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RE:  Tes,mony on H. 238 - An act rela,ng to the phaseout of consumer products containing 

added perfluoroalkyl and polyfluoroalkyl substances 

 

Dear Rep. Sheldon and Commi�ee Members: 

Thank you for this opportunity to tes,fy on H. 238 - an act rela,ng to the phaseout of consumer 

products containing added perfluoroalkyl and polyfluoroalkyl substances (PFAS). 

For the record, my name is Mar,n Wolf, Principal, Wolf Sustainability. I am a chemist with over 

50 years of industry experience studying the occurrence and fate of chemicals in the 

environment and designing more sustainable consumer products. 
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I also represent the American Sustainable Business Network, a mul,-issue membership 

organiza,on advoca,ng on behalf of businesses, business associa,ons, and the investor 

community, whose members collec,vely represent over 250,000 businesses. 

Summary of Recommenda�ons 

It is recommended that:  

a) the defini,on of PFAS in H.238 be retained,  

b) a de minimis level of PFAS in consumer products be established, and  

c) the manufacture, sale, or distribu,on for sale of consumer products containing PFAS 

ul,mately be prohibited. 

Human and Environmental Harms of PFAS 

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are substances containing fluorine atoms 

covalently bonded to carbon atoms. PFAS are known to be harmful to human health and have 

been associated with a variety of health effects, including altered immune and thyroid func,on, 

liver disease, lipid and insulin dysregula,on, kidney disease, adverse reproduc,ve and 

developmental outcomes, and cancer.1 Concordance with experimental animal data exists for 

many of these effects.2 

PFAS have been detected in rain, snow, groundwater, tap water, lakes, rivers, soils, and 

sediments and are ubiquitous in the environment.3 PFAS degrada,on products are freely mobile 

in water, soil, and air, and can be extremely resistant to breakdown.4 Given their poten,al to 

cause harm, ubiquity and resistance to breakdown, it is vitally important that PFAS uses and 

emissions must be rapidly restricted.5 

Economic Costs of PFAS 

For most consumer applica,ons, the economic impacts of remedia,ng harm to human health 

and harm to the environment from PFAS far exceed the economic value of transi,oning to less 

hazardous alterna,ves.  The benefit to PFAS manufacturers has been es,mated as $2billion per 

year.6 Health-related costs for the United States are es,mated to be $37−59 billion annually, not 

including indirect social costs such as lost wages; lost years of life; reduced quality of life; 

 
1 Fenton SE, Ducatman A, Boobis A, DeWi� JC, Lau C, Ng C, Smith JS, Roberts SM. Per- and Polyfluoroalkyl 

Substance Toxicity and Human Health Review: Current State of Knowledge and Strategies for Informing Future 

Research. Environ Toxicol Chem. 2021 Mar;40(3):606-630. doi: 10.1002/etc.4890. Epub 2020 Dec 7. PMID: 

33017053; PMCID: PMC7906952. 
2 Ibid. 
3 Abunada, Z.; Alazaiza, M.Y.D.; Bashir, M.J.K. An Overview of Per- and Polyfluoroalkyl Substances (PFAS) in the 

Environment: Source, Fate, Risk and Regula,ons. Water 2020, 12, 3590. h�ps://doi.org/10.3390/w12123590 
4 Ibid 
5 Environ. Sci. Technol. 2022, 56, 16, 11172–11179 
6 Alissa Cordner, Gre�a Goldenman, Linda S. Birnbaum, Phil Brown, Mark F. Miller, Rosie Mueller, Sharyle Pa�on, 

Derrick H. Salvatore, and Leonardo Trasande, The True Cost of PFAS and the Benefits of Ac�ng Now, Environmental 

Science & Technology 2021 55 (14), 9630-9633. DOI: 10.1021/acs.est.1c03565 
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increased stress, anxiety, and depression; and subsequent impacts on families and 

communi,es.7 Addi,onally, the Minnesota Pollu,on Control Agency es,mates the cost to 

remove just one pound of PFAS from wastewater, biosolids, municipal solid waste, or landfill 

leachate to be between $0.4 million and $39 million depending on the matrix and size of 

facility.8 Thus, there is not an economic case for con,nued use of PFAS and it is recommended 

that their use be phased out rapidly to limit future remedia,on costs. 

Defini�ons 

The exact defini,on of PFAS has varied.9 The defini,on of PFAS in H.238, “…a class of fluorinated 

organic chemicals containing at least one fully fluorinated carbon atom” is preferred to the 

defini,on proposed in the Agency of Natural Resources report dated November, 2024, taken 

from the Code of Federal Regula,ons, “PFAS means any chemical substance or mixture 

containing a chemical substance that structurally contains at least one of the following three 

sub-structures: 

(1) R-(CF2)-CF(Rʹ)Rʺ, where both the CF2 and CF moie,es are saturated carbons. 

(2) R-CF2OCF2-Rʹ, where R and Rʹ can either be F, O, or saturated carbons. 

(3) CF3C(CF3)RʹRʺ, where Rʹ and Rʺ can either be F or saturated carbons.”10 

This defini,on has four major limita,ons: (1) omission of substances that have func,onal groups 

on both ends of the fully fluorinated carbon moiety (e.g., perfluoroalkyldicarboxylic acids); (2) 

inconsistencies in dealing with homologues that are fully fluorinated alipha,c cyclic compounds 

with or without a fully fluorinated alkyl side chain; (3) omission of substances with aroma,c 

ring(s) in the nonfluorinated func,onal group(s) that can be cleaved in the environment and 

biota; and (4) use of the ambiguous term “highly fluorinated”.11 Many substances in commerce, 

known to harm human health and the environment, are omi�ed by ANR’s proposed 

defini,on.12  

De Minimis Level 

Companies are appropriately concerned that their products may be held to a higher standard 

than municipal, ground, or surface water used to manufacture their products. According to the 

Agency for Toxic Substances and Disease Registry (ATSDR) inges,on of food and water is a main 

 
7 Ibid. 
8 Minnesota Pollu,on Control Agency, Evalua,on of Current Alterna,ves and Es,mated Cost Curves for PFAS 

Removal and Destruc,on from Municipal Wastewater, Biosolids, Landfill Leachate, and Compost Contact Water, 

2023. 
9 Zhanyun Wang, Andreas M. Buser, Ian T. Cousins, Silvia DemaWo, Wiebke Drost, Olof Johansson, Koichi Ohno, 

Grace Patlewicz, Ann M. Richard, Glen W. Walker, Graham S. White, and Eeva Leinala, A New OECD Defini�on for 

Per- and Polyfluoroalkyl Substances, Environmental Science & Technology 2021 55 (23), 15575-15578 
10 40 CFR 705.3 “Per- and polyfluoroalkyl substances or PFAS” 
11   Zhanyun Wang, et al., ibid. 
12 Ibid. 
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route of PFAS exposure.13 Therefore it is recommended that a de minimis thresholds be 

established by the Secretary for PFAS in a product or a product component, and that the 

threshold be higher than the maximum contaminant level (MCL) of PFAS set for municipal 

drinking water,14 ground water, or surface water.15  

Conclusion 

PFAS represent an immediate threat to the health of Vermont’s ci,zens and our environment. 

H.238 takes important steps to limi,ng this threat by using a scien,fically valid, inclusive 

defini,on of PFAS and by phasing out PFAS in a wide range of consumer products. I commend 

this Commi�ee, ANR, and the other State agencies involved in developing this legisla,on. 

Thank you for your a�en,on to, and considera,on of, these comments. 

 

RespecXully submi�ed, 

Mar,n H. Wolf 

Principal 

Wolf Sustainability 

and 

Advisor, Safer Chemicals and Circular Economy 

American Sustainable Business Network 

 
13 Human Exposure: PFAS Informa,on for Clinicians - 2024 | PFAS and Your Health | ATSDR. Downloaded 12 

February 2025 
14 US EPA, PFAS Na,onal Primary Drinking Water Regula,on, 2024. 
15 US EPA, DRAFT Human Health Ambient Water Quality Criteria: Perfluorooctanoic Acid (PFOA) and Related Salts 

2024. 
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Abstract

Reports of environmental and human health impacts of per- and polyfluoroalkyl substances 

(PFAS) have greatly increased in the peer-reviewed literature. The goals of the present review are 

to assess the state of the science regarding toxicological effects of PFAS and to develop strategies 

for advancing knowledge on the health effects of this large family of chemicals. Currently, much 

of the toxicity data available for PFAS are for a handful of chemicals, primarily legacy PFAS such 

as perfluorooctanoic acid and perfluorooctane sulfonate. Epidemiological studies have revealed 

associations between exposure to specific PFAS and a variety of health effects, including altered 

immune and thyroid function, liver disease, lipid and insulin dysregulation, kidney disease, 
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adverse reproductive and developmental outcomes, and cancer. Concordance with experimental 

animal data exists for many of these effects. However, information on modes of action and adverse 

outcome pathways must be expanded, and profound differences in PFAS toxicokinetic properties 

must be considered in understanding differences in responses between the sexes and among 

species and life stages. With many health effects noted for a relatively few example compounds 

and hundreds of other PFAS in commerce lacking toxicity data, more contemporary and high-

throughput approaches such as read-across, molecular dynamics, and protein modeling are 

proposed to accelerate the development of toxicity information on emerging and legacy PFAS, 

individually and as mixtures. In addition, an appropriate degree of precaution, given what is 

already known from the PFAS examples noted, may be needed to protect human health.

Keywords

Per- and polyfluoroalkyl substances; Perfluorooctane sulfonate; Perfluorooctanoic acid; Persistent 
compounds; Contaminants of emerging concern

INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous in environmental media because 

of their prolific use in a variety of industrial and consumer products and processes (Jian et al. 

2018; Sunderland et al. 2019). Widespread human exposure to PFAS in water, food, and air 

coupled with the lengthy environmental persistence and biological half-lives of some PFAS 

have led to measurable PFAS in the blood of nearly the entire population in developed 

countries, with health effects reported globally (Kato et al. 2011; Khalil et al. 2016; 

Stubleski et al. 2016; Jian et al. 2018). Information needed to evaluate the potential risk of 

harm from PFAS includes the types of adverse health effects that might occur at 

environmentally relevant exposures, especially in sensitive life stages. Information is also 

needed regarding the mode(s) of action for PFAS toxicity, PFAS toxicokinetics in both 

humans and laboratory animal models, and dose-response relationships. Risk estimates can 

be used to inform public health exposure limits that will determine the need for exposure 

mitigation and environmental cleanup.

There are several challenges in obtaining the information needed to assess human health risk 

from the large number of PFAS with a wide range of structures and chemical properties 

(Buck et al. 2011; Wang Z et al. 2017; Organisation for Economic Co-operation 

Development 2018). Data on the identity, composition, and quantity of PFAS used in 

products and processes are often treated as confidential business information, hampering 

efforts to estimate exposure sources and routes. The Organisation for Economic Co-

operation and Development’s (OECD’s) chemical inventory reports over 4000 substances 

that contain at least one perfluoroalkyl (–CnF2n–) moiety (Organisation for Economic Co-

operation Development 2018), and the US Environmental Protection Agency (USEPA) has a 

curated list of over 8000 PFAS included, based on structure (US Environmental Protection 

Agency 2018) from the CompTox Chemicals Dashboard (Williams et al. 2017). The USEPA 

estimates that more than 600 PFAS are currently in commercial use (US Environmental 

Protection Agency 2019). Experimental studies of PFAS have been limited by funding and 
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the availability of analytical standards, confounded by the prevalence of background 

contamination in laboratory materials, and challenged by physicochemical properties such as 

high surface activity that can interfere with and complicate measurements. Consequently, 

sufficient information to conduct quantitative risk assessment is currently available for only 

a relative few PFAS (Post 2020). Further, although typical human exposures involve various 

combinations of PFAS (Centers for Disease Control and Prevention 2017), only a few efforts 

address interactions of PFAS mixtures; and a well-founded, scientific basis on which to 

evaluate their combined toxic potential does not yet exist (Carr et al. 2013; Wolf et al. 2014; 

Zhou et al. 2017; Hoover et al. 2019; US Environmental Protection Agency 2020).

The Society of Environmental Toxicology and Chemistry (SETAC) North America held the 

focused topic meeting and workshop “Environmental Risk Assessment of PFAS” on 12 to 

15 August 2019, covering a wide range of topics related to the characterization of health 

risks posed by PFAS. The overarching purpose of the meeting was to begin a scientific 

discussion on how best to approach studying, grouping, and regulating the large number of 

PFAS to which people and other species are potentially exposed (for charge questions and 

other details, see Johnson et al. 2020). We refer to these PFAS as “legacy” (those 

perfluoroalkyl acids for which there are accumulating health data but that may be phased out 

or decreased in use) and “emerging” (those which are being used as replacements, often with 

minimal health effects data). The objectives of the Human Health Toxicity section were to 

provide an assessment of the state of the science in understanding toxicological effects of 

PFAS and to explore and discuss strategies for advancing knowledge on the toxicity of 

individual and groups of PFAS.

CURRENT KNOWLEDGE OF PFAS TOXICITY IN HUMANS

Like other chemicals, PFAS are potentially capable of producing a wide range of adverse 

health effects depending on the circumstances of exposure (magnitude, duration, and route 

of exposures, etc.) and factors associated with the individuals exposed (e.g., age, sex, 

ethnicity, health status, and genetic predisposition). Aspects to consider when establishing 

the health effects of greatest concern are 1) effects for which evidence is the strongest 

(strength of evidence can come from consistency of effect across studies, strength of effect 

associations in epidemiological studies, and species concordance, as examples), and 2) 

effects for which potential impact is greatest (factors contributing to impact can include 

severity of effect, functional impairment, persistence, and specific age groups that are 

susceptible, as examples). Brief summaries of candidate PFAS health effects from human 

and experimental reports are provided in this section (Figure 1).

Immune function

Epidemiological studies have explored relationships between PFAS exposure and laboratory 

biomarkers of immunomodulation, such as vaccine responses. A doubling of 

perfluorooctane sulfonate (PFOS) in maternal serum was associated with a 39% (p < 0.001) 

reduction in diphtheria antibody concentration in children (age 5 yr), with increased odds of 

falling below clinically protective values against diphtheria and tetanus at age 7 yr. The 

authors noted that a “2-fold greater concentration of major PFCs [perfluorinated 

Fenton et al. Page 3

Environ Toxicol Chem. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compounds] in child serum was associated with a difference of −49% (95% CI, −67% to 

−23%) in the overall antibody concentration” (Grandjean et al. 2012). Decreased 

immunological response persisted at age 13 yr (Grandjean et al. 2017). Adverse associations 

were also noted for responses to rubella, mumps, and Hemophilus influenza vaccinations in 

children and to vaccinations in adults (Granum et al. 2013; Looker et al. 2014; Stein et al. 

2016; Abraham et al. 2020). In a single study, modest down-regulation of C-reactive protein 

response, a marker of human systemic inflammation, was also reported to be associated with 

perfluorooctanoic acid (PFOA) blood levels (Genser et al. 2015).

Disease outcomes linked with immunosuppression such as clinician-recorded diagnoses of 

childhood infections have also been associated with prenatal exposures to PFOS and 

perfluorohexane sulfonate (PFHxS) (Goudarzi et al. 2017). A pregnancy cohort study 

prospectively detected increased risk of airway and throat infections and diarrhea in children 

through age 10 yr, correlated with cord-blood PFAS measurements (Impinen et al. 2018, 

2019). A recent review concluded that exposure to PFAS in infancy and childhood resulted 

in an immunosuppressive effect characterized by an increased incidence of atopic dermatitis 

and lower respiratory tract infections (Kvalem et al. 2020). Some of the immunological 

effects were sex-specific, but the authors cautioned that there were inconsistencies across 

studies (Kvalem et al. 2020). Overall, available data provide strong evidence that PFAS 

exposure can suppress the human immune response.

Population studies of immune hyperreactive diseases have resulted in mixed findings. 

Studies on childhood allergy and asthma outcomes have shown no association with PFAS 

(Impinen et al. 2018, 2019), whereas others have found substantial effects, including 

provocative evidence that subgroups of individuals not adequately immunized may be at an 

increased risk for disease a priori (Qin et al. 2017; Timmermann et al. 2017a). For example, 

a case-control study of Taiwanese children compared the first and fourth quartiles of serum 

measurements for 11 PFAS with asthma and other immune markers and reported confidence 

intervals well above 1.0 for PFOA and others (Qin et al. 2017). However, review articles 

concerning PFAS and childhood allergy and asthma offer nuanced, age- and sex-specific 

interpretations and advise against firm conclusions (Kvalem et al. 2020).

Chronic autoimmune outcomes, including thyroid disease (see section Thyroid function) and 

inflammatory bowel disease (IBD), have also been considered. A study in contaminated 

communities (n = 32 254) detected an association between both prevalence and incidence of 

ulcerative colitis (UC) and PFOA exposure (linear trend p = 0.0001 [Steenland et al. 2013]). 

A worker study (n = 3713) found a higher prevalence (p = 0.01) and incidence (p < 0.05) of 

UC with increasing log PFOA serum concentrations (Steenland et al. 2015). A case-control 

study of children and young adults from a background exposure community in Atlanta, 

Georgia, USA, also found higher serum PFOA levels in patients with UC (Steenland et al. 

2018b). In contrast to PFOA-related associations in US populations, a study of a 

contaminated community in Sweden (n = 63 074) did not show a consistent association of 

IBD with any PFAS exposure (Xu et al. 2020b).

Recent, thorough reviews (National Toxicology Program 2016; DeWitt et al. 2019; 

Pachkowski et al. 2019) emphasize some key concepts: 1) there is concordance between 
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animal studies and human epidemiological observations that PFAS modify the immune 

response, and 2) there are noted complexities in assuming dose-response continuums, 

including possible differences in life-stage vulnerability. Authors of these reviews note 

uncertainty about which outcome will be of most importance but agree that immunotoxicity 

should be included among sensitive human PFAS toxicity endpoints.

Thyroid function

The C8 Science Panelists concluded that there is a “probable link” of PFOA exposure to 

thyroid disease, with sex-specific outcomes in women (for hyperthyroid disease) versus men 

(hypothyroid disease) (C8 Science Panel 2012). Subsequent reviews drew attention to 

hypothyroid outcomes in women and children and to the possibility that populations with a 

priori circulating antithyroid peroxidase antibodies may be at additional risk (Coperchini et 

al. 2017). A broad childhood disease review noted “some evidence” that PFAS cause 

childhood hypothyroidism and characterized the number of studies as “limited” for 

childhood disease conclusions (Rappazzo et al. 2017). A meta-analysis of 12 child and adult 

studies that excluded populations with higher exposures noted that PFAS exposure is 

negatively associated with serum total thyroxine levels and that “PFAS could induce thyroid 

dysfunction and disease” (Lee and Choi 2017).

Human thyroid disease is mostly the result of an autoimmune response and is 5 to 10 times 

more prevalent in women than men (Tadic et al. 2018). Concerning PFAS and clinically 

diagnosed outcomes, women in the highest quartile of PFOA exposure (>5.7 ng/mL) 

reported clinical hypothyroid disease (odds ratio 2.2, 95% confidence interval [CI] 1.4–3.7) 

over 3 cycles of National Health and Nutrition Examination Survey (NHANES) data (1999–

2006, n = 3974 adults), with similar findings in men (Melzer et al. 2010). The C8 Science 

Panel studies (median serum PFOA 26.1 ng/mL) found thyroid disease hazard ratios of 1.00, 

1.24, 1.27, 1.36, and 1.37 across cumulative exposure quintiles in women (log-linear trend p 
= 0.03 [Winquist and Steenland 2014b]), with parallel hypothyroid findings in children aged 

1 to 17 yr (Lopez-Espinosa et al. 2012). The Ronneby, Sweden, population experienced 

excess risk of thyroid disease in a discrete time period (1984–2005) among women (hazard 

ratio 1.29, 95% CI 1.05–1.57) that did not persist over time despite higher cumulative PFAS 

exposure (Andersson et al. 2019). The authors did not link exposure to hypothyroid 

outcome, noting a nonmonotonic dose-response relationship (Andersson et al. 2019).

Human population studies augment experimental data that PFAS interact with thyroid 

hormone binding proteins (Berg et al. 2015; Ren et al. 2016; Zhang J et al. 2016), one of 

several mechanisms by which PFAS can perturb feedback relationships between free thyroid 

hormone and the hypothalamic-pituitary-thyroid axis. Exposures to PFAS also interfere with 

thyroid peroxidase (TPO) enzyme activity in vitro (Song et al. 2012). Several PFAS studies 

have pursued this putative mechanism, finding that maternal and neonatal thyroid hormone 

outcomes were more readily detected in those with a priori abnormally high circulating anti-

TPO antibodies (Webster et al. 2014, 2016). One case-control study investigated congenital 

hypothyroidism, a rare condition. Serum concentrations of PFOA (5.40 vs 2.12 ng/mL; p < 

0.01), perfluorononanoic acid (PFNA; 1.93 vs 0.63 ng/mL; p < 0.001), perfluorodecanoic 

acid (PFDA; 0.52 vs 0.30 ng/mL; p < 0.005), and perfluoroundecanoic acid (0.98 vs 0.44 

Fenton et al. Page 5

Environ Toxicol Chem. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ng/mL; p < 0.005) were higher in the diagnosed newborns; and levels of several PFAS, 

including PFOA and PFHxS, were correlated with thyroid autoantibodies (Kim et al. 2016).

Thyroid disease is not the only concern. Clinicians are concerned about subclinically 

elevated thyroid-stimulating hormone (TSH) in early pregnancy because it may be 

associated with several possible adverse maternal and fetal outcomes (Forhead and Fowden 

2014). This general concern has prompted numerous PFAS-exposure evaluations of 

corresponding TSH in maternal serum, cord blood, and newborns. A review of maternal and 

child biomarkers with PFAS exposure noted that higher TSH has been reported in 4 second-

trimester studies (Ballesteros et al. 2017), but there are also conflicting findings. Studies 

measuring PFAS in the first trimester have also found associations between PFAS exposure 

and altered TSH levels in newborns, including nonmonotonic patterns of dose response that 

mirror the marked alterations of thyroid hormone levels during pregnancy (Inoue et al. 

2019).

From the available studies, PFAS definitively alter human thyroid hormones and potentially 

contribute to thyroid auto-immunity but do not so far appear to be a cause of thyroid cancer 

(Barry et al. 2013; Vieira et al. 2013). Also, thyroid cancer is usually survived; thus, 

morbidity rather than mortality studies are useful.

Liver disease and cancer

The liver is a primary target organ for long-chain PFAS storage, and accompanying 

experimental evidence of toxicity includes hepatocyte fat infiltration, specific P450 (CYP) 

pathway induction, apoptosis, hepatocellular adenomas and carcinomas, and disrupted fatty 

acid trafficking that can be peroxisome proliferator-activated receptor alpha (PPARα)-

dependent or -independent and present across species (Maestri et al. 2006; Cui et al. 2009; 

Wan et al. 2012; Huang et al. 2013; Perez et al. 2013; Filgo et al. 2015; Xu et al. 2016, 

2020a; Yao et al. 2016; Zhang L et al. 2016b; Hui et al. 2017; Li et al. 2017a; Guillette et al. 

2020; National Toxicology Program 2020a).

Population studies demonstrate significant associations of long-chain PFAS (>6 fluorinated 

carbons) exposure to higher liver enzymes, such as alanine aminotransferase in adults and 

adolescents (Sakr et al. 2007a; Gallo et al. 2012; Yamaguchi et al. 2013; Gleason et al. 2015; 

Attanasio 2019; Nian et al. 2019), including in longitudinal studies (Sakr et al. 2007b; 

Darrow et al. 2016). Following low-dose exposures, these associations may be more evident 

in obese participants (Lin et al. 2010; Gallo et al. 2012; Jain and Ducatman 2019e).

Based on experimental data (Martin et al. 2007; Wan et al. 2012; Wang et al. 2013; Das et al. 

2017), nonalcoholic fatty liver disease (NAFLD) has been investigated as a clinical outcome 

of PFAS exposure mediating consistent population PFAS-altered liver enzyme findings. 

Studies with NAFLD cytokeratin C18 biomarkers have provided supportive evidence for 

PFAS inducing steatosis (Bassler et al. 2019). Metabolomic studies have been directed at 

potentially explanatory human glycerophosphocholine and fatty acid profiles (Kingsley et al. 

2019; Salihovic et al. 2019; Wahlang et al. 2019). Processes which favor steatosis promote 

advanced liver disease including liver cancer in humans (Massoud and Charlton 2018; 

National Toxicology Program 2020a). Associations of PFAS with advanced human liver 
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disease and liver cancer are technically hard to study for reasons including (and not limited 

to) lethality, selection of comparison populations, and alterations of excretion mechanics 

associated with disease states. In a clinic-based study, mostly obese (85%) children aged 7 to 

19 yr with biopsy-proven NAFLD had more advanced disease associated with PFOS and 

PFHxS exposure as well as associations with lipid and amino acid pathways linked to 

NAFLD pathogenesis (Jin et al. 2020). However, an adult study reported that serum PFHxS 

was inversely associated with hepatic lobular inflammation in morbidly obese bariatric 

surgery patients (Rantakokko et al. 2015). A study of heavily exposed workers (n = 462, 

geometric mean serum PFOA of 4048 ng/mL) detected significantly increased incident 

mortality for cirrhosis (relative risk = 3.87, 95% CI 1.18–12.7) and liver cancer (relative risk 

= 6.69, 95% CI 1.71–26.2) compared to a regional population (Girardi and Merler 2019), 

whereas no PFAS association to cancer or advanced liver disease was reported in a 3M 

worker cohort or in the C8 Health study population (Lundin et al. 2009; Barry et al. 2013; 

Vieira et al. 2013).

Emerging animal toxicology and histology and human population data provide mechanistic 

clues that PFAS disrupt hepatic metabolism, leading to increased bile acid reuptake and lipid 

accumulation in liver (Salihovic et al. 2020; Schlezinger et al. 2020). A review of NAFLD 

and toxicant exposure concluded that PFAS are associated with early steatosis (“fatty liver”), 

the preclinical stage of NAFLD (Armstrong and Guo 2019).

Lipid and insulin dysregulation

Cross-sectional and longitudinal investigations indicate that PFAS increase serum total and 

low-density lipoprotein cholesterol in adults and children (Steenland et al. 2009; Frisbee et 

al. 2010; Nelson et al. 2010; Eriksen et al. 2013; Fisher et al. 2013; Fitz-Simon et al. 2013; 

Geiger et al. 2013; Fu et al. 2014; Starling et al. 2014; Winquist and Steenland 2014a; 

Skuladottir et al. 2015; Zeng et al. 2015; Koshy et al. 2017; Convertino et al. 2018; He et al. 

2018; Seo et al. 2018; Dong et al. 2019; Lin et al. 2019; Li et al. 2020; Liu G et al. 2020), 

including clinically defined high cholesterol (Steenland et al. 2009; Winquist and Steenland 

2014a; Lin et al. 2019). Studies of large populations, featuring wide exposure ranges, 

demonstrate that serum lipids rapidly increase beginning at background (1–10 ng/mL) serum 

concentration and then are followed by attenuating (“plateaued”) cholesterol measurements 

as (log-transformed) exposures to long-chain PFAS increase (Steenland et al. 2009; Frisbee 

et al. 2010; Li et al. 2020). These findings suggest partially saturable mechanisms; thus, the 

cholesterol dose response at pharmacologic or acutely toxic doses should be viewed with 

caution; associations can be missed or may be misleading when an environmental range of 

exposure is absent. At background exposure levels, residual associations may be more 

detectable in obese participants (Timmermann et al. 2014; Jain and Ducatman 2019d), a 

finding congruent with experimental PFAS outcomes in rodents fed “Western” or high-fat 

diets (Tan et al. 2013; Quist et al. 2015; Rebholz et al. 2016). Human gene expression 

pathways provide support for an interaction of obesity and PFAS exposures and suggest 

possible sex differences (Fletcher et al. 2013). A pharmacokinetic model predicts that 

approximately half of the PFOS-exposed population would experience a >20% rise in serum 

cholesterol (Chou and Lin 2020). Risk-assessment implications for low-PFAS dose increases 

in cholesterol have been noted (New Jersey Drinking Water Quality Institute Health Effects 
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Subcommittee 2017; Li et al. 2020), and a review of population and toxicity data concluded 

that dyslipidemia is the strongest metabolic outcome of PFAS exposure (Sunderland et al. 

2019).

Human PFAS lipid findings may be related to experimental findings of induced 

adipogenesis, impaired bile acid metabolism/synthesis, strongly decreased CYP7A1 enzyme 

activity, altered fatty acid transport, and intracellular lipid accumulation with steatosis, 

including in PPAR-α-null or PPAR-α-humanized animals (Guruge et al. 2006; Lau et al. 

2007; Bijland et al. 2011; Bjork et al. 2011; Wang et al. 2014; Filgo et al. 2015; Das et al. 

2017; Salihovic et al. 2019; Zhang et al. 2019; Behr et al. 2020a; Liu S et al. 2020b; 

Schlezinger et al. 2020). Independent of PFAS exposure, similar alterations in metabolic 

pathways have been related to disrupted fatty acid beta-oxidation and increased free 

cholesterol in toxicology studies (Perla et al. 2017).

Cross-sectional studies of diabetes outcomes can be misleading for reasons discussed in the 

renal section (see section Kidney disease, uric acid, and kidney cancer). Emerging 

longitudinal and diabetes clinical trial data indicate that PFAS may increase human insulin 

resistance, associated with dysregulated lipogenesis activity (Alderete et al. 2019; Lin et al. 

2019). Longitudinal studies of clinically diagnosed diabetes patients have sometimes 

associated PFAS exposures with diabetes (Sun et al. 2018) or with small changes in 

glycemic markers (Cardenas et al. 2017); however, diabetes associations to date are not 

consistent (Karnes et al. 2014; Cardenas et al. 2017; Donat-Vargas et al. 2019). Future 

studies should consider whether PFAS may instigate autoimmune diabetic outcomes in 

humans, as shown in experimental studies (Bodin et al. 2016). Experimental data reveal that 

PFAS activate G protein-coupled receptor 40, a free fatty acid-regulated membrane receptor 

on islet ß cells, stimulating insulin secretion (Qin et al. 2020; Zhang L et al. 2020).

Kidney disease, uric acid, and kidney cancer

Extended human half-lives of long-chain PFAS are attributed to active renal tubular 

reabsorption. Of concern, legacy PFAS such as PFOA and PFOS are concentrated in renal 

tissues, and histopathologic, molecular, oxidative stress, and epigenetic studies provide 

evidence of potential nephrotoxicity (Wen et al. 2016; Stanifer et al. 2018; Sakuma et al. 

2019; Rashid et al. 2020). In addition, the strong influence of kidney reabsorption on the 

extended half-lives of long-chain PFAS is consistent with both human protein binding and 

experimental PFAS excretion data.

Human studies have associated legacy PFAS exposure to diminished glomerular filtration 

and/or defined chronic kidney disease in adults and children (Shankar et al. 2011; Watkins et 

al. 2013; Kataria et al. 2015; Blake et al. 2018). However, this outcome may be due to 

reverse causation (Watkins et al. 2013; Dhingra et al. 2017). Some reviews of the available 

epidemiologic and toxicologic evidence suggest causative links between PFAS and 

diminished kidney function and chronic kidney disease (Stanifer et al. 2018; Ferrari et al. 

2019); these authors also note several knowledge gaps and uncertainty about which 

proposed mechanisms of action are most important. A propensity score approach to 

NHANES data (Jain and Ducatman 2019c; Zhao et al. 2020) and a study with repeated 
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PFAS and health measures over an 18-yr period (Blake et al. 2018) recently concluded that 

PFAS exposure likely causes diminished renal glomerular filtration.

Uric acid, a biomarker of increased risk for renal disease (Obermayr et al. 2008), is also 

consistently associated with PFAS exposure in adults and children (Steenland et al. 2010; 

Geiger et al. 2013; Gleason et al. 2015; Kataria et al. 2015; Qin et al. 2016; Zeng et al. 

2019), including a visible dose-response curve that begins at or near historic background 

levels in human populations (Steenland et al. 2010; Zeng et al. 2019). Serum PFAS 

concentrations exhibit an inverted U-shaped pattern related to glomerular filtration, initially 

exhibiting a modest accumulation as glomerular filtration begins to decrease and then 

decreasing in advancing renal disease, likely due to failure of normal strong reabsorption 

mechanisms in moderate to severe kidney disease (Jain and Ducatman 2019c). This finding 

is more dramatic across stages of glomerular filtration when there is also albuminuria (Jain 

and Ducatman 2019b). Studies suggest that the association of PFAS to uric acid is not due to 

reverse causation and is underestimated because the failing kidney excretes long-chain PFAS 

but retains uric acid. An implication is that population outcomes that occur in the presence 

of either albuminuria or moderate to severe renal disease such as hypertension (Jain 2020) 

increasing presence of and uric acid (a biomarker of renal disease; Jain and Ducatman 

2019a; Zeng et al. 2019) can be underestimated in cross-sectional studies; in other words, 

the link between these health outcomes and PFAS exposure is obscured in these studies 

because of enhanced PFAS excretion patterns in the presence of either albuminuria or 

moderate to severe kidney disease. Furthermore, the strong influence of renal reabsorption 

on the long half-lives of long chain PFAS is consistent with both human protein binding of 

PFAS and experimental PFAS excretion rates in high-dose rodent studies (Cheng and Ng 

2017).

Kidney cancer diagnoses have been increasing since 1975, a finding that is partially 

independent of improved detection, with 5-yr cancer-specific survival of approximately 80% 

(Gandaglia et al. 2014). The C8 Health studies noted longitudinal (n = 32 254) increases of 

kidney cancer (hazard ratio = 1.10, 95% CI 0.98–1.24) and kidney cancer mortality 

(Steenland and Woskie 2012; Barry et al. 2013; Vieira et al. 2013). A review of 6 published 

studies found long-chain PFAS exposure associated with kidney cancer or kidney cancer 

mortality, with risks ranging from 1.07 to 12.8 (Stanifer et al. 2018). Subsequent preliminary 

data from the heavily exposed Veneto, Italy, population also suggest a significant increase in 

kidney cancer mortality with PFAS exposure (Mastrantonio et al. 2018). Evidence is 

accumulating for PFAS as a cause of chronic disease and kidney cancer. Study designs must 

consider the peculiar PFAS excretion mechanics involved in and associated with kidney 

disease.

Reproductive and developmental outcomes

Exposure to PFOA impairs human sperm motility and sperm penetration into viscous media 

(Sabovic et al. 2020; Yuan et al. 2020) and is longitudinally associated with lower sperm 

concentration and count and higher adjusted levels of luteinizing and follicle-stimulating 

hormones in young men (Joensen et al. 2009; Vested et al. 2013; Song et al. 2018). Serum 
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concentrations of PFAS are also cross-sectionally associated with deleterious markers of 

semen quality (Louis et al. 2015; Pan et al. 2019).

Legacy and emerging PFAS have been found in follicular fluid (Kang et al. 2020). They 

appear to alter endometrial regulation such as progesterone activity in young women (Di 

Nisio et al. 2020b) and possibly menstrual cycle length (Lum et al. 2017). Associations with 

menarche and menopause may be substantially due to reverse causation because 

menstruation is a route by which women eliminate PFAS (Dhingra et al. 2017), partially 

explaining why men have higher PFAS levels than women in the same communities. Women 

on birth control and who do not menstruate or with poor cyclicity because of age, activity 

level, or disease may have elevated PFAS levels in comparison with menstruating women. 

Exposure to PFAS has been associated with endometriosis in the United States and in China 

(Louis et al. 2012; Campbell et al. 2016; Wang B et al. 2017a), but the specific PFAS 

associated with this effect vary among studies.

Time-to-pregnancy (fecundity) studies provide indirect evidence of changes in fertility. 

Methodologic considerations include maternal and paternal age, parity (which in turn affects 

serum PFAS), and health status. Among 1240 women in the Danish National Birth Cohort, 

PFOS exposure was associated with decreased fecundity (median serum PFOS 35.5 ng/mL; 

Fei et al. 2009). Reverse causation may explain this finding because it is duplicated in 

parous, but not among nonparous, women (Whitworth et al. 2012; Bach et al. 2015). 

Prospective odds of actual infertility in the Maternal-Infant Research on Environmental 

Chemicals cohort (n = 1743) at low-dose exposures were associated with PFOA (geometric 

mean 1.66 ng/mL; odds ratio = 1.31, 95% CI 1.11–1.53) and PFHxS (odds ratio = 1.27, 95% 

CI 1.09–1.48; Velez et al. 2015). The reported fertility rate improved following water 

filtration in a PFAS-contaminated community (incidence rate ratio 0.73, 95% CI 0.69–0.77 

prior to filtration) along with measures of birth weight (Waterfield et al. 2020).

Per- and polyfluoroalkyl substances reliably move across the placenta and enter breast milk 

(Gyllenhammar et al. 2018; VanNoy et al. 2018); serum PFAS levels in young children 

generally exceed maternal serum concentrations (Fromme et al. 2010; Papadopoulou et al. 

2016; Eryasa et al. 2019). Population studies provide evidence that breastfeeding duration 

and milk quantity are adversely affected by PFAS exposure (Romano et al. 2016; 

Timmermann et al. 2017b; Rosen et al. 2018).

A systematic review reported that PFOA exposure was associated with a small decrease in 

infant birth weight; the meta-analysis estimated that a 1-ng/mL increase in PFOA was 

associated with an approximately 19-g reduction (95% CI −29.8 to −7.9 g) in birth weight 

(Lam et al. 2014). The authors noted similarities in experimental studies (Johnson et al. 

2014; Koustas et al. 2014) and concluded that there was “sufficient” human and 

corroborative toxicology evidence of a detrimental effect of PFOA on birth weight (Johnson 

et al. 2014; Koustas et al. 2014; Lam et al. 2014). However, another meta-subpopulation 

analysis, focused on early pregnancy or the time shortly before conception, detected only a 

small and nonsignificant association, which was less subject to bias (Steenland et al. 2018a). 

Different approaches to the possible confounding role of shifting glomerular filtration rates 

in pregnancy can affect interpretations; evidence suggests this consideration can, at most, 
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only partially explain associations of PFAS exposure to decreased birth weight (Interstate 

Technology and Regulatory Council 2020; Wikstrom et al. 2020). A recent review of mostly 

prospective cohort studies (n = 24 studies) noted PFAS associated with altered fetal and 

postnatal growth measures, such as lower birth weight. Many (n = 22) of the relevant studies 

suggest developmental and childhood immunomodulatory effects, whereas 21 studies 

concerning neurodevelopment were inconclusive (Liew et al. 2018). The authors of the 

review noted methodologic challenges of developmental and newborn epidemiology, 

including consideration of critical exposure windows for developmental effects, the effects 

of breastfeeding and parity on maternal PFAS levels, and the variety of possible mechanistic 

explanations for growth outcomes, such as disruption of glucocorticoid and thyroid hormone 

metabolism in utero (Liew et al. 2018). Recent Faroe Island studies report that prenatal 

PFAS effects on thyroid hormone status do not support a causal relationship (Xiao et al. 

2020).

Review articles suggest that prenatal exposure to PFOA may increase risk of subsequent 

childhood adiposity, noting that steroid hormones, retinoid X receptor, and other pathways 

may be contributing to this effect (Halldorsson et al. 2012; Hall and Greco 2019). 

Prospective evidence supports this relationship in adults with a high risk of diabetes 

(Cardenas et al. 2017). However, some well-performed community studies do not support 

this outcome in adults or children (Barry et al. 2014; Martinsson et al. 2020).

Based on several preliminary findings, supported by longitudinal follow-up studies (Stein et 

al. 2009; Savitz et al. 2012; Darrow et al. 2013; Avanasi et al. 2016a, 2016b), the C8 Science 

Panel concluded that PFOA is probably linked to pregnancy-induced hypertension or 

preeclampsia. Population-level evidence implicating additional PFAS having this effect has 

included studies with longitudinal designs (Huang et al. 2019; Wikstrom et al. 2019; 

Borghese et al. 2020). Experimental support includes PFAS effects on human trophoblast 

migration in vitro (Szilagyi et al. 2020) and recent evidence of PFOA and GenX (or 

hexafluoropropylene oxide dimer acid) effects on mouse placenta, as well as excessive 

gestational weight gain (Blake et al. 2020). However, a recent longitudinal study did not find 

an association of PFAS with pregnancy-associated hypertension (Huo et al. 2020).

The possibility that circulating PFAS may reduce bone mineral density has been 

investigated. Cross-sectional and practical trial associations have been found in adults (Lin 

et al. 2014; Hu et al. 2019; Di Nisio et al. 2020a), and there is emerging longitudinal 

evidence from a mother and child pair study indicating that children may also be affected 

(Cluett et al. 2019).

Testicular cancer diagnoses are increasing steadily, a trend unrelated to improved detection 

(Cheng et al. 2018; Park et al. 2018). Most patients diagnosed (>90%) will be cured and die 

of other causes; mortality studies therefore provide little help in understanding disease risk 

factors. The C8 Science Panel detected longitudinal evidence for increased testicular cancer 

risk (1.35, 95% CI 1.00–1.79) for cumulative PFOA exposure (Barry et al. 2013). There are 

ample supportive data of testicular damage following PFAS exposure, including strong 

evidence of endocrine disruption; but the cell-specific associations are different in humans 

(germ cell) than the outcomes in rodents (stromal).
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Per- and polyfluoroalkyl substances have deleterious effects on conception, pregnancy, and 

infant development. The underlying birth weight data are mostly supportive, although the 

subsequent growth and adiposity literature is mixed. The most sensitive reproductive and 

developmental outcomes are a topic of ongoing discussion.

Outcomes replicated across populations, such as perfluorocarboxylate (PFCA) and 

perfluorosulfonate (PFSA) exposures associated with down-regulation of immune response; 

increases in cholesterol, liver enzymes, and uric acid; alterations in thyroid hormone binding 

proteins; growth deficits; and effects on breast milk and lactation, indicate priority areas for 

understanding mechanisms and health implications.

CURRENT KNOWLEDGE OF PFAS TOXICITY IN EXPERIMENTAL MODELS

Animal studies have focused most intensely on PFOA and PFOS, using laboratory rodents 

and, more recently, zebrafish as models. Perfluoroalkyl acids of varied carbon-chain lengths 

as well as a few replacement chemicals with ether linkages in the carbon backbone (such as 

GenX and 3H-perfluoro-3-[(3-methoxy-propoxy)propanoic acid], or ADONA) have also 

been examined, with outcome profiles thus far generally consistent with legacy chemicals. 

The varying extent of responses is likely related to toxicokinetic disposition (excretion or 

half-life) and relative potency and affinity of the individual chemical for binding to receptor 

proteins. Some PFAS (i.e., PFHxS, PFOA, and PFNA) have longer half-lives in mice than 

rats and typically much longer half-lives in humans (Table 1). These differences in 

elimination kinetics complicate the cross-species evaluation of toxicity. In addition, some 

PFAS (such as PFOA and PFNA) exhibit a profound sex difference in the rate of chemical 

elimination and bioaccumulation in the rat: females eliminate them much faster than males 

(Table 1). Sex differences in half-lives, although important, are much smaller in humans and 

have a different explanation. The mouse also typically has more limited sex-based PFAS 

elimination differences, making this species more amenable for extrapolation to humans, 

especially for mechanistic and toxicity evaluations.

In general, human health effects associated with PFOA and PFOS exposure (described in 

section Current Knowledge of PFAS Toxicity in Humans) have also been reported in animal 

models: hepatic/lipid metabolic toxicity, developmental toxicity, immune suppression, tumor 

induction, endocrine disruption, and obesity. These findings are often derived from well-

controlled laboratory experiments in more than one species using wide dose ranges that are 

often orders of magnitude higher than typical human exposure, to account for differences in 

half-life across species. Some of the phenotypic findings are supported by in vitro 

mechanistic investigation and/or molecular queries on target tissues. Our understanding of 

the toxicologic properties of PFAS other than PFOA and PFOS is notably less advanced and, 

in the case of emerging replacements and by-products, completely unexplored.

Hepatic and metabolic toxicity

In rodent studies, dose-dependent increases in liver weight, in hepatocellular hypertrophy 

associated with vacuole formation, and with or without increased peroxisome proliferation 

have been observed with a significant body burden of PFAS, especially for the most 

persistent and potent long-chain homologs. Hepatocyte proliferation, necrosis, and apoptosis 
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are outcomes occurring at relatively low doses. This is also true for a new replacement 

chemical, GenX, which altered liver histopathology and function and increased apoptosis in 

mice and fish (Blake et al. 2020; Guillette et al. 2020). Correspondingly, transcriptional 

activation of mouse and, to a lesser extent, human PPARα-related genes in liver was 

detected in adult-exposed models; activation of other nuclear receptors such as PPARγ, 

constitutive androstane receptor (CAR), and pregnane X-receptor (PXR) has also been 

reported. These nuclear receptors, metabolic sensors that regulate lipid and glucose 

metabolism and transport and inflammation, tend to be more responsive in tissues of rodents 

than in humans (Wolf et al. 2012; Rosen et al. 2017). Recent work using developmental 

models reports that mitochondrial dysfunction is associated with hepatocellular hypertrophy 

in young adult mice (Quist et al., 2015) and that other fatty acid metabolism pathways are 

activated (Jones et al. 2003; Shabalina et al. 2016). Steatosis is also a common feature of 

PFAS chronic exposure in rodents. Exposure in rodent models typically decreases serum 

cholesterol, whereas elevations of circulating cholesterol levels have been reported in 

humans. The mode of action concerning serum cholesterol is debatable. For example, PFOA 

exposure increased liver weight, increased liver enzymes, and led to persistent 

histopathological changes (particularly damage to the bile duct) in livers of wild-type and 

PPARα-null rodent strains (reviewed in Division of Science and Research, New Jersey 

Department of Environmental Protection 2019). Many of these effects are reversible on 

cessation of PFAS exposure, and this observation has been interpreted by some as evidence 

of “adaptive” responses to exposure. However, this reversibility is irrelevant to ongoing 

environmental PFAS exposure (for instance, from drinking water) because exposure will 

persist until contamination is remediated. In summary, there is a strong confluence of animal 

toxicology and histology and human population data that PFAS disrupt hepatic metabolism 

and lead to lipid accumulation in liver, although the mechanism(s) is unclear. Effects on bile 

acid metabolism, mitochondrial perturbation, and cholestatic mechanisms deserve further 

investigation at human-relevant exposures.

Reproductive and developmental toxicity

Only a few reproductive toxicity studies of males and females are available, primarily 

focusing on long-chain PFAS. Profound developmental toxicity has been described 

following gestational and lactational exposure to PFOS, PFOA, and PFNA in mice 

(Thibodeaux et al. 2003; Lau et al. 2006; Das et al. 2015) and in mice and rats gestationally 

exposed to GenX (Conley et al. 2019; Blake et al. 2020). Neonatal morbidity and mortality 

were seen with exposure to high doses of legacy PFAS; growth deficits and developmental 

delays were noted in offspring exposed to lower doses. Evidence of lactation impairment 

was seen in mice at doses of 5 mg PFOA/kg body weight (White et al. 2007), leading to 

increased offspring mortality (Lau et al. 2006); recent studies have indicated a role of 

placental dysfunction in these adverse developmental outcomes (Blake et al. 2020). Deficits 

of mammary gland development were also observed in mice exposed to PFOA (doses of 1 

mg/kg body wt and lower) during gestation, which persisted into adulthood, although these 

exposure levels did not alter body weight, lactational function, or neonatal growth of 

offspring (F1 or F2 mice; Macon et al. 2011; White et al. 2011b; Tucker et al. 2015). 

Systematic reviews support a relationship between in utero exposure to PFOA and PFOS 

and reduced fetal growth in animals and humans, and the relationship between PFOA and 
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reduced fetal growth in mice was recently validated (Koustas et al. 2014; Blake et al. 2020). 

Also, PFAS are reported to have reproductive effects such as ovulation failure in mice 

(Zhang Y et al. 2020).

Immunotoxicity

A few long-chain PFAS (PFOS, PFOA, PFNA, and PFDA) have been shown to alter 

immune status in rodents and non-human primates. Effects are predominantly 

immunosuppressive and include reductions in thymus and spleen weights and associated 

immune cell populations, in numbers of circulating immune cells, in certain aspects of 

innate immunity (i.e., natural killer cell cytotoxicity), in infectious disease resistance, and in 

antibodies produced in response to an antigen (i.e., analogous to the vaccine response in 

humans). In their 2018 draft Toxicological Profile for Perfluoroalkyls, the US Agency for 

Toxic Substances and Disease Registry (ATSDR) noted changes to the aforementioned 

immune parameters observed in experimental rodents exposed to PFOA, PFOS, PFNA, 

PFHxS, PFDA, perfluorobutanesulfonic acid (PFBS), or perfluorobutanoic acid (PFBA; 

Agency for Toxic Substances and Disease Registry 2018). The US National Toxicology 

Program conducted a systematic review of the immunotoxicological literature for PFOA and 

PFOS and concluded that PFOA and PFOS were presumed to be immune hazards to humans 

based on a high level of evidence for suppression of antibody responses in experimental 

animals and a moderate level of evidence for suppression of antibody responses in humans 

(National Toxicology Program 2016). The ATSDR (Agency for Toxic Substances and 

Disease Registry 2018) also included a decreased antibody response to vaccines (PFOA, 

PFOS, PFHxS, and PFDA) and increased risk of asthma diagnosis (PFOA) among the list of 

adverse health effects in PFAS-exposed humans. Reduction in the antibody response to a 

vaccine, an adaptive immune function, is a well-accepted measure of immunotoxicity, is 

consistent with the mode of action for the effects of fatty acids on immune system function 

(Fritsche 2006), and is compelling evidence that the immune system is a sensitive target of 

PFAS.

Tumor induction

Per- and polyfluoroalkyl substances are not known to be directly mutagenic; PFOA, PFOS, 

and other tested PFAS show little or no evidence for induction of gene mutation, 

clastogenicity, or aneuploidy in vitro or in vivo by a direct mode of action (see EFSA Panel 

on Contaminants in the Food Chain [2020] for details). There is evidence that PFAS can 

induce DNA damage, such as strand breaks, and other genotoxic effects, secondary to 

oxidative stress (EFSA Panel on Contaminants in the Food Chain 2020). This occurs at 

concentrations or doses that are high relative to human environmental exposures to PFAS, 

and the mechanism is such that their dose-response will be sublinear. Hence, PFAS are 

unlikely to be of mutagenic concern in exposed populations.

In adult-exposed rodents and fish, PFOA and PFOS have been shown to induce tumors. 

Liver adenomas, pancreatic acinar cell tumors, and testicular Leydig cell adenomas have 

been detected in rats treated chronically with PFOA (IARC Working Group on the 

Evaluation of Carcinogenic Risks to Humans 2017) as well as its replacement, GenX 

(Caverly Rae et al. 2015). Following gestational and chronic exposure to PFOA, 58% of 
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male rats demonstrated pancreatic tumors at the lowest dose administered (National 

Toxicology Program 2020b). This finding has spurred Minnesota and California 

policymakers to consider cancer as an endpoint in risk assessment, whereas the European 

Food Safety Authority (EFSA Panel on Contaminants in the Food Chain 2020) has the 

opinion that there is not adequate evidence for a link between exposure to PFAS and cancer 

risk in humans. This “tumor triad” profile has been associated with the PPARα-mediated 

molecular signaling pathway in rats exposed to high doses of PFAS. Consequently, liver 

tumors involving this mode of action are not considered relevant to humans at equivalent 

PFAS exposures (Post et al. 2017). The human relevance of PPARα-mediated pancreatic 

tumors in rodents remains to be determined. Liver lesions evident in PPARα-null mice 

exposed to PFOA during pregnancy and lactation (Filgo et al. 2015) suggest a non-PPARα-

mediated liver response. Induction of liver tumors mediated by estrogen receptor (ER) 

activation has also been reported in fish (Tilton et al. 2008), and several non-PPARα-

mediated hypotheses, including increased reactive oxygen species formation, oxidative 

stress, and mitochondrial dysfunction; decreased tumor cell surveillance by the immune 

system; and diminished gap junction cellular communication, are documented (IARC 

Working Group on the Evaluation of Carcinogenic Risks to Humans 2017; New Jersey 

Drinking Water Quality Institute Health Effects Subcommittee 2017).

Endocrine disruption

The primary evidence for the endocrine-disrupting potential of PFAS involves induction of 

hypothyroxinemia and reduction of serum testosterone in rats. An early review of PFAS 

endocrine-disrupting properties in humans concluded that the “thyroid may be one axis 

significantly affected by PFOA exposure while the animal toxicology literature is less 

certain due to technical issues” (White et al. 2011a).

The effects of PFAS on thyroid hormone status detected in animal studies differ from 

classical hypothyroidism, in that reduction of circulating total thyroxine is not accompanied 

by a compensatory increase of TSH. A possible mechanism for these effects may be related 

to the propensity of protein binding of legacy PFAS, which could lead to displaced total 

thyroxine binding to its carrier proteins (transthyretin and thyroxine-binding globulin). 

Human population studies augment animal data showing that PFAS interact with thyroid 

hormone binding proteins (Berg et al. 2015; Ren et al. 2016; Zhang J et al. 2016a), one of 

several mechanisms by which PFAS can perturb feedback relationships between free thyroid 

hormone available to cells (free total thyroxine) and the hypothalamic-pituitary axis. Some 

estrogenic effects of PFAS have also been illustrated by in vitro studies, although there is no 

evidence of direct transactivation of estrogen, androgen, or glucocorticoid receptors (Behr et 

al. 2018, 2020b).

The evidence for PFAS affecting ER signaling in humans and animals is mixed. Although 

studies have identified some PFAS as being without estrogenic activity (Behr et al. 2018; 

Borghoff et al. 2018; Gogola et al. 2019), others suggest an ability of PFAS to modulate or 

even activate ER-mediated effects (Benninghoff et al. 2010; Kjeldsen and Bonefeld-

Jørgensen 2013; Wang et al. 2018; Bjerregaard-Olesen et al. 2019; Qiu et al. 2020), with 

some effects only observed in aquatic organisms (Wei et al. 2009; Chen et al. 2016, 2018). 
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Microarray analyses of human primary hepatocytes confirmed that PFOA activated the ER 

pathway (Buhrke et al. 2015).

Neurotoxicity

Potential adverse effects of PFAS on the nervous system and functions have not been widely 

investigated. A few studies reported neurotoxicity of PFOS, PFHxS, and PFOA in cell 

culture systems (Slotkin et al. 2008), as well as altered behavioral responses (Goulding et al. 

2017) and deficits in learning and memory ability in rodents (Viberg et al. 2013). In contrast, 

no significant developmental neurotoxic effects were seen from prenatal exposure to PFOS 

in USEPA guideline-based studies with rats (Butenhoff et al. 2009).

Obesity

Numerous cell-based assays in human and mouse pre-adipocytes and animal studies with 

and without high-fat diets have consistently shown that some PFAS have the potential to 

increase lipid production by adipocytes and fat pads (van Esterik et al. 2016). Exposure of 

pregnant mice to low doses of PFOA produced obesity in young adult female offspring 

(Hines et al. 2009; van Esterik et al. 2016), a finding that was re-capitulated in Danish 

women exposed in utero to PFOA (Halldorsson et al. 2012). Both PFOA and GenX 

increased weight gain of pregnant mice (Blake et al. 2020), an effect also seen in women 

during pregnancy (Ashley-Martin et al. 2016), although discordant results have been 

reported in other studies (Barry et al. 2014; Ngo et al. 2014). These apparently disparate 

findings in experimental models may be associated with differences among mouse strains 

examined, exposure periods, statistical methodology, and/or the rodent diets used.

There are specific differences in human and rodent health outcomes that deserve further 

investigation: 1) cholesterol metabolism, 2) thyroid effects, 3) mode of action for liver 

effects (different or same), and 4) kidney transporter or other mode of action leading to large 

differences in half-life. However, species concordance in the 6 human health effects 

discussed in the present review supports a weight of evidence for these effect for the handful 

of extensively studied PFAS.

Human health advisory and guidance values for a few PFAS have been issued to date by the 

USEPA, the ATSDR, several individual state environmental agencies or health departments, 

as well as regulatory agencies in Canada and Europe that are largely (but not exclusively) 

based on toxicological findings in animal models. However, risk-assessment scientists have 

not reached consensus in selecting a singular apical endpoint as the basis for a point of 

departure for assessments. Three toxicological features of PFAS that have been commonly 

highlighted, based on their sensitivity (low dose effect), strength of evidence (robust 

corroborating studies with mechanistic support for human relevance), and corresponding 

findings noted in epidemiological investigation, are hepatotoxicity (and alterations in lipid 

metabolism), developmental toxicity, and immunotoxicity. It should be noted that apical 

endpoints that drive risk assessments often differ among individual PFAS, perhaps 

highlighting the complexity of these chemicals and the family of PFAS, in general.
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IMPORTANCE OF TOXICOKINETICS IN UNDERSTANDING PFAS TOXICITY

Species and sex differences

Few of the substantial number of structurally diverse PFAS have been tested for 

toxicological effects. Some available toxicological information has come from studies in 

animals, where marked species and (in rat) sex differences in half-life for some PFAS (Table 

1) have been observed and the relevance to humans is uncertain. These differences are due to 

toxicokinetic and toxicodynamic factors. There are also differences in mean PFAS serum 

levels between men and women in the same communities. Children may have elevated 

serum levels compared to parents, even with the same exposures (Emmett et al. 2006; Daly 

et al. 2018; Graber et al. 2019), for reasons relating to transplacental transfer, breastfeeding, 

and body mass (Emmett et al. 2006; Daly et al. 2018; Graber et al. 2019; Blake et al. 2020). 

Transplacental transfer of PFAS confers a substantial burden to the newborn infant. Because 

the infant has a smaller overall mass and blood volume, PFAS are concentrated, increasing 

PFAS per volume (Koponen et al. 2018). In addition, transfer of PFAS is common through 

lactation, and the longer a child breastfeeds, the higher the body burden (Gyllenhammar et 

al. 2018; VanNoy et al. 2018).

Effects of comorbidity on PFAS toxicokinetics

Factors affecting renal function can influence PFAS toxicokinetics. As discussed, opposing 

types of causation should be considered. Human toxicokinetics appear to vary 

bidirectionally with changing renal function, leading to nonmonotonic dose-response 

relationships and, depending on the study goal, possibly to errors in estimating disease 

associations. As progress is made in the field of PFAS toxicokinetics, new chemistries may 

have different clearance factors and nuances that vary by PFAS group or structures, and that 

will need to be investigated to accurately model half-lives in different exposure subgroups.

Sources of information on toxicokinetics in humans: strengths and limitations of studies

Some PFAS half-life data in humans were obtained from retired industry workers, 

particularly those who worked with PFOS, PFOA, and PFHxS (Olsen et al. 2007). Since 

then, these estimates have been modified slightly or confirmed with longitudinal data and 

modeling from contaminated communities once uncontaminated water options were 

provided (Bartell et al. 2010; Li et al. 2018). Other contemporary PFAS estimates are 

derived from biomonitoring studies of production workers, blood donors, study participants, 

and/or occupationally exposed cohorts (Olsen et al. 2009, 2017; Russell et al. 2013; Zhang 

et al. 2013). Some caution must be taken in using these data because variables affecting 

PFAS clearance may not be taken into consideration (age, sex, menstruation, disease, and 

medication status) and may contribute to confounding.

The challenge in determining a reliable human half-life in these types of studies is that 

exposure does not end with a clean water source, retirement, or a change of job and that 

continued exposures vary over potential depuration periods. Model components may also 

vary in subclasses. Children (small blood volumes and a large fraction of exposures comes 

from drinking), pregnant women (large increase in blood volume and water intake), parous 

women (transfer to fetus and breast milk), and athletes (water intake elevated) are examples 
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of subpopulations with expected variation in half-life compared to adult men (Post et al. 

2017). There will be more human estimates of PFAS forthcoming that involve variations in 

half-life (Post et al. 2017). Realistic computational modeling can help, so long as it clearly 

characterizes exposures and applicable populations. The continued goal should be to provide 

predictive values for those PFAS lacking actual measurements, based on chemical structures 

and trusted physiological parameters.

Physiologically based pharmacokinetic/toxicokinetic modeling in different-aged 
populations

In the blood and other tissues, PFAS toxicokinetics are influenced by their interactions with 

proteins (Andersen et al. 2006; Katakura et al. 2007; Nakagawa et al. 2008; Weaver et al. 

2009; Figure 2). Certain toxicokinetic features are saturable, and thus dosing in toxicokinetic 

studies is of profound importance. Studies of renal reabsorption mechanisms in mammals 

show that reduced activity of transporters such as organic anion transporting polypeptide 

1a1, through inactivation (e.g., genetic manipulation, castration, treatment with estrogen) or 

by saturation at increasing doses, leads to substantial reductions in half-lives of PFOA and 

PFOS (Andersen et al. 2006; Nakagawa et al. 2008; Weaver et al. 2009; Yang et al. 2009).

These protein-associated toxicokinetic processes were recently incorporated into a model for 

PFOA in the male Sprague-Dawley rat (Cheng and Ng 2017), which provides a useful 

platform to explore how changes in protein interactions might affect estimates of PFAS half-

life (Figure 3). At high doses, it is typical to see clear biphasic behavior with rapid initial 

clearance, during which the serum half-life appears to be shorter especially at high enough 

doses that processes such as renal reabsorption are saturated, followed by a much longer tail 

(Figure 3A). In a similar fashion, the magnitude of internal dose and rate of serum clearance 

can be profoundly influenced by proteins known to bind PFAS, such as serum albumin 

(Figure 3B). Increasing and decreasing the extent of reabsorption in the kidney increases and 

decreases the serum half-life, respectively (Figure 3C). Finally, the effect of saturating 

reabsorption is magnified when the half-life is longer because of increased serum binding 

(Figure 3D). In this case, taking an initial slope to calculate the serum half-life at high doses 

would lead to a profound underestimation.

Differences in protein expression, circulating levels, and even protein type across 

populations, sex, and species could lead to important species and sex differences in PFAS 

biological half-lives (Han et al. 2012); such differences should be investigated and taken into 

account in the extrapolation to human equivalent doses. Because expression of proteins may 

change at different life stages, clearance factors and toxicokinetics may also change.

Given the large number of species-, sex-, and age-specific differences that have been 

observed, coupled with the lack of data for many PFAS, the parameterization of complex 

physiologically based toxicokinetic models remains a persistent challenge. Therefore, lower-

resolution models (e.g., one-compartment or few-compartment models) may be more 

appropriate for species and settings where insufficient data are available for reasonably 

accurate parameterization. Alternatively, in silico and in vitro methods are under 

development that could aid in parameterization in the absence of in vivo data, as discussed in 

the section New approaches for developing PFAS toxicity information.

Fenton et al. Page 18

Environ Toxicol Chem. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SO MANY PFAS, SO LITTLE TIME: ACCELERATING THE PACE OF 

DISCOVERY

Importance of determining mode of action and adverse outcome pathways

Information on modes of action and/or adverse outcome pathways (AOPs) is invaluable in 1) 

establishing human relevance of experimental evidence, 2) assessing causality in 

epidemiological studies, 3) applying “read-across” to PFAS for which there is little 

toxicological information, 4) assessing risks from mixtures, 5) guiding development and 

interpretation of new approach methodologies, 6) informing the development of biomarkers 

in epidemiologic investigation, and 7) identifying potentially vulnerable subpopulations and 

life stage-specific effects (Meek et al. 2014; LaLone et al. 2017). Verified modes of action 

and AOPs can inform risk assessment based on intermediate effects and enable development 

of new methodology-based approaches to assess PFAS safety (Meek et al. 2014).

Postulated modes of action/AOPs for PFAS

Mechanistic studies have been performed on only a few PFAS. These have been shown to 

activate a range of putative molecular initiating targets, among which are the nuclear 

receptors PPARα, PPARγ, PPARβ/δ, CAR, PXR, liver X receptor α, and ERα (Bijland et 

al. 2011; Bjork et al. 2011; Rosen et al. 2017; Li et al. 2019). However, modes of action 

verified by agreed procedures (World Health Organization 2020) have been established for 

few reported effects of PFAS, and those that have been interrogated involve activation of 

PPARα and, at higher doses, CAR as molecular initiating events (Klaunig et al. 2012; Rosen 

et al. 2017). Several AOPs involving these molecular targets are in various stages of 

development (Organisation for Economic Co-operation Development 2020), but few have 

been endorsed by the OECD following its agreed procedures (Organisation for Economic 

Co-operation Development 2017). Demonstration of receptor activation alone is insufficient 

to establish involvement of a mode of action or AOP in an observed effect, for which an 

overall weight-of-evidence approach is necessary (World Health Organization 2020).

Andersen et al. (2007) provide a useful, albeit dated, review of possible PFAS modes of 

action. Established modes of action are restricted largely to the liver and include species-

specific hepatic hyperplasia and liver tumors (Butenhoff et al. 2012; Elcombe et al. 2012; 

Corton et al. 2018). Available studies on PFBS, PFHxS, perfluorohexanoic acid, PFNA and 

PFDA suggest that they share molecular targets with similar consequences, albeit with 

differences in potency, in part due to differences in their excretion and protein-interaction 

kinetics (Zeilmaker et al. 2018). However, studies in vitro have established intrinsic 

differences in potency among PFAS analogues. Potency in activating PPARα showed some 

relationship with PFAS chain length (Wolf et al. 2008). A mode of action or AOP provides a 

causal chain of key events between chemical exposure and outcome. The established modes 

of action for PFOS and PFOA provide a causal explanation for development of liver tumors 

observed in rodents on exposure to these compounds, through activation of PPARα, and the 

possible relevance to humans. However, this does not mean that other effects of PFAS are 

due to activation of PPARα or that other pathways might not lead to liver tumors in humans, 

such as secondary to the primary effect of steatosis.
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Until recently, there has been little study of modes of action/AOPs for effects of PFAS other 

than hepatic outcomes in rodents, particularly for critical effects, such as 

immunosuppression and developmental toxicity, and from PFAS other than PFOS and PFOA 

(EFSA Panel on Contaminants in the Food Chain 2020; Temkin et al. 2020). The ability of 

various PFAS to interact with and modify lipid metabolism is, however, an intriguing 

hypothesis (Xu et al. 1999; Jones et al. 2003; Andersen et al. 2007; Tan et al. 2013; Pouwer 

et al. 2019). Other putative molecular initiating/key events for PFAS, in addition to nuclear 

receptor activation, include gap junctional inhibition to disrupt cell-cell communication, 

mitochondrial dysfunction, interference of protein binding, partitioning into lipid bilayers, 

oxidative stress, altered calcium homeostasis, and inappropriate activation of molecular 

signals controlling cell functions. Many of these effects are consistent with a nonspecific 

action of PFAS on the cellular lipid membrane (Spector and Yorek 1985; Bourre et al. 1989; 

Dodes Traian et al. 2012; Casares et al. 2019). However, these alternative events lack robust 

evidence to support a specific pathophysiological role in the multifaceted effects of PFAS. A 

better characterization of the modes of action/AOPs for PFAS toxicities remains an 

important area of future investigation, necessary to improve our understanding of PFAS 

impacts on human health.

At present, there is insufficient evidence to determine which of, and to what extent, these 

molecular interactions play a pathophysiological role in observed adverse outcomes of PFAS 

(Michigan PFAS Science Advisory Panel 2018). Hence, there is a need to integrate such 

mechanistic information into a weight-of-evidence framework, first by establishing the mode 

of action or AOP linking a proposed chain of key events to an adverse outcome and then by 

demonstrating that at human exposure levels of PFAS the established AOP or mode of action 

is causal in the adverse outcome observed. The substantial advantage offered by such an 

approach is the ability to read across from representative members of appropriate PFAS 

groupings, based on quantitative information from new approach methodologies and 

exposure estimates. Hence, better characterization of the modes of action/AOPs for PFAS 

toxicities remains a critical area of future investigation and will allow us to understand 

which adversely PFAS-modified pathways must be interrogated prior to new chemicals 

joining this class. Predicting PFAS activity in the body should be the goal prior to approving 

novel PFAS for use.

New approaches for developing PFAS toxicity information

When it comes to determining which PFAS should be prioritized for further testing, there are 

too many chemicals, even in one subclass, for traditional approaches. Numerous creative and 

high-throughput methodologies are being developed and tested to provide valuable data on 

PFAS with no toxicity data.

Collaborative approaches.—Problem formulation and approach must be guided by 

available equipment, funds, and technical staff, and important principles: 1) What biological 

activity and toxicology information can be generated in a responsive time frame? 2) Can this 

information be used to make public health decisions? 3) What are appropriate tools to bring 

to this problem (platforms, species/sex of cells used, metabolic competency of the model 
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system, and data analysis)? 4) How do we organize, and what are the best mechanisms to 

report useful biological activity/toxicological information?

Developing “how” to evaluate potential health effects of new PFAS requires some thought to 

PFAS heterogeneity. Although subclass names have been suggested by several investigators 

(Buck et al. 2011; Wang Z et al. 2017; Sha et al. 2019), there is still disagreement on those 

groupings. In addition, half-lives and biological persistence are not predictable based on 

structure, and exposure routes may be complex. Given that traditional approaches to 

generate toxicity information are resource-intensive, new approach methodologies, which 

may include in vitro high-throughput toxicity screening and toxicokinetic testing, will be 

needed to inform further (in vivo) testing of PFAS.

One example of how agencies/institutes are collaborating to prioritize a list of PFAS needing 

further study is the REACT Program (Responsive Evaluation and Assessment of Chemical 

Toxicity). Scientists from the USEPA and the National Institute of Environmental Health 

Sciences (NIEHS) National Toxicology Program have joined forces to determine if read-

across approaches would work. Essentially, they will use existing data for a data-rich 

substance (the source, e.g., PFOA or PFOS) as an anchor for a data-poor substance (the 

target, a novel PFAS), which is considered similar enough to the source substance to use the 

same data as a basis for the safety assessment. For example, the US National Toxicology 

Program 28-d PFAS or chronic PFOA data set (National Toxicology Program 2020c) could 

be used as an anchor. The goal is to group PFAS by biological activities and then use in vitro 

to in vivo extrapolation data and models to estimate oral equivalent exposures for PFAS. For 

example, multiple biological endpoints (Table 2) were chosen to generate data on 150 PFAS 

(Patlewicz et al. 2019), representing several structural subclasses for use in read-across.

Selecting assays shown in Table 2 based on PFOA and PFOS health effects covers a broad 

range of biology. However, because of the structural diversity of PFAS, biological activity of 

subclasses of PFAS may be missed; but this can be addressed in 2 ways. First, using 

transcriptomics as a screen, similar and unique pathways altered by different PFAS can be 

identified. Second, structure-activity relationships may predict potentially missing biological 

activities. As an example, Leadscope model predictions conducted at the NIEHS predicted 

biology that was covered in assays already chosen for evaluation, which increased 

confidence in the approaches chosen. Because model predictions are only as robust as data 

sets from which they are generated, these outputs should be used to identify assays for 

screening efforts and not as synonymous with toxicities induced by PFAS. Ultimately, the 

REACT program aims to prioritize PFAS for additional targeted testing and follow-up with 

in vivo studies as needed.

Molecular dynamics and protein interactions.—Advances in computational tools, 

many developed for drug discovery, allow environmental and public health researchers to 

better anticipate some impacts of emerging contaminants even in the absence of substantial 

experimental data (Rabinowitz et al. 2008). For example, molecular docking and molecular 

dynamics to predict strengths of interactions between biomolecules and contaminants can be 

an in vitro screening tool for assessing legacy and emerging PFAS for bioaccumulation 

potential, to identify potential sites of toxic action (Salvalaglio et al. 2010; Ng and 
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Hungerbuehler 2015; Cheng and Ng 2018; Li et al. 2019) and to gain insights into toxic 

mechanisms (Sheng et al. 2018). Relatively strong binding with particular proteins (e.g., 

serum albumin, liver fatty acid binding protein) has already proven useful in correlating 

PFAS structure with potential for bioaccumulation (Ng and Hungerbühler 2014; Cheng and 

Ng 2017). Tools including molecular docking and molecular dynamics can correlate relative 

binding affinities of emerging PFAS with these target proteins and subsequently compare 

with affinities of legacy chemicals with known bioaccumulation potentials, thus providing a 

first-tier rapid screening mechanism (Luebker et al. 2002; Cheng and Ng 2018).

The use of fluorinated substances in pharmaceutical products has led to an unexpected data 

source for discovery of structural features in PFAS associated with various types of 

bioactivity. These data were recently used to train machine learning models to predict 

potential bioactivity for thousands of untested PFAS (Cheng and Ng 2019). Classification 

approaches such as these serve as preliminary screening tools for identifying PFAS as a first 

step in a tiered assessment when detailed mechanistic information is not available.

Addressing mixtures.—Based on their potential for complex exposure patterns, PFAS 

are a mixtures issue. Communities with water-monitoring programs reporting PFAS 

concentrations demonstrated that they are exposed to mixtures of PFAS. This mixture may 

be from one or more point sources releasing multiple PFAS and/or PFAS by-products into 

the air and water, such as a Chemours plant in North Carolina, and suggest that exposures 

may be substantial (McCord and Strynar 2019). However, numerous other PFAS sources are 

known to impact community exposure to PFAS mixtures, such as landfill leachate, biosolids 

recycling, and aqueous film-forming foam contamination of drinking water sources, among 

others (Sunderland et al. 2019; Solo-Gabriele et al. 2020). Aqueous film-forming foam and 

other mixtures evident in drinking water, food packaging, health and beauty products, and 

food-based sources are often poorly characterized (Sunderland et al. 2019; Susmann et al. 

2019).

Discussions on whether PFAS may be addressed using a relative potency framework or toxic 

equivalency factor approach are ongoing. Substances could be grouped by bioaccumulation 

and persistence (toxicokinetics), function (biology), molecular initiating events, with 

potency factors derived from several assays, or subclass (structural similarity).

SPECIAL CONSIDERATIONS IN FUTURE STUDY DESIGNS

Future epidemiological studies

Future human studies need to characterize immune outcomes including (and not limited to) 

immune effects from exposure in early pregnancy and possible roles of PFAS in initiating 

allergic and autoimmune processes, conditions for which a dose response is hard to predict. 

Interactions of immune pathways with liver and lipid toxicity deserve additional 

consideration.

Liver and lipid studies have reasonably characterized associations between PFAS and effects 

and should now address why and what to do about it. Characterization of possible a priori 

susceptibility, such as in the obese, is important. Human and animal lipid data suggest that 
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future experimental studies should focus on mitochondrial toxicity, alterations in bile acid 

metabolism, cholestasis, and resultant steatosis. These outcomes are already known to be 

associated with altered serum lipids, liver enzymes, and uric acid in the human population 

regardless of PFAS (Cohen and Fisher 2013; Sattar et al. 2014; Arguello et al. 2015; Jensen 

et al. 2018).

Studies of human kidney markers related to PFAS exposures illustrate the importance of 

understanding physiology to inform study design choices and reasonable interpretations. 

These substances have complex excretion mechanics that vary with dose, state of the healthy 

or progressively diseased kidney, as well as a potentially additional causative effect on 

kidney disease outcome(s). Appropriate definition of biological and mechanistic targets and 

more precise investigation of PFAS subclasses will better inform study designs and research 

questions. For example, consistent reports of disrupted cholesterol metabolism should 

prompt mechanistic studies evaluating effects on steroid hormones that may influence 

cancer, fecundity, lactation, and developmental signals seen in human population data. More 

attention could be given to effects of PFAS on the hypothalamic-pituitary-gonadal axis and 

then reconsidered based on life stages.

The history of long-chain PFAS studies indicates that collaborative team approaches 

featuring clinical, epidemiologic, computational modeling, and laboratory toxicological 

expertise are needed. Future population designs and more sensitive analytical methodologies 

should address replacement chemicals, typically found as mixtures; study designs must 

account for shorter PFAS half-lives and unpredictable PFAS detection in exposed 

individuals/communities. Innovative use of biomarkers in specifically designated risk 

subpopulations (obesity, immune) will likely be important.

Sex differences, nonmonotonic dose responses, sensitive subpopulations

Although serum-level differences exist between men and women similarly exposed to 

individual PFAS, sex-dependent differences in half-life have not been reported in human 

populations for short-chain (PFBS, PFBA) or long-chain per-fluoroalkyl acids thus far (Li et 

al. 2017b). Perhaps the half-life differences between the sexes is similar to interindividual 

variability and cannot be detected above background, or studies deriving data sets used to 

model half-lives were not designed to detect sex differences (convenience sampling or 

workers were mostly male, etc.). However, sex-specific elimination half-lives are defined 

(Table 1) for some PFAS in rodent models. In addition, developmental exposure studies in 

experimental models have consistently shown effects at lower doses than adult-only 

exposures and should be given priority in testing replacement chemicals. In vitro and 

alternative models that capture developmental susceptibility are encouraged. In summary, 

care should be taken in testing replacement PFAS in rodent or alternative (cell-based or 

zebrafish, for example) models to consider 1) the possibilities of sex-based differences in 

elimination half-lives, 2) dose range used (to include human relevant exposures), 3) life 

stage represented in the model system, and 4) variability of the response to enable the use of 

data generated for risk assessment.
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Future experimental model studies

Experimental rodent studies have been essential in confirming PFAS health effects (liver and 

thyroid disease, lipid homeostasis), even when effects were not identical to those in humans; 

in some cases, novel targets (mammary and immune changes) were identified in animals. 

Future animal, cell-based, and high-throughput toxicity screening should enhance 

transparency in reporting to include blinded dose allocation, reporting of all data, adherence 

to Animal Research Reporting In Vivo Experiments (ARRIVE) guidelines (Kilkenny et al. 

2010), and dose ranges that approach human relevance (adjusted to reflect the differences in 

elimination between species and potentially chronic exposures) so that they suitably inform 

systematic reviews that may be used in chemical regulation.

Model selection for health effects evaluation is critical. An appropriate model should be 

sensitive, be susceptible to the outcome(s) of interest (obesity, immune), and produce 

outcomes that will inform human health effects. Alternative research models, such as 

transgenic mice, zebrafish, developmental models for most affected target tissues, and diet-

challenged designs in susceptible rodent strains, will strengthen our knowledge of PFAS-

related health effects. Validation of fish neurobehavior models to inform mammalian, 

including human, developmental responses is needed.

Finally, advanced human cell-based platforms—that have been validated for relevant 

outcomes in humans—will facilitate concurrent screening of larger numbers of PFAS, but 

bioavailability of PFAS in the culture system needs to be understood because binding to 

media proteins or labware, the instability of some PFAS in some vehicles, and altered 

metabolism may exist in some cases (Gaballah et al. 2020; Liberatore et al. 2020).

Future alternative approaches

One way to determine the toxicity of the large number of PFAS compounds currently used in 

commerce is to develop quantitative structure-activity relationships (QSAR). Such QSAR 

attempt to define relationships between a PFAS compound structure with a specific 

biological activity or response that identifies or is a biomarker for toxicity. Few data are 

available for receptor binding of PFAS, mainly limited to a few PFCAs and PFSAs; and 

even between carboxylates and sulfonates of similar chain length substantial differences 

have been observed (Cheng and Ng 2017, 2018). If there are substantial differences between 

perfluoroalkyl carboxylic and sulfonic acids, which differ only in their acid head group, 

construction of successful QSAR for the large and diverse class of all PFAS will be 

particularly challenging. Several QSAR may be developed, each predictive of toxicity of a 

distinct class or subclass of PFAS, based on a unique functional moiety or other feature. 

Although this brings additional challenges in finding sufficient data for QSAR training and 

validation, big data approaches, such as the recently developed machine learning models to 

predict PFAS bioactivity (Cheng and Ng 2019), show promise for advancing these 

computational approaches at the screening level.

For example, it may be determined by affinity for receptor-specific binding and nonspecific 

interactions with cellular membranes that the specific toxic effect exhibits a multiphasic 

dose response reflecting 2 potential modes of action. In addition, the critical effect may 
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change with levels of PFAS exposure. Add to this that people are typically exposed to PFAS 

mixtures, each of which may have a different affinity for a binding site and ability to impact 

cellular membrane fluidity, and the potential to predict PFAS toxicity becomes extremely 

complicated. In the foreseeable future, we may be limited to assessing PFAS toxicity using 

high-throughput assays designed to inform regulators as to the relative toxicity of PFAS 

mixtures or compounds. Such approaches are suited to the use of artificial intelligence (i.e., 

machine learning approaches) that integrate data from multiple sources to identify 

bioaccumulation potential, relevant pathways triggered, protein binding affinities, and modes 

of action involved in the development of individual and mixture toxicity of PFAS.

The utility of any future approach to determining PFAS toxicity must consider tissue-

specific modes of action. Such an approach may rely on molecular interactions with specific 

binding sites on enzymes/storage/transport proteins or the nonspecific ability to alter cell 

membrane fluidity by which membrane-bound protein activities are altered within a 

particular organ/system. Regardless of the mode of action, model, and/or simulation, the 

predictive result should be biologically plausible and represent dose-effect responses across 

species.

CONCLUSION

Future research on the health effects of replacement PFAS and mechanistic studies on legacy 

PFAS must apply “lessons learned” such as those highlighted in the present review. There 

are only a handful of PFAS with enough health effects data for use in decision-making, as 

evidenced by state-led standard setting. There are numerous health effects reported for those 

PFAS tested, which sets this family of chemicals apart from many others and elevates the 

need for precautionary action. With hundreds of PFAS lacking health effects data, 

translational research teams using innovative methodologies and carefully designed studies 

will be critical to our state of knowledge on PFAS-related health effects and our enhanced 

strategies for informing risk assessment of this large family of chemicals.
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FIGURE 1: 
Effects of per- and polyfluoroalkyl substances on human health. Used with permission from 

European Environment Agency (2019). Original sources for this figure: National Toxicology 

Program (2016), C8 Science Panel (2012), IARC Working Group on the Evaluation of 

Carcinogenic Risks to Humans (2017), Barry et al. (2013), Fenton et al. (2009), and White 

et al. (2011b).
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FIGURE 2: 
Example of proteins that are known to influence per- and polyfluoroalkyl substance 

toxicokinetics through binding (which affects tissue distribution and accumulation) and 

facilitation of membrane transport (which affects clearance and reabsorption). Illustrated for 

kidney and blood. L-FABP = liver fatty acid binding protein; Oat1 = organic anion 

transporting 1; Oatp1a1 = organic anion transporting polypeptide 1a1; Ost = organic solute 

transporter.
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FIGURE 3: 
Simulations based on Cheng and Ng (2017), perfluorooctanoic acid (PFOA) toxicokinetic 

model for Sprague-Dawley rats. (A) Effect of dose on initial half-life. (B) Effect of higher 

and lower levels of serum albumin, which binds to PFOA, on serum clearance dynamics. (C) 

Effect of extent of reabsorption in kidney on serum half-life, based on organic anion 

transporting polypeptide 1a1 activity. (D) Effect of dose on elimination kinetics when half-

life is longer because of higher albumin binding. Oat1 = organic anion transporting 1; Oat3 

= organic anion transporting 3; Ost = organic solute transporter.
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Abstract: The current article reviews the state of art of the perfluoroalkyl and polyfluoroalkyl
substances (PFASs) compounds and provides an overview of PFASs occurrence in the environment,
wildlife, and humans. This study reviews the issues concerning PFASs exposure and potential risks
generated with a focus on PFAS occurrence and transformation in various media, discusses their
physicochemical characterization and treatment technologies, before discussing the potential human
exposure routes. The various toxicological impacts to human health are also discussed. The article
pays particular attention to the complexity and challenging issue of regulating PFAS compounds
due to the arising uncertainty and lack of epidemiological evidence encountered. The variation in
PFAS regulatory values across the globe can be easily addressed due to the influence of multiple
scientific, technical, and social factors. The varied toxicology and the insufficient definition of PFAS
exposure rate are among the main factors contributing to this discrepancy. The lack of proven
standard approaches for examining PFAS in surface water, groundwater, wastewater, or solids adds
more technical complexity. Although it is agreed that PFASs pose potential health risks in various
media, the link between the extent of PFAS exposure and the significance of PFAS risk remain
among the evolving research areas. There is a growing need to address the correlation between the
frequency and the likelihood of human exposure to PFAS and the possible health risks encountered.
Although USEPA (United States Environmental Protection Agency) recommends the 70 ng/L lifetime
health advisory in drinking water for both perfluorooctane sulfonate (PFO) perfluorooctanoic acid
(PFOA), which is similar to the Australian regulations, the German Ministry of Health proposed a
health-based guidance of maximum of 300 ng/L for the combination of PFOA and PFOS. Moreover,
there are significant discrepancies among the US states where the water guideline levels for the
different states ranged from 13 to 1000 ng L−1 for PFOA and/or PFOS. The current review highlighted
the significance of the future research required to fill in the knowledge gap in PFAS toxicology and to
better understand this through real field data and long-term monitoring programs.

Keywords: poly-fluoroalkyl substances (PFASs); toxicology; PFAS health risk; regulatory values

1. Introduction

Widespread surface and groundwater contamination with perfluoroalkyl and polyfluoroalkyl
substances (PFASs) has become of great concern in the last few years. PFAS was first realized in the
globe through the identification of perfluorooctane sulfonic acid, C8F17SO3H (PFOS), in wildlife [1,2].
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PFASs have recently received increasing global attention because of their persistence and toxicity in the
environment, bioaccumulation potential, and possible adverse health impacts [3]. PFAS are commonly
have an aliphatic carbon composition in which hydrogen molecules have been replaced by fluorine
completely (prefix: per-) or partially (prefix: poly-) [4]. These compounds are characterized by their
highly polar and strong carbon fluorine bonds [5]. They are considered as highly fluorinated surfactants
that have been applied in numerous industrial applications and manufactured goods including food
packaging, firefighting foams, clothes and protective coatings for fabrics and carpets, electronics and
fluoropolymer manufacturing [1,2,5–9]. The most extensively produced and frequently detected PFASs
in the environments are perfluorooctanoic acid, C7F15COOH (PFOA) and perfluorooctane sulfonic
acid, C8F17SO3H (PFOS) [1]. PFASs have been discovered in different environmental compartments,
including water, sediment organisms, and air [6,10–12].

PFAS has been a serious concern to industry, governments scientists, and even to the public
worldwide [13]. It has been detected in various aquatic matrixes, including rain, snow, groundwater,
tap water, lakes, and rivers with the C8-based substances PFOS and PFOA typically being the
dominating compounds [4,9,14]. PFAS degradation products can be freely mobile in water, soil,
and air, and can be extremely resistant to breakdown by different processes. The complexity of
measuring PFAS in various media, and the associated unknown risks are among the challenges facing
the current regulatory bodies [4]. Typical concentrations of PFASs in water are very low, however,
higher concentrations of (mg/L) have been observed in surface and groundwater after firefighting
activities closed to fluorochemical manufacturing facilities. PFASs spread worldwide has triggered the
governmental concern towards regulating the exposure and spread of PFASs [15,16]. Although there
is enough evidence about the negative impacts of PFAS on human and animal health, the scale
of the risk imposed by PFAS compounds is not fully understood. The current regulations tend to
address the potential risk limit for various wildlife where the PFASs persistence, bioaccumulation
potential, and toxicity (PBT) raise a great concern [6]. Several studies have reviewed various aspects
related to PFASs fate and behavior in different environments. They also reviewed the sources and
occurrence of PFOA in drinking water, toxicokinetic, and health impacts [17–21]. Other reviews
on PFASs have discussed different aspects such as environmental biodegradation of PFASs, PFASs
removal from drinking water treatment plants, wastewater treatment plants and PFASs transformation
in landfills [22–24]. The authors are aware of the developing research concerning PFAS and the many
reviews investigating the PFAS human exposure, fate, transport, accumulation, health hazard and
guidelines [2,5,16,25–31]. The current mini review investigates the PFAS occurrence in collective all
geo-environmental compartments and is the first to collate the various international PFAS standards
in one article. The current study reviews existing publications in the field of PFAS and aims to:
(i) summarize the recent publication in the field of PFAS and ensure easy access of the research on the
occurrence and behavior of PFASs in various environments, (ii) to identify knowledge gaps in the PFAS
field, particularly the discrepancies in the current prevailing legislation and practices across various
countries, and (iii) to present the key future research directions to better address the PFAS issue.

2. The Developing Trend in PFAS Research

PFAS was first detected in the early 1950s in the form of PFAO and PFOS as a part of the Teflon
production process [4]. A few decades later, in the early 1990s, and due to the development of the
analytical techniques and instrumentation advancement, PFAS was detected in environment at low
concentrations. The investigation on PFASs was evolved in early 2000s when a voluntary phase- out in
production of the parent chemical to PFOS was undertaken [32]. Due to the significant development
of PFAS production in 2009, more attention was paid to limiting PFAS production whereby many
researchers and institutions investigated the source, fate, and impact of PFAS compounds (Figure 1).
The related articles published recently were extracted from Scopus based on the following keywords:
perfluoroalkyl and polyfluoroalkyl substances, assessment of perfluoroalkyl substances, accumilation
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toxicity of PFASs, treatment of perfluoroalkyl and polyfluoroalkyl. In total, 122 articles were selected
based on their relevancy, scope, and depth of discussion.
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Figure 1. Total number of documents published, concerning PFAS from 2000 to 2020 (data extracted
from Scopus; October 2020).

As a result, the research trend reflected by the number of publications concerning perfluoroalkyl
and polyfluoroalkyl compounds have been augmented considerably in the last two decades and
resulted in a much better understanding of the adverse health effects related to the exposure of PFOA
and PFOS [33].

Moreover, it was observed that developed countries have invested much more than other countries
on PFAS research, which was reflected by the research funding number of publications as shown in
Figure 2. Nevertheless, not all countries share the same concerns and interests due to many various
reasons. Some of these reasons are driven by economic factors, where the PFAS is still not on the
priority list, as shown in Figure 2. Other factors are associated with industrial and sociopolitical factors,
where PFAS form a significant part in industry.
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Figure 2. Total number of documents published by top 10 countries concerning PFAS from 2000 to
2020 (data extracted from Scopus; October 2020).

3. PFASs Occurrence and Transformation

Due to the strong C-F bonds in PFASs, they are highly stable and PFASs are unlikely to degrade
easily in the environmental matrices [34]. PFASs in the environment has been resulted from several
sources. The sources of PFASs in groundwater, drinking water, and surface water could be categorized
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into (i) point as well as (ii) diffuse sources. Wastewater treatment plants are considered as the most
common point sources of PFASs to surface water. Other forms of point sources have been found to
have a high impact on surface water in the USA including industrial pollution from PFAS production
sites. In addition, it was observed that high concentrations of PFASs can be existed in surface water
closed to commercials and military places due to the usage of aqueous film forming foams (AFFF) that
contains PFASs. Landfills are considered as important point sources for PFASs in groundwater that
comprise PFAS polluted waste in China, and that they could cause a hazard for tap water pollution [35].
Also, in Europe, landfills have not been supported to a significant degree in terms of their capacity for
groundwater PFAS contamination. The following subsections illustrate the different occurrence of
PFASs in the environments.

3.1. PFAS in Environment

3.1.1. PFASs in Water

The level of PFAS as well as their fate in water bodies have been investigated be many researchers as
water represents one of the main pathways for human exposure to [36–41]. The consistent detection of
PFAS compounds such as perfluoroalkane sulfonates (PFSAs) and perfluoroalkyl carboxylates (PFCAs)
in tap water samples at various locations has raised the concern over their potential health risk [37].
Such detection has been reported in drinking water samples in Europe, China, Malaysia, Thailand, USA,
Singapore, Vietnam, and Brazil [4,14,20,36,37,40–48]. Other compounds, including perfluoro hexanoic
acid (PFHxA) [38], perfluorooctanesulfonamide (PFOSA) [32], and perfluorinated phosphonic acids
(PFPAs) [49], are also among the commonly detected compounds in water samples. This relatively
persistent level of PFAS exposure increases with the increased drinking water contamination events
where it was estimated that the average human daily PFAS intake ranges from 0.17 to 0.21 ng/kg
bodyweight/day for PFOS and PFOA, respectively [50]. The results by Gellrich et al. [50] revealed
that short chain PFAS (<8 carbon atoms) were dominant in samples collected from tap water with a
maximum level of 42.7 ng/L followed by mineral water and spring water [50]. One of the kay aspects
on PFAS level in drinking water is the difference in PFAS level in both treated and source water.
An interesting finding by Lu et al. [37] indicated that PFAS concentration was higher in treated water
compared with the source water which could be accounted by the potential contamination that may
occur whilst treated water moving through the water network and the treatment plant facilities [37].
Moreover, literature showed that various and inconsistent pattern of PFAS compounds was found
on many occasions. While PFOA was dominant PFAS compound in tap water samples tested from
Shanghai, Beijing, and Nanjing, PFOS was the key PFAS compound in water samples collected from
Shenzhen and Hong Kong, accounting for more than 50% of the total PFAS compounds.

Moreover, researchers found mysterious temporal and spatial patterns of PFAO and PFOS across
the various events where a comparison of PFAS levels in tap water in various Chinese cities revealed
that the PFAS level varied significantly from one city to another with the highest was reported in
Shanghai [37]. Moreover, the inconsistent and varied PFAS level was also significant across various
countries. Quinete et al. [42] found that, unlike the pattern and the level of PFAO and PFAS level
in the USA and Japan tap water samples, PFOS level was higher than PFOA in tap water samples
collected in China [42]. An average level of total PFCs of 130 ng/L was measured in tap water samples
from Shanghai (China), and a much lower maximum PFCs level was identified in water samples from
Toyama (Japan) (0.62 ng/L) [44]. An average of 2000 ng/L was identified in in treated drinking water
distribution system at the city of Oakdale, USA. This seems to be a very extreme level of PFAS where a
health-based drinking water level of 0.04 g/L was assessed as a protective lifetime exposure through
risk assessment exposure [12].

One of the main concerns about PFAS contamination is their persistence and bioaccumulation
properties as well as the potential to travel with either water streams or sediments. Traditional treatment
facilities seem unable to eliminate PFASs during normal treatment processes [51]. PFAS discharge
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into water bodies was also reported by Boiteux et al. [47] where river water proved to be impacted by
the nearby fluorochemical manufacturing industry. This confirms that discharge of PFOA and PFOS
are still detected in nearby industrial and manufacturing facilities. Results showed that river water
and sediment samples as well as treated water samples at various stages from the main treatment
plant have all showed various level of PFCA compounds coming from the manufacturing industry.
Interestingly, PFCA was also detected at sediment samples at 62 km away from the source in almost
50% of the samples [47]

The occurrence of PFASs in surface water is frequently happening across many countries around
the world [52]. Researchers have conducted several field studies for different types of surface water to
investigate the occurrence and presence of PFASs [2,23,29,53,54]. A previous study was conducted to
assess the level of PFASs from different locations in Gangs River, India. Results showed that around
15 types of PFASs were found in the water samples where the highest level detected was for PFHxA
and PFBS. In addition, significant relationships were detected (p < 0.05) between the different PFASs
substances such as PFCAs, PFSAs, PFBA, and PFHxS, indicating chemical binding and co-transport
with dissolved oxygen carbon (DOC) in fresh and seawater. Consequently, assessed the pollutants
concentration and spatial distribution of PFASs in Shuangtaizi Estuary, China. Results showed that the
Shuangtaizi Estuary was in general polluted by PFASs. The total concentration of PFASs varied from
66.2 to 185 ng/L and from 44.8 to 209 ng/L in surface and bottom water of the Shuangtaizi Estuary,
respectively, where the maximum concentration was reported for PFBS and PFBA. The level of PFASs in
different environmental matrices was tested including surface runoff water rain, snow, and lake water
in an urban area, to identify the sources of PFASs to urban water bodies [36,39,40]. Another research
conducted by Yin et al. [55] discovered a significant temporal variation of PFASs compounds level over
12 months period due to the seasonal and climatic dry and wet conditions. Moroer, PFASs concentration
was a function of the chain length where the level of short-chain compounds including PFBS, PFHxA
and PFHpA tend to be highly influenced and decreased by the wet conditions. On contrary the level of
long-chain PFASs compounds was more stable in both wet and dry conditions. These findings provide
a good understanding to the leachate of PFAS compounds from point source pollution as landfills and
treatment plant. The leaching of long chain is more likely controlled by the partitioning effect whilst
the short chain leaching is influenced by the climatic conditions [55].

Another main finding in the field of PFAS in water is the variation of the PFAS where PFOA
was the major compound with an average concentration of 35% of the total PFASs levels, in all
environmental matrices investigated. In addition, the concentrations, and relative substances of PFASs
in surface water were comparable to the concentrations found for urban lakes. Surface water leads to
PFOA pollution in urban lakes. A sampling campaign was conducted in different seas in China in
2012. The results revealed that the higher concentration of PFAS was detected in the South Yellow Sea,
where FTOH was the predominant substance, contributing 92–95% of the total PFAS [2].

3.1.2. PFASs in Soil

PFAS was detected in soil at various concentrations due to the reach out from various pollutions
sources where PFAS compounds retain in soil due to sorption, partition and other complex reaction [56].
Table 1 shows the range of PFAS concentration in soil. The application and the reuse of sludge
from wastewater treatment plants in farmlands is one of the main sources that contribute to soil
contamination [57]. Other sources could be due to the degradation of fluorotelomer-based materials
that lead to the release of PFCAs [43], precipitation, and water irrigation [58]. PFAS compound in
soil in coastal areas can be emitted from direct sources which could level the PFAS concentration up
to around 8–50 µg kg−1 soil as was reported in Chinese soil [45] which is somehow higher than the
proposed PFCs in soil proposed by the USEPA (6 mg/kg for PFOS and 16 mg/kg for PFOA). One main
concern about PFAS in soil is the potential PFAS release and carryover by plants as well as the possible
PFAS leaching to the underneath soil layers and the groundwater. This carryover of PFOA and PFOS to
the plant was evident where the PFAS level in plants was proportionally related to the PFOA/PFOS in
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the soil [59]. PFCs uptake from contaminated soil by crops was reported [60], where samples from rye
grass, grain, and potatoes showed high potential of PFCs transfer from soil to crops [60]. This resulted
in proposing a preventative PFCs limit of 100 ng/g dry soil in sludge to be reuse for farming purposes
as to limit the potential transfer of PFCs from soil to plants and crops [59]. Moreover, the potential
leaching of PFAS from soil through vadose zone is another threat that requires more attention and
understanding where insufficient data about in-situ soil remediation and contaminants leaching to the
groundwater are available [60]. The development of PFAS compounds in the soil system is complex
since PFAS compounds can attain both hydrophilic and hydrophobic characteristics [56]. While the
transfer of PFAS from soil to plant roots undergo through diffusion and sorption onto roots, there are
still insufficient details about the PFC transfer rates in various crops and vegetables [59]. This result
was confirmed [59] where they found the straw and grains of maize plants have the same carboxylic
and sulfonic functional groups as in the contaminated soil referring to a direct correlation between soil
and crops PFASs contamination.

PFASs toxicity their impact on soil microorganisms is among the other factors that can deteriorate
the soil quality. Research found that the PFCs can negatively affect the soil functionality where it
may disturb soil enzyme activity as well as change the microbial availability and damage the cellular
structure [61–63]. The same result was confirmed by Sun et al. [64] as the soil contaminated with PFASs
compounds had less bacterial diversity [64]. PFOA and PFOS are the dominating compounds reported
in soil where their concentration ranged from <1 to around 13,000 ng/g in soil [56]. The fate of PFASs
in the soil is a function of many parameters including soil pH, soil structure, clay content, organic
matter content (OM), PFAS characteristics (long versus short chain), and climatic conditions [61].
OM seems to be the most significant controlling factor determining the PFAS toxicity level where
the PFAS toxicity is inversely proportional with the soil OM content [34,65]. Additional research
on PFAS adsorption and migration from soil to the groundwater and how this can migrate with
the groundwater is still a research gap needs more investigation and modelling to account for the
various PFAS concentrations in various groundwater conditions [60]. Contaminated soil with PFAS is
a challenge since there is no definite remediation strategy to address the in situ PFAS remediation.
Although soil stabilization using various reagents such as clay and Portland cement seems to be a
promising technique for soil remediation, it does not provide an elimination for PFAS where it does
not remove PFAS permanently [60]. Finally, the PFAS uptake by plant poses a direct human risk where
the food chain represents a main risk pathway. Therefore, a toxicological risk assessment addressing
the maximum allowed levels of 1.5 and 0.15 µg/kg body weight as TDI µg/kg for PFOS and PFOA,
respectively, were identified by the European Food Safety Agency (EFSA) as a function of the respective
tolerable daily intakes (TDI) of the compounds [59,66].

PFASs compounds are soluble in water and have the potential to leach down to the groundwater
particularly in areas with potential source pollution like landfills and treatment plants. PFASs occurrence
and leaching was reported by many researchers around the world [22,55,67–69]. The potential PFAS
leaching could be alarming in many cases where PFASs were detected at large depths (15 m) below
ground [70]. Yet, the leaching speed and behavior vary from one PFASs to another which depends
on the soil binding, retardation and adsorption capacity [56]. The leaching characteristics of PFASs
compound is a function of the chain length where short chain is more mobile than long ones. An analysis
of the landfill leachate from 27 landfills in Australia was investigated by Gallen et al. [22]. Interesting
findings presented in their study showed that the landfill leachate was significantly different from one
landfill to another with an average PFASs of 1700 ng/L and a maximum PFAS level of 25,000 ng/L [22].
In contrast, the reported PFAO range in USA landfills was ranging between (7280–290,000) ng/L
compared with 214,000 ng/L in China [36]. Nonetheless, these PFAS concentration are highly likely
to vary due to the heterogeneous nature of waste dumped in landfills as well as the varied PFAS
content in the generated landfilled materials. Operating landfills receiving municipal waste had much
more PFAS level than closed ones and the leachate from landfills with construction and demolished
materials seems to leach more PFAS than municipal landfills. Another study investigated the leachate
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from 11 landfills in USA and found that PFAO was detected in all samples [70]. Table 2 presents the
level of various PFCS and PFAS compounds in leachate and compare the PFASs in water and solid.
It can be seen that PFASs levels vary from one compound to another as a function of chain length
and climatic conditions as illustrated in the previous sections. The risk associated from the landfill
leachate is the potential volumes leachate generated particularly in wet climates, which contributes to
the groundwater contamination. The total leachate volume in the USA was estimated to be around
61 million m3 with around 80% coming from landfills [70]. Meanwhile, the leachate mass of

∑
PFA

in China was estimated by around 3 ton per year with the landfill leachate contribute to around 35%
of this quantity [35]. Interestingly, analysis of leachate from young landfills showed much higher
PFAS concentration in many occasions confirming the fact that the complexity and persistence of PFAS
compound has been developed in the recent years where more frequent PFAS containing materials
are in use [67,70]. The uniqueness of the landfills associated with its design capacity, climate, age,
engineering, dumbed materials and frequency and other factors made it hard to predict the amount of
PFAS leachate in various landfills where ad-hoc studies to be conducted. The results from various
areas across the globe showed significant variation of PFAS leachate from one country to another
where a maximum was reported in Australia (25,000 ng/L). This was evident while the leachate was
significantly lower in Norway (590 to 757 ng/L), Germany (<0.37 to 2509 ng/L), and China (146 to
4430 ng/L) [35]. In conclusion, although the phasing out of PFAS materials and the ongoing effort to
eliminate the PFAS release in the environment, yet there seems to be a need to consider more adaptation
strategies dealing with PFAS risk. The increasing evidence of PFAS in newly designed and operated
landfills indicates the potential exposure to higher leaching risk with greater PFAS concentrations is
leaching to the environment is growing [70].
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Table 1. Ranges of PFAS concentration in soil.

Header
Å. Høisæter, et al. [71]

ng/g
PFASS in Soil at Various Depths

Cai et al. [63]
ng/g Dry
Weight in

Chen et al.
[69]

ng/g Dry
Weight

Cai et al.
[61]

ng/g Dry
Weight

Gao et al. [72]
ng/g

Dry Weigh from 32
Samples

Wang et al. [73]
The Mean Values
ng/g Dry Weight

Liu et al.
[74]

ng/g Dry
Weight

Chen et al.
[75]

ng/g Dry
Weight

Dalahmeh
et al. [76]
ng/g Dry
Weight

Armstrong
et al. [77]

0–1.0 m 1–2 m 2–3 m 3–4 m Dry soil in
China

Tot.PFC
0.34–65.8

PFAS in soil at
varying distances

PFOS 500–3000 1000–6500 1000–3500 1000–1200 130 70.5 8.6–10.4 0.06 2583, 87 0–2 0.6–3 23

PFOA NA NA NA NA NA 93 3.3–47.5 0.32 50 0.3–8 63 0.5–0.9 24

PFHxS NA NA NA - NA 61 NA 0.19 36 65∑
PFCs NA NA NA NA NA - NA - NA 99 NA 8 126–809

PFHxA NA NA NA NA NA NA NA 0.09 NA NA NA 0.2–0.5 8

PFAA NA NA NA NA NA NA NA 1.30–913 NA NA NA NA NA

PFBS NA NA NA NA NA NA NA 0.05 NA NA NA NA NA

Table 2. Ranges and mean concentration of individual PFCs in landfill leachate.

Header Gallen et al. [22]
(ng L−1)

Busch et al.
[68]

(ng L−1)

Herzke et al. [78]
(ng L−1)

Clarke et
al. [79]

(ng L−1)

Yin et al.
[55]

(ng L−1)

Benskin et
al. [80]

(ng L−1)

Eggen et al.
[81]

(ng L−1)

Robey et al. [69]
(ng L−1)

Fuertes et al.
[82]

(ng L−1)

Eggen et al. [81]
(ng L−1)

Huset et
al. [83]

(ng L−1)

Garg et al. [84]
(ng L−1)

landfill
(>50%
SW)

landfill
(>50%
C&D)

Compounds in
landfill

leachates

Coated textiles,
Teflon waste,

fire-fighting foam,
papers, and

furniture

Leachate
from CW

outlet system
(Max. level)

Municipal
landfill
leachate

Municipal
land fill

leachates

Foam produced
via the bubble

aeration of
landfill leachate

Raw
Leachate in

MSW
landfill

Treated
Leachate in

MSW
landfill

PFCs
analysis-

untreated
leachate
Water

PFCs
analysis

-untreated
leachate
Particles

Leachates
from six
landfill

Manufacture
and disposal of

electric and
electronic
products

PFOS 300 1100 235 570 187 439 4400 2920 104 25 NA 2920 34 56–160 128,670

PFOA 510 1200 926 9500 516 3457 1500 767 951 590 520 767 4 380–1100 118.3

PFHxS 940 3700 178 - 143 308 190 281 2058 630 870 281 ND* 120–700 133,330

PFDS - - - NA 0.72 63 <14 ND - - 0–16 -

PFHxA 1300 5000 2509 - 697 868 2500 757 2178 65 77 757 ND 270–2200 76

PFHpA 360 760 280 NA 486 690 277 454 - - 277 ND 100–2800 9

PFNA 29 98 80 - 62 100 450 539 64 - - 539 ND 19–140 8

PFDA 22 46 51 - NA* 27 1100 75 87 - - 70 ND 0.3–64 8

PFAA NA NA NA - - 55 - - - - - - - - -

PFBS 1350 NA 112 1916 190 - - - - <5 ND 280–2300 -

PFPeA 11 325 - - -

PFDA perfluorodecanoic acid, PFBS nonafluorobutane-1-sulfonic acid, PFHpA perfluoroheptanoic acid, PFHxS perfluorohexane sulfonate, PFNA perfluorononanoic acid. ND*: not
detected, NA*: not analysed.
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4. PFAS Treatment and Clean Up: Challenges and Achievement

Due to the persistence nature of the PFAS compounds, landfills and sewage treatment plants are
highly likely to be a potential point source of PFAS emissions. Although the rapid advancement in PFAS
testing and detection, yet the available standard analytical methods still short and there is very little
experimental data detailing the physicochemical properties and partitioning constants of PFAS [19].
This place the treatment process of PFAS under the stress of producing precise and consistent outcomes.
The literature presents various treatment methods of PFAS in various environment. Immobilization
and plasma arc destruction are among the recommended methods to irreversibly transform PFAS
waste. Some studies support the utilization of high temperature incineration as well as the usage
of plasma destruction of PFAS in waste. It may be possible for certain types of waste. However,
in the absence of regulation, there is no specific method to guarantee the universal adoption of such
safer methods of disposing of PFOS wastes. In European wastewaters, it was found that PFOA is
the most commonly found compound [84]. Conventional processes of wastewater treatment were
found to be ineffective in removing of PFOA [85]. Other studies have recorded higher concentrations
of PFOA in wastewater effluents than influences, possibly due to the transformation of the compounds
of its precursor [21]. It was revealed that the degradation of precursor compound substances is a
major supplier to environmental PFAS pollution. Thus, this part focuses on the treatability of PFAS
compounds via conventional and modern water treatment processes. A comprehensive revision is
judgmentally required to have a clear understanding on the transformation, migration and treatment
of these substances in ecosystem and their potential influence on the secondary formation of PFOS and
PFOA [86]. In order to eliminate and/or degrade PFAS, different pre-treatment methods have been
tested in terms of their efficacy [19,20]. Some of these elements can theoretically be implemented as
either a post-treatment or pre-treatment method with controlled aquifer recharge as summarized in
Table 3.

Table 3. Potential Treatment technologies of PFAS.

Mechanism Treatment Process

Destructive Treatment

Advance oxidation processes
Electrochemical oxidation

Incinerations
Sono-chemical
Biodegradation

Photolysis

Non-Destructive treatment
Adsorption

Ion exchange
Fractionation

A detailed review summarizing the sorption mechanism along the sorption coefficients and
capacity of PFAS on sediments is available [11]. Adsorption via activated carbon and ion exchange resins
have been widely employed especially for pump-and-treat remediation to extract PFAS from polluted
groundwater [52]. Compared to others, the use of GAC for PFAS removal has been recommended as a
cheaper process, and it is the most recognized treatment technology for the groundwater contaminated
by PFOS and PFOA [19]. Although the removal efficiency of polyfluoroalkyl substances by granular
activated carbon was >90%, yet the sorption kinetics are normally faster for longer-chained PFAS [87].
For example, Kucharzyk et al. [19] reported that GC, which is optimized and applied effectively for the
removal of PFOS, may not be appropriate for the removal of shorter-chained PFAS.

There is a risk that shorted-chained PFASs are more likely than their longer chain counterparts to
split through a GAC medium. Otherwise, given the highly persistent existence of PFAS, stockpiling of
spent GAC would turn out to be a serious hazardous waste management concern. Storage space is
often restricted in MAR systems, and when leaching to groundwater, the disposal of PFAS polluted
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GAC at landfills can present a secondary contamination source to the ecosystem near the landfill
site. Methods that can effectively kill PFAS are therefore highly desirable in both polluted water and
stockpiled GAC. Other researchers have shown that nanofiltration can successfully extract PFOA from
a spiked sample of groundwater [47]. In their study, three different levels of PFOA, including 5, 50,
and 100 µg/L, were examined, and it was noticed that the remediation effectiveness was higher at a
high PFOA level. At higher PFAS level, RO process could contribute to about 99% removal of PFOS
with an initial concentration of 500 to 150,000 µg/L and a combination of nanofiltration TOGOTHER
WITH reverse osmosis (RO) can achieve 99% PFOS removal and 90–99% PFOA (10,000 µg/L) removal
throughout four days of treatment [88]. Nevertheless, the technique was not capable to ensure that
the treated effluent was less than the recommended guideline values, even with high removal acacias
(99%). Using RO and nanofiltration membranes showed that accumulation (fouling) of PFAS cause
a substantial reduction in flux in the filtration process [88]. Unfortunately, the main drawbacks
of nano-filtration processes are the low water recovery (75% to 80%) and the existence of high
concentrations of inorganic substances comprising magnesium calcium, and silica in groundwater [89].
This provides an indication on the volume of brine water produced which also needs additional
remediation before its final discharge. Table 4 illustrates the performance of numerous selected
treatment technologies for PFAS at the laboratory-scale.
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Table 4. Performance of numerous treatment technologies for PFAS (laboratory-scale).

Process Treatment Mechanism Operation Conditions Performance References

UV-Fenton Oxidation 30.0 mM of H2O2, 2.0 mM of Fe2+, pH 3.0.
and 9 W UV lamp (max = 254 nm)

>95% PFOA destruction from
8.2 mg/L and defluorination

efficiency of 53.2%
[88]

Oxidation 30.0 mM of H2O2, 2.0 mM of Fe2+, pH 3.0. and
9 W UV lamp (max = 254 nm)

PFOA treatment >95% from 8.2 mg/L while
defluorination effectiveness = 53%

Removal efficiency 100% (PFOA
559 mg/L) [90]

Oxidation Light-activated persulfate at 50 mM &
radiation of 4 h of Removal efficiency 100% (PFOA 559 mg/L) 73% removal efficiency of PFOS

throughout 120 min [91]

Sonolysis
PFOS level from 65 µg/L to 13,100 µg/L) were
treated through ultrasonic at frequency 505

kHz and power density 187.5 W/L).
73% removal of PFOS within 120 min

55–98% removals for different
analyzed PFASs. Ozonation can

create potentially toxic
transformation products

[92]

Oxidation Tested for 18 analyzed PFASs3 h of ozonation

55–98% removals for different analyzed
PFASs. Ozonation can create potentially

toxic transformation products which needs to
be investigated in future research.

Adsorption capacity 41.3 mg/g
of PFOA and 72.2 mg/g of PFOS [93]

Adsorption 10 mg/L of PFOA; surface area: 534 m2/g; time
of equilibrium 24 h; pH 5

Adsorption capacity 41.3 mg/g of PFOA and
72.2 mg/g of PFOS

Adsorption capacity 510 mg/g
of PFOA [94]

Adsorption 700 mg/L of PFOA; surface area: 1539 m2/g;
time of equilibrium 24 h; pH 7

Adsorption capacity 510 mg/g of PFOA Adsorption capacity 166 mg/g
of PFHxA [95]

Ion exchange using IRA 67 Particle size: 3–1.2 mm; 120 mg/L of PFHxA;
time of equilibrium 12.5 h; pH 4 Adsorption capacity 166 mg/g of PFHxA Adsorption capacity 2390 mg/g

mg/g of PFOS [96]

Ion exchange using IRA 67 Particle size: 3–1.2 mm; 200 mg/L of PFOS;
time of equilibrium 20 h; pH 3 Adsorption capacity 2390 mg/g mg/g of PFOS
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In the degradation of PFOA and PFOS at ppm (mg/L) levels, methods such as advanced oxidation
processes (AOPs) using ozone (O3) and H2O2/Fe2+ were not effective. At 254 nm, direct UV irradiation
was not capable of removing PFOA [84]. At relatively low temperatures (e.g., 40 ◦C), reaction
rates were low and activation at higher temperatures was needed to speed up the reaction [19].
A functional and scalable approach for treating PFAS appears to be sonochemical therapy. For the
removal of PFASs from water, AOPs based on heterogeneously catalyzed ozonation were used.
Various combinations of ozone, a catalyst and persulfate were performed in laboratory-scale ozonation
experiments. These combinations showed high removal efficiency, using all three parameters [97].
In the pilot-scale setup, within three hours of treatment, the concentrations of all 18 analyzed PFASs were
reduced significantly. Given that the assessed ozonation treatment is already commercially available for
large-scale applications today, it could easily be used in current water treatment trains, but ozonation
will create potentially harmful conversion products that will need to be explored in future research.
It promises to be used to decrease PFAS levels in PFAS-loaded sorbents as a destructive tool (e.g., spent
GAC) [98]. Hydroxyls radicals are normally generated within the bubble from the cleavage of H2O and
O2 to react with or abolish the pollutants. In another study, sonochemical treatment using a pilot-scale
high-power sonicator was carried out for the treatment of 2,4,5-trichlorophenoxyacetic acid [99]. It can
be concluded the sonochemical treatment process was effective in removing organic compounds
(>90%) within a very short duration (a few minutes). Although the sonochemical technique appears
promising for the large-scale treatment of PFAS contaminated products, incomplete PFAS destruction
is currently viewed as a disadvantage. A recent study showed that 6:2 fluorotelomer sulfonate was
less susceptible than perfluoroalkyl analogs (PFOA and PFOS) to sonochemical destruction and
decreased the defluorination rate with a decreased degree of fluorination [100]. Given the recent
focus on integrating deferential PFAS treatment processes in treatment trains in order to optimize the
overall efficacy of PFAS destruction [98] In order to optimize the overall destruction of PFAS in the
polluted media, it seems important to investigate the potential pairing of sonochemical treatment with
alternative methods.

Table 5 summarizes the performance of various type of adsorbents in treating per- and
polyfluoroalkyl substances. As a conclusion based on the treatment techniques performance investigated
previously and partially summarized in Tables 3–5, traditional biological processes of wastewater
treatments were found ineffective in removing of PFOA [85]. Due to the exceptional chemical futures
of PFAS including high solubility, surfactant property, and thermal stability, various traditional and
well-established treatment processes, including chemical oxidation, air stripping, and thermal treatment
are invective in treating PFAS [19]. Similarly, Page et al. [21] indicated that numerous techniques like
adsorption via granular/ powdered activated carbon, ion exchange resins, reverse osmosis, membrane
filtration, advance oxidation techniques, and sono-chemical decomposition have been investigated for
the treatment of PFOA and PFOS from water and wastewater. Accordingly, among several physical and
chemical treatment processes, adsorption process has been comprehensively tested and have shown
to be effective methods for eliminating PFASs from water. It can be observed that the adsorption
capacity and treatment performance using adsorption process were increased when the surface area
increase [19]. Yet, in this adsorption process, the pollutant will be transferred from liquid phase to
solid waste which will need to be managed as a hazardous waste. The main concern and limitation
of RO and nanofiltration membranes is the fouling where PFAS cause a substantial reduction in flux
in the filtration process [88]. Also, the low water recovery and the existence of high concentrations of
inorganic substances comprising magnesium calcium, and silica in groundwater [89]. Yet, the brine
water produced also needs additional remediation before its final discharge. Advanced oxidation
processes are promising and have high potential in the removal of PFASs from water. AOPs were used
recently at laboratory-scale and showed high removal efficiency, using all three parameters [97].
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Table 5. Summary performance of various type of adsorbents in treating Per- and Polyfluoroalkyl Substances.

Sorbent Adsorbate Operation Conditions Adsorption Capacity References

Clay minerals (surface area: 67.52 m2/g) PFOS Initial concentration of adsorbent 400 mg/L; pH7;
concentration of adsorbate 0.2 mg/L 0.29–0.31 mg/g [101]

Kaolinite (surface area: 11.9 m2/g) PFOS Initial concentration of adsorbent 5000 mg/L; pH7;
concentration of adsorbate 0.95 mg/L 0.08 mg/g [102]

Alumina (surface area: 88.6 m2/g) PFOA Initial concentration of adsorbent 10000 mg/L; pH4.3;
concentration of adsorbate 0.1 mg/L 0.16 ×10−3 mg/g [63]

Porous graphite (surface area: 2870 m2/g) PFOS Initial concentration of adsorbent 100 mg/L; pH5;
concentration of adsorbate 100 mg/L 1240 mg/g [103]

Biochar from maize straw (surface area:
7.21 m2/g) PFOS Initial concentration of adsorbent 200–1200 mg/L; pH7;

concentration of adsorbate 100 mg/L 91.6 mg/g [104]

Chitosan (surface area: 2870 m2/g) PFOS Initial concentration of adsorbent 1350 mg/L; pH3;
concentration of adsorbate 50 mg/L 645 mg/g [105]

Zeolite) NaY80 surface area, 780 m2/g PFOS
Initial concentration of adsorbent 1000 mg/L;

concentration of adsorbate 150 mg/L, Particle size:
3–1.2 mm

114.7 mg/g [87]

Activated carbon from leaf biomass PFOA
PFOS

Modified activated carbons (AC-H3PO4) produced
from leaf, uniform particle size of >64 µm

159.61 mg/g
208.64 mg/g [106]

Modified silica PFOS Surface area 650 m2/g, Particle size: 250–450 µm, Pore
volume: 1.03 mL/g

55 mg/g [107]

Boehmite PFOS Surface area 299 m2/g, Average particle size 37.02 µm 0.1529 µg/m2 [108]

Alumina nanoparticles PFOS Surface area: 83 m2/g, Particle size: 13 nm
At 30 ◦C: 589 mg/g, at 40 ◦C: 485 mg/g,

at 50 ◦C: 447 mg/g [109]



Water 2020, 12, 3590 14 of 28

5. The Key Knowledge Gaps and Future Research

PFOA and PFOS are the most well-known and well-studied PFASs, with an average removal
half-life (t1/2) of 5.4 years and 3.8 years, respectively [7]. In order to ensure that the tested results
represent real PFAS levels in the examined media, field sampling and laboratory hygiene procedures
are important. With many sampling tools used in field and laboratory operations already containing
PFAS, the process of sampling and PFAS testing remain uncertain and need lots of effort to alleviate
the uncertainty involved. Figure 3 shows the molecular structure of PFOS and PFOA.
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Via their fact sheet collection, the Interstate Technology and Regulatory Council (ITRC) outlined
site characterization, sampling safeguards, and analytical process concerns and choices. However, for
the study of PFAS in surface water, wastewater, non-potable groundwater, and solids, there are currently
no validated standard EPA methods [4]. Some US laboratories are applying adapted approaches
based on EPA Method 537 for non-drinking water samples. These updated approaches do not have
clear sample selection or analytical criteria and have not been checked or analyzed routinely for data
quality [110]. As traditional water treatment techniques are unable to effectively remove PFASs, novel
treatment methods are urgently needed to remove PFASs in water [92]. Although the intensive effort
of phasing out many PFAS products with enforcement of alternative chemical production are in place
in many areas across the globe, the risk of PFAS exposures due to the uptake and accumulation in the
various media such as ocean and marine food chains as well as groundwater contamination represents
a great challenge due to the complexity of the impact timescales [111]. The development and the
propagation of the PFAS sites with increased possible exposures to newer PFASs have not been well
defined yet.

Despite the agreed health impacts of PFAS particularly on aged or early aged groups, environment,
no enforceable national drinking water limits and guidelines are in place in many parts across the
globe [33]. There is still limited knowledge around the other PFAS substances. However, there is a
growing evidence that these new detected compounds could have same potential on human health and
may pose similar risks to human and the environment [33,112]. The use of engineered pre-treatment
or post-treatment approaches must be based on a ‘fit for purpose’ definition and carefully combined
with the planned water end use concept in order to make sure that both human and environmental
health threats are properly managed and treated [21].

Another main challenge in PFAS potential health impact with considerable complexity was
reported by Gebbink et al. [112]. They found that in samples collected from food, not only the PFOS
and PFOA levels were overestimated by an order of magnitude, but also there is still a knowledge gap
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in identifying the precise percentage of these precursors can contribute to human PFCA exposure since
the exposure pathway remains undefined [112].

In order to evaluate the development of degradation products and potentially undesirable
by-products to track the occurrence of compounds in the gas process and to demonstrate the efficacy of
treatment for other types of pollutants and to apply them to different types of water, further research
is required. Whilst many studies demonstrate the link between PFAS exposure and the deteriorated
immune system particularly in children, there is little evidence to map other health impacts, including
cancer, as it is only noticeable in areas with exceptionally high exposures, with inadequate data to
correlate these exposures to PFAS with neurodevelopment [111].

5.1. Risks Associated by PFAS

The developing use of the PFAS in various commercial and industrial sectors including aqueous
fire-fighting foam, disposable food packaging, furniture, carpets, cookware, water treatment and many
others poses a potential risk to the environment [15,16,49]. Like many other contaminants, PFAS
can accumulate into the environment by either a direct or indirect pathway [113]. Direct sources
and PFAS contamination released from different industries including wastewater treatment plants,
sludge disposal, and landfill sites [4]. There are more than 4000 bioavailable PFAS compounds in
the globe, however, the toxicity values for most of these compounds are still poorly understood
with only few PFAS compounds have defined toxicity values and level [32]. Risk assessment aims
at developing health-based guideline levels upon intensive review of PFAS toxicological level that
cause harm to humans. PFOS was viewed as Persistent Organic Pollutant (POP) by the Conference of
Parties, Stockholm Convention in 2009 where EPA has characterized PFOA as a “likely carcinogen”
and its use was restricted [98]. Unfortunately, this PFAS toxicity level is still poorly understood and
this has created the need to develop defined hazardous and risk registry for the PFAS toxicity values.
This seems to be among the great challenges for the majority of PFAS compounds [53].

Human Exposure Pathways

The first ever published data about widespread PFOS in the environment was reported in 2001
by [6] where PFOS was found in fish and birds tissues as well as marine mammals. The finding
revealed that the level of PFOS in animals is proportionally related with the population density and
the industrialized activities. As such animals in these areas have much higher PFOS level than those
live in remote marine areas [6,30]. Another pathway was found through the food chain where fish
eating animals such as mink and bald eagles proved to have greater levels of PFOS than in their
diets. Another toxicity realization of PFAS was introduced when PFAS compounds were reported
in blood samples from various samples around the globe [32]. Potential health risks associated with
PFAS exposure and the concern regarding their bioaccumulation indicated the tendency towards the
potential exposure through various media and various sources. A study of consumer exposure using
a scenario-based approach to PFOS and PFOA conducted by Trudel et al. [30] revealed an everyday
exposure to PFAS is taking place in many countries resulting in the long-term uptake of PFOS and
PFOA of 3–220 and 1–130 ng per kg body weight per day, respectively [30]. Many health impacts
including cancer, liver damage, and immune system failure have been linked to the PFAS [113,114].
Moreover, whilst the routes of PFAS exposure remains somehow unclear, research agrees that diet is a
potentially main source and well-established research suggests that PFOA is absorbed via inhalation
and ingestion [30,115].

Human exposure pathways for PFOS, PFOA, and other PFAS related substances through various
routes including drinking water, indoor polluted environment, food chain, long term contact with
industries that produce PFAS compound including food packaging or cookware, breast milk, airborne
dust, and air [1,116]. All of which result in cumulative uptake and PFAS build up [18,23,29].
This persistent exposure to PFAS can be poorly reversible due to slow elimination kinetics as well as the
ongoing build up regardless of its magnitude and bioaccumulation potential [23]. China, for example,
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has witnessed a surge in PFAS release in the last decade due to the evolving industrial activities.
The release of PFOS in China from industrial sources in 2010 was estimated by about 70 ton which is
six times greater than the reported PFAS release in 2008 [20]. Table 6 shows the PFAS source- pathway
and receptors.

Table 6. PFAS Source- Pathway and receptors.

Sources Exposure Pathways Receptors

Industrial and wastewater effluents Packaging
Consumer products Landfills

Fire-fighting foams

Soil
Biosolids

Dust
Sediment

Surface water Groundwater
Drinking water

Biota (including foods)

Ecological
Aquatic
Benthic

Terrestrial
Avian

Human

Inappropriate treatment and disposal of waste and wastewater proved to pose significant PFAS
risk and contamination [110]. Indirect PFAS generation and contamination take place through the
transformation of perfluoroalkyl precursors and the breakdown of perfluoroalkyl-based products [116].
Both direct and the indirect PFAS generation can pose high contamination and risk to the surrounding
environment including air and drinking water contamination, food poisonous where PFAS have been
identified as a potential threat to public health [117]. The great effort made to counter the propagation
of PFAS levels in various receptors resulted in PFOS and PFOA declines by 32% and 25%, respectively,
in early 2000. Yet, other PFAS compounds continue to increase, suggesting various and more strict
measures to quarantine the spread of the PFAS compounds [49]. This was evident through a long
monitoring program of PFAS concentration in human blood in Norway (1977–2006) which resulted
in the conclusion that PFAS levels increased by more than nine times in men aged between 40 and
50 years old over this period of time, pointing to the rapid development of PFAS contamination and
therefore the increasing potential risks [49].

Due to their high solubility and high persistence, PFAS compounds can migrate in air and water
bodies leading to concentrated level in environment and therefore, pose high risk and toxicity on
public health [49]. This increasing aquatic bioaccumulation, soil/groundwater uptake, fish, seafood,
meat, and vegetables were identified as the most PFAS sources that human can uptake at various
levels [31]. On the other hand, soil contamination is one of the main environmental impacts due to
PFAS spread. Research suggests that PFAS risk is associated with a range of impacts on ecosystem
services. Although the impact and the risk of PFAS still not fully understood due to the poor evidence
of the linkage between human public health and PFAS levels, previous research has found the exposure
to PFAS including PFOA may delay bone development and accelerated male puberty in mice [5].
However, the adverse health effects of PFOA and some other compounds have been confirmed by
several researchers [8,31,110].

PFAS proved to have high resistant to temperature and bio accumulative [118]. Recently, research
has found that humans are normally have a long half-life of serum elimination of PFOS, PFHS,
and PFOA with the recent realization of considerable PFAS levels in various media including fish,
birds, mammals and human blood seems to be alarming and call for urgent intervention to alleviate
any further degradation in the public health as well as the ecosystem [17,18,118,119]. Niu et al. [119]
found that PFAS compounds, including PFOS and PFOA, pose a high risk to human and public
health. The high linkage between the PFOS and PFOA and neuropsychological development in
children was investigated and realized by Niu et al. [119]. They found that the PFOS and PFOA
increased the risk of development problem and had significant impact on human health including
the personal-social skills particularly among females [7,119]. The recent discovery proved that PFOA
has been linked to the increased incidence of weight loss and even a disturbance in lipid system
when the tests were conducted on laboratory animals [118]. Moreover, recent research on animals
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suggested that PFAO and PFOS are among the main causes of cancer where the two compounds were
classified as carcinogenic substances. The same effect on humans is suggested by the World health
Organization (WHO) who found that both PFOA and PFOS are potential carcinogenic materials to
human bodies [111]. Other studies found high linkage between PFOA exposure and high cholesterol
leading to liver enzymes and kidney cancer [110]. Other studies have found increasing level of PFOS
and PFOA in the blood samples of human population and wildlife reflecting that severity of the
exposure to the widespread of PFAS chemicals [8]. Another good evidence of PFAS exposure and
potential risk was reported by the ATSDR [8] where blood serum concentrations with high PFOS and
PFOA level were found in workers living near potential PFAS facilities and industries compared with
normal population [8].

In summary, despite the many trials to limit the PFAS spread and the endorsement of phasing
out the main PFAS substances (expressed in PFOS and PFOA), other compounds including PFAAs
and related substances are still widely used in various industries including fire-fighting foams,
photographic, semiconductor and others [20]. Therefore, the detection of PFAS in human bodies have
not decreased [20,31,32,49]. Research has found the level of adverse health impact with the level of
significance are depending on the extent of exposure, the duration, and the persistence [10].

A study by the French total diet [112] found that mothers are likely to provide a pathway of PFAO
to their children through breast feeding where PFOA was noticed in 77% of the breast milk samples
at an average level of 0.041 ng/mL and a maximum level of 0.308 ng/mL [119]. Also, because of the
their immature developing immune system and fast body growth, children are probably much more
sensitive to the impacts of PFAS [8]. A more valid link between PFAO and the adverse human health
was realized when a sample of around 69,000 people in the Mid-Ohio Valley were tested for PFAS
as the analysis of the water supply system there revealed a considerable level of PFAO (>50 ng/L of
PFOA) [5].

6. PFAS Water Quality Guidelines

6.1. Current Llegislations and Practices in Various Countries

PFAS guideline threshold values are affected by several factors, including social, political,
and economic influences [5]. The variation in the regulatory values of PFAS across different guidelines
can be easily addressed. One of the main reasons is the differences in toxicology decisions and
differences in exposure parameters [4]. Moreover, PFAS compounds encounter both temporal and
spatial variation and as emerging contaminants, the regulations are rapidly changing to account
for the developing knowledge. However, the protection of the human health remains the main
focus of the PFAS regulations and guidance across all regulations and standards [4]. The Interstate
Technology and Regulatory Council (ITRC) indicated the significant variation in PFAS regulations by
identifying the states that have different guideline for PFOA and/or PFOS levels in drinking water and
groundwater from EPA’s health advisories (HAs) [4]. One main reason for that is due to the different
bodies that regulate the PFAS. Whilst the environmental perspectives of PFAS is regulated by the
(EPA). Toxic Substances Control Act (TSCA), their use in food is regulated by FDA which is normally
associated by lack of certain scientific evidence on their hazardous impact and exposure rate [120–122].
Despite the drinking water contamination is an ongoing major issue, it is somehow puzzling that until
now there seem to be no federal PFAS drinking water standards in the USA. The absence of such federal
PFAS regulations has led multiple US states to develop specific water guidelines which can support
the decisions regarding the cleaning of the contaminated site as well as drinking water surveillance
and treatment [5]. Until recently, no MCLs were established for PFAS chemicals although great efforts
are being made towards initiating MCL for PFOA and PFOS by the EPA and other agencies.

This lack of evidence between the public heath adverse impacts and the PFAS level has resulted in
undefined epidemiological evidence which in turns created considerable variation among the different
water guidelines due to the uncertainties involved [5]. There is still uncertainty around the potential
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PFAS risk to the human health due to the limited data on how people are exposed to the PFAS and for
how long. The exposure level and the consequences of this exposure are also poorly understood [53].

The need for extensive research to alleviate this uncertainty and how the PFAS impact the health
risk is still among the top priorities in order to expect a safe exposure for humans. Until now, the authors
are aware that there is still urgent need to conduct more research in the areas of PFAS toxicity and
exposure as this remains one of the knowledge gaps in PFAS field. This is obvious since the first US
EPA preliminary drinking water health advisory level towards the negative impacts of PFOS and
PFOA was released before PFAS became a public issue in 2015 upon the growing public trend towards
limiting PFAS release. This was upon the realization of the PFAs toxicity. More recent guidelines
referring to the PFAS as a significant toxic substance were published by USEPA in 2019. Unfortunately,
PFAS legislations and regulations are challenged by the significant differences across PFAS compounds
associated with the limited information that can be utilized to establish uniform legislations across the
globe [110].

Another main concern is the influence of the manufacturing companies and the bias attitude that
some researcher may have depending on the interest of the funding agencies. Cordner et al. [5] indicated
that economic factors play vital role in directing the guideline levels where a case of litigation was
revealed by Minnesota Attorney General against 3 M when the company used a scientific researcher to
manipulate others research findings and undermine the health impact of PFAS in what was considered
as a violation of scientific norms [5].

6.2. EPA-US Guidelines

USEPA has released non-regulatory concentrations of PFAS that addresses the PFAS health
impact in reference to the exposure time. Since 2006, EPA has reviewed and regulated around 191
PFAS compounds through a combination of orders [110]. According to the EPA, the lifetime health
advisory (LHA) of 70 ng/L for PFOA and PFOS in drinking water is set as guideline. This LHA
is applicable to PFOA and PFOS individually while it is applicable to the sum of both compounds
in the case of accidental High concentration as in the case of Australian standards [4]. This value
seems to be less conservative compared with other global regulations. The global focus on the PFAS
was developed rapidly since 2002 where more conservative levels were in place due to the growing
concerns. More restrictions were placed on the “long chain” (C8) molecule PFOS as it was withdrawn
from markets. However, the current regulation seem to be driven by many factors including financial
factors, detection limit and many others [5,121]. In 2016, the EPA suggested its lifetime limit for PFOA
and PFOS of 70 ng/L, individually or combined. However, some US states argued that EPA’s guidelines
are insufficient and does not address the potential associated health risk and hence various PFAS
threshold values were developed different from the EPA ones. The state’s water guideline levels
for PFOA and/or PFOS ranged from 13 to 1000 ng/L compared with 70 ng/L by the EPA for both
compounds individually and combined (Table 7). For example, Minnesota established state guideline
levels that were lower than the EPA guidelines of 35 ng/L PFOA and 27 ng/L PFOS. On the other hand,
New Jersey has proposed 14 ng/L MCLs for PFOA and 13 ng/L for PFOS, the first lowest guideline
standard in the US [5].

In USA, MCLs for any PFAS have not been identified by EPA, though they recently declared their
intention to “initiate steps to evaluate the need for a maximum contaminant level (MCL) for PFOA
and PFOS”. Identifying the MCL would increase the ability of EPA’s authority to study further on
PFAS pollution [119]. In May 2016, USEPA lowered its drinking water health standard to 0.07 µg/L for
the two most frequently found PFAS, PFOA and PFOS. A lifetime drinking water health advisory (HA)
for PFOA was issued by the USEPA on the basis of a reference dose (RFD) of 0.07 micrograms per
liter (µg/L) based on a developmental toxicity analysis in mice [7]. The toxicity values of PFAS are site
specific with the highly likely temporal and spatial variation of these values. Moreover, the rapidly
developed analytical methods represents another challenge with the rapid changing regulations.
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Some toxicity values are varying from one standard to another and there are no uniform standard
PFAS toxicity values across all countries.

Table 7. US PFAO/PFOS drinking water guideline levels (After [5]).

Guideline
Advisory Level Reference Dose

PFAO (ng/L) PFOS (ng/L) PFAO (ng/kg-Day) PFOS (ng/kg-Day)

U.S. EPAa, 2016, Health Advisory
Level 70 70 20 20

Alaska DECb, 2016, Groundwater
cleanup level 400 400 20 20

Maine DEPb, 2016, Remedial action
guideline 130 560 6 80

Minnesota DOH, 2017, Noncancer
health-based level 35 27 18 5.1

New Jersey DEP, 2017, Maximum
contaminant level 14 13 2 1.8

North Carolina DENRb, 2012, Interim
maximum allowable concentration 1000 - N/A NA

Texas CEQb, 2017, Protective
concentration level 290 560 15 20

Vermonta DEC/DOH,6 2016, Primary
groundwater enforcement standard 20 20 20 20

EU guidelines just recently has initiated a preliminary guideline on maximum allowable PFAS
concentrations. In Germany, a health-based guidance of maximum PFAS level was proposed by the
drinking water commission under the Ministry of Health. The proposed value is based on the safe
lifelong exposure for all population groups of 300 ng/L for both PFOA and PFOS. In Germany, upon the
detection of PFOA in drinking water at concentrations up to 0.64 g/L, the German Drinking Water
Commission (TWK) established the first health based lifelong PFAO and PFOS exposure of 0.3 g/L
in drinking water in June 2006 [40]. Until recently, Italy, has no PFAS guidelines in drinking water
and the PFAS regulations were introduced upon the extreme detection of PFAS in water bodies in an
area of the Veneto Region [38]. The highest amount of PFAS in drinking water was enforced by the
Italian National Health Institute to protect human’s health risk with PFOS ≤ 30 ng/L, PFOA ≤ 500 ng/L,
and other PFAS ≤500 ng/L. In Spain, frequent PFAS monitoring programs were carried out and water
samples were regularly tested for various PFAS substance. PFAS level varied across Spain with the
conclusion of an unlikely health risk under the detected PFOS and PFOA levels where the maximum
average levels of PFOS and PFOA were 1.81 and 2.40 ng/L, respectively [39].

Canada has developed federal guidelines for a few PFAS levels to avoid any potential human
health affect, while values to safeguard ecological receptors are offered for PFOS (Table 8) [118].
An in-depth study was carried out on ecotoxicology and toxicology, environmental fate and behavior,
and exposure. In order to initiate toxicological reference values (TRVs), adequate information on
the PFAS impact was obtained, while ECCC assessed the suitability of obtainable non- or low-effect
ecotoxicological data for the derivation of PFOS recommendations for multiple matrices for the safety
of different trophic levels. The degree of PFAS in drinking water, soil, groundwater, and bird eggs are
now available in the Canadian PFAS regulation.
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Table 8. Health based guidance for usage in field investigation in Canada [110].

PFAS Name Acronym Drinking Water Screening Value
(ng/L)

perfluorobutanoate PFBA 30
perfluorobutane sulfonate PFBS 15
perfluorohexanesulfonate PFHxS 0.6

perfluoropentanoate PFPeA 0.2
perfluorohexanoate PFHxA 0.2
perfluoroheptanoate PFHpA 0.2
perfluorononanoate PFNA 0.02

fluorotelomer sulfonate 6:2 FTS 0.2
fluorotelomer sulfonate 8:2 FTS 0.2

In Australia, PFASs have been widely used in several industrial applications. PFAS health-based
guidance values for PFOS, PFOA and PFHxS, were developed by The Department of Health,
Food Standards Australia (Table 9). The inconsistent release of PFAS in the environment with
the multiple PFAS sources have created additional barrier in PFAS management. The knowledge
gap regarding the PFAS spread in the Australian environment made the process of setting definite
guidelines a bit complex. Gallen et al. [24], for example, found that the level of PFAS in in the treated
WWTP effluent was higher than the wastewater influence.

Table 9. Health based guidance for utilization in site investigation in Australia [122].

Health Based Guideline Value PFOS and PFHxS
(ng)

PFOA
(ng)

PFAO
(ng)

Tolerable daily intake 20 160 0.16
Guideline for drinking water quality 70 560 0.56

Guideline value for Recreational water quality 2000 10,000 10

The guideline values considered the health of the general community due to the PFAS exposure
due water and food consumption [122]. Through an intergovernmental agreement (IGA), Australia has
been forced to agree on a National Structure for Reacting to PFAS contamination to restrict the spread
of PFAS contamination due to increasing concerns about the risk of PFAS. Under the IGA, Australians
have followed a policy to respond to PFAS pollution, introduced national environmental management
of PFAS, and implemented guidelines to advise government agencies involved in responding to PFAS
contamination. The guidance values based on health indicate the threshold value of the amount of
PFAS in food or drinking water that an individual can consume without being affected over a lifetime.

7. Factors Contributing to Variation in PFAS Guideline Levels

Since the guidelines are always driven by the toxicology and the risk values identified by the
human body, the regulations for PFA substances were viewed to limit the potential health impact and
risk. Data obtained from toxicity tests in China showed that the criteria maximum concentration (CMC)
for protection of aquatic organisms were 3.78 and 45.54 mg·L−1 for PFOS and PFAO, respectively
which is higher than values derived in North America [20]. This variation indicates the challenges in
setting out uniform PFAS guideline values due to the prevailing uncertainty in risk assessment and the
lack of solid scientific background. Moreover, PFAS regulations are also influenced by the technical
capacity and other socio-economic factors involved. There is a developing concern towards PFASs
regulations due to the growing frequent detection of PFAS in drinking water in the US. The USEPA
has issued a long-term health advisory PFAs level in drinking water of 70 ng/L (for combination of
PFOS and/or PFOA). This regulation is intended to lower the number of individual PFASs reported.
However, these guidelines of PFAS in drinking water have been dropped to 70 ng/L by many states, as
in the case of New Jersey where a maximum PFAS level for PFOS was set at 13 ng/L and a 14 ng/L
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target for PFOA proposed [7]. Other states including California have adopted the same while the
State of New York made it even lower with a maximum allowable PFAS value of 10 ng/L for PFOS
and PFOA. Some other states went even for lower maximum allowable PFAS as in the case of New
Hampshire and Michigan with an MCL of 12 ng/L for PFOA and 16 ng/L health-based value for PFO,
respectively [7]. Much more conservative and lower levels of PFAS were proposed by Denmark, with a
temporary level of 3 ng/L for PFOS being considered. The challenge in setting out these regulatory
values remains the technical capacity in providing proper detection levels as well as the applicability
of meeting these targets with the development of industrial activities and the lack of knowledge in
identifying the toxicology of PFAs at these levels.

8. Conclusions

The intensive and the widespread nature of industries that are heavily releasing PFAS substances
has contributed to a PFAS build up in the environment which presents a serious threat to human
life. Occasional mysterious PFAS release, fate, transport, and exposure by many industries are
adding more complexity for the policymakers. While the pathway of PFAS is still not very clear,
PFAS characterization and behavior need to be better explained, particularly in terms of occurrence,
transformation, and degradation pathway.

Although PFAS has been linked to various health risks, such as cancer, liver damage, and hormone
disruption, the extent of this risk remains uncertain. This is due to the poor understanding of the risk
scale resulting from the exposure frequency as well as the severity and the exposure duration. Since the
PFAS in soil can leach down to great depths (around 15 m), PFOS levels in soil have been advised by
governments including Australia to have a maximum of 20 ng/g for land uses and industry, which vary
according to the land use. This leaching potential is getting more evident in case of point source
pollution areas including landfill and treatment plants. However, the retention of PFOS increases with
the clay content and the organic matter as well as the decrease of soil pH.

There is an ongoing effort by many governments to phase out PFAS substances and find alternatives
to PFAS substances. This effort has caused PFAS levels to decline particularly in surface water. Whilst the
alternative chemicals should be less toxic and not persist in the environment, the phasing out process
has not resulted in PFAS elimination or decrease where many new industries are prone to PFAS release.
This may require extra effort in understanding the measures to phase out.

It is concluded that the longer the exposure to PFAS compound, the higher the risk is due to the
ubiquitous uptake of PFAS. PFAS high doses uptake. There is still a lack of precise knowledge around
the PFAs toxicology and the threshold values at which PFAs can pose severe health risk. Moreover,
this link is still lacking the interpretation of the relationship between the extent of the PFAS exposure
and the associated impact, where no specific data can explain the impact of longevity, frequency,
and severity of this impact. While the guidelines agree on considering human health as a base for
any regulatory values, there seems to be a significant variation across the global guidelines in setting
unified PFAS standards since the PFAS level and rate are inconsistent within the same country and
across the globe. These discrepancies stem from the differences in PFAS sources, toxicology decisions,
and exposure rates where PFAS compound can transform from one compound to another as well as
transport with sediment and water far from the source based on the surrounding environment and
therefore creating temporal and spatial variation. The review highlighted the need for further research
towards identifying the characteristics, fate, frequency, and the severity of PFAS represented by the
exposure time and extent to better understand the nature of PFAS pathways and exposure.
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ABSTRACT: It is hypothesized that environmental contamina-
tion by per- and polyfluoroalkyl substances (PFAS) defines a
separate planetary boundary and that this boundary has been
exceeded. This hypothesis is tested by comparing the levels of four
selected perfluoroalkyl acids (PFAAs) (i.e., perfluorooctanesulfonic
acid (PFOS), perfluorooctanoic acid (PFOA), perfluorohexane-
sulfonic acid (PFHxS), and perfluorononanoic acid (PFNA)) in
various global environmental media (i.e., rainwater, soils, and
surface waters) with recently proposed guideline levels. On the
basis of the four PFAAs considered, it is concluded that (1) levels
of PFOA and PFOS in rainwater often greatly exceed US
Environmental Protection Agency (EPA) Lifetime Drinking
Water Health Advisory levels and the sum of the aforementioned four PFAAs (Σ4 PFAS) in rainwater is often above Danish
drinking water limit values also based on Σ4 PFAS; (2) levels of PFOS in rainwater are often above Environmental Quality Standard
for Inland European Union Surface Water; and (3) atmospheric deposition also leads to global soils being ubiquitously
contaminated and to be often above proposed Dutch guideline values. It is, therefore, concluded that the global spread of these four
PFAAs in the atmosphere has led to the planetary boundary for chemical pollution being exceeded. Levels of PFAAs in atmospheric
deposition are especially poorly reversible because of the high persistence of PFAAs and their ability to continuously cycle in the
hydrosphere, including on sea spray aerosols emitted from the oceans. Because of the poor reversibility of environmental exposure to
PFAS and their associated effects, it is vitally important that PFAS uses and emissions are rapidly restricted.
KEYWORDS: PFAS, planetary boundary, chemical pollution, environmental exposure

■ INTRODUCTION
A recent review article in Science1 highlighted the global threat
posed by plastic pollution. These concerns were based on the
high environmental persistence of plastics, the related “poor
reversibility” and a range of potential effects. Other researchers,
including ourselves,2,3 have pointed out similar concerns
related to highly persistent nonpolymeric substances, but
these concerns are not equally obvious to the public compared
to the concerns with plastics. The relatively high public
concern regarding plastics is possibly driven by the visibility of
plastic waste compared to nonpolymeric substances.4 Clearly,
both plastic pollution and pollution by highly persistent
nonpolymeric substances lead to similar global problems.
Persistence is generally seen as a less immediate hazardous
property than toxicity, but it actually is the key factor that lets
pollution problems spiral out of control.2 This is because
persistence enables chemicals to spread out over large
distances, causes long-term, even life-long exposure, and
leads to higher and higher levels in the environment as long
as emissions continue. These increasing levels will with high
probability sooner or later lead to adverse effects. Importantly,
microplastic is under consideration for restriction in the EU

because of the extreme persistence of plastics and the
irreversibility of the exposure caused by plastic particles in
the environment.5

Recently a group of scientists flagged the concerns regarding
the inability of scientific analyses to keep pace with the amount
of chemicals produced and released into the environment,6

which limits the ability to discover new environmental threats
in time. Others have similarly pointed out the need for
precautionary chemicals managements; a notable example is
the report, “Late Lessons from Early Warnings”,7 where many
historical examples of global contamination problems are
provided, often associated with persistent chemicals.

A well-known class of pollutants, the per- and polyfluor-
oalkyl substances (PFAS), have also recently featured in a
review in Science.8 The vast majority of PFAS are highly
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persistent (based on the EU REACH definition whereby a
substance is persistent if it is persistent itself or has persistent
degradation products9), and this has been seen as basis for
managing them as a chemical class.3 While the review article in
Science pointed out the ubiquity and high persistence of PFAS,
it did not point out the current widespread and poorly
reversible risks associated even with low-level PFAS exposures.
It is hypothesized here that due to the global spread of PFAS,
the irreversibility of exposure to PFAS, and the associated
biological effects, a new planetary boundary for PFAS has been
exceeded.

Unfortunately, although there are many thousands of
substances defined as PFAS in use (PFAS include any
substance with at least one −CF2− or −CF3 moiety in its
structure10), the current understanding of biological impacts is
based primarily on studies of four perfluoroalkyl acids
(PFAAs), namely, perfluorooctanesulfonic acid (PFOS),
perfluorooctanoic acid (PFOA), perfluorohexanesulfonic acid
(PFHxS), and perfluorononanoic acid (PFNA). Whereas all
PFAS can be grouped into a class on the basis of their high
persistence,3 it is not possible to group many of them
according to biological risk because of a paucity of data on
exposure and effects for most PFAS.11 Therefore, because of
data gaps, the analysis presented here is based only on the four
PFAAs mentioned above. In the following, we provide four
pieces of evidence to support the claim that, even considering
only these four PFAAs, the new planetary boundary for PFAS
has been exceeded.

In the planetary boundary concept, an attempt is made to
estimate the boundaries for “a safe operating space for
humanity with respect to the functioning of the Earth
System”.12,13 Chemical pollution was one of the original nine
anthropogenic impacts for which planetary boundaries were
postulated because it can influence Earth System functioning:
“(i) through a global, ubiquitous impact on the physiological
development and demography of humans and other organisms
with ultimate impacts on ecosystem functioning and structure
and (ii) by acting as a slow variable that affects other planetary
boundaries.”12,13 The “chemical pollution” boundary was
renamed as the “novel entities” (NEs) boundary by Steffen
et al.,14 where NEs are defined as “new substances, new forms
of existing substances and modified life forms”, including
“chemicals and other new types of engineered materials or
organisms not previously known to the Earth system as well as
naturally occurring elements (for example, heavy metals)
mobilized by anthropogenic activities”. Several groups of
scientists6,15,16 have pointed out the challenges in quantifying
the planetary boundary for NEs, and recently it was proposed
to instead use various control variables to determine if the
boundary is exceeded.6 It is, in our opinion, an insurmountable
task to quantify the boundary for all NEs because (1) there are
critical data gaps for a large proportion of existing NEs, (2)
NEs of various types and mixtures of NEs are continuously
being generated and released to the environment, and (3)
there are multiple possible effects (not only toxic effects) that
individual NEs or groups/mixtures of NEs can cause. Several
of the existing planetary boundaries are related to the release of
NEs. For example, the boundaries for “stratospheric ozone
depletion” and “climate change” address the release of ozone
depleting substances and gases with global warming potential,
respectively. Therefore, rather than being a single planetary
boundary, the boundary for NEs can be thought of as a
placeholder for multiple planetary boundaries for NEs that may

emerge. It is argued here that PFAS define a new planetary
boundary for NEs.

We argue that if drinking water health advisories and other
guidelines designed to protect human health are exceeded due
to the global environmental spread of PFAS, then there is a real
danger of global health effects (e.g., affecting human
physiology) occurring and that it can be argued that the
planetary boundary for PFAS is exceeded. We do not deem it
necessary to demonstrate the prevalence of global human
health effects due to PFAS exposure to prove our hypothesis,
and we hope that such widespread effects in the human
population are never observed.

■ THE US EPA LIFETIME DRINKING WATER HEALTH
ADVISORIES FOR PFOS AND PFOA ARE OFTEN
LOWER THAN THEIR RESPECTIVE LEVELS IN
RAINWATER AND THE DANISH DRINKING WATER
LIMIT VALUE FOR Σ4 PFAS IS ALSO OFTEN
LOWER THAN THE LEVEL OF Σ4 PFAS IN
RAINWATER

In June 2022, the US Environmental Protection agency (EPA)
announced the release of health advisories for four PFAS,
including interim updated nonregulatory lifetime drinking
water health advisories for PFOA and PFOS of 4 pg/L and 20
pg/L, respectively.17 The US EPA health advisories identify the
concentration of chemicals in drinking water at or below which
adverse health effects are not anticipated to occur and, in
divergence with previous advisories, are based on human
epidemiology studies in populations exposed to these
chemicals. The most sensitive noncancer effect and the basis
for the risk assessment behind the interim updated health
advisories for PFOA and PFOS is suppression of vaccine
response (decreased serum antibody concentrations) in
children. The US EPA’s previous nonregulatory lifetime
drinking water health advisories were 70 ng/L for the sum of
concentrations of PFOS and PFOA. In 2020, the European
Food Safety Authority (EFSA) published their Opinion on the
risks to human health arising from the presence of PFAS in
food18 and proposed a group tolerable weekly intake (TWI) of
4.4 ng/kg body weight for the sum of PFOA, PFNA, PFHxS,
and PFOS. On the basis of the available studies in animals and
humans, effects on the immune system were considered the
most critical for the basis of the risk assessment.18 In June
2021, on the basis of the TWI in the EFSA Opinion, the
Danish Environmental Protection Agency tightened their
drinking water limit values and announced that drinking
water must not contain more than 2 ng/L of Σ4 PFAAs.19

PFAS drinking water guidelines have progressively decreased
over the last 22 years.20 For example, in the US the PFOA
drinking water guideline for West Virginia was 150 000 ng/L,20

which is higher by a factor of 37.5 million than the recently
announced US EPA drinking water lifetime advisory for PFOA
of 4 pg/L. As a result of this decrease, international drinking
water guidelines for PFAS are now close to, or even lower than,
levels in precipitation. Humans residing in industrialized areas
of the world do not often drink rainwater in modern life, but it
should nevertheless be a reasonable expectation that the
environment is clean enough that rainwater and mountain
stream water fed by precipitation is safe to drink. Furthermore,
in some parts of the world, notably in some arid and tropical
regions, rainwater remains an important source of drinking
water.21
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In Figure 1, the levels of PFAS in precipitation are reviewed
and compared to drinking water advisories for Denmark and

the US EPA, which are the most stringent advisories known
globally. The criteria for including/excluding studies for the
selection shown in Figure 1 are (1) only studies which have
precipitation samples are considered, (2) sampling and analysis
was carried out after 2010, and (3) raw data or descriptive
statistics (range and median or mean concentration) of the
data were provided. Only data from 2010 or later were
included because (1) these data are more recent and further

from the 2000−2002 3M phase-out of long-chain PFAS
chemistries and (2) there were large analytical improvements
throughout the early 2000s as evidenced by the improvement
in the fourth international interlaboratory study of 2011
compared to the three international interlaboratory studies
conducted between 2004 and 2009.22 Four precipitation
studies were excluded because although the studies were
published after 2010, the analysis was performed prior to 2010
(see Supporting Information).

In Figure 1A, the levels of PFOA in rainwater greatly exceed
the US EPA drinking water health advisory for PFOA, even in
remote areas (the lowest value for PFOA is for the Tibetan
Plateau with a median of 55 pg/L,23 which is approximately 14
times higher than the advisory). In Figure 1B, the levels of
PFOS in rainwater are shown to often exceed the US EPA
drinking water health advisory for PFOS, except for two
studies conducted in remote regions (in Tibet and Antarctica).
In Figure 1C, the levels of Σ4 PFAAs in precipitation are
reviewed,23−34 and it is shown that, in populated regions
(defined as “urban” and “rural” in Figure 1), the levels would
often exceed the Danish limit values for drinking water. In
remote regions, with low human populations, the Σ4 PFAAs in
rainwater also often exceeds the Danish drinking water limit
value (Figure 1C). In Sweden, a national mapping of PFAS in
municipal raw and drinking waters was undertaken in 2021.35

About 49% of drinking waters in Sweden were found to
contain ΣPFAS > 5 ng/L, and it was shown that the 4 PFAAs
that are included in EFSA’s risk assessment contributed a large
fraction of the total PFAS measured. For comparison with the
US, it was recently estimated36 that at a concentration of 5 ng/
L for combined PFOA + PFOS, 21−123 million people or
7−41% of the US population may have drinking water at or
above that level, and at a concentration of 2.5 ng/L, it was
estimated to be 76−205 million people or 25−68% of the
population. The Swedish drinking water guideline for
mitigation action (90 ng/L for Σ11 PFAS)37 was previously
based on the 2008 EFSA Scientific Opinion on PFOS and
PFOA38 and was recently reduced to 4 ng/L Σ4 PFAAs,37 in
light of the 2020 EFSA Opinion on PFAS.18

The US EPA health advisories seem not to be practically
reachable without investment of huge cleanup costs in drinking
water treatment plants given that most drinking water sources
on the planet will have PFAS levels above the advisory levels.
The US EPA health advisories are nonregulatory but
demonstrating compliance to these guidelines would be an
analytical challenge because modern methods are typically not
able to achieve detection limits for PFOA below 4 pg/L in
drinking water. Modern research laboratories have detection
limits as low as 80 pg/L for PFOA and 100 pg/L for PFOS,
respectively, in drinking water39 and commercial laboratories
tend to have much higher detection and quantification limits
(e.g., Eurofins has quantification limits of about 1 ng/L for
PFAS in water40). Achieving detection limits of <4 pg/L for
PFOA in drinking water would be theoretically possible given
that low pg/L levels have been previously measured in ocean
water samples, even more than a decade ago.41 Achieving such
a low detection limit in drinking water would probably require
extraction of larger than typical sample volumes and/or
injection of larger extract volumes on the instrument. For
example, the published method39 that achieved 80 pg/L
detection limits for PFOA was based on 10 mL samples and
could be scaled to achieve <4 pg/L detection limits with larger
sample volumes. It will also be important to have very low

Figure 1. Levels of (A) PFOA, (B) PFOS, and (C) Σ4 PFAAs
(PFOA + PFNA + PFHxS + PFOS) in wet deposition collected at
various global locations from 2010 to the present. For one study,24 it
was not possible to derive median values and thus mean values are
provided (indicated by *). The dashed line in (A) shows the US EPA
health advisory for PFOA (0.004 ng/L), the dashed lines in (B) show
the EU EQC for PFOS (i.e., 0.65 ng/L) and the US EPA health
advisory for PFOS (i.e., 0.020 ng/L), and the dashed line in (C)
shows the Danish drinking water guideline for Σ4 PFAAs (i.e., 2 ng/
L). Bars indicate median values, and the uncertainty bars indicate
minimum and maximum values. Wet deposition measurements for Σ4
PFAAs are ordered from high to low (from left to right) and sorted
into four categories (“Fluoropolymer plant” indicates that samples
were taken close to a fluoropolymer manufacturing plant; “Urban”
indicates that samples were taken in cities or urbanized regions;
“Rural” indicates that samples were taken in rural less-populated
locations, and “Remote” indicates that samples were taken in regions
with very low or nonexistent human populations). Some studies
sampled wet deposition in multiple locations within one of the four
categories, and thus data from these individual locations are grouped
together in several bars. The raw data and a description of data
treatment for figure preparation are provided in the Supporting
Information.
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blank contamination because ultimately the blank levels and
associated quality assurance will determine the detection limits
that can be achieved.

■ THE EUROPEAN UNION (EU) ENVIRONMENTAL
QUALITY STANDARD (EQS) FOR PFOS FOR
FRESHWATERS IS OFTEN LOWER THAN LEVELS IN
RAINWATER

In 2010, the National Institute for Public Health and the
Environment (RIVM) in the Netherlands derived a risk-based
maximum permissible concentration (MPC) for PFOS in
freshwaters of 0.65 ng/L based on potential for secondary
poisoning in humans due to fish consumption.42 The MPC is a
guideline level and it is defined as “the level at which no
harmful effects are expected, based on annual average
concentrations”. In 2013, PFOS and its derivatives were
included in Directive 2013/39/EU and thus considered
“Priority Hazardous Substances” under the Water Framework
Directive (WFD) (2000/60/EC). Environmental Quality
Standards (EQC) were, then, set for PFOS and its derivatives
for freshwaters, marine waters, and biota. The EU annual
average environmental quality standard (AA-EQS) for PFOS
in Inland EU Surface Water was set at 0.65 ng/L, following the
same reasoning used previously by RIVM. It is known that
concentrations of PFOS in freshwaters regularly exceed the
EQS,43,44 but potentially of more concern is that the levels of
PFOS in rainwater are equal to, or even exceed the EQS. As
can be seen in Figure 1A), the levels of PFOS in rainwater in
populated regions in the northern hemisphere in some cases
exceed, or are close to, the EQC of 0.65 ng/L. Therefore,
regardless of wastewater inputs to freshwaters, the EQC for
PFOS will likely always be approached in populated regions,
and often exceeded, as a result of the widespread presence of
PFOS in atmospheric deposition.

Recently, authorities in the Stockholm metropolitan region
have advised the public not to eat fish from lakes in the
region.45 This was not based on exceedance of the 0.65 ng/L
EQS for PFOS and associated secondary poisoning but rather
on exceedance of a temporary action level for fish of 9.1 ng/g
PFOS set by the Swedish Food Agency.37 The Swedish action
level is considered temporary because it will be revised in the
near future37 according to the 2020 EFSA Scientific Opinion
on the risks to human health arising from the presence of
PFAS in food.18 Given that the EU freshwater EQC is based
on secondary consumption in humans because of fish
consumption, there are grounds for revising the EQS based
on the recent EFSA Opinion.18 Such a revision of the
freshwater EQS would likely result in a further reduction in its
level and in basing the EQS on the sum of PFOA, PFNA,
PFHxS, and PFOS.

■ THE DUTCH GUIDELINES FOR PFAS IN SOILS AND
DREDGING MATERIAL WERE IMPOSSIBLE TO
APPLY DUE TO THE UBIQUITY OF PFAS IN
ATMOSPHERIC DEPOSITION

Recent guidelines set in July 2018 by the infrastructure
ministry in the Netherlands stated that soil and dredging
material should not contain concentrations of >0.1 μg/kg dry
weight (dw) of either PFOS or PFOA.46 As the levels of PFAS
in soils often exceeded these guideline values, 70% of building
projects involving soil removal and filling with excavated
material were halted in the Netherlands.47 Following builders’

protests, the Dutch government relaxed the guidelines.48 Only
a few studies have reported levels of PFAS in soils that have no
known local PFAS source nearby. For example, Rankin et al.
reported median PFOS and PFOA concentrations of 0.47 and
0.12 μg/kg dw for global soils,49 whereas Sörengård et al.
reported median PFOS and PFOA concentrations of 0.39 and
0.38 μg/kg dw in Swedish forest soils.50 These reported soil
levels illustrate the impossibility of complying with the Dutch
guidelines before they were revised upward. The background
soil contamination with PFAS is again a result of the
environmental ubiquity of PFAAs in atmospheric deposition.
If soils are amended with sewage sludge or biosolids, which is a
common practice in agriculture in many countries, then soil
levels will be further elevated and PFAS can leach to
contaminate surface water and groundwater, including drinking
water sources. On the basis of concerns regarding PFAS soil
contamination, the US State of Maine passed a bill banning the
use of biosolids in land applications unless, in the unlikely case,
they could be shown to be PFAS free.51

■ THE CYCLING OF PFAAs IN THE WORLD’S
HYDROSPHERE MEANS THAT LEVELS OF PFAAs
IN RAINWATER WILL BE PRACTICALLY
IRREVERSIBLE

Until recently, the common belief was that PFAAs would
eventually wash off into the oceans where they would stay to
be diluted over the time scale of decades.52 A recent study,53

however, has provided evidence that certain PFAS, notably the
long-chain PFAAs, which include the 4 PFAAs included in
EFSA’s TWI, can be significantly enriched on sea spray
aerosols (SSA) and transported in the atmosphere back to
shore where they will be deposited and contaminate fresh-
waters, drinking waters and surface soils.

This continual global cycling of PFAAs in the hydrosphere
will lead to the continued exceedance of the above-mentioned
guidelines. This finding is particularly worrying because (1)
guideline values based on biological effects have continually
decreased20 and may not yet have reached the bottom as more
scientific evidence emerges, (2) guidelines are currently based
on only a few of the substances in the large PFAS class,10 and
(3) there is no evidence for the decline in environmental
concentrations and thus environmentally derived exposures of
PFAS.54

■ DISCUSSION
PFAS are a planetary boundary problem based on the criteria
outlined by MacLeod et al.,55 namely, (1) the diffuse PFAS
pollution is global in its scale, (2) the effects are only now
being discovered after the pollutants are already globally
spread, and (3) now that the effects have been discovered they
are poorly reversible or irreversible. As with most chemicals in
use,6 because of the lack of information, it is impossible to
make a full assessment of the planetary boundary threat for the
many thousands of PFAS in the class. Nevertheless, based on
the four PFAAs considered here, it is concluded that in many
areas inhabited by humans the planetary boundary for PFAS
has been exceeded based on the levels in rainwater, surface
water and soil, with all of these media being widely
contaminated above recently proposed guideline levels.
Although the global emissions of these 4 PFAAs have been
reduced in recent years in most countries,5256 these substances
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continue to remain in the environment due to their high
persistence and will continually cycle in the hydrosphere.

The analysis presented here has purposefully referred to the
most stringent PFAS guideline values on an international basis,
which are not representative of international guideline values
for PFAS. There is, for example, a large disagreement
internationally, and even between individual states in the
US,20 regarding drinking water guidelines for PFAS. The
various guidelines were developed by different scientists at
different time points and the risk assessments are often based
on varying end points. A clear and disturbing temporal trend
emerges, however, with more recent guidelines being several
orders of magnitude lower than older guidelines.20 Guidelines
in the US and Europe have been driven downward recently as
a result of emerging evidence for the suppression of vaccine
response in children.57 We make no attempt to determine
which of the many guidelines (see compilation58) is based on
the strongest empirical evidence on effects because such a
judgment is outside of our expertise. The point that we want to
make is that the most stringent risk-based health advisories are
often well below environmental levels, and this should be of
concern and a reason for taking stringent measures.

Although PFAS are globally present in all environmental
media and locations, there are still some few areas of the planet
where the environmental levels of PFAS remain relatively low.
However, even in these remote and sparsely populated regions,
such as Antarctica and the Tibetan plateau, the most stringent
PFAS guidelines are exceeded (Figure 1). These areas cannot
support large populations and are not available for settlements
where major parts of the population could move. In most other
areas, PFAS guideline values are exceeded and this implies
potential public health impacts: higher incidences (notably in
large populations, i.e., many cases) of PFAS-related effects,
such as reduced immune response, but also high additional
costs for healthcare and, where possible, remediation.59

Moreover, in many cases, PFAS-related impacts occur in
combination with other environmental issues, such as water
scarcity or pollution by other contaminants.

Finally, we conclude that PFAS define a new planetary
boundary that has been exceeded, based on PFAS levels in
environmental media being ubiquitously above guideline levels.
Irrespective of whether or not one agrees with our conclusion
that the planetary boundary for PFAS is exceeded, it is
nevertheless highly problematic that everywhere on Earth
where humans reside recently proposed health advisories
cannot be achieved without large investment in advanced
cleanup technology. Indeed, although PFOS and PFOA were
phased out by one of the major manufacturers (3M) 20 years
ago, it will take decades before levels in land-based water and
precipitation approach low picogram per liter levels. Moreover,
the problems associated with PFOS, PFOA, or Σ4 PFAAs are
likely to be only the tip of the iceberg given that there are
many thousands of PFAS in the class and the risks associated
with most of them are unknown.60 In view of the impacts of
humanity’s chemical footprint on planetary health, it is of great
importance to avoid further escalation of the problem of large-
scale and long-term environmental and human exposure to
PFAS by rapidly restricting uses of PFAS wherever possible.61

Furthermore, as has been stated by ourselves3 and others7

before, society should not continually repeat the same mistakes
with other persistent chemicals.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.2c02765.

Raw data and references used to create Figure 1 (XLSX)

■ AUTHOR INFORMATION
Corresponding Author

Ian T. Cousins − Department of Environmental Science,
Stockholm University, SE-10691 Stockholm, Sweden;

orcid.org/0000-0002-7035-8660; Email: ian.cousins@
aces.su.se

Authors
Jana H. Johansson − Department of Environmental Science,

Stockholm University, SE-10691 Stockholm, Sweden;
orcid.org/0000-0002-6194-1491

Matthew E. Salter − Department of Environmental Science,
Stockholm University, SE-10691 Stockholm, Sweden;

orcid.org/0000-0003-0645-3265
Bo Sha − Department of Environmental Science, Stockholm

University, SE-10691 Stockholm, Sweden; orcid.org/
0000-0002-2176-0709

Martin Scheringer − Institute of Biogeochemistry and
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