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ARTICLE INFO ABSTRACT

Handling Editor: Mathieu Vinken Per- and poly-fluoroalkyl substances (PFAS) are widespread environmental contaminants frequently detected in
drinking water supplies worldwide that have been linked to a variety of adverse reproductive health outcomes in

Keywords: women. Compared to men, reproductive health effects in women are generally understudied while global trends

PFAS

in female reproduction rates are declining. Many factors may contribute to the observed decline in female
reproduction, one of which is environmental contaminant exposure. PFAS have been used in home, food storage,
personal care and industrial products for decades. Despite the phase-out of some legacy PFAS due to their
environmental persistence and adverse health effects, alternative, short-chain and legacy PFAS mixtures will
continue to pollute water and air and adversely influence women’s health. Studies have shown that both long-
and short-chain PFAS disrupt normal reproductive function in women through altering hormone secretion,
menstrual cyclicity, and fertility. Here, we summarize the role of a variety of PFAS and PFAS mixtures in female
reproductive tract dysfunction and disease. Since these chemicals may affect reproductive tissues directly or
indirectly through endocrine disruption, the role of PFAS in breast, thyroid, and hypothalamic-pituitary-gonadal
axis function are also discussed as the interplay between these tissues may be critical in understanding the long-
term reproductive health effects of PFAS in women. A major research gap is the need for mechanism of action
data — the targets for PFAS in the female reproductive and endocrine systems are not evident, but the effects are
many. Given the global decline in female fecundity and the ability of PFAS to negatively impact female repro-
ductive health, further studies are needed to examine effects on endocrine target tissues involved in the onset of
reproductive disorders of women.

Female reproduction
Environmental contaminants
Endocrine disruption

1. Introduction scientific community. Additionally, the role of environmental exposures
in the development of reproductive disorders in women warrants further
Female reproductive disorders are generally understudied in the attention (Boyles et al., 2020). In 1996, a comprehensive review on male
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EPA, Environmental Protection Agency; ERa, estrogen receptor-a; ERp, estrogen receptor-f; Et-PFOSA-AcOH, 2-(N-ethylperfluorooctane sulfonamido) acetic acid;
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reproductive health and environmental xenoestrogens was published
(Toppari et al., 1996). A similar focused evaluation on the association
between xenoestrogen exposure and female reproductive health has yet
to be conducted (Crain et al., 2008; Gore et al., 2015). Environmental
contaminants have been shown to modify short-term events like birth
outcomes (Blake and Fenton, 2020; Chen et al., 2021; Eick et al., 2021,
2020; Olsen et al., 2009a) and fertilization or implantation (Ma et al.,
2021). Exposure to environmental contaminants can also modify sus-
ceptibility to long-term diseases such as endometriosis (Campbell et al.,
2016; Wang et al., 2017), polycystic ovarian syndrome (PCOS) (Hef-
fernan et al., 2018; Palioura and Diamanti-Kandarakis, 2015; Vagi et al.,
2014; Wang et al., 2019a), and cancer (Fenton et al., 2021; Hurley et al.,
2018; Tsai et al., 2020), highlighting the importance of understanding
the impact of chemical exposures on female reproductive disorders.

Studies suggest that trends in global female reproduction have been
on the decline over the past few decades (Crain et al., 2008; Hamilton
and Ventura, 2006). Notably, from 1960 to 2002, the general fertility
rate (number of live births per 1000 women aged 15-44 years) and total
fertility rate (sums of birth rates by 5-year age groups multiplied by 5)
per 1000 women have declined by at least 44 % (Hamilton and Ventura,
2006). Such trends likely result from cultural changes, such as oral
contraceptive (OC) use or the trend of women starting their families at
older ages; however, the role of environmental influences may
contribute to the observed decline (Crain et al., 2008). While informa-
tion on global trends is limited, hormone-related disorders in women,
such as precocious pubertal timing, endometriosis, and PCOS have
become more common and have been attributed to environmental ex-
posures (Crain et al., 2008; Gore et al., 2015). Effects have also been
noted by pharmaceuticals; it is well known that diethylstilbestrol (DES),
a synthetic estrogenic compound, increases the risk of genital tract and
breast cancers, and decreases fertility in women exposed in utero (Crain
et al., 2008; Goldberg and Falcone, 1999; Hatch et al., 2006; Lagiou,
2006).

Many environmental contaminants to which women are routinely
exposed are labeled as endocrine-disrupting compounds (EDCs). EDCs
number in the hundreds, and include persistent chemicals like diphe-
nyldichloroethene (DDE), a breakdown product of the insecticide
dichlorodiphenyltrichloroethane (DDT), and non-persistent chemicals
like phthalates, which are a class of chemicals found in detergents, food
packaging, medical grade plastics, and personal care products (Hunt
et al., 2016). Studies examining the relationship between EDCs and fe-
male reproductive disorders found that increased exposure to EDCs were
associated with fibroids and endometriosis in women in the European
Union (Hunt et al., 2016). A number of other EDCs have been linked to
reproductive disorders in women, including genistein, a phytoestrogen
found in soy products; bisphenol A, a compound commonly used in
plastics and epoxy resins, and dioxins, a group of chemicals produced
from incinerating waste (Caserta et al., 2008; Crain et al., 2008; Gore
et al., 2015). Studies have suggested an association between these
compounds and decreased fertility and fecundity, endometriosis, altered
pubertal timing, as well as breast and endometrial cancers (Caserta
et al., 2008; Gore et al., 2015).

Although there are some EDCs with very strong correlations to fe-
male reproductive disease, much remains unknown about the contri-
bution of other prevalent environmental contaminants, including per-
and poly-fluoroalkyl substances (PFAS), which frequently contaminate
drinking water supplies worldwide. One particular PFAS, per-
fluorooctanoic acid (PFOA) has been reported as an endocrine disruptor
for its inhibitory effects on placental and birth outcomes (Blake and
Fenton, 2020; Szilagyi et al., 2020a), the thyroid (Ballesteros et al.,
2017), and pubertal breast development and lactation in rodent models
(Macon and Fenton, 2013), but other female reproductive targets of
PFAS have not been reviewed. As a result of the prevalence of EDCs and
other daily environmental exposures to women, understanding the
contributions of PFAS to the onset of reproductive disorders in women is
critical in understanding trends in female reproduction and related
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diseases.
2. What are PFAS and how are women exposed?

The latest definition by the Organization for Economic Co-operation
and Development (OECD) states that PFAS are fluorinated substances
containing at least one fully fluorinated methyl or methylene carbon
atom, although some exceptions exist (OECD, 2021). These chemicals
are environmentally-persistent, man-made compounds that have a va-
riety of different biological, structural, chemical, and physical properties
(Buck et al., 2011; Calafat et al., 2019; Williams et al., 2017). The ability
of PFAS to persist in the environment is mainly due to the presence of a
perfluoroalkyl moiety (CpFan+1-) which exhibits chemical stability,
thermal stability, hydrophobicity, and lipophilicity, enabling these
compounds to resist degradation (Blake et al., 2018; Buck et al., 2011;
Fu et al., 2016; Karsa, 1995; Kissa and Kissa, 2001; Olsen et al., 2007).
PFAS are typically categorized into polymers and non-polymers and
then further subdivided based on chemical properties. For example, the
term “non-polymer PFAS” encompasses both perfluoroalkyl substances
and polyfluoroalkyl substances (Buck et al., 2011). It is important to
consider that many of these chemicals are referred to by a variety of
abbreviated names. For clarity, Table 1 summarizes numerous common
PFAS based on the Environmental Protection Agency’s (EPA’s) Comp-
Tox Dashboard (Williams et al., 2017) official name, along with their
respective CAS numbers and commonly used abbreviations or aliases in
the literature.

In general, PFAS are often referred to as short-chain (generally
containing < 7 carbons) and long-chain (containing > 8 carbons), and
often as legacy compounds, based on the length of time the chemicals
have been evaluated. Long-chain, legacy PFAS include chemicals like
perfluorooctane sulfonate (PFOS) and PFOA, which are two of the most
well-studied PFAS. These compounds have long half-lives and, there-
fore, tend to persist in both the environment and in the human body.
Although these compounds were used in a wide variety of applications
for decades, production of certain PFAS, such as PFOA and PFOS, was
voluntarily phased-out in the United States during the 2000s as their
negative health effects were increasingly reported (Calafat et al., 2019;
DeWitt, 2015; Agency for Toxic Substances and Disease Registry
(ATSDR), 2021; Blake and Fenton, 2020)). This phase-out occurred in
two waves: 1) the voluntary phase-out of PFOS and PFOA in 2000 and
2002 by 3M, and 2) the EPA’s PFOA Stewardship Program, which aimed
to phase out 95 % of PFOA and related compounds production and use
by 2010, striving for their elimination by 2015 (Buck et al., 2011; EPA,
2000, 2006). As a result, short-chain or structurally modified PFAS,
referred to as PFAS alternatives, which include newer substances like
ammonium perfluoro(2-methyl-3-oxahexanoate), or HFPO-DA, and
ammonium 4,8-dioxa-3H-perfluorononanoate, or ADONA, have
replaced some of the legacy PFAS (Calafat et al., 2019; Sunderland et al.,
2019; Wang et al., 2019b). These replacement compounds are proposed
to decrease both the environmental and physiological burden (the
amount circulating in the blood) of PFAS due to increased urinary
excretion and shorter half-lives compared to long-chain PFAS (Calafat
et al., 2019; Gannon et al., 2016, 2011; Nilsson et al., 2010; Olsen et al.,
2009b). Although these PFAS alternatives are proposed to decrease risk
for environmental persistence, many of these chemicals are unregulated
and untested with respect to health risks, especially regarding repro-
ductive tissues (Calafat et al., 2019; Pan et al., 2020; Sunderland et al.,
2019; Wang et al., 2019b). While this remains true for PFAS alternatives,
there is a lack of information on other PFAS as well, notably the
short-chain perfluoroalkyl carboxylic acids and perfluorooctane sul-
fonamides found in contemporary mixtures. The lack of reproductive
effect studies in the literature for certain short-chain PFAS and PFAS
alternatives compared to long-chain perfluoroalkyl carboxylic acids and
perfluoroalkyl sulfonates is illustrated in Table 1.

Legacy PFAS have been used in a wide variety of commercial and
industrial products since the 1950s (Buck et al., 2011; Kissa and Kissa,
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Table 1
Classifications of Common PFAS and their Implications in Women’s Reproductive Health.
Compound Name By Class (CAS #) Main Abbreviation (Other Aliases) Carbon Reported Positive, Negative, or Null Associations
Number

Perfluoroalkyl Carboxylates

Perfluorobutanoic acid (375-22-4) PFBA 4 - Thyroid cell viability and TSH-dependent cAMP production (Croce et al.,
2019)

Dihydrotestosterone-stimulated androgen receptor activity (Behr et al., 2018)

Perfluorohexanoic acid (307-24-4) PFHxA 6 - Dihydrotestosterone-stimulated androgen receptor activity (Behr et al., 2018)

- Estrous cyclicity (Loveless et al., 2009)

Perfluoroheptanoic acid (375-85-9) PFHpA 7 - Menstrual cycle characteristics (Zhou et al., 2017)

- PCOS-related infertility (Wang et al., 2019a,b)

- LH and FAI levels (Nian et al., 2020)

Perfluorooctanoic acid (335-67-1) PFOA 8 - Adverse placental and birth outcomes (Blake and Fenton, 2020; Green et al.,
2021; Johnson et al., 2014; Lau et al., 2006; Ma et al., 2021; Stein et al., 2009;
Szilagyi et al., 2020a,b)

- Sociodemographic and reproductive factors (CDC, 2021; Colles et al., 2020;
Ding et al., 2020b; Goralczyk et al., 2015; Knox et al., 2011; Park et al., 2019;
Pinney et al., 2014, 2019; Rush et al., 2018; Sagiv et al., 2015; Taylor et al.,
2014; Ye et al., 2018)

- Altered mammary gland development and lactation (Macon and Fenton, 2013;
Macon et al., 2011; Tucker et al., 2015; White et al., 2011)

- Duration of breastfeeding (Kale et al., 2015; Pinney et al., 2014; Romano et al.,
2016)

- Breast cancer risk/odds (Mancini et al., 2020; Omoike et al., 2020)

- Thyroid cell viability, proliferation, and TSH-dependent cAMP production
(Croce et al., 2019; Zhang et al., 2021)

- T3, T4, TSH, and TPOAD levels (Aimuzi et al., 2020; Heffernan et al., 2018;
Inoue et al., 2019; Itoh et al., 2019; Jain, 2013; Lebeaux et al., 2020; Lewis
et al., 2015; Liang et al., 2020; Preston et al., 2020; Webster et al., 2016; Wen
et al., 2013)

- Estrogenic and anti-estrogenic effects (Bonefeld-Jorgensen et al., 2011; Henry
and Fair, 2013)

- Reproductive hormone receptor activation, levels, and secretion (Behr et al.,
2018; Di Nisio et al., 2020; Du et al., 2013a, b; Knox et al., 2011; Olsen et al.,
1998; Tsai et al., 2015)

- Menstrual cycle irregularities (Di Nisio et al., 2020; Fei et al., 2009; Lum et al.,
2017; Lyngse et al., 2014; Singer et al., 2018; Zhou et al., 2017)

- Age at menarche and menopause (Christensen et al., 2011; Dhingra et al.,
2016; Di Nisio et al., 2020; Ding et al., 2020b; Kristensen et al., 2013;
Lopez-Espinosa et al., 2011; Tucker et al., 2015)

- Osteoporosis in post-menopausal women (Khalil et al., 2016)

- Fecundity and TTP (Fei et al., 2009; Jorgensen et al., 2014; Lum et al., 2017;
Vélez et al., 2015; Whitworth et al., 2012)

- PCOS and PCOS-related infertility (Heffernan et al., 2018; Vagi et al., 2014;
Wang et al., 2019a,b)

- Endometriosis (Campbell et al., 2016)

- Ovarian cancer (Barry et al., 2013; Vieira et al., 2013)

Perfluorononanoic acid (375-95-1) PFNA 9 - Sociodemographic and reproductive factors (Colles et al., 2020; Goralczyk
et al., 2015; Knox et al., 2011; Park et al., 2019; Rush et al., 2018; Sagiv et al.,
2015; Taylor et al., 2014; Ye et al., 2018)

- Odds of breast cancer (Omoike et al., 2020)

- T3, T4, and TSH levels (Aimuzi et al., 2020; Blake et al., 2018; Itoh et al., 2019;
Liang et al., 2020; Lin et al., 2013; Preston et al., 2020; Wang et al., 2014)

- Menstrual cycle irregularities (Singer et al., 2018; Zhou et al., 2017)

- Menarche and menopause timing (Christensen et al., 2011; Ding et al., 2020b;
Ernst et al., 2019)

- Osteoporosis and low bone mineral density in post-menopausal women (Khalil
et al., 2016)

- Fecundity, infertility and PCOS-related infertility (Jorgensen et al., 2014; Lum
et al., 2017; Wang et al., 2019a,b)

- Birth outcomes (Chen et al., 2021; Das et al., 2015; Wolf et al., 2010)

- Endometriosis (Campbell et al., 2016)

Perfluorodecanoic acid (335-76-2) PFDA (PFDeA) 10 - Age, race/ethnicity, and OC use (CDC, 2021; Goralczyk et al., 2015; Rush
et al., 2018)

- Odds of breast cancer (Omoike et al., 2020)

- T3 and T4 levels (Inoue et al., 2019; Liang et al., 2020)

- Irregular menstrual periods (Lum et al., 2017; Singer et al., 2018)

- Menarche timing (Ernst et al., 2019)

- Birth length in female fetuses (Chen et al., 2021)

- PCOS-related infertility (Wang et al., 2019a,b)

Perfluoroundecanoic acid (2058-94-8) PFUdA (PFUnA, PFUnDA PFUA) 11 - OCuse, race/ethnicity, and hypertensive complications of pregnancy (Bangma

et al., 2020a,b; Singer et al., 2018)

T3 and T4 levels (Liang et al., 2020; Wang et al., 2014)
Menstrual cycle irregularities (Singer et al., 2018)

- Reproductive hormone levels (Tsai et al., 2015)

- Birth outcomes (Chen et al., 2021; Takahashi et al., 2014)

(continued on next page)
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Table 1 (continued)

Compound Name By Class (CAS #) Main Abbreviation (Other Aliases) Carbon Reported Positive, Negative, or Null Associations
Number

PCOS-related infertility (Wang et al., 2019a,b)

Age/sex (Goralezyk et al., 2015)

T4 levels (Itoh et al., 2019; Wang et al., 2014)

Estrous timing and cyclicity (Kato et al., 2015; Shi et al., 2009)
Birth length in female fetuses (Chen et al., 2021)

PCOS-related infertility (Wang et al., 2019a,b)

Perfluorododecanoic acid (307-55-1) PFDOA (PFDoDA, PFDDA) 12

Perfluoroalkyl Sulfonates

Perfluorobutane sulfonate (45187-15-3) PFBS 4 - Thyroid cell viability and TSH-dependent cAMP production (Croce et al.,
2019)
- Reproductive hormone levels (Nian et al., 2020)
- Estrous timing (Feng et al., 2017)
- E2-stimulated ERa or Erf activity (Behr et al., 2018)
- Hypertensive disorders of pregnancy (Huang et al., 2019)
- PCOS-related infertility (Wang et al., 2019a,b)
- Endometriosis-related infertility (Wang et al., 2017)
Perfluorohexane sulfonate (108427-53-8) PFHxS 6 - Sociodemographic and reproductive factors (Barton et al., 2019; CDC, 2021;
Chang et al., 2020; Colles et al., 2020; Ericson et al., 2007; Géralczyk et al.,
2015; Ingelido et al., 2010; Midasch et al., 2006; Park et al., 2019; Rotander
et al., 2015; Rush et al., 2018; Taylor et al., 2014; Vassiliadou et al., 2010; Ye
et al., 2018)
- Odds of breast cancer (Omoike et al., 2020; Tsai et al., 2020)
- T3, T4, and TSH levels (Aimuzi et al., 2020; Blake et al., 2018; Inoue et al.,
2019; Itoh et al., 2019; Jain, 2013; Lebeaux et al., 2020; Preston et al., 2020;
Wen et al., 2013)
- ERa, Erp, or E2-stimulated ERa/Erp activity (Behr et al., 2018)
- Menstrual cycle irregularities (Butenhoff et al., 2009; Zhou et al., 2017)
- Menarche or menopause timing (Butenhoff et al., 2009; Chang et al., 2018;
Christensen et al., 2011; Ding et al., 2020b; Ernst et al., 2019)
- Osteoporosis in post-menopausal women (Khalil et al., 2016)
- Hypertensive pregnancy complications (Bangma et al., 2020a,b)
- Fecundity (Vélez et al., 2015)
- Birth outcomes (Chang et al., 2018; Ramhgj et al., 2018)
- PCOS-related infertility (Wang et al., 2019a,b)
Perfluoroheptane sulfonate (146689-46-5) PFHpS 7 - Race/ethnicity, age, and OC use (Barton et al., 2019; CDC, 2021; Rush et al.,

2018)
TSH levels (Inoue et al., 2019)
Menstrual cycle length (Singer et al., 2018)
Menarche timing (Ernst et al., 2019)

- Hypertensive complications of pregnancy (Bangma et al., 2020a,b)
Perfluorooctane sulfonate (1763-23-1) PFOS 8 - Sociodemographic and reproductive factors (Barton et al., 2019; CDC, 2021;
Colles et al., 2020; Ding et al., 2020a; Géralczyk et al., 2015; Kannan et al.,
2004; Knox et al., 2011; Park et al., 2019; Rotander et al., 2015; Rush et al.,
2018; Sagiv et al., 2015; Taylor et al., 2014; Ye et al., 2018)
Preeclampsia and birth outcomes (Arbuckle et al., 2013; Bangma et al., 2020a,
b; Chen et al., 2021; Green et al., 2021; Lau et al., 2003; Stein et al., 2009)
Prolactin family hormone levels (Lee et al., 2015)
Duration of breastfeeding (Timmermann et al., 2017)
Breast cancer risk/odds (Cohn et al., 2020; Mancini et al., 2020; Omoike et al.,
2020; Tsai et al., 2020)
- Thyroid cell viability and TSH-dependent cAMP production (Croce et al.,
2019)
T3, T4, and TSH levels (Blake et al., 2018; Chang et al., 2008; Inoue et al.,
2019; Lau et al., 2003; Lebeaux et al., 2020; Luebker et al., 2005a,b; Preston
et al., 2020; Thibodeaux et al., 2003)
Neuroendocrine disruption and ovarian follicle atresia(Austin et al., 2003;
Feng et al., 2015)
Reproductive hormone levels(Barrett et al., 2015; Behr et al., 2018; Du et al.,
2013a, b; Feng et al., 2015; Knox et al., 2011; Tsai et al., 2015)
- Estrogenic and anti-estrogenic effects (Bonefeld-Jorgensen et al., 2011; Henry
and Fair, 2013)
Steroidogenesis (Kraugerud et al., 2011)
Reproductive hormone receptor activity (Behr et al., 2018)
Menstrual cycle irregularities (Austin et al., 2003; Fei et al., 2009; Feng et al.,
2015; Heffernan et al., 2018; Lyngsg et al., 2014; Singer et al., 2018; Zhou
et al., 2017)
Menarche and menopause timing (Christensen et al., 2011; Ding et al., 2020b;
Ernst et al., 2019; Knox et al., 2011; Lopez-Espinosa et al., 2011)
Bone mineral density in post-menopausal women (Khalil et al., 2016)
- Fecundity and TTP (Fei et al., 2009; Jorgensen et al., 2014; Whitworth et al.,
2012)
PCOS and PCOS-related infertility (Heffernan et al., 2018; Vagi et al., 2014;
Wang et al., 2019a,b)
Endometriosis (Campbell et al., 2016)

Perfluorooctane Sulfonamido Acetic Acids

11 Maternal and fetal free T4 (Preston et al., 2020)

(continued on next page)
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Compound Name By Class (CAS #) Main Abbreviation (Other Aliases)

Carbon

Reported Positive, Negative, or Null Associations

Number

2-(N-methyl-perfluorooctane
sulfonamido) acetic acid (2355-31-9)

Me-PFOSA-AcOH (N-Me-FOSAA,
NMePFOSA-AcOH, NMeFOSAA,
Me-FOSAA)

Et-PFOSA-AcOH (NEtPFOSA-AcOH, 12
NEtFOSAA, Et-FOSAA)

2-(N-ethylperfluorooctane sulfonamido)
acetic acid (2991-50-6)

Perfluorooctane Sulfonamides

Perfluorooctanesulfonamide (754-91-6) PFOSA 8

Perfluoroalkyl Substance Alternatives

Ammonium perfluoro(2-methyl-3- HFPO-DA (GenX) 6
oxahexanoate) (62037-80-3)

Ammonium 4,8-dioxa-3H-perfluoronona- ADONA (PMPP) 7

noate (958445-44-8)

- Early menarche (Christensen et al., 2011)

Breast cancer risk (Cohn et al., 2020)
Maternal and fetal free T4 (Preston et al., 2020)
Early menarche (Christensen et al., 2011)

Early menarche (Christensen et al., 2011)
- Follicular E2 and luteal progesterone levels (Barrett et al., 2015)

Thyroid cell viability, proliferation, and TSH-dependent cAMP production
(Coperchini et al., 2020; Croce et al., 2019; Zhang et al., 2021)
Reproductive hormone receptor activity (Behr et al., 2018)

E2-stimulated ERa or Erf activity (Behr et al., 2018)

Note: Name used for each chemical is considered valid by the EPA’s CompTox Dashboard. Other names cited below that are those used in papers referenced throughout

this review.

2001). Some common products include textile coatings, non-stick
cookware coatings, food containers, personal care products, ‘wrinkle--
free’ and ‘water-proof’ products, and Class B fire-fighting foams (Buck
et al., 2011; Calafat et al., 2019; DeWitt, 2015; Agency for Toxic Sub-
stances and Disease Registry (ATSDR), 2021). Exposure to PFAS can
occur through a variety of routes, and usually as a mixture containing
multiple compounds, with one of the most prevalent being contami-
nated drinking water and another being through dietary choices (Blake
et al., 2018; Gebbink et al., 2017; Heydebreck et al., 2015; Kaboré et al.,
2018; Pan et al., 2017; Sun et al., 2016; Wei et al., 2018). Water levels of
legacy PFAS like PFOS and PFOA can be measured relatively easily in
comparison to short-chain and alternative PFAS, which cannot be
measured accurately due to limitations in current laboratory testing and
availability of standards (DEQ, 2019). In certain geographical areas,
notably Michigan, Pennsylvania, New Jersey, and North Carolina, PFAS
are under scrutiny due to their widespread contamination of ground,
surface, and drinking water (Park et al., 2019). PFAS are absorbed by
plants grown in polluted water sources, and livestock may also accu-
mulate PFAS in their body via consumption of contaminated water and
their plant-based diet. Likewise, women may unknowingly make choices
that elevate their PFAS physiologic burden including the use of cos-
metics and other personal care products, non-stick cookware,
PFAS-containing food storage containers, and upholstered furniture,
mattresses, and stain-resistant carpeting. Numerous studies around the
world have measured high serum levels of PFAS in the residents of
communities with contaminated drinking water, further indicating the
prevalence of PFAS contamination in the environment (Barton et al.,
2019; EWG, 2021; Worley et al., 2017).

Even with the phase-out of legacy PFAS (EPA, 2000, 2006), exposure
to PFOS and PFOA remains a problem in the United States. The Centers
for Disease Control and Prevention (CDC) reported that exposure to
long-chain PFAS, including PFOS and PFOA, was prevalent in the United
States and that more than 95 % of the population had detectable levels of
PFOA, PFOS, perfluorononanoic acid (PFNA) and per-
fluorohexanesulfonic acid (PFHxS) (Calafat et al., 2019; CDC, 2012). An
evaluation of serum PFAS concentrations in participants of the United
States National Health and Nutrition Examination Survey (NHANES)
found that several PFAS were detected in the serum of nearly all of the U.
S. general population, and that phased-out, long-chain PFAS were
detected even in young adults born after the decline in legacy PFAS
production and use occurred (Calafat et al., 2019; CDC, 2012; Ye et al.,
2018). On the other hand, short-chain PFAS were rarely detected in
these samples, suggesting that these compounds may not contribute to
PFAS body burdens as much as long-chain PFAS due to their shorter
half-lives and elimination through urine (Calafat et al., 2019; CDC,
2012; Ye et al., 2018).

This review specifically focuses on the effects of a subset of non-
polymer PFAS on female endocrine and reproductive targets and high-
lights research gaps, mechanisms of interest, and the potential for
reverse causality due to normal biology. The summary and perspective
provided here emphasizes the need to investigate the molecular target(s)
of PFAS in female reproductive tissues to elucidate the mechanistic
underpinnings of PFAS-related reproductive toxicity and develop in-
terventions to improve reproductive health.

2.1. Demographic factors associated with PFAS exposure

As previously mentioned, contaminated drinking water and modifi-
able factors such as choice of diet and product use may contribute to an
individual’s PFAS exposure. Exposure can also be exacerbated by
various demographic factors such as geography, race/ethnicity, age, sex,
and occupation. Understanding the impacts of these factors on PFAS
exposure is crucial for identifying the racial, ethnic, or under-
represented groups that may be at highest risk of experiencing the
adverse health impacts of PFAS exposures.

The use of PFAS-containing aqueous film forming foams (AFFFs) at
airports, military sites, and firefighting training sites along with PFAS-
containing municipal and industrial waste have contributed to the
contamination of ground and surface water, leaving certain geographic
locations at a higher risk for increased PFAS exposures in their drinking
water systems (Anderson et al., 2016; Barton et al., 2019; Hu et al.,
2016; Park et al., 2019; Weiss et al., 2012). In 2007, the EPA received a
notice from a PFAS manufacturer in Alabama stating that it had dis-
charged waste contaminated with PFAS into a wastewater treatment
plant, posing serious concern for both the surrounding environment and
community (Worley et al., 2017). Serum analysis on residents of the
contaminated community in 2010 revealed that mean serum concen-
trations of PFOA and PFOS were higher than that of the U.S. general
population when compared to 2009-2010 NHANES 95th percentile
values. Serum analysis of the same participants in 2016 revealed that
PFOS, PFHxS and PFOA were higher than the 2013-2014 NHANES 95th
percentile values but lower than serum concentrations of PFAS in resi-
dents living in areas across the United States with known PFAS exposure.
Compared to 2010 serum analysis data, the authors report decreased
mean serum concentrations of PFOA, PFOS, PFNA, perfluorodecanoic
acid (PFDA), and 2-(N-methyl-perfluorooctane sulfonamido) acetic acid
(Me-PFOSA-AcOH) in 2016, and suggest that the observed decrease may
be due to reduced concentrations of PFAS in the Decatur area resulting
from the EPA’s phase-out of long-chain PFAS (Worley et al., 2017).

In another study examining the association between geographic
location and PFAS exposure, Park et al. (2019) measured PFAS levels in
women from five different sites in the Study of Women’s Health Across
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the Nation (SWAN, Southeast Michigan, Pittsburgh, Boston, Oakland,
and Los Angeles). Analysis showed that linear PFOA, PFNA, PFHxS, and
branched and linear PFOS were found in the serum of more than 97 % of
women, while longer chain PFAS such as PFDA, perfluoroundecanoic
acid (PFUdA), perfluorododecanoic acid (PFDOA), and branched PFOA
were not present as often. Additionally, study site was significantly
associated with PFAS exposure. The lowest concentrations of PFAS were
found in participants in the Oakland site, while participants in the
Southeast Michigan site had the highest serum concentrations of PFOS.
Serum concentrations of PFOS and PFHxS in participants from the
Michigan and Pittsburgh sites were elevated when compared to
NHANES 1999-2000 values. Geographic differences in PFAS exposure
that were observed in this study may be explained by a variety of rea-
sons, one being water contamination, since two known sites of
PFAS-contaminated drinking water (Michigan and Pittsburgh sites)
were included in the study. The association between PFAS exposure and
geographical location has been supported by other studies, as exposure
to various PFAS differed across geographic regions of the United States,
Greece, Italy, Korea, the Netherlands, and Spain (Cho et al., 2015;
Ericson et al., 2007; Hu et al., 2016; Pitter et al., 2020; Vassiliadou et al.,
2010; Zafeiraki et al., 2015). Additionally, a study examining serum
PFOS concentrations across the United States, Poland, Korea, Belgium,
Malaysia, Brazil, Italy, Colombia, and India found that PFOS concen-
trations were highest in residents of the United States and Poland while
concentrations were lowest in India (Kannan et al.,, 2004). Under-
standing the association between geographic location and PFAS expo-
sure is critical because it can help identify populations at risk for
developing PFAS-related health effects. For example, in Mid-Ohio Valley
residents, another known site of environmental PFAS contamination,
modest associations were found between PFOA exposure and pre-
eclampsia and birth defects, while preeclampsia and low birth weights
were mildly associated with PFOS exposure (Stein et al., 2009). These
findings suggest that residents of communities with elevated PFAS
contamination levels are at a greater risk for PFAS-related health effects
and warrant further investigation.

A subset of PFAS were detected in El Paso County, Colorado in both
public and private water sources, with the likely source as the nearby use
of AFFF (Barton et al., 2019). PFHxS, PFOA, PFOS, and PFNA were
detected in 99.5 % of serum samples collected from participants, while
perfluoroheptane sulfonate (PFHpS) was detected in 82.6 % of the
collected serum samples. The chemical found at the highest serum
concentration across the study population was PFHxS, which had me-
dian and 90th percentile serum concentration values that were 12 and
15 times higher than the U.S. median and 90th percentile, respectively,
based on 2015-2016 NHANES values. In addition to elevated PFHxS
serum concentrations, PFOS and PFOA median and 90th percentile
values were higher than the U.S. NHANES values. One variable that was
linked to PFAS exposure in this community was race, as serum con-
centrations of PFHxS, PFOA, and PFHpS were significantly higher in
non-Hispanic White participants compared to Hispanic and
non-Hispanic non-White participants. Similarly, another study reported
that PFAS levels were lower among Hispanic participants compared to
their non-Hispanic counterparts (Eick et al., 2021). Race was also an
important determinant of PFAS exposure in the study by Park et al.
(2019), which reported that the highest serum concentrations of linear
and branched PFOS, linear PFOA, and PFNA were detected in Black >
White > Japanese, and Chinese women. In accordance with these
findings, the latest CDC data on NHANES PFAS values across varying
populations show that PFOS, PFOA, PFNA, PFHxS, PFHpS, and PFDA
levels in Mexican Americans and Hispanics were lower than those of
their non-Hispanic White, non-Hispanic Black, and Asian counterparts
(CDC, 2021).

Lifestyle factors such as water source, cosmetic use, and food con-
sumption choices may play key roles in PFAS exposure levels and may
explain race-related and sex-related differences. In the study by Barton
et al. (2019), participants who reported tap water as their primary
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drinking water source had significantly higher serum PFHxS and PFOA
concentrations compared to participants who reported bottled water as
their primary drinking water source. Drinking water source was also
reported to be significantly associated with serum PFAS concentrations
in pregnant African American women living in the Atlanta area, along
with cosmetic use (Chang et al., 2020). Other studies have found that
food consumption choices can impact PFAS exposure, as PFAS levels
were increased in African American women who reported frequent
consumption of food in coated cardboard containers (Boronow et al.,
2019). Data from these studies support the hypothesis that lifestyle
factors impact PFAS exposure in women.

Examining the relationship between PFAS serum concentrations and
sex/age, Goralczyk et al. (2015) analyzed serum samples of men and
women in Central Poland for 7 PFAS (PFHxS, PFOS, PFOA, PFNA, PFDA,
PFUdA, PFDOA), and found that the chemical with the highest average
serum concentration in both men and women was PFOS, measuring
18.49 ng/mL and 8.42 ng/mL, respectively. Generally, higher average
PFAS serum concentrations were observed in men compared to women,
except for PFHxS and PFDOA. Other studies have reported similar
findings, specifically regarding higher PFOS and PFOA concentrations in
men compared to women. Studies have also reported higher serum
concentrations of PFHxS in men compared to women, which contradicts
these data, and may suggest a male-specific exposure source and/or a
sex-dependent difference in PFAS elimination related to female repro-
ductive biology and menstruation (Ericson et al., 2007; Ingelido et al.,
2010; Midasch et al., 2006; Vassiliadou et al., 2010). In order to examine
the relationship between age and serum PFAS concentrations, partici-
pants of this study were broken down into 4 age groups (<25 years,
26-29 years, 30-35 years, >36 years), and analysis showed no statisti-
cally significant differences for any of the tested PFAS after differenti-
ating the results by age and sex (Goralczyk et al., 2015). Barton et al.
(2019) reported a positive association between PFOS and PFHxXS expo-
sure and age, while Park et al. (2019) noted increased PFOS and PFOA
serum concentrations associated with younger age groups compared to
older age groups of women. In these examples of adult exposures, there
is some disagreement in the relation of age and PFAS body burden, and
this could be due to lack of stratification by sex and other biological
variables specific to women (parity, reproductive status). For children
ages 3-11, Ye et al. (2018) reported that serum levels of linear PFOS,
branched PFOS, linear PFOA, PFHxS, and PFNA were similar and often
higher than their corresponding levels in adults.

Occupational exposure is an important factor contributing to PFAS
body burden in humans. According to the National Institute for Occu-
pational Safety and Health (NIOSH)(NIOSH, 2021), workers can be
exposed to PFAS through touching products containing concentrated
amounts of PFAS or breathing in PFAS-contaminated air. Workers at risk
for high occupational PFAS exposure include those in chemical
manufacturing, chrome plating, firefighting, and ski waxing (NIOSH,
2021). In a study examining PFAS exposure in workers of a textile
manufacturing plant in China, Heydebreck et al. (2016) reported that
inhalation of fluorotelomer alcohols, which are precursors to PFAS, was
5 orders of magnitude higher than that of the general western popula-
tion. In another study examining firefighters exposed to AFFFs, Rotander
et al. (2015) found that serum levels of PFOS and PFHxS were elevated
compared to the general population. Leary et al. (2020) reported similar
findings that firefighters had elevated serum PFAS levels compared to
the general population. In addition to chemical manufacturing and
firefighting, NIOSH lists ski waxing as an occupation with potential for
high exposure to PFAS (NIOSH, 2021). Nilsson et al. (2013) examined
PFAS exposure in professional ski waxers and found that ski waxers were
exposed to PFAS at levels exceeding those of the general population and
above the occupational exposure standards. Overall, understanding
various sociodemographic factors such as age, sex, occupation, geogra-
phy, and race/ethnicity that impact PFAS exposure can help to identify
high-risk exposure groups and potential health impacts of PFAS.



B.P. Rickard et al.

2.2. Reproductive and pregnancy-related determinants of PFAS
physiologic burden

Of course, exposure is only one part of the picture when under-
standing the human body burden of PFAS. Some long-chain PFAS are
reported to be poorly eliminated from the body, with elimination half-
lives on the order of years (summarized in Fenton et al., 2021). They
bind to proteins in the blood and other tissues (Forsthuber et al., 2020;
Pérez et al., 2013). For example, studies have shown that albumin is a
critical carrier of PFOS, PFOA, PFHxS, PFNA, and PFDA in human blood
(Forsthuber et al., 2020). Other studies examining PFAS tissue distri-
bution have found that perfluorobutanoic acid (PFBA) accumulates at
the highest concentrations in the kidney and lung, while per-
fluorohexanoic acid (PFHxA) accumulates at the highest concentrations
in the liver and brain. PFOS and PFOA tended to accumulate more in the
liver and bone but the highest overall concentrations of PFAS were
observed in lung tissue (Pérez et al., 2013). In addition to tissue distri-
bution and accumulation, elimination of PFAS is complicated and may
vary by sex, as reproductive factors such as pregnancy, breastfeeding,
and menstruation can act as important determinants of PFAS physio-
logic burden following exposures in women.

Pregnancy plays a key role in PFAS physiologic burden since asso-
ciations between lower serum PFAS concentrations and higher parity
have been reported (Berg et al., 2015; Brantseaeter et al., 2013; Kato et al.,
2014). In a study measuring PFAS exposure during early pregnancy in
women from the Boston-area Project Viva cohort, PFOS, PFOA, PFHxS,
and PFNA concentrations were reported to be higher in nulliparous
women compared to parous women. The authors suggest that this
finding may be due to placental transfer of PFAS and increased PFAS
concentrations in breast milk (Sagiv et al., 2015). Colles et al. (2020)
further examined serum levels of PFAS in Belgian mother-newborn
pairs, adolescents, and adults and compared them to the Human
Biomonitoring-I (HBM-I) value, which is the level of exposure to a
chemical that is not expected to pose any adverse health risks over a
lifetime (Umweltbundesamt, 2018), much like the U.S. EPA’s Health
Advisory Level (EPA, 2016). Data showed that plasma PFOS and PFOA
concentrations in female participants aged 20-40 years exceeded the
HBM-I value in 85 % of participants, and that mothers with three or
more children had lower serum and/or cord plasma levels of some PFAS
compared to their age-matched counterparts. Maternal and cord blood
comparison studies have reported that a mother may transfer substantial
(40 % or more) amounts of her body burden of PFAS to the infant
through placental transfer, and this occurs with each subsequent preg-
nancy (Aylward et al., 2014; Verner et al., 2016). These data suggest that
pregnancy is an important determinant of PFAS physiologic burden in
women and may be related to blood loss, placental transfer, and changed
excretion patterns that occur during pregnancy.

In addition to transplacental transfer, breastfeeding significantly
contributes to elevated PFAS measures in infants compared to their
mothers (Verner et al., 2016). Breastfeeding can be an important
excretion route for PFAS in post-parturient women as well, as studies
have shown that PFAS levels, notably PFOS and PFOA, are higher in
women who have never breastfed (Sagiv et al., 2015). Supporting this,
Colles et al. (2020) reported that mothers with a history of breastfeeding
or longer lactation duration tended to have lower serum and/or cord
plasma levels of some PFAS compared to their counterparts. Lower
serum PFAS levels were also reported in women from Cincinnati with a
history of breastfeeding (Kato et al., 2014) and in Norwegian women
with longer durations of breastfeeding (Brantsater et al., 2013). In in-
fants and children who were breastfed, increased serum PFAS levels,
with the exception of PFHxS, have been reported compared to children
who were formula-fed, including those in areas of known PFAS
contamination (Herrick et al., 2017; Kato et al., 2014; Mogensen et al.,
2015). Since it has been reported that lactation is a proven route of
elimination for PFAS (Barbarossa et al., 2013; Fromme et al., 2010;
Mogensen et al., 2015; Mondal et al., 2014; Verner et al., 2016), these
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findings support breastfeeding as another potential female-specific
determinant of PFAS physiologic burden. Although the mechanisms
are not clear, it is possible that PFAS bind to proteins transferred into
milk (Fromme et al., 2009; Serrano et al., 2021), or they may mimic
long-chain fatty acids (Shabalina et al., 2016) normally found in breast
milk.

In addition to pregnancy and breastfeeding, menstruation appears to
be a crucial route of elimination for many PFAS, potentially explaining
about 30 % of the discrepancy between male and female PFAS serum
levels (Wong et al., 2014; Zhou et al., 2017). Since 90-99 % of PFAS in
the blood are bound to serum albumin, menstrual bleeding may prove an
important elimination pathway for these persistent substances (Ding
et al., 2020b; Han et al., 2003; Ylinen and Auriola, 1990). For example,
Park et al. (2019) demonstrated that for most of the PFAS studied, serum
PFAS concentrations decreased in women who had experienced recent
menstrual bleeding compared to those who did not report any bleeding.
Another study found that menstruating women had lower serum con-
centrations of linear PFOA, PFNA, and branched PFOS compared to
women who were not menstruating (Ding et al., 2020a). In women who
had already undergone menopause, increased PFHxS serum levels were
reported compared to women who had not undergone menopause, with
similar trends observed for PFOS, PFOA, and PFNA (Colles et al., 2020).
Overall, these studies suggest that reproductive factors such as preg-
nancy, breastfeeding, and menstruation can be important determinants
of PFAS physiologic burden, and that pregnancy, nursing, and
menstruation (blood loss) are primary routes of PFAS elimination in
women.

Since menstruation may serve as an elimination route for PFAS, OC
use may impact PFAS exposure levels in women. Rush et al. (2018)
found that concentrations of various PFAS, including PFOA, PFNA,
PFDA, PFHxS, PFHpS, and PFOS, were increased by as much as 20.1 % in
women with self-reported OC use in the 12 months preceding the
baseline interview compared to their counterparts. Their data also
suggested that recency of OC use may impact PFAS exposure; recent OC
users displayed 12.9-35.7 % higher PFAS plasma concentrations
compared to women who had never used OCs. In addition to recency,
duration of OC use appeared to be another important determinant of
PFAS exposure, as women who reported using OCs for 10 or more years
had higher serum concentrations of PFOA, PFNA, PFHxS, PFHpS, and
PFOS than women who reported never using OCs. One potential
explanation for the increased PFAS levels observed in OC users
compared to never users may be that OCs are associated with reductions
in menstrual flow in both women with normal bleeding and women who
experience heavy or prolonged menstrual bleeding, further supporting
menstruation as a route of elimination for PFAS (Fraser et al., 2011b;
Larsson et al., 1992; Rush et al., 2018).

3. PFAS as endocrine disruptors

PFAS are known to have effects on metabolic, endocrine, and
reproductive function, suggesting their role as endocrine disruptors
(Rashtian et al., 2019). The term “endocrine disruptor” encompasses a
broad range of chemicals which can impact various organ systems in the
body through altering hormone regulation or normal function. One of
the ways that EDCs are unique is in their ability to produce
non-monotonic dose-response curves (Vandenberg, 2013), a character-
istic which certain PFAS have had reported (Hines et al., 2009; Lee et al.,
2021). Regarding the reproductive system, endocrine disruptors, more
specifically some PFAS, have the potential to impair endogenous hor-
mone metabolism and steroid hormone production or secretion,
including that of estradiol (E2), progesterone, testosterone, luteinizing
hormone (LH), and follicle-stimulating hormone (FSH) (Barrett et al.,
2015; Behr et al., 2018; Feng et al., 2015; Nian et al., 2020; Rashtian
et al., 2019; Shi et al., 2009). PFAS have also been shown to alter normal
thyroid function through dysregulating thyroid-stimulating hormone
(TSH), triiodothyronine (T3), and/or thyroxine (T4) levels (Aimuzi
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et al., 2020; Blake et al., 2018; Chang et al., 2008; Fenton et al., 2021;
Inoue et al., 2019; Jain, 2013; Lau et al., 2003; Lebeaux et al., 2020;
Lewis et al., 2015; Luebker et al., 2005b; Wang et al., 2014; Webster
etal., 2016, 2014). Breast and placental tissue may be impacted by PFAS
exposure, since PFAS have been shown to alter prolactin and human
chorionic gonadotropin (hCG) levels, respectively (Zhang et al., 2015,
2018). These findings are critical, as thyroid hormone, prolactin, and
hCG are all important targets of the reproductive system. It is important
to consider that endocrine effects of PFAS may occur through directly or
indirectly affecting reproductive tissues. In the mammary gland and
breast, studies have shown that PFAS affect breast cells in culture and
accumulate in mammary gland tissue of exposed mice, indicative of
direct impact on the tissue (Fenton et al., 2009; Pierozan and Karlsson,
2018; White et al., 2009). This is also observed in the placenta, as studies
have shown that PFAS exposure alters placental cell function in culture
and in mice (Bangma et al., 2020b; Blake et al., 2020; Szilagyi et al.,
2020b). PFAS-induced effects on reproductive tissues can also occur
indirectly through altering normal HPGA or associated endocrine tissue
function (Blake and Fenton, 2020). For reproductive tissues that are less
well-studied in terms of PFAS-associated outcome, it is important to
consider both direct and indirect effects of these compounds. In the
following sections, the various endocrine disrupting effects of PFAS,
specifically as they pertain to the breast, thyroid, and female repro-
ductive tract, will be discussed.

3.1. PFAS and the breast

In women and other mammals, normal growth and functioning of the
mammary glands involve hypothalamic-pituitary-gonadal axis (HPGA)
endocrine signaling as well as signaling through the release of hormones
and growth factors (Macon and Fenton 2013). There are many different
endogenous factors that can modulate growth and function of the
mammary gland, including prolactin, thyroxine, and estrogens (Macon
and Fenton, 2013). In this way, a number of endocrine systems within
the body interact with breast tissue to ensure normal growth and
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function throughout a woman’s life, as displayed in Fig. 1. Importantly,
exogenous compounds like PFAS are known to affect many of the
endocrine paths leading to the breast outlined in Fig. 1, which enables
them to alter normal mammary gland function or development through
direct or indirect mechanisms.

Various studies have demonstrated that one legacy PFAS, PFOA, can
affect breast tissue development in both mouse models and humans
(Fenton et al., 2021). Tucker et al. (2015) found that when pregnant
mice were exposed to PFOA at concentrations similar to human expo-
sure in contaminated communities, female offspring experienced delays
in mammary gland development in a dose-dependent manner. Although
this delay began during puberty for female offspring, the delay persisted
through young-adulthood (Tucker et al., 2015). Other studies examining
the effects of PFOA on the mammary gland of pregnant mice found that
PFOA exposure can decrease mammary epithelial and terminal end bud
growth in the female offspring, and that exposure during mammary bud
development (latter part of gestation) was adequate to recapitulate full
gestation exposures (Macon et al., 2011). A study examining the effect of
gestational PFOA exposure on three generations (Py, F1, and F2) of mice
confirmed a previous report (White et al., 2007) that gestational PFOA
exposure diminished lactational function and mammary gland devel-
opment in the Py and Fq, respectively (White et al., 2011). When mice in
the F; and Fy generations were exposed to low-dose PFOA through
drinking water at concentrations similar to contaminated human
drinking water supplies, F; mice displayed diminished lactational
morphology while those of the Fy generation had slowed mammary
epithelial outgrowth at weaning. These studies defined pregnancy as a
critical period for effects of PFOA on offspring and mother’s mammary
tissue.

In addition to the above studies showing that breast tissue develop-
ment can be altered after PFAS exposure in mice, human breast devel-
opment (thelarche), which occurs in females prior to menarche, may be
impacted by neonatal PFAS exposure, since a main route of early PFAS
exposure is through breast milk. In ethnically diverse girls aged 6-8 from
the New York City, Greater Cincinnati, and San Francisco Bay Areas,

Fig. 1. Legacy PFAS endocrine-sensitive tissue
targets. PFAS affect numerous systems (blue
circles) that mediate endocrine system changes
in hormone output or feedback. These endo-
crine changes (shown) are all known to modify
breast development and lactational ability.
Mechanisms of action of PFAS in the breast are
not known but may delay breast development
and inhibit nursing duration. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

Adapted from Macon and Fenton (2013). J.
Mammary Gland Biol. Neoplasia 18: 43-61.
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later onset of breast development was observed in girls who were mixed-
fed (formula and breastfeeding) or predominantly breastfed after birth
(Kale et al., 2015). The duration of breastfeeding was inversely associ-
ated with early onset of breast development in these cohorts as well and
was positively associated with higher serum PFOA levels in both the
Greater Cincinnati and San Francisco Bay Areas (Kale et al., 2015; Pin-
ney et al., 2014). Follow-up studies have reported that these
6-8-year-old girls in the Greater Cincinnati area had serum PFOA con-
centrations above the NHANES 95th percentile for 12-19-year-old
children, while those in the San Francisco Bay Area had median serum
PFOA concentrations above the U.S. median for 12-19-year-old children
(Pinney et al., 2014, 2019). The relationship between PFAS exposure
and thelarche timing warrants further examination.

While PFAS may affect normal mammary gland development, a main
function of the breast that can be altered by PFAS exposure is lactation.
One of the first papers describing the health effects of PFOA in devel-
opmentally exposed mice reported lack of weight gain and increased
mortality in a dose-dependent trend (Lau et al., 2006), and follow-up
studies demonstrated it was due to lack of mammary gland lactational
development (White et al., 2007). Other studies examining the effects of
PFOS on prolactin-family hormone concentrations found that PFOS
decreased messenger RNAand serum levels of prolactin-family hor-
mones in a dose-dependent manner (Lee et al., 2015). Prolactin-family
hormone levels can be measured in women as well as markers of
lactational function after PFAS exposure (Timmermann et al., 2021). In
addition to rodent models, human lactation has been reported to be
altered by PFAS exposure (Romano et al.,, 2016; Timmermann et al.,
2017). In a study examining the association between PFAS exposure and
the ability of new mothers to breastfeed, PFAS serum levels were
measured throughout pregnancy and standardized breastfeeding sur-
veys were completed until the end of breastfeeding (Romano et al.,
2016). In this cohort of women, after controlling for prior breastfeeding,
serum PFOA concentrations were inversely related to the duration of
breastfeeding suggesting that PFOA exposure shortens breastfeeding
duration. Similarly, Timmermann et al. (2017) found that doubling of
maternal serum PFAS levels was associated with a decreased duration of
breastfeeding in two Faroese birth cohorts. Doubling of serum PFOS
levels in these cohorts was associated with a 1.4-month reduction in
total breastfeeding duration (Timmermann et al., 2017). These findings
were confirmed in another recent study by Timmermann et al. (2021)
examining the association between serum PFAS levels during pregnancy
and breastfeeding termination in the Odense Child Cohort, further
suggesting an association between PFAS exposure and altered breast
function (lactation duration). The ability of PFAS to affect the lipid
composition of breast milk has also been examined, and a recent study
reported that pregnant women with high exposure to PFAS had altered
phospholipid composition of breast milk (Lamichhane et al., 2021). This
alteration marked an increase in size of milk fat globules, which were
associated with slowed growth and increased markers of intestinal
inflammation in infants. These findings suggest that PFAS exposure can
impact the fundamental quality of breast milk and adversely affect in-
fant health as a result (Lamichhane et al., 2021). Based on results from
studies in mice and humans, PFAS exposure can delay mammary gland
development, breast differentiation during late pregnancy and early
lactation, and alter normal prolactin-family hormone secretion which
may be involved in the observed reduction in breastfeeding duration
after PFAS exposure. In the studies examining the association between
PFAS exposure and duration of breastfeeding in humans, it is important
to note that any switches from breastfeeding to formula feeding by
mothers were likely due to hormonal triggers. Mothers enrolled in these
studies were not aware that PFAS exposure was being examined at the
time of enrollment, so a conscious decision to stop nursing and switch to
formula feeding based on a theorized exposure was unlikely. The hor-
monal cues responsible for the decreased lactation and duration of
breastfeeding are not well characterized and warrant further
investigation.
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In addition to altering mammary gland development and lactation,
exposure to PFAS may increase breast cancer risk. Using NHANES data,
Omoike et al. (2020) found that increased levels of PFOA, PFOS, PFNA,
PFHxS, and PFDA were associated with increased odds of breast cancer.
In a study examining PFAS exposure and breast cancer risk in
<50-year-old Taiwanese women, a positive association was reported
between PFHxS and PFOS exposure and risk of estrogen
receptor-positive breast tumors (Tsai et al., 2020). Associations between
PFOS or PFOA levels and estrogen receptor-positive breast tumors,
progesterone receptor-positive breast tumors, and receptor-negative
breast tumors have also been reported by Mancini et al. (2020). Evalu-
ating in utero exposure to PFAS, Cohn et al. (2020) found that high
maternal 2-(N-ethylperfluorooctane sulfonamido) acetic acid (Et-PFO-
SA-AcOH) levels in mothers with high total cholesterol was predictive of
increased breast cancer risk in their daughters while maternal PFOS
levels were negatively associated with breast cancer risk. Altogether,
these studies highlight the endocrine-disrupting capabilities of PFAS as
they relate to breast tissue through suggesting associations between
increased exposure and altered mammary gland development, impaired
lactation ability, and even breast cancer risk.

3.2. PFAS and the thyroid

An unexplored, but feasible pathway through which PFAS may affect
breast tissue is through the thyroid and thyroid hormone regulation
(Neville et al., 2002). Under normal conditions, when thyroid hormone
levels are low, the pituitary gland releases TSH to stimulate production
of T3 and T4 by thyroid peroxidase. In healthy individuals, thyroid
peroxidase antibodies (TPO-Abs) should be undetectable in the blood,
since detectable levels of TPO-Abs in the blood are generally associated
with autoimmune thyroid diseases (Frohlich and Wahl, 2017). Under-
standing PFAS-induced alterations in thyroid function is critical because
proper regulation of thyroid hormone levels is needed for normal
functioning of the reproductive system, and beyond the thyroid axis’
normal role in lactation, alterations in thyroid hormone levels can lead
to maladaptive changes in other reproductive hormones, menstrual ir-
regularity, and even infertility in women (Saran et al., 2016).

Recent studies have shown that long- and short-chain PFAS may
impact thyroid function in different ways. In a study examining the ef-
fects of long- and short-chain PFAS on Fisher rat thyroid line-5 cells,
PFOA, PFOS, perfluorobutane sulfonate (PFBS), PFBA, PFPA, and pen-
tafluoropropionic anhydride had no effect on cell viability, except for
PFOS at 100pM, and did not interfere with TSH-dependent cyclic
adenosine monophosphate (cAMP) production (Croce et al., 2019).
Another study found that PFOA and HFPO-DA both decreased cell
viability and proliferation rate in Fisher rat thyroid line-5 cells and
primary normal human thyroid cells (Zhang et al., 2021). These latter
findings are similar to those of Coperchini et al. (2020), who reported
that HFPO-DA decreased cell viability in Fisher rat thyroid line-5 cells in
a time- and dose-dependent manner while decreasing proliferative
capabilities.

Certain PFAS have been linked to thyroid disruption in humans as
well. In residents of a community with known PFAS exposure, increases
in serum PFOS levels were positively associated with TSH levels and
increased serum PFNA levels were positively associated with total T4
levels in a repeated sampling analysis that took into account factors such
as age, sex, and education (Blake et al., 2018). Supporting this rela-
tionship, Lin et al. (2013) found that serum PFNA levels were positively
associated with serum T4 levels in a cohort of Taiwanese adolescents
and young adults. When stratifying by sex, Blake et al. (2018) also found
that increased serum PFNA levels were positively associated with T4
levels in women while serum PFHxS levels were negatively associated
with serum TSH levels in women. Sex-specific associations between
serum PFHxS and T4 levels have been reported by others as well (Jain,
2013; Wen et al., 2013). The observed relationship between PFAS levels
and serum T4 levels may be explained through multiple mechanisms
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including the binding of PFAS to transthyretin (Behnisch et al., 2021), a
thyroid hormone transport protein, increased T4 glucuronidation in the
liver, and/or increased conversion of T4 to T3 via type I deiodinase in
the liver (Blake et al., 2018; Webster et al., 2014; Weiss et al., 2009; Yu
et al., 2009). In addition to associations between PFAS and T4 levels,
other studies exploring the effects of PFAS on thyroid hormones have
suggested positive associations between PFOA and total T3 and TSH as
well (Heffernan et al., 2018; Jain, 2013; Lewis et al., 2015; Webster
et al., 2016; Wen et al., 2013).

The relationship between PFAS exposure and maternal and neonatal
thyroid hormone levels has also been explored in both animal models
and humans. Proper thyroid hormone transfer during pregnancy is
critical for embryonic development, so disruption of normal thyroid
hormone transfer resulting from PFAS exposure may lead to adverse
birth outcomes. In rats, studies have shown that PFOS exposure de-
creases maternal serum T3 and T4 concentrations during pregnancy and
total T4 levels in pups (Chang et al., 2008; Lau et al., 2003; Luebker
et al., 2005b; Thibodeaux et al., 2003). In humans, certain PFAS have
been shown to alter normal maternal and neonatal thyroid hormone
levels as well (Coperchini et al., 2021). In a study examining PFAS
exposure and thyroid hormone levels measured in blood of pregnant
women in the Shanghai Birth Cohort, several associations between PFAS
levels and thyroid hormone levels were reported, including PFOA and
PFHxS with increased free T4, PEFNA and PFHxS with increased free T3,
and PFHxS with decreased TSH (Aimuzi et al., 2020). Similarly, when
examining prenatal PFAS exposure and thyroid hormone levels in cord
blood, Liang et al. (2020) found positive associations between PFAS
mixture concentrations and T3 or free T3 levels. The same study also
reported that increased PFDA, PFUdA, and PFOA exposures were asso-
ciated with increased T3 levels while upper quartiles of PFNA and PFOA
were associated with decreased TSH compared to lower quartiles of
exposure. While these studies suggest an association between PFAS
exposure and thyroid hormone levels during pregnancy, Inoue et al.
(2019) reported that this association was dependent on gestational
week. In pregnant women in the Danish National Birth Cohort, exposure
in the upper quartile of PFOS, PFOA, PFHxS, and PFHpS were associated
with higher TSH levels from gestational week 5 to gestational week 10
compared to lower quartiles of exposure (Inoue et al., 2019). An asso-
ciation was also reported between PFDA exposure and increased free T4
levels prior to gestational week 10 (Inoue et al., 2019). Although the
studies described above report positive associations between serum
PFAS levels and thyroid hormone levels in pregnant women, other
studies have found that high concentrations of PFNA, PFUdA, and
PFDOA were associated with lower T4 levels (Wang et al., 2014), indi-
cating that PFAS may impact thyroid function in diverse ways depend-
ing on the amount and/or length of exposure.

In pregnant women, TPO-AD positivity is commonly observed, and is
frequently associated with adverse pregnancy outcomes (Meena et al.,
2016). Studies examining associations between PFAS exposure and
thyroid function in pregnant women examined how TPO-Ab positivity
affected PFAS-induced effects on thyroid function (Coperchini et al.,
2021). Aimuzi et al. (2020) reported that in women with TPO-Ab pos-
itivity, serum levels of long-chain PFAS were associated with increased
free T3/T4 and decreased TSH. Further examining the impact of TPO-Ab
status on PFAS exposure and thyroid hormone levels, Itoh et al. (2019)
found that PFHxS and PFNA levels were associated with increased
maternal free T3 levels in TPO-Ab-negative and TPO-Ab-positive
women, respectively. This study also reported that PFOA levels were
inversely associated with maternal TPO-Ab levels and that maternal
PFAS levels were positively associated with TPO-Ab status in girls born
to TPO-Ab-positive mothers. Maternal PFAS levels were inversely
associated with TPO-Ab status in boys born to TPO-Ab-negative
mothers. Maternal TPO-Ab status seemingly affected neonatal thyroid
levels in a sex-dependent manner, as serum concentrations of certain
PFAS were associated with decreased TSH or increased free T3 in girls
with TPO-Ab-negative mothers. In girls with TPO-Ab-positive mothers,
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PFDOA was associated with lower free T4 levels (Itoh et al., 2019).
Although not reported as sex-dependent, Lebeaux et al. (2020) also re-
ported that maternal TPO-AD status influenced neonatal thyroid hor-
mone levels. This study found that increased maternal PFOS levels were
associated with increased cord serum TSH levels while increased
maternal PFOA, PFOS, and PFHxS levels were associated with decreased
cord serum free T4 levels in children with TPO-Ab-positive mothers.
Results from these studies suggest complicated sex- and
TPO-Ab-dependent associations between maternal PFAS exposure and
maternal and neonatal thyroid hormones, warranting further investi-
gation (Itoh et al., 2019).

Since PFAS are usually found in the environment as mixtures, the
effect of PFAS mixtures on maternal and neonatal thyroid hormone
levels has been examined. 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 (Preston et al., 2020). Analyses revealed that PFOA, PFHxS,
Me-PFOSA-AcOH, and 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 increased
PFOS was associated with increased maternal T4 levels, increased PFOA
was associated with a lower maternal free T4 index, and increased
PFHxS was non-linearly associated with maternal TSH levels. Increased
PFHxS levels were associated with decreased T4 levels in neonates as
well (Preston et al., 2020). More details on the effects of PFAS on the
newborn thyroid can be found in a recent review by Coperchini et al.
(2021). Altogether, these studies suggest the ability of certain PFAS to
disrupt normal thyroid function and thyroid hormone levels, including
during pregnancy, further demonstrating the endocrine-disrupting ca-
pabilities of PFAS. Alterations in thyroid hormones after PFAS exposure
generally occur at relatively high doses but support for associations
between PFAS and thyroid disease or thyroid hormone changes remains
insufficient, especially in pregnant and lactating women (Schrenk et al.,
2020). Since the thyroid and female reproductive tract are closely
linked, PFAS-induced thyroid disruption warrants further investigation,
as it may contribute to adverse reproductive effects and even birth
outcomes in women.

3.3. PFAS and neuroendocrine feedback of the ovary

In addition to interacting directly with endocrine organs, PFAS can
alter normal functioning of the HPGA and disrupt hormone regulation
throughout the body. The neuroendocrine system, specifically the
HPGA, plays a crucial role in maintaining normal endocrine functions,
such as homeostasis and reproduction, hormone secretion, and men-
strual cycles in women. HPGA regulation of the estrous cycle in rodents
involves unimpaired cyclical secretion of hormones such as estrogen,
progesterone, LH, gonadotropin-releasing hormone (GnRH), and FSH,
which may be altered by PFAS exposure. Since hypothalamic regulation
of hormones is critical for reproductive processes, it is important to note
that in a study examining rats exposed to PFOS, those in the high-dose
group displayed increased PFOS accumulation in the hypothalamus
compared to other brain regions (Austin et al., 2003). Increased numbers
of atretic follicles in the ovary have also been reported in PFOS-treated
mice, suggesting the ability of these chemicals upon chronic exposure to
impact normal ovarian processes, such as follicle maturation and
ovulation (Feng et al., 2015). Both of these studies support the premise
that PFAS, specifically PFOS, may impact neuroendocrine regulation
and normal reproductive processes.

Studies examining the effects of PFAS on reproductive hormone
regulation display contradictory results and warrant further examina-
tion. In a study by Barrett et al. (2015), inverse associations were
observed between follicular E2 levels and 10 different PFAS concen-
trations in women. When stratifying the data based on parity, PFOS and
perfluorooctane sulfonamide (PFOSA) serum levels were inversely
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related to follicular E2 and luteal progesterone levels in nulliparous
women, but not parous women (Barrett et al., 2015). Nian et al. (2020)
also showed that PFAS exposure may be linked to alterations in fetal
gonadotropins. 10 PFAS, including the short-chain PFBS and per-
fluoroheptanoic acid (PFHpA), were quantified in maternal blood
plasma of women in the Shanghai Birth Cohort during early pregnancy
while cord blood was used to quantify various fetal sex hormones. Re-
sults showed that increases in PFBS were associated with decreases in
FSH, LH, and free androgen index (FAI). PFHpA levels were inversely
associated with LH and FAI, suggesting the ability of increased PFAS
exposure to lower fetal sex hormone concentrations (Nian et al., 2020).

PFAS exposure and hormone levels have been examined in vivo and in
vitro, although contradictory results remain problematic. In vitro studies
have demonstrated that PFOA and PFOS have both estrogenic and anti-
estrogenic effects (Henry and Fair, 2013) and that PFOS can alter ste-
roidogenesis (Kraugerud et al., 2011). Other studies have corroborated
that PFOA and PFOS have estrogenic effects (Bonefeld-Jorgensen et al.,
2011), while some have shown that PFOS is inversely related to E2 levels
(Knox et al., 2011). Assays looking at steroidogenesis in H295R cells
found that at the highest concentration tested of 10pM, PFOA and PFOS
were associated with an increase in estrone secretion while only PFOA
was associated with increased progesterone secretion (Behr et al., 2018).
Similar associations between high PFOA and PFOS concentrations and
hormone levels were found by others using H295R cells as well (Behr
et al., 2018; Du et al., 2013a,b); however, null associations between
PFOA exposure and sex hormone levels have been reported (Olsen et al.,
1998). In human endometrial cells, studies have shown that PFOA,
which can directly interact with progesterone, has an antagonistic effect
on progesterone-regulated genes involved in embryo implantation and
endometrial proliferation, suggesting a potential mechanism by which
PFAS contribute to fecundity issues, discussed in Section 3.6 (Di Nisio
et al., 2020). The association between PFAS exposure and reproductive
hormones levels has also been examined in mice, and results showed
that PFOS exposure reduced concentrations of E2, progesterone, FSH,
LH, and GnRH (Feng et al., 2015). The impact of PFAS levels on E2 is
critical because it regulates GnRH and LH release (Feng et al., 2015;
Maeda et al., 2007). It is important to note here that differences in re-
ported findings may be due to dose-dependent effects of PFAS tested. At
concentrations below a certain threshold, these chemicals may not
impact hormone production and secretion; however, above a certain
threshold they may play a key role in the disruption of hormonal feed-
back loops.

Regarding PFAS and their effects on reproductive hormone re-
ceptors, Behr et al. (2018) found that PFAS did not directly activate
estrogen receptor-o (ERa) or estrogen receptor-p (ERp) in breast carci-
noma, adrenocortical carcinoma, and prostate adenocarcinoma cell
lines. The authors reported that PFOA, PFOS, and HFPO-DA increased
17p-estradiol-stimulated Erp activity while PFOS, HFPO-DA, PFHXA,
and PFBA increased dihydrotestosterone-stimulated androgen receptor
activity. These findings have been both supported and contradicted by
other studies (Du et al., 2013a, b; Kang et al., 2016; Kjeldsen and
Bonefeld-Jgrgensen, 2013; Yao et al., 2014). Since feedback loops are
based on the number of circulating hormones, activation of receptors
may not be critical in understanding the effects of PFAS on the female
reproductive tract. Studies examining PFAS and their association with
reproductive hormones have mainly examined receptor activation or
gene expression levels, so the effect of PFAS on circulating hormone
levels in conjunction with receptor activity (or potentially local aro-
matase activity) warrants further investigation.

3.4. PFAS and menstrual cyclicity

There is evidence that PFAS exposures pose a threat to normal
menstrual cyclicity in both animal models and in women. In animal
models, only certain PFAS have been examined for disruption of estrous
cyclicity. Austin et al. (2003) found that intraperitoneal PFOS
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administration led to altered estrous cyclicity in Sprague-Dawley rats
while another group reported that PFOS administered via oral gavage
did not affect estrous cyclicity (Luebker et al., 2005a). Supporting the
notion that PFOS alters estrous cyclicity, Feng et al. (2015) found that
after 3 months of PFOS exposure, estrous cycles of mice were prolonged,
leading to an overall decrease in the number of estrous cycles per month.
Other studies utilizing Sprague-Dawley rats have reported that daily
exposure to PFDOA followed by a 14-day recovery period with no PFAS
administration led to continuous diestrus (Kato et al., 2015). Null as-
sociations between PFAS exposure and estrous cyclicity have been re-
ported for PFHxXA, PFHxS, or PFDOA (Butenhoff et al., 2009; Loveless
et al., 2009; Shi et al., 2009).

Although data are limited, studies have shown the ability of PFAS to
impact reproductive hormone regulation and disrupt menstrual cyclicity
through either shortening or lengthening cycle length (Di Nisio et al.,
2020; Knox et al., 2011; Kristensen et al., 2013; Lopez-Espinosa et al.,
2011; Lum et al., 2017; Zhou et al., 2017). Since menstruation has been
viewed as a proxy of female fecundity (Buck Louis et al., 2011) and a
dysregulated menstrual cycle has been linked to lower fecundity,
infertility (Harlow and Ephross, 1995; Jensen et al., 1999), and female
reproductive diseases such as PCOS, it is important to understanding
how PFAS may impact cyclicity in women of all ages.

Examining the effects of PFAS on menstrual cycle characteristics in
women planning to become pregnant, Zhou et al. (2017) measured the
plasma levels of 10 different PFAS and recorded questionnaire answers
regarding menstruation of the study participants. Most PFAS were
positively associated with an irregular menstrual cycle, defined as var-
iations of > 7d between cycles (Fraser et al., 2011a). Regarding men-
strual cycle length, significant positive associations were reported
between PFOS, PFOA, PFNA, and PFHxS and self-reported long men-
strual cycles, with PFHxS having the strongest association (Zhou et al.,
2017). Decreased odds of self-reported menorrhagia, which is the
presence of heavy or prolonged menstrual periods, were commonly
observed in women with increased levels of PFOA, PFOS, PFNA, and
PFHxS exposure while increased odds of self-reported history of hypo-
menorrhea, which is the presence of short or light menstrual periods,
were commonly observed in women with increased levels of PFOA,
PFNA, and PFHxS. One potential explanation, suggested by Zhou et al.
(2017), for the relationship between increased serum PFAS levels and
menstrual cycle irregularities such as light menstrual flow or irregular
cycle length might be decreased menstruation as a result of higher PFAS
exposure. We suggest that an alternative potential explanation for this
finding is increased serum PFAS levels may result due to reduced
excretion via menstrual bleeding. Further exploring the impacts of PFAS
exposure on menstrual cycle irregularities, Singer et al. (2018) exam-
ined blood samples and menstrual cycle characteristics of women from
the Norwegian Mother and Child Cohort study and found that decreased
plasma concentrations of PFOA, PFNA, PFDA, and PFUdA were associ-
ated with irregular periods but PFAS levels were not associated with
cycle length (Singer et al., 2018). An association between PFOA levels
and frequency of irregular periods in girls has also been reported by Di
Nisio et al. (2020) Factors such as parity and OC use may affect the
associations between PFAS exposure and menstrual characteristics.
Specifically, an association between short cycles and decreased PFHpS
and PFOS levels was found in parous women while an association be-
tween increased cycle length and increased PFNA and PFUdA levels was
found in recent OC users, supporting the finding that OC use may in-
crease serum PFAS levels as a result of decreased menstruation (Singer
et al., 2018).

In another study examining PFAS and their association with men-
strual cycle length, Lum et al. (2017) recruited couples who had dis-
continued contraception and followed them until pregnancy or 12
months of attempting to achieve pregnancy. Higher serum PFOA levels
were detected in women with a mean menstrual cycle length of 25-31
days compared to women with menstrual cycle lengths of >32 days.
Some PFAS were positively associated with cycle length while others
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were negatively associated. Increased cycle length was observed when
comparing women in the second tertile of PFDA exposure to women in
the first tertile while decreased cycle length was observed when
comparing women in the highest tertile of PFOA exposure to the lowest
tertile (Lum et al., 2017). Similarly, Lyngsg et al. (2014) reported that
menstrual cycles of >32 days were observed in women in the highest
tertile of PFOA exposure compared to the lowest tertile while cycle ir-
regularity was reported in women in the third tertile of PFOS exposure
compared to women in the first tertile. Supporting this, other studies
have found that women with PFOA and PFOS exposure above the first
quartile more commonly reported menstrual cycle irregularities (Fei
et al.,, 2009). Taken together, findings from these studies suggest an
association of some long-chain PFAS with elongated menstrual cycle
length, which biologically would decrease PFAS clearance, suggesting a
negative feedback loop leading to higher accumulated PFAS in women
with lower blood loss through menstruation. It is important to note that
some of these studies were prospective (Lum et al., 2017; Singer et al.,
2018; Zhou et al., 2017), while others were cross-sectional (Lyngsg et al.,
2014) or retrospective (Fei et al., 2009). Due to study design differences,
and potentially geographical exposure differences, it is difficult to
interpret whether increased PFAS levels contribute to irregular
menstruation or whether irregular menstruation leads to increased
serum PFAS levels given that menstruation is thought to be a critical
route of PFAS elimination in women.

3.5. PFAS and menarche and menopause

Although studies have shown the ability of PFAS to impact the
menstrual cycle, which is highly controlled by ovarian hormones, evi-
dence that PFAS directly alter these hormone levels is controversial.
Since circulating hormone levels dictate many reproductive processes
such as menarche, menstruation, and menopause, if PFAS exposure al-
ters hormone levels in females, then it may determine the timing of these
processes as well.

Studies exploring the relationship between PFAS exposure and pu-
bertal timing in vivo have largely been performed in rodents. Examining
legacy PFAS, Tucker et al. (2015) found that prenatal PFOA exposure did
not alter timing of first estrus in female mouse offspring. Examining
short-chain PFAS, Feng et al. (2017) reported that in pregnant ICR mice,
PFBS exposure delayed vaginal opening, an indicator of pubertal
development, and first estrus in female offspring. Pubertal timing effects
of PFAS appear to be compound-dependent, as another study found that
PFHxS exposure did not affect vaginal opening in female offspring of
pregnant CD-1 mice (Chang et al., 2018). Other groups have reported
similar findings, showing that PFHxA, PFHxS, and PFDOA exposure did
not alter first estrus timing in rodents (Shi et al., 2009).

Understanding the sex-specific effects of PFAS on reproductive hor-
mones in humans is critical since EDCs can alter pubertal timing in males
and females (Maranghi and Mantovani, 2012). In a study by Tsai et al.
(2015), an inverse relationship between serum PFOA, PFOS and PFUdA
levels and serum sex hormone-binding globulin (SHBG), FSH, and
testosterone levels, mainly in females aged 12-17, was reported. In an
attempt to explain these sex-specific effects, Tsai et al. (2015) suggested
that female reproductive hormones may be more sensitive to PFAS
exposure due to an earlier onset of puberty compared to males.

Further exploring how PFAS exposure can affect age at menarche, Di
Nisio et al. (2020) found that increased PFOA exposure was related to
increased age at menarche, suggesting that PFOA may impact female
reproduction and ovarian function. These results are comparable to
other studies, showing that PFOA and PFOS serum levels are associated
with delayed menarche (Kristensen et al., 2013; Lopez-Espinosa et al.,
2011). Lopez-Espinosa et al. (2011) reported that, in girls aged 8-18,
those within the highest quartile of PFOA and PFOS serum concentra-
tions displayed delayed menarche by 130 and 138 days, respectively,
compared to girls with serum PFAS concentrations in the lowest quar-
tile. Kristensen et al. (2013) also found that exposure to higher
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concentrations of PFOA in utero delayed menarche by 5.3 months
compared to women with low exposure to PFOA in utero. While these
studies suggest an association between PFAS levels and menarche
timing, others have found null associations between PFOSA,
Et-PFOSA-AcOH, Me-PFOSA-AcOH, PFOS, PFHxS, PFOA, and PFNA and
menarche (Christensen et al., 2011). One study reported associations
between prenatal PFAS exposure, specifically PFOS, PFHxS, PFHpS,
PFNA, and PFDA, and precocious puberty in girls (Ernst et al., 2019).

In addition to being associated with altered menarche timing, Ding
et al. (2020b) demonstrated that certain PFAS, including linear PFOS,
branched PFOS, linear PFOA, and PFNA, as well as PFAS mixtures were
associated with earlier age at natural menopause; however, no associ-
ation was found with PFHxS. When participants were grouped by PFAS
exposure (low, low-medium, medium-high, high serum measures),
participants in the high PFAS exposure group had earlier onset of
menopause, taking place at around 50.8 years, compared to other groups
which ranged from 51.8 to 52.8 years. Although this study found an
association between PFOA and menopause timing, Dhingra et al. (2016)
found no association. Other studies support the notion that PFAS
exposure is related to timing of menopause, as Knox et al. (2011)
demonstrated that in the oldest group of women (>51 years to <65
years), increasing quintiles of PFOS exposure were associated with
increased odds of having already experienced menopause compared to
the lowest quintile. Although hormones are a critical factor in meno-
pause, no association was reported between serum PFOA concentrations
and serum E2 levels in any age group in this study and a negative as-
sociation was discovered between serum PFOS concentrations and
serum E2 levels in all groups.

In women with a previous hysterectomy, PFOA and PFOS levels were
significantly higher compared to women with no history of a hysterec-
tomy (Knox et al., 2011). Similarly, in a study by Taylor et al. (2014),
women who had a previous history of a hysterectomy had the highest
median levels of PFAS serum concentrations compared to women who
were premenopausal. Additionally, strong, positive dose-response re-
lationships for PFHxS, PFOA, PFNA, and PFOS were observed in the
post-hysterectomy group along with evidence of increasing serum con-
centrations of each of the 4 PFAS with each year since menopause
occurred (Taylor et al., 2014). Altogether, these data demonstrate an
inverse association between high serum PFAS concentrations and age at
menopause (Knox et al., 2011). This is important to note because pre-
mature or early menopause is associated with increased cardiovascular
risk and all-cause mortality (Archer, 2009; de Kleijn et al., 2002; Shuster
et al., 2010). Additionally, menopause is thought to mark a decline in
ovarian function, so early onset menopause may also be correlated with
declining fertility, as well as reduced bone density (Knox et al., 2011;
Nikolaou and Templeton, 2004). Decreased bone density is often
observed in women with primary ovarian insufficiency as a result of
estrogen deficiency and is frequently observed in post-menopausal
women (Szeliga et al., 2018). In a study by Khalil et al. (2016), PFOS
and PFNA levels in post-menopausal women were associated with lower
bone mineral density. The prevalence of osteoporosis in women was also
significantly higher in the highest quartile of exposure to PFOA, PFHxS,
and PFNA compared to women in the lowest quartile. Although these
findings suggest an association between increased PFAS concentrations
and early onset menopause in women, it is important to consider reverse
causation in this scenario. In this case, reverse causation refers to the
idea that early menopause (potentially triggered by PFAS exposures)
leads to decreased menstrual bleeding, and since menstruation is
thought to be a route of elimination for PFAS in women, high serum
levels of PFAS in women with early onset menopause may be due to the
lack of menstruation (Knox et al., 2011). To examine the reverse
causation hypothesis, Dhingra et al. (2017) evaluated PFOA levels in
relation to self-reported menopause based on previous cross-sectional
studies and found that, in those same studies, earlier menopause was
the cause of increased serum PFOA rather than a result of increased
serum PFOA levels. Supporting this, a study by Ruark et al. (2017) also
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reported that in menopausal women, serum PFAS concentrations were
increased due to the reduction in menstruation. The studies presented in
this section suggest that regardless of potential reverse causation,
certain PFAS are associated with late onset of menarche and early
menopause along with altered hormone levels in specific populations of
women.

3.6. PFAS and fecundity and birth outcomes

As endocrine disruptors with the ability to affect hormone regulation
and menarche, breast development, and menopause timing, PFAS may
increase risk for adverse reproductive outcomes and infertility (Rashtian
et al., 2019). In Australian women, a study measured 32 PFAS concen-
trations in follicular fluid and reported that PFAS were present in all
samples (Kim et al., 2020). Levels of certain PFAS were also associated
with infertility issues including endometriosis, PCOS, and genital tract
infections although they were not significantly associated with fertil-
ization rate (Kim et al., 2020). Another study found that in women from
China, ten legacy PFAS compounds along with 15 emerging PFAS were
identified in over 50 % of follicular fluid samples (Kang et al., 2020).
Although data is limited on emerging PFAS, studies have reported as-
sociations between these chemicals and adverse reproductive effects as
well. For example, Kang et al. (2020) found that the blood-follicle
transfer efficiencies (ratio of PFAS concentrations in follicular fluid
samples to those of paired serum samples) of perfluoroalkyl carboxylic
acids decreased with increasing chain length. Blood-follicle transfer ef-
ficiencies of emerging PFAS, including chlorine-substituted per-
fluoroalkyl ether sulfonates, were significantly higher than that of PFOS
and PFOA. In the context of in vitro fertilization (IVF), increased
maternal plasma concentrations of PFOA have been associated with
decreased numbers of retrieved oocytes, mature oocytes, two-pronuclei
zygotes, and good-quality embryos, suggesting the ability of PFOA to
impact IVF outcomes (Ma et al., 2021). These studies suggest that PFAS
in follicular fluid may contribute to fertility issues in women and human
oocyte exposure or development, but further studies to confirm this
theory are complex.

Examining the association between PFAS exposure and time to
pregnancy (TTP) or infertility in pregnant women enrolled during
antenatal care from Greenland, Poland, and Ukraine, Jgrgensen et al.
(2014) found that increased serum PFNA levels were associated with
longer TTPs and increased infertility odds ratios in the pooled interna-
tional sample of women and in women from Greenland. Other studies
have shown that the probability of pregnancy decreased in women with
higher serum levels of PFOA and PFNA compared to women with lower
levels (Lum et al., 2017). Similarly, Vélez et al. (2015) found that
exposure to PFOA and PFHxS, when adjusted for maternal age and body
mass index (BMI) reduced fecundity by 11 % and 9 %, respectively, as
measured by increased TTP (>12 months). Additional studies have
supported the association between elevated PFOA and PFOS levels and
longer TTPs (Fei et al., 2009). Fei et al. (2009) also reported that in each
of the higher exposure categories for PFOS and PFOA, infertility odds
increased by 70-134 % and 60-154 %, respectively, compared to the
lowest quartile of exposure. Similar results were found in a study by
Whitworth et al. (2012), where women in the Norwegian Mother and
Child Cohort with elevated PFOA and PFOS levels were at increased risk
for subfecundity, defined by a TTP of >12 months. Reverse causation
can be considered in this scenario, since women with longer TTPs also
have longer interpregnancy intervals, which can lead to increased
exposure to and accumulation of PFAS during this window (Olsen et al.,
2009a; Vélez et al., 2015). It is possible that women with longer inter-
pregnancy intervals have more menstrual cycles, meaning they would
also have more opportunities to excrete PFAS. A follow-up analysis by
Whitworth et al. (2012) found that when stratifying by parity, the odds
of subfecundity were increased among parous women only, supporting
the reverse causation hypothesis (Vélez et al., 2015).

Not only are PFAS implicated in fecundity and TTP, but serum
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concentrations of these chemicals have also been linked to adverse birth
outcomes. In rodents, PFOS and PFOA have been shown to alter birth
outcomes. Lau et al. (2006) reported that exposure to PFOA increased
litter resorptions, fetal mortality, and fetal growth deficits while
decreasing fetal birth weights. In a separate study, Lau et al. (2003)
found that PFOS exposure led to fetal mortality and growth deficits.
Aside from PFOS and PFOA, animal studies supporting a link between
PFAS exposure and birth outcomes are limited. Studies have reported
links between PFHxS and PFUdA exposure and lower fetal birth weights
(Chang et al., 2018; Ramhgj et al., 2018; Takahashi et al., 2014). No
effect on fetal birth weight was observed after PFNA exposure, but the
number of live pups at birth was decreased along with offspring survival
to weaning (Das et al., 2015; Wolf et al., 2010).

In humans, although there is conflicting evidence between PFAS
exposure and miscarriage, there is a clear association between increased
umbilical cord concentrations of PFOS and preterm birth (Arbuckle
et al., 2013; Chen et al., 2021; Green et al., 2021). Additionally, some
studies have shown an association between PFOA exposure and low
birth weight (Green et al., 2021; Johnson et al., 2014), while others have
found that most PFAS were not associated with adverse birth outcomes,
specifically gestational age and birth weight, in pregnant women from
San Francisco (Eick et al., 2021). It may be that the level of PFAS
contamination or what is contained in the PFAS mixture in the various
communities in which these study participants were from influenced the
associations with birth outcomes.

As mentioned earlier, transplacental transfer to the fetus reduces the
maternal PFAS burden. Several studies have now reported PFAS in
placental tissues of women (Bangma et al., 2020a; Chen et al., 2017;
Mamsen et al., 2019, 2017). Bangma et al. (2020a) examined the asso-
ciation between placental PFAS levels in pregnant women in North
Carolina and various demographic and pregnancy-related factors and
found that maternal race/ethnicity was significantly associated with
differences in PFUdA levels. A near significant association between
PFUdA levels and hypertensive complications of pregnancy was also
reported, while no associations were observed with PFHxS, PFHpS, or
PFOS. Previous literature examining PFAS exposure and pre-eclampsia
diagnoses are not in complete agreement; one study reported no asso-
ciation (Starling et al., 2014), while more recent studies report associ-
ations of PFAS exposures and hypertensive disorders of pregnancy for at
least one PFAS, including PFOS, PFOA, PFNA, and PFBS (Bangma et al.,
2020a; Huang et al., 2019; Starling et al., 2014; Wikstrom et al., 2019).
Whether these differences are due to analytical aspects of the PFAS
measurement, level of contamination in the cohort, or study design has
not been examined.

Examining PFAS exposure on birth outcomes, a study involving
pregnant women in the Shanghai Birth Cohort found that concentrations
of PFOS, PFNA, PFDA, PFUdA, and PFDOA were negatively associated
with birth length only in female fetuses (Chen et al., 2021). While the
concentrations of most PFAS declined during pregnancy, concentrations
of PFHxS remained consistent and PFBS increased (Chen et al., 2021).
Waterfield et al. (2020) analyzed birth outcomes in an East
Minneapolis-St. Paul-based cohort, where high levels of PFAS contami-
nated the drinking water supply, and found that average birth weight
and gestational age were significantly lower in the PFAS-exposed cohort
compared to controls. In addition to increased odds of low birth weight
in this population, odds of pre-term birth also increased while the gen-
eral fertility rate was significantly lower (Waterfield et al., 2020).
Overall, these findings suggest an association between serum PFAS
levels and fecundity, TTP, and birth outcomes. These disruptions may be
resultant from PFAS interfering with the HPGA (Fei et al., 2009; Kahn
etal., 2021). The thyroid may play a role in the observed effects of PFAS
on fecundity and birth outcomes as well, since PFAS can disrupt thyroid
hormone levels, which are critical for reproductive processes (Aimuzi
et al., 2020; Blake et al., 2018; Liang et al., 2020; Lin et al., 2013; Wang
etal., 2014). The role that PFAS play in thyroid hormone disruption as it
pertains to the female reproductive tract is not completely understood,
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since studies that have reported associations between thyroid hormones
and PFAS levels have found no associations between PFAS levels and
ovarian reserve or fecundability (Crawford et al., 2017). While no as-
sociation was reported, there were reported limitations including nar-
row study population, both in size and based on sociodemographic
factors, and a limited follow-up period on fecundability that may have
limited detectability of effects. Since the thyroid is known to play a
critical role in fertility and the reproductive system in general, thyroid
disruption may contribute to the observed effects of PFAS exposure on
fecundity and birth outcomes and warrants further investigation.

3.7. PFAS and diseases and dysfunctions of the female reproductive tract

Hormonal regulation is critical for many normal bodily processes
such as puberty and altered hormone regulation can contribute to the
onset of disease. PCOS is common in women of reproductive age and is
one of the main causes of infertility among women (Balen et al., 2016;
Wang et al., 2019a); however, the etiology of the disease is not well
understood and may involve a combination of genetic and environ-
mental factors (Escobar-Morreale, 2018; Palioura and
Diamanti-Kandarakis, 2015; Wang et al., 2019a). Although studies are
limited, increased serum PFOA and PFOS levels are associated with
PCOS in American women (Vagi et al., 2014; Wang et al., 2019a). While
positive associations between PFAS exposures and PCOS were observed
by Vagi et al. (2014), Wang et al. (2019a) found a dose-dependent as-
sociation between PFDOA exposure and PCOS-related infertility risk in
an analysis adjusted for sociodemographic or lifestyle-related variables
such as age and BMI. The authors also reported an inverse association
between PFUdA levels and PCOS-related infertility, but no associations
were present for PFBS, PFHpA, PFHxS, PFOA, PFOS, PFNA, or PFDA. In
another study, patients with PCOS had higher serum concentrations of
PFOS compared to controls (Heffernan et al., 2018). High serum PFOS
concentrations were also associated with menstrual irregularities in
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both PCOS and control patients. These studies suggest the ability of
PFAS to increase risk of PCOS as well as PCOS-related complications in
women of reproductive age, potentially due to their
endocrine-disrupting capabilities.

In addition to PCOS, PFAS exposure may be related to an increased
risk of other reproductive diseases, including endometriosis and ovarian
cancer; however, studies on these associations are limited. With regard
to endometriosis, data from women aged 20-50 from NHANES
2003-2006 showed that mean levels of PENA, PFOA, and PFOS were
higher in women who reported having endometriosis compared to
women who did not (Campbell et al., 2016). Furthermore, a study by
Wang et al. (2017) found that certain PFAS may increase risk of
endometriosis-related infertility. In a population of Chinese women of
reproductive age with surgically confirmed endometriosis, increased
plasma concentrations of PFBS were associated with an increased risk of
endometriosis-related infertility, even in women with no previous
pregnancies or other gynecologic pathology (Wang et al., 2017).
Although limited, these studies suggest an association between certain
PFAS and risk of endometriosis or endometriosis-related infertility and
should be further evaluated. Importantly, associations between PFAS
exposure and endometrial cancer risk in humans have never been
examined. In the context of ovarian cancer, the association between
PFAS exposure in contaminated communities and ovarian cancer risk
has been examined in two different studies (Barry et al., 2013; Vieira
et al., 2013). Barry et al. (2013) did not observe an association between
PFOA and ovarian cancer risk while Vieira et al. (2013) reported an
association between very high PFOA levels and increased ovarian cancer
risk. It is important to note that data on PFAS exposure and ovarian
cancer risk is limited and the number of ovarian cancer cases in each of
these studies was relatively small, warranting further investigation on
this topic. Overall, the studies summarized in Sections 3.3-3.7 suggest a
deleterious role of PFAS exposure in altered reproductive processes and
disease onset in females and are illustrated for clarity in Fig. 2. Brief
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Fig. 2. Female reproductive tract targets of PFAS. PFAS can disrupt normal reproductive function in females both directly through targeting the ovary, uterus, or
developing embryo or indirectly through targeting other endocrine tissues or the HPGA. Various effects of PFAS on the HPGA, uterus, ovary, and developing embryo
are shown as well as the specific compounds that have reported positive (red), negative (blue), or mixed (purple) associations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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summaries of those studies and other endocrine and developmental ef-
fects of PFAS on female reproductive endpoints are noted in Table 1.

4. Conclusion

Over the past few decades, global female reproduction trends have
been declining and while cultural changes contribute to the observed
decline, environmental contaminants, like PFAS may also play a critical
role. PFAS are widespread environmental contaminants that are
frequently detected in drinking water supplies and human serum
worldwide. Studies have demonstrated the ability of these chemicals to
target the reproductive tract in women, both through directly targeting
reproductive tissues and through altering normal breast, thyroid, and
HPGA function. It is important to note that the studies described in this
review examining the same or similar endpoints are not always consis-
tent; whether this is due to the levels or length of exposure time for
certain populations and not others should be the topic of future sys-
tematic reviews. Many of the topics discussed in this review warrant
further investigation, as study findings are limited and/or inconsistent.
Studies within the same subsection reporting different findings for the
same biological outcome may be due to inconsistent levels of exposure
being examined and compared across studies or may be due to lack of
consideration of important variables such as age, parity, or race. There
are some studies reporting inconsistent results at similar exposure levels,
but this is not always the case and should be noted.

It is critical for future epidemiologic studies examining the adverse
reproductive effects of PFAS exposure on females to consider all the
endpoints listed in this review. For example, the impacts of PFAS
exposure on menstrual cyclicity, pubertal timing, and menopause timing
have not been examined as routinely or as extensively as other repro-
ductive endpoints. Combining studies would contribute significant
insight into how PFAS are affecting female reproductive outcomes, since
many studies are not well powered. This review highlights the findings
of some (not all) studies that have examined this relationship; however,
further studies are needed to understand the direct and indirect mech-
anistic targets of legacy, short-chain, and alternative PFAS exposure on
these outcomes in women. Toxicological studies including relevant
reproductive and endocrine endpoints following PFAS exposure could
provide important insight on characteristics that PFAS influence and
help to better understand related human health outcomes in affected
populations. More generally, future work examining PFAS exposure on
female reproductive end points in animals should be conducted at doses
relevant to humans and blinded to treatment groups, so that in-life
characteristics can be collected without bias. Using outbred strains of
rodents for PFAS exposure studies would also help increase human
relevance. Using inbred strains to explore the associations between PFAS
exposure and health outcomes limits variability across mice. Although
inbred mice would reduce the variability in response, this is not as
representative of the human population, since two people in the same
community can be exposed to different concentrations of PFAS and
respond differently as a result. Future studies should focus on choosing
sensitive animal models for the outcomes of interest. Currently, non-
human primate models would have to be used to evaluate endpoints
such as PFAS effects on the menstrual cycle and possibly endocrine ef-
fects (due to differences between rodents and humans in reproductive
cyclicity and senescence), but rodent models are suitable to evaluate
effects on birth outcomes, lactation, and reproductive diseases like
PCOS, endometriosis, and breast disease. In vivo exposure to PFAS was
identified as an inconsistency across the studies mentioned in the above
sections. While some health effects are observed in animals after expo-
sure to PFAS at human relevant exposure levels, this is not always the
case and should be addressed in future in vivo studies. For most health
outcomes in women, knowledge of potential PFAS exposure sources over
time (housing history, water sources) and details of parity, breastfeeding
duration, and menstrual history would enhance interpretation. PFAS
affects early life reproductive endpoints, such as lactation and
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breastfeeding duration, pubertal endpoints, fertility and possibly
fecundity, and effects like these have been reported in rodent studies.
Limiting PFAS in the environment based on these early life endpoints
may help reduce the number of later life diseases attributed to PFAS.

Despite the findings discussed in this review, there are current
literature gaps regarding the combined effects of PFAS mixtures on
endocrine and reproductive targets, the mechanisms by which PFAS
disrupt the endocrine system, and how interplay between PFAS endo-
crine target tissues leads to long-term reproductive health effects. Future
studies should focus on mechanistic underpinnings of PFAS-induced
reproductive outcomes in women. Based on data summarized here on
the role of sociodemographic and/or reproductive factors in PFAS
exposure and elimination, we suggest not only that animal or human
studies include effects on reproductive tissues, but also stratification by
age, race/ethnicity, and reproductive characteristics (cycling history,
thyroid status, parity) to fully understand the reproductive implications
of PFAS exposure across various populations of women. Additionally,
the issue of reverse causality for PFAS and outcomes related to cyclicity
(and potentially disease status) deserves further attention and consid-
eration in study interpretations.
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