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Abstract

Per- and polyfluoroalkyl substances (PFAS)—ubiquitous, persistent, and bioaccumulative—pose a cross-cutting threat to
human, animal, and environmental health. Their resistance to degradation and global dissemination demand an integrated
One Health framework to address their complex, interdependent risks across ecosystems, wildlife, and public health. This
review synthesizes current knowledge on PFAS, highlighting their anthropogenic origins, environmental persistence, and
global dispersion. Common exposure pathways, such as dietary intake, contaminated drinking water, and maternal trans-
fer, lead to convergent toxicological outcomes across species, including immunotoxicity, reproductive and developmental
impairments, and carcinogenicity, validating the use of cross-species data in risk assessment and reinforcing the need for
integrated protective strategies. Vulnerable human populations and wildlife face disproportionate risks, with the latter act-
ing as both sentinels and exposure sources. Despite regulatory efforts, the ongoing use and development of replacement
compounds sustain PFAS as a global concern. Effectively addressing this challenge requires a coordinated, cross-sectoral
strategy that integrates environmental monitoring, transdisciplinary research, and harmonized regulatory frameworks. The
One Health paradigm provides the essential model for developing these collaborative solutions.
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Introduction
Per-and polyfluoroalkyl substances (PFAS)

Per-and polyfluoroalkyl substances (PFAS) are synthetic
organofluorine compounds that have been extensively uti-
lized in industrial and consumer applications for decades
due to their exceptional thermal and chemical stability, sur-
factant properties, and resistance to degradation (Lindstrom
et al. 2011; Prevedouros et al. 2006; Rahman et al. 2014,
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Wang et al. 2017). These compounds represent a paradig-
matic environmental health challenge that transcends tra-
ditional disciplinary boundaries, compelling innovative
approaches that embrace the fundamental interconnected-
ness of human, animal, and environmental health systems
(Buck et al. 2011; Gliige et al. 2020; OECD 2021). How-
ever, these same unique properties have resulted in their
emergence as one of the most pervasive and persistent envi-
ronmental contaminants (Cousins et al. 2020; Evich et al.
2022). The PFAS family includes over 14,000 substances
with diverse chemical structures and properties. Long-chain
compounds typically show higher bioaccumulation and
longer human half-lives, whereas short-chain variants are
characterized by increased environmental mobility despite
similar persistence. Toxicological impacts also differ; while
PFOS and PFOA are associated with hepatotoxic and devel-
opmental risks, newer or shorter-chain alternatives may
operate through different biological mechanisms (Bil et al.
2021; Fenton et al. 2021).

PFAS are ubiquitously detected in environmental com-
partments worldwide, including remote Arctic and Ant-
arctic regions, demonstrating their capacity for long-range
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transport and global distribution (Butt et al. 2010; Casal et
al. 2017). The carbon—fluorine bond, one of the strongest
chemical bonds known, renders these compounds virtu-
ally indestructible under normal environmental conditions,
with atmospheric half-lives ranging from decades to mil-
lennia (Cousins et al. 2020). Nearly 5,000 PFAS have been
identified in commercial use and environmental samples,
with this number continuing to grow (OECD 2021; Wang
et al. 2017; Zhara et al. 2025). Legacy PFAS, such as per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonic
acid (PFOS), have been the focus of extensive research
and regulatory action under international agreements such
as the Stockholm Convention on Persistent Organic Pollut-
ants (Stockholm Convention, 2019). Simultaneously, the
introduction of newer PFAS compounds as replacements
for legacy chemicals creates a complex and evolving con-
tamination landscape (Cousins et al. 2020; Kwiatkowski et
al. 2020).

The compelling case for one health application

The One Health concept recognizes that the health of
humans, domestic and wild animals, and the wider environ-
ment are inextricably linked and interdependent, provid-
ing a crucial framework for understanding and addressing
PFAS challenges (CDC, 2024; Zinsstag et al. 2011). This
approach has evolved from its origins in veterinary medi-
cine to encompass broader environmental health challenges,
where contamination affects multiple species and ecosys-
tems simultaneously (Domingo et al. 2025; Nguyen-Viet
et al. 2025). PFAS contamination presents an ideal case
study for One Health principles due to several intrinsic
characteristics that highlight fundamental interconnections
between environmental, animal, and human health domains
(Destoumieux-Garzon et al. 2018; Lerner and Berg 2017).

PFAS exposure results in remarkably similar adverse
health outcomes across diverse species, including immuno-
suppression, reproductive and developmental toxicity, liver
dysfunction, and potential carcinogenic effects (DeWitt et
al. 2019; Fair et al. 2019; Pesonen and Vihédkangas 2024).
This convergence reflects shared toxicological mechanisms
and validates the use of cross-species extrapolation in risk
assessment. The immunotoxic effects of PFAS have been
documented across numerous species from laboratory
rodents to marine mammals to human populations, with
consistent patterns of reduced antibody responses, altered
immune cell function, and increased susceptibility to infec-
tious diseases (Bline et al. 2024; Houde et al. 2011; Steen-
land et al. 2018).

Food webs serve as the primary conduit for PFAS trans-
fer and bioaccumulation, with wildlife populations acting as
both sentinels for environmental contamination and sources

@ Springer

of human exposure through consumption of contaminated
animal products (Houde et al. 2011; Michaud et al. 2025).
This creates direct linkages between ecosystem health and
human health that transcend traditional environmental and
public health boundaries. Bioaccumulation patterns vary
among PFAS compounds, with longer-chain compounds
showing greater bioaccumulation potential, while shorter-
chain replacement compounds may be more mobile and
widespread in environmental media (Gkika et al. 2025).

Objectives and structure

This review is aimed at synthesizing the current knowledge
on PFAS contamination through an explicit One Health
lens, examining interconnected sources, fate, exposure
pathways, and health effects across human, animal, and
environmental domains. The specific objectives are the fol-
lowing: (1) to characterize shared sources and environmen-
tal fate processes creating global contamination patterns,
(2) to evaluate convergent health impacts across human and
wildlife populations, (3) to identify critical interconnections
and shared vulnerabilities linking the three health domains,
(4) to analyze environmental justice considerations in PFAS
exposure, (5) to propose integrated intervention strategies
based on One Health principles, and to (6) highlight knowl-
edge gaps requiring transdisciplinary collaboration. The
conceptual framework for applying One Health principles to
PFAS management, illustrating the interconnected sources,
health domains, intervention strategies, and vulnerable pop-
ulations that must be addressed through coordinated action,
is depicted in Fig. 1.

Methods (search strategy)

A comprehensive literature review was conducted to syn-
thesize existing evidence on PFAS within the One Health
framework, including publications until October 31, 2025.
This timeframe captures the emergence of PFAS as a
global environmental health concern and the evolution of
One Health as a framework for addressing complex envi-
ronmental challenges. The search strategy was designed
to identify those studies demonstrating interconnections
between human health, animal health, and environmental
health aspects related to PFAS contamination, exposure,
and effects.

Databases used were PubMed (https://pubmed.ncbi.nlm.
nih.gov), Web of Science (https://www.webofscience.com),
Scopus (https://www.scopus.com), and Google Scholar
(https://scholar.google.com.br). A set of search terms and
their combinations was employed using Boolean opera-
tors (AND, OR): "per- and polyfluoroalkyl substances"
OR “PFAS” OR “perfluoroalkyl” OR “polyfluoroalkyl”;
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Fig. 1 A one health conceptual framework for PFAS contamination

“PFOA” OR “perfluorooctanoic acid” OR “PFOS” OR
"perfluorooctane sulfonic acid" OR “GenX” OR “PFNA”
OR “PFHxS”; “One Health” OR “One Medicine” OR “Eco-
Health” OR “Planctary Health”; “environmental health”
OR “ecotoxicology” OR “wildlife toxicology”; “bioaccu-
mulation” OR “biomagnification” OR "persistent organic
pollutant”; “exposure pathway” OR “human exposure” OR
“wildlife exposure”; “immunotoxicity” OR “reproductive
toxicity” OR “developmental toxicity” OR “carcinogenic-

CLIN13

ity”; “risk assessment” OR “regulation” OR “management”
OR “remediation”; “environmental justice” OR "vulnerable
populations."”

Studies were included if they were focused primarily
on PFAS or specific PFAS compounds, demonstrated clear
relevance to at least two domains of the One Health triad,
reported original data, systematic reviews, meta-analyses,
or significant conceptual advances linking these domains.
Scientific literature from international organizations
(UNEP, WHO, OECD, US EPA, ECHA) was included to
supplement peer-reviewed sources. The selected literature
was analyzed through a structured One Health framework
considering interconnections between environmental con-
tamination, wildlife health, and human health, identifying:
(a) shared sources and exposure pathways, (b) convergent
toxicological mechanisms and health effects across species,
(c) feedback loops and interconnections between health

domains, (d) vulnerable populations and environmental
justice considerations, (e) integrated intervention strategies
with co-benefits across domains, and (f) critical knowledge
gaps requiring transdisciplinary research approaches.

Results

PFAS sources, environmental fate, and shared
exposure pathways

PFAS contamination originates from various human-made
sources, establishing common pathways of exposure that
are linked to multiple health outcomes (De Silva et al. 2021;
Fenton et al. 2021; Sunderland et al. 2019). Industrial manu-
facturing represents the most significant historical source,
with major production facilities creating severe contamina-
tion hotspots affecting local communities, wildlife habitats,
and water resources simultaneously (Hu et al. 2016; Sadia
et al. 2023; Schultz et al. 2004). The legacy of industrial
production has been particularly evident in areas such as
the Ohio River Valley, where decades of PFOA produc-
tion contaminated drinking water supplies for hundreds of
thousands of people, while affecting aquatic ecosystems
throughout the region (Herrick et al. 2017). Firefighting
activities represent another major source category, with
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aqueous film-forming foams (AFFF) containing PFAS hav-
ing been used extensively at military bases, airports, and
industrial facilities since the 1960s (Mazumder et al. 2023;
Moody et al. 2002, 2003). In relation to this, the US Depart-
ment of Defense has identified approximately 700 military
installations with known or suspected PFAS contamination,
affecting millions of people and vast areas of natural habitat
(US GAO 2021).

Consumer products represent a more diffuse but globally
significant source category, with PFAS-containing prod-
ucts including non-stick cookware, water-resistant textiles,
food packaging, and personal care products contributing to
global contamination through use, disposal, and breakdown
(Domingo 2012; Gliige et al. 2020; Yang et al. 2025). The
ubiquity of consumer products means that virtually every
household in developed countries contains multiple PFAS
sources, creating widespread indoor contamination affecting
both human occupants and domestic animals (Sunderland et
al. 2019). On the other hand, incineration of PFAS-contain-
ing materials can create new fluorinated compounds through
thermal decomposition processes, while waste-to-energy

facilities may volatilize and redistribute PFAS through air
emissions (Weitz et al. 2024).

Environmental fate and transport

The extreme persistence of PFAS stems from the strength of
the carbon—fluorine bond, rendering these compounds resis-
tant to virtually all environmental degradation processes
(Cousins et al. 2020; Walker and Milligan 2025). This per-
sistence ensures that contamination, once established, will
affect multiple generations of humans and wildlife, creat-
ing essentially permanent contamination that requires active
management rather than natural attenuation. Global distribu-
tion occurs through atmospheric transport, oceanic transport
through surface currents, and freshwater systems serving as
major conduits for PFAS transport (Butt et al. 2010; Casal
et al. 2017). Environmental partitioning behaviors vary sig-
nificantly among PFAS compounds, resulting in distinct
yet interconnected exposure scenarios. Figure 2 depicts
the temporal progression of PFAS exposure pathways and
health effects across species, demonstrating how different
exposure routes (drinking water, food web bioaccumulation,

EXPOSURE PATHWAYS

HUMANS

WILDLIFE

Acute Short-term

Lifetime Multigenerational

Fig. 2 Timeline of PFAS exposure pathways and convergent health effects across species
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and maternal transfer) lead to convergent health outcomes
in both humans and wildlife over time scales ranging from
acute exposure to multigenerational effects.

Long-chain PFAS (C8 and longer) tend to partition to
sediments and biota due to their greater hydrophobicity,
leading to bioaccumulation and biomagnification through
food webs. In turn, short-chain PFAS (C4-C7) remain highly
mobile in water systems, creating direct human exposure
pathways through drinking water contamination (Zhao et
al. 2016). Bioaccumulation and biomagnification patterns
create direct linkages between environmental contamina-
tion and exposure in both wildlife and humans consuming
contaminated animals (Houde et al. 2011; Kelly et al. 2009).
PFAS bioaccumulation differs from the traditional Persis-
tent Organic Pollutants (POPs) in that it occurs primar-
ily through protein binding rather than lipid partitioning,
leading to accumulation in blood, liver, and kidney tissues
(Domingo 2025; Karrman et al. 2010; Pérez et al. 2013).

Climate change introduces additional complexity to
PFAS environmental fate through multiple mechanisms
affecting all health domains (Liu and Mejia Avendafio,
2013; Weber et al. 2017). Changing precipitation patterns
may alter the hydrological cycling of PFAS, while rising
temperatures may enhance the volatilization of certain com-
pounds. Arctic environments face vulnerabilities such as
melting sea ice that may alter PFAS partitioning and bio-
availability in marine ecosystems (Arulananthan et al. 2025;
Lukic Bilela et al. 2023).

The interconnected sources, exposure pathways, and
health outcomes of PFAS across human, animal, and envi-
ronmental domains are presented in Table 1. This integrated
perspective shows how shared contamination pathways
propagate risks through all tiers of the One Health triad,
reinforcing the necessity for cross-sectoral interventions.

Human health impacts: pathways and effects

Human exposure to PFAS occurs through multiple inter-
connected pathways, reflecting the ubiquity of these com-
pounds and creating exposure scenarios that parallel those
experienced by wildlife populations (Domingo and Nadal
2019; Sunderland et al. 2019).

Exposure pathways

Drinking water represents a major exposure source for mil-
lions of people worldwide, particularly in communities near
industrial sources or military installations (Hu et al. 2016;
Post et al. 2017; Post 2021; Steenland et al. 2018). Recent
surveys indicate detectable levels of PFAS in drinking water
supplies serving over 160 million Americans (US Envi-
ronmental Working Group, 2025). Private wells may pose
risks to rural populations that lack adequate monitoring and
treatment infrastructure. In turn, dietary intake contributes
significantly through multiple food categories reflecting
environmental distribution and bioaccumulation (Domingo
2012; Domingo and Nadal 2019; Melnyk et al. 2025; Souza

Table 1 Major sources, exposure Domain Main sources/reservoirs  Principal expo-  Key adverse health  Vulnerable
pathways, and health effects Of sure pathways effects groups/species
PFAS across one health domains Human Industrial facilities, Drinking water, =~ Immunotoxic- Pregnant women,
firefighting foam sites, dietary intake ity, reproductive children, com-
consumer products, con-  (fish, meat, food impairment, devel- munities near
taminated water supplies, packaging), opmental toxicity,  industrial sites,
food packaging occupational liver dysfunction,  firefighters,
exposure, mater-  carcinogenicity, chemical work-
nal transfer, con-  cardiovascular ers, indigenous
sumer products  effects communities
Wildlife Contaminated water Ingestion (prey,  Immunosuppres- Apex predators
bodies, sediments, prey water), sediment  sion, reproductive  (marine mam-
species, maternal transfer, contact, maternal failure, devel- mals, birds of
bioaccumulation hotspots transfer (eggs, opmental abnor- prey), aquatic
lactation), malities, endocrine  organisms,
bioaccumulation  disruption, liver Arctic wildlife,
through food toxicity, popula- long-lived spe-
webs tion-level effects cies, developing
offspring
Environment Industrial releases, Environmental Ecosystem con- Aquatic eco-
landfills, wastewater partitioning tamination, food systems, Arctic

treatment plants, atmo-
spheric transport, legacy
contamination

(water, soil,
sediments, air),
long-range trans-
port, extreme per-
sistence, global
distribution

web accumulation,
global distribu-
tion, permanent
environmental
burden, aquifer
contamination

environments,
contaminated
sites, ground-
water systems,
watersheds near
industrial sources
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and Domingo 2025). Seafood consumption represents a
major source due to bioaccumulation in aquatic food webs
(Domingo 2012; Domingo et al. 2012), while meat and
dairy products can contain PFAS due to contamination of
animal feed or grazing areas (Bonato et al. 2025; Ericson et
al. 2008; Hossini et al. 2025). Food packaging applications
create direct exposure pathways through migration of PFAS
from packaging materials to food (Ericson et al. 2008).

Occupational exposure represents the highest exposure
scenario for certain worker populations, including those
in PFAS manufacturing, firefighting, and semiconductor
production (Alexander and Olsen 2007; Grice et al. 2007).
Firefighters face particularly high exposures due to PFAS-
containing firefighting foams and the presence of PFAS
in smoke from modern materials (Mazumder et al. 2023;
Rotander et al. 2024).

Maternal transfer creates critical exposure pathways dur-
ing vulnerable developmental periods, with PFAS readily
crossing the placental barrier and being transferred through
breast milk (Fenton et al. 2009; Gonzalez and Domingo
2025; Mamsen et al. 2019). The long half-lives of PFAS
mean that maternal body burdens accumulated over years
are transferred to infants, creating intergenerational effects.

Human health effects

The health effects of PFAS exposure demonstrate remark-
able consistency across different populations, suggest-
ing common mechanisms of toxicity (DeWitt et al. 2019;
Fenton et al. 2021; Mahoney et al. 2022). Immunotoxicity
represents one of the most robust effects, with consistent
evidence demonstrating that PFAS can suppress immune
function and increase susceptibility to infectious diseases
(Bline et al. 2024; DeWitt et al. 2019; Grandjean et al.
2012). Studies have shown reduced antibody responses to
vaccines, increased frequency of infections, and altered
immune cell populations at environmentally relevant expo-
sure levels (Qiu, 2025).

Reproductive and developmental toxicity represents
another well-established effect of PFAS, with evidence from
both human and animal studies demonstrating impacts on
fertility, pregnancy outcomes, and child development (Bach
et al. 2015; Steenland et al. 2018). PFAS concentrations
have been associated with adverse effects, including reduced
fertility, altered hormone levels, reduced birth weight, pre-
term birth, intrauterine growth restriction, preeclampsia,
delayed puberty, and behavioral effects that may persist into
adulthood. In turn, liver toxicity and metabolic disruption
are consistently observed across species and exposure sce-
narios (Gallo et al. 2012; Steenland et al. 2018; Souza et al.
2020). Moreover, human studies have documented elevated
liver enzymes, altered lipid profiles, and increased risk of
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diabetes and metabolic syndrome (Kashobwe et al. 2024;
Zhang et al. 2023).

On the other hand, carcinogenic potential has been
reported for certain PFAS compounds, with PFOA classified
as carcinogenic to humans, based on sufficient evidence for
kidney and testicular cancer (Steenland and Winquist 2021;
Stevenson et al. 2021). Cardiovascular effects have also
emerged as an area of increasing concern, with epidemio-
logical studies suggesting associations with hypertension
and cardiovascular disease (Odediran et al. 2025).

Vulnerable populations and health disparities

PFAS exposure demonstrates significant disparities across
populations, with certain groups facing disproportionately
high exposures or enhanced susceptibility (Hu et al. 2016).
Pregnant women and children represent populations of par-
ticular concern due to developmental toxicity and exposure
during critical windows of development (Fenton et al. 2009;
Mamsen et al. 2019; Souza et al. 2020). Children may face
higher exposures due to greater food and water intake per
unit body weight and behaviors that increase exposure.

Communities near industrial sources face some of the
highest documented PFAS exposures, with blood levels that
can be orders of magnitude higher than background popula-
tions (Hu et al. 2016; Steenland et al. 2018). These commu-
nities often include environmental justice populations who
face additional vulnerabilities due to socioeconomic factors
and limited access to healthcare. Indigenous and subsis-
tence communities face unique vulnerabilities due to their
reliance on traditional foods that may bioaccumulate PFAS,
particularly in Arctic environments (Butt et al. 2010). These
communities face the difficult choice between maintaining
traditional food systems central to their cultural identity and
avoiding exposure.

Wildlife health impacts: sentinels and shared
vulnerabilities

Wildlife populations serve as critical environmental senti-
nels, providing early warnings of emerging threats, while
representing direct conservation concerns (Fair et al. 2019;
Houde et al. 2011).

Exposure pathways and bioaccumulation

Due to their direct exposure to contaminated water and
position at the base of aquatic food webs, aquatic organisms
represent the most extensively studied wildlife group (Kelly
et al. 2009; Luki¢ Bilela et al. 2023; Martin et al. 2004).
Fish accumulate PFAS through multiple pathways, includ-
ing direct uptake from water, ingestion of contaminated
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food, and sediment contact. Unlike traditional lipophilic
contaminants, PFAS accumulate primarily in protein-rich
tissues such as blood, liver, and muscle. Marine mammals
represent apex predators that often exhibit the highest PFAS
concentrations recorded in wildlife, with levels that can
exceed those in heavily exposed human populations (Butt et
al. 2010; Fair et al. 2019). Arctic marine mammals face spe-
cial risks due to their reliance on marine food webs receiv-
ing PFAS inputs from global transport processes (Lee et al.
2023).

Maternal transfer represents a critical exposure pathway
across all taxonomic groups, with PFAS readily transferred
through eggs in oviparous species and through placental
transfer and lactation in mammals (Fair et al. 2019; Ricolfi
et al. 2024). This creates multigenerational effects linking
adult exposure to offspring health outcomes.

Wildlife health effects

Marine mammals demonstrate some of the clearest evi-
dence for PFAS-induced health effects in wildlife, with
documented impacts on immune function, reproductive
success, and survival (Butt et al. 2010; Fair et al. 2019).
Immunotoxic effects include reduced antibody responses
and increased susceptibility to infectious diseases, parallel-
ing effects observed in human populations (Luki¢ Bilela et
al. 2023). In turn, seabirds serve as excellent sentinels for
marine PFAS contamination due to their high trophic posi-
tion and wide geographic distribution (Bustnes et al. 2007;
Nordstad et al. 2012). Health effects include altered immune
function, reduced reproductive success, and behavioral
changes affecting survival. Fish and aquatic invertebrates
show a range of PFAS-induced effects, including develop-
mental abnormalities, behavioral changes, and reproductive
impairment (Keiter et al. 2012; MacDonald et al. 2004).
Laboratory studies have demonstrated that environmentally
relevant PFAS concentrations can cause developmental
defects and disrupt endocrine function (Banyoi et al. 2022).

Ecosystem-level effects

The impacts of PFAS on wildlife extend beyond individual
organisms to affect population dynamics, community struc-
ture, and ecosystem function (Fair et al. 2019; Houde et al.
2011). Population-level effects may occur when individual
impacts on survival or reproduction translate into changes
in population growth rates. The role of wildlife as PFAS
sentinels provides critical information for protecting both
ecosystem and human health, with wildlife monitoring
detecting contamination problems before they are observed
in humans.

Shared mechanisms of toxicity: convergent
biological vulnerabilities

The consistency of adverse health effects across diverse
species reflects shared toxicological mechanisms and con-
served biological vulnerabilities (DeWitt et al. 2019; Lau
et al. 2007).

Immune system disruption

PFAS-induced immunotoxicity represents one of the most
consistent effects across species, with similar mechanisms
and outcomes observed in laboratory animals, wildlife, and
human populations (DeWitt et al. 2019; Fairley et al. 2007;
Qiu et al. 2025). PFAS interfere with immune function
through multiple mechanisms, including altered cytokine
production, impaired antibody responses, and disruption of
immune cell development. Molecular mechanisms involve
disruption of signaling pathways conserved across verte-
brate species (Qiu et al. 2025).

Endocrine disruption and developmental toxicity

PFAS act as endocrine disruptors through multiple mecha-
nisms, affecting hormone synthesis, transport, and signaling
pathways that are highly conserved across vertebrate spe-
cies (Ballesteros et al. 2017; Bulawska et al. 2025; Chang et
al. 2008). Thyroid hormone disruption is particularly well-
documented, with PFAS interfering with thyroid hormone
transport proteins and metabolism (Sosnowska et al. 2025).
The developmental toxicity of PFAS stems from their
ability to disrupt critical developmental processes during
embryonic and fetal development, with effects that can be
permanent and irreversible (Fenton et al. 2021).

Peroxisome proliferator-activated receptor (PPAR)
activation

Many PFAS compounds activate PPARa, a nuclear receptor
regulating gene expression involved in lipid metabolism and
inflammatory responses (Lau et al. 2007; Wolf et al. 2008).
PPAR activation can lead to hepatocellular effects, includ-
ing hepatomegaly and altered lipid metabolism. While there
are species differences in PPAR responsiveness, these path-
ways are conserved across vertebrate species (Beccacece et
al. 2023; Cheng et al. 2021).

Oxidative stress and cellular damage
PFAS exposure can induce oxidative stress and inflamma-

tory responses across diverse cell types and species, lead-
ing to cellular damage that may contribute to observed toxic
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effects (Eriksen et al. 2010; Shi et al. 2007). Chronic inflam-
mation is associated with numerous diseases and may pro-
vide a mechanistic link between PFAS exposure and health
outcomes (Chen et al. 2024).

Environmental justice and vulnerable populations

The distribution of PFAS contamination reveals striking
patterns of environmental injustice, highlighting intersec-
tions between environmental degradation, social inequality,
and health disparities (Hu et al. 2016). PFAS contamination
exhibits clear geographic patterns that reflect both the loca-
tions of contamination sources and the distribution of vul-
nerable populations (Hu et al. 2016; Steenland et al. 2018).
Industrial contamination sources are often located near
communities of color and low-income communities, reflect-
ing historical environmental racism. Military installations,
representing major PFAS contamination sources (Ruyle et
al. 2023), are often located near communities that depend
on the military economically but bear environmental health
costs. Rural communities face specific vulnerabilities due
to reliance on private wells for drinking water and limited
access to treatment infrastructure (Hu et al. 2016; Kosiarski
et al. 2025). Agricultural communities may face additional
exposures through contaminated irrigation water and bio-
solids application. Urban environmental justice commu-
nities often face cumulative exposures to PFAS and other
contaminants, creating compound health risks (Brunn et al.
2023). Environmental justice communities often face mul-
tiple environmental stressors that can interact with PFAS
exposure to create cumulative health risks exceeding those
from any single source (Brunn et al. 2023). These stressors
may include other chemical contaminants, air pollution, and
social stressors such as poverty and inadequate healthcare
access.

Integrated intervention strategies: one health
solutions

Effectively addressing PFAS contamination requires inte-
grated strategies considering impacts across all health
domains while seeking solutions that generate co-benefits
(Cousins et al. 2020; Kwiatkowski et al. 2020). Table 2
shows integrated One Health strategies for PFAS manage-
ment, detailing source control, technological remediation,
policy innovations, and their cross-domain co-benefits. This
framework highlights the synergies achievable when inter-
ventions simultaneously address human, animal, and envi-
ronmental health dimensions.
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Source control and regulation

Global source control represents the most fundamental
approach to PFAS management, requiring coordinated inter-
national action to phase out non-essential uses while main-
taining critical applications where no viable alternatives
exist (Cousins et al. 2019; Stockholm Convention, 2019).
The Stockholm Convention listing of PFOA, PFOS, and
related compounds provides a framework for international
cooperation. The essential use concept provides a frame-
work for distinguishing between PFAS applications critical
for societal functions and those that could be eliminated.

Regulatory restrictions at national and regional levels
have demonstrated potential for reducing PFAS emissions
and environmental concentrations (ECHA, 2023; US EPA,
2024). The European Union’s proposed restriction on PFAS
as a class represents the most comprehensive regulatory
approach to date. The development of safer alternatives
to PFAS requires significant investment in research and
development, as well as regulatory frameworks encourag-
ing innovation while ensuring alternatives do not create new
problems (Gliige et al. 2020).

Water treatment and environmental remediation

Advanced water treatment technologies provide effective
approaches for removing PFAS from drinking water and
wastewater, although costs and technical requirements pres-
ent implementation challenges (Dixit et al. 2021; Jafarine-
jad 2025; Ross et al. 2018). Activated carbon treatment is
effective for longer-chain PFAS but may be less effective for
shorter-chain compounds. Ion exchange resins and mem-
brane technologies can achieve high removal efficiencies,
although they require significant energy inputs and produce
concentrated waste streams requiring proper management
(Jafarinejad 2025; Liu and Sun 2021).

Soil and sediment remediation for PFAS is challenging
due to strong binding to soil particles and lack of effective
in-situ treatment technologies (Weber et al. 2017). Excava-
tion and ex-situ treatment can be effective but is expensive
and disruptive. Watershed-scale management approaches
considering PFAS sources, transport, and fate across entire
watersheds provide opportunities for comprehensive con-
tamination control benefiting both human and ecological
health (Sunderland et al. 2019).

Public health interventions

Public health interventions including biomonitoring, health
surveillance, and medical monitoring can provide early
detection of PFAS-related health effects and guide treat-
ment decisions (Rogers et al. 2021; Steenland et al. 2018).



Archives of Toxicology (2026) 100:1769-1787

1777

Expected co-benefits across
domains

Implementation
challenges

Table 2 Integrated one health Strategy type Description
intervention strategies for PFAS
management Source International agreements
control and (Stockholm Convention),
regulation national restrictions, essential
use frameworks, class-based
regulation, safer alternatives
development
Water treat-  Advanced treatment tech-
ment and nologies (activated carbon, ion
remediation  exchange, membrane filtration),
soil stabilization, sediment
management, destruction
technologies
Exposure Drinking water standards,
reduction dietary advisories, product
restrictions, occupational pro-
tections, consumer education
Integrated Coordinated monitoring of
surveillance ~ PFAS in water, wildlife, food,
and human biomonitoring
programs, total organofluorine
measurements
Waste Improved landfill design,
management  wastewater treatment upgrades,
proper disposal of PFAS-
containing products, waste
minimization
Environmen-  Targeted interventions for
tal justice high-exposure communities,

Research and

cumulative risk assessment,
community engagement, health
equity measures
Transdisciplinary research,

innovation alternatives development, reme-
diation technology advance-
ment, analytical method
development

Policy Harmonized regulations, cross-

integration sectoral collaboration, inter-

national cooperation, adaptive
management frameworks

Reduces new emissions glob-
ally, protects human health,
wildlife, and ecosystems from
ongoing contamination, prevents
regrettable substitutions

Improves drinking water qual-
ity, reduces aquatic ecosystem
exposure, protects ground-
water resources, reduces
bioaccumulation

Directly reduces human expo-
sure while protecting wildlife
through reduced environmental
releases, market transformation

Enables early detection, tracks
intervention effectiveness, iden-
tifies emerging hotspots across
all domains, supports adaptive
management

Reduces legacy sources, protects
both communities and eco-
systems near waste facilities,
prevents cross-media transfer

Promoting environmental justice
and biodiversity conservation
simultaneously, addresses under-
lying vulnerabilities

Fosters innovation benefit-
ing all domains, improves risk
assessment and management
strategies, supports evidence-
based policy

Ensures comprehensive, effec-
tive PFAS management with
global coordination, prevents
regulatory gaps

Defining essential
uses, developing
alternatives, interna-
tional coordination,
industry resistance

High costs, energy
requirements, waste
management, tech-
nology limitations
for short-chain PFAS

Enforcement chal-
lenges, consumer
acceptance, eco-
nomic impacts, tech-
nical performance
requirements
Analytical costs,
method limitations,
data integration,
sustained funding
requirements
Infrastructure costs,
technology limita-
tions, waste charac-
terization, liability
issues

Resource require-
ments, community
capacity, institutional
barriers, complex
cumulative effects
Funding sustain-
ability, technology
transfer, interdisci-
plinary coordination,
commercial viability
Institutional barriers,
sovereignty issues,
economic competi-
tion, varying regula-
tory capacities

Biomonitoring programs can track exposure trends and
identify populations with elevated exposures. Dietary expo-
sure reduction strategies include fish consumption adviso-
ries, food safety standards, and agricultural management
practices reducing PFAS uptake in crops and livestock
(Bonato et al. 2025; Shurson 2025).

Integrated surveillance and monitoring

Comprehensive environmental monitoring programs track-
ing PFAS across environmental compartments provide
essential information for understanding contamination
sources and trends (Dimitrakopoulou et al. 2024; Houde et
al. 2011). Wildlife biomonitoring programs provide early

warning of environmental contamination and can detect
emerging problems before they affect human populations
(Fair et al. 2019). Data integration platforms combining
environmental, wildlife, and human monitoring offer oppor-
tunities for comprehensive assessment across domains
(Houde et al. 2011).

Policy innovations and regulatory approaches
The complexity and scope of PFAS contamination have
driven innovations in regulatory approaches increasingly

reflecting One Health principles (Cousins et al. 2020; Kwi-
atkowski et al. 2020).
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Class-based regulation and essential use frameworks

The development of class-based regulatory approaches rep-
resents a significant innovation addressing challenges posed
by the vast number of PFAS compounds (Kwiatkowski et al.
2020). Due to their large number and structural similarities,
traditional approaches assessing compounds individually
are inadequate for PFAS (Idowu et al. 2025). Class-based
approaches recognize that PFAS share common proper-
ties including persistence, mobility, and bioaccumulation
potential justifying treatment as a class (Kwiatkowski et al.
2020). Essential use frameworks require clear criteria for
determining which PFAS applications are truly necessary
and cannot be replaced with safer alternatives (Cousins et
al. 2019). These criteria must consider technical perfor-
mance requirements and alternative availability. Variations
in PFAS toxicity and environmental fate have led to a divi-
sion between substance-specific risk assessments and com-
prehensive class-based regulations. Those favoring a group
approach prioritize the precautionary principle to avoid
replacing banned substances with similar hazardous alter-
natives, whereas others contend that aggregate regulation
ignores distinct chemical risks. Recent policy frameworks
often combine these strategies by strictly controlling well-
documented compounds like PFOA and PFOS while imple-
menting broader restrictions for the entire class, except
where uses are deemed essential (Cousins et al. 2020;
ECHA, 2023).

International cooperation and governance

The global nature of PFAS contamination requires inter-
national cooperation and coordination to address sources,
manage contamination, and protect health across borders
(Stockholm Convention, 2023). The Stockholm Conven-
tion provides a framework for international cooperation,
although its compound-by-compound approach limits
effectiveness. Regional cooperation initiatives provide
frameworks for coordinated monitoring and assessment in
vulnerable regions.

The integration of environmental justice principles into
PFAS policy represents an important evolution recognizing
disproportionate impacts on vulnerable communities (Brunn
et al. 2023). Environmental justice integration requires
considering the distribution of environmental benefits and
burdens across communities and ensuring meaningful par-
ticipation in decision-making.

Knowledge gaps and research needs

Critical knowledge gaps and research priorities essential for
advancing One Health PFAS management are presented in

@ Springer

Table 3. These priorities emphasize transdisciplinary col-
laboration to resolve uncertainties in mixture toxicology,
long-term effects, climate interactions, and remediation
technologies.

Comprehensive mixture effects and risk assessment

The assessment of mixture effects represents one of the most
significant challenges, as environmental samples typically
contain complex mixtures of dozens or hundreds of PFAS
compounds (Bil et al. 2021; Goodrum et al. 2021). Current
approaches based on individual compounds are inadequate
for mixture exposure reality. Non-monotonic dose—response
relationships and low-dose effects represent additional chal-
lenges, as traditional linear models may not adequately
characterize health risks (Fenton et al. 2021).

Long-term and multigenerational effects

The long environmental persistence and biological half-lives
of PFAS create opportunities for long-term and multigener-
ational effects, which are difficult to study using traditional
approaches (Fenton et al. 2021). Epidemiological studies are
limited by relatively recent recognition of widespread expo-
sure and long latency periods for chronic diseases (Boston
etal. 2025; Wee and Aris 2023). As evidence suggests PFAS
exposure can cause epigenetic modifications transmitted to
subsequent generations, transgenerational effects represent
a particularly important research need (Abdulkadir et al.
2025; Everson et al. 2025; Kebieche et al. 2025).

Omics approaches and emerging biomarkers

Advances in transcriptomics, metabolomics, proteomics,
and epigenomics are uncovering novel mechanisms of
PFAS toxicity across species. These omics-based studies
enable the identification of sensitive biomarkers capable
of detecting early molecular perturbations before clinical
effects become apparent. Incorporating such approaches
into PFAS research could significantly improve exposure
assessment, cross-species comparisons, and the develop-
ment of predictive models for health outcomes. (Beale et al.
2022; Zhou et al. 2025).

However, the translation of omics findings into vali-
dated biomarkers remains a major challenge. Results are
often heterogeneous across studies and lack standardiza-
tion in methodologies and reporting. Moreover, the integra-
tion of multi-omics datasets requires robust computational
frameworks and systems biology approaches to disen-
tangle causal pathways from adaptive responses. Address-
ing these gaps will be crucial to establishing reliable
biomarker panels that can support human biomonitoring,
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Specific knowledge gaps

Research priorities

Expected one health
benefits

Table 3 Critical knowledge gaps Research

and research priorities for one domain

health PFAS management Mixture
effects and risk
assessment

Long-term and
multigenera-
tional effects

Climate change
interactions

Analytical
chemistry

Ecosystem-
level effects

Remediation
technology

Environmental
justice

Alternatives
assessment

Limited understanding

of mixture toxicity, non-
monotonic dose responses,
cumulative effects of multiple
PFAS compounds
Insufficient data on

chronic effects, transgen-
erational impacts, epigenetic
modifications

Unknown effects of changing
temperature and precipitation
on PFAS fate and transport

Limited capability to detect
unknown PFAS, transforma-
tion products, total organo-
fluorine burden

Insufficient understanding of
population and community
impacts, food web effects,
ecosystem services

Limited effectiveness of
current technologies, lack

of in-situ treatment options,
unknown ecological impacts

Limited understanding of
cumulative impacts, differen-
tial vulnerability, community-
specific exposure patterns

Incomplete evaluation of
PFAS alternatives, potential
for regrettable substitutions,
lifecycle impacts

Develop mixture assessment
methods, validate computa-
tional approaches (QSAR,
read-across), conduct long-
term mixture studies
Establish long-term cohort
studies, investigate epigenetic
mechanisms, conduct multi-
generational wildlife studies

Study climate impacts on
PFAS behavior, investigate
Arctic vulnerability, assess
extreme weather effects

Develop non-targeted analyti-
cal methods, identify trans-
formation pathways, improve
detection limits

Conduct long-term ecosystem
studies, develop food web
models, assess microbial
community effects

Develop destruction tech-
nologies, assess ecological
impacts of remediation,
improve cost-effectiveness

Conduct cumulative risk
assessments, investigate
social determinants of expo-
sure, develop community-
based interventions

Develop alternatives assess-
ment frameworks, investigate
substitute safety, conduct
lifecycle analyses

Improved risk assess-
ment for realistic
exposure scenarios,
better protection across
species

Understanding of
lifetime and intergen-
erational health impacts,
improved protection of
vulnerable populations
Adaptation strategies for
changing environmental
conditions, protection
of climate-vulnerable
ecosystems
Comprehensive expo-
sure assessment, early
detection of emerging
compounds, better envi-
ronmental monitoring
Protection of ecosystem
function and services,
understanding of eco-
logical carrying capacity
Effective contamination
cleanup with minimal
ecological disruption,
restoration of environ-
mental services
Equitable protec-

tion across popula-
tions, reduced health
disparities, community
empowerment
Prevention of regret-
table substitutions,
sustainable chemistry
development, innovation
in safer technologies

ecological risk assessment, and ultimately inform regula-
tory decision-making.

Climate change interactions

Climate change may alter PFAS environmental fate and
transport in ways not yet fully understood but with signifi-
cant implications for exposure and risk assessment (Liu and
Mejia Avendafio, 2013; Weber et al. 2017; Zhou et al. 2024).
Rising temperatures may increase volatilization and atmo-
spheric transport of certain PFAS compounds (Weiwei et
al. 2024). Arctic environments face specific vulnerabilities
from climate-PFAS interactions, as changing ice conditions
may alter partitioning and bioavailability in marine systems
(Lohmann et al. 2024).

Analytical chemistry and unknown compounds

Despite significant progress, major analytical challenges
remain in detecting and quantifying the vast diversity of
PFAS compounds in environmental and biological samples
(Cousins et al. 2020). Current targeted methods typically
cover only a few dozen analytes, representing a small frac-
tion of the thousands of PFAS structures known or sus-
pected to be present (Thompson et al. 2024). This limitation
hampers accurate exposure assessment and toxicological
evaluation, as many overlooked compounds may contribute
substantially to overall risk. The development of non-tar-
geted and suspect screening approaches is, therefore, a rap-
idly expanding research frontier, leveraging high-resolution
mass spectrometry (HRMS), advanced chromatographic
separations, and machine learning—based data processing
(Gonzalez de Vega et al. 2021). Such methodologies enable
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the detection of unknown PFAS congeners, transformation
products, and short-chain analogues that are often missed by
conventional assays. However, critical challenges persist,
including the lack of reference standards, the complexity
of isomeric mixtures, and the need for harmonized work-
flows to ensure reproducibility and comparability across
laboratories. Addressing these analytical gaps is essential
not only for improving environmental monitoring but also
for strengthening human biomonitoring, food safety assess-
ments, and regulatory frameworks that depend on accurate
and comprehensive PFAS identification.

In addition to these methodological constraints, the high
cost associated with advanced analytical techniques, partic-
ularly chromatography coupled with mass spectrometry and
high-resolution mass spectrometry, poses a significant bar-
rier. These platforms require not only substantial financial
investment for acquisition and maintenance but also highly
trained personnel for reliable operation and data interpreta-
tion. In many emerging countries, the limited availability
of such infrastructure further restricts the implementation
of cutting-edge PFAS analysis, resulting in considerable
knowledge gaps in the literature and an underrepresentation
of data from regions that are equally, if not more, vulnerable
to environmental contamination. Bridging these disparities
is critical to achieving a more globally balanced understand-
ing of PFAS exposure and risks.

Ecosystem-level effects and food web dynamics

Understanding ecosystem-level effects requires research
examining impacts on populations, communities, and eco-
system function beyond individual organism effects (Fair et
al.2019; Houde et al. 2011). Food web modeling approaches
incorporating PFAS bioaccumulation and biomagnification
can provide tools for predicting ecosystem-level effects and
assessing management strategy effectiveness (Kelly et al.
2024).

Remediation technology development

The development of effective, scalable, and economically
feasible remediation technologies remains one of the most
pressing challenges in addressing PFAS contamination,
requiring strong interdisciplinary collaboration that inte-
grates chemistry, engineering, toxicology, and environmen-
tal sciences (Ross et al. 2018; Weber et al. 2017). Current
treatment strategies, such as activated carbon adsorption,
ion exchange resins, and high-pressure membrane filtra-
tion, are effective for certain PFAS but are often limited by
high operational costs, incomplete removal, and difficul-
ties in managing concentrated waste streams. Moreover,
these technologies generally transfer contaminants from
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one medium to another rather than achieving complete
destruction.

In-situ remediation approaches that can treat contamina-
tion directly in soils, sediments, and groundwater without
excavation are particularly needed for large and diffuse con-
taminated sites (Mahinroosta and Senevirathna 2020). Prom-
ising avenues include electrochemical oxidation, advanced
photocatalysis, plasma-based destruction, and thermal treat-
ments, though many of these methods remain at the bench
or pilot scale. Bioremediation, while still underexplored, has
shown preliminary evidence of microbial pathways capable
of degrading certain PFAS analogues, representing an inno-
vative but challenging frontier (Shahsavari et al 2021).

Critical barriers include the chemical stability of PFAS
due to strong C—F bonds, the diversity of PFAS structures
that resist a one-size-fits-all treatment, and uncertainties
regarding the formation of potentially toxic transforma-
tion products during partial degradation. Developing life-
cycle assessments and techno-economic analyses is equally
important to evaluate the sustainability, scalability, and envi-
ronmental trade-offs of emerging technologies. Address-
ing these challenges will require harmonized international
research efforts and public—private partnerships to acceler-
ate the transition from laboratory innovations to field-scale
applications.

Discussion and conclusions

This comprehensive review demonstrates that PFAS con-
tamination represents the quintessential One Health chal-
lenge of the modern era, demanding unprecedented levels of
integration and collaboration across traditional disciplinary
boundaries (Adamopoulos et al. 2025; Destoumieux-Garzon
et al. 2018; Lerner and Berg 2017; Wang et al. 2024). The
evidence synthesized through this One Health lens reveals
several critical conclusions that fundamentally reshape our
understanding and response to PFAS contamination.

Key findings and implications

PFAS contamination exemplifies how industrial deci-
sions made decades ago continue to affect environmental
and health outcomes across all domains of the One Health
paradigm (Shurson 2025). The extreme persistence of these
compounds means that contamination patterns established
during peak production years will continue affecting human
populations, wildlife communities, and ecosystem function
for generations. This legacy contamination creates shared
vulnerabilities that cannot be addressed through traditional
single-domain approaches. The remarkable consistency of
PFAS-induced health effects across diverse species provides
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compelling evidence for shared toxicological mechanisms
that transcend species boundaries (Fenton et al. 2021).
Immunotoxicity, reproductive impairment, developmental
toxicity, and liver dysfunction occur across species with
similar dose—response relationships, validating the use of
wildlife and laboratory animal data to inform human health
protection while demonstrating that effective intervention
strategies must protect all affected species simultaneously
(Bline et al. 2024; DeWitt et al. 2006, 2009).

PFAS contamination reveals stark patterns of environ-
mental injustice, with vulnerable human populations and
sensitive ecosystems bearing disproportionate burdens from
industrial activities (Fenton et al. 2021). The intersection of
PFAS contamination with other environmental and social
stressors creates cumulative impacts that exceed the sum of
individual exposures, requiring intervention strategies that
address both underlying inequities and direct contamination
sources.

Regulatory and scientific frontiers

The challenges posed by thousands of structurally related
PFAS compounds have driven important innovations in
regulatory approaches, including class-based regulation,
essential use frameworks, and integrated risk assessment
methods (Lendewig et al. 2025). However, the global nature
of PFAS contamination and continuing development of new
compounds require unprecedented levels of international
coordination.

Current remediation technologies, analytical meth-
ods, and risk assessment approaches are inadequate for
addressing the scope and complexity of PFAS contamina-
tion (Bayode et al. 2024). Significant advances are needed
in destruction technologies, non-targeted analytical meth-
ods, mixture risk assessment, and long-term health effects
research, requiring sustained investment in transdisciplinary
research.

Importantly, these needs are even more pronounced in
low- and middle-income countries, where limitations in
analytical infrastructure, biomonitoring capacity, and reg-
ulatory oversight severely constrain the ability to detect
contamination, characterize toxic effects, and implement
effective monitoring strategies. This lack of region-specific
evidence hampers comprehensive exposure assessments
and prevents the establishment of reliable baselines for
evaluating ecological and human health risks. The absence
of locally generated data in emerging economies contributes
directly to the lack of regulatory frameworks, perpetuating
an underrepresentation of these regions in the global dis-
course on PFAS risk management and further delaying the
implementation of effective mitigation strategies. Strength-
ening global cooperation, technology transfer, and capacity

building will therefore be essential to ensure that all regions,
particularly those most vulnerable, are equipped to confront
the PFAS crisis (Souza et al. 2022).

Transformation of environmental health practice

The PFAS challenge illustrates limitations of traditional
environmental health approaches that treat human health,
animal health, and environmental protection as separate
concerns. Effective PFAS management requires a transfor-
mation of environmental health practice to embrace One
Health principles, recognizing the fundamental intercon-
nectedness of all health domains and developing integrated
solutions that generate co-benefits across domains (Ogun-
seitan 2022; Oliveira and Gebreyes 2022).

Prevention and urgency

The extreme persistence and global distribution of PFAS
demonstrate that preventing contamination is far more effec-
tive and economically efficient than attempting remediation
after contamination has occurred. This lesson has profound
implications for the regulation of other persistent chemicals
and the development of sustainable chemistry approaches,
considering environmental and health impacts from the ear-
liest stages of chemical development.

The continuing production and use of PFAS compounds,
combined with the irreversible nature of environmental
contamination, create an urgent need for coordinated action
transcending traditional institutional boundaries (Evich et
al. 2022). Every day of delay in implementing comprehen-
sive PFAS management strategies results in additional con-
tamination that will persist essentially forever.

Path forward

The path forward requires unprecedented collaboration
among scientists, policymakers, industry, and communi-
ties to develop and implement solutions addressing the root
causes of contamination, while protecting the most vulner-
able populations and ecosystems. Such collaboration must
be global in scope and maintained over decades, reflecting
both the persistence of PFAS in the environment and the
intergenerational nature of their health impacts.

The ultimate success of PFAS management efforts will
be measured not only by reductions in environmental con-
centrations and health effects, but also by the ability to pre-
vent similar contamination problems in the future through
the development of sustainable chemistry approaches and
regulatory systems that adequately protect environmental
and human health (Suffill et al. 2024).
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The One Health framework provides the conceptual
foundation for this transformation, emphasizing that the
health of humans, animals, and the environment is inextri-
cably linked. Sustainable solutions must protect all three
domains simultaneously. The application of One Health
principles to PFAS management demonstrates both the
potential for more effective environmental health protection
and the institutional changes needed to realize this potential
(Shurson 2025).

Author contributions Authors contributed equally to the study’s de-
sign, the drafting of the original manuscript, and its subsequent review
and editing.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. Open Access funding provided
thanks to the CRUE-CSIC (Spain) agreement with Springer Nature.
Dr MCO Souza received support of the Sdo Paulo Research Founda-
tion (FAPESP process number 2022/06443-0).

Data availability Not applicable.

Declarations

Conflict of interest The authors declare no known conflict of interest
or personal relationships that influenced the work here reported.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Abdulkadir A, Kandel S, Lewis N, D’Auvergne O, Rosby R, Hossain
E (2025) Epigenetic consequences of in utero PFAS exposure:
implications for development and long-term health. Int J Environ
Res Public Health 22(6):917. https://doi.org/10.3390/ijerph2206
0917

Adamopoulos I, Valamontes A, Karantonis JT, Syrou N, Mpouraza-
nis G, Tsirkas P, Mijwil MM, Dounias G, Thapa P, Tepelenis, K
(2025) A one health assessment of PFAS soil pollution: distribu-
tion, trophic transfer, and remediation strategy evaluation. Pre-
print https://doi.org/10.20944/preprints202507.1131.v1.

Ahrens L, Bundschuh M (2014) Fate and effects of poly- and perfluo-
roalkyl substances in the aquatic environment: a review. Environ
Toxicol Chem 33(9):1921-1929. https://doi.org/10.1002/etc.266
3

Alexander BH, Olsen GW (2007) Bladder cancer in perfluorooc-
tanesulfonyl fluoride manufacturing workers. Ann Epidemiol
17(6):471-478. https://doi.org/10.1016/j.annepidem.2007.01.036

@ Springer

Arulananthan A, Vilhelmsson OP, Karsten U,Grossart HP, Sigurbjorn-
sdéttir A, Rolfsson O, Joers H, Scholz B (2025) Per-and poly-
fluoroalkyl substances (PFAS) in thecryosphere—occurrence,
organismic accumulation, ecotoxicological impacts, transforma-
tion, and management strategies. Front Environ Sci 13:1559941.
https://doi.org/10.3389/fenvs.2025.1559941

Austin ME, Kasturi BS, Barber M, Kannan K, MohanKumar PS,
MohanKumar SM (2003) Neuroendocrine effects of perfluorooc-
tane sulfonate in rats. Environ Health Perspect 111(12):1485—
1489. https://doi.org/10.1289/ehp.6128

Bach CC, Bech BH, Brix N, Nohr EA, Bonde JP, Henriksen TB (2015)
Perfluoroalkyl and polyfluoroalkyl substances and human fetal
growth: a systematic review. Crit Rev Toxicol 45(1):53—67. https
://doi.org/10.3109/10408444.2014.952400

Ballesteros V, Costa O, Iniguez C, Fletcher T, Ballester F, Lopez-
Espinosa MJ (2017) Exposure to perfluoroalkyl substances and
thyroid function in pregnant women and children: a systematic
review of epidemiologic studies. Environ Int 99:15-28. https://do
i.org/10.1016/j.envint.2016.10.015

Banyoi SM, Porseryd T, Larsson J, Grahn M, Dinnétz P (2022) The
effects of exposure to environmentally relevant PFAS concentra-
tions for aquatic organisms at different consumer trophic levels:
systematic review and meta-analyses. Environ Pollut 315:120422.
https://doi.org/10.1016/j.envpol.2022.120422

Bayode AA, Emmanuel SS, Akinyemi AO, Ore OT, Akpotu SO, Koko
DT, Momodu DE, Lopez-Maldonado EA (2024) Innovative tech-
niques for combating a common enemy forever chemicals: a
comprehensive approach to mitigating per- and polyfluoroalkyl
substances (PFAS) contamination. Environ Res 261:119719. http
s://doi.org/10.1016/j.envres.2024.119719

Beale DJ, Sinclair GM, Shah R, Paten AM, Kumar A, Long SM, Vardy
S, Jones OAH (2022) A review of omics-based PFAS exposure
studies reveals common biochemical response pathways. Sci
Total Environ 845:157255. https://doi.org/10.1016/j.scitotenv.2
022.157255

Beccacece L, Costa F, Pascali JP, Giorgi FM (2023) Cross-species tran-
scriptomics analysis highlights conserved molecular responses to
per- and polyfluoroalkyl substances. Toxics 11(7):567. https://doi
.org/10.3390/toxics 11070567

Benskin JP, Li B, Ikonomou MG, Grace JR, Li LY (2012) Per- and
polyfluoroalkyl substances in landfill leachate: patterns, time
trends, and sources. Environ Sci Technol 46(21):11532—-11540. h
ttps://doi.org/10.1021/es302471n

Bil W, Zeilmaker M, Fragki S, Lijzen J, Verbruggen E, Bokkers B
(2021) Risk assessment of per- and polyfluoroalkyl substance
mixtures: a relative potency factor approach. Environ Toxicol
Chem 40(3):859-870. https://doi.org/10.1002/etc.4835

Bline AP, DeWitt JC, Kwiatkowski CF, Pelch KE, Reade A, Var-
shavsky JR (2024) Public health risks of PFAS-related immuno-
toxicity are real. Curr Environ Health Rep 11(2):118-127. https:/
/doi.org/10.1007/540572-024-00441-y

Bonato T, Pal T, Benna C, Di Maria F (2025) Contamination of the ter-
restrial food chain by per- and polyfluoroalkyl substances (PFAS)
and related human health risks: a systematic review. Sci Total
Environ 961:178337. https://doi.org/10.1016/j.scitotenv.2024.17
8337

Boston C, Keck S, Naperala A, Collins J (2025) The evolution of
PFAS epidemiology: new scientific developments call into ques-
tion alleged “probable links” between PFOA and kidney cancer
and thyroid disease. Front Public Health 13:1532277. https://doi.
org/10.3389/fpubh.2025.1532277

Brunn H, Arnold G, Kémer W, Rippen G, Steinhduser KG, Valentin
I (2023) PFAS: forever chemicals—persistent, bioaccumulative
and mobile. Reviewing the status and the need for their phase
out and remediation of contaminated sites. Environ Sci Eur
35(1):1-50


https://doi.org/10.3389/fenvs.2025.1559941
https://doi.org/10.3389/fenvs.2025.1559941
https://doi.org/10.1289/ehp.6128
https://doi.org/10.3109/10408444.2014.952400
https://doi.org/10.3109/10408444.2014.952400
https://doi.org/10.1016/j.envint.2016.10.015
https://doi.org/10.1016/j.envint.2016.10.015
https://doi.org/10.1016/j.envpol.2022.120422
https://doi.org/10.1016/j.envpol.2022.120422
https://doi.org/10.1016/j.envres.2024.119719
https://doi.org/10.1016/j.envres.2024.119719
https://doi.org/10.1016/j.scitotenv.2022.157255
https://doi.org/10.1016/j.scitotenv.2022.157255
https://doi.org/10.3390/toxics11070567
https://doi.org/10.3390/toxics11070567
https://doi.org/10.1021/es302471n
https://doi.org/10.1021/es302471n
https://doi.org/10.1002/etc.4835
https://doi.org/10.1007/s40572-024-00441-y
https://doi.org/10.1007/s40572-024-00441-y
https://doi.org/10.1016/j.scitotenv.2024.178337
https://doi.org/10.1016/j.scitotenv.2024.178337
https://doi.org/10.3389/fpubh.2025.1532277
https://doi.org/10.3389/fpubh.2025.1532277
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijerph22060917
https://doi.org/10.3390/ijerph22060917
https://doi.org/10.20944/preprints202507.1131.v1
https://doi.org/10.1002/etc.2663
https://doi.org/10.1002/etc.2663
https://doi.org/10.1016/j.annepidem.2007.01.036

Archives of Toxicology (2026) 100:1769-1787

1783

Buck RC, Franklin J, Berger U, Conder JM, Cousins IT, de Voogt P,
Jensen AA, Kannan K, Mabury SA, van Leeuwen SP (2011) Per-
fluoroalkyl and polyfluoroalkyl substances in the environment:
terminology, classification, and origins. Integr Environ Assess
Manag 7(4):513-541. https://doi.org/10.1002/ieam.258

Bulawska N, Sosnowska A, Kowalska D, Stepnik M, Puzyn T (2025)
PFAS (per- and polyfluorinated alkyl substances) as EDCs (endo-
crine-disrupting chemicals) - identification of compounds with
high potential to bind to selected terpenoids NHRs (nuclear hor-
mone receptors). Chemosphere 370:143967. https://doi.org/10.10
16/j.chemosphere.2024.143967

Busch J, Ahrens L, Sturm R, Ebinghaus R (2010) Polyfluoroalkyl com-
pounds in landfill leachates. Environ Pollut 158(5):1467-1471. h
ttps://doi.org/10.1016/j.envpol.2009.12.031

Bustnes JO, Yoccoz NG, Bangjord G, Polder A, Skaare JU (2007)
Temporal trends (1986-2004) of organochlorines and brominated
flame retardants in tawny owl eggs from northern Europe. Envi-
ron Sci Technol 41(24):8491-8497. https://doi.org/10.1021/es07
1581w

Butt CM, Berger U, Bossi R, Tomy GT (2010) Levels and trends of
poly- and perfluorinated compounds in the arctic environment.
Sci Total Environ 408(15):2936-2965. https://doi.org/10.1016/j.
scitotenv.2010.03.015

Cardenas A, Gold DR, Hauser R, Kleinman KP, Hivert MF, Calafat
AM, Ye X, Webster TF, Horton ES, Oken E (2017) Plasma con-
centrations of per- and polyfluoroalkyl substances at baseline
and associations with glycemic indicators and diabetes incidence
among high-risk adults in the Diabetes Prevention Program Trial.
Environ Health Perspect 125(10):107001. https://doi.org/10.128
9/EHP1612

Casal P, Zhang Y, Martin JW, Pizarro M, Jiménez B, Dachs J (2017)
Role of snow deposition of perfluoroalkylated substances at
coastal Livingston Island (Maritime Antarctica). Environ Sci
Technol 51(15):8460-8470. https://doi.org/10.1021/acs.est.7b02
521

CDC, Centers for Disease Control and Prevention (2024) About one
health. Available at: https://www.cdc.gov/one-health/about/index
.html (Accessed Aug 14 2025)

Chang SC, Das K, Ehresman DJ, Ellefson ME, Gorman GS, Hart JA,
Noker PE, Tan YM, Lieder PH, Lau C, Olsen GW, Butenhoff JL
(2008) Comparative pharmacokinetics of perfluorobutyrate in
rats, mice, monkeys, and humans and relevance to human expo-
sure via drinking water. Toxicol Sci 104(1):40-53. https://doi.org
/10.1093/toxsci/kfn057

Chen Z, Wei W, Hu Y, Niu Q, Yan Y (2024) Associations between
co-exposure to per- and polyfluoroalkyl substances and meta-
bolic diseases: the mediating roles of inflammation and oxidative
stress. Sci Total Environ 953:176187. https://doi.org/10.1016/j.s
citotenv.2024.176187

Cheng W, Doering JA, LaLone C, Ng C (2021) Integrative computa-
tional approaches to inform relative bioaccumulation potential of
per- and polyfluoroalkyl substances across species. Toxicol Sci
180(2):212-223. https://doi.org/10.1093/toxsci/kfab004

Stockholm Convention (2023) Listing of perfluorooctanoic acid
(PFOA), its salts and PFOA-related compounds. Stockholm con-
vention on persistent organic pollutants. Available at: http://chm.
pops.int/TheConvention/ThePOPs/TheNewPOPs/tabid/2511/Def
ault.aspx (Accessed July 30 2025)

Cousins IT, Goldenman G, Herzke D, Lohmann R, Miller M, Ng
CA, Patton S, Scheringer M, Trier X, Vierke L, Wang Z, DeWitt
JC (2019) The concept of essential use for determining when
uses of PFASs can be phased out. Environ Sci Process Impacts
21(11):1803-1815. https://doi.org/10.1039/c9em00163h

Cousins IT, DeWitt JC, Gliige J, Goldenman G, Herzke D, Lohmann
R, Ng CA, Scheringer M, Wang Z (2020) The high persistence
of PFAS is sufficient for their management as a chemical class.

Environ Sci Process Impacts 22(12):2307-2312. https://doi.org/
10.1039/d0em00355¢g

De Silva AO, Armitage JM, Bruton TA, Dassuncao C, Heiger-Bernays
W, Hu XC, Kérrman A, Kelly B, Ng C, Robuck A, Sun M, Web-
ster TF, Sunderland EM (2021) PFAS exposure pathways for
humans and wildlife: a synthesis of current knowledge and key
gaps in understanding. Environ Toxicol Chem 40(3):631-657. ht
tps://doi.org/10.1002/etc.4935

Destoumieux-Garzon D, Mavingui P, Boetsch G, Boissier J, Darriet F,
Duboz P, Fritsch C, Giraudoux P, Le Roux F, Morand S, Paillard
C, Pontier D, Sueur C, Voituron Y (2018) The one health concept:
10years old and a long road ahead. Front Vet Sci 5:14. https://doi
.org/10.3389/fvets.2018.00014

DeWitt JC, Millsap DS, Yeager RL, Heise SS, Sparks DW, Henshel
DS (2006) External heart deformities in passerine birds exposed
to environmental mixtures of polychlorinated biphenyls during
development. Environ Toxicol Chem 25(2):541-551. https://doi
.org/10.1897/05-343r.1

DeWitt JC, Shnyra A, Badr MZ, Loveless SE, Hoban D, Frame SR,
Cunard R, Anderson SE, Meade BJ, Peden-Adams MM, Luebke
RW, Luster MI (2009) Immunotoxicity of perfluorooctanoic acid
and perfluorooctane sulfonate and the role of peroxisome prolif-
erator-activated receptor alpha. Crit Rev Toxicol 39(1):76-94. htt
ps://doi.org/10.1080/10408440802209804

DeWitt JC, Blossom SJ, Schaider LA (2019) Exposure to per-fluoro-
alkyl and polyfluoroalkyl substances leads to immunotoxicity:
epidemiological and toxicological evidence. J Expo Sci Environ
Epidemiol 29(2):148-156. https://doi.org/10.1038/s41370-018-0
097-y

Dimitrakopoulou ME, Karvounis M, Marinos G, Theodorakopoulou
Z, Aloizou E, Petsangourakis G, Papakonstantinou M, Stoitsis G
(2024) Comprehensive analysis of PFAS presence from environ-
ment to plate. NPJ Sci Food 8(1):80. https://doi.org/10.1038/s41
538-024-00319-1

Dixit F, Dutta R, Barbeau B, Berube P, Mohseni M (2021) PFAS
removal by ion exchange resins: a review. Chemosphere
272:129777. https://doi.org/10.1016/j.chemosphere.2021.129777

Domingo JL (2012) Health risks of dietary exposure to perfluorinated
compounds. Environ Int 40:187-195. https://doi.org/10.1016/j.e
nvint.2011.08.001

Domingo JL (2025) A review of the occurrence and distribution of
per- and polyfluoroalkyl substances (PFAS) in human organs and
fetal tissues. Environ Res 272:121181. https://doi.org/10.1016/j.
envres.2025.121181

Domingo JL, Nadal M (2019) Human exposure to per- and polyfluoro-
alkyl substances (PFAS) through drinking water: a review of the
recent scientific literature. Environ Res 177:108648. https://doi.o
rg/10.1016/j.envres.2019.108648

Domingo JL, Ericson-Jogsten I, Perell6 G, Nadal M, Van Bavel B,
Kérrman A (2012) Human exposure to perfluorinated compounds
in Catalonia, Spain: contribution of drinking water and fish and
shellfish. J Agric Food Chem 60(17):4408-4415. https://doi.org/
10.1021/j£300355¢

Domingo JL, Souza MCO, Nadal M, Barbosa F (2025) A one health
approach to polybrominated diphenyl ethers (PBDEs): integrat-
ing human, animal, and environmental health perspectives. Che-
mosphere 386:144644. https://doi.org/10.1016/j.chemosphere.20
25.144644

ECHA, European Chemicals Agency (2023) Annex XV restriction
report: Per- and polyfluoroalkyl substances (PFASs). Available
at: https://echa.europa.eu/registry-of-restriction-intentions/-/disli
st/details/0b0236e18663449b (Accessed Aug 5 2025)

US EPA (2024) PFAS national primary drinking water regulation.
United States Environmental Protection Agency. Available at: h
ttps://www.epa.gov/sdwa/and-polyfluoroalkyl-substances-pfas
(Accesed Jul 30 2025)

@ Springer


https://doi.org/10.1039/d0em00355g
https://doi.org/10.1039/d0em00355g
https://doi.org/10.1002/etc.4935
https://doi.org/10.1002/etc.4935
https://doi.org/10.3389/fvets.2018.00014
https://doi.org/10.3389/fvets.2018.00014
https://doi.org/10.1897/05-343r.1
https://doi.org/10.1897/05-343r.1
https://doi.org/10.1080/10408440802209804
https://doi.org/10.1080/10408440802209804
https://doi.org/10.1038/s41370-018-0097-y
https://doi.org/10.1038/s41370-018-0097-y
https://doi.org/10.1038/s41538-024-00319-1
https://doi.org/10.1038/s41538-024-00319-1
https://doi.org/10.1016/j.chemosphere.2021.129777
https://doi.org/10.1016/j.envint.2011.08.001
https://doi.org/10.1016/j.envint.2011.08.001
https://doi.org/10.1016/j.envres.2025.121181
https://doi.org/10.1016/j.envres.2025.121181
https://doi.org/10.1016/j.envres.2019.108648
https://doi.org/10.1016/j.envres.2019.108648
https://doi.org/10.1021/jf300355c
https://doi.org/10.1021/jf300355c
https://doi.org/10.1016/j.chemosphere.2025.144644
https://doi.org/10.1016/j.chemosphere.2025.144644
https://echa.europa.eu/registry-of-restriction-intentions/-/dislist/details/0b0236e18663449b
https://echa.europa.eu/registry-of-restriction-intentions/-/dislist/details/0b0236e18663449b
https://www.epa.gov/sdwa/and-polyfluoroalkyl-substances-pfas
https://www.epa.gov/sdwa/and-polyfluoroalkyl-substances-pfas
https://doi.org/10.1002/ieam.258
https://doi.org/10.1016/j.chemosphere.2024.143967
https://doi.org/10.1016/j.chemosphere.2024.143967
https://doi.org/10.1016/j.envpol.2009.12.031
https://doi.org/10.1016/j.envpol.2009.12.031
https://doi.org/10.1021/es071581w
https://doi.org/10.1021/es071581w
https://doi.org/10.1016/j.scitotenv.2010.03.015
https://doi.org/10.1016/j.scitotenv.2010.03.015
https://doi.org/10.1289/EHP1612
https://doi.org/10.1289/EHP1612
https://doi.org/10.1021/acs.est.7b02521
https://doi.org/10.1021/acs.est.7b02521
https://www.cdc.gov/one-health/about/index.html
https://www.cdc.gov/one-health/about/index.html
https://doi.org/10.1093/toxsci/kfn057
https://doi.org/10.1093/toxsci/kfn057
https://doi.org/10.1016/j.scitotenv.2024.176187
https://doi.org/10.1016/j.scitotenv.2024.176187
https://doi.org/10.1093/toxsci/kfab004
http://chm.pops.int/TheConvention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx
http://chm.pops.int/TheConvention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx
http://chm.pops.int/TheConvention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx
https://doi.org/10.1039/c9em00163h

1784

Archives of Toxicology (2026) 100:1769-1787

Ericson I, Marti-Cid R, Nadal M, Van Bavel B, Lindstrom G, Domingo
JL (2008) Human exposure to perfluorinated chemicals through
the diet: intake of perfluorinated compounds in foods from the
Catalan (Spain) market. J Agric Food Chem 56(5):1787-1794. ht
tps://doi.org/10.1021/j£0732408

Eriksen KT, Raaschou-Nielsen O, Serensen M, Roursgaard M, Loft S,
Mgller P (2010) Genotoxic potential of the perfluorinated chemi-
cals PFOA, PFOS, PFBS, PFNA and PFHXA in human HepG2
cells. Mutat Res 700(1-2):19—43. https://doi.org/10.1016/j.mrge
ntox.2010.04.024

Everson TM, Sehgal N, Campbell K, Barr DB, Panuwet P, Yaki-
mavets V, Chen K, Perez C, Shankar K, Eick SM, Pearson KJ,
Andres A (2025) Placental PFAS concentrations are associated
with perturbations of placental DNA methylation. Environ Pol-
lut 1(368):125737. https://doi.org/10.1016/j.envpol.2025.125737

Evich MG, Davis MJB, McCord JP, Acrey B, Awkerman JA, Knappe
DRU, Lindstrom AB, Speth TF, Tebes-Stevens C, Strynar MJ,
Wang Z, Weber EJ, Henderson WM, Washington JW (2022)
Per- and polyfluoroalkyl substances in the environment. Science
375(6580):eabg9065. https://doi.org/10.1126/science.abg9065

Fair PA, Wolf B, White ND, Arnott SA, Kannan K, Karthikraj R,
Vena JE (2019) Perfluoroalkyl substances (PFASs) in edible fish
species from Charleston Harbor and tributaries, South Caro-
lina, United States: exposure and risk assessment. Environ Res
171:266-277. https://doi.org/10.1016/j.envres.2019.01.021

Fairley KJ, Purdy R, Kearns S, Anderson SE, Meade B (2007) Expo-
sure to the immunosuppressant, perfluorooctanoic acid, enhances
the murine IgE and airway hyperreactivity response to ovalbu-
min. Toxicol Sci 97(2):375-383. https://doi.org/10.1093/toxsci/k
fm053

Fenton SE, Reiner JL, Nakayama SF, Delinsky AD, Stanko JP, Hines
EP, White SS, Lindstrom AB, Strynar MJ, Petropoulou SE (2009)
Analysis of PFOA in dosed CD-1 mice. Part 2. Disposition of
PFOA in tissues and fluids from pregnant and lactating mice and
their pups. Reprod Toxicol 27(3—4):365-372. https://doi.org/10.1
016/j.reprotox.2009.02.012

Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, Smith
JS, Roberts SM (2021) Per- and polyfluoroalkyl substance tox-
icity and human health review: current state of knowledge and
strategies for informing future research. Environ Toxicol Chem
40(3):606-630. https://doi.org/10.1002/etc.4890

Gallo V, Leonardi G, Genser B, Lopez-Espinosa MJ, Frisbee SJ, Karls-
son L, Ducatman AM, Fletcher T (2012) Serum perfluorooctano-
ate (PFOA) and perfluorooctane sulfonate (PFOS) concentrations
and liver function biomarkers in a population with elevated PFOA
exposure. Environ Health Perspect 120(5):655-660. https://doi.or
2/10.1289/ehp.1104436

US GAO US Government Accountability Office (2025) Firefighting
foam chemicals: DOD Is Investigating PFAS and responding to
contamination, but should report more cost information. GAO-
21-421, 2021. Available at: https://www.gao.gov/products/gao-2
1-421 (Accessed Aug 18 2025)

Gkika IS, Arie Vonk J, Ter Laak TL, van Gestel CAM, Dijkstra J, Grof-
fen T, Bervoets L, Kraak MHS (2025) Strong bioaccumulation of
a wide variety of PFAS in a contaminated terrestrial and aquatic
ecosystem. Environ Int 21(202):109629. https://doi.org/10.1016/
j-envint.2025.109629

Gliige J, Scheringer M, Cousins IT, DeWitt JC, Goldenman G, Herzke
D, Lohmann R, Ng CA, Trier X, Wang Z (2020) An overview of
the uses of per- and polyfluoroalkyl substances (PFAS). Environ
Sci Process Impacts 22(12):1-2373. https://doi.org/10.1039/d0e
m00291g

Gonzalez de Vega R, Cameron A, Clases D, Dodgen TM, Doble PA,
Bishop DP. Simultaneous targeted and non-targeted analysis of
per- and polyfluoroalkyl substances in environmental samples
by liquid chromatography-ion mobility-quadrupole time of

@ Springer

flight-mass spectrometry and mass defect analysis. J Chromatogr
A. 2021; 1653: 462423. https://doi.org/10.1016/j.chroma.2021.4
62423.

Gonzélez N, Domingo JL (2025) PFC/PFAS concentrations in human
milk and infant exposure through lactation: a comprehensive
review of the scientific literature. Arch Toxicol 99(5):1843—1864.
https://doi.org/10.1007/s00204-025-03980-x

Goodrum PE, Anderson JK, Luz AL, Ansell GK (2021) Application
of a framework for grouping and mixtures toxicity assessment of
PFAS: a closer examination of dose-additivity approaches. Toxi-
col Sci 179(2):28-278. https://doi.org/10.1093/toxsci/kfaal23

Grandjean P, Andersen EW, Budtz-Jergensen E, Nielsen F, Molbak K,
Weihe P, Heilmann C (2012) Serum vaccine antibody concen-
trations in children exposed to perfluorinated compounds. JAMA
307(25):391-397. https://doi.org/10.1001/jama.2011.2034

Grice MM, Alexander BH, Hoftbeck R, Kampa DM (2007) Self-
reported medical conditions in perfluorooctanesulfonyl fluoride
manufacturing workers. J Occup Environ Med 49(7):722—729. ht
tps://doi.org/10.1097/JOM.0b013¢3180582043

Herrick RL, Buckholz J, Biro FM, Calafat AM, Ye X, Xie C, Pinney
SM (2017) Polyfluoroalkyl substance exposure in the Mid-Ohio
River Valley, 1991-2012. Environ Pollut 228:50-60. https://doi.o
1rg/10.1016/j.envpol.2017.04.092

Hossini H, Massahi T, Parnoon K, Nouri M (2025) Per-and polyfluo-
roalkyl substances (PFAS) in milk and dairy products: a literature
review of the occurrence, contamination sources, and health risks.
Food Addit Contam Part A Chem Anal Control Expo Risk Assess.
https://doi.org/10.1080/19440049.2025.2538224

Houde M, Martin JW, Letcher RJ, Solomon KR, Muir DC (2006)
Biological monitoring of polyfluoroalkyl substances: a review.
Environ Sci Technol 40(1):3463-3473. https://doi.org/10.1021/
es052580b

Houde M, De Silva AO, Muir DC, Letcher RJ (2011) Monitoring of
perfluorinated compounds in aquatic biota: an updated review.
Environ Sci Technol 45(1):7962-7973. https://doi.org/10.1021/
es104326w

Hu XC, Andrews DQ, Lindstrom AB, Bruton TA, Schaider LA, Grand-
jean P, Lohmann R, Carignan CC, Blum A, Balan SA, Higgins
CP, Sunderland EM (2016) Detection of poly- and perfluoroalkyl
substances (PFASs) in U.S. drinking water linked to industrial
sites, military fire training areas, and wastewater treatment plants.
Environ Sci Technol Lett 3(10):11-350. https://doi.org/10.1021/
acs.estlett.6b00260

Idowu IG, Ekpe OD, Megson D, Bruce-Vanderpuije P, Sandau CD
(2025) A systematic review of methods for the analysis of total
per- and polyfluoroalkyl substances (PFAS). Sci Total Environ
967(1):178644. https://doi.org/10.1016/j.scitotenv.2025.178644

Jafarinejad S (2025) A mini-review of full-scale drinking water treat-
ment plants for per- and polyfluoroalkyl substances (PFAS)
removal: possible solutions and future directions. Sustainability
17(2):451. https://doi.org/10.3390/sul 7020451

Kéarrman A, Domingo JL, Llebaria X, Nadal M, Bigas E, van Bavel B,
Lindstrom G (2010) Biomonitoring perfluorinated compounds in
Catalonia, Spain: concentrations and trends in human liver and
milk samples. Environ Sci Pollut Res Int 17(3):750-758. https://
doi.org/10.1007/s11356-009-0178-5

Kashobwe L, Sadrabadi F, Brunken L, Coelho ACMF, Sandanger
TM, Braeuning A, Buhrke T, Oberg M, Hamers T, Leonards
PEG (2024) Legacy and alternative per- and polyfluoroalkyl sub-
stances (PFAS) alter the lipid profile of HepaRG cells. Toxicol-
ogy 506:153862. https://doi.org/10.1016/j.tox.2024.153862

Kebieche N, Yim S, Lambert C, Soulimani R (2025) Epigenetic and
genotoxic mechanisms of PFAS-induced neurotoxicity: a molec-
ular and transgenerational perspective. Toxics 13(8):629. https://
doi.org/10.3390/toxics 13080629


https://doi.org/10.1016/j.chroma.2021.462423
https://doi.org/10.1016/j.chroma.2021.462423
https://doi.org/10.1007/s00204-025-03980-x
https://doi.org/10.1007/s00204-025-03980-x
https://doi.org/10.1093/toxsci/kfaa123
https://doi.org/10.1001/jama.2011.2034
https://doi.org/10.1097/JOM.0b013e3180582043
https://doi.org/10.1097/JOM.0b013e3180582043
https://doi.org/10.1016/j.envpol.2017.04.092
https://doi.org/10.1016/j.envpol.2017.04.092
https://doi.org/10.1080/19440049.2025.2538224
https://doi.org/10.1021/es052580b
https://doi.org/10.1021/es052580b
https://doi.org/10.1021/es104326w
https://doi.org/10.1021/es104326w
https://doi.org/10.1021/acs.estlett.6b00260
https://doi.org/10.1021/acs.estlett.6b00260
https://doi.org/10.1016/j.scitotenv.2025.178644
https://doi.org/10.3390/su17020451
https://doi.org/10.1007/s11356-009-0178-5
https://doi.org/10.1007/s11356-009-0178-5
https://doi.org/10.1016/j.tox.2024.153862
https://doi.org/10.3390/toxics13080629
https://doi.org/10.3390/toxics13080629
https://doi.org/10.1021/jf0732408
https://doi.org/10.1021/jf0732408
https://doi.org/10.1016/j.mrgentox.2010.04.024
https://doi.org/10.1016/j.mrgentox.2010.04.024
https://doi.org/10.1016/j.envpol.2025.125737
https://doi.org/10.1126/science.abg9065
https://doi.org/10.1016/j.envres.2019.01.021
https://doi.org/10.1093/toxsci/kfm053
https://doi.org/10.1093/toxsci/kfm053
https://doi.org/10.1016/j.reprotox.2009.02.012
https://doi.org/10.1016/j.reprotox.2009.02.012
https://doi.org/10.1002/etc.4890
https://doi.org/10.1289/ehp.1104436
https://doi.org/10.1289/ehp.1104436
https://www.gao.gov/products/gao-21-421
https://www.gao.gov/products/gao-21-421
https://doi.org/10.1016/j.envint.2025.109629
https://doi.org/10.1016/j.envint.2025.109629
https://doi.org/10.1039/d0em00291g
https://doi.org/10.1039/d0em00291g

Archives of Toxicology (2026) 100:1769-1787

1785

Keiter S, Baumann L, Farber H, Holbech H, Skutlarek D, Engwall
M, Braunbeck T (2012) Long-term effects of a binary mixture
of perfluorooctane sulfonate (PFOS) and bisphenol A (BPA) in
zebrafish (Danio rerio). Aquat Toxicol 118-119:116—129. https://
doi.org/10.1016/j.aquatox.2012.04.003

Kelly BC, Ikonomou MG, Blair JD, Surridge B, Hoover D, Grace R,
Gobas FA (2009) Perfluoroalkyl contaminants in an Arctic marine
food web: trophic magnification and wildlife exposure. Environ
Sci Technol 43(11):4037-4043. https://doi.org/10.1021/es90038
94

Kelly BC, Sun JM, McDougall MRR, Sunderland EM, Gobas FAPC
(2024) Development and evaluation of aquatic and terrestrial
food web bioaccumulation models for per- and polyfluoroalkyl
substances. Environ Sci Technol 58(40):17828-17837. https://do
i.org/10.1021/acs.est.4c02134

Kosiarski K, Veith TL, Kibuye FA, Fetter J, Boser S, Vanden Heuvel
JP, Thompson CL, Preisendanz HE (2025) Geospatial and socio-
economic factors of PFAS contamination in private drinking
water wells: insights for monitoring and management. J Environ
Manage 388:125863. https://doi.org/10.1016/j.jenvman.2025.12
5863

Kwiatkowski CF, Andrews DQ, Birnbaum LS, Bruton TA, DeWitt JC,
Knappe DRU, Maffini MV, Miller MF, Pelch KE, Reade A, Soehl
A, Trier X, Venier M, Wagner CC, Wang Z, Blum A (2020) Sci-
entific basis for managing PFAS as a chemical class. Environ Sci
Technol Lett 7(8):532—543. https://doi.org/10.1021/acs.estlett.Oc
00255

Lau C, Anitole K, Hodes C, Lai D, Pfahles-Hutchens A, Seed J (2007)
Perfluoroalkyl acids: a review of monitoring and toxicological
findings. Toxicol Sci 99(2):366-394. https://doi.org/10.1093/tox
sci/kfm128

Lee K, Alava JJ, Cottrell P, Cottrell L, Grace R, Zysk I, Raverty S
(2023) Emerging contaminants and new POPs (PFAS and
HBCDD) in endangered Southern Resident and Bigg’s (Tran-
sient) killer whales (Orcinus orca): in utero maternal transfer
and pollution management implications. Environ Sci Technol
57(1):10-374. https://doi.org/10.1021/acs.est.2c04126

Lendewig M, Marquez R, Franco J, Vera RE, Vivas KA, Forfora N,
Venditti RA, Gonzalez R (2025) PFAS regulations and economic
impact: a review of U.S. pulp & paper and textiles industries.
Chemosphere 377:144301. https://doi.org/10.1016/j.chemospher
€.2025.144301

Lerner H, Berg C (2017) A comparison of three holistic approaches to
health: one health, ecohealth, and planetary health. Front Vet Sci
4:163. https://doi.org/10.3389/fvets.2017.00163

Li L, Zhai Z, Liu J, Hu J (2015) Estimating industrial and domestic
environmental releases of perfluorooctanoic acid and its salts in
China from 2004 to 2012. Chemosphere 129:100-109. https://do
i.org/10.1016/j.chemosphere.2014.11.049

Lin PD, Cardenas A, Hauser R, Gold DR, Kleinman KP, Hivert MF,
Fleisch AF, Calafat AM, Webster TF, Horton ES, Oken E (2019)
Per- and polyfluoroalkyl substances and blood lipid levels in pre-
diabetic adults-longitudinal analysis of the diabetes prevention
program outcomes study. Environ Int 129:343-353. https://doi.or
2/10.1016/j.envint.2019.05.027

Lindstrom AB, Strynar MJ, Libelo EL (2011) Polyfluorinated
compounds: past, present, and future. Environ Sci Technol
45(19):7954-7961. https://doi.org/10.1021/es2011622

Liu J, Mejia Avendafio S (2013) Microbial degradation of polyfluoro-
alkyl chemicals in the environment: a review. Environ Int 61:98—
114. https://doi.org/10.1016/j.envint.2013.08.022

Liu YL, Sun M (2021) Ion exchange removal and resin regeneration
to treat per- and polyfluoroalkyl ether acids and other emerging
PFAS in drinking water. Water Res 207:117781. https://doi.org/1
0.1016/j.watres.2021.117781

Lohmann R, Abass K, Bonefeld-Jargensen EC, Bossi R, Dietz R, Fer-
guson S, Fernie KJ, Grandjean P, Herzke D, Houde M, Lemire
M, Letcher RJ, Muir D, De Silva AO, Ostertag SK, Rand AA,
Sendergaard J, Sonne C, Sunderland EM, Vorkamp K, Wilson S,
Weihe P (2024) Cross-cutting studies of per- and polyfluorinated
alkyl substances (PFAS) in arctic wildlife and humans. Sci Total
Environ 954:176274. https://doi.org/10.1016/j.scitotenv.2024.17
6274

Luki¢ Bilela L, Matijosyté I, Krutkevicius J, Alexandrino DAM, Safa-
rik I, Burlakovs J, Gaudéncio SP, Carvalho MF (2023) Impact of
per- and polyfluorinated alkyl substances (PFAS) on the marine
environment: raising awareness, challenges, legislation, and miti-
gation approaches under the one health concept. Mar Pollut Bull
194:115309. https://doi.org/10.1016/j.marpolbul.2023.115309

MacDonald MM, Warne AL, Stock NL, Mabury SA, Solomon KR,
Sibley PK (2004) Toxicity of perfluorooctane sulfonic acid and
perfluorooctanoic acid to Chironomus tentans. Environ Toxicol
Chem 23(9):2116-2123. https://doi.org/10.1897/03-449

Mahinroosta R, Senevirathna L (2020) A review of the emerging treat-
ment technologies for PFAS contaminated soils. J Environ Man-
age 255:109896. https://doi.org/10.1016/j.jenvman.2019.109896

Mahoney H, Xie Y, Brinkmann M, Giesy JP (2022) Next generation
per- and poly-fluoroalkyl substances: status and trends, aquatic
toxicity, and risk assessment. Eco Environ Health 1(2):117-131.
https://doi.org/10.1016/j.eehl.2022.05.002

Mamsen LS, Bjérvang RD, Mucs D, Vinnars MT, Papadogiannakis N,
Lindh CH, Andersen CY, Damdimopoulou P (2019) Concentra-
tions of perfluoroalkyl substances (PFASs) in human embryonic
and fetal organs from first, second, and third trimester pregnan-
cies. Environ Int 124:482—492. https://doi.org/10.1016/j.envint.2
019.01.010

Martin JW, Smithwick MM, Braune BM, Hoekstra PF, Muir DC,
Mabury SA (2004) Identification of long-chain perfluorinated
acids in biota from the Canadian Arctic. Environ Sci Technol
38(2):373-380. https://doi.org/10.1021/es034727+

Mazumder NU, Hossain MT, Jahura FT, Girase A, Hall AS, Lu J,
Ormond RB (2023) Firefighters’ exposure to per-and polyfluo-
roalkyl substances (PFAS) as an occupational hazard: a review.
Front Mater 10:10.3389/fmats.2023.1143411. https://doi.org/10.
3389/fmats.2023.1143411

Melnyk LJ, Holder C, Luh J, Thomas K, Cohen Hubal EA (2025)
Evidence mapping and scoping review of pathways for potential
dietary exposure to per- and poly-fluoroalkyl substances (PFAS).
Environ Sci Process Impacts 27(8):2452-2463. https://doi.org/10
.1039/d4em00696h

Michaud AM, Dunsin Saliu T, Munoz G, Feder F, Sappin-Didier V,
Watteau F, Houot S, Sauvé S (2025) In situ occurrence and mobil-
ity of per and polyfluoroalkyl substances in soils amended with
organic waste products. Sci Total Environ 984:179708. https://do
i.org/10.1016/j.scitotenv.2025.179708

Moody CA, Kwan WC, Martin JW, Muir DC, Mabury SA (2001)
Determination of perfluorinated surfactants in surface water sam-
ples by two independent analytical techniques: liquid chroma-
tography/tandem mass spectrometry and 19F NMR. Anal Chem
73(10):2200-2206. https://doi.org/10.1021/ac0100648

Moody CA, Martin JW, Kwan WC, Muir DC, Mabury SA (2002)
Monitoring perfluorinated surfactants in biota and surface water
samples following an accidental release of fire-fighting foam into
Etobicoke creek. Environ Sci Technol 36(4):545-551. https://doi
.org/10.1021/es011001+

Moody CA, Hebert GN, Strauss SH, Field JA (2003) Occurrence and
persistence of perfluorooctanesulfonate and other perfluorinated
surfactants in groundwater at a fire-training area at Wurtsmith air
force base, Michigan, USA. J Environ Monit 5(2):341-345. https
://doi.org/10.1039/b212497a

@ Springer


https://doi.org/10.1016/j.scitotenv.2024.176274
https://doi.org/10.1016/j.scitotenv.2024.176274
https://doi.org/10.1016/j.marpolbul.2023.115309
https://doi.org/10.1897/03-449
https://doi.org/10.1016/j.jenvman.2019.109896
https://doi.org/10.1016/j.eehl.2022.05.002
https://doi.org/10.1016/j.eehl.2022.05.002
https://doi.org/10.1016/j.envint.2019.01.010
https://doi.org/10.1016/j.envint.2019.01.010
https://doi.org/10.1021/es034727+
https://doi.org/10.3389/fmats.2023.1143411
https://doi.org/10.3389/fmats.2023.1143411
https://doi.org/10.1039/d4em00696h
https://doi.org/10.1039/d4em00696h
https://doi.org/10.1016/j.scitotenv.2025.179708
https://doi.org/10.1016/j.scitotenv.2025.179708
https://doi.org/10.1021/ac0100648
https://doi.org/10.1021/es011001+
https://doi.org/10.1021/es011001+
https://doi.org/10.1039/b212497a
https://doi.org/10.1039/b212497a
https://doi.org/10.1016/j.aquatox.2012.04.003
https://doi.org/10.1016/j.aquatox.2012.04.003
https://doi.org/10.1021/es9003894
https://doi.org/10.1021/es9003894
https://doi.org/10.1021/acs.est.4c02134
https://doi.org/10.1021/acs.est.4c02134
https://doi.org/10.1016/j.jenvman.2025.125863
https://doi.org/10.1016/j.jenvman.2025.125863
https://doi.org/10.1021/acs.estlett.0c00255
https://doi.org/10.1021/acs.estlett.0c00255
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1021/acs.est.2c04126
https://doi.org/10.1016/j.chemosphere.2025.144301
https://doi.org/10.1016/j.chemosphere.2025.144301
https://doi.org/10.3389/fvets.2017.00163
https://doi.org/10.1016/j.chemosphere.2014.11.049
https://doi.org/10.1016/j.chemosphere.2014.11.049
https://doi.org/10.1016/j.envint.2019.05.027
https://doi.org/10.1016/j.envint.2019.05.027
https://doi.org/10.1021/es2011622
https://doi.org/10.1016/j.envint.2013.08.022
https://doi.org/10.1016/j.watres.2021.117781
https://doi.org/10.1016/j.watres.2021.117781

1786

Archives of Toxicology (2026) 100:1769-1787

Munoz G, Desrosiers M, Duy SV, Labadie P, Budzinski H, Liu J, Sauvé
S (2017) Environmental occurrence of perfluoroalkyl acids and
novel fluorotelomer surfactants in the freshwater fish Catostomus
commersonii and sediments following firefighting foam deploy-
ment at the Lac-Mégantic railway accident. Environ Sci Technol
51(3):1231-1240. https://doi.org/10.1021/acs.est.6b05432

US Environmental Working Group (2025) New EPA data shows 165M
people exposed to ‘forever chemicals’ in U.S. drinking water.
June 2025. Available at: https://www.ewg.org/news-insights/new
s-release/2025/06/ (Accessed Aug 18 2025)

Nordstad T, Moe B, Bustnes JO, Bech C, Chastel O, Goutte A, Sagerup
K, Trouvé C, Herzke D, Gabrielsen GW (2012) Relationships
between POPs and baseline corticosterone levels in black-legged
kittiwakes (Rissa tridactyla) across their breeding cycle. Environ
Pollut 164:219-226. https://doi.org/10.1016/j.envpol.2012.01.04
4

Odediran A, Bollen K, Obeng-Gyasi E (2025) Association of PFAS
and metals with cardiovascular disease risk: exploring the medi-
ating effect of diet. Environments 12(6):178. https://doi.org/10.3
390/environments12060178

OECD (2021) Reconciling terminology of the universe of per- and
polyfluoroalkyl substances: Recommendations and practical
guidance. OECD series on risk management. Available at: https://
www.oecd.org/en/publications/reconciling-terminology-of-the-u
niverse-of-per-and-polyfluoroalkyl-substances e458¢796-en.htm
1 (Accessed Aug 10 2025)

Ogunseitan OA (2022) One health and the environment: from con-
ceptual framework to implementation science. Environ Sci Policy
Sustain Dev 64(2):11-21. https://doi.org/10.1080/00139157.202
2.2021792

Oliveira CJB, Gebreyes WA (2022) One health: connecting environ-
mental, social and corporate governance (ESG) practices for a
better world. One Health 15:100435. https://doi.org/10.1016/j.0
nehlt.2022.100435

Pérez F, Nadal M, Navarro-Ortega A, Fabrega F, Domingo JL, Barcelo
D, Farré M (2013) Accumulation of perfluoroalkyl substances in
human tissues. Environ Int 59:354-362. https://doi.org/10.1016/
j-envint.2013.06.004

Pesonen M, Vihikangas K (2024) Involvement of per- and poly-
fluoroalkyl compounds in tumor development. Arch Toxicol
98(5):1241-1252. https://doi.org/10.1007/s00204-024-03685-7

Post GB (2021) Recent US state and federal drinking water guidelines
for per- and polyfluoroalkyl substances. Environ Toxicol Chem
40(3):550-563. https://doi.org/10.1002/etc.4863

Post GB, Gleason JA, Cooper KR (2017) Key scientific issues in
developing drinking water guidelines for perfluoroalkyl acids:
contaminants of emerging concern. PLoS Biol 15(12):¢2002855.
https://doi.org/10.1371/journal.pbio.2002855

Prevedouros K, Cousins IT, Buck RC, Korzeniowski SH (2006)
Sources, fate and transport of perfluorocarboxylates. Environ Sci
Technol 40(1):32—44. https://doi.org/10.1021/es0512475

Qiu J, Huo X, Dai Y, Huang Y, Xu X (2025) Potential effects of PFAS
exposure on trained immunity: from mechanisms to health risks.
Ecotoxicol Environ Saf 302:118757. https://doi.org/10.1016/j.ec
oenv.2025.118757

Rahman MF, Peldszus S, Anderson WB (2014) Behaviour and fate of
perfluoroalkyl and polyfluoroalkyl substances (PFASs) in drink-
ing water treatment: a review. Water Res 1(50):318-340. https://d
oi.org/10.1016/j.watres.2013.10.045

Ricolfi L, Taylor MD, Yang Y, Lagisz M, Nakagawa S (2024) Mater-
nal transfer of per- and polyfluoroalkyl substances (PFAS) in
wild birds: a systematic review and meta-analysis. Chemosphere
361:142346. https://doi.org/10.1016/j.chemosphere.2024.142346

Rogers RD, Reh CM, Breysse P (2021) Advancing per- and poly-
fluoroalkyl substances (PFAS) research: an overview of ATSDR
and NCEH activities and recommendations. J Expo Sci Environ

@ Springer

Epidemiol 31(6):961-971. https://doi.org/10.1038/s41370-021-0
0316-6

Ross I, McDonough J, Miles J, Storch P, Thelakkat Kochunarayanan
P, Kalve E, Hurst J, Dasgupta SS, Burdick J (2018) A review of
emerging technologies for remediation of PFASs. Remediation
28(2):101-126. https://doi.org/10.1002/rem.21553

Rotander A, Ramos MJG, Mueller JE, Toms LM, Hy6tyldinen T (2024)
Metabolic changes associated with PFAS exposure in firefighters:
a pilot study. Sci Total Environ 953:176004. https://doi.org/10.10
16/j.scitotenv.2024.176004

Ruyle BJ, Thackray CP, Butt CM, LeBlanc DR, Tokranov AK, Veci-
tis CD, Sunderland EM (2023) Centurial persistence of forever
chemicals at military fire training sites. Environ Sci Technol. http
s://doi.org/10.1021/acs.est.3¢00675

Sadia M, Kunz M, Ter Laak T, De Jonge M, Schriks M, van Wezel AP
(2023) Forever legacies? Profiling historical PFAS contamination
and current influence on groundwater used for drinking water. Sci
Total Environ. https://doi.org/10.1016/].scitotenv.2023.164420

Schaider LA, Balan SA, Blum A, Andrews DQ, Strynar MJ, Dickinson
ME, Lunderberg DM, Lang JR, Peaslee GF (2017) Fluorinated
compounds in U.S. fast food packaging. Environ Sci Technol Lett
4(3):105—111. https://doi.org/10.1021/acs.estlett.6b00435

Schultz MM, Barofsky DF, Field JA (2004) Quantitative determina-
tion of fluorotelomer sulfonates in groundwater by LC MS/MS.
Environ Sci Technol. https://doi.org/10.1021/es03503 1

Shahsavari E, Rouch D, Khudur LS, Thomas D, Aburto-Medina A,
Ball AS (2021) Challenges and current status of the biological
treatment of PFAS-contaminated soils. Front Bioeng Biotechnol.
https://doi.org/10.3389/fbioe.2020.602040

Shi Z, Zhang H, Liu Y, Xu M, Dai J (2007) Alterations in gene expres-
sion and testosterone synthesis in the testes of male rats exposed
to perfluorododecanoic acid. Toxicol Sci 98(1):206-215. https://d
oi.org/10.1093/toxsci/kfm070

Shi X, Du'Y, Lam PK, Wu RS, Zhou B (2008) Developmental toxicity
and alteration of gene expression in zebrafish embryos exposed
to PFOS. Toxicol Appl Pharmacol. https://doi.org/10.1016/j.taap
.2008.01.043

Shurson GC (2025) The alarming effects of per-and polyfluoroalkyl
substances (PFAS) on one health and interconnections with food-
producing animals in circular and sustainable agri-food systems.
Sustainability 17(15):6957

Sosnowska A, Mudlaff M, Mombelli E, Behnisch P, Zdybel S, Besse-
link H, Kuckelkorn J, Bulawska N, Kepka K, Kowalska D, Brou-
wer A, Puzyn T (2025) Identification of new PFAS for severe
interference with thyroid hormone transport: a combined in vitro/
silico approach. J Hazard Mater 5;491:137949. https://doi.org/10
.1016/j.jhazmat.2025

Souza MCO, Domingo JL (2025) Levels of per- and polyfluoroalkyl
substances (PFAS) in foodstuffs: a review of dietary exposure,
health risks, and regulatory challenges. Food Res Int. https://doi.
org/10.1016/j.foodres.2025.117494

Souza MCO, Saraiva MCP, Honda M, Barbieri MA, Bettiol H, Bar-
bosa F, Kannan K (2020) Exposure to per- and polyfluorinated
alkyl substances in pregnant Brazilian women and its association
with fetal growth. Environ Res 187:109585. https://doi.org/10.10
16/j.envres.2020.109585

Souza MCO, Rocha BA, Adeyemi JA, Nadal M, Domingo JL, Barbosa
F Jr. (2022) Legacy and emerging pollutants in Latin America:
a critical review of occurrence and levels in environmental and
food samples. Sci Total Environ. https://doi.org/10.1016/j.scitot
env.2022.157774

Steenland K, Winquist A (2021) PFAS and cancer, a scoping review of
the epidemiologic evidence. Environ Res 194:110690. https://doi
.org/10.1016/j.envres.2020.110690

Steenland K, Fletcher T, Savitz DA (2010) Epidemiologic evidence
on the health effects of perfluorooctanoic acid (PFOA). Environ


https://doi.org/10.1038/s41370-021-00316-6
https://doi.org/10.1038/s41370-021-00316-6
https://doi.org/10.1002/rem.21553
https://doi.org/10.1016/j.scitotenv.2024.176004
https://doi.org/10.1016/j.scitotenv.2024.176004
https://doi.org/10.1021/acs.est.3c00675
https://doi.org/10.1021/acs.est.3c00675
https://doi.org/10.1016/j.scitotenv.2023.164420
https://doi.org/10.1021/acs.estlett.6b00435
https://doi.org/10.1021/es035031j
https://doi.org/10.3389/fbioe.2020.602040
https://doi.org/10.3389/fbioe.2020.602040
https://doi.org/10.1093/toxsci/kfm070
https://doi.org/10.1093/toxsci/kfm070
https://doi.org/10.1016/j.taap.2008.01.043
https://doi.org/10.1016/j.taap.2008.01.043
https://doi.org/10.1016/j.jhazmat.2025
https://doi.org/10.1016/j.jhazmat.2025
https://doi.org/10.1016/j.foodres.2025.117494
https://doi.org/10.1016/j.foodres.2025.117494
https://doi.org/10.1016/j.envres.2020.109585
https://doi.org/10.1016/j.envres.2020.109585
https://doi.org/10.1016/j.scitotenv.2022.157774
https://doi.org/10.1016/j.scitotenv.2022.157774
https://doi.org/10.1016/j.envres.2020.110690
https://doi.org/10.1016/j.envres.2020.110690
https://doi.org/10.1021/acs.est.6b05432
https://www.ewg.org/news-insights/news-release/2025/06/
https://www.ewg.org/news-insights/news-release/2025/06/
https://doi.org/10.1016/j.envpol.2012.01.044
https://doi.org/10.1016/j.envpol.2012.01.044
https://doi.org/10.3390/environments12060178
https://doi.org/10.3390/environments12060178
https://www.oecd.org/en/publications/reconciling-terminology-of-the-universe-of-per-and-polyfluoroalkyl-substances_e458e796-en.html
https://www.oecd.org/en/publications/reconciling-terminology-of-the-universe-of-per-and-polyfluoroalkyl-substances_e458e796-en.html
https://www.oecd.org/en/publications/reconciling-terminology-of-the-universe-of-per-and-polyfluoroalkyl-substances_e458e796-en.html
https://www.oecd.org/en/publications/reconciling-terminology-of-the-universe-of-per-and-polyfluoroalkyl-substances_e458e796-en.html
https://doi.org/10.1080/00139157.2022.2021792
https://doi.org/10.1080/00139157.2022.2021792
https://doi.org/10.1016/j.onehlt.2022.100435
https://doi.org/10.1016/j.onehlt.2022.100435
https://doi.org/10.1016/j.envint.2013.06.004
https://doi.org/10.1016/j.envint.2013.06.004
https://doi.org/10.1007/s00204-024-03685-7
https://doi.org/10.1002/etc.4863
https://doi.org/10.1371/journal.pbio.2002855
https://doi.org/10.1371/journal.pbio.2002855
https://doi.org/10.1021/es0512475
https://doi.org/10.1016/j.ecoenv.2025.118757
https://doi.org/10.1016/j.ecoenv.2025.118757
https://doi.org/10.1016/j.watres.2013.10.045
https://doi.org/10.1016/j.watres.2013.10.045
https://doi.org/10.1016/j.chemosphere.2024.142346

Archives of Toxicology (2026) 100:1769-1787

1787

Health Perspect 118(8):1100—1108. https://doi.org/10.1289/ehp.0
901827

Steenland K, Kugathasan S, Barr DB (2018) PFOA and ulcerative coli-
tis. Environ Res 165:317-321. https://doi.org/10.1016/j.envres.2
018.05.007

Stevenson ED, Kleinman MT, Bai X, Barlaz M, Abraczinskas M,
Guidry V, Watson J, Chow J (2021) Critical review on PFOA,
kidney cancer, and testicular cancer. J Air Waste Manag Assoc
71(10):1265-1276

Suffill E, White MP, Hale S, Pahl S (2024) Regulating “forever chemi-
cals”: social data are necessary for the successful implementation
of the essential use concept. Environ Sci Eur 36(1):111. https://d
oi.org/10.1186/s12302-024-00930-9

Sunderland EM, Hu XC, Dassuncao C, Tokranov AK, Wagner CC,
Allen JG (2019) A review of the pathways of human exposure
to poly- and perfluoroalkyl substances (PFASs) and present
understanding of health effects. J Expo Sci Environ Epidemiol
29(2):131-147. https://doi.org/10.1038/s41370-018-0094-1

Thompson D, Zolfigol N, Xia Z, Lei Y (2024) Recent progress in per-
and polyfluoroalkyl substances (PFAS) sensing: a critical mini-
review. Sensors Actuat Rep 7:100189. https://doi.org/10.1016/;.
snr.2024.100189

Walker T, Milligan KA (2025) From persistence to progress: assess-
ing per- and polyfluoroalkyl substances (PFAS) environmental
impact and advances in photo-assisted fenton chemistry for reme-
diation. Front Environ Chem 6:1591290. https://doi.org/10.3389
/fenve.2025.1591290

Wang Z, Cousins IT, Scheringer M, Buck RC, Hungerbiihler K (2014)
Global emission inventories for C4—-C14 perfluoroalkyl carbox-
ylic acid (PFCA) homologues from 1951 to 2030, part I: pro-
duction and emissions from quantifiable sources. Environ Int
70:62—75. https://doi.org/10.1016/j.envint.2014.04.013

Wang Z, DeWitt JC, Higgins CP, Cousins IT (2017) A never-ending
story of per-and polyfluoroalkyl substances (PFASs)? Environ
Sci Technol 51(5):2508-2518. https://doi.org/10.1021/acs.est.6b
04806

Wang F, Xiang L, Sze-Yin Leung K, Elsner M, Zhang Y, Guo Y, Pan
B, Sun H, An T, Ying G, Brooks BW, Hou D, Helbling DE, Sun J,
Qiu H, Vogel TM, Zhang W, Gao Y, Simpson MJ, Luo Y, Chang
SX, Su G, Wong BM, Fu TM, Zhu D, Jobst KJ, Ge C, Coulon
F, Harindintwali JD, Zeng X, Wang H, Fu Y, Wei Z, Lohmann
R, Chen C, Song Y, Sanchez-Cid C, Wang Y, El-Naggar A, Yao
Y, Huang Y, Cheuk-Fung Law J, Gu C, Shen H, Gao Y, Qin C,
Li H, Zhang T, Corcoll N, Liu M, Alessi DS, Li H, Brandt KK,
Pico Y, Gu C, Guo J, Su J, Corvini P, Ye M, Rocha-Santos T, He
H, Yang Y, Tong M, Zhang W, Suanon F, Brahushi F, Wang Z,
Hashsham SA, Virta M, Yuan Q, Jiang G, Tremblay LA, Bu Q,
Wu J, Peijnenburg W, Topp E, Cao X, Jiang X, Zheng M, Zhang
T, Luo Y, Zhu L, Li X, Barcel6 D, Chen J, Xing B, Amelung W,
Cai Z, Naidu R, Shen Q, Pawliszyn J, Zhu YG, Schaeffer A, Rillig
MC, Wu F, Yu G, Tiedje J]M (2024) Emerging contaminants: a
one health perspective. Innovation 5(4):100612. https://doi.org/1
0.1016/j.xinn.2024.100612

Weber AK, Barber LB, LeBlanc DR, Sunderland EM, Vecitis CD
(2017) Geochemical and hydrologic factors controlling subsur-
face transport of poly- and perfluoroalkyl substances, Cape Cod,
Massachusetts. Environ Sci Technol 51(8):4269—-4279. https://do
i.org/10.1021/acs.est.6b05573

Wee SY, Aris AZ (2023) Revisiting the “forever chemicals”, PFOA
and PFOS exposure in drinking water. NPJ Clean Water 6:57. htt
ps://doi.org/10.1038/s41545-023-00274-6

Weiwei Z, Songsong C, Yongzhi W, Ru Z, Chengcheng B, Jinpeng Y,
Limin M (2024) The soil-air interfacial migration process of vola-
tile PFAS at the contaminated sites: evidence from stable carbon
isotopes with CSIA. Environ Pollut 363(1):125111. https://doi.or
2/10.1016/j.envpol.2024.125111

Wolf CJ, Takacs ML, Schmid JE, Lau C, Abbott BD (2008) Activation
of mouse and human peroxisome proliferator-activated receptor
alpha by perfluoroalkyl acids of different functional groups and
chain lengths. Toxicol Sci 106(1):162—171. https://doi.org/10.10
93/toxsci/kfn166

Yang Y, Wang J, Tang S, Qiu J, Luo Y, Yang C, Lai X, Wang Q, Cao H
(2025) Per-and Polyfluoroalkyl Substances (PFAS) in consumer
products: an overview of the occurrence, migration, and exposure
assessment. Molecules 30(5):994. https://doi.org/10.3390/molec
ules30050994

Zahra Z, Song M, Habib Z, Ikram S (2025) Advances in per-and poly-
fluoroalkyl substances (PFAS) detection and removal techniques
from drinking water, their limitations, and future outlooks. Emerg
Contam 11(1):100434. https://doi.org/10.1016/j.emcon.2024.100
434

Zhang X, Zhao L, Ducatman A, Deng C, von Stackelberg KE, Danford
CJ, Zhang X (2023) Association of per- and polyfluoroalkyl sub-
stance exposure with fatty liver disease risk in US adults. JHEP
Rep 5(5):100694. https://doi.org/10.1016/j.jhepr.2023.100694

Zhao P, Xia X, Dong J, Xia N, Jiang X, LiY, Zhu Y (2016) Short- and
long-chain perfluoroalkyl substances in the water, suspended par-
ticulate matter, and surface sediment of a turbid river. Sci Total
Environ 568:57-65. https://doi.org/10.1016/].scitotenv.2016.05.2
21

Zhou Y, Wang X, Wang C, Ji Z, Niu X, Dong H (2024) Fate of ‘forever
chemicals’ in the global cryosphere. Earth-Sci Rev 259:104973. h
ttps://doi.org/10.1016/j.earscirev.2024.104973

Zhou X, Hu F, Chen Y, Xie K, Hong WJ, Li M, Guo LH (2025) Insights
into toxicological mechanisms of per-/polyfluoroalkyl substances
by using omics-centered approaches. Environ Pollut 367:125634.
https://doi.org/10.1016/j.envpol.2025.125634

Zinsstag J, Schelling E, Waltner-Toews D, Tanner M (2011) From “one
medicine” to “one health” and systemic approaches to health and
well-being. Prev Vet Med 101(3-4):148-156. https://doi.org/10.1
016/j.prevetmed.2010.07.003

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1021/acs.est.6b05573
https://doi.org/10.1021/acs.est.6b05573
https://doi.org/10.1038/s41545-023-00274-6
https://doi.org/10.1038/s41545-023-00274-6
https://doi.org/10.1016/j.envpol.2024.125111
https://doi.org/10.1016/j.envpol.2024.125111
https://doi.org/10.1093/toxsci/kfn166
https://doi.org/10.1093/toxsci/kfn166
https://doi.org/10.3390/molecules30050994
https://doi.org/10.3390/molecules30050994
https://doi.org/10.1016/j.emcon.2024.100434
https://doi.org/10.1016/j.emcon.2024.100434
https://doi.org/10.1016/j.jhepr.2023.100694
https://doi.org/10.1016/j.scitotenv.2016.05.221
https://doi.org/10.1016/j.scitotenv.2016.05.221
https://doi.org/10.1016/j.earscirev.2024.104973
https://doi.org/10.1016/j.earscirev.2024.104973
https://doi.org/10.1016/j.envpol.2025.125634
https://doi.org/10.1016/j.envpol.2025.125634
https://doi.org/10.1016/j.prevetmed.2010.07.003
https://doi.org/10.1016/j.prevetmed.2010.07.003
https://doi.org/10.1289/ehp.0901827
https://doi.org/10.1289/ehp.0901827
https://doi.org/10.1016/j.envres.2018.05.007
https://doi.org/10.1016/j.envres.2018.05.007
https://doi.org/10.1186/s12302-024-00930-9
https://doi.org/10.1186/s12302-024-00930-9
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1016/j.snr.2024.100189
https://doi.org/10.1016/j.snr.2024.100189
https://doi.org/10.3389/fenvc.2025.1591290
https://doi.org/10.3389/fenvc.2025.1591290
https://doi.org/10.1016/j.envint.2014.04.013
https://doi.org/10.1021/acs.est.6b04806
https://doi.org/10.1021/acs.est.6b04806
https://doi.org/10.1016/j.xinn.2024.100612
https://doi.org/10.1016/j.xinn.2024.100612

	﻿PFAS and One Health: integrating human, animal, and environmental perspectives
	﻿Abstract
	﻿Introduction
	﻿Per-and polyfluoroalkyl substances (PFAS)
	﻿The compelling case for one health application
	﻿Objectives and structure
	﻿Methods (search strategy)

	﻿Results
	﻿PFAS sources, environmental fate, and shared exposure pathways
	﻿Environmental fate and transport
	﻿Human health impacts: pathways and effects
	﻿Exposure pathways
	﻿Human health effects
	﻿Vulnerable populations and health disparities


	﻿Wildlife health impacts: sentinels and shared vulnerabilities
	﻿Exposure pathways and bioaccumulation
	﻿Wildlife health effects
	﻿Ecosystem-level effects

	﻿Shared mechanisms of toxicity: convergent biological vulnerabilities
	﻿Immune system disruption
	﻿Endocrine disruption and developmental toxicity
	﻿Peroxisome proliferator-activated receptor (PPAR) activation
	﻿Oxidative stress and cellular damage

	﻿Environmental justice and vulnerable populations
	﻿Integrated intervention strategies: one health solutions
	﻿Source control and regulation
	﻿Water treatment and environmental remediation
	﻿Public health interventions
	﻿Integrated surveillance and monitoring

	﻿Policy innovations and regulatory approaches
	﻿Class-based regulation and essential use frameworks
	﻿International cooperation and governance

	﻿Knowledge gaps and research needs
	﻿Comprehensive mixture effects and risk assessment
	﻿Long-term and multigenerational effects
	﻿Omics approaches and emerging biomarkers
	﻿Climate change interactions
	﻿Analytical chemistry and unknown compounds
	﻿Ecosystem-level effects and food web dynamics
	﻿Remediation technology development
	﻿Discussion and conclusions
	﻿Key findings and implications
	﻿Regulatory and scientific frontiers
	﻿Transformation of environmental health practice
	﻿Prevention and urgency
	﻿Path forward

	﻿References


