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ABSTRACT
Per- and polyfuoroalkyl substances (PFAS) are extensively utilized in industrial and consumer applications, such as frefghting
foams, textiles, electronics, industrial coatings, food packaging, and household consumer products, due to their excellent chemical
stability. However, legacy long-chain PFAS are prohibited because of their endocrine-disrupting properties, bioaccumulative
nature, and potential carcinogenicity, followed by the emergence of new alternatives, such as short-chain congeners and novel
PFAS alternatives. PFAS are known to disrupt endocrine function, and the thyroid gland, a critical endocrine organ, is particularly
vulnerable to their efects. Mother‒child populations are more likely to be afected by PFAS due to their specifc physiological
characteristics, metabolic diferences, and developmental stages. This paper reviews the exposure levels of legacy PFAS and their
alternatives in maternal and infant blood and breast milk, and the relationship between PFAS exposure and thyroid hormone (TH)
levels. It also examines the similarities and diferences in the mechanisms by which diferent PFAS afect thyroid function.
Research has revealed that both legacy and PFAS alternatives have been detected in maternal blood, infant blood, and breast milk.
While legacy PFAS exhibit higher exposure levels with notable regional variations, the concentrations of PFAS alternatives,
although lower, remain a concern. PFAS exposure afects TH in mothers and infants, with legacy PFAS having a more signifcant
efect. The mechanisms underlying thyroid disruption caused by diferent PFAS are largely similar. However, PFAS alternatives
are characterized by high protein afnity, ability to disrupt fatty acid metabolism, and high hydrophilicity, and may also increase
the risk of thyroid cancer (TC). This study provides critical evidence for evaluating the safety of PFAS alternatives and provides
a scientifc foundation for developing preventive and regulatory measures.

1 | Introduction

Per- and polyfuoroalkyl substances (PFAS) are a group of
synthetic compounds that are extensively manufactured and
utilized in outdoor gear, furniture, nonstick pans, electronics,
fabrics, and cosmetics [1], due to their excellent surfactant
properties, thermal stability, and chemical resistance [2].
However, long-chain PFAS, such as perfuorooctane sulfonate
(PFOS) and perfuorooctanoic acid (PFOA), are restricted by
their persistence in the environment, bioaccumulation in or-
ganisms, endocrine-disrupting properties, and potential

carcinogenicity [3, 4]. Consequently, short-chain alternatives,
such as perfuorohexane sulfonate (PFHxS) and perfuorobutane
sulfonate (PFBS), as well as emerging PFAS like hexa-
fuoropropylene oxide dimer acid (HFPO-DA, Gen-X) and
chlorinated polyfuoroalkyl ether sulfonate (Cl-PFESA) have
been introduced [5, 6]. Despite their widespread use, current
research on these PFAS alternatives is fraught with gaps. Pre-
liminary evidence suggests that these alternatives may exhibit
greater cytotoxicity, but their environmental behavior, bio-
accumulation potential, and long-term health impacts,
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particularly their carcinogenicity and endocrine-disrupting
properties, are poorly understood [7, 8]. Thus, further in-depth
research into their safety is urgently needed.

While genetic predisposition, radiation exposure, metabolic
syndrome (including obesity, hypertension, hyperlipidemia, and
diabetes), and unhealthy lifestyle factors are recognized con-
tributors, increasing evidence suggests that long-term exposure
to environmental pollutants, including PFAS, may also increase
the risk of thyroid cancer (TC) [9, 10]. PFAS are classifed as
endocrine-disrupting chemicals (EDCs) [4], and the thyroid,
a critical endocrine organ, is particularly vulnerable to their
efects [11]. Recent epidemiological studies have revealed posi-
tive associations between environmental EDCs and an increased
incidence of thyroid disorders [12, 13].

Mother‒child populations face unique risks from PFAS exposure
due to their distinct physiological characteristics, metabolic
diferences, and developmental stages. For pregnant and lac-
tating women, primary exposure pathways include consumption
of protein-rich foods (e.g., meat, eggs, and dairy) and drinking
water contaminated with PFAS, direct contact with PFAS-
containing consumer products (e.g., food packaging, textiles,
and household cleaners), and inhalation or ingestion of envi-
ronmental media (e.g., air, soil, and dust) [14–16]. PFAS can
efciently cross the placental barrier to reach the developing
fetus, while infants are further exposed through breastfeeding
and postnatal contact with PFAS-contaminated environments
[17–19]. Therefore, identifying and mitigating PFAS exposure in
mother‒child populations is of paramount importance.

This study synthesizes existing research to examine PFAS levels
in maternal and infant blood and breast milk, analyzes the as-
sociation between PFAS exposure and thyroid hormone (TH)
levels, and explores the mechanisms by which both legacy and
alternative PFAS afect thyroid function. By highlighting the
similarities and diferences in their efects, this review aims to
guide the formulation of targeted prevention and control mea-
sures. Notably, a recent systematic review and meta-analysis by
Du et al. summarized pooled evidence on PFAS exposure and
thyroid health across the general population, including pregnant
women [20]. The present review further extends this evidence
framework by specifcally focusing on mother–child pairs,
comparing legacy PFAS and novel alternatives, and clarifying
their distinct exposure profles, placental transfer, and thyroid-
disrupting mechanisms, thus providing more targeted insights
for this vulnerable population.

2 | Short-Chain Alternatives and Novel
Alternatives for PFOA and PFOS

With increasing restrictions on the use of PFOA and PFOS due to
their environmental persistence and potential adverse efects on
human health, research into their short-chain alternatives and
novel alternatives has gained signifcant attention. These alter-
natives are designed to mitigate the environmental and health
risks associated with legacy PFAS while retaining their func-
tional properties. However, emerging studies have revealed that
these alternatives may exhibit similar biotoxicity, raising con-
cerns about their safety and underscoring the need for stringent
regulatory measures [21].

2.1 | Short-Chain Alternatives and Novel
Alternatives for PFOA

The short-chain alternatives of PFOA primarily include per-
fuorobutanoic acid (PFBA), perfuoroheptanoic acid (PFHpA),
perfuorohexanoic acid (PFHxA), and perfuoropentanoic acid
(PFPeA) [22]. These compounds, characterized by their lower
molecular weights, exhibit distinct environmental behaviors and
toxicological profles compared with long-chain alternatives.
Despite these diferences, their widespread use has raised sig-
nifcant concerns, as emerging studies have detected their
presence in various environmental media, indicating that they
may still pose potential ecological and health risks [23].

Among the novel alternatives for PFOA, GenX and ammonium
4,8-dioxa-3H-perfuorononanoate (ADONA) are two prominent
alternatives [20]. Research indicates that placental trophoblast
cells may serve as direct targets of GenX exposure, with studies
demonstrating that GenX can disrupt gene expression and cel-
lular function in trophoblast cells at concentrations below the
cytotoxic threshold [24]. While ADONA is currently detected at
minimal levels in the environment, it has been identifed in
surface water samples across the globe, raising concerns about its
potential for widespread environmental distribution [23].

2.2 | Short-Chain Alternatives and Novel
Alternatives for PFOS

Short-chain alternatives of PFOS, such as PFBS and PFHxS, have
been frequently detected in environmental samples [21]. Re-
search has indicated that PFHxS can accumulate in humans,
especially in frefghters, due to their occupational exposure to
frefghting foams containing this compound [25].

Among the novel alternatives for PFOS, 6:2 fuorotelomer sul-
fonate (6:2 FTS) and Cl-PFESA, especially 6:2 Cl-PFESA, are
notable for their persistence in humans. Among PFAS, 6:2 Cl-
PFESA has the longest median elimination half-life (15.3 years),
surpassing even PFOS (half-life: 6.7 years) [26]. This suggests
that, in terms of human bioaccumulation, 6:2 Cl-PFESA may
pose a greater concern than PFOS itself (see Table 1).

3 | Materials and Methods

This systematic review was performed in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.

3.1 | Search Strategy

Literature searches were conducted in electronic databases
(PubMed, Web of Science, and Embase) from inception to
September 6, 2024. The search strategy was structured into three
components and combined as follows:

#1 PFAS exposure: PFAS, including legacy PFAS, short-chain
PFAS, chlorinated polyfuorinated ether sulfonates (Cl-
PFESA), GenX (HFPO-DA), ADONA, F-53B, and other
emerging alternatives.

#2 Thyroid health outcomes: Thyroid function, thyroid-
stimulating hormone (TSH), total/free triiodothyronine
(TT3/FT3), andtotal/free thyroxine (TT4/FT4).

2 of 16 Journal of Toxicology, 2026



#3 Study population: Pregnant women, pregnancy, fetus,
neonate, infant, child, birth cohort, cord blood, and serum.

Final search: #1 AND #2 AND #3

3.2 | Inclusion and Exclusion Criteria

The following criteriawere employed for the inclusion of articles: (1)
subjects were pregnant women; (2) the study design was a cohort
study or a cross-sectional study; (3) the study explored the re-
lationship between short-chain substitutes for PFAS exposure (at
least one of the contaminants) and thyroid health efects (at least
one of the indicators, such as TSH, FT3, or FT4); (4) studies must
report the essential statistics, such as the level of exposure to PFAS;
(5) English article. Exclusion criteria were as follows: (1) of-topic
research; (2) repeated research; (3) only one topic of PFAS exposure
or thyroid health efects was reported; (4) literature reviews, con-
ference reports, case reports, letters, and in vivo and in vitro studies.

3.3 | Study Selection and Screening

A total of 366 records were initially identifed across the three
databases: 134 from PubMed, 187 fromWeb of Science, and 45 from
Embase. First, we excluded 101 studies published in and before
2019, leaving 265 records for further screening. A two-step screening
process was then implemented in line with the pre-specifed in-
clusion and exclusion criteria. In the initial title/abstract screening,
we removed 51 duplicate records, excluded 32 records deemed ir-
relevant based on title/abstract, excluded 39 review/meta-analysis
articles, and excluded 66 animal or cell-related studies, resulting in
188 exclusions at this stage. The remaining 77 records proceeded to
full-text assessment. During full-text screening, 49 records were
excluded: 6 due to insufcient data for statistical analysis, 30 for only
focusing on PFAS exposure or thyroid function (not both), and 13
for including study populations irrelevant to mothers or infants.
Ultimately, 28 studies were included in this systematic review and
meta-analysis. A detailed PRISMA fow diagram of the study se-
lection process is presented in Figure 1.

3.4 | Data Extraction and Quality Assessment

We extracted articles from the database to NoteExpress according
to the search strategy and automatically removed duplicate
items. We frst conducted a preliminary screening of the titles
and abstracts based on the inclusion and exclusion criteria, then
carefully reviewed the full texts and retained those that met the
inclusion criteria. Subsequently, we used the Newcastle-Ottawa
Scale (NOS) to independently assess the quality of each study.
The selected studies were classifed as high (scores ≥ 7), medium
(scores = 5–6), or low quality (scores < 5).

4 | PFAS Exposure in Maternal and Cord Blood

Numerous studies have investigated the levels of PFAS in ma-
ternal and infant blood. However, signifcant variability exists
across studies in terms of sample sources, study designs, and
reported types of PFAS concentrations, leading to diverse fnd-
ings and interpretations.

4.1 | In Maternal Blood

Studies conducted across various countries and regions (Table 2)
reveal three main characteristics of PFAS in maternal blood: (1)
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all types of PFAS are detectable; (2) legacy PFAS remain the
dominant compounds; and (3) signifcant regional diferences in
exposure levels exist.

Regional diferences in PFAS concentrations in maternal blood
are evident across studies. Median concentrations of legacy
PFOA range from 0.59 to 27 ng/mL, and those of PFOS range
from 2.5 to 23.9 ng/mL [27–34]. PFOA predominates in Chinese
maternal serum, with levels up to 27 ng/mL in Fuxin [32], while
PFOS is more dominant in the United States, reaching 23.9 ng/
mL in Massachusetts [29]. These diferences may refect in-
dustrial patterns, historical usage, and regional environmental
exposure pathways. Short-chain alternatives such as PFHxS are
generally present at lower concentrations, ranging from 0.54 to
2.4 ng/mL [27–29, 31, 32], but also vary between China and the
United States [27, 29]. Notably, PFBS concentrations reached
33 ng/mL in one Chinese study, indicating the existence of lo-
calized contamination hotspots [32].

Overall, legacy PFAS exhibit relatively high exposure levels in
maternal blood, with considerable regional variability, which
may have a more direct impact on thyroid function. Although
concentrations of PFAS substitutes are generally lower, likely
owing to their more recent introduction than legacy PFAS, their
environmental accumulation trends and localized high-exposure
scenarios underscore the need for continued vigilance.

4.2 | In Cord Blood

PFAS are widely detected in cord blood, and concentrations are
generally lower than those in maternal blood, which refects the
selective barrier function of the placenta [35] (Table 3). Legacy
PFAS remain the predominant compounds, though levels vary
widely across regions and studies [36–41, 44]. PFAS alternatives,
including short-chain substances and emerging compounds such
as 6:2 Cl-PFESA, are also detectable in cord blood [39, 43, 44].
Notably, alternative PFAS show higher placental transfer ef-
ciency than legacy compounds, suggesting greater potential
exposure risks for the fetus [32, 45].

4.3 | PFAS Exposure in Breast Milk

Breast milk serves as a key postnatal exposure pathway for PFAS
in infants [18, 46–50]. Legacy PFAS remain the predominant
compounds detected in breast milk, and emerging alternatives
including 6:2 Cl-PFESA have also been widely identifed [42, 45]
(Table 4). These fndings confrm that PFAS alternatives can be
transferred from maternal circulation into breast milk, repre-
senting a continuous exposure source for breastfed infants.

5 | Efects of Exposure to PFAS on TH Levels
in Mothers and Infants

Epidemiological studies across diverse regions have investigated
the associations between PFAS exposure and TH levels in
mother‒child populations, via statistical methods such as linear
regression (Tables 4 and 5).

5.1 | In Mothers

Legacy PFAS including PFOA and PFOS are relatively consis-
tently associated with changes in maternal THs, especially FT4
[27, 51, 52] (Table 5). Associations vary slightly across regions but
show generally consistent trends. In comparison, PFAS alter-
natives such as PFHxS, PFBS, and PFHpA show weaker and less
stable efects on thyroid function due to lower exposure levels,
limited epidemiological evidence, and diferences in toxicological
profles compared with legacy PFAS [51].

5.2 | In Infants

PFAS exposure is also associated with changes in TH levels in
infants, although fndings are more variable than in mothers
[28, 41, 53–55] (Table 6). Legacy PFAS show relatively more
consistent associations, while efects of short-chain and novel
alternatives remain weaker and less studied [28, 41]. The in-
consistent results may be attributed to diferences in sample size,
exposure assessment, statistical adjustment, and physiological
characteristics across study populations.

Embase
(n = 45)

Published in and before 2019 (n = 101)

PubMed
(n = 134)

Web of Science
(n = 187)

Total identified records
(n = 366)

Studies after removed
(n = 265)

Full-text articles assessed
(n = 77)

Studies included
(n = 28)

Initial screening standards (n = 188)

•

•

•

•

Duplicates removed (n = 51)

Excluded based on title/abstract (n = 32)

Reviews and meta-analyses (n = 39)

Animal or cell-related studies (n = 66)

Full-text articles excluded (n = 49)

•

•

•

Studies without sufficient data for statistical analysis (n = 6)

Records only relevant to PFAS/thyroid (n = 30)

Study subjects irrelevant to mothers or infants (n = 13)

FIGURE 1 | Flowchart of the study search strategy and selection.
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6 | Mixture Efects of Combined PFAS Exposures

PFAS are usually present in complex mixtures, not as simple
compounds. These mixtures are found in high concentrations
in pregnant women and developing fetuses, and they are very
harmful. In a Chinese birth cohort, the median concentration
of total PFAS mixtures was 71.91 ng/mL, and combined ex-
posure was signifcantly inversely associated with maternal
FT4 and TSH levels in WQS models [56]. A separate Chinese
birth cohort further demonstrated that elevated PFAS mixtures
were associated with higher cord plasma T3 and FT3 levels,
where PFDA, PFUdA, and PFOA exerted the most prominent
individual efects [57]. In the HOME study, PFAS mixtures
were associated with altered cord serum metabolite profles,
including the TH metabolite 3-monoiodothyronine-4-O-sul-
fate, and 49 metabolic pathways. PFHxS and PFOS dominated
the mixture weight [28]. Animal studies confrmed dose-
additive efects of combined PFAS exposure, leading to 20%–
30% reductions in maternal THs, elevated neonatal mortality,
and long-term cardiac changes in ofspring [58]. Environ-
mentally relevant PFAS mixtures also disrupted maternal
metabolism, renal function, TH balance, and placental gene
expression in rabbit models, supporting biologically plausible
mixture toxicity in humans [59]. To fully characterize real-
world mixture efects, current epidemiological studies widely
adopt advanced statistical methods includingWQS, BKMR, and
quantile-based g-computation (QGC), which enable identif-
cation of key contributors and interactive efects [28, 56, 57].
Future research on mother–child populations should prioritize
these mixture models to quantify cumulative risks, clarify
synergistic or additive interactions, and strengthen the trans-
lational relevance of thyroid disruption risk assessment.

7 | Mechanisms of PFAS on Thyroid Function

7.1 | Mechanisms of Legacy PFAS

Clinically, legacy PFAS disrupt the hypothal-
amic–pituitary–thyroid (HPT) axis and cause measurable thyroid
dysfunction, including abnormal TSH, FT4, and FT3 levels,
thyroid tissue injury, and elevated risk of thyroid diseases
[11, 20]. Current evidence suggests that PFAS disrupt thyroid
function by interfering with TH synthesis, transport, receptor
signaling, and gut microbiota (GM) homeostasis.

7.1.1 | Interference With TH Synthesis

During TH synthesis, PFAS impair iodine uptake and activa-
tion, and disrupt iodination and tyrosine condensation re-
actions, via multiple mechanisms [60]. Specifcally, PFAS alter
thyroid peroxidase activity and the expression of type 1 deio-
dinase, directly or indirectly disrupting TH homeostasis and
potentially contributing to hyperthyroidism [60, 61]. Further-
more, PFAS activate nuclear receptors, including peroxisome
proliferator-activated receptor alpha (PPARα), thereby in-
directly modulating TH metabolism and synthesis [61]. This
pathway is supported by consistent epidemiological fndings in
pregnant women and children, where PFAS exposure is linked
to altered TSH and FT4 levels [27, 62], which align with in vitro
and animal evidence of TPO inhibition and deiodinase dys-
regulation [60, 61].
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7.1.2 | Disruption of TH Transport

In TH transport, PFAS bind to carrier proteins, such as thyroxine-
binding globulin (TBG), transthyretin (TTR), and albumin (ABL),
inducing structural and functional alterations [63–65]. This disrup-
tion impairs TH transport, reducing TH availability at target tissues
and compromising biological functions. This mechanism is also
strongly supported: in vitro competition assays demonstrate PFAS
binding to TBG/TTR [63, 64], and human biomonitoring studies link
PFAS exposure to reduced TH fractions [66, 67], confrming this
pathway in both experimental and epidemiological settings.

7.1.3 | Alteration of Receptor Signaling

PFAS also disrupt thyroid receptors and their associated signaling
pathways [68, 69]. For instance, PFAS bind to the TSH receptor,
disrupting TSH signal transmission, or competitively occupy TH
binding sites, thereby altering TH pathways and inducing metabolic
imbalances [70]. These disruptions can trigger oxidative stress,
immunosuppression, and dysregulation of receptor-mediated sig-
naling, ultimately causing thyroid dysfunction [68, 70]. Evidence for
this pathway is moderate, as most data derive from in vitro and
rodent studies [68, 70]; only a few human observational studies link
PFAS exposure to TSH receptor autoantibodies or receptor gene
expression changes [62], with inconsistent fndings.

7.1.4 | Disruption of GM Homeostasis

Additionally, PFAS disrupt the TH system by altering GM ho-
meostasis. The GM infuences TH levels by modulating iodine
uptake, degradation, and enterohepatic circulation [71]. Studies
have demonstrated that high PFAS exposure alters the GM
composition in pregnant women, suggesting a potential mech-
anism by which PFAS disrupt TH homeostasis [43, 72].

7.2 | Mechanisms of PFAS Alternatives

Like legacy PFAS, PFAS alternatives trigger clinical thyroid
dysfunction through similar core pathways, but their unique
physicochemical properties lead to stronger tissue accumulation,
higher placental transfer, and greater thyroid-disrupting efects
in mother–child populations [23, 45].

7.2.1 | High Protein-Binding Afnity and
Bioaccumulation

Short-chain PFAS alternatives exhibit pronounced protein-
binding afnity and persistent bioaccumulation potential. Ex-
perimental evidence indicates their preferential accumulation in
protein- and lipid-rich tissues [73]. For instance, PFHpA dem-
onstrates prolonged biological retention due to its strong protein-
binding capacity, hindering metabolic clearance [74]. During
systemic circulation, PFHpA disrupts thyroid homeostasis by
competitively binding to transport proteins or receptors. Evi-
dence for this pathway is experimental-dominant: in vitro and
animal studies confrm strong protein binding and tissue ac-
cumulation [73, 74], but human epidemiological data on short-
chain PFAS and TH changes remain limited [20].

7.2.2 | High Hydrophilicity and Thyroid Tissue
Accumulation

Short-chain PFAS alternatives are characterized by high hy-
drophilicity [75]. Owing to its high hydrophilicity, GenXT
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accumulates and distributes in thyroid tissue [76]. This property
enhances the accessibility of GenX to thyroid cells, potentially
impairing thyroid function. However, further research is needed
to elucidate the specifc efects of GenX and other short-chain
alternatives on thyroid function.

7.2.3 | Disruption of Fatty AcidMetabolism and TC
Risk

Emerging evidence suggests that exposure to PFAS alternatives
like PFHxA and PFDoA is associated with an increased TC risk,
with PFHxA identifed as a primary risk factor [77]. The same
study linked this exposure to upregulated free fatty acids in
patients, suggesting disrupted fatty acid metabolism as a poten-
tial mechanism [77]. However, direct experimental validation of
the causal pathway from PFAS exposure to metabolic dysregu-
lation and carcinogenesis remains lacking.

7.2.4 | High Placental Transfer Efciency

Furthermore, PFAS alternatives exhibit higher placental transfer
rates [32, 45]. This implies that fetuses are more vulnerable to
short-chain PFAS alternatives, potentially threatening fetal
thyroid development. This fnding is strongly supported by
human cord blood studies confrming higher placental transfer of
short-chain alternatives [32, 45] and animal studies demon-
strating fetal TH disruption followingmaternal exposure [78, 79],
aligning with epidemiological concerns for early-life
vulnerability.

8 | Prevention and Control Strategies

To reduce the risks of thyroid dysfunction induced by legacy and
alternative PFAS in mother–child populations, comprehensive
prevention and control strategies are urgently needed. First,
regulatory supervision should be strengthened by restricting the
production and application of toxic PFAS alternatives and
establishing strict environmental and human biomonitoring
safety limits for all PFAS compounds. Second, exposure control is
critical: pregnant and lactating women should minimize contact
with PFAS-containing products such as food packaging, water-
proof textiles, and stain-resistant household items, while
drinking water purifcation systems should be promoted in high-
exposure regions to reduce oral intake. Third, biomonitoring
programs should be implemented to routinely detect PFAS
concentrations in maternal blood, cord blood, and breast milk,
enabling early identifcation of high-risk populations. Fourth,
clinical intervention should be enhanced, including regular
thyroid function screening during pregnancy and early infancy to
detect abnormal TSH, FT4, and FT3 levels and enable timely
medical management. Integrated implementation of these
strategies will help protect vulnerable mother–child populations
from PFAS-related thyroid health hazards.

9 | Conclusion

This paper systematically reviews the efects of legacy PFAS and
their alternatives on thyroid function in mother‒child pop-
ulations. Studies indicate that maternal blood, infant blood, and
breast milk levels of legacy PFAS (e.g., PFOA and PFOS) are
signifcantly higher than those of alternatives, while alternatives
exhibit higher placental transfer rates and distinct toxicologicalT
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characteristics. Epidemiological data demonstrate that legacy
PFAS and their alternatives are associated with thyroid dys-
function, with the latter showing stronger efects on TH levels
and higher links to TC risk.

It should be noted that considerable heterogeneity exists across
existing studies regarding the associations between PFAS ex-
posure and thyroid function, which poses challenges for syn-
thesizing consistent conclusions. The primary sources of this
inconsistency can be attributed to several key factors: First,
diferences in gestational sampling timing lead to variable
exposure assessments, as PFAS concentrations and TH levels
fuctuate dynamically across trimesters, resulting in divergent
efect estimates. Second, regional PFAS exposure patterns vary
substantially due to diferences in industrial emissions,
drinking water contamination, and dietary habits, which di-
rectly infuence baseline exposure levels and observed asso-
ciations. Third, iodine nutritional status is a critical modifer:
iodine defciency or excess can independently alter thyroid
function, potentially masking or amplifying the efects of PFAS
exposure. Fourth, analytical methodologies (e.g., detection
limits, sample preparation, and PFAS congener quantifcation)
difer across studies, introducing variability in exposure mea-
surement accuracy. Finally, inconsistent confounding factor
adjustment (e.g., failure to account for maternal age, BMI, or
socioeconomic status) may distort the true associations be-
tween PFAS and THs. These heterogeneous factors must be
fully considered when interpreting the fndings of this review
and formulating targeted prevention strategies, as they directly
impact the generalizability and clinical relevance of study
results.

Although the current research provides some understanding of
the relationship between PFAS and TH levels in mothers and
children, signifcant limitations remain. Future research should
focus on the following areas:

1. In-depth study of PFAS alternatives: Current knowledge on
the environmental behavior, bioaccumulation potential,
and long-term health efects of PFAS alternatives remains
limited. Future research should elucidate their environ-
mental migration and transformation mechanisms, meta-
bolic pathways, and potential health hazards, particularly
their long-term impacts on thyroid function.

2. Optimization of research methods: Existing studies vary in
sample sources, research designs, and exposure assessment
methods, limiting the comparability of results. Future ef-
forts should prioritize harmonizing research standards,
expanding sample sizes, diversifying study populations, and
employing precise exposure assessment methods to in-
crease the reliability and consistency of fndings.

3. Understanding combined exposures: In real-world sce-
narios, mothers and infants are frequently exposed to
multiple PFAS and other environmental contaminants si-
multaneously. While most current studies focus on indi-
vidual PFAS, future research should explore the
mechanisms and interaction efects of combined exposure
on maternal and infant thyroid function.

4. Strengthening mechanistic research: Although the
mechanisms by which PFAS afect thyroid function have
been partially elucidated, many details remain unclear.

For instance, the specifc molecular mechanisms through
which PFAS alternatives disrupt fatty acid metabolism
and impair thyroid cell physiology remain poorly un-
derstood. Multiomics integrated analyses (e.g., metab-
olomics‒epigenomics) can elucidate PFAS
transgenerational efects on TH balance. In-depth in-
vestigation of these mechanisms will increase our un-
derstanding of PFAS efects of PFAS on thyroid function
and provide a theoretical foundation for targeted pre-
vention and intervention strategies.

5. Development of prevention and control strategies: Building
on existing research, prevention and control strategies for
PFAS exposure in mother‒child populations should be
prioritized. Enhanced monitoring of PFAS in consumer
products is essential to minimize maternal and infant ex-
posure and safeguard health.

Nomenclature

PFOA Perfuorooctanoic acid

L-PFOS Linear-perfuorooctane sulfonate

PFOS Perfuorooctane sulfonate

PFBA Perfuorobutanoic acid

PFPeA Perfuoropentanoic acid

PFHxA Perfuorohexanoic acid

PFHpA Perfuoroheptanoic acid

HPFO-DA/GenX Hexafuoropropylene oxide dimer acid

ADONA Ammonium 4,8-dioxa-3H-perfuorononanoate

PFBS Perfuorobutane sulfonate

PFPeS Perfuoropentane sulfonic acid

PFHxS Perfuorohexane sulfonate

FTS Fluorotelomer sulfonate

6:2 FTS 6:2 Fluorotelomer sulfonate

Cl-PFESA Chlorinated polyfuoroalkyl ether sulfonate

6:2 Cl-PFESA 6:2 Chlorinated polyfuoroalkyl ether sulfonate

8:2 Cl-PFESA 8:2 Chlorinated polyfuoroalkyl ether sulfonate

TH Thyroid hormone

TSH Thyroid-stimulating hormone

FT4 Free thyroxine

FT3 Free triiodothyronine

T4 Thyroxine

b Below the limit of detection

Author Contributions

Lemin Gong conducted the literature search, constructed tables using
data from original manuscripts, and was the frst writing author. Yuhan
Zhou proofread and supported the manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China, 82304103.

Disclosure

The authors read and approved the fnal manuscript.

Journal of Toxicology, 2026 13 of 16



Conficts of Interest

The authors declare no conficts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no datasets were generated
or analyzed during the current study.

References

1. E. M. Sunderland, X. C. Hu, C. Dassuncao, A. K. Tokranov,
C. C. Wagner, and J. G. Allen, “A Review of the Pathways of Human
Exposure to Poly- and Perfuoroalkyl Substances (PFASs) and Present
Understanding of Health Efects,” Journal of Exposure Science & Envi-
ronmental Epidemiology 29, no. 2 (2019): 131–147, https://doi.org/
10.1038/s41370-018-0094-1.

2. C. F. Kwiatkowski, D. Q. Andrews, L. S. Birnbaum, et al., “Scientifc
Basis for Managing PFAS as a Chemical Class,” Environmental Science
and Technology Letters 7, no. 8 (2020): 532–543, https://doi.org/10.1021/
acs.estlett.0c00255.

3. A. B. Lindstrom, M. J. Strynar, and E. L. Libelo, “Polyfuorinated Com-
pounds: past, Present, and Future,” Environmental Science and Technology
45, no. 19 (2011): 7954–7961, https://doi.org/10.1021/es2011622.

4. A. V. Ask, B. M. Jenssen, S. Tartu, F. Angelier, O. Chastel, and
G. W. Gabrielsen, “Per- and Polyfuoroalkyl Substances are Positively
AssociatedWith ThyroidHormones in an Arctic Seabird,” Environmental
Toxicology and Chemistry 40, no. 3 (2021): 820–831, https://doi.org/
10.1002/etc.4978.

5. S. E. Fenton, A. Ducatman, A. Boobis, et al., “Per- and Polyfuoroalkyl
Substance Toxicity and Human Health Review: Current State of
Knowledge and Strategies for Informing Future Research,” Environ-
mental Toxicology and Chemistry 40, no. 3 (2021): 606–630, https://
doi.org/10.1002/etc.4890.

6. E. A. Pozzebon and L. Seifert, “Emerging Environmental Health Risks
Associated With the Land Application of Biosolids: A Scoping Review,”
Environmental Health: A Global Access Science Source 22, no. 1 (2023): 57,
https://doi.org/10.1186/s12940-023-01008-4.

7. M. E. Solan, C. P. Koperski, S. Senthilkumar, and R. Lavado, “Short-
Chain per- and Polyfuoralkyl Substances (PFAS) Efects on Oxidative
Stress Biomarkers in Human Liver, Kidney, Muscle, and Microglia Cell
Lines,” Environmental Research 223 (2023): 115424, https://doi.org/
10.1016/j.envres.2023.115424.

8. M. I. Gomis, R. Vestergren, D. Borg, and I. T. Cousins, “Comparing the
Toxic Potency In Vivo of Long-Chain Perfuoroalkyl Acids and Fluori-
nated Alternatives,” Environment International 113 (2018): 1–9, https://
doi.org/10.1016/j.envint.2018.01.011.

9. M. A. Han, J. H. Kim, and H. S. Song, “Persistent Organic Pollutants,
Pesticides, and the Risk of Thyroid Cancer: Systematic Review and meta-
analysis,” European Journal of Cancer Prevention: The Ofcial Journal of
the European Cancer Prevention Organisation (ECP) 28, no. 4 (2019):
344–349, https://doi.org/10.1097/cej.0000000000000481.

10. J. Kim, J. E. Gosnell, and S. A. Roman, “Geographic Infuences in the
Global Rise of Thyroid Cancer,” Nature Reviews. Endocrinology 16, no. 1
(2020): 17–29, https://doi.org/10.1038/s41574-019-0263-x.

11. N. Davidsen, L. Ramhøj, C. A. Lykkebo, et al., “PFOS-Induced
Thyroid Hormone System Disrupted Rats Display Organ-Specifc
Changes in Their Transcriptomes,” Environmental Pollution 305
(2022): 119340, https://doi.org/10.1016/j.envpol.2022.119340.

12. M. Alsen, A. M. Leung, and M. Van Gerwen, “Per- and Poly-
fuoroalkyl Substances (PFAS) in Community Water Systems (CWS) and
the Risk of Thyroid Cancer: An Ecological Study,” Toxics 11, no. 9 (2023):
786, https://doi.org/10.3390/toxics11090786.

13. H. Li, M. Yang, J. Yang, et al., “Per- and Polyfuoroalkyl Substances
and the Associated Thyroid Cancer Risk: A Case-Control Study in

China,” Chemosphere 337 (2023): 139411, https://doi.org/10.1016/
j.chemosphere.2023.139411.

14. J. Yang, H. Wang, H. Du, et al., “Factors Associated with Exposure of
Pregnant Women to Perfuoroalkyl Acids in North China and Health
Risk Assessment,” The Science of the Total Environment 655 (2019):
356–362, https://doi.org/10.1016/j.scitotenv.2018.11.042.

15. K. Granby, B. K. Ersbøll, P. T. Olesen, T. Christensen, and
S. Sørensen, “Per- and Poly-Fluoroalkyl Substances in Commercial Or-
ganic Eggs via Fishmeal in Feed,” Chemosphere 346 (2024): 140553,
https://doi.org/10.1016/j.chemosphere.2023.140553.

16. J. L. Domingo and M. Nadal, “Human Exposure to per- and Poly-
fuoroalkyl Substances (PFAS) Through DrinkingWater: A Review of the
Recent Scientifc Literature,” Environmental Research 177 (2019): 108648,
https://doi.org/10.1016/j.envres.2019.108648.

17. K. Winkens, R. Vestergren, U. Berger, and I. T. Cousins, “Early Life
Exposure to per- and Polyfuoroalkyl Substances (PFASs): A Critical
Review,” Emerging Contaminants 3, no. 2 (2017): 55–68, https://doi.org/
10.1016/j.emcon.2017.05.001.

18. L. Serrano, L. M. Iribarne-Durán, B. Suárez, et al., “Concentrations of
Perfuoroalkyl Substances in Donor Breast Milk in Southern Spain and
Their Potential Determinants,” International Journal of Hygiene and
Environmental Health 236 (2021): 113796, https://doi.org/10.1016/
j.ijheh.2021.113796.

19. R. C. Thoerig, L. E. O’Connor, M. K. Spill, et al., “Assessment of Ar-
senic, Cadmium, Lead, Mercury, and per- and Polyfuoroalkyl Substances
Concentrations in HumanMilk and Infant Formula in the United States: A
Systematic Review,” The American Journal of Clinical Nutrition 122, no. 4
(2025): 1006–1026, https://doi.org/10.1016/j.ajcnut.2025.07.039.

20. X. Du, Y. Wu, G. Tao, et al., “Association Between PFAS Exposure
and Thyroid Health: A Systematic Review and Meta-Analysis for Ado-
lescents, Pregnant Women, Adults and Toxicological Evidence,” Science
of the Total Environment 953 (2024): 175958, https://doi.org/10.1016/
j.scitotenv.2024.175958.

21. Z. Li, Z. M. Luo, Y. Huang, J. W. Wang, and G. Ouyang, “Recent
Trends in Degradation Strategies of PFOA/PFOS Substitutes PFOA/
PFOS,” Chemosphere 315 (2023): 137653, https://doi.org/10.1016/
j.chemosphere.2022.137653.

22. B. Zhang, Y. Yang, Q. Li, et al., “Impacts of PFOS, PFOA and Their
Alternatives on the Gut, Intestinal Barriers and Gut-Organ Axis,” Che-
mosphere 361 (2024): 142461, https://doi.org/10.1016/
j.chemosphere.2024.142461.

23. S. Zhang, K. Chen, W. Li, et al., “Varied Thyroid Disrupting Efects of
Perfuorooctanoic Acid (PFOA) and Its Novel Alternatives Hexa-
fuoropropylene-Oxide-Dimer-Acid (GenX) and Ammonium 4,8-Dioxa-
3H-Perfuorononanoate (ADONA) In Vitro,” Environment International
156 (2021): 106745, https://doi.org/10.1016/j.envint.2021.106745.

24. B. E. Blake, B. P. Rickard, and S. E. Fenton, “A High-Throughput
Toxicity Screen of 42 Per- and Polyfuoroalkyl Substances (PFAS) and
Functional Assessment of Migration and Gene Expression in Human
Placental Trophoblast Cells,” Frontiers in Toxicology 4 (2022): 881347,
https://doi.org/10.3389/ftox.2022.881347.

25. A. Rotander, L. M. L. Toms, L. Aylward, M. Kay, and J. F. Mueller,
“Elevated Levels of PFOS and PFHxS in Firefghters Exposed to Aqueous
Film Forming Foam (AFFF),” Environment International 82 (2015):
28–34, https://doi.org/10.1016/j.envint.2015.05.005.

26. Y. Shi, R. Vestergren, L. Xu, et al., “Human Exposure and Elimination
Kinetics of Chlorinated Polyfuoroalkyl Ether Sulfonic Acids (Cl-PFE-
SAs),” Environmental Science and Technology 50, no. 5 (2016): 2396–2404,
https://doi.org/10.1021/acs.est.5b05849.

27. R. Aimuzi, K. Luo, R. Huang, et al., “Perfuoroalkyl and Poly-
furoalkyl Substances and Maternal Thyroid Hormones in Early Preg-
nancy,” Environmental Pollution 264 (2020): 114557, https://doi.org/
10.1016/j.envpol.2020.114557.

14 of 16 Journal of Toxicology, 2026

http://doi.org/10.1038/s41370-018-0094-1
http://doi.org/10.1038/s41370-018-0094-1
http://doi.org/10.1021/acs.estlett.0c00255
http://doi.org/10.1021/acs.estlett.0c00255
http://doi.org/10.1021/es2011622
http://doi.org/10.1002/etc.4978
http://doi.org/10.1002/etc.4978
http://doi.org/10.1002/etc.4890
http://doi.org/10.1002/etc.4890
http://doi.org/10.1186/s12940-023-01008-4
http://doi.org/10.1016/j.envres.2023.115424
http://doi.org/10.1016/j.envres.2023.115424
http://doi.org/10.1016/j.envint.2018.01.011
http://doi.org/10.1016/j.envint.2018.01.011
http://doi.org/10.1097/cej.0000000000000481
http://doi.org/10.1038/s41574-019-0263-x
http://doi.org/10.1016/j.envpol.2022.119340
http://doi.org/10.3390/toxics11090786
http://doi.org/10.1016/j.chemosphere.2023.139411
http://doi.org/10.1016/j.chemosphere.2023.139411
http://doi.org/10.1016/j.scitotenv.2018.11.042
http://doi.org/10.1016/j.chemosphere.2023.140553
http://doi.org/10.1016/j.envres.2019.108648
http://doi.org/10.1016/j.emcon.2017.05.001
http://doi.org/10.1016/j.emcon.2017.05.001
http://doi.org/10.1016/j.ijheh.2021.113796
http://doi.org/10.1016/j.ijheh.2021.113796
http://doi.org/10.1016/j.ajcnut.2025.07.039
http://doi.org/10.1016/j.scitotenv.2024.175958
http://doi.org/10.1016/j.scitotenv.2024.175958
http://doi.org/10.1016/j.chemosphere.2022.137653
http://doi.org/10.1016/j.chemosphere.2022.137653
http://doi.org/10.1016/j.chemosphere.2024.142461
http://doi.org/10.1016/j.chemosphere.2024.142461
http://doi.org/10.1016/j.envint.2021.106745
http://doi.org/10.3389/ftox.2022.881347
http://doi.org/10.1016/j.envint.2015.05.005
http://doi.org/10.1021/acs.est.5b05849
http://doi.org/10.1016/j.envpol.2020.114557
http://doi.org/10.1016/j.envpol.2020.114557


28. R. M. Lebeaux, B. T. Doherty, L. G. Gallagher, et al., “Maternal Serum
Perfuoroalkyl Substance Mixtures and Thyroid Hormone Concentrations
in Maternal and Cord Sera: The HOME Study,” Environmental Research
185 (2020): 109395, https://doi.org/10.1016/j.envres.2020.109395.

29. E. V. Preston, T. F. Webster, B. C. Henn, et al., “Prenatal Exposure to
per- and Polyfuoroalkyl Substances and Maternal and Neonatal Thyroid
Function in the Project Viva Cohort: A Mixtures Approach,” Environ-
ment International (2020): 139.

30. C. Chu, Y. Zhou, Q. Q. Li, et al., “Are Perfuorooctane Sulfonate
Alternatives Safer? New Insights From a Birth Cohort Study,” Envi-
ronment International 135 (2020): 105365, https://doi.org/10.1016/
j.envint.2019.105365.

31. B. Sarzo, V. Ballesteros, C. Iñiguez, et al., “Maternal Perfuoroalkyl
Substances, Thyroid Hormones, and DIO Genes: A Spanish Cross-
Sectional Study,” Environmental Science and Technology (2021).

32. J. Bao, L. X. Shao, Y. Liu, et al., “Target Analysis and Suspect
Screening of per- and Polyfuoroalkyl Substances in Paired Samples of
Maternal Serum, Umbilical Cord Serum, and Placenta Near Fluo-
rochemical Plants in Fuxin, China,” Chemosphere 307 (2022): 135731,
https://doi.org/10.1016/j.chemosphere.2022.135731.

33. A. M. Hall, E. Fleury, G. D. Papandonatos, et al., “Associations of
a Prenatal Serum Per- and Polyfuoroalkyl Substance Mixture With the
Cord Serum Metabolome in the HOME Study,” Environmental Science
and Technology 57, no. 51 (2023): 21627–21636, https://doi.org/10.1021/
acs.est.3c07515.

34. Z. Rivera-Núñez, C. W. Kinkade, L. Khoury, et al., “Prenatal Per-
fuoroalkyl Substances Exposure and Maternal Sex Steroid Hormones
Across Pregnancy,” Environmental Research 220 (2023): 115233, https://
doi.org/10.1016/j.envres.2023.115233.

35. G. J. Burton and A. L. Fowden, “The Placenta: A Multifaceted,
Transient Organ,” Philosophical Transactions of the Royal Society of
London Series B Biological Sciences 370, no. 1663 (2015): 20140066,
https://doi.org/10.1098/rstb.2014.0066.

36. J. Ashley-Martin, L. Dodds, T. E. Arbuckle, et al., “Maternal and
Neonatal Levels of Perfuoroalkyl Substances in Relation to Gestational
Weight Gain,” International Journal of Environmental Research and Public
Health 13, no. 1 (2016): 146, https://doi.org/10.3390/ijerph13010146.

37. M. Fisher, T. E. Arbuckle, C. L. Liang, et al., “Concentrations of
Persistent Organic Pollutants in Maternal and Cord Blood From the
Maternal-Infant Research on Environmental Chemicals (MIREC) Cohort
Study,” Environmental Health: A Global Access Science Source 15, no. 1
(2016): 59, https://doi.org/10.1186/s12940-016-0143-y.

38. D. Richterová, L. Fábelová, H. Patayová, et al., “Determinants of
Prenatal Exposure to Perfuoroalkyl Substances in the Slovak Birth
Cohort,” Environment International 121, no. Pt 2 (2018): 1304–1310,
https://doi.org/10.1016/j.envint.2018.10.051.

39. W. Liu, J. Yang, J. Li, et al., “Toxicokinetics and Persistent Thyroid
Hormone Disrupting Efects of Chronic Developmental Exposure to
Chlorinated Polyfuorinated Ether Sulfonate in Chinese Rare Minnow,”
Environmental Pollution 263, no. Pt B (2020): 114491, https://doi.org/
10.1016/j.envpol.2020.114491.

40. A. Colles, L. Bruckers, H. Den, et al., “Perfuorinated Substances in
the Flemish Population (Belgium): Levels and Determinants of Vari-
ability in Exposure,” Chemosphere 242 (2020): 125250, https://doi.org/
10.1016/j.chemosphere.2019.125250.

41. J. Guo, J. Zhang, Z. Wang, et al., “Umbilical Cord Serum Perfuoroalkyl
SubstanceMixtures in Relation to Thyroid Function of Newborns: Findings
From Sheyang Mini Birth Cohort Study,” Chemosphere 273 (2021): 129664,
https://doi.org/10.1016/j.chemosphere.2021.129664.

42. E. Costello, S. Rock, N. Stratakis, et al., “Exposure to per- and Pol-
yfuoroalkyl Substances and Markers of Liver Injury: A Systematic Re-
view and Meta-Analysis,” Environmental Health Perspectives 130, no. 4
(2022): 046001, https://doi.org/10.1289/ehp10092.

43. Y. Zhou, L. Zhang, Q. Li, et al., “Prenatal PFAS Exposure, Gut
Microbiota Dysbiosis, and Neurobehavioral Development in Childhood,”
Journal of Hazardous Materials 469 (2024): 133920, https://doi.org/
10.1016/j.jhazmat.2024.133920.

44. X. Liu, L. Zhang, J. Liu, et al., “6:2 Chlorinated Polyfuoroalkyl Ether
Sulfonates Exert Stronger Thyroid Homeostasis Disruptive Efects in
Newborns Than Perfuorooctanesulfonate: Evidence Based on Bayesian
Benchmark Dose Values from a Population Study,” Environmental
Science and Technology (2023).

45. D. Cai, Q. Q. Li, C. Chu, et al., “High Trans-placental Transfer of Per-
fuoroalkyl Substances Alternatives in the Matched Maternal-Cord Blood
Serum: Evidence From a Birth Cohort Study,” Science of the Total Envi-
ronment 705 (2020): 135885, https://doi.org/10.1016/j.scitotenv.2019.135885.

46. R. Cariou, B. Veyrand, A. Yamada, et al., “Perfuoroalkyl Acid
(PFAA) Levels and Profles in Breast Milk, Maternal and Cord Serum of
French Women and Their Newborns,” Environment International 84
(2015): 71–81, https://doi.org/10.1016/j.envint.2015.07.014.

47. H. Jin, L. Mao, J. Xie, et al., “Poly- and Perfuoroalkyl Substance
Concentrations in Human Breast Milk and Their Associations With
Postnatal Infant Growth,” Science of the Total Environment 713 (2020):
136417, https://doi.org/10.1016/j.scitotenv.2019.136417.

48. L. R. Macheka, O. A. Abafe, L. L. Mugivhisa, and J. O. Olowoyo,
“Occurrence and Infant Exposure Assessment of per and Polyfuoroalkyl
Substances in Breast Milk From South Africa,” Chemosphere 288 (2022):
132601, https://doi.org/10.1016/j.chemosphere.2021.132601.

49. J. Yao, Z. Dong, L. Jiang, et al., “Emerging and Legacy Perfuoroalkyl
Substances in Breastfed Chinese Infants: Renal Clearance, Body Burden,
and Implications,” Environmental Health Perspectives 131, no. 3 (2023):
37003, https://doi.org/10.1289/ehp11403.

50. A. J. Blomberg, L. S. Haug, C. Lindh, et al., “Changes in Perfuoroalkyl
Substances (PFAS) Concentrations in Human Milk Over the Course of
Lactation: A Study in Ronneby Mother-Child Cohort,” Environmental
Research 219 (2023): 115096, https://doi.org/10.1016/j.envres.2022.115096.

51. A. Derakhshan, A. Kortenkamp, H. Shu, et al., “Association of per-
and Polyfuoroalkyl Substances With Thyroid Homeostasis During
Pregnancy in the SELMA Study,” Environment International 167 (2022):
107420, https://doi.org/10.1016/j.envint.2022.107420.

52. R. C. Jensen, D. Glintborg, C. A. G. Timmermann, et al., “Higher Free
Thyroxine Associated With PFAS Exposure in First Trimester. The
Odense Child Cohort,” Environmental Research 212, no. Pt D (2022):
113492, https://doi.org/10.1016/j.envres.2022.113492.

53. B. Zhang, Z. Wang, J. Zhang, et al., “Prenatal Exposure to per- and
Polyfuoroalkyl Substances, Fetal Thyroid Function, and Intelligence
Quotient at 7 Years of Age: Findings From the SheyangMini Birth Cohort
Study,” Environment International 187 (2024): 108720, https://doi.org/
10.1016/j.envint.2024.108720.

54. A. Pande and A. Anjankar, “A Narrative Review on the Efect of
Maternal Hypothyroidism on Fetal Development,” Cureus 15, no. 2
(2023): e34824, https://doi.org/10.7759/cureus.34824.

55. Q. Yao, A. Vinturache, X. Lei, et al., “Prenatal Exposure to per- and
Polyfuoroalkyl Substances, Fetal Thyroid Hormones, and Infant Neu-
rodevelopment,” Environmental Research 206 (2022): 112561, https://
doi.org/10.1016/j.envres.2021.112561.

56. Y. Zhou, L. Xu, Y. Yan, et al., “Association and Binding Interaction
Between per- and Polyfuoroalkyl Substances and Maternal Thyroid
Hormones: A Case Study Based on a Prospective Birth Cohort in Wuxi,
China,” Environmental Research 275 (2025): 121439, https://doi.org/
10.1016/j.envres.2025.121439.

57. H. Liang, Z. Wang, M. Miao, et al., “Prenatal Exposure to Per-
fuoroalkyl Substances and Thyroid Hormone Concentrations in Cord
Plasma in a Chinese Birth Cohort,” Environmental Health: A Global
Access Science Source 19, no. 1 (2020): 127, https://doi.org/10.1186/
s12940-020-00679-7.

Journal of Toxicology, 2026 15 of 16

http://doi.org/10.1016/j.envres.2020.109395
http://doi.org/10.1016/j.envint.2019.105365
http://doi.org/10.1016/j.envint.2019.105365
http://doi.org/10.1016/j.chemosphere.2022.135731
http://doi.org/10.1021/acs.est.3c07515
http://doi.org/10.1021/acs.est.3c07515
http://doi.org/10.1016/j.envres.2023.115233
http://doi.org/10.1016/j.envres.2023.115233
http://doi.org/10.1098/rstb.2014.0066
http://doi.org/10.3390/ijerph13010146
http://doi.org/10.1186/s12940-016-0143-y
http://doi.org/10.1016/j.envint.2018.10.051
http://doi.org/10.1016/j.envpol.2020.114491
http://doi.org/10.1016/j.envpol.2020.114491
http://doi.org/10.1016/j.chemosphere.2019.125250
http://doi.org/10.1016/j.chemosphere.2019.125250
http://doi.org/10.1016/j.chemosphere.2021.129664
http://doi.org/10.1289/ehp10092
http://doi.org/10.1016/j.jhazmat.2024.133920
http://doi.org/10.1016/j.jhazmat.2024.133920
http://doi.org/10.1016/j.scitotenv.2019.135885
http://doi.org/10.1016/j.envint.2015.07.014
http://doi.org/10.1016/j.scitotenv.2019.136417
http://doi.org/10.1016/j.chemosphere.2021.132601
http://doi.org/10.1289/ehp11403
http://doi.org/10.1016/j.envres.2022.115096
http://doi.org/10.1016/j.envint.2022.107420
http://doi.org/10.1016/j.envres.2022.113492
http://doi.org/10.1016/j.envint.2024.108720
http://doi.org/10.1016/j.envint.2024.108720
http://doi.org/10.7759/cureus.34824
http://doi.org/10.1016/j.envres.2021.112561
http://doi.org/10.1016/j.envres.2021.112561
http://doi.org/10.1016/j.envres.2025.121439
http://doi.org/10.1016/j.envres.2025.121439
http://doi.org/10.1186/s12940-020-00679-7
http://doi.org/10.1186/s12940-020-00679-7


58. J. M. Conley, C. S. Lambright, N. Evans, et al., “Dose Additive
Maternal and Ofspring Efects of Oral Maternal Exposure to aMixture of
Three PFAS (HFPO-DA, NBP2, PFOS) During Pregnancy in the Sprague-
Dawley Rat,” The Science of the Total Environment 892 (2023): 164609,
https://doi.org/10.1016/j.scitotenv.2023.164609.

59. C. E. Crute, S. M. Hall, C. D. Landon, et al., “Evaluating Maternal
Exposure to an Environmental per and Polyfuoroalkyl Substances
(PFAS) Mixture During Pregnancy: Adverse Maternal and Fetoplacental
Efects in a New ZealandWhite (NZW) Rabbit Model,” The Science of the
Total Environment 838, no. Pt 4 (2022): 156499, https://doi.org/10.1016/
j.scitotenv.2022.156499.

60. W. G. Yu, W. Liu, and Y. H. Jin, “Efects of Perfuorooctane Sulfonate
on Rat Thyroid Hormone Biosynthesis and Metabolism,” Environmental
Toxicology and Chemistry 28, no. 5 (2009): 990–996, https://doi.org/
10.1897/08-345.1.

61. M. Song, Y. J. Kim, Y. K. Park, and J. C. Ryu, “Changes in Thyroid
Peroxidase Activity in Response to Various Chemicals,” Journal of En-
vironmental Monitoring: JEM 14, no. 8 (2012): 2121–2126, https://doi.org/
10.1039/c2em30106g.

62. F. Coperchini, L. Croce, G. Ricci, et al., “Thyroid Disrupting Efects of
Old and New Generation PFAS,” Frontiers in Endocrinology 11 (2020):
612320, https://doi.org/10.3389/fendo.2020.612320.

63. M. A. Beg and I. A. Sheikh, “Endocrine Disruption: Molecular In-
teractions of Environmental Bisphenol Contaminants With Thyroid
Hormone Receptor and Thyroxine-Binding Globulin,” Toxicology and
Industrial Health 36, no. 5 (2020): 322–335, https://doi.org/10.1177/
0748233720928165.

64. M. A. Liz, T. Coelho, V. Bellotti, M. I. Fernandez-Arias, P. Mallaina,
and L. Obici, “A Narrative Review of the Role of Transthyretin in Health
and Disease,” Neurology and Therapy 9, no. 2 (2020): 395–402, https://
doi.org/10.1007/s40120-020-00217-0.

65. R. Dharpure, S. Pramanik, and A. Pradhan, “In Silico Analysis De-
codes Transthyretin (TTR) Binding and Thyroid Disrupting Efects of
per- and Polyfuoroalkyl Substances (PFAS),” Archives of Toxicology 97,
no. 3 (2023): 755–768, https://doi.org/10.1007/s00204-022-03434-8.

66. A. Rodríguez-Carrillo, E. Salamanca-Fernández, H. Den, et al.,
“Association of Exposure to Perfuoroalkyl Substances (PFAS) and
Phthalates With Thyroid Hormones in Adolescents From HBM4EU
Aligned Studies,” Environmental Research 237 (2023): 116897, https://
doi.org/10.1016/j.envres.2023.116897.

67. S. E. Mousavi, M. Zarean, J. Yu, S. Abbasi, and R. W. Kwong,
“Identifying Possible Neurodevelopmental Efects of per- and Poly-
fuoroalkyl Substances (PFAS) Through an Adverse Outcome Pathway
(AOP) Network for Human Developmental Neurotoxicology,” The Sci-
ence of the Total Environment 1011 (2026): 181170, https://doi.org/
10.1016/j.scitotenv.2025.181170.

68. M. De Cock, M. R. De Boer, M. Lamoree, J. Legler, andM. van de Bor,
“Prenatal Exposure to Endocrine Disrupting Chemicals in Relation to
Thyroid Hormone Levels in Infants—A Dutch Prospective Cohort
Study,” Environmental Health: A Global Access Science Source 13, no. 1
(2014): 106, https://doi.org/10.1186/1476-069x-13-106.

69. M. Alsen, C. Sinclair, P. Cooke, K. Ziadkhanpour, E. Genden, and
M. van Gerwen, “Endocrine Disrupting Chemicals and Thyroid Cancer:
An Overview,” Toxics 9, no. 1 (2021): 14, https://doi.org/10.3390/
toxics9010014.

70. A. M. Temkin, B. A. Hocevar, D. Q. Andrews, O. V. Naidenko, and
L. M. Kamendulis, “Application of the Key Characteristics of Carcino-
gens to per and Polyfuoroalkyl Substances,” International Journal of
Environmental Research and Public Health 17, no. 5 (2020): 1668, https://
doi.org/10.3390/ijerph17051668.

71. E. Fröhlich and R. Wahl, “Microbiota and Thyroid Interaction in
Health and Disease,” Trends in Endocrinology and Metabolism: TEM 30,
no. 8 (2019): 479–490, https://doi.org/10.1016/j.tem.2019.05.008.

72. S. Lamichhane, T. Härkönen, T. Vatanen, T. Hyötyläinen, M. Knip,
and M. Orešič, “Impact of Exposure to per- and Polyfuoroalkyl Sub-
stances on Fecal Microbiota Composition in Mother-Infant Dyads,”
Environment International 176 (2023): 107965, https://doi.org/10.1016/
j.envint.2023.107965.

73. R. Chen, D. Muensterman, J. Field, and C. Ng, “Deriving Mem-
brane–Water and Protein–Water Partition Coefcients From In Vitro
Experiments for Per- and Polyfuoroalkyl Substances (PFAS),” Envi-
ronmental Science and Technology 59, no. 1 (2025): 82–91, https://doi.org/
10.1021/acs.est.4c06734.

74. N. David, J. P. Antignac, M. Roux, et al., “Associations Between
Perfuoroalkyl Substances and the Severity of Non-Alcoholic Fatty Liver
Disease,” Environment International 180 (2023): 108235, https://doi.org/
10.1016/j.envint.2023.108235.

75. S. Román, S. Yin, J. Elbert, J. Lee, D. Shukla, and X. Su, “Imparting
Selective Fluorophilic Interactions in Redox Copolymers for the Elec-
trochemically Mediated Capture of Short-Chain Perfuoroalkyl Sub-
stances,” Journal of the American Chemical Society 145, no. 17 (2023):
9508–9519, https://doi.org/10.1021/jacs.2c10963.

76. M. I. Gomis, Z. Wang, M. Scheringer, and I. T. Cousins, “A Modeling
Assessment of the Physicochemical Properties and Environmental Fate
of Emerging and Novel per- and Polyfuoroalkyl Substances,” The Science
of the Total Environment 505 (2015): 981–991, https://doi.org/10.1016/
j.scitotenv.2014.10.062.

77. F. Wang, Y. Lin, L. Qin, et al., “Serum Metabolome Associated With
Novel and Legacy per- and Polyfuoroalkyl Substances Exposure and
Thyroid Cancer Risk: A Multi-Module Integrated Analysis Based on
Machine Learning,” Environment International 195 (2024): 109203,
https://doi.org/10.1016/j.envint.2024.109203.

78. J. Kim, G. Lee, Y.M. Lee, K. D. Zoh, and K. Choi, “Thyroid Disrupting
Efects of Perfuoroundecanoic Acid and Perfuorotridecanoic Acid in
Zebrafsh (Danio rerio) and Rat Pituitary (GH3) Cell Line,” Chemosphere
262 (2021): 128012, https://doi.org/10.1016/j.chemosphere.2020.128012.

79. J. Li, Q. Wang, C. Hu, et al., “Efects of Chemical Speciation on
Chronic Thyroid Toxicity of Representative Perfuoroalkyl Acids,” En-
vironmental Science and Technology 59, no. 14 (2025): 6959–6970, https://
doi.org/10.1021/acs.est.4c10997.

16 of 16 Journal of Toxicology, 2026

http://doi.org/10.1016/j.scitotenv.2023.164609
http://doi.org/10.1016/j.scitotenv.2022.156499
http://doi.org/10.1016/j.scitotenv.2022.156499
http://doi.org/10.1897/08-345.1
http://doi.org/10.1897/08-345.1
http://doi.org/10.1039/c2em30106g
http://doi.org/10.1039/c2em30106g
http://doi.org/10.3389/fendo.2020.612320
http://doi.org/10.1177/0748233720928165
http://doi.org/10.1177/0748233720928165
http://doi.org/10.1007/s40120-020-00217-0
http://doi.org/10.1007/s40120-020-00217-0
http://doi.org/10.1007/s00204-022-03434-8
http://doi.org/10.1016/j.envres.2023.116897
http://doi.org/10.1016/j.envres.2023.116897
http://doi.org/10.1016/j.scitotenv.2025.181170
http://doi.org/10.1016/j.scitotenv.2025.181170
http://doi.org/10.1186/1476-069x-13-106
http://doi.org/10.3390/toxics9010014
http://doi.org/10.3390/toxics9010014
http://doi.org/10.3390/ijerph17051668
http://doi.org/10.3390/ijerph17051668
http://doi.org/10.1016/j.tem.2019.05.008
http://doi.org/10.1016/j.envint.2023.107965
http://doi.org/10.1016/j.envint.2023.107965
http://doi.org/10.1021/acs.est.4c06734
http://doi.org/10.1021/acs.est.4c06734
http://doi.org/10.1016/j.envint.2023.108235
http://doi.org/10.1016/j.envint.2023.108235
http://doi.org/10.1021/jacs.2c10963
http://doi.org/10.1016/j.scitotenv.2014.10.062
http://doi.org/10.1016/j.scitotenv.2014.10.062
http://doi.org/10.1016/j.envint.2024.109203
http://doi.org/10.1016/j.chemosphere.2020.128012
http://doi.org/10.1021/acs.est.4c10997
http://doi.org/10.1021/acs.est.4c10997

	Effects of Legacy PFAS and Novel Alternatives on Thyroid Function in Mother‒Child Populations: A Systematic Review
	1. Introduction
	2. Short-Chain Alternatives and Novel Alternatives for PFOA and PFOS
	2.1. Short-Chain Alternatives and Novel Alternatives for PFOA
	2.2. Short-Chain Alternatives and Novel Alternatives for PFOS

	3. Materials and Methods
	3.1. Search Strategy
	3.2. Inclusion and Exclusion Criteria
	3.3. Study Selection and Screening
	3.4. Data Extraction and Quality Assessment

	4. PFAS Exposure in Maternal and Cord Blood
	4.1. In Maternal Blood
	4.2. In Cord Blood
	4.3. PFAS Exposure in Breast Milk

	5. Effects of Exposure to PFAS on TH Levels in Mothers and Infants
	5.1. In Mothers
	5.2. In Infants

	6. Mixture Effects of Combined PFAS Exposures
	7. Mechanisms of PFAS on Thyroid Function
	7.1. Mechanisms of Legacy PFAS
	7.1.1. Interference With TH Synthesis
	7.1.2. Disruption of TH Transport
	7.1.3. Alteration of Receptor Signaling
	7.1.4. Disruption of GM Homeostasis

	7.2. Mechanisms of PFAS Alternatives
	7.2.1. High Protein-Binding Affinity and Bioaccumulation
	7.2.2. High Hydrophilicity and Thyroid Tissue Accumulation
	7.2.3. Disruption of Fatty Acid Metabolism and TC Risk
	7.2.4. High Placental Transfer Efficiency


	8. Prevention and Control Strategies
	9. Conclusion
	Nomenclature
	Author Contributions
	Funding
	Disclosure
	Conflicts of Interest
	Data Availability Statement




