Environmental chemicals and thyroid function: an update
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Purpose of review

To overview the effects of endocrine disrupters on thyroid function.

Recent findings

Studies in recent years have revealed thyroid-disrupting properties of many
environmentally abundant chemicals. Of special concern is the exposure of pregnant
women and infants, as thyroid disruption of the developing fetus may have deleterious
effects on neurological outcome. Evidence is reviewed for the following groups of
chemicals: polychlorinated biphenyls, dioxins, flame retardants, pesticides,
perfluorinated chemicals, phthalates, bisphenol A and ultraviolet filters. Chemicals may
exert thyroid effects through a variety of mechanisms of action, and some publications
have focused on elucidating the mechanisms of specific (groups of) chemicals.
Summary

A large variety of ubiquitous chemicals have been shown to have thyroid-disrupting
properties, and the combination of mechanistic, epidemiological and exposure studies
indicates that the ubiquitous human and environmental exposure to industrial chemicals
may impose a serious threat to human and wildlife thyroid homeostasis. Currently,
available evidence suggests that authorities need to regulate exposure to thyroid-
disrupting chemicals of pregnant women, neonates and small children in order to avoid
potential impairment of brain development. Future studies will indicate whether adults
also are at risk of thyroid damage due to these chemicals.
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Introduction

Overview of evidence for effects from different types of
compounds

A large number of studies of the thyroid-disrupting
properties of environmentally abundant chemicals
have appeared in recent years. These indicate that the
regular human and environmental exposure to such
industrial source chemicals may pose a serious threat
to human and wildlife thyroid homeostasis. We have
earlier reviewed the literature in this field [1], and the
present review will update the current knowledge. In
recent years, several ‘new’ groups of chemicals have
been suspected to have thyroid-disrupting properties
[perfluorinated chemicals (PFCs), phthalates, bisphenol
A (BPA) and ultraviolet (UV) filters], and evidence for
these groups is included.

In the following, we will give an overview of the evidence
of thyroid-disrupting properties of different groups of
chemicals.

Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs) comprise a group of
highly persistent lipophilic chemicals, which can be
detected in samples from human and wildlife popu-
lations, although banned for decades in most countries.
PCBs, especially the hydroxylated metabolites, which are
also biologically active, have a high degree of structural
resemblance to thyroxine ('T4).

The negative effect of PCB exposure on peripheral
thyroid hormone levels is well documented by studies
in laboratory animals. Thus, PCB exposure decreased the
levels of circulating thyroid hormones, especially T4

Chemicals may exert thyroid effects through a variety of
mechanisms of action, and some publications have
focused on eclucidating the mechanisms of specific
(groups of) chemicals.
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[2—4]. Monkeys exposed orally to PCB for 18-23 weeks
showed a significant dose-dependent reduction of T4,
free T4 (F'T4), triiodothyronine (T'3) and an increase in
thyroid-stimulating hormone (T'SH) [5]. There is sub-
stantial evidence that perinatal exposure to PCBs and
their hydroxylated metabolites decreases thyroid hor-
mones in the offspring [6—14]. Studies have demon-
strated accumulation of hydroxylated metabolites in
the fetal compartment [8].

Similar relationships between serum levels of organo-
chlorine pollutants and thyroid hormones are reported
from wild animals [15-17].

Multiple studies [18,19,20°,21,22°] of PCB exposure and
effects have been carried out in human populations, the
majority of which raise concern that environmental levels
of PCBs may reduce peripheral thyroid hormone levels. A
few studies [22°,23] also demonstrated a positive corre-
lation between PCB exposure and T'SH. Furthermore, in
young adults, levels of persistent PCBs and dichlorodi-
phenyldichloroethylene (DDE) were associated with
elevated levels of antibodies against thyroid peroxidase
(TPOADb) [24°]. The volume of the thyroid gland is
another endpoint for thyroid function but is rarely used
in human toxicological studies; in adults from a PCB-
polluted area, the thyroid volume assessed by ultrasound
was found to be significantly larger than in ‘nonexposed’
individuals [25].

Alterations in fetal and infant thyroid homeostasis due to
environmental exposures are of special concern, as it is
well known that normal thyroid function is crucial for
neurological development. In recent years, several stu-
dies have aimed at elucidating potential toxic effects of
environmental levels of PCBs on human thyroid function
in developmentally important age groups. Thus, environ-
mental levels of PCBs are associated with reduced thyr-
oid hormone levels and/or positive associations with TSH
in pregnant women in several studies [26,27] but not in all
[28].

In 1994, a study of 105 mother—infant pairs showed that
PCB and dioxin-like toxicants in breast milk were signi-
ficantly correlated with lower maternal thyroid hormones
in late pregnancy and postpartum. PCB levels were
significantly associated with higher TSH in infants at
2 weeks and 3 months of age but not with thyroid
hormones [29]. Recent studies of newborns have con-
firmed this association [30] and found additional negative
associations with F'T'4 [31]. However, not all studies of
newborns found significant associations between PCB
exposure and infant thyroid hormone levels [28,32-
34], which may be due to the evaluation of infant thyroid
hormone levels in cord blood or in dried blood spots
obtained shortly after birth. These may not be optimal

endpoints, as many factors related to pregnancy, delivery
and perinatal health are affecting the levels of thyroid
hormones in newborns [31]. There could also be differ-
ences in methodology for measuring both the thyroid
function-related variables and the chemical substances as
explanations for different results and conclusions.

In summary, human and wildlife observations point
towards subtle, but significant, effects of low-dose PCB
exposure on human thyroid function.

Dioxins

Polychlorinated dibenzo-p-dioxins (PCDDs) and poly-
chlorinated dibenzofurans (PCDF's) are widespread, per-
sistent and highly toxic environmental pollutants from
industrial burning processes or production of herbicides.

A single dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) dose-dependently decreased T4 and FT4
[35] and increased TSH [36] in adult rats. Given to
pregnant dams, TCDD decreased T4 and increased
T'SH in male offspring [37]. Human studies are scarce,
but in a large study of Vietnam War veterans, the group
with the highest exposure to TCDD had significantly
higher TSH levels [38].

Flame retardants

The use of some flame retardants is abundant, and this
group of chemicals is found in different products such as
electronic equipments, plastics, paints and synthetic tex-
tiles. During recent years, an extensive amount of pub-
lications have focused on the possible thyroid-disrupting
qualities of flame retardants, which comprise chemicals
such as tetrabromobisphenol A (TBBPA), polybromi-
nated diphenyl ethers (PBDEs) and polybrominated
biphenyls (PBBs). TBBPA and PBDEs show even closer
structural relationship with T4 than PCBs.

In rats, several PBDEs as well as commercial mixtures
decrease the levels of circulating thyroid hormones
[3,39-41]. Furthermore, one study [42] indicated that
marginal hypovitaminosis A might enhance the suscepti-
bility to thyroid disruption. Perinatal maternal exposure
of rats to different mixtures and congeners of PBDE
reduced thyroid hormones prenatally and postnatally in
both dams and fetuses [43]. Studies of other species have
shown similar results, as total T'4 was decreased in fish
after exposure to PBDE [44] and 2,2',4,4'-tetrabromodi-
phenyl ether (BDE-47) [45]. Similarly, exposure of kes-
trels before and after hatching to different PBDE con-
geners decreased T4 levels in the offspring [46].
Exposure of minks to the technical penta-BDE mixture
DE-71 reduced T3 in a dose-dependent manner in both
dams and offspring [47].
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Recently, several studies have proved that even low doses
of PBDEs, comparable to levels of environmental human
exposure, may similarly disrupt thyroid homeostasis.
Thus, a single low dose of BDE-99 in pregnant rats
reduced T4 in dams at the beginning of lactation and in
offspring 3 weeks postpartum [48]. Accordingly, low doses
of BDE-47 in pregnant sheep significantly reduced T4 and
"T'3 levels in the cord blood of exposed lambs [49°°].

Mechanistic studies indicated that PBDEs might act by
induction of hepatic enzymes involved in glucuronida-
tion [3] or by downregulating the transport protein trans-
thyretin (T'T'R) and transmembranal thyroid hormone
transport [50]. Similarly, TBBPA has been documented
to interfere with binding proteins [51]. Furthermore,
‘TBBPA binds thyroid hormone receptor directly and
impairs thyroid hormone-dependent metamorphosis in
amphibian models [52—-54] and acts antagonistically in a
competition assay [55°].

Few human studies exist regarding flame retardants and
thyroid function. However, recently, a large study [56°] of
consumers of fish from the Great Lakes reported negative
associations between concentrations of PBDE congeners
in serum and serum levels of T'3 and TSH, as well as a
positive relation with T4. However, a previous study [57]
of men exposed through Baltic fish consumption showed
negative associations between TSH and PBDE. Thus,
our current knowledge on the effect of flame retardants
on human thyroid function is very limited.

Pesticides

Several hundreds, if not thousands, of different chemicals
are used as pesticides and are as such part of potentially
widespread human exposure. Of these, the persistent
chemicals such as dichlorodiphenyltrichloroethane
(DDT), hexachlorobenzene (HCB) and nonylphenol are
among the most examined as regards thyroid-disrupting
effects. Although use of these chemicals has long been
banned in many countries, they are still present in the
environment due to their long environmental half-lives
and continuous use in some countries.

A large number of animal and toxicological studies suggest
that multiple pesticides may have thyroid-disrupting prop-
erties, but an overview of thyroid-disrupting effects of
specific pesticides is beyond the scope of the present
review.

Perfluorinated chemicals

Perfluorinated chemicals (PFCs) are widely used in
industrial and consumer products due to their surface
protection properties; the latter are exploited not only in
products as stain and oil-resistant coatings but also in floor
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polishes and insecticide formulations. The group com-
prises several chemicals, for example, perfluorooctanoic
acid (PFOA) as well as perfluorooctane sulfonate (PFOS),
which is also the metabolic end-product of other PFCs.
PFCs are extremely persistent in the environment.

Several animal studies found decreased levels of T4 after
both long-term [58°] and short-term exposure [59,60] to
PFOS and both in pregnant dams [61] and in pups
[62,63]. Similarly, PFOA decreased levels of T3 [59].
However, single-dose exposure to PFOS resulted in
transiently increased F'T'4 and decreased T'SH, followed
by a decrease in T4 and 'T'3 [64]. Accordingly, a study [65]
of monkeys showed a reduction of total 'T'3 after exposure
to PFOS. In-vitro studies of exposed rat tissues showed
upregulation of hepatic glucuronidation enzymes and
deiodinases in the thyroid gland [58°]. A large study of
employees in a PFC manufacturer company showed
negative associations between PFOA and FT4 [66],
but epidemiological human studies of effects of environ-
mental PFC levels are lacking.

Phthalates

Phthalates are widely used as plastic emollients and
additives in various industrial and consumer products,
and exposure to phthalates is inevitable. For certain
groups such as hospitalized neonates, exposure may be
massive. In these patients, changes in thyroid hormone
levels as a result of exposure to phthalates may be
transient, but could nonetheless have permanent effects
on the development of the central nervous system, if
changes occur in a developmentally critical phase.

Studiesonthyroid-disrupting effects of phthalatesand their
monoester metabolites are scarce. In rats, di-z-butyl phtha-
late (DBP) decreased T3 and T4 in a dose-dependent
manner [67], and several studies [68,69] have shown his-
topathological changes in the thyroid after exposure to
phthalates. Arecentstudy[55°] based onanewly developed
reporter gene assay showed DBP to actantagonistically ina
competition assay in a 'I'3 reporter gene screening assay.

In human populations, negative associations between
di(2-ethylhexyl) phthalate (DEHP) exposure and FT4
and 'T'3 have been reported in men recruited from a
fertility clinic [70]. In pregnant women, a significant
negative association was found between DBP exposure
and T4 and F'T4 [71]. Studies [72,73] of smaller popu-
lations did not find any relationships, probably due to lack
of statistical power.

Bisphenol A
BPA (4,4'-isopropylidenediphenol) is widely used to
manufacture numerous plastic products, including
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food-can linings and clear plastic bottles, and several
population studies [74,75] have reported a high degree
of human exposure.

BPA fed to pregnant rats was associated with a significant
increase of total T4 in the pups 15 days postpartum
compatible with thyroid resistance syndrome [76]. How-
ever, other studies [77-79] have found no or contrasting
effects on thyroid hormone levels after BPA exposure, and
human data are lacking. In mechanistic studies [80,81],
BPA has been found to bind to the thyroid hormone
receptor and act as an antagonist to 'T'3 at thyroid hormone
receptor, thus inhibiting thyroid hormone receptor-
mediated transcriptional activity. Furthermore, BPA was
shown to inhibit human recombinant TPO [82]. Accord-
ingly, studies have shown BPA to block T3-induced meta-
morphism of tadpoles [83] and differentiation of mouse
oligodendrocytes [84].

Ultraviolet filters

Certain ultraviolet (UV) filters, which are produced in high
amounts and used not only in sunscreens but also in other
cosmetic products, are suspected to have thyroid-disrupt-
ing properties. This applies to 4-methylbenzylidene-cam-
phor (4-MBC), octyl-methoxycinnamate (OMC), and ben-
zophenone 2 and benzophenone 3 (BP2 and BP3). Rat
studies have shown significant reductions of T4 as well as
increased T'SH levels by 4-MBC [85] and reductions of
both T4 and T3 but decreased T'SH levels after exposure
to OMC [86]. Furthermore, OMC was shown to reduce
hepatic deiodinase activity [86,87]. BP2 was shown 7z vive
to reduce thyroid hormone levels in rats [82,88] and to be a
potent inhibitor of human recombinant TPO [82]. Thus,
evidence from animal and in-vitro studies indicates that
several frequently used UV filters may have thyroid-
disrupting properties.

Future perspectives

Evidence reviewed above indicates that many different
groups of chemicals, to which human and wildlife popu-
lations are exposed ubiquitously, may interfere with
thyroid hormonal homeostasis. This holds true in all
age groups but may be of special concern in develop-
mentally critical periods of life, that is, fetal life and early
childhood when normal levels of thyroid hormones are
crucial to growth and neurological development [89]. The
hypothalamus—pituitary—thyroid axis is closely regulated
by a feedback mechanism, and peripheral thyroid hor-
mone effects are regulated both by thyroid hormone
transporters and deiodinases, which are different in
different organs. Both thyroid hormone levels and thyroid
gland volume and capacity are dynamic entities changing
according to current needs. Therefore, it is difficult to
establish reliable endpoints in human epidemiological

studies of thyroid function. Alterations in thyroid hor-
mone levels can be due to current influences from mea-
surable chemical exposure but may be transient, and
normal thyroid hormone levels may thus not reveal
permanent deleterious effects of previous exposures.
Permanent biomarkers of thyroid disruption in humans
are yet to be determined. Furthermore, reference ranges
of normal thyroid function are wide, but as individual
variations are known to be narrower [90], even small
alterations in the individual may be of importance. Thus,
a marginally low T4 level in a pregnant women may give
rise to offspring with six intelligence quotient (IQ) points
lower than those of mothers with higher T4 con-
centrations [91,92]. Other aspects, which remain to be
elucidated, are whether susceptibility to endocrine dis-
rupters may be influenced by iodine intake and sex.

Human and wildlife populations are exposed not just to
the single group of chemicals that are ordinarily the
subjects of reports. The environmental mixtures of vari-
ous groups of chemicals may have additive or synergistic
effects, which result in more serious consequences than
predicted by studies of single substances [93]. Large
epidemiological studies evaluating the total exposure
burden from various groups of chemicals on thyroid
function are needed.

Conclusion

A large variety of ubiquitously present chemicals have
been shown to have thyroid-disrupting properties. A com-
bination of mechanistic, epidemiological and exposure
studies indicates that human and wildlife health is at risk
from these chemicals. Currently, available evidence
suggests that governing agencies need to regulate the
use of thyroid-disrupting chemicals, particularly as such
uses relate exposures of pregnant women, neonates and
small children to the agents. A specific concern is avoid-
ance of effects on brain development. In the authors’
country, recommendations to pregnant women from the
health authorities include avoidance of exposure to endo-
crine-disrupting chemicals. This is just a first step that
should be pursued further globally. Given the long half-life
of some environmental chemicals, measures may be
needed that also minimize exposures before pregnancy.
Apart from that, future studies will indicate whether also
adults are at risk of thyroid damage due to these chemicals.

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

e  of special interest

ee of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (pp. 404-405).

1 Boas M, Feldt-Rasmussen U, Skakkebaek NE, Main KM. Environmental
chemicals and thyroid function. Eur J Endocrinol 2006; 154:599-611.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



10

1

12

13

14

15

16

17

18

19

20

van der Plas SA, Lutkeschipholt |, Spenkelink B, Brouwer A. Effects of
subchronic exposure to complex mixtures of dioxin-like and nondioxin-like
polyhalogenated aromatic compounds on thyroid hormone and vitamin A
levels in female Sprague-Dawley rats. Toxicol Sci 2001; 59:92-100.

Hallgren S, Sinjari T, Hakansson H, Darnerud PO. Effects of polybrominated
diphenyl ethers (PBDEs) and polychlorinated biphenyls (PCBs) on thyroid
hormone and vitamin A levels in rats and mice. Arch Toxicol 2001; 75:200—
208.

Hallgren S, Darnerud PO. Polybrominated diphenyl ethers (PBDEs), poly-
chlorinated biphenyls (PCBs) and chlorinated paraffins (CPs) in rats-testing
interactions and mechanisms for thyroid hormone effects. Toxicology 2002;
177:227-243.

van den Berg KJ, Zurcher C, Brouwer A. Effects of 3,4,3',4'-tetrachlorobi-
phenyl on thyroid function and histology in marmoset monkeys. Toxicol Lett
1988; 41:77-86.

Seo BW, Li MH, Hansen LG, et al. Effects of gestational and lactational
exposure to coplanar polychlorinated biphenyl (PCB) congeners or 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) on thyroid hormone concentrations in
weanling rats. Toxicol Lett 1995; 78:253-262.

Goldey ES, Kehn LS, Lau C, et al. Developmental exposure to polychlorinated
biphenyls (Aroclor 1254) reduces circulating thyroid hormone concentrations
and causes hearing deficits in rats. Toxicol Appl Pharmacol 1995; 135:77-88.

Darnerud PO, Morse D, Klasson-Webhler E, Brouwer A. Binding of a 3,3',4,4’-
tetrachlorobiphenyl (CB-77) metabolite to fetal transthyretin and effects on
fetal thyroid hormone levels in mice. Toxicology 1996; 106:105-114.

Goldey ES, Crofton KM. Thyroxine replacement attenuates hypothyroxinemia,
hearing loss, and motor deficits following developmental exposure to Aroclor
1254 in rats. Toxicol Sci 1998; 45:94—105.

Crofton KM, Kodavanti PR, Derr-Yellin EC, et al. PCBs, thyroid hormones, and
ototoxicity in rats: cross-fostering experiments demonstrate the impact of
postnatal lactation exposure. Toxicol Sci 2000; 57:131-140.

Meerts IA, Assink Y, Cenijn PH, et al. Placental transfer of a hydroxylated
polychlorinated biphenyl and effects on fetal and maternal thyroid hormone
homeostasis in the rat. Toxicol Sci 2002; 68:361-371.

Donahue DA, Dougherty EJ, Meserve LA. Influence of a combination of two
tetrachlorobiphenyl congeners (PCB 47; PCB 77) on thyroid status, choline
acetyltransferase (ChAT) activity, and short- and long-term memory in 30-day-
old Sprague-Dawley rats. Toxicology 2004; 203:99-107.

Meerts IA, Lilienthal H, Hoving S, et al. Developmental exposure to 4-hydroxy-
2,3,3',4' 5-pentachlorobiphenyl (4-OH-CB107): long-term effects on brain
development, behavior, and brain stem auditory evoked potentials in rats.
Toxicol Sci 2004; 82:207-218.

Roegge CS, Morris JR, Villareal S, et al. Purkinje cell and cerebellar effects
following developmental exposure to PCBs and/or MeHg. Neurotoxicol
Teratol 2006; 28:74—-85.

Skaare JU, Bernhoft A, Wiig O, et al. Relationships between plasma levels of
organochlorines, retinol and thyroid hormones from polar bears (Ursus
maritimus) at Svalbard. J Toxicol Environ Health A 2001; 62:227-241.

Chiba |, Sakakibara A, Goto Y, et al. Negative correlation between plasma
thyroid hormone levels and chlorinated hydrocarbon levels accumulated in
seals from the coast of Hokkaido, Japan. Environ Toxicol Chem 2001;
20:1092-1097.

Sormo EG, Jussi |, Jussi M, et al. Thyroid hormone status in gray seal (Ha-
lichoerus grypus) pups from the Baltic Sea and the Atlantic Ocean in relation to
organochlorine pollutants. Environ Toxicol Chem 2005; 24:610-616.

Hagmar L, Rylander L, Dyremark E, et al. Plasma concentrations of persistent
organochlorines in relation to thyrotropin and thyroid hormone levels in
women. Int Arch Occup Environ Health 2001; 74:184-188.

Persky V, Turyk M, Anderson HA, et al. The effects of PCB exposure and fish
consumption on endogenous hormones. Environ Health Perspect 2001;
109:1275-1283.

Abdelouahab N, Mergler D, Takser L, et al. Gender differences in the effects of
organochlorines, mercury, and lead on thyroid hormone levels in lakeside
communities of Quebec (Canada). Environ Res 2008; 107:380-392.

An observational study reporting sex differences in associations between organo-
chlorine exposure and thyroid function in freshwater fish consumers.

21

22

Turyk ME, Anderson HA, Persky VW. Relationships of thyroid hormones with
polychlorinated biphenyls, dioxins, furans, and DDE in adults. Environ Health
Perspect 2007; 115:1197-1203.

Schell LM, Gallo MV, Denham M, et al. Relationship of thyroid hormone levels
to levels of polychlorinated biphenyls, lead, p,p’-DDE, and other toxicants in
Akwesasne Mohawk youth. Environ Health Perspect 2008; 116:806-813.

An investigation of the associations between organochlorine exposure and TSH
and thyroid hormones in children and adolescents.

23

24
.

Endocrine disruptors and thyroid Boas et al. 389

Osius N, Karmaus W, Kruse H, Witten J. Exposure to polychlorinated
biphenyls and levels of thyroid hormones in children. Environ Health Perspect
1999; 107:843-849.

Schell LM, Gallo MV, Ravenscroft J, DeCaprio AP. Persistent organic pollu-
tants and antithyroid peroxidase levels in Akwesasne Mohawk young adults.
Environ Res 2009; 109:86-92.

A study of positive associations between organochlorine exposure and TPOAb
levels in young adults, which may potentially have an influence on thyroid function.

25

26

27

28

29

30

31

32

33

34

35

37

38

39

40

41

42

43

44

Langer P, Tajtakova M, Kocan A, et al. Thyroid ultrasound volume, structure
and function after long-term high exposure of large population to polychlori-
nated biphenyls, pesticides and dioxin. Chemosphere 2007; 69:118-127.

Takser L, Mergler D, Baldwin M, et al. Thyroid hormones in pregnancy in
relation to environmental exposure to organochlorine compounds and mer-
cury. Environ Health Perspect 2005; 113:1039-1045.

Chevrier J, Eskenazi B, Holland N, et al. Effects of exposure to polychlorinated
biphenyls and organochlorine pesticides on thyroid function during preg-
nancy. Am J Epidemiol 2008; 168:298-310.

Wilhelm M, Wittsiepe J, Lemm F, et al. The Duisburg birth cohort study:
influence of the prenatal exposure to PCDD/Fs and dioxin-like PCBs on
thyroid hormone status in newborns and neurodevelopment of infants until the
age of 24 months. Mutat Res 2008; 659:83-92.

Koopman-Esseboom C, Morse DC, Weisglas-Kuperus N, et al. Effects of
dioxins and polychlorinated biphenyls on thyroid hormone status of pregnant
women and their infants. Pediatr Res 1994; 36:468-473.

Chevrier J, Eskenazi B, Bradman A, et al. Associations between prenatal
exposure to polychlorinated biphenyls and neonatal thyroid-stimulating hor-
mone levels in a Mexican-American population, Salinas Valley, California.
Environ Health Perspect 2007; 115:1490-1496.

Herbstman JB, Sjodin A, Apelberg BJ, et al. Birth delivery mode modifies the
associations between prenatal polychlorinated biphenyl (PCB) and polybro-
minated diphenyl ether (PBDE) and neonatal thyroid hormone levels. Environ
Health Perspect 2008; 116:1376-1382.

Longnecker MP, Gladen BC, Patterson DG Jr, Rogan WJ. Polychlorinated
biphenyl (PCB) exposure in relation to thyroid hormone levels in neonates.
Epidemiology 2000; 11:249-254.

Matsuura N, Uchiyama T, Tada H, et al. Effects of dioxins and polychlorinated
biphenyls (PCBs) on thyroid function in infants born in Japan: the second
report from research on environmental health. Chemosphere 2001;
45:1167-1171.

Dallaire R, Dewailly E, Ayotte P, et al. Effects of prenatal exposure to
organochlorines on thyroid hormone status in newborns from two remote
coastal regions in Quebec, Canada. Environ Res 2008; 108:387-392.

Viluksela M, Raasmaja A, Lebofsky M, et al. Tissue-specific effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) on the activity of 5'-deiodinases | and Il in
rats. Toxicol Lett 2004; 147:133-142.

Nishimura N, Miyabara Y, Sato M, et al. Inmunohistochemical localization of
thyroid stimulating hormone induced by a low oral dose of 2,3,7,8-tetrachlor-
odibenzo-p-dioxin in female Sprague-Dawley rats. Toxicology 2002;171:73—
82.

Nishimura N, Yonemoto J, Miyabara Y, et al. Rat thyroid hyperplasia induced
by gestational and lactational exposure to 2,3,7,8-tetrachlorodibenzo-p-diox-
in. Endocrinology 2003; 144:2075-2083.

Pavuk M, Schecter AJ, Akhtar FZ, Michalek JE. Serum 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD) levels and thyroid function in Air Force veterans of the
Vietnam War. Ann Epidemiol 2003; 13:335-343.

Fowles JR, Fairbrother A, Baecher-Steppan L, Kerkvliet NI. Inmunologic and
endocrine effects of the flame-retardant pentabromodiphenyl ether (DE-71) in
C57BL/6J mice. Toxicology 1994; 86:49-61.

Zhou T, Ross DG, DeVito MJ, Crofton KM. Effects of short-term in vivo
exposure to polybrominated diphenyl ethers on thyroid hormones and hepatic
enzyme activities in weanling rats. Toxicol Sci 2001; 61:76-82.

Stoker TE, Laws SC, Crofton KM, et al. Assessment of DE-71, a commercial
polybrominated diphenyl ether (PBDE) mixture, in the EDSP male and female
pubertal protocols. Toxicol Sci 2004; 78:144—-155.

Ellis-Hutchings RG, Cherr GN, Hanna LA, Keen CL. Polybrominated diphenyl
ether (PBDE)-induced alterations in vitamin A and thyroid hormone concen-
trations in the rat during lactation and early postnatal development. Toxicol
Appl Pharmacol 2006; 215:135-145.

Zhou T, Taylor MM, DeVito MJ, Crofton KM. Developmental exposure to
brominated diphenyl ethers results in thyroid hormone disruption. Toxicol Sci
2002; 66:105-116.

Tomy GT, Palace VP, Halldorson T, et al. Bioaccumulation, biotransformation,
and biochemical effects of brominated diphenyl ethers in juvenile lake trout
(Salvelinus namaycush). Environ Sci Technol 2004; 38:1496-1504.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



390 Thyroid

45

46

47

48

49

Lema SC, Dickey JT, Schultz IR, Swanson P. Dietary exposure to 2,2',4,4'-
tetrabromodiphenyl ether (PBDE-47) alters thyroid status and thyroid hor-
mone-regulated gene transcription in the pituitary and brain. Environ Health
Perspect 2008; 116:1694—-1699.

Fernie KJ, Shutt JL, Mayne G, et al. Exposure to polybrominated diphenyl
ethers (PBDEs): changes in thyroid, vitamin A, glutathione homeostasis, and
oxidative stress in American kestrels (Falco sparverius). Toxicol Sci 2005;
88:375-383.

Zhang S, Bursian SJ, Martin PA, et al. Reproductive and developmental
toxicity of a pentabrominated diphenyl ether mixture, DE-71(R), to ranch mink
(Mustela vison) and hazard assessment for wild mink in the Great Lakes
region. Toxicol Sci 2009; 110:107-116.

Kuriyama SN, Wanner A, Fidalgo-Neto AA, et al. Developmental exposure to
low-dose PBDE-99: tissue distribution and thyroid hormone levels. Toxicology
2007; 242:80-90.

Abdelouahab N, Suvorov A, Pasquier JC, et al. Thyroid disruption by low-dose
BDE-47 in prenatally exposed lambs. Neonatology 2009; 96:120-124.

This study demonstrates that even low exposure levels of flame retardants,
comparable to environmental levels, have effects on thyroid function.

50

51

52

53

54

55

Richardson VM, Staskal DF, Ross DG, et al. Possible mechanisms of thyroid
hormone disruption in mice by BDE 47, a major polybrominated diphenyl ether
congener. Toxicol Appl Pharmacol 2008; 226:244-250.

Meerts IA, van Zanden JJ, Luijks EA, et al. Potent competitive interactions of
some brominated flame retardants and related compounds with human
transthyretin in vitro. Toxicol Sci 2000; 56:95-104.

Jagnytsch O, Opitz R, Lutz I, Kloas W. Effects of tetrabromobisphenol A on
larval development and thyroid hormone-regulated biomarkers of the amphi-
bian Xenopus laevis. Environ Res 2006; 101:340-348.

Kitamura S, Kato T, lida M, et al. Antithyroid hormonal activity of tetrabromobi-
sphenol A, a flame retardant, and related compounds: affinity to the mamma-
lian thyroid hormone receptor, and effect on tadpole metamorphosis. Life Sci
2005; 76:1589-1601.

Fini JB, Le MS, Turque N, et al. An in vivo multiwell-based fluorescent screen
for monitoring vertebrate thyroid hormone disruption. Environ Sci Technol
2007; 41:5908-5914.

Hofmann PJ, Schomburg L, Kohrle J. Interference of endocrine disrupters with
thyroid hormone receptor-dependent transactivation. Toxicol Sci 2009;
110:125-137.

This study reports results from a newly developed reporter gene assay for
detection of thyroid hormone-like activity of endocrine disrupters.

56

Turyk ME, Persky VW, Imm P, et al. Hormone disruption by PBDEs in adult
male sport fish consumers. Environ Health Perspect 2008; 116:1635-1641.

A study on associations between levels of exposure to PBDEs and thyroid function
in sport fish consumers.

57

58

Hagmar L, Bjork J, Sjodin A, et al. Plasma levels of persistent organohalogens
and hormone levels in adult male humans. Arch Environ Health 2001;
56:138-143.

Yu WG, Liu W, Jin YH. Effects of perfluorooctane sulfonate on rat thyroid
hormone biosynthesis and metabolism. Environ Toxicol Chem 2009;
28:990-996.

A study of subchronic exposure of adult rats to PFOS and examination of effects
both on serum hormone levels and on endpoints related to thyroid hormone
synthesis and metabolism.

59

60

61

62

63

64

65

Martin MT, Brennan RJ, Hu W, et al. Toxicogenomic study of triazole fungicides
and perfluoroalkyl acids in rat livers predicts toxicity and categorizes chemicals
based on mechanisms of toxicity. Toxicol Sci 2007; 97:595-613.

Chang SC, Thibodeaux JR, Eastvold ML, et al. Negative bias from analog
methods used in the analysis of free thyroxine in rat serum containing
perfluorooctanesulfonate (PFOS). Toxicology 2007; 234:21-33.

Thibodeaux JR, Hanson RG, Rogers JM, et al. Exposure to perfluorooctane
sulfonate during pregnancy in rat and mouse. |: maternal and prenatal
evaluations. Toxicol Sci 2003; 74:369-381.

Lau C, Thibodeaux JR, Hanson RG, et al. Exposure to perfluorooctane
sulfonate during pregnancy in rat and mouse. Il: postnatal evaluation. Toxicol
Sci 2003; 74:382-392.

Luebker DJ, York RG, Hansen KJ, et al. Neonatal mortality from in utero
exposure to perfluorooctanesulfonate (PFOS) in Sprague-Dawley rats: dose-
response, and biochemical and pharamacokinetic parameters. Toxicology
2005; 215:149-169.

Chang SC, Thibodeaux JR, Eastvold ML, et al. Thyroid hormone status and
pituitary function in adult rats given oral doses of perfluorooctanesulfonate
(PFOS). Toxicology 2008; 243:330-339.

Seacat AM, Thomford PJ, Hansen KJ, et al. Sub-chronic dietary toxicity of
potassium perfluorooctanesulfonate in rats. Toxicology 2003; 183:117-131.

66

67

68

69

70

7

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

Olsen GW, Zobel LR. Assessment of lipid, hepatic, and thyroid parameters
with serum perfluorooctanoate (PFOA) concentrations in fluorochemical
production workers. Int Arch Occup Environ Health 2007; 81:231-246.

O'Connor JC, Frame SR, Ladics GS. Evaluation of a 15-day screening assay
using intact male rats for identifying antiandrogens. Toxicol Sci 2002; 69:92 -
108.

Howarth JA, Price SC, Dobrota M, et al. Effects on male rats of di-(2-
ethylhexyl) phthalate and di-n-hexylphthalate administered alone or in combi-
nation. Toxicol Lett 2001; 121:35-43.

Poon R, Lecavalier P, Mueller R, et al. Subchronic oral toxicity of di-n-octyl
phthalate and di(2-Ethylhexyl) phthalate in the rat. Food Chem Toxicol 1997;
35:225-239.

Meeker JD, Calafat AM, Hauser R. Di(2-ethylhexyl) phthalate metabolites may
alter thyroid hormone levels in men. Environ Health Perspect 2007;
115:1029-1034.

Huang PC, Kuo PL, Guo YL, et al. Associations between urinary phthalate
monoesters and thyroid hormones in pregnant women. Hum Reprod 2007;
22:2715-2722.

Janjua NR, Mortensen GK, Andersson AM, et al. Systemic uptake of diethyl
phthalate, dibutyl phthalate, and butyl paraben following whole-body topical
application and reproductive and thyroid hormone levels in humans. Environ
Sci Technol 2007; 41:5564-5570.

Rais-Bahrami K, Nunez S, Revenis ME, et al. Follow-up study of adolescents
exposed to di(2-ethylhexyl) phthalate (DEHP) as neonates on extracorporeal
membrane oxygenation (ECMO) support. Environ Health Perspect 2004;
112:1339-1340.

Calafat AM, Ye X, Wong LY, et al. Exposure of the U.S. population to
bisphenol A and 4-tertiary-octylphenol: 2003 -2004. Environ Health Perspect
2008; 116:39-44.

Ye X, Pierik FH, Hauser R, et al. Urinary metabolite concentrations of
organophosphorous pesticides, bisphenol A, and phthalates among pregnant
women in Rotterdam, the Netherlands: the Generation R study. Environ Res
2008; 108:260-267.

Zoeller RT, Bansal R, Parris C. Bisphenol-A, an environmental contaminant
that acts as a thyroid hormone receptor antagonist in vitro, increases serum
thyroxine, and alters RC3/neurogranin expression in the developing rat brain.
Endocrinology 2005; 146:607-612.

Nieminen P, Lindstrom-Seppa P, Juntunen M, et al. In vivo effects of bisphenol
A on the polecat (Mustela putorius). J Toxicol Environ Health A 2002;
65:933-945.

Nieminen P, Lindstrom-Seppa P, Mustonen AM, et al. Bisphenol A affects
endocrine physiology and biotransformation enzyme activities of the field vole
(Microtus agrestis). Gen Comp Endocrinol 2002; 126:183-189.

Xu X, Liu Y, Sadamatsu M, et al. Perinatal bisphenol A affects the behavior and
SRC-1 expression of male pups but does not influence on the thyroid
hormone receptors and its responsive gene. Neurosci Res 2007;
58:149-155.

Moriyama K, Tagami T, Akamizu T, et al. Thyroid hormone action is disrupted
by bisphenol A as an antagonist. J Clin Endocrinol Metab 2002; 87:5185-
5190.

Sun H, Shen OX, Wang XR, et al. Antithyroid hormone activity of bisphenol A,
tetrabromobisphenol A and tetrachlorobisphenol A in an improved reporter
gene assay. Toxicol In Vitro 2009; 23:950-954.

Schmutzler C, Bacinski A, Gotthardt |, et al. The ultraviolet filter benzophe-
none 2 interferes with the thyroid hormone axis in rats and is a potent in vitro
inhibitor of human recombinant thyroid peroxidase. Endocrinology 2007;
148:2835-2844.

Iwamuro S, Sakakibara M, Terao M, et al. Teratogenic and antimetamorphic
effects of bisphenol A on embryonic and larval Xenopus laevis. Gen Comp
Endocrinol 2003; 133:189-198.

Seiwa C, Nakahara J, Komiyama T, et al. Bisphenol A exerts thyroid-hormone-
like effects on mouse oligodendrocyte precursor cells. Neuroendocrinology
2004; 80:21-30.

Seidlova-Wauttke D, Christoffel J, Rimoldi G, et al. Comparison of effects of
estradiol with those of octylmethoxycinnamate and 4-methylbenzylidene
camphor on fat tissue, lipids and pituitary hormones. Toxicol Appl Pharmacol
2006; 214:1-7.

Klammer H, Schlecht C, Wuttke W, et al. Effects of a 5-day treatment with the
UV-filter octyl-methoxycinnamate (OMC) on the function of the hypothalamo-
pituitary-thyroid function in rats. Toxicology 2007; 238:192-199.

Schmutzler C, Hamann |, Hofmann PJ, et al. Endocrine active compounds
affect thyrotropin and thyroid hormone levels in serum as well as endpoints
of thyroid hormone action in liver, heart and kidney. Toxicology 2004; 205:
95-102.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



88

89

90

Jarry H, Christoffel J, Rimoldi G, et al. Multiorganic endocrine disrupting
activity of the UV screen benzophenone 2 (BP2) in ovariectomized adult rats
after 5 days treatment. Toxicology 2004; 205:87-93.

Berbel P, Mestre JL, Santamaria A, et al. Delayed neurobehavioral develop-
ment in children born to pregnant women with mild hypothyroxinemia during
the first month of gestation: the importance of early iodine supplementation.
Thyroid 2009; 19:511-519.

Feldt-Rasmussen U, Hyltoft PP, Blaabjerg O, Horder M. Long-term variability
in serum thyroglobulin and thyroid related hormones in healthy subjects. Acta
Endocrinol (Copenh) 1980; 95:328-334.

91

92

93

Endocrine disruptors and thyroid Boas et al. 391

Klein RZ, Sargent JD, Larsen PR, et al. Relation of severity of maternal
hypothyroidism to cognitive development of offspring. J Med Screen 2001;
8:18-20.

Pop VJ, Brouwers EP, Vader HL, et al. Maternal hypothyroxinaemia during
early pregnancy and subsequent child development: a 3-year follow-up study.
Clin Endocrinol 2003; 59:282-288.

Kortenkamp A. Low dose mixture effects of endocrine disrupters: implica-
tions for risk assessment and epidemiology. Int J Androl 2008; 31:233-
240.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



