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Abstract

Purpose of review: Flame retardant chemicals (FRs) are added to consumer products to reduce
fire incidence and severity; approximately ~1.5 million tons of these chemical are used annually.
However, their widespread has led to their ubiquitous presence in the environment and chronic
accumulation in human tissues. We summarize current trends in human FR exposure, and review
recent data highlighting concerns for thyroid dysregulation and cancer risk in human populations.

Recent findings: Polybrominated diphenyl ethers (PBDES) were once commonly used FRs,

but recently were phased-out. Exposure is associated with thyroid dysregulation (mainly T4
reductions) in animals, with new work focusing on specific mechanisms of action. PBDEs also
impact human thyroid regulation and are related to clinical thyroid disease, but associations appear
both dose and life-stage dependent. Emerging data suggest that common alternate FRs may be
more potent thyroid disruptors than their predecessors, which is particularly concerning given
increasing levels of exposure.

Summary: Potential health impacts of FR are only beginning to be understood for “legacy FRs”
(i.e. PBDES), and are largely unevaluated for newer-use chemicals. Cumulatively, current data
suggest impact on thyroid regulation is likely, potentially implicating FRs in thyroid disease and
cancers for which thyroid dysregulation impacts risk or prognosis.

Keywords
Flame retardant chemicals; thyroid regulation; thyroid cancer

Introduction to Flame Retardants

Every year new consumer products designed to improve our daily lives enter the market.
There are new computers, tablets, and phones to help us more readily share information and
be more efficient with our time, and new construction materials designed to meet improved
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building codes and make buildings and homes safer and more secure. However, these new
products are often treated with synthetic chemicals, which can be emitted over time and

lead to widespread exposure among the general population. Flame retardant chemicals (FRs)
are a prime example of chemicals intended to improve our wellbeing, but which may have
unintended health consequences.

Over the past decades, a number of mandatory and voluntary flammability standards have
been implemented following an increase in the number of household fires [1]. To meet these
standards, various industries use FRs in their products (e.g. foam insulation used in homes
and buildings, electrical circuit boards, furniture and televisions). Although the past several
years have seen increased awareness about the potential health hazards of FRs and changes
to policies governing their use, global consumption is expected to increase by 50% between
2012 and 2019 [2].

Polybrominated diphenyl ethers (PBDES), once among the most commonly used FRs,
have received considerable attention due to their long environmental persistence, high
bioaccumulation potential and likely toxicity. They share a similar chemical structure with
thyroid hormones, particularly thyroxine (T4) and triiodothyronine (T3) (Figure 1), raising
concerns about their potential to alter endocrine function, a hypothesis now supported by
an extensive literature linking PBDES with thyroid hormone regulation (detailed below).
These concerns lead to PBDES being largely phased out or banned beginning in the
mid-2000s, but now alternative FRs, including other brominated flame retardants (BFRS)
and organophosphate flame retardants (PFRs), have become popular replacements and are
being used in higher volumes (Figure 1) [3, 4].

Given the increasing use of FRs and their known exposure pathways (discussed below), it

is imperative that we understand their potential health effects. For example, FRs have been
implicated in several types of cancer, and more research is ongoing to elucidate potential
connections [5]. This review article summarizes recently published research on the effects of
several types of FRs on thyroid regulation and cancer.

Human flame retardant exposure

Many FRs are used as chemical additives, meaning that they are not chemically bonded to
the polymers and resins in which they are used, and are predisposed to migrate into the
environment over time. The primary pathway of human exposure to FR depends both on the
compound of interest and the geographic region of study. In the U.S., exposure to PBDEs
occurs mainly though incidental ingestion of indoor dust, inhalation of indoor air, and to a
lesser extent, via dietary sources; however, in Europe, where some PBDE mixtures were not
used, and phased out earlier, exposure is primarily dietary [4, 6, 7]. Exposure to other FRs
is thought to follow similar patterns, with the relative importance of each pathway differing
based on physiochemical properties [8-11].

Although the vast majority of humans have measureable levels of exposure biomarkers in
their bodies, FR exposure varies geographically. People living in North America tend to have
serum and breastmilk PBDEs levels that are one to two orders of magnitude higher than
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those in Europe and Asia [12]. Biomonitoring data indicate that PBDE exposure increased
from the 1970s through the early 2000s [12]; however, new data show that PBDE exposure
may be declining [13-15]. For example, Among California women, serum PBDE levels
decreased by 40% from 2008-2009 to 2011-2012 [13], likely reflecting their phase-out.

Unlike PBDEs which persist in the human body for months to years, PFRs are rapidly
metabolized and excreted in urine. The recent development of assays to measure urinary
biomarkers of PFR exposure has led to numerous new studies investigating exposure [16].
Although this work indicates ubiquitous exposure, it also demonstrates considerably higher
levels of exposure among young children (e.g. [17-20]). For example, the levels of a urinary
biomarker of TDCIPP (a PFR) were 15 times higher in young children compared to their
mothers [17]. To date, PFR exposure patterns have not been evaluated over a sufficient
time period to provide insights on temporal trends; however, increasing levels of exposure
over the last 15 years seem probable based on the changes in average urinary metabolite
concentrations reported in research conducted over the past several years (Figure 2). While
biomonitoring data are not available to evaluate trends in humans, environmental data
indicate that levels of BFRs are increasing; Dodson et al. reported that levels of compounds
found in Firemaster® 550 (FM550), a mixture of BFRs and PFRs used as a replacement for
PBDEs, increased in household dust between 2006 and 2011 [36].

FR Thyroid Toxicity

PBDEs.

Given the similarities in chemical structure between PBDEs and thyroxine (Figure 1), a
number of investigations using animal models have focused on thyroid dysregulation as an
endpoint of interest. Earlier work in the late 1990s and 2000s demonstrated that exposure

to PBDEs in rodents, fish, and avian species all led to significant reductions in circulating
levels of T4, and sometimes T3 (reviewed in [37]); however, the mechanisms responsible
were unclear. Further studies suggested that both competitive binding for serum transporters
(e.g. transthyretin and thyroid binding globulin) and upregulation of clearance enzymes (e.g.
glucuronidases) could lead to the decreases in circulating levels [38-40]. Recent in vitro and
in vivo studies have investigated more specific mechanisms and consequences. For example,
a study in adult male fathead minnows found that dietary exposure to low and high doses
(300-fold difference) of BDE-209 (a commonly used PBDE in plastics) led to very similar
decrements in circulating T3 and T4 levels, and similar inhibition of thyroid deiodinase
Type 2 activity (~50%) in the brain [41]. And a study using rats found that gestational and
lactational exposure to a commercial PBDE mixture led to significant decreases in T3 and
T4 in both the exposed dams and their offspring, with more severe reductions observed in
the offspring at postnatal day 21 [42]. Furthermore, they observed significant increases in
hepatic ethoxyresorufin-O-deethylase (EROD), pentoxyresorufin-O-dealkylase (PROD) and
benzyloxyrsorufin-O-dealkylase (BROD) activity in male and female offspring, suggesting
that a number of metabolic pathways, including metabolism of thyroid hormones, could

be affected. While accumulation has always been thought to be a passive process, one

study demonstrated that PBDES are substrates for organic anion transporting polypeptides
(OATPs) which can then actively transport PBDEs, particularly in hepatic tissue [43].
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OATPs also transport thyroid hormones in select tissues, indicating another mechanism
by which thyroid dysregulation can occur. In cell culture, PBDEs also have been shown
to inhibit sodium iodine symporter (NIS)-mediated iodide uptake in rat thyroid follicular
FRTL-5 cells [*44]. Specifically, BDE-47 (a common PBDE congener) was found to be a
non-competitive inhibitor of NIS, and to decrease the expression of thyroid peroxidase.

In human liver tissues, PBDES can be metabolized, albeit at very slow rates, to oxidative
metabolites known as hydroxylated PBDEs (OH-BDEs) [45]. OH-BDEs are often detected
in human serum, but at levels which are much lower than PBDEs [46-48]. OH-BDEs are
even more similar in structure to thyroid hormones than PBDEs due to the addition of

a hydroxyl group on the aromatic ring (Figure 1), likely explaining why OH-BDEs are
often more active and potent in eliciting adverse effects on thyroid endpoints (e.g. protein
binding, deiodinase inhibition, etc) [49]. Therefore, it is possible that some effects observed
in vivo are associated with these more active metabolites that are not often measured in
epidemiological studies.

While PBDESs have now been phased-out of manufacturing, other BFRs are still used in
furniture, insulation, and electronics. Although these compounds are not as well studied as
PBDEs, their chemical structure suggests they may also interfere with thyroid regulation.
One BFR, tetrabromobisphenol-A (TBBPA), has been used in high volumes for several
decades and is a brominated analogue of the well-characterized endocrine disruptor,
bisphenol-A (BPA) [37]. Studies conducted with TBBPA demonstrate that like PBDEs,
TBBPA exposure in animals leads to decreases in circulating T4 levels. TBBPA also has
been shown to inhibit thyroid deiodinase Type 1 activity and strongly bind and inhibit
estrogen and thyroid sulfotransferases [40, 50, 51]. More recently, the National Toxicology
Program conducted a two-year carcinogenicity study with Wistar Han rats and found that
exposure was significantly tied with an increase in uterine carcinomas [*52]. Further
characterization of the molecular and morphologic features of these tumors suggests that
uterine tumors caused by exposure to TBBA are similar to type 1 endometrial carcinomas
observed in women and warrant further investigation in epidemiological studies.

FM550 contains both BFRs and PFRs, and in an in vivo study with rats, was shown to result
in significant increases in dam serum thyroxine levels as well as early puberty and metabolic
dysfunction in offspring exposed gestationally and lactationally [53]. Furthermore, a
metabolite of one of the BFRs in FM 550 (TBMEHP) was shown to significantly decrease
serum T3 levels in rats and activate a nuclear receptor (PPARQ) involved in adipogenesis
[54].

Animal studies suggest that the PFRs may exert similar or even more potent endocrine
disrupting effects as the PBDES they replaced [*55, 56]. In chronic exposure studies

in zebrafish, for example, TDCIPP was found to significantly reduce plasma T4 and

T3 levels in females, but not males, and was similar whether exposure occurred during
embryogenesis or in adults [*57, *58]. In an another study, pubertal Sprague Dawley rats
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orally exposed to TDCIPP displayed elevated serum T3 levels, increased expression of
deiodinase Type 1 activity, and downregulation of thyroid nuclear receptor beta [*59]. In
addition, follicular hyperplasia was observed in the rat thyroid tissue, and several genes
related to thyroid hormone biosynthesis were upregulated, including thyroid peroxidase and
the sodium iodide symporter. The mechanism responsible for changes in circulating levels
is not clear, but increased upregulation of clearance enzymes (e.g. Uridine 5'-diphospho-
glucuronosyltransferase) has been observed in vivo and in vitro and has been hypothesized
to play a role [*59, 60]. Alternatively, TDCIPP may elicit some effects through nuclear
receptor binding, as a recent study demonstrated that TDCIPP can antagonize TRb [61].

Triphenyl phosphate (TPHP) is another PFR used both as a FR and as a plasticizer in a
variety of applications (e.g. nail polish [28]). Aqueous exposure to TPHP in zebrafish led to
significant increases in tissue levels of T3 and T4 at all doses tested. In a thyroid follicular
cell line (FRTL-5), TPHP exposure led to increased expression of NIS and TPO genes,
suggesting stimulation of thyroid hormone synthesis [*62].

FRs and Human Thyroid Regulation

Results from epidemiologic studies investigating relationships between PBDES and
circulating thyroid hormone concentrations are consistent with animal studies, in that they
indicate that exposure is associated with altered thyroid regulation; however, the direction
and magnitude of effect varies considerably between species and across studies. A recent
meta-analysis reported that relationships between PBDEs and thyroid hormones follow U-
shaped patterns, with low levels of exposure inversely associated with thyroid hormones and
higher level associated with thyroid hormone increases (TSH and TT4) [**63]. These results
suggest that differences in the range of exposure between studies may explain previously
observed inconsistencies. Differences in the life-stage of participants (e.g. infants vs adults)
included in past studies also could be driving conflicting findings related to thyroid hormone
regulation and have yet to be formally considered. The effects of PFRs on human thyroid
hormone regulation have been less explored, but data suggest that higher levels of TDCIPP
in the home environment are inversely associated with fT4 and among adult men [64]. Two
additional studies have reported positive associations between a urinary metabolite of TPHP
(i.e. diphenyl phosphate) and fT4 and TT4, [*30, 65] with greater impact observed among
women [*30].

Emerging evidence indicates that the impact of FR exposure on thyroid hormone regulation
is leading to clinically-significant downstream heath impacts [**66, **67]. Among
Canadian women, higher levels of exposure were associated with increased prevalence of
hypothyroidism, with the relationship stronger among women aged 30-51years [**66]. A
recent study of U.S. women demonstrated that those with the highest levels of exposure to
PBDEs also were more likely to report a previous diagnosis of thyroid disease; however,

in this study findings were stronger among postmenopausal women [**67]. While these
studies are not entirely consistent with respect to higher risk groups, they strongly suggest
that the mechanism by which PBDEs impact thyroid disease risk could be mediated through
cross-talk with estrogen. Difference between studies could be explained by differences in
the case definition, although one would expect significant overlap of case definitions given
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the prevalence of hypothyroidism or by differences in the range of exposure which was
higher on average in the U.S. cohort compared to the Canadian cohort. To our knowledge,
relationships between clinically-significant thyroid disease and exposure to replacement
flame retardants have yet to be evaluated.

Clinical hypothyroidism is associated with the growth of many cancers, and hyperthyroidism
has been linked to the prevalence of several types of cancer, including thyroid, suggesting
that chemicals that disrupt thyroid hormone homeostasis in a significant way may contribute
to cancer risk and severity [68]. However, by in large, the potential of FRs to contribute to
human cancer risk or prognosis has not been evaluated in epidemiologic studies. Thyroid
cancer has been investigated in a single study among participants of the Prostate, Colorectal,
Lung and Ovarian Cancer Screening Trial, which reported no association between exposure
to the commercial PentaBDE mixture and the odds of developing thyroid cancer [69]. The
literature linking FR exposure to other cancers is equally limited, although levels of several
PBDEs in residential dust recently were associated with increased risk of childhood acute
lymphoblastic leukemia [70]. To our knowledge, there have been no contemporary studies
examining human cancer risk and exposure to currently-used FRs, potentially because
capturing relevant exposure measures for these compounds is problematic due to their rapid
metabolism in the human body or to the lack of exposure biomarkers.

Conclusions

Although the last several years have seen significant advances in research related to PBDES
and thyroid regulation and disease, our understanding of their health impacts remains
limited. Even less is known about the alternative FRs (e.g. PFRs and alternative BFRS),
compounds for which exposure levels appear to be increasing. Given their structural
similarities to PBDEs and thyroid hormones (i.e. alternative BFRs), and the limited number
of animal studies suggesting alterations in circulating levels of thyroid hormones following
exposure, more research is needed to understand the full extent of endocrine disruption for
these compounds, and most importantly, mixtures of FRs that most people are exposed to on
a daily basis.

Acknowledgements:

We gratefully acknowledge Fred & Alice Stanback, Duke Cancer Institute, and Nicholas School of the Environment
who provided funding for this work.

References:

1. Alaee M, Arias P, Sjodin A, Bergman A. An overview of commercially used brominated flame
retardants, their applications, their use patterns in different countries/regions and possible modes of
release. Environ Int. 2003;29(6):683-9. [PubMed: 12850087]

2. Green M Flame Retardant Chemicals: Technologies and Global Markets. Wellesley, MA: BCC
Research, 2015.

3. van der Veen |, de Boer J. Phosphorus flame retardants: Properties, production, environmental
occurrence, toxicity and analysis. Chemosphere. 2012;88(10):1119-53. [PubMed: 22537891]

4. Fromme H, Becher G, Hilger B, Volkel W. Brominated flame retardants - Exposure and risk
assessment for the general population. Int J Hyg Environ Health. 2016;219(1):1-23. [PubMed:
26412400]

Curr Opin Oncol. Author manuscript; available in PMC 2023 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 7

. Birnbaum LS, Fenton SE. Cancer and developmental exposure to endocrine disruptors. Environ

Health Perspect. 2003;111(4):389-94. [PubMed: 12676588]

. Bramwell L, Glinianaia SV, Rankin J, et al. Associations between human exposure to

polybrominated diphenyl ether flame retardants via diet and indoor dust, and internal dose: A
systematic review. Environ Int. 2016;92-93:680-94.

. Cequier E, Marce RM, Becher G, Thomsen C. Comparing human exposure to emerging and legacy

flame retardants from the indoor environment and diet with concentrations measured in serum.
Environ Int. 2015;74:54-9. [PubMed: 25454220]

. Hoffman K, Garantziotis S, Birnbaum LS, Stapleton HM. Monitoring indoor exposure to

organophosphate flame retardants: Hand wipes and house dust. Environ Health Perspect.
2015;123(2):160-5. [PubMed: 25343780]

. Hoffman K, Fang M, Horman B, et al. Urinary Tetrabromobenzoic Acid (TBBA) as a

biomarker of exposure to the flame retardant mixture Firemaster ® 550. Environ Health Perspect.
2014;122(9):963-9. [PubMed: 24823833]

. Xu F, Giovanoulis G, van Waes S, et al. Comprehensive study of human external exposure to
organophosphate flame retardants via air, dust, and hand wipes: The importance of sampling and
assessment strategy. Environ Sci Technol. 2016;50(14):7752-60. [PubMed: 27350238]

Schreder ED, Uding N, La Guardia MJ. Inhalation a significant exposure route for chlorinated
organophosphate flame retardants. Chemosphere. 2016;150:499-504. [PubMed: 26775187]
Hites RA. Polybrominated dipheny! ethers in the environment and in people: A meta-analysis of
concentrations. Environ Sci Technol. 2004;38(4):945-56. [PubMed: 14998004]

Zota AR, Linderholm L, Park JS, et al. Temporal comparison of PBDEs, OH-PBDEs, PCBs, and
OH-PCBs in the serum of second trimester pregnant women recruited from San Francisco General
Hospital, California. Environ Sci Technol. 2013;47(20):11776-84. [PubMed: 24066858]

Darnerud PO, Lignell S, Aune M, et al. Time trends of polybrominated diphenylether (PBDE)
congeners in serum of Swedish mothers and comparisons to breast milk data. Environ Res.
2015;138:352-60. [PubMed: 25769124]

Guo W, Holden A, Smith SC, et al. PBDE levels in breast milk are decreasing in California.
Chemosphere. 2016;150:505-13. [PubMed: 26693645]

Cooper EM, Covaci A, van Nuijs AL, et al. Analysis of the flame retardant metabolites bis(1,3-
dichloro-2-propyl) phosphate (BDCPP) and diphenyl phosphate (DPP) in urine using liquid
chromatography-tandem mass spectrometry. Anal Bioanal Chem. 2011;401(7):2123-32. [PubMed:
21830137]

Butt CM, Hoffman K, Chen A, et al. Regional comparison of organophosphate flame retardant
(PFR) urinary metabolites and tetrabromobenzoic acid (TBBA) in mother-toddler pairs from
California and New Jersey. Environ Int. 2016.

Hoffman K, Butt CM, Chen A, et al. High exposure to organophosphate flame retardants in
infants: Associations with baby products. Environ Sci Technol. 2015;49(24):14554-9. [PubMed:
26551726]

Van den Eede N, Heffernan AL, Aylward LL, et al. Age as a determinant of phosphate

flame retardant exposure of the Australian population and identification of novel urinary PFR
metabolites. Environ Int. 2015;74:1-8. [PubMed: 25277340]

Cequier E, Sakhi AK, Marce RM, et al. Human exposure pathways to organophosphate triesters - a
biomonitoring study of mother-child pairs. Environ Int. 2015;75:159-65. [PubMed: 25461425]
Butt CM, Congleton J, Hoffman K, et al. Metabolites of organophosphate flame retardants and
2-ethylhexyl tetrabromobenzoate in urine from paired mothers and toddlers. Environ Sci Technol.
2014;48(17):10432-8. [PubMed: 25090580]

Hoffman K, Lorenzo A, Butt CM, et al. Predictors of urinary flame retardant concentration among
pregnant women. (Under Review).

Hoffman K, Daniels JL, Stapleton HM. Urinary metabolites of organophosphate flame retardants
and their variability in pregnant women. Environ Int. 2014;63:169-72. [PubMed: 24316320]
Meeker JD, Cooper EM, Stapleton HM, Hauser R. Urinary metabolites of organophosphate flame
retardants: temporal variability and correlations with house dust concentrations. Environ Health
Perspect. 2013;121(5):580-5. [PubMed: 23461877]

Curr Opin Oncol. Author manuscript; available in PMC 2023 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

25.

26.

27.

28.

29.

Page 8

Carignan CC, McClean MD, Cooper EM, et al. Predictors of tris(1,3-dichloro-2-propyl) phosphate
metabolite in the urine of office workers. Environ Int. 2013;55:56-61. [PubMed: 23523854]
Carignan C, Fang M, Stapleton HM, et al. Urinary biomarkers of flame retardant exposure among
collegiate U.S. gymnasts. Environ Int. 2016.

Soubry A, Butt CM, Fieuws S, et al. Environmental exposure to organophospates in young men is
associated with aberrant DNA methylation at imprinted genes in sperm. (Under Review).
Mendelsohn E, Hagopian A, Hoffman K, et al. Nail polish as a source of exposure to triphenyl
phosphate. Environ Int. 2016;86:45-51. [PubMed: 26485058]

Hammel SC, Hoffman K, Webster TF, et al. Measuring personal exposure to organophosphate
flame retardants using silicone wristbands and hand wipes. Environ Sci Technol.
2016;50(8):4483-91. [PubMed: 26975559]

*30. Preston EV, McClean MD, Henn BC, et al. Associations between urinary diphenyl phosphate and

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

thyroid function. (Under Review). This work investigates associations between PFRs and thyroid
hormones and is of particular interest because women are included. Results indicate that women
are more strongly impacted by exposure, a finding of great importance as women have not been
assessed previously.
Su G, Letcher RJ, Yu H. Determination of organophosphate diesters in urine samples by a high-
sensitivity method based on ultra high pressure liquid chromatography-triple quadrupole-mass
spectrometry. J Chromatogr A. 2015;1426:154-60. [PubMed: 26686560]
Dodson RE, Van den Eede N, Covaci A, et al. Urinary biomonitoring of phosphate flame
retardants: levels in California adults and recommendations for future studies. Environ Sci
Technol. 2014;48(23):13625-33. [PubMed: 25388620]

Kosarac I, Kubwabo C, Foster WG. Quantitative determination of nine urinary metabolites

of organophosphate flame retardants using solid phase extraction and ultra performance liquid
chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). J Chromatogr B.
2016;1014:24-30.

Van den Eede N, Neels H, Jorens PG, Covaci A. Analysis of organophosphate flame retardant
diester metabolites in human urine by liquid chromatography electrospray ionisation tandem mass
spectrometry. J Chromatogr A. 2013;1303:48-53. [PubMed: 23849782]

Fromme H, Lahrz T, Kraft M, et al. Organophosphate flame retardants and plasticizers in the

air and dust in German daycare centers and human biomonitoring in visiting children (LUPE 3).
Environ Int. 2014;71:158-63. [PubMed: 25033099]

Dodson RE, Perovich LJ, Covaci A, et al. After the PBDE phase-out: a broad suite of flame
retardants in repeat house dust samples from California. Environ Sci Technol. 2012;46(24):13056—
66. [PubMed: 23185960]

Birnbaum LS, Staskal DF. Brominated flame retardants: Cause for concern? Environ Health
Perspect. 2004;112(1):9-17. [PubMed: 14698924]

Szabo DT, Richardson VM, Ross DG, et al. Effects of perinatal PBDE exposure on hepatic phase
I, phase 11, phase 111, and deiodinase 1 gene expression involved in thyroid hormone metabolism in
male rat pups. Toxicol Sci. 2009;107(1):27-39. [PubMed: 18978342]

Meerts I, van Zanden JJ, Luijks EAC, et al. Potent competitive interactions of some brominated
flame retardants and related compounds with human transthyretin in vitro. Toxicol Sci.
2000;56(1):95-104. [PubMed: 10869457]

Hamers T, Kamstra JH, Sonneveld E, et al. In vitro profiling of the endocrine-disrupting potency of
brominated flame retardants. Toxicol Sci. 2006;92(1):157-73. [PubMed: 16601080]

Noyes PD, Lema SC, Macaulay LJ, et al. Low level exposure to the flame retardant BDE-209
reduces thyroid hormone levels and disrupts thyroid signaling in fathead minnows. Environ Sci
Technol. 2013;47(17):10012-21. [PubMed: 23899252]

Bowers WJ, Wall PM, Nakai JS, et al. Behavioral and thyroid effects of in utero and

lactational exposure of Sprague-Dawley rats to the polybrominated diphenyl ether mixture DE71.
Neurotoxicol Teratol. 2015;52:127-42. [PubMed: 26271887]

Pacyniak E, Roth M, Hagenbuch B, Guo GL. Mechanism of polybrominated diphenyl ether uptake
into the liver: PBDE congeners are substrates of human hepatic OATP transporters. Toxicol Sci.
2010;115(2):344-53. [PubMed: 20176623]

Curr Opin Oncol. Author manuscript; available in PMC 2023 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

Page 9

*44. Wu YF, Beland FA, Fang JL. Effect of triclosan, triclocarban, 2,2 ',4 ' -tetrabromodiphenyl ether,
and bisphenol A on the iodide uptake, thyroid peroxidase activity, and expression of genes
involved in thyroid hormone synthesis. Toxicol In Vitro. 2016;32:310-9. [PubMed: 26827900]
This work demonstrates that BDE-47 (a common PBDE) inhibits iodide uptake in rat thyroid
follicular cells. Specifically, BDE-47 was found to be a non-competitive inhibitor of the sodium/
iodide symporter and to decrease the expression of thyroid peroxidase.

45. Lupton SJ, McGarrigle BP, Olson JR, et al. Human liver microsome-mediated metabolism of
brominated diphenyl ethers 47, 99, and 153 and identification of their major metabolites. Chem
Res. Toxicol 2009;22(11):1802-9. [PubMed: 19835403]

46. Athanasiadou M, Cuadra SN, Marsh G, et al. Polybrominated diphenyl ethers (PBDEs) and
bioaccumulative hydroxylated PBDE metabolites in young humans from Managua, Nicaragua.
Environ Health Perspect. 2008;116(3):400-8. [PubMed: 18335110]

47. Stapleton HM, Eagle S, Anthopolos R, et al. Associations between polybrominated diphenyl ether
(PBDE) flame retardants, phenolic metabolites, and thyroid hormones during pregnancy. Environ
Health Perspect. 2011;119(10):1454-9. [PubMed: 21715241]

48. Zota AR, Park J-S, Wang Y, et al. Polybrominated dipheny! ethers, hydroxylated polybrominated
diphenyl ethers, and measures of thyroid function in second trimester pregnant women in
California. Environ Sci Technol. 2011;45(18):7896-905. [PubMed: 21830753]

49. Yu HY, Wondrousch D, Li F, et al. In silico investigation of the thyroid hormone activity of
hydroxylated polybrominated diphenyl ethers. Chem. Res. Toxicol 2015;28(8):1538-45. [PubMed:
26165346]

50. Gosavi RA, Knudsen GA, Birnbaum LS, Pedersen LC. Mimicking of estradiol binding by
flame retardants and their metabolites: A crystallographic analysis. Environ Health Perspect.
2013;121(10):1194-9. [PubMed: 23959441]

51. Butt CM, Stapleton HM. Inhibition of thyroid hormone sulfotransferase activity by brominated
flame retardants and halogenated phenolics. Chem. Res. Toxicol 2013;26(11):1692—702.
[PubMed: 24089703]

*52. Harvey JB, Osborne TS, Hong HHL, et al. Uterine carcinomas in tetrabromobisphenol A-
exposed Wistar Han rats harbor increased Tp53 mutations and mimic high-grade Type |
endometrial carcinomas in women. Toxicol. Pathol 2015;43(8):1103-13. [PubMed: 26353976]
Uterine carcinomas were observed more frequently in TBBPA exposed rats, with molecular
and morphologic features that overlap with those of type I and Il endometrial carcinomas in
women, and are most concordant with high-grade type | tumors. This work indicates that TBBPA
exposure may be associated with clinically more aggressive tumors which harbor a poorer
prognosis.

53. Patisaul HB, Roberts SC, Mabrey N, et al. Accumulation and endocrine disrupting effects of the

flame retardant mixture Firemaster (R) 550 in rats: An exploratory assessment. J Biochem Mol
Toxicol. 2013;27(2):124-36. [PubMed: 23139171]

54. Springer C, Dere E, Hall SJ, et al. Rodent thyroid, liver, and fetal testis toxicity of the monoester
metabolite of bis-(2-ethylhexyl) tetrabromophthalate (TBPH), a novel brominated flame retardant
present in indoor dust. Environ Health Perspect. 2012;120(12):1711-9. [PubMed: 23014847]

*55. Behl M, Hsieh J-H, Shafer TJ, et al. Use of alternative assays to identify and prioritize
organophosphorus flame retardants for potential developmental and neurotoxicity. Neurotoxicol
Teratol. 2015;52:181-93. [PubMed: 26386178] This work compared the activity of PFRs and
BFRs in severals developmental and neurotoxicity assays and indicates that PFRs may be more
toxic than their predecessors with respect to these outcomes. The comparison of compounds is
particularly important as use and exposure shifts towards PRFs.

56. Noyes PD, Haggard DE, Gonnerman GD, Tanguay RL. Advanced morphological - behavioral test
platform reveals neurodevelopmental defects in embryonic zebrafish exposed to comprehensive
suite of halogenated and organophosphate flame retardants. Toxicol Sci. 2015;145(1):177-95.
[PubMed: 25711236]

*57. Xu T, Wang QW, Shi QP, et al. Bioconcentration, metabolism and alterations of thyroid hormones
of Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) in Zebrafish. Environ. Toxicol. Pharmacol
2015;40(2):581-6. [PubMed: 26356387] This study demonstrates that TDCPP bioconcentrates
and impacts thyroid homeostasis in female zebrafish.

Curr Opin Oncol. Author manuscript; available in PMC 2023 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

Page 10

*58. Wang QW, Lai NLS, Wang XF, et al. Bioconcentration and transfer of the organophorous
flame retardant 1,3-dichloro-2-propyl phosphate causes thyroid endocrine disruption and
developmental neurotoxicity in zebrafish larvae. Environ Sci Technol. 2015;49(8):5123-32.
[PubMed: 25826601] This study uniquely shows that TDCPP can be transferred to the offspring
of exposed adults, causing thyroid disruption that differs by sex. Interestingly, females appear to
be more impacted.

*59. Zhao F, Wang J, Fang YJ, et al. Effects of tris(1,3-dichloro-2-propyl) phosphate on
pathomorphology and gene/protein expression related to thyroid disruption in rats. Toxicology
Research. 2016;5(3):921-30. [PubMed: 30090400] Tris(1,3-dichloro-2-propyl) phosphate
exposure in rats suggested that the mechanism by which TDCIPP is associated with elevated
serum T3 levels could be via increased expression of deiodinase Type 1 activity and
downregulation of thyroid nuclear receptor beta.

60. Farhat A, Crump D, Chiu S, et al. In ovo effects of two organophosphate flame retardants-TCPP
and TDCPP-on pipping success, development, mMRNA expression, and thyroid hormone levels in
chicken embryos. Toxicol Sci. 2013;134(1):92-102. [PubMed: 23629516]

61. Zhang Q, Ji CY, Yin XH, et al. Thyroid hormone-disrupting activity and ecological risk assessment
of phosphorus-containing flame retardants by in vitro, in vivo and in silico approaches. Environ
Pollut. 2016;210:27-33. [PubMed: 26701863]

*62. Kim S, Jung J, Lee I, et al. Thyroid disruption by triphenyl phosphate, an organophosphate flame
retardant, in zebrafish (Danio rerio) embryos/larvae, and in GH3 and FRTL-5 cell lines. Aquat
Toxicol. 2015;160:188-96. [PubMed: 25646720] This work demonstrates that TPHP increases
thyroid hormone concentrations in early-life stage zebrafish. In addition, TPHP was also shown
to upregulate NIS and TPO genes in a thyroid follicular cell line, suggesting it may stimulate
thyroid hormone synthesis.

**63. Zhao XM, Wang HL, Li J, et al. The Correlation between polybrominated diphenyl
ethers (PBDEs) and thyroid hormones in the general population: A meta-analysis. Plos One.
2015;10(5). The meta-analysis combines data from 16 cohorts to investigate relationships
between PBDEs and THs. Combining data from multiple cohorts with a range of PBDE
exposure provides insights on previously-observed inconsistencies reported and suggest that the
dose-response curves may be non-monotonic.

64. Meeker JD, Stapleton HM. House dust concentrations of organophosphate flame retardants
in relation to hormone levels and semen quality parameters. Environ Health Perspect.
2010;118(3):318-23. [PubMed: 20194068]

65. Meeker JD, Cooper EM, Stapleton HM, Hauser R. Exploratory analysis of urinary metabolites of
phosphorus-containing flame retardants in relation to markers of male reproductive health. Endocr
Disruptors. 2013;1(1):e26306.

**66. Oulhote Y, Chevrier J, Bouchard MF. Exposure to polybrominated diphenyl ethers (PBDEs) and
hypothyroidism in Canadian women. J Clin Endocrinol Metab. 2016;101(2):590-8. [PubMed:
26606679] This work, while cross-sectional in design, provides some of the first insights into
the relationship between exposure to PBDEs and clinical thyroid disease. The authors report
associations between PBDEs exposure and hypothyroidism which are stronger in younger
women, highlighting the importance of investigating cross-talk between PBDEs, THSs, and
estrogen.
**67. Allen JG, Gale S, Zoeller RT, et al. PBDE flame retardants, thyroid disease, and menopausal
status in US women. Environ Health-Glob. 2016;15. This work, also cross-sectional in design,
provides early evidence of a relationship between exposure to PBDEs and clinical significant
thyroid disease. The authors report stronger associations between PBDESs exposure and thyroid
disease in older women, again highlighting the importance of investigating cross-talk between
PBDEs, THSs, and estrogen.
68. Lin HY, Chin YT, Yang YC, et al. Thyroid hormone, cancer, and apoptosis. Compr Physiol.
2016;6(3):1221-37. [PubMed: 27347891]

69. Aschebrook-Kilfoy B, DellaValle CT, Purdue M, et al. Polybrominated diphenyl ethers and thyroid
cancer risk in the prostate, Colorectal, Lung, and Ovarian Cancer Screening Trial Cohort. Am J
Epidemiol, 2015;181(11):883-8. [PubMed: 25939348]

Curr Opin Oncol. Author manuscript; available in PMC 2023 March 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hoffman et al.

70. Ward MH, Colt JS, Deziel NC, et al. Residential levels of polybrominated diphenyl ethers
and risk of childhood acute lymphaoblastic leukemia in California. Environ Health Perspect.
2014;122(10):1110-6. [PubMed: 24911217]

Curr Opin Oncol. Author manuscript; available in PMC 2023 March 24.

Page 11



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hoffman et al.

Page 12

Key Points:

. Exposure to flame retardant chemicals, particularly newer-use flame
retardants, is likely increasing.

. Evidence demonstrates that exposure to several different classes of flame
retardant chemicals impacts thyroid hormone regulation and function.

. It remains unclear whether flame retardant exposure increases the risk of
thyroid cancer; however, additional data are urgently needed as current
evidence supports the hypothesis that flame retardant chemicals may impact
the risk or severity of thyroid and other cancers.
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Figure 1.
Chemical structures of thyroid hormones and flame retardants.
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Figure 2.
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PFR metabolite concentrations may be increasing over time. Temporal trends in geometric
mean (or median where mean not reported) urinary BDCIPP (a PFR metabolite)

concentrations in North America, Europe, and Australia [8, 16-35].
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