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Abstract 
Per- and poly-fluorinated alkyl substances (PFAS) have been used for decades in a great 

variety of processes and products by virtue of their exceptional properties, versatility and 
chemical stability. Nevertheless, it is increasingly recognized that these substances can represent 
a serious hazard to human health and living organisms due to their persistence, long-range 
transport potential and tendency to accumulate in biota. For this reason, some efforts have been 
made across the EU to identify alternative molecules, with a shorter carbon chain and theoretically 
safer profile, that might replace the previous generation of legacy PFAS. Unfortunately, this 
strategy has not been entirely successful and serious concerns are still posed by PFAS in different 
human populations. Among others, an emerging aspect is represented by the adverse effects that 
both legacy and alternative PFAS can exert on the human endocrine system, with respect to 
vulnerable target subpopulations. In this review we will briefly summarize PFAS properties, uses 
and environmental fate, focusing on their effects on human reproductive capacity and fertility, 
body weight control and obesity as well as thyroid function. 
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Introduction 
Per- and poly-fluorinated alkyl substances (PFAS) are a wide and heterogeneous 

family of synthetic chemicals that have recently gained increasing attention due to their 
potential impact on human health and wildlife (1-3). By virtue of their unique chemical 
structure, conferring exceptional thermal and chemical stability in addition to water 
repellence and tensioactive properties, PFAS have been used in a variety of industrial 
processes and consumer products including firefighting foams, textiles, anti-adherent 
coatings, food packaging, cosmetics and paints (4). Once released into the environment, 
these substances are recalcitrant to degradation processes, can migrate towards distant 
sites and tend to bioaccumulate into living organisms, ultimately entering into the food 
webs of different ecosystems (5, 6). While many efforts have been made to define the 
toxicological effects of PFAS on susceptible human subpopulations, our knowledge is 
still limited to few individual substances such as perfluorooctane sulfonic acid (PFOS) 
and perfluorooctanoic acid (PFOA), which, despite having been phased out by the major 
producers, are still largely present in the environmental media across the globe (1, 7). 
Unfortunately, there is still a tremendous gap of toxicological information related to the 
vast majority of other PFAS, consisting of around 4700 different substances, including 
those introduced as replacement alternatives due to their supposedly safer profile (8, 9). 
Increasing concerns for human populations exposed to significant levels of PFAS are 
related to the short-term and long-term effects, which can potentially lead to an increased 
mortality rate, promote carcinogenesis, alter the pattern of DNA methylation or induce 
dysfunction at the level of lipid metabolism, neurodevelopment, immune and endocrine 
systems (10-15). In this respect, there is a growing interest in assessing chemicals that 
can interfere with hormonal function – a specific class of substances known as endocrine 
disruptors (EDs) – and their impact on human health (16). Accumulating evidence 
suggests that PFAS can also act as endocrine disrupting molecules, exerting pro-
estrogenic (17) or anti-androgenic effects (18), as well as antagonistic activities at the 
level of thyroid hormone signalling both in vitro an in vivo (18, 19), thus raising 
additional concerns, especially for the most vulnerable categories such as pregnant 
women, children, newborns and the elderly (20-24). In light of this problematic aspect, 
in this review we aim to summarize the current knowledge on PFAS as endocrine-
disrupting agents in humans, focusing on legacy substances as well as short-chain 
substitutes. 

PART I: PFAS chemical properties, use, emissions and  environmental 
fate 

PFAS chemistry, properties and uses 

The broad category of PFAS substances comprises more than 4700 compounds, 
constituted by a hydrophobic carbon chain of variable length (ranging from C4-C17), 
wherein carbon-fluoride and carbon-hydrogen bonds alternate to form one or more 
perfluoroalkyl moieties (-CnF2n+1-) and a terminal group that confers hydrophilic 
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properties (25). The functional groups, which are located in the terminal head region of 
the molecule, typically include sulfonates, sulfates, phosphates, carboxylates, amines, as 
well as alcohols or their combination, identifying subgroups of PFAS that can exist in a 
neutral, ionic or zwitterionic form, depending on the specific environmental conditions 
(26, 27). As for the tail structure, the main carbon-fluoride chain can be linear or 
branched, with a partial or total degree of fluorination. The former case is related to 
polyfluorinated compounds, while the latter case identifies the perfluorinated compounds, 
a subgroup that entails some of the most well-studied PFAS, such as perfluorooctane 
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) (25, 28, 29). The numerous possible 
combinations of these chemical features generate an extraordinary variability. The 
variability is largely responsible for the unique properties of these compounds and their 
wide applicability in numerous industrial processes and products. The carbon-fluoride 
bond is the shortest and the strongest known in organic chemistry. This bond confers very 
high resistance over a wide range of thermal, chemical and environmental conditions and 
its amphipathic nature imparts additional properties as surfactants. The chemical 
properties of PFAS are also responsible for their resistance to biotic or abiotic degradation 
and long-range transport potential across different environmental media, leading to 
environmental persistence, increased entrance into the food chain and the 
bioaccumulation into living organisms (5, 30-32). From a historical perspective, PFAS 
have been manufactured since the late 1940s, but the first studies assessing their effects 
on exposed human beings (33, 34) and their occurrence in the environmental media 
worldwide (35-37) lagged behind for many years. Since their introduction, PFAS have 
largely been employed as coating treatment with water, oil and grease-repellent properties 
for food paper containers and anti-adherent cooking pots, as surface treatment of leathers, 
photographic films and textiles (i.e. stain-resistant upholstery or carpets) or in the 
manufacture of firefighting foams, biocides, paints, semiconductors, cosmetics, 
packaging material, furniture, medical and cleaning products (38). 

PFAS environmental releases, distribution and fate 

By virtue of their unique properties and widespread uses, PFAS substances have 
become ubiquitous and are detected in almost every part of the globe, raising major 
concerns about their impact on human health and ecosystems (39, 40). In this respect, 
multiple sources of PFAS emissions have been identified throughout their whole life-
cycle. Major sources are represented by direct wastewater releases, air emissions and 
disposal of PFAS-contaminated material into soil from industrial manufacture processes 
or the intentional use of firefighting foams that contain PFAS in their formulation (41, 
42). Relevant secondary sources can be ascribed to the formation of biosolids from the 
industrial and municipal wastewater treatment plants and their subsequent disposal or 
direct application to the agricultural lands (43, 44). Aside from the primary sources of 
PFAS contamination, additional sources derive from the use and disposal of PFAS-
containing products. Disposal by consumers is considered a minor source of 
environmental release (40, 45, 46). Once released into the environment, PFAS substances 



432 

are subject to many different mechanisms that regulate their fate and transport across 
different compartments and ultimately determine the targeting of the final receptors, 
either humans or wildlife. The redistribution of PFAS compounds in the environment (air, 
soil, water) is dependent on the complex interaction between chemical properties and the 
specific conditions existing within the environmental media (47-50). Partitioning 
processes such as electrostatic or hydrophobic interactions drive PFAS adsorption to and 
desorption from the organic matter in the soil and water sediments while the volatilization 
and the interaction with the small particulate matter influences their diffusion into air (51-
54). Redistribution of PFAS substances within and between the different environmental 
media occurs through a combination of transport processes that include atmospheric 
dispersion through the wind or the airborne particles and subsequent deposition through 
wet or dry mechanisms, but also soil run-off and leaching to surface or groundwater due 
to precipitation, flooding, or irrigation events (55-59). Lastly, biotic or abiotic 
transformation processes can promote PFAS speciation and their conversion into other 
compounds (60, 61), as occurs, for example, in the case of several fluorochemicals (e.g. 
6:2 FtS, 8:2 FTOH, FOSE and FOSA) that can act as precursors of the most common 
PFAS substances such as PFOS and PFOA (62-65).  

PART II: Legacy pfas and their alternatives as endocrine-disrupting 
agents  
PFOA and PFOS, regarded as the most representative members of legacy PFAS 

affecting both humans and the environment, have been the focus of extensive research 
over the last years. The growing concerns over PFAS effects have led major producers 
and importers to voluntarily phase out these substances (66), prompting other companies 
to follow. This concern later led to the US-EPA PFOA stewardship program that was 
committed to the removal of PFOA from emissions and products by 2015 (67). Recently, 
policy makers and regulators under the UN's Stockholm Convention on persistent organic 
pollutants (POPs) have implemented two restrictive legislative measures targeting PFOS 
and PFOA. The first, in 2019, aimed to restrict the manufacturing, marketing and use of 
PFOS in the EU. The second, enacted in 2020, aimed to completely ban the production 
and use of PFOA or its derivatives in more than 160 countries (68-71). In response to 
these measures, several manufacturers have started to introduce alternative PFAS with 
shorter carbon chains and supposedly safer toxic profiles. Unfortunately, despite the 
limited number of available data, some evidence suggests that even these novel 
substitutes can potentially pose serious concerns for the ecosystem and humans, which is 
the reason why some of these PFAS are currently under regulatory scrutiny in the REACH 
Regulation.  

In the following paragraphs, we will describe the major routes through which PFAS 
can enter into contact with human receptors, and we will summarize the evidence 
supporting the endocrine-disrupting effects by legacy PFAS and their alternatives, when 
available. 
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PFAS exposure pathways relevant for humans and their effects on human 
health 

In terms of human exposure, both direct and indirect mechanisms can play a 
significant role through multiple pathways that can also operate concomitantly (72). 
Inhalation of PFAS-contaminated air during the manufacturing processes, or dermal 
contact with PFAS-containing material are critical occupational modes of exposure. The 
general population is mainly subjected to indirect exposure via the environment or the 
ingestion of contaminated food and water (39, 57, 73-75). Once in the human body, PFAS 
are not efficiently eliminated due to a half-life that sometimes lasts for several years (76) 
and tend to bioaccumulate into the blood, the liver, the placenta and other organs, owing 
to their high affinity for serum proteins or protein receptors (e.g. albumin, transthyretin, 
fatty acids binding protein, human pregnane X receptor) (77-81). Several adverse effects 
have already been documented in different human populations, including hepatotoxicity, 
immunotoxicity, neurotoxicity and renal toxicity, but also increased mortality, augmented 
cancer incidence, alterations of the lipid metabolism and the endocrine systems, the latter 
being an emerging concern worldwide and the focus of the next paragraphs.  

PFAS impacts on the endocrine system and biological mechanisms 

It is increasingly recognized that endocrine disruptors (EDs) are chemicals of great 
concern for human health and growing interest has emerged around these substances in 
the last decade, when they started to enter into the international chemical policy arena 
(82). Since then, many efforts have been made to rapidly gain scientific knowledge on 
the impact of EDs on human health (83-86) and the environment (87-90). The growing 
number of these substances (greater than 1000) that involves well-known chemicals such 
as Phthalates, Polychlorinated biphenyls, DDT and Bisphenol A, has recently been 
expanded with the inclusion of PFAS, due to their documented interference with hormone 
function in humans and wildlife (91-94). A serious concern is that, with the expansive 
number of PFAS-containing compounds present on the market, the number of studies 
directly assessing their toxic effects is quite limited. For this reason, alternative 
approaches based on QSAR (Quantitative Structure-Activity Relationship) in silico 
modelling have been explored to tentatively fill this huge gap of information and at the 
same time reduce the use of animal testing (78, 95, 96). Other methods, based on a 
screening of the existing literature, have also been proposed. In this regard, a systematic 
evidence map has been recently utilized by Pelch et al. to summarize the available 
scientific evidence from in vitro, in vivo, as well as epidemiological studies related to 29 
individual PFAS substances of concern for health effects on humans and biota (97), which 
is publicly available (98). Apart from legacy PFAS, such as PFOS and PFOA, whose 
endocrine disruptive effects are well recognized, the data suggest that short-chain 
alternatives such as PFBS, PFHxS, PFTrDA and GenX can affect hormone activities and 
physiology in non-occupationally exposed humans and other living organisms (99-102). 
Another longitudinal study on a Danish birth cohort, investigating potential effects of 
different PFAS on pubertal development, reported that prenatal exposure to PFOS, 
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PFNA, PFDA, PFHxS and PFHpS, was associated with an earlier onset of typical puberty 
indicators in girls, an effect that was also present in boys, although limited to PFHxS and 
PFHpS. By contrast, male individuals exposed to PFNA and PFDA exhibited a later 
appearance of pubertal markers, suggesting sex-specific and PFAS-specific effects (103). 
A cross-sectional study from Di Nisio et al. examined the association between PFAS 
exposure and bone status in a cohort of young male residents of a heavily contaminated 
area. The authors observed a significant reduction of bone density in the exposed subjects 
and an enhanced risk of bone fracture, which appeared to depend on direct binding to and 
interference with hydroxyapatite, the main component of bone matrix, as evidenced by 
docking modelling simulation on PFOA (104). More recently, Braun et al. analyzed the 
serum concentrations of PFOA, PFOS, PFHxS and PFNA in a cohort of children with 
high gestational and childhood exposure to identify potential correlations with 
cardiometabolic risks. The outcome of their study revealed that gestational and cord 
PFOA, PFHxS concentrations were positively associated with cardiometabolic risk scores 
during adolescence, most likely by inducing alterations in the insulin and HOMA-IR 
levels, as well as increased leptin levels, but lower adiponectin to leptin ratio, in the 
absence of sex-specific trends (105). Although additional epidemiological evidence is 
required to further substantiate these observations, the available studies indicate that 
specific subpopulations or life stages can exhibit a marked susceptibility to PFAS-
endocrine disruptive effects. 

PART III: Effects of pfas exposure on the human endocrine systems 

PFAS effects on human reproductive function and fertility 

Accumulating evidence indicates that PFAS might negatively impact the 
reproductive function and fertility of males and women (114, 115). The disruptive 
function of PFAS can act at multiple levels. For example, it has been shown that chronic 
exposure of male rats to PFDoA (0.5 mg/Kg/bw) could significantly reduce the serum 
testosterone levels and alter the morphology of seminiferous tubules. Mechanistically, the 
diminished testosterone content was caused by molecular alterations in steroidogenesis. 
Reductions in testosterone were due to decreased mRNA/protein of a key steroidogenesis 
regulator, stAR (Steroidogenic Acute Regulator), and the abrogated gene expression for 
the hypothalamic androgen receptor (AR), pituitary follicle-stimulating hormone (FSH) 
and pituitary gonadotropin-releasing hormone receptor (GnRH-R)(116). Deregulation of 
the hypothalamic-pituitary-testis (HPT) axis was also reported in male rats treated with 
PFOS in the long term, leading to altered GnRH, LH, FSH expression and testosterone 
secretion that was paralleled by histological alterations at the level of testis, hypothalamus 
and the pituitary gland (117). These observations were substantiated and further extended 
by a subsequent study from the same group, indicating that the effects of PFOS were even 
broader and also affected the expression and content of the respective receptors, GnRH-
R, LH-R, FSH-R, in some cases producing opposite effects at the transcriptional and 
protein level within a specific gland (118). Similarly, transactivation and steroidogenesis 
assays conducted on H295R cells showed that PFOS and PFOA could impair testosterone 
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synthesis by altering the expression of steroidogenic genes and exerting both pro-
estrogenic and anti-estrogenic activities (119). Moreover, both these PFAS were found to 
inhibit steroidogenic in vitro secretion in porcine theca and granulosa cells subjected to 
stimulation with gonadotropins (120). In humans, PFOS serum levels have been inversely 
associated with sperm morphology in Arctic and European populations (121) and the 
exposure to environmentally relevant concentrations to Me-PFOSA-AcOH, PFDeA, 
PFNA, PFOA, PFOS, PFOSA has been associated with diminished semen quality in male 
individuals residing in two US regions  (122). By analysing 178 healthy and natural-
cycling women, Barrett et al. found that PFOS and, to a lesser extent, PFOA serum 
concentrations, were negatively associated with E2 and progesterone levels, suggesting 
that these substances might impair women’s fertility by suppressing ovarian hormone 
levels (123). Similarly, Tsai et al. focused on young adolescents and young adults to 
reveal that serum levels of PFAS, in particular PFOA, PFOS and PFUA, were inversely 
associated with the serum levels of the reproductive hormones testosterone, FSH, and 
SHBG (sex-hormone binding globulin) (124). Epidemiological evidence also suggests 
that PFAS can prolong the time required to become pregnant (TTP) in exposed females. 
In this respect, some studies found that higher blood levels of PFOA, PFOS, PFHxS and 
PFNA were associated with longer TTP or infertility (125-128) while others indicate that 
increased blood levels of PFOA predispose to an increased risk of sporadic miscarriage 
in early pregnancy and during the second half of the first trimester, a common 
complication of pregnancy (129).  

In other cases, PFAS have been shown to promote endometriosis, which is one 
major cause of female infertility. This has been evidenced by a study from Wang et al. 
wherein blood concentrations of ten different PFAS were measured in 173 Chinese 
women suffering from infertility and with surgically confirmed diagnosis of 
endometriosis (130). The authors observed a significant association between plasma 
levels of PFBS, a substitute of PFOA and the risk of endometriosis-related infertility, also 
revealing wide exposure to this substance. Later work conducted in another cohort of 
Chinese women exposed to high levels of PFAS also revealed that the blood 
concentrations of PFOA, PFOS and PFHxS, were positively associated with an increased 
risk of primary ovarian insufficiency (131). Intuitively, women residing in heavily 
contaminated regions are particularly prone to multiple dysfunctions, as evidenced by a 
recent study from Di Nisio et al. conducted on young women (aged 18-21) residing in the 
Veneto region (132). The authors observed that the age at menarche and the risk of 
irregular menstruation periods were significantly higher in the group exposed to PFOA 
than in the relative controls, also providing in vitro evidence from Ishikawa cells 
experiments suggestive of altered progesterone activity and endometrial dysfunctions. 
Notably, previous observations from the same group consistently reported that young 
males residing in the Veneto Region displayed multiple hallmarks of infertility. Indeed, 
increased levels of PFOS/PFOA in plasma and seminal fluid were found to positively 
correlate with a decreased semen quality, mean testicular volume, shorter penile length 
and increased signs of feminization (lower anogenital distance) (115). It has also been 
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hypothesized that PFAS exposure can represent an important cause of maternal morbidity 
and mortality, since positive associations have been reported between PFOA, PFOS, 
PFBS, PFNA, PFHxS, PFHpA, and the risk for hypertension disorders of pregnancy 
(133), but further investigations in larger cohorts will be necessary. 

Additionally, PFAS can affect human reproductive capacity through the alteration 
of foetal development, which has been shown in animal models (134-136). In humans, 
several reports indicate that perinatal exposure to PFOS, PFOA, PFNA, PFHxS or PFDA 
is inversely associated with placental function, foetal growth and infant birth weight (137-
141). Other evidence suggests that placental transfer of PFAS (79, 142) can interfere with 
normal lung development (143) and gross-motor control (144), predisposing to 
neuropsychological, cognitive and behaviour disorders (145-149). A list of the effects of 
PFAS exposure on human reproductive function and fertility is shown in Table 1. 

Taken together, the available experimental and epidemiological evidence suggests 
that both legacy and alternative PFAS can affect the fertility of male and female 
individuals at multiple levels. Currently, most of our knowledge is limited to longitudinal 
and observational studies, requiring additional work to better elucidate the cellular and 
molecular mechanisms underlying these alterations. 

PFAS effects on human body weight and obesity 

The data from the last decade indicate that PFAS exposure during the prenatal 
period, childhood or adult life is correlated with obesity and overweight. Similarly to 
other endocrine disruptors, PFAS can influence body weight by altering the homeostatic 
balance between appetite and satiety or by inducing disturbances in the lipid metabolism 
that might promote adipogenesis and lipid accumulation. An early study from Hines et al. 
has shown that exposure of female mice to low doses of PFOA (0.01-0.3mg/kg) 
significantly increased body weight and the serum levels of both insulin and leptin in mid-
life mice after development and up to adulthood. Interestingly, these effects were not 
observed in the case of prenatal exposure to higher doses of PFOA or adults exposure, 
thus suggesting that the obesogenic effects of PFOA might occur under specific exposure 
concentrations and life stages (150). Additional studies on animal models indicate that 
PFAS can deregulate lipid metabolism, most likely through the impairment of low-
density lipoproteins excretion (151, 152), induce alterations in the composition of 
polyunsaturated fatty acids (PUFAs) (153) or even exert pro-adipogenic effects by 
promoting lipid accumulation and the terminal differentiation of preadipocytes from 
murine and human origin into adipocytes (154, 155). 

In parallel with these studies, several epidemiological investigations have been 
conducted in humans, some cases with conflicting results, since a decrease in circulating 
PFAS levels might derive from changes in serum protein concentrations, reduced food 
intake, adsorption and metabolism (156-160). Since this dichotomy still needs to be fully 
elucidated, we will mainly focus on some representative studies wherein PFAS exposure 
has been positively correlated with anthropometric signs of obesity in humans. For 
instance, a prospective study on Danish pregnant women revealed that prenatal exposure 
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to low doses of PFOA, but not to other PFAS, was positively associated with an increased 
body-mass index (BMI) and waist circumference in 20-year-old females, but not male 
individuals (161). Consistently, the so-called HOME study, examining the relationship 
between prenatal exposure to PFAS in pregnant women from the US and the effects on 
the offspring’s adiposity, showed that higher serum PFOA concentrations during 
pregnancy were associated with higher BMI, waist circumference and body fat content in 
8-year-old children, but also with more rapid BMI increases in children aged 2–8 (162). 
In agreement with these findings, a positive (yet mild) association between maternal 
PFOS, PFOA, PFNA, PFHxS and mid-childhood overweight in females with a median 
age of 7.7 years was observed by Mora et al. (163), while a positive association was found 
by Karlsen et al. between maternal serum levels of PFOS and PFOA and BMI and/or 
overweight risk in preschool children (164). Evidence also indicates that the effects of 
PFAS are not limited to prenatal exposure, but can instead also affect exposed adolescents 
and adults. Accordingly, in a large cohort comprising 1612 Chinese adults, Tian et al. 
assessed the obesogenic effects of different PFAS, including five novel structural isomers 
of PFOA and PFOS. The authors observed that the exposure to these substances, 
especially PFOA and its isomers, was significantly associated with an increased BMI and 
waist circumference, two good indicators of an obesogenic effect, which was more 
pronounced in the females (165). Another cross-sectional study analysing an even larger 
cohort of 2473 US children, aged 12–18 years, found a positive correlation between the 
plasmatic levels of PFOA and the increased BMI or waist circumference, indicating that 
adolescence is also a time window of vulnerability to PFAS exposure (166). This has 
been further substantiated by a recent study from Averina et al. conducted on 940 
Norwegian adolescents with a mean age of 16.4 years (167). Here, the authors found a 
positive association between the exposure to PFOS, PFNA, PFDA and PFUnDA with 
apolipoprotein B, total cholesterol and LDL-cholesterol, while PFHxS and PFHpS levels 
were positively associated with the risk of obesity. Notably, the sum of PFAS 
concentrations and the levels of individual substances, namely PFOS, PFDA, PFNA and 
PFUnDA, were positively associated with the risk of dyslipidemia while ∑PFAS, PFOS, 
PFOA and PFHxS, were positively associated with the risk of hypertension, thus 
suggesting that exposure to PFAS during adolescence might predispose to cardiovascular 
disease in adult life. A list of the effects of PFAS exposure on human body weight and 
obesity is shown in Table 2. 

In conclusion, both experimental and epidemiological data support the notion that 
PFAS can induce disturbances in the control of body weight and lipid metabolism. This 
seems particularly evident when the exposure to PFAS substances occurs during life 
stages of susceptibility, such as gestational life, childhood or adolescence. It has to be 
recognized, however, that several studies have failed to reveal positive correlations 
between PFAS and anthropometry. These discrepancies might be explained by the 
concomitant presence of intrinsic limitations, including the small size of the investigated 
population, or the presence of confounding variables such as lifestyle factors, age, sex, 
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which need to be adjusted to increase the statistical power and limit the impact of potential 
bias.  

PFAS effects on thyroid hormone signalling 

One of the best-documented effects of PFAS substances on the endocrine system is 
the disruption of thyroid functions. This is of particular relevance for human health, since 
thyroid hormones affect virtually every single organ of human body across different life 
stages (from intrauterine to adult life) (168, 169). For this reason, disturbances in thyroid 
signalling can potentially cause profound alterations of multiple systems and organs and 
amplify the adverse effects of PFAS substances.  

Similarly to other endocrine-disrupting chemicals, PFAS can affect thyroid 
function by altering thyroid hormones biosynthesis, metabolism and secretion (168). This 
process requires a series of coordinated events, including iodide uptake from 
sodium/iodide symporter (NIS), thyroglobulin synthesis and iodination by the enzyme 
thyroid peroxidase (TPO). Evidence from in vitro and in vivo studies indicates that this 
can occur through many different mechanisms. For example, it has been shown that 
subchronic exposure of rats to PFOS could decrease serum T4 levels without affecting 
TSH levels, by enhancing its hepatic glucuronidation via Uridine diphosphoglucuronosyl 
transferase 1A1 (UGT1A1) and its thyroidal conversion to T3 via type 1 Deiodinase 
(DIO1) (19).  

Moreover, PFOS, PFOS-K and PFHS-K were ranked as highly inhibitory 
substances of the human sodium/iodide symporter (NIS) in a high-throughput screening 
and chemotype-enrichment analysis conducted by Wang et al. (170). Similarly, PFOA 
was found to significantly suppress the NIS-dependent iodide uptake in FRTL-5 
thyrocytes (171). Other evidence suggests that PFOS and PFOA can disrupt 
thyroperoxidase (TPO) activity in FTC-238 cells (172). Additional mechanisms are 
represented by competitive binding to the T3-T4 binding proteins transthyretin and 
thyroxine-binding globulin, which might interfere with the transport of thyroid hormones 
respectively in rats and humans (113), or by altering the expression of genes involved in 
thyroid hormones homeostasis, such as corticotropin releasing hormone b (crhb), 
iodothyronine deiodinase 3a (dio3a), thyroid-stimulating hormone receptor (tshr) and 
nkx2 homeobox1 (nkx 2.1) in zebrafish embryos (14). Moreover, since PFAS can 
promote an increased production of autoantibodies against thyroglobulin in some specific 
cases, it is also conceivable that the TGAb might indirectly affect the synthesis of thyroid 
hormones in the exposed individuals by decreasing the levels of circulating TG, although 
this hypothesis still needs to be conclusively proven (173). 

As already mentioned, various epidemiological studies have been conducted to 
evaluate the effects of maternal PFAS exposure in newborns, as well as potential 
alterations related to postnatal or adult exposure of the general population. As it is known, 
pregnancy is a critical time wherein even slight alterations of thyroid hormones can have 
a significant impact on the foetal development, especially in presence of other 
concomitant stressors. For example, it has been reported that legacy and alternative PFAS 
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could induce differential changes in the thyroid hormones of pregnant women with 
biomarkers of autoimmune thyroiditis (high TPOAb levels), compared to women with a 
healthy thyroid gland. Indeed, PFHxS, PFNA, PFOA and PFOS serum concentrations 
were weakly associated with a decrease in free T4 levels. By contrast, PFNA, PFOA and 
PFOS were strongly and positively associated with TSH in the former but not in the latter 
groups. The authors speculated that, despite the small sample size, even low PFAS 
exposure might exacerbate pre-existing conditions typically encountered during early 
pregnancy (i.e. low free T4 and high TSH levels) in women with high TPOAb, thus 
potentially affecting the neurodevelopment of the newborns (174). In line with these data, 
Guo et al. assessed the potential effects on thyroid hormones of newborns upon prenatal 
exposure to legacy or alternative PFAS, both as individual substances and as mixtures 
(175). It was found that the cord serum levels of PFAS mixtures were positively 
associated with lower TSH but higher total and free T4 concentrations in the newborns, 
with PFNA and PFHpA exerting the larger contribution to the former while PFOS and 
PFNA played a major role in the latter effects. Other work from Preston et al. further 
extended these observations, providing evidence that prenatal PFAS exposure can affect 
thyroid function in both mothers and infants. 2128 mother–child pairs were analysed, 
among which 1645 had maternal plasmatic PFAS measurements from early phases of 
pregnancy. The results showed that higher levels of PFOA, Me-FOSAA, and PFHxS were 
associated with lower levels of free T4 during early pregnancy compared to women with 
the lowest levels. In the subset of TPOAb-positive women, increases in PFOA, PFOS, 
and PFNA were associated with lower TSH levels. In addition, newborns having higher 
prenatal concentrations of PFHxS, PFOS, PFOA also exhibited lower concentrations of 
T4, an alteration that occurred specifically in male, but not female, infants (176). Later 
work from Preston et al. assessed the concentrations of PFOA, PFOS, PFNA, PFHxS, Et-
FOSAA and Me-FOSAA in a cohort of 726 pregnant women and 465 neonates (177). By 
assessing joint and individual effects of PFAS exposure, the authors found that higher 
levels of the PFAS mixture were associated with lower levels of free T4 in the mothers, 
(with PFOA, PFHxS, Me-FOSAA and Et-FOSAA, contributing most) while an inverse 
association was seen between the levels of the PFAS mixture and the T4 concentration in 
male neonates.  

Work by Caron-Beaudoin et al. focused on children and youths belonging to two 
distinct First Nation communities in Quebec (178). From the measurement of PFOS, 
PFOA, PFHxS and PFNA serum levels, the latter was present at very high levels and a 
positive association was found with free T4 concentrations, mainly among male 
individuals. These results, in agreement with the previous findings, suggest that PFAS 
exposure in children can induce alterations in T4 without affecting other regulators of 
thyroid function, such as TSH or TG (179, 180). 

Interestingly, a longitudinal study from Blake et al. investigated potential health 
effects induced by the exposure to eight different PFAS in a cohort of adults (mean age 
38 years) enrolled in an 18-year biomonitoring (181). It was reported that the serum levels 
of PFOS were positively associated with the concentrations of TSH and inversely 
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associated with the levels of T4, an effect that was more pronounced in males. Instead, 
females exhibited a significant association between the first serum measurement of PFNA 
and the levels of total T4, suggesting sex-specific effects of individual PFAS substances 
also in the general adult population. A list of the effects of PFAS exposure on human 
thyroid function is shown in Table 3. 

In summary, accumulating evidence indicates that long-chain and shorter-chain 
PFAS substances can deregulate thyroid functions in multiple ways, affecting the general 
population and communities subjected to environmentally relevant exposure. While, in 
general, specific categories such as pregnant women, infants and children might be 
particularly prone to PFAS-induced thyroid dysfunction, evidence exists on adverse 
effects in adult males and females. It is envisaged that novel and larger studies will be 
designed to assess the contribution of PFAS as individual substances and as mixtures to 
elucidate which specific compound or their combination can induce sex-specific or even 
life stage-specific effects. It is also important to investigate if the associated forms of 
subclinical hypothyroidism will later evolve into an evident pathologic condition.  

Conclusions and future perspectives  
In the last decade we have witnessed an increasing interest in defining the impact 

of PFAS substances on human health and the ecosystems. While the so-called legacy 
PFAS (e.g. PFOA, PFOS) have been phased out in many countries or have been subjected 
to legislative regulatory measures that limit their uses, their persistence and wide 
distribution across the globe have nevertheless produced a number of adverse effects in 
the exposed population. Among them, the endocrine disruptive activity represents one of 
the most serious concerns. Accumulating evidence from both in vitro, in vivo and 
epidemiological studies suggest that PFAS can induce disturbances in the estrogens or 
testosterone signalling, in the hormones controlling human fertility or the homeostatic 
control of satiety/appetite or affect thyroid functions. Notably, their interaction with 
multiple endocrine systems that control crucial aspects of human biology implies that 
PFAS compounds can exert their adverse effects in different subpopulations and life 
stages, with important implications for those categories such as pregnant women, infants 
and children that are particularly vulnerable to their exposure. In this regard, even PFAS 
substitutes that have been introduced to replace legacy PFAS with less toxic alternatives, 
appear not to possess a safer profile in terms of endocrine disruptive effects, suggesting 
that a global regulatory action might be necessary to target the whole PFAS category, 
rather than individual substances. Meanwhile, additional studies are required to shed light 
on the long-term effects of PFAS exposure in the general population and to elucidate the 
mechanisms through which single PFAS or their combination in a mixture can affect the 
endocrine system. From this perspective, larger cohorts stratified for sex, age and lifestyle 
habits appear to be a prerequisite for the design of epidemiological studies with the 
appropriate statistical power and devoid of confounding variables that might preclude the 
identification of potential associations between PFAS and hormone 
functions/anthropometry. Furthermore, promising results are expected to derive from the 
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implementation of human health risk approaches integrating data form cell cultures, 
animal models and physiologically based pharmacokinetic modelling. In conclusion, 
there is no doubt that the assessment of PFAS exposure and its impact in human health, 
with particular emphasis on the endocrine system, will be one of the major challenges in 
the future. 
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Kratak sadržaj 
Zahvaljujući svojim izuzetnim svojstvima, raznovrsnoj primeni i hemijskoj stabilnosti, per- 

i poli-fluoralkil supstance (PFAS) se decenijama koriste u najrazličitijim procesima i 
proizvodima. Međutim, sve se više govori o tome da ove supstance mogu predstavljati ozbiljnu 
pretnju po zdravlje ljudi i živih organizama usled svoje postojanosti, sposobnosti prenošenja na 
velikim udaljenostima i tendencije da se akumuliraju u živim organizmima. Iz ovog razloga, širom 
EU činjeni su određeni napori da se identifikuju alternativni molekuli, kraćeg ugljeničnog lanca i 
teoretski bezbednijeg profila, koji bi mogli da zamene prethodnu generaciju tradicionalnih PFAS 
supstanci. Nažalost, ova strategija nije bila u potpunosti uspešna, te PFAS supstance i dalje 
predstavljaju ozbiljan razlog za zabrinutost. Između ostalog, jedan od aspekata koji dobija na 
značaju su i štetni efekti koje i tradicionalne i alternativne PFAS supstance mogu imati na 
endokrini sistem, naročito kod osetljivih podgrupa stanovništva. U ovom preglednom radu je dat 
kratak rezime svojstava PFAS supstanci, njihove upotrebe i sudbine u životnoj sredini, sa 
fokusom na njihovo dejstvo na reproduktivnu sposobnost i plodnost ljudi, metabolizam i 
gojaznost, kao i na tiroidnu funkciju. 

 
Ključne reči:  PFAS; zdravlje ljudi; ometanje endokrine funkcije; životna sredina  
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