprehensive methodology designed to enhance hazard identification 

and risk assessment for chemicals and environmental pollutants. This 

approach leverages multiple sources of data and integrates diverse types 

of information, including ecological, (eco)toxicological, biomolecular, 

biochemical, and chemical data. By synthesizing these varied data types, 

IATA aims to provide a more accurate and holistic assessment of the 

hazards posed by toxicants or classes of toxicants, as well as to evaluate 

exposure-based safety (OECD, 2022). 
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The IATA framework is characterized by its iterative nature, where 

efficiency analyses play a crucial role. These analyses help determine 

whether additional data are needed and what specific types of data should 

be collected to make well-informed regulatory decisions regarding 

chemical manufacture and use. One of the primary goals of IATA is to 

reduce reliance on animal testing by employing alternative methods that 

are more ethical and often more predictive of human and ecological 

responses. 

In addition to integrating traditional data sources, IATA incorporates New 

Approach Methodologies (NAMs). These innovative strategies include 

advanced techniques such as toxicogenomics, which involves the study of 

gene expression changes in response to toxic exposure, and bioinformatics, 

which utilizes computational tools to analyze and interpret biological data. 

NAMs are designed to identify more sensitive and predictive Points of 

Departure (PoDs), which are critical thresholds for assessing hazard and 

risk. By using NAMs, IATA aims to improve the precision and relevance 

of hazard and risk assessments, both for environmental and human health. 

IATA also emphasizes the use of in silico models, which are 

computational simulations that predict chemical behavior and toxicity 

based on molecular structure and known biological interactions. These 

models, often supported by databases of chemical and biological 

information, contribute to more efficient and predictive assessments. 
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Furthermore, IATA encourages the application of systematic review 

methodologies to evaluate and integrate existing data comprehensively. 

This approach ensures that all relevant information is considered, 

minimizes the risk of overlooking critical data, and enhances the overall 

robustness of the assessment process. 

By combining traditional data with innovative NAMs and systematic 

review techniques, IATA represents a forward-thinking approach to 

chemical testing and assessment. It aims not only to improve the accuracy 

of hazard identification and risk assessment but also to advance the 

scientific understanding of chemical safety, ultimately contributing to 

better regulatory practices and improved protection of human and 

environmental health (Felter, S., et al., 2021). 

 

 

Figure 5: The components (building blocks) of IATA (from OECD Guidelines for the 

Testing of Chemicals 1) 
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