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Abstract

Background The family of perfluoroalkyl and polyfluoroalkyl substances (PFAS) raised concern for their proven bioaccu-
mulation and persistence in the environment and animals as well as for their hazardous health effects. As a result, new con-
geners of PFAS have rapidly replaced the so-called “old long-chain PFAS” (mainly PFOA and PFOS), currently out-of-law
and banned by most countries. These compounds derive from the original structure of “old long-chain PFAS”, by cutting or
making little conformational changes to their structure, thus obtaining new molecules with similar industrial applications.
The new congeners were designed to obtain "safer" compounds. Indeed, old-long-chain PFAS were reported to exert thyroid
disruptive effects in vitro, and in vivo in animals and humans. However, shreds of evidence accumulated so far indicate that
the “restyling” of the old PFAS leads to the production of compounds, not only functionally similar to the previous ones but
also potentially not free of adverse health effects and bioaccumulation. Studies aimed at characterizing the effects of new-
PFAS congeners on thyroid function indicate that some of these new-PFAS congeners showed similar effects.

Purpose The present review is aimed at providing an overview of recent data regarding the effects of novel PFAS alterna-
tives on thyroid function.

Results and conclusions An extensive review of current legislation and of the shreds of evidence obtained from in vitro and
in vivo studies evaluating the effects of the exposure to novel PFOA and PFOS alternatives, as well as of PFAS mixture on
thyroid function will be provided.
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61]. Industrial manufacturing releases them into the envi-
ronment, ending up in the food chain and accumulating in
human bodies through the diet. Human dietary exposure to
PFAS happens through vegetables and food of animal ori-
gin, as well as through drinking water consumption [41, 42].
The use of PFAS started in the last century, but concerns

Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are
a family of manufactured chemicals used worldwide. Their
typical fluorocarbon structure confers their thermal resist-
ance to high temperatures and repellency for water and oil,

making them useful for the production of industrial and
consumer products. The stability of their tight chemical
bonds makes PFAS very resistant and difficult to eliminate,
thus, persistency and bioaccumulation both in the environ-
ment and the human body, have led to the use of the term
“forever chemicals” when referring to PFAS [11, 42, 53,
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regarding their potential adverse effects on human health
raised only in the last 20 years. The Environmental Protec-
tion Agency (EPA) has estimated over 9000 different PFAS,
therefore, over the last decade, concerns have continued to
mount and several studies demonstrating the harmful effects
of these compounds on the environment and, in turn, on
human health have been published [54]. Epidemiological
and in vitro studies reported that some members of the
PFAS family (in particular Perfluorooctanoic Acid PFOA
and perfluorooctane sulfonic acid PFOS) were proven to:
(i) increase blood cholesterol levels; (ii) decrease fertility
in women,; (iii) cause low infant birth weight; (iv) be poten-
tially carcinogenic [110]. For these reasons, the so-called
legacy- PFAS (mainly represented by the above-mentioned
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PFOA and PFOS) were phased out of production thanks to
several legal restrictions [54]. Nonetheless, new PFAS were
introduced by industries to substitute the banned ones [10].
Among the adverse effects on human health, PFAS are sus-
pected to exert endocrine and in particular thyroid-disrupt-
ing effects. Thyroid diseases affect an estimated 200 million
people worldwide and are also increasingly associated with
a greater risk of developing other clinical conditions, includ-
ing cardiovascular disease, metabolic syndrome, obesity, as
well as depression, and anxiety disorders [23, 84, 124]. A
recent review published in 2020, reported the thyroid-dis-
rupting effects of both legacy and new-generation PFAS,
showing mainly data regarding the banned PFOA and PFOS
and few data regarding Hexafluoropropylene oxide-dimer
acid (GenX) and 2-[(5-methoxy-1,3-dioxolan-4-yl)oxy],
ammonium salt (C604), two PFOA novel alternatives [27].
At present, more and more studies focused on the potential
thyroid adverse effects of the novel alternatives to PFOA but
also novel alternatives to PFOS thus, providing the scientific
community with more data regarding the safety, or toxicity
for thyroid homeostasis of the new-generation PFAS. The
present review aims to overview available data regarding
the novel alternatives to PFOA and PFOS and their potential
thyroid-disrupting effect. To exhaustively address the topic,
we will initially provide a brief section on the more recent
law restriction on PFAS use, following which, most recent
studies regarding the thyroid-disrupting effects of these
novel compounds and why PFAS exposure is detrimental to
human health, will be overviewed.

Regulations and laws issued in recent years

Other than the out-of-law of PFOA and the inclusion of
PFOS in the list of potential carcinogens, numerous restric-
tions have emanated in the last decade. In 2019, the Stock-
holm Convention included PFOA, its salts, and PFOA-
related compounds as substances to be eliminated. POPs
Regulation prohibits the use of PFOA, since July 2020 [118].
In addition, in 2020, Annex I entry for PFOS was amended
to remove exemptions no longer needed in the European
Union (EU) [19]. In December 2023, the international
agency for research on cancer (IARC) considered PFOA
to be carcinogenic to humans and included it in Group 1
(Cancer).

Numerous PFAS are regarded as substances of an equiva-
lent level of concern (ELoC) to carcinogens, mutagens, toxic
and repro-toxicants, persistent/very-persistent, bio-accu-
mulative/very-bioaccumulative. Thus, were included in the
“Registration, Evaluation, Authorisation and Restriction of
Chemicals” (REACH) candidate List of substances so-called
“of very high concern” (SVHC) [98]. Indeed persistence,
mobility, and toxicity of these contaminants represent a
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wildlife warning and also to human health when exposed to
the environment (including through drinking water). There
are overarching objectives in EU water legislation, including
the protection of human health and the environment from
the combined effects of toxic and persistent pollutants. The
Water Framework Directive identified the main substances
that pose a risk to the aquatic environment and established
environmental quality standards for them [18]. In December
2019 the European Parliament and the Council agreed on
the recast of the Drinking Water Directive, by establishing
a limit of 0.5 pg/l for all PFAS [97]. In October 2020, the
European Commission published the Chemicals Strategy for
Sustainability which includes phasing out the use of PFAS in
the EU [17]. In September 2020, the European Food Safety
Authority (EFSA) concluded that the main PFAS that accu-
mulate in the body are PFOA, PFOS, perfluorononanoic acid
(PFNA), and perfluorobutane sulfonic acid (PFHxS). In this
view, for the Z of these for PFAS, a total tolerable weekly
intake (TWI) was limited to 4.4 ng/kg of body weight per
week [50]. However, the exposure of a relevant proportion
of the European population to those substances exceeds the
TWI, thus, raising concern. The Netherlands, Germany,
Norway, Denmark, and Sweden, submitted the restriction
proposal to ECHA on 13 January 2023 to cover a wide range
of PFAS uses [48]. In 2021, Canada proposed to consider
long-chain perfluoro carboxylic acids (C9-C21 PFCAs) for
inclusion in the Stockholm Convention, moreover, since
2022, PFHxS, its salts, and PFHxS-related compounds
have been included [47].In surface waters, PFOS is already
listed as a priority substance, but other PFAS are now also
recognized to pose a risk. In most recent regulations, the
term PFAS refers to a “summation of 24 PFAS”, which was
calculated by comparing the potency of the substances with
that of PFOA (Supplementary Table 1). The proposed Envi-
ronmental Quality Standard for the ¥ of PFOA equivalents is
expressed as an annual average (AA) value of 0.0044 pg/L
in surface waters [117]. On 12 January 2021 took effect the
recast of the Drinking Water Directive, which included lim-
its for PFAS providing two parametric values: “X of PFAS”
of 0.1 pg/L for 20 PFAS and “PFAS Total” of 0.5 pg/L
[119]. In the United Kingdom UK, there is no specific stand-
ard listed in the Water Quality Regulations for PFAS but
the Drinking Water Inspectorate requires water companies
to monitor a list of 47 PFAS for risk assessment purposes
and take appropriate action when PFAS detected. Moreo-
ver, The Health and Safety Executive recently recommended
that the government should develop statutory guidance for
PFAS in drinking water [76]. Commission Regulation (EU)
2022/2388, amending Regulation (EC) No 1881/2006,
sets individual maximum levels for PFOS, PFOA, PENA,
and PFHXxS, together with a maximum level for the sum of
those PFAS, in foods of animal origin [20]. Member States
must test the levels of PFAS in domestically produced and
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imported food and foods with levels of PFAS higher than
those allowed cannot be sold in the EU. Commission Rec-
ommendation (EU)2022/1431, in force from September
2022, recommends that Member States should test for the
presence of the same 4 PFAS during the years 2022, 2023,
2024, and 2025 in a wider range of foodstuffs as compared
to those covered in the recommendation 2022/2388 [21].
Commission Implementing Regulation (EU) 2022/1428, in
force from September 2022, provides methods of sampling
and analysis for the control of PFAS in certain foodstuffs and
provides acceptance criteria for validation of methods and
information on reporting and interpretation of results [22].

Environment Protection Agency (EPA) stated, on
March 2023, the proposed National Primary Drinking
Water Regulation (NPDWR) for PFOA, PFNA,
hexafluoropropylene oxide dimer acid (HFPO-DA,
commonly known as GenX Chemicals), PFHxS, PFOS, and
perfluorobutane sulfonic acid (PFBS). By the end of 2023,
the EPA will expect to finalize this regulation, in addition,
it will be expected a prevent thousands of deaths and reduce
PFAS-attributable illnesses thanks to the implementation of
this rule [55].

Information reported indicates that a continuous evolution
of international restrictions regarding PFAS is ongoing.
However, with regard to novel alternatives of PFOA and
PFOS, few data are available, and current restrictions
were adopted only for GenX, as herein reported. For these
reasons, studies on alternatives to restricted PFAS are
strongly encouraged.

How can PFAS interfere with thyroid
function?

Thyroid hormones (THs) are important regulators of the
growth, development, and metabolism of all vertebrates
[59]. The hypothalamus produces the “thyrotropin-releasing
hormone” (TRH), which stimulates another gland, the
pituitary, to release thyrotropin (thyroid-stimulating
hormone, TSH). TSH is released in the bloodstream
circulation and in turn stimulates the thyroid gland to
produce thyroid hormones (THs) [101]. Thyroxine (T4)
and triiodothyronine (T3) are the main THs produced by
the thyroid gland. THs biosynthesis and release, as well as
several proteins expression and activities, are stimulated by
TSH (the solute carrier family 5A, also known as sodium-
iodide symporter (NIS), pendrin (PDS), dual oxidase type
2 (DUOX), thyroid peroxidase (TPO), thyroglobulin (Tg)
and deiodinases type 1 (D1, DIO1), 2 (D2, DIO2) and 3
(D3, DIO3)). In physiologic balance, T4 and T3 regulate
their concentrations in the blood by negative feedback
acting at the hypothalamic and pituitary levels [102]. THs
are transported via various blood proteins (e.g., albumin

and mainly thyroxine-binding globulin (TBG) or primarily
transthyretin (TTR) to peripheral tissues). The primary
action of THs in cells is to control gene transcription through
the activation of nuclear receptors [102].

In 2018, an update in the Organization for Economic Co-
operation and Development test guidelines (OECD TG 408)
was made. These test guidelines are related to exposure tests
on animal. The up-date included the measurement of TSH,
T4, and T3 serum levels, as well as thyroid gland volume.
This choice was made to improve the detection of potential
endocrine toxicity since these newly included parameters are
responsive to the perturbation of the thyroid axis [96]. The
basic areas of interference with thyroid metabolism are (i)
inhibition of the uptake of iodide at the cellular membrane
of thyrocytes by blocking the NIS transporter; (ii) synthesis
inhibition via TPO; (iii) binding of transport protein TTR in
the bloodstream; (iv) altered hepatic phase-2 catabolism by
glucuronosyltransferase and sulfotransferase metabolism of
T3 and T4; (v) alteration of deiodinase-regulated T4 metabo-
lism; (vi) alterations of transport across cellular membranes
and alteration of cellular receptors (TSH receptor); (vii) epi-
genetic regulation, such as DNA methylation changes [51,
68, 72, 103]. In vitro and in vivo data demonstrated that dif-
ferent PFAS could interfere at several of these levels causing
thyroid disruption [31, 64, 77, 100, 116]. In particular, it is
important to highlight that recent studies demonstrated that
the specific structure of PFAS, which is essential for giving
PFAS its unique chemical characteristics, would play a cru-
cial role in thyroid disruption. Indeed, functional groups and
carbon-chain length of PFAS have been found to influence
their binding affinities to THs or receptors. In particular,
PFASs can compete with T4 for binding to the human TTR
which may reduce THs levels leading to endocrine-disrupt-
ing adverse effects. A recent study, using a computational
approach, showed that the structural determinants of PFASs
are the carbon-chain length and functional group, indeed
longer carbon-chains of PFASs and sulfur-containing tend to
interact in a stronger manner than the shorter-chains. Inter-
estingly, a high binding ability was reported also regarding
“short-chain” PFAS, moreover, their interaction energy is
similar to the longer-chain PFAS. Taken together it could
be hypothesized that PFASs composed of a short chain are
not totally safe, thus they should be carefully regulated [38].
Another thyroid target of PFAS is suspected to be the NIS.
The recent study by Stoker et al., tested the ability of 149
unique per- and polyfluoroalkyl substances (PFAS) to inhibit
the NIS activity, that is the transport of iodine. Among this
set, 38 out of 149 (25.5%) of the PFAS chemicals inhibited
the uptake of iodide >20% as showed by the multi-concen-
tration testing, with 25 out of these 38 displaying a >50%
inhibition, being PFOS and PFHXxS recognized as the most
powerful inhibitors, even if the significant reduction was
observed also for several other screened PFAS chemicals
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[111]. The binding of T3 to TR regulates TRa and TR
gene expression [128]. Evidence suggests that PFASs exhib-
ited agonistic activity on the TR pathway PFASs may not
exploit only one mechanism, but one suggested cause is that
they directly bind to TRs and promote target gene expres-
sion. This explanation sheds light on the possible molecular
mechanisms of PFAS toxicity [134]. The various targets of
PFAS in the thyroid gland are shown in Fig. 1.

Is PFAS exposure an environmental risk
factor for the development of thyroid
cancer?

Recently PFOA entered the list of carcinogens for humans
(Cancer; [120]). However, the issue of whether exposure to
PFAS could specifically increase the incidence of thyroid
cancer remains somehow controversial. Indeed, even if
in vitro studies suggested a potential relationship between
PFAS exposure and thyroid cancer development, data from
epidemiological studies showed controversial findings.
Early studies, aimed at investigating the association between
PFAS exposure and the incidence of several cancers, but
not specifically thyroid cancers, reported a relative low
risk for thyroid cancer development in exposed workers.
However, it should be considered that: (i) a very limited
number of subjects were enrolled; (ii) the findings should

Fig. 1 Interference of PFAS with thyroid function. The image shows
the hypothalamic—pituitary—thyroid axis with the negative feedback
exerted by thyroid hormones on TSH secretion. The synthesis and
secretion of thyroid hormones can be influenced by PFASs through
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not be regarded as consistent in that a great discrepancy was
present between studies [6, 26, 109, 121]. On the other hand,
also the results provided by more recent large series studies,
which, at least in some cases, were specifically designed for
assessing thyroid cancer risk following PFAS exposure, have
not solved the controversy. Indeed, some studies suggest a
potential correlation between circulating PFAS levels and
increased thyroid cancer risk, while some others found a
negative association or no association.

Just to give a few examples, van Gerwen et al., investi-
gated the potential association between PFAS exposure and
thyroid cancer. The levels of PFAS were evaluated in plasma
samples of patients collected before or at thyroid cancer
diagnosis. They found that exposure to several PFAS and in
particular to n-PFOS may be associated with an increased
risk of thyroid cancer [120]. Messmer et al., showed that, in
a population exposed to PFOA (Merrimack, Massachusetts,
drinking water contaminated with PFAS), the risk of thyroid
cancer (and of other three type of cancers) was significantly
higher compared to controls living in low-exposure areas
[85, 93]. Moreover, in an ecological study, Alsen et al. [4],
showed, that high serum levels of PFNA and PFOA (among
other PFAS including PFOS, PFHxS, PFHpA or PFBS) were
the only to be associated with increased thyroid cancer inci-
dence in the US.

On the other hand, Haoran et al., found a significant
negative associations between high serum levels of PFOA,
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various mechanisms: (i) inhibition of iodine uptake via interaction
with NIS, (ii) alteration of Tg synthesis, (iii) alteration of TPO, (iv)
alteration of the signalling pathway of thyroid hormones
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PFNA, PFHxS, PFDA, and PFUnDA and thyroid cancer
risk. One recent cross sectional study was conducted to
evaluate associations between exposure to various chemi-
cals and previous endocrine cancer diagnoses. In this study
(2015-2018), seven PFAS (PFHS), (MPAH), (PFDE),
(PENA), (PFUA), (PFOA) and (PFOS) were measured in
the serum of participants (non-institutionalized, nationally
representative, sample of children and adults used to assess
the health and nutritional status of the United States popula-
tion, NHANES). The results demonstrated an inverse asso-
ciation between PFOS exposure and the likelihood of a prior
diagnosis of thyroid cancer among women, whereas all other
associations with thyroid cancer were null [16].

By moving onto in vitro data, several studies suggested
a possible relationship between PFAS exposure and thyroid
cancer. Just to give few examples it was demonstrated
that PFOA, PFHxA, GenX and ADONA could exert
pro-tumorigenic effects on thyroid cancer cells in vitro
by enhancing some tumor-related genes, affecting cell
proliferation, inducing genotoxicity or modulating the
secretion of pro-tumorigenic chemokines [28, 30, 132].
Thus, whereas in vitro data seem to indicate a potential
pro-tumorigenic effects, at least for some PFAS on thyroid
cancer, epidemiological studies still require more data to
reach a conclusive answer.

New PFOA and PFOS alternatives: restyling
of legacy-PFAS

The extraordinary versatility of PFAS and their practically
indestructible chemical structure, as well as their low
production cost, has prompted industries to rush to
immediately replace the restricted ones like PFOA and
PFOS with alternatives, the so-called “new alternatives to
PFOA and PFOS” or new/next generation PFAS. Compared
with their banned predecessors (PFOA and PFOS), there
is substantially less information regarding emerging PFAS
in the environment. It is important to point out that the
term "emerging PFAS" could be not theoretically correct
for identifying the available alternatives to PFOA and
PFOS, currently used by industries. Indeed, among these
alternatives, there are not only new compounds but also: (i)
old molecules that were less used previously; (ii) long-chain
PFAS less studied and not subjected to restrictions, and (iii)
legacy PFAS “masked” by new PFAS by either shortening or
changing the linearity of their original structure. Indeed, the
“classic” perfluorinated compounds, such as PFOS/PFOA,
consist of a fully fluorinated alkyl chain with a functional
group (e.g. sulphonate) at the end. The new PFAS instead
can have either a short-chain (perfluorocarboxylic acid with
carbon number < 8 and perfluorosulfonic acid with carbon
number < 6) or a slightly modified structure, for example,
being ether or cyclic molecules, which could not meet

the definition of new molecules [53, 56] (Supplementary
Table 1). These compounds emerged to meet market
demand and are increasingly found in environmental and
human matrices at relatively high concentrations due to
their up-to-now unrestricted use [11]. The environmental
presence of these alternatives is the result of direct emissions
from fluorochemical manufacturing PFAS. Unfortunately,
the available studies regarding these compounds showed
in most cases comparable or even greater toxicity in both
epidemiological and toxicological studies [39, 52, 105].

In vitro and in vivo evidence showed that legacy PFAS
and some novel PFOA and PFOS alternatives could be
potential thyroid interferents [27]. These novel alternatives
are numerous and some of them are still unknown to the
scientific community since no studies are available on them.
For this reason, the present review will take into account the
currently most studied PFOA and PFOS alternatives and
their effects on thyroid homeostasis.

Table 1 shows the most studied alternatives to PFOA and
PFOS available and a description of each compound as well
as its known effects on the thyroid which will be overviewed
in the following paragraphs.

Effect of novel PFOA alternatives
on the thyroid gland

Perfluoroalkyl ether carboxylic acids (PFECAs)

PFECAs are a PFAS subclass that has become an increasing
environmental focus. They are composed of active carboxyl
groups and contain a perfluoropolyether chain that confers
hydrophobic properties [40, 112].

Similar to PFOA alternatives, PFECAs have become
widely used in fluoropolymer manufacture or are produced
as by-products during this process. Since their introduction,
many of these alternative chemicals have been detected at
relatively high levels in surface water and human blood
[123].

Ammonium 4,8-dioxa-3 H-perfluorononanoate
(ADONA)

ADONA use is applied in the production of some fluoro-
polymers and fluoroelastomers and serves as an emulsifier.
The final result is a compound functionally indistinguish-
able from the previous ones made by the use of the legacy
PFOA. ADONA is an ammonium salt of perfluoro-4,8-di-
oxo-3H-nonaoic acid and is constituted by the 7-carbon
perfluoropolyether chain and the ammonium ion [60, 67].
ADONA is employed in fluoropolymer manufacturing and
is mainly recovered from waste streams or destroyed ther-
mally during the manufacturing process. ADONA is used
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Table 1 The most studied alternatives to PFOA and PFOS showed with respective chemichal structures and names
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A ium 4,8-dioxa-3 H-perfluorononanoate Hexafluoropropylene oxide-dimer acid Perfluoro (3,5, 7-trioxaoctanoic) acid
(ADONA) (GENXx) (PF030A4)
PFOA
(o]
E
F FF Fp ¢ O F 0 F F | F F
F FFE F EF F F FFEF
. C
' P PR - A >< H F OH ? \O><O><O oM
F e S F o > 0 0" NH; FEF
FFOFFE FEF FoF FoF FFF
Perfluoro (3,5,7,9-tetraoxadecanoic) acid Perfluoro (3,5,7,9,11-pentaoxadodecanoic) 2-[(5-methoxy-1,3-dioxolan-4-yl)oxy],
(PFO4DA) acid (PFO5DoDA) ammonium salt (C604)
1 ek o i
F FFFEFFFFEFFF O>Kj
H F \ )<O F F . Fog .
0 F F %OH NH, O)Y{;%
F F Fr EF
PFOS-ALTERNATIVES
Chlorinated polyfluorinated ether sulfonic acid 6:2CI- Chlorinated polyfluorinated ether sulfoni Perfluorob Ifc (PFBS)
PFOS PFESA acid 8:2CI-PFESA
FFFFFFFF
FFFFFF  FF 0 FF 0 RFRS o
FFE FE FE Fo cl | S—OH a o! S—OH FX K
4 Il 47~OH
F S I FFFFO
FOFFEFFF}

Perfluoroalkyl phosphinic acids (PFPiAs)

6:2 fluorotelomer sulfonate 6:2 FTS

fr I
Wy W Yoy
/ | / )
PO e W o
e /N /N\g
SI[ o [F) d
\F Flg \F F/

Ce/Cs PFPIA Cs/Cs PFPIA

as an emulsifier in some fluoropolymers, such as polytetra-
fluoroethylene (PTFE), widely used as a non-stick coating
on cookware and other surfaces that come into contact
with food. Few data are available in humans on serum con-
centrations of ADONA. In one study performed in plasma
samples of blood donors living in South Germany, the
compound was generally detected at levels above the Limit
of Quantitation (LOQ) of (0.2-14.4 pg/I) only in a minor-
ity of samples [60]. Little information is available for
ADONA levels in drinking water. When PFOA was phased
out, in 2008, the waters of river Alz showed 6.2 pg/l of
ADONA, compared to 7.5 pg/l of PFOA detected in 2006
at the same sampling site. Of note, in 2009, the ADONA
concentrations in the same river declined to 0.8 pg/l [1].
Wistar rat repeated dose toxicity test showed increased
incidence and severity of thyroid follicular hypertrophy up to
100 mg/kg in males; the authors considered this an adaptive
change to the increases in liver weight and incidence and
severity of hepatocellular hypertrophy/hyperplasia [45].
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In an in vitro study performed on both human normal
thyroid cells (NHT) and rat thyroid cells (FRTL5), ADONA
showed minimal adverse effects on cell viability and
proliferation [132]. However, it was demonstrated that the
expression of THs regulation genes was altered in vitro by
ADONA. Indeed, it was found that ADONA altered the
mRNA levels of PAX8 in FRTLS and of TSHr in NHT at
a sub-cytotoxic dose [132]. Pax8 belongs to the paired-box
(PAX) family. This transcription factor is involved in the
development, and differentiation of the cells composing the
thyroid gland, and hormone synthesis [33, 34]. In addition,
PAXS is reported to be up-regulated in thyroid cancer
being regarded as a gene potentially involved in thyroid
carcinogenesis [43]. TSH-receptor (TSH-R) plays a crucial
role in the synthesis of THs and also in their release [78].
Damages or incorrect expression of this gene could lead
to several thyroid-related diseases (cancer, autoimmune
diseases, and many others) [78]. The mechanism by which
ADONA could interfere and disrupt thyroid function is still



Journal of Endocrinological Investigation

not yet elucidated but its adverse effect was demonstrated
in vitro [132].

Hexafluoropropylene oxide-dimer acid (GENx)

Gen-X (also known as HFPO-DA) is used, following the
gradual elimination of PFOA [9]. Gen-X is composed of
oxide-dimer acid with 6 carbon atoms linked to eleven
fluorine atoms. This compound was estimated to have a
10-100 tons annual production in Europe, where it has been
in use for more than ten years [44, 104, 114]. High levels of
GenX were found in river sampling sites from Germany and
The Netherlands (EU) both nearby and far away from fluoro-
chemical plants. In addition, high levels were detected in
drinking water and raw water of plants intended for drinking
water treatment [9, 62, 74]. In 1980 the Fayetteville Works
facility (North Carolina) contaminated the Cape Fear River
by discharged process wastewater [79, 122]. To provide an
exhaustive answer to the question: “Are PFAS detectable
in me?” it was developed the so-called “GenX Exposure
Study”. In response, New York City State and researchers
collected blood samples (289 adults and 55 children among
Wilmington residents) between 2017 and 2018. Additionally,
44 subjects had a second blood sample collected six months
after the first one. The first evaluation was aimed at detecting
which PFAS were present. The second one was performed to
highlight changes in PFAS levels over six months. It should
be highlighted that GenX was not detectable despite its
presence in drinking water in the same area [79].

The thyroid adverse effects exerted by GenX are
demonstrated both by in vitro studies and animal models.
Briefly, GenX had a greater incidence of placental
abnormalities on mice while in rats it was observed a
greater incidence of reduced maternal THs levels as well
as elevated levels of Peroxisome proliferator-activated
receptors (PPAR)-regulated the expression of both maternal
and fetal genes expressed in livers. Moreover, GenX was
demonstrated to be a developmental toxicant for rats causing
increased neonatal mortality and reduced birth weight [25].

In the recent study by Zhang et al., the potential
adverse effects of ADONA GenX and PFOA in vitro on
human and rat thyroid cells were compared [132]. The
results identified GenX as the compound showing the
highest thyroid cytotoxicity. In addition, GenX exposure
was associated with a more profound reduction of the
proliferation rate of cells showing an even more profound
adverse effect when compared to PFOA. In addition, Genx
was able to induce PAX8 and TSHR mRNA expression
levels in both FRTL-5 and normal thyroid cells [132].
The data by Zhang et al., confirmed a previous study
by Coperchini et al., showing strong genotoxicity and
cytotoxicity of GenX for rat thyroid cells in vitro [28].
Taken together the above data from in vitro studies and in

animal models point toward an adverse effect of GenX on
thyroid homeostasis.

Other PFECAs: perfluoro (3,5,7-trioxaoctanoic) acid
(PFO30A), perfluoro (3,5,7,9-tetraoxadecanoic)
acid (PFO4DA), and perfluoro
(3,5,7,9,11-pentaoxadodecanoic) acid (PFO5DoDA)

The perfluoro(3,5,7-trioxaoctanoic) acid (PFO30A),
perfluoro(3,5,7,9-tetraoxadecanoic) acid (PFO4DA),
and perfluoro(3,5,7,9,11-pentaoxadodecanoic) acid
(PFO5DoDA) were investigated for their potential thyroid
disruptive effects. Median blood concentrations of
PFO4DAand PFO5DoDA from healthy volunteers living
near the Chemours plant (North Carolina, USA) have been
detected at>2 ng/mL (detection rate:98%) and < 0.5 ng/
mL (detection rate: 98%), respectively [12]. PFO2HXA,
PFO30A, and PFO4DA have been detected in surface water
from the Cape Fear River (PFO4DA: 2.5 ng/ml) [79]. In a
recent study, the developmental toxicities of various PFECAs
in zebrafish embryos (e.g., perfluoro(3,5,7-trioxaoctanoic)
acid (PFO30A), perfluoro(3,5,7,9-tetraoxadecanoic) acid
(PFO4DA), and perfluoro(3,5,7,9,11-pentaoxadodecanoic)
acid (PFO5DoDA) was compared with that of the banned
PFOA. Results showed that based on half maximal effective
concentrations (EC50), an increase in the toxicity was
observed showing a higher effect of PFO5SDoDA when
compared to the others and also with PFOA. Howeyver, a toxic
effect was observed also after exposure to PFO4DA, PFOA,
or PFO30A, showing uninflated posterior swim bladders
that were the most frequently observed malformation [123].
PFECA exposure lowered in a significant manner THs levels
(e.g., T3 and T4) in the whole body of larvae at 5-d post-
fertilization following disrupted the metabolism of TH.
This effect was similar to what was observed after exposure
of larvae to PFOA. In addition, the transcription of UDP
glucuronosyltransferase 1 family a, b (ugtlab), a gene related
to the metabolism of THs, increased in a dose-dependent
manner. Finally, the supplementation of exogenous T3 or
T4 partly rescued the posterior swim bladder malformation
induced by PFECAs. This study reported for the first time
a thyroid-disrupting effect exerted by emerging PFECAs as
causing swim bladder malformation. Thus, adverse effects
were caused also by these PFOA alternatives for the thyroid
system [123].

The PFAS with a cyclic structure:
2-[(5-methoxy-1,3-dioxolan-4-yl)oxy], ammonium
salt (C604)

C604 is a relatively new compound, for which several
studies have been performed in the last three years. Indeed,
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before 2020 no peer-reviewed study was available regarding
the potential adverse effects of this compound for human
health. C604 use applies to the polymerization process of
fluoropolymers for the final make of food contact articles
[49]. C604 is not thermally stable and shows a high degree
of solubility. C604 was shown to be produced or imported
in a quantity near 1-10 tons per year in the EU [46]. In 2019
C604 was found in the River Po by ARPAV (the Regional
Agency for the Prevention and Protection of the Environment
in Veneto, Italy) and was also reported to be found with peak
concentrations of ~ 100 ng/l near some areas of the Veneto
region (Italy), [5]. No available data on serum or tissue
levels of the new generation perfluoro-alkyl substance C604
exist so far. However, C604 has been measured in the serum
of MITENI workers, with very variable concentrations
and very high maximum concentrations, being the highest
median value (60.77 ng/mL) found in workers of the pilot
plant for C604 recovery [65]. As far as the thyroid axis is
concerned, the first in Vitro study on C604 effects on thyroid
cells was performed in 2020 by Coperchini et al., who
evaluated the effects of C604 exposure in FRTLS rat thyroid
cell line, showing no relevant adverse effects at difference
with what observed after exposure to the long chain PFOA
and PFOS [29]. However, in a more recent study by the same
group, it was found that some PFAS, including C604, exert
an up-regulation of the pro-tumorigenic chemokine CXCLS8
at mRNA and/or protein levels [30]. Furthermore, another
in vitro study evaluated the potential disrupting effect of
C604 (as compared with PFOA and PFOS) on a murine
thyroid cell model, showing that C604, PFOA, and PFOS
could exert a potential direct differential interaction on the
same binding site of the extracellular domain of TSHR. On
the other hand, no effect on either cell viability or on cAMP
levels and iodine uptake was exerted by C604 in this in vitro
model [36].

Effect of novel PFOS alternatives
on the thyroid gland

Chlorinated polyfluorinated ether sulfonic acid
(PFESAs), the components of F-53B

Chlorinated polyfluorinated ether sulfonic acid
6:2C1-PFESA and 8:2CI-PFESA are two major components
of the commercial compound F-53. Based on the metal-
plating industry.6:2 CI-PFESA has a perfluoroalkyl ether
chain with 8 carbon atoms, the sulfonic acid group in
position 2, and an atom of chlorine in position 6 of the
chain. 8:2CI-PFESA is constituted by a perfluoroalkyl
ether chain with 10 carbon atoms, a sulfonic acid group in
position 2, and an atom of chlorine in position 8.F-53Bhas
been widely used in decorative and hard metal plating since
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the late 1970sand was applied as a mist suppressant in the
electroplating industry [126]. Following global actions to
phase out PFOS, F-53B has represented a good market
valuation in China owing to lower production costs [107].
Although China is the only known country producing
Cl-PFESAs, they were detectable in Arctic wildlife,
indicating the potential for long-distance transport and
possibly worldwide contamination of CI-PFESAs [63],
which was shown to bioaccumulate in aquatic wildlife at
concentrations comparable to PFOS [37, 125].

Next to PFOS, 6:2 CI-PFESA has become the third
most prevalent PFAS detected in sera blood or cord blood
of pregnant women in China [88]. As far as the potential
thyroid-disruption effect of PFESAs is concerned, some
studies reported interesting results on animal models.
Indeed, one of the main concerns regarding the disruptive
effects of F-53B on the endocrine system is the dysfunction
of the hypothalamic—pituitary—thyroid axis.

A toxicity study, performed after 28-d continuous
oral administration of F-53B to rats [73], demonstrated a
reduction of T3 and T4 in the absence of TSH changes,
in line with previous studies on oral administration of
other PFAS in rat models, reporting a decrease in thyroid
hormone levels without compensatory increases in TSH
[94, 95]. Thyroid histology of rats treated with F-53B
confirmed the presence of thyroid follicular hyperplasia, as
well as increased protein expression of TSHR and TPO by
immunohistochemistry [73].

On the contrary, when the zebrafish model was used,
different findings were observed. Deng et al. exposed
zebrafish embryos to different concentrations of F- 53B for
5 days finding increased levels of T4 [37]. Similar findings
were reported in the study by Shi et al. that observed, an
increase in T4 levels in both in adult and embryo zebrafish,
following exposure to F-53B for 180 days. The same study
also found a decrease in T3 levels in adult fish and larvae
after F-53B exposure [108]. However, moving to other
aquatic species, different trends were observed. Indeed, T3
and free T3 levels were increased in Chinese rare minnows
after 28-d exposure to F-53B [91]. Moreover, mRNA
expression of genes regulating thyroid hormone synthesis
including TSH, NIS, Tg, TPO, TTR, deiodinase (Diol,
Dio2), receptor (TRa and TRp), and CRH were decreased. In
addition, the uridine diphosphate glucoronosyl-transferases
(UGT1A) gene, regulating thyroid hormone metabolism,
was also downregulated. After twelve weeks of depuration
without exposure, the perturbation of these genes persisted,
demonstrating that chronic developmental exposure to
CI-PFESAs caused persistent TH-disrupting effects in fishes
[91].

These data would suggest that the abnormal transcription
of thyroid hormone receptor genes, with, however, some
species-related differences, could be ascribed as the
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mechanism involved in the endocrine toxicity exerted by
F-53B.

Moving to in vitro data, the exposure of human HEK
293 embryonal cells to F-53B showed a perturbation of TH
levels. The reason is that F-53B could not only fit into the
binding pocket of TRa and TR, like T3 but could also fit
into the TTR ligand-binding pocket, similar to T4[130].
Indeed, it was demonstrated that in vitro, F-53B exhibits
a higher affinity to transthyretin (TTR) than PFOS and
can activate TRs [129]. Finally, moving to in vivo data on
humans, the potential association between Cl-PFESA serum
levels and thyroid cancer was investigated in a case—control
study revealing no significant association. However, a
significant association was found in the same cohort between
CI-PFESA levels and increased FT4 serum concentrations
[90].

In a study population performed on subjects from
“Isomers on C8 health project in China”[133], it was
reported that exposure to CI-PFESAs, which was detected
in 64.6-99.9% of the population, was positively associated
with thyroid hormones concentrations in the general adult
population, being this association non-linear. Taken together
these two CI-PFESA, which compose F53B, are strongly
suggested to exert thyroid interference in vitro, in several
animal models, and also in vivo on humans.

Perfluoroalkyl phosphinic acids (PFPiAs)

The chemical structure of PFPiAs is very like to the one of
the legacy PFOS [83]. They are usually used as wetting and
leveling agents in cleaning products and were historically
used as pesticides in the United States until 2008 with a
consistent annual production volume (i.e. 4.5-227 tons
between 1998 and 2002) [75]. PFPiAs have been found in
different matrices including human bodies, waters and also
in dust, and others, [35, 70, 77], and 6:6, 6:8, and 8:8 PFPiA
were the most abundantly detected homologs. The 6:6 and
6:8 PFPiA were detected in over 50% of 50 human sera
samples (range of 4-38 ng/L) [82]. The mean concentrations
of the summation of these PFPiAs (6:6, 6:8, and 8:8 PFPiA)
in samples of waste recovered in Vancouver was 2.3 ng/g,
and 1.87+2.17 ng/g wet weight in fish, dolphin, and bird
plasma in North America [35]. Several studies demonstrated
that PFAS with longer carbon chain lengths (like PFPiAs)
are more toxic than short-chain PFAS [80, 81]. In the aquatic
animal model, it was reported that PFPiAs (6:6, 6:8, and
8:8) modulate the expression of some genes in the HPT
axis and cause THs imbalance, demonstrating their effect
on thyroid disruptors. Indeed, after exposing a zebrafish to
the 8:8 PFPiA it were showed not only higher levels of T3
and T4 but also other adverse effects which could be due
to thyroid interference (lower body length, and heart rate).
Interestingly these three PFPiAs inhibited the expression

of tsh and tshp genes by a negative feedback mechanism,
showing in particular a higher effect exerted by 8:8 PFPiA
[89]. In a subsequent study by Kim et al., zebrafish embryos
(b4 hpf) exposed to various concentrations of 8:8 PFPiA for
144 days, showed an up-regulation of several genes involved
in neurodevelopment (crhb, dio3a,tshr, and nkx2.1)[77].
Furthermore, global DNA methylation was significantly
decreased. The promoter of DNA methylation of selected
genes (dio3, tshr, nkx2.1) was not statistically modified, but
dio3 methylation showed a decreasing trend after 8:8 PFPiA
exposure. Taken together, data on PFPiA are available only
on aquatic animal models and suggest a potential thyroid
disruption by these PFAS. However, to make a firm point on
these novel alternatives more studies are required.

Perfluorobutanesulfonate (PFBS)

PFBS is a short-chain substitute for PFOS. PFBS is
composed of a 4-carbon perfluoroalkyl chain and a sulfonic
acid functional group. PFBS is used in industrial products,
such as textiles, firefighting foams, electronics, and plastics
[115]. In vitro data on a thyroid cell model reported no
changes in cell viability, proliferation, or cAMP levels after
exposure to PFBS. On the other hand, when animal models
are taken into account, PFBS causes multiple effects on
the thyroid system. Feng et al. evaluated the interference
of prenatal PFBS exposure on perinatal growth and
development, pubertal onset, and reproductive and thyroid
system in female mice orally administered on days 1-20
of gestation. They showed a decrease in serum T4 and T3
levels in fetal, pubertal, and adult offspring with a parallel
even if moderate increase in the concentrations of TSH and
TRH. Moreover, in PFBS dams, it was observed a total T4
and T3 levels and free T4 levels significantly decreased as
well as an increase in TSH levels. These results indicate
that prenatal PFBS exposure causes hypothyroxinemia [57].
In a more recent study, Cao et al. found that exposure to a
quantity > 200 mg/kg/day of PFBS through reducing THs-
induced inhibition of Akt-mTOR-signaling in granular cells
and cumulus cells of adult mice, led to impairment of the
development of follicles and the biosynthesis of ovarian
hormones [14].

PFBS is frequently found in the aquatic environment
representing an increasing concern for the habitat. The
multigenerational thyroid-disrupting potential of PFBS
was investigated by examining three generations of medaka
eggs (i.e. FO, F1, F2). PFBS exposure decreased the
levels of T3 in FO female blood. On the other hand, PFS
was found to increase T3 or T4 levels in brains of FO, in
that hyperthyroidism suppressed the local transcription of
Dio2. In addition, the decrease of T3 was transferred to F1
eggs, nevertheless, a reversion of the parental influences
was present in F1 larvae. High T3 levels in F1 larvae were
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coupled with delayed hatching [14]. Moving to, F1 adults
they showed symptoms of thyroidal disruption that were
comparable with FO adults. Finally as regards F2, although
an observation of a permanent thyroid disruption and
synthesis of T4 in F2 larvae, it was found a low recovery. In
conclusion, offspring, albeit not directly exposed, suffered
from a more severe thyroid dysfunction [14]. In addition, a
recent study in the same aquatic animal model showed that
PFBS exposure caused interference with several processes
of thyroid function (e.g., thyroid gland development,
synthesis and transport of THs receptor-mediated signaling,
and feedback regulation). The combinations of PFBS and
hypoxia interacted to interfere with the correct function of
the thyroid endocrine system [115]. Another study evaluated
the effect of PFBS on zebrafish exposed to increasing
concentrations of the PFAS for 4-d, with a concomitant
addition of probiotic bacteria Lactobacillus rhamnosus in the
rearing water. The results showed that probiotics inhibited
the stunted growth defect of PFBS via stress and modulation
of the thyroid axis [113].

Moving to human data, a recent prenatal perspective
cohort study by Cao et al., found a negative association of
cord serum PFBS with TSH concentration in newborns [15].
Taken together, data available for PFBS encompass in vitro,
animal models, and in vivo data, which consistently point
toward a thyroid disruptive effect of this PFAS.

6:2 Fluorotelomersulfonate: 6:2 FTS

One potential PFAS replacement based on reduced
persistence and/or toxicity is 6:2 fluorotelomer sulfonate
(6:2 FTS), which has been found in water at known
PFAS-contaminated sites [8, 13, 24]. It is composed of a
perfluoroalkyl chain with 8 carbon atoms and presents a
telomeric group in position 6 and a sulfonate group.

Capstone FS-17, used in several commercial products
with different applications (spacing from cleaning products
to paints) is mainly composed of fluorotelomer sulfonates
(FTS). Other applications include mist suppressant products
in chrome plating (e.g., Fumetrol 21), and are currently
used as replacements of PFOS and PFOA. 6:2 FTS is
both an abiotic breakdown product of 6:2 fluorotelomer
sulfonamide alkyl betaine (FTAB) and 6:2 fluorotelomer
sulfonamide alkylamine (FTAA) and (D’Agostino and
Mabury 2017) and a biotransformation product of
6:2 fluorotelomermercaptoalkylamido sulfonate [71].
Biomonitoring California group for chemicals analyzed the
6:2 FTS levels in the serum of 100 Chinese and Vietnamese
adults living in the San Francisco Bay area collected in
2016 and 2017 reporting no significant concentrations of
this compound [13].

In vitro data suggest that 6:2 FTS may be involved in
altering the binding of THs to serum carrier proteins,

@ Springer

however, 6:2 FTS was estimated to be 100 times less potent
than PFOS as a thyroid hormone disruptor [7]. In a recent
study, Flynn et al. evaluated if PFAS exposure (including
6:2 FTS) could affect thyroid morphology and function in
toads and salamanders finding no significant alterations of
thyroid gland histology and/or in thyroid hormone levels.
However, the low number of samples could be a limitation
of this study as suggested by the Authors themselves [58].
In addition, Bohannon et al. evaluated the effect of the
exposure to 6: FTS in white-footed mice exposed orally to
6:2 FTS for 112 days (4 weeks premating exposure plus
at least 4 weeks mating exposure). The study highlighted
the potential immunotoxicity of this compound but 6:2 FTS
dosing did not alter sex steroid or thyroid hormone levels,
thereby not supporting the shreds of evidence of altered
serum hormone levels [8]. Taken together the available data
would not support the presence of thyroid-related adverse
effects for 6:2 FTS.

PFAS mixtures, the real problem

Human health risk assessment of PFAS is up to now largely
based upon animal toxicity data, derived from a single
substance exposure. However, this strategy appears to not
adequately assess the risk related to exposure to a mixture
of compounds. Few in vitro studies focusing on PFAS
mixtures revealed that these compounds could exert additive
or synergistic/antagonistic effects, that could depend upon
mixture components, target species, and dose ratio [99].
Following, an overview is provided of the recent studies
aimed at assessing the effects of a mixture of PFAS on
thyroid function in humans.

Li et al. compared the levels of eight PFASs (PFOS,
PFOA, PFHxS, PFPeA, PFPrA, PFBA, PFHxA PFBS),
thyroid function parameters (TSH, FT4, FT3) and thyroid
antibodies (TgAb, and TMADb) that were evaluated in serum
of the general population of some provinces in southern
China [86]. The findings highlighted that ) 8PFASs as
well as PFOS were significantly and negatively correlated
with the serum levels of FT3 and FT4, whereas they were
positively correlated with the serum levels of TSH. By going
into detail, among these 28 PFASs, PFPeA and PFHxA
were significantly and positively correlated with TgAb and
TMAD. In the hypothyroidism and hyperthyroidism group,
the levels of FT3, and TSH were opposite associated with
PFOS, PFOA, and PFHxS, suggesting that these PFAS could
induce an increase in the negative feedback mechanisms of
TH at the pituitary level [86].

In the recent study by Liu et al., both alternative and
legacy PFAS were detected in serum samples from 161
adults from Laizhou Bay, a chemical production site located
in Shandong province (Northern China). The presence of
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an association between PFAS mixture serum levels (eleven
perfluoroalkyl carboxylates PFCAs, three perfluoroalkane
sulfonic acids PFSAs, 4 m-PFOA, 5 m-PFOA,
isoPFOA,1 m-PFOS, 4 m-PFOS, 5 m-PFOS, isoPFOS 6:2
CI-PFESA, 8:2 CI-PFESA, ADONA) and thyroid parameters
(free T4, total T4, free T3, total T3, TSH, TPOAb, TGAD)
was investigated to assess potential health risks. The analysis
of the effects of a single PFAS showed no significant
association between serum PFOA concentrations (identified
as the most abundant PFAS in human serum) and serum
TSH levels or any other biomarkers of thyroid function.
Multiple regression analysis showed that higher exposure
of PFNA, PFDA, and n-PFOS, were associated with a
marginal increase in free T4. No association with thyroid
autoimmunity (TPOAb, TGADb), was shown. However,
when PFAS were considered as a mixture and associated
with thyroid hormone profile, the results showed that
co-exposure of n-PFOA, PFNA, PFDA, and PFOS induced
synergistic effects on free T4, while the mixture of serum
PFBA and 6:2CI1-PFESA showed a synergistic influence on
total and free T3. These findings suggest that both legacy
and alternative PFAS could disrupt thyroid function [87].
Moving to pre-natal studies interesting data were provided in
the “Shanghai Birth Cohort study” indicating that maternal
exposure to PFAS mixtures in early pregnancy was positively
associated with FT4 levels while being negatively related to
TSH levels in TPOAb-positive women [3]. Another study by
the same Authors suggested that cord serum TSH levels were
negatively associated with neonatal PFOS, PFNA, PFDA,
PFUnDA, and PFDoA exposures, and cord serum PFDoA
increased FT4 levels [2]. In agreement with this study, Guo
et al. measured the concentrations of 12 PFAS and 7 thyroid
function indicators, reporting that some PFAS increased
T4, and FT4 levels in cord serum, which was paralleled
by a decrease in TSH levels [69]. In pregnant women and
neonates, from the Boston Project Viva Cohort, higher
concentrations of a PFAS mixture, which included PFOA,
PFOS, PFNA, PFHxS, Et-PFOSA-AcOH, and Me-PFOSA-
AcOH, were associated with decreased maternal and fetal
free T4 indices [106]. Further analyses revealed that PFOA,
PFHxS, Me-PFOSA-AcOH, and 2-(N-ethyl perfluoro octane
sulfonamide) acetic acid (Et-PFOSA-AcOH) were the main
contributors to the observed decrease in free T4 indices.
No association was reported between the PFAS mixture
and maternal T4 or TSH levels, but higher PFOS level
was associated with increased maternal T4 levels, while
increased PFOA level was associated with lower maternal
free T4 index. PFHxS levels were non-linearly associated
with maternal circulating TSH. Increased PFHxS levels
were associated with decreased T4 levels in neonates as well
[106]. Crute et al. [32] investigated the effects on maternal,
fetal, and placental outcomes after preconceptional and
gestational exposure to a PFAS mixture in a White rabbit

model of New Zealand. This mixture contained 10 different
perfluoroalkyl acids (PFAAs,PFHxA, PFPeA, PFHpA,
PFBA, PFOA, PFOS, PFHxS, PFDA, PFNA, and PFBS)
for a concentration of XPFAS near to 760 ng/L. Placental
macroscopic changes were present in PFAS-exposed dams.
In addition, lower circulating T4 and a non-significant trend
for a higher T3:T4 ratio were found in these Dams. Goodrich
et al., evaluated associations of PFAS mixtures (PFOS,
PFHxS, PFHpS, PFOA, PFNA, and PFDA) with changes in
metabolic pathways in an independent cohort of 137 young
adults from the Southern California Children's Health Study
(CHS) reporting a correlation with increased T4 levels [66].
Wang et al. evaluated the associations of prenatal exposure
to a mixture of 12 PFAS (PFOA, PFOS, PFHpA, PFNA,
PFDA, PFHxS, PFUnDA, PFBS, PFDoA, PFHpS, PFDS,
and PFOSA) with birth size to assess whether reproductive
hormones and THs could have a role in these associations.
In this view THs and PFAS levels were assessed in the
cord serum of 1087 mother-newborn pairs obtained from
the Sheyang Mini Birth Cohort Study, showing that PFNA
exposure was positively associated with weight and that
TSH appeared to mediate the associations between PFAS
mixtures exposure and increased Ponderal index (PI) in high-
dimensional mediation analysis framework [127]. Moreover,
Cao et al., measured several PFAS (including 8:2 C1-PFESA)
and thyroid hormone levels in a birth cohort study of 1015
pairs of mothers and newborns in Wuhan, (China). PFASs
and TSH concentration were quantified in cord blood sera. A
decreased TSH concentration in all newborns was associated
in a significant manner. In particular, it was observed that
PFBS, PFOS, and 6:2 CI-PFESA (56.50%, 18.71%, and
12.81%, respectively) were the greater influencers of the
TSH decrease in neonates with the weights of. Interestingly,
a negative association between cord serum PFBS and
8:2 CI-PFESA with TSH concentration was observed in
newborns, especially for boys[98]. Multiple linear regression
models and Bayesian kernel machine regression models
showed that prenatal PFAS mixture exposure, was positively
associated with birth size and that such associations were
partly mediated by cord serum TSH levels [15].

A recent study analyzed the correlation between
prediagnostic serum levels of 19 PFAS and papillary thyroid
cancer, showing a positive correlation between PFAS and
the risk of developing thyroid cancer [92]. In addition,
the ecological study by Alsen et al. examined the possible
correlation between exposure to PFASs in drinking water
and thyroid cancer incidence in the United States, finding
a significant correlation between PFOA, PFNA and thyroid
cancer, while no statistically significant correlation was
found between PFOS, PFHxS, PFHpA or PFBS and thyroid
cancer incidence.” [4].

Finally, Zang et al. enrolled a total of 295 gestational
diabetes mellitus GDM cases and 295 controls from a
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prospective cohort of 2700 pregnant women in Shanghai.
In total, 16 PFAS (PFBA, PFPeA, PFHxA, PFHpA, PFOA,
PFNA, PFDA, PFUnDA, PFDoDA, PFBS, PFPeS, PFHxS,
PFHpS, PFOS, 6:2 PFESA, and 8:2 PFESA) were measured
in maternal spot serum samples in early pregnancy [131]
to evaluate potential associations with circulating thyroid
hormones. Several statistical regression models were applied
in the analysis of PFAS exposure on the test for oral glucose
tolerance and gestational diabetes mellitus (GDM) risk. It
was found that PFOA exposure in pregnant women was
associated with a higher risk of GDM, being this association
consistent with elevated concentrations in GDM subjects
as compared with controls. Mediation analysis showed an
increase in the FT3 to FT4 ratio partially explaining the
mechanism of this association [131].

Conclusion

The present review article overviewed the available
information regarding the currently most employed PFOA
and PFOS alternatives and their potential thyroid adverse
effects. The available data suggest that these alternatives,
or at least some of them, should not be regarded as safe.
Indeed, most of them were shown to produce thyroid
interference at several levels. The thyroid-disrupting effects
were recognized in vitro, in several animal models as well
as in vivo studies in humans. The comparison between
novel PFAS and their old predecessors highlights that the
spectrum of adverse effects is not superimposable showing a
sort of compound-related specificity. To add complexity, the
effect of a single compound versus a mixture of compounds
is not always easy to estimate. For both the above concepts,
it appears clear that exposure time, concentration of a given
PFAS as well as the model and/or species used may sustain
different results.

Taken together the reviewed shreds of evidence might
raise the following question: Are we searching for safer
compounds or are we looking for an easy, rapid, and
inexpensive way to replace banned compounds?

At present, the question remains unanswered but, at
least in some cases, it appears reasonable to think about
a general trend leading to the "restyling” of legacy PFAS
which results in the production of legal but far to be proven
safe and environmentally sustainable compounds.

In our opinion, the issue is a challenging one and to be
judged as solved two main lines should be followed:

1. Studies specifically designed to test the safety profile of
any newly produced PFAS alternative should be strongly
encouraged

2. Regulation by specific laws aimed at limiting the
release of PFAS in the environment together with active
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interventions with the final goal of removing PFAS from
the environment. This latter aspect is surely not easy
to address, but still, it represents the final goal to be
achieved.

In this view, several technical approaches are ongoing
to remove PFAS from the waters. On the other hand, if we
continue introducing PFAS in the environment, this will
become a “never-ending story”.
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