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In recent decades, attention has been directed toward the effects of bisphenol A (BPA) on human health. BPA has estrogenic activity

and is regarded as a representative endocrine disruptor. In addition, mounting evidence indicates that BPA can disrupt thyroid hor-

mone and its action. This review examined human epidemiological studies to investigate the association between BPA exposure and

thyroid hormone levels, and analyzed in vivo and in vitro experiments to identify the causal relationship and its mechanism of action.

BPA is involved in thyroid hormone action not only as a thyroid hormone receptor antagonist, but also through several other mecha-

nisms. Since the use of bisphenols other than BPA has recently increased, we also reviewed the effects of other bisphenols on thyroid

hormone action.
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INTRODUCTION

Bisphenol A (BPA, 4,4 -isopropylidenediphenol) is used to
manufacture polycarbonate plastic and epoxy resins. BPA is
widely used in a variety of applications, including baby bottles,
food can lining, food packaging, and dental sealants [1]. Inges-
tion of BPA-containing food is thought to be the primary source
of human exposure. BPA is a high-production-volume chemical,
and the estimated production of BPA in the United States was
approximately 1 million tons in 2004 [2]. As a result, human
exposure to BPA is very extensive [3]. BPA is a well-known en-
docrine-disrupting chemical, and its estrogenic activity was
documented in the early stages of its use (1960s). Considering
its widespread use and potential harmful effects on human
health, especially on reproduction, the use of BPA has been reg-
ulated. The United States Environmental Protection Agency has
established a reference dose of 50 pg/kg/day and the European
Food Safety Authority has set a temporary tolerable daily intake

of 4 pg/kg/day [4]. In particular, BPA has been banned from
baby bottles in many countries. As concerns about public health
and regulations limiting BPA use have increased, the use of oth-
er bisphenols as BPA substitutes has become more widespread.
Recently, studies on BPA have increased exponentially, re-
vealing that BPA has other endocrine-disrupting properties in
addition to its estrogenic activity. This review focuses on the
thyroid-disrupting effects of bisphenols, including BPA.

BPA AND THYROID FUNCTION

Thyroid hormone is essential for development, growth, and me-
tabolism, and plays an especially important role in neurodevel-
opment. Therefore, alterations of thyroid hormone function can
interfere with these vital functions. Thyroid hormones, such as
thyroxine (Ts), triiodothyronine (T3), and thyroid-stimulating
hormone (TSH), can be easily measured in the blood. First, we
reviewed the published literature on the association between
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BPA exposure and thyroid hormone.

Thyroid hormone in humans

BPA exposure in humans can be evaluated by measuring uri-
nary BPA concentrations. Previous research has demonstrated
that BPA is detected in most members of the population [3], and
BPA exposure has been found to be associated with thyroid hor-
mone levels [5-8]. Several large-scale epidemiological cross-
sectional studies have been conducted (Table 1). Urinary BPA
concentrations were negatively associated with total T4 in the
United States National Health and Nutrition Examination Sur-
vey (NHANES) 2007 to 2008 [5]. Urinary BPA concentrations
were negatively correlated with TSH levels in Korean National
Environmental Health Survey 2012 to 2014 [6]. Serum BPA
concentrations had a negative correlation with free T4 in men in
the Thai National Health Examination Survey (NHES) 2009 [7].
Urinary BPA concentrations were related to increased free Ts
and decreased TSH levels in Chinese adults [8]. Small-scale
studies have also shown an association between BPA and TSH
[9-11]. The leading cause of thyroid dysfunction is autoimmune
disease, and the Thai NHES reported that serum BPA concen-
trations were positively associated with thyroid peroxidase
(TPO) antibody positivity [12]. These findings suggest that BPA

can induce thyroid autoimmunity, resulting in thyroid dysfunc-
tion. However, in the study conducted in China, there was no
association between urinary BPA concentrations and thyroid au-
toantibodies [8].

In pregnant women, BPA exposure can affect thyroid hor-
mone levels [13-16]. Because thyroid hormone plays a pivotal
role in fetal neurodevelopment, maternal BPA exposure has a
greater clinical significance than exposure in the general popu-
lation. BPA exposure during pregnancy can affect thyroid hor-
mone levels in newborns (Table 2). A prospective pregnancy
and birth cohort study in the United States, reported that urinary
BPA concentrations in pregnant women were inversely correlat-
ed with TSH levels in boys [16]. Another prospective study also
showed an inverse association between maternal urinary BPA
concentrations and TSH in girls [17]. Even after birth, maternal
BPA exposure can affect children’s thyroid hormone levels
through breastfeeding [18]. However, some cross-sectional
studies found no association between BPA exposure and thyroid
hormone in cord blood samples [19-21].

Human studies have some limitations. First, a single measure-
ment of BPA in a spot urine sample may not be representative
of overall BPA exposure. Because BPA has a short half-life, it
leaves the body rapidly and does not bioaccumulate [22]. To as-

Table 1. Previous Studies of BPA Exposure and Thyroid Measures in the General Population
Study Country Population No. Specimen A c:)]r;c/;‘]l:rauon, Thyroid measures Association
Meeker et al. (2011) [5] USA Aged =20 yr 1,346 Urine GM?2.5 Total/free T4, total/ Total Ta|
(95% CI, 2.3-2.7) free T5, TSH
Park et al. (2017) [6] Korea Aged =20 yr 6,003 Urine GM1.13 Total T4, total T3, TSH TSH|
(95% CI, 1.06-1.20)
Sriphrapradang et al. Thailand ~ Aged 18-94 yr 2,340 Serum  Median 0.33 Free T4, TSH Free T4 (men)
(2013)[7] (min 0-max 66.91)
Wang et al. (2013) [8] China Aged =40 yr 3,394 Urine  Median 0.81 Free Ty, free T3, TSH  Free Ts1 TSH|
(IQR, 0.47-1.43)
Andrianou et al. (2016) [9] Cyprus, Adult women 212 Urine  Median 2.258 Free Ts, TSH, thyroid TSH?, thyroid
Romania (IQR, 1,100-4,611)  nodules nodule|
Geens et al. (2015) [10] Belgium Case-control 194 Urine  Median 1.7 Free T4, TSH TSH? (lean)
(obese and lean)
Meeker et al. (2010) [11] USA Men (infertility 167 Urine  Median 1.3 Free Ty, total Ts, TSH TSH?
clinic) (IQR, 0.7-2.4)
Zhou et al. (2017) [55] China Case-control 178 Urine  Median4.18 Thyroid cancer, Thyroid cancerf,
(IQR, 1.74-7.01) nodular goiter nodular goiterf
Lietal. (2019) [56] China Case-control, 1,416 Urine  Median 1.35 Thyroid nodule Thyroid nodulet
women =18 yr (IQR, 0.83-2.34)
BPA, bisphenol A; GM, geometric mean; CI, confidence interval; Ta, thyroxine; Ts, triiodothyronine; TSH, thyroid-stimulating hormone; IQR, interquar-
tile range.
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Table 2. Previous Research on Maternal BPA Exposure and Thyroid Measures in Newborns
Study Country ho. BPA specimen BPA concentration Thy}md Thyroid Association
(newborn) specimen measures
Chevrier et al. (2013) [16] USA 364 Maternal urine in the GM 1.3 pg/g Cr Blood spots  TSH TSH| (boys)
first and second half after birth
of pregnancy
Romano etal. (2015) [17] USA 249 Maternal urine at 26 GM 2.3 pg/g Cr Cord blood Total/free Ts, total/  TSH| (girls)
weeks of gestation (95% CI, 2.1-2.5) free Ts, TSH
Minatoya et al. (2017)[19]  Japan 283 Cord blood GM 0.051 ng/mL Cord blood Free Ta, TSH None
(IQR, <LOD-0.076)
Sanlidag et al. (2018) [20]  Cyprus 88 Cord blood Mean 4.934 ng/mL Cord blood  Free T4, TSH None
Brucker-Davis etal. (2011)  France 84 Cord blood Median 0.9 ng/mL Cord blood  Free Ty, free Ts, None
[21] (IQR, 0.2-3.3) TSH
BPA, bisphenol A; GM, geometric mean; Cr, creatinine; TSH, thyroid-stimulating hormone; CI, confidence interval; Ta, thyroxine; Ts, triiodothyronine;
IQR, interquartile range; LOD, limit of detection.

sess BPA exposure properly, repeated BPA measurements are
needed, but it is difficult to obtain serial BPA measurements in
real-world circumstances. Second, the causal relationship be-
tween BPA exposure and thyroid hormone changes remains un-
clear, and is difficult to elucidate. Most of the studies were
cross-sectional, and only two studies were longitudinal. Next,
humans are exposed to numerous chemicals at once, and several
chemicals share similar exposure sources [23], so the findings
of those studies may reflect a mixed effect, rather than the ef-
fects of BPA alone, which could lead to false positive conclu-
sions. Therefore, the association between BPA and thyroid func-
tion in humans reported in the literature is still inconclusive.

Thyroid hormone in animals

To supplement the limitations of human epidemiological stud-
ies, several animal experiments have been conducted. BPA was
administered directly to animals, and thyroid hormone levels
were measured. BPA exposure (40 mg/kg, 15 days, orally) in
adult rats increased T levels [24]. Neonatal exposure to BPA
(2.5 to 6.2 mg/kg, 10 days, subcutaneously) decreased T4 levels
and increased TSH levels in adulthood [25]. Maternal exposure
to BPA in rats can affect thyroid hormone in the offspring.
Zoeller et al. [26] reported that maternal BPA exposure during
pregnancy and lactation (1 to 50 mg/kg, orally) increased T
levels in the offspring (postnatal day [PND] 15). Xu et al. [27]
reported that maternal BPA exposure induced a transient in-
crease in Ty levels (PND 7), followed by a decrease of T4 (PND
21) in male offspring. However, other researchers reported that
perinatal exposure to BPA (0.0025 to 40 mg/kg, orally or subcu-
taneously) did not alter TSH and Ty levels in offspring [28-31].
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The inconsistent results of rat experiments may be due to differ-
ent doses, windows of exposure, and routes of exposure to BPA.
BPA-induced thyroid hormone changes have also been ob-
served in mice and zebrafish. BPA exposure during puberty de-
creased T4 levels in mice [32]. BPA exposure to zebrafish larvae
increased Ts levels [33]. All these experiments indicate that BPA
could affect thyroid function, but the effects might vary accord-
ing to the route, dose, duration, or age at exposure.

MECHANISM OF BPA

Thyroid hormone is synthesized in the thyroid gland under the
regulation of TSH released from the pituitary gland. Synthe-
sized thyroid hormone binds to proteins and circulates in the
blood. At the target organ, thyroid hormone binds to the thyroid
hormone receptor (TR) and stimulates thyroid hormone signal-
ing pathways. Subsequently, thyroid hormone is metabolized to
its inactive form in the liver. We explored the ways in which
these processes are disrupted by BPA (Fig. 1) by reviewing the
published mechanistic studies.

Thyroid hormone synthesis
It is possible that BPA acts directly on the thyroid gland, as sug-
gested by the finding that in humans, urinary BPA concentra-
tions were inversely associated with thyroid volume in children
[34]. In animal studies, BPA exposure, especially during preg-
nancy, has been found to alter thyroid gland weight or to change
thyroid histology [35,36].

In thyroid hormone synthesis, iodine enters thyrocytes via the
sodium iodide symporter (NIS), is oxidized by TPO, and is in-

Copyright © 2019 Korean Endocrine Society
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Fig. 1. Chemicals can interfere with thyroid hormone action at several points. (A) The pituitary gland and hypothalamus regulate thyroid
hormone synthesis through thyroid-stimulating hormone (TSH) release. (B) Thyroid hormone is synthesized in the thyroid gland. If TSH
stimulates thyrocytes, iodine uptake via the sodium iodide symporter (NIS), thyroglobulin (Tg) production, and oxidation by thyroid peroxi-
dase (TPO) occur. (C) Thyroid hormone is carried on binding proteins such as thyroxine-binding globulin (TBG) and transthyretin (TTR).
(D) Thyroid hormone is metabolized in the liver by deiodinase (DIO), UDP-glucuronosyltransferase (UGT), or sulfotransferase (SULT) and
eliminated in bile. (E) Thyroid hormone binds to the thyroid hormone receptor (TR) in target cells and activates thyroid hormone signaling

pathways. Ts, thyroxine; Ts, triiodothyronine.

corporated into tyrosyl residues of thyroglobulin (Tg). BPA ex-
posure has been found to change the expression of genes in-
volved in these processes, such as Slc5a5 (NIS), Tpo, and Tg.
For example, BPA treatment increased 7g and Slc5a5 gene ex-
pression in zebrafish experiments [33,37,38] and T3hr, Slc5a5,
Tpo, and Tg gene expression in FRTLS cells [37,39,40]. BPA
treatment decreased iodide uptake in FRTLS cells and TPO ac-

Copyright © 2019 Korean Endocrine Society

tivity in isolated rat thyroid microsomes [40]. In rats, BPA treat-
ment decreased thyroid iodide uptake and TPO activity [36].
These findings suggest that BPA can inhibit thyroid hormone
synthesis.

Regulation by the hypothalamus and pituitary gland
Little is known about BPA-associated changes in the hypothala-
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mus and pituitary gland. BPA exposure (0.1 to 1 pM) did not
change Crh or T5hf gene expression in zebrafish experiments
[33]. However, BPA treatment (10 uM) decreased 754f3, Tra,
Trp, and deiodinase 2 (Dio2) expression in GH3 pituitary cells
[39]. Dong and Wade [41] reported that BPA can inhibit thyroid
hormone uptake via the thyroid hormone transporter monocar-
boxylate transporter 8 (MCTS) in the brain.

Thyroid hormone transport

In the blood, thyroid hormone is transported in conjunction with
proteins such as thyroxine-binding globulin (TBG) and trans-
thyretin (TTR). BPA can bind TTR [42]. Competitive binding
with thyroid hormone transport proteins interferes with thyroid
hormone. However, the affinity of BPA for TBG and TTR is
weak. Instead, derivatives of BPA such as tetrachlorinate BPA
(TCBPA) or tetrabrominated BPA (TBBPA) have a stronger af-
finity [43]. In addition, the BPA concentrations commonly
found in humans are insufficient to interfere with thyroid hor-
mone transport [42].

Thyroid hormone metabolism

Deiodination catalyzed by DIO is important in thyroid hormone
metabolism. In rats, BPA treatment reduced hepatic DIO1 activ-
ity [24]. BPA exposure (0.1 to 1 uM) increased the expression
of Diol gene and Ugtlab gene encoding UDP glucuronosyl-
trasferase in zebrafish [33].

Thyroid hormone receptor

The structure of BPA and its analogues resembles that of T;
(Fig. 2). BPA can bind TR, particularly the beta isoform of TR
(TRP), and acts as an antagonist [26,44], as confirmed in a cell-

OH

HO OH ®

based reporter gene assay [45,46]. TR was inhibited by BPA
treatment (10 to 100 uM), where TR} was at a lower concentra-
tion (0.001 to 0.1 uM). BPA was found to inhibit TR-mediated
transcription of Ts-response genes [47]. These findings suggest
that BPA can disrupt the action of thyroid hormone. It is thought
that the TR-antagonistic effect of BPA may be the main mecha-
nism through which it disrupts thyroid function.

OTHER BISPHENOLS AND THYROID
FUNCTION

Since concerns have been raised regarding BPA from a public
health perspective, several BPA substitutes, such as bisphenol F
(BPF) and bisphenol S (BPS), have become used with increas-
ing frequency. Because their structures are similar to that of
BPA (Fig. 2), it is possible that these bisphenols disrupt thyroid
function. However, since these bisphenols are only starting to
be used, little research has been conducted on their role in thy-
roid disruption.

Like BPA, BPF and BPS can bind TRf and exert antagonistic
activity [48,49]. In zebrafish, BPF exposure altered T4, T3, and
TSH levels and changed the expression of genes including 7g,
Ttr, and Ugtlab [33,50].

In zebrafish, BPS exposure decreased T4 and Ts levels and in-
creased TSH levels [51,52]. Furthermore, in zebrafish, BPS
treatment increased the expression of genes including 77 and
Ugtlab [33,51].

In human, some epidemiological studies have investigated as-
sociations between non-BPA bisphenols and thyroid hormone
levels, but only in pregnant women. Urinary BPF concentra-
tions were associated with higher free Ts [13] or free T4 levels

1

n=0
@)
T

o) (D]

Fig. 2. Structure of thyroid hormone and bisphenols. (A) Triiodothyronine, (B) bisphenol A, (C) bisphenol F, and (D) bisphenol S.
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[53]. Aker et al. [53] reported that urinary BPS concentrations
were associated with lower corticotropin-releasing hormone
levels, but other studies found no association between BPS and
thyroid hormone levels [13,54].

BPA AND THYROID NODULES

As BPA became known as a thyroid-disrupting chemical, the
association between BPA and thyroid nodules or thyroid cancer
emerged as a topic of interest. In case-control studies conducted
in China, urinary BPA concentrations in patients with thyroid
nodules or thyroid cancer were significantly higher than in the
control groups (Table 1) [55,56]. However, Andrianou et al. [9]
reported that BPA exposure was inversely associated with thy-
roid nodules. In animal experiments, BPA treatment in F344 rats
did not induce thyroid cancer stimulated by N-bis(2-hydroxy-
propyDnitrosamine (DHPN) [57]. However, BPA treatment en-
hanced the susceptibility of thyroid cancer stimulated by DHPN
and iodine excess in rats [58]. BPA can induce the proliferation
of thyroid cancer cells [59]. Taken together, a link may possibly
exist between BPA and thyroid nodules or cancer, but there is a
lack of evidence that BPA can induce thyroid nodules or thyroid
cancer.

CONCLUSIONS

Here, we reviewed the associations between bisphenols and
thyroid function. Several previous studies indicate that BPA af-
fects thyroid hormone action. Considering the results of studies
in pregnant women and experiments on perinatal exposure, the
effects of BPA on thyroid hormone are thought to be more criti-
cal and harmful in the early stages of life. BPA may affect thy-
roid function through several possible mechanisms of action.
First, the main mechanism of action is thought to be binding of
BPA to TR and interference with thyroid hormone. However,
this review also suggests that BPA can interfere with thyroid
hormone synthesis, transport, and metabolism. Recently, this
thyroid-disrupting effect was identified for other bisphenols, as
well as BPA. Although they were not the primary focus of this
review, BPA derivatives such as TCBPA and TBBPA resulting
from BPA degradation processes have increasingly been inves-
tigated as thyroid-disrupting chemicals [60]. Therefore, atten-
tion should be paid to the effects of bisphenols, including BPA,
on the thyroid.

Copyright © 2019 Korean Endocrine Society
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