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1. Exposure Data

1.1. Identification of the agent

From NTP (2014), ECHA (2006)

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 79-94-7
Chem. Abstr. Serv. Name: Tetrabromobis-
phenol A
EINECS No.: 201-236-9
IUPAC Name: 2,2′,6,6′-Tetrabromo-4,4′-
isopropylidenediphenol
Synonyms: 2,2-Bis(3,5-dibromo-4-hydroxy- 
phenyl) propane; phenol, 4,4′−iso-propyl- 
idenebis, (dibromo-); 4,4′-isopropyl- 
idene-bis(2,6-dibromophenol); phenol, 4,4′- 
(1-methylethylidene)bis(2,6-dibromo-); 
3,3′,5,5′-tetrabromobisphenol-A; tetrabromo- 
dihydroxy diphenylpropane
Acronyms: TBBP-A; TBBP; TBBPA

1.1.2 Structure and molecular formula, and 
relative molecular mass

Molecular formula: C15H12Br4O2

Relative molecular weight: 543.88

1.1.3 Physical and chemical properties of the 
pure substance

Description: White crystalline powder at 
20 °C containing 58.4% bromine
Boiling point: ~316 °C (decomposes at 
200–300 °C)
Melting point: 181–182 °C
Density: 2.12 g/cm3

Volatility: Vapour pressure, 6.24  ×  10–9 kPa 
at 25 °C
Water solubility: 1.26 mg/L at 25 °C
Octanol/water partition coefficient:  
log Kow, 5.9
Decomposition: When heated to decomposi-
tion, emits bromine vapours
Conversion factor: 1 ppm  =  22.6 mg/m3 at 
20 °C.

TETRABROMOBISPHENOL A
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1.2 Production and use

1.2.1 Production

(a) Production methods

The production process for tetrabromo-
bisphenol A involves the bromination of 
bisphenol A in the presence of a solvent, such 
as methanol, a halocarbon alone, or a halo-
carbon with water, or 50% hydrobromic acid, or 
aqueous alkyl monoethers (ECHA, 2006). Due 
to the nature of the process and the by-products 
(e.g. hydrobromic acid and methyl bromide) that 
can be formed, the production process is largely 
conducted in closed systems (Covaci et al., 2009).

(b) Production volume

Tetrabromobisphenol A is a compound 
with a high production volume that is currently 
produced in China, Israel, Japan, Jordan, and the 
USA, but no longer in the European Union. The 

total global production volume of tetrabromo-
bisphenol A is estimated at > 100 000 tonnes per 
year (ECHA, 2008). Except for a minor reduction 
in production between 2000 and 2002, an overall 
increasing trend was observed in the estimated 
global market demand for tetrabromobisphenol 
A from 109 000 tonnes per year in 1975 to 170 000 
tonnes per year in 2004 (Fig. 1.1).

1.2.2 Use

Approximately 58% of tetrabromobisphenol 
A is used as a reactive brominated flame retardant 
in epoxy, polycarbonate and phenolic resins in 
printed circuit boards, 18% is used for the prod-
uction of tetrabromobisphenol A derivatives and 
oligomers, while 18% is used as additive flame 
retardant in the manufacture of acrylonitrile–
butadiene–styrene resins or high impact poly-
styrene (Covaci et al., 2009).

Fig. 1.1 Global market demand for tetrabromobisphenol A, 1995–2004
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(a) Reactive applications

Tetrabromobisphenol A is used primarily as 
an intermediate in the manufacture of polycar-
bonate unsaturated polyester and epoxy resins, 
in which it becomes covalently bound in the 
polymer. Polycarbonates are used in commu-
nication and electronic equipment, electronic 
appliances, transportation devices, sports and 
recreational equipment, and lighting fixtures 
and signs. Unsaturated polyesters are used in 
the manufacture of simulated marble floor tiles, 
bowling balls, furniture, coupling compounds 
for sewer pipes, buttons, and automotive patching 
compounds. Flame-retardant epoxy resins may 
be used mainly for the manufacture of printed 
circuit boards (Lassen et al., 1999). Moreover, 
epoxy resins containing tetrabromobisphenol 
A are used to encapsulate certain electronic  
components (e.g. plastic/paper capacitors, micro-
processors, bipolar power transistors, “inte-
grated gate bipolar transistor power modules” 
and “application specific integrated circuits” on 
printed circuit boards) (ECHA, 2008).

(b) Additive applications

Tetrabromobisphenol A is generally used 
with antimony oxide for optimum performance 
as an additive fire retardant (IPCS, 1995) that 
is applied in acrylonitrile–butadiene–styrene 
resins that are used in automotive parts, pipes 
and fittings, refrigerators, business machines 
and telephones (ECHA, 2008), and can also be 
applied to high-impact polystyrene resins used 
in casings of electrical and electronic equipment, 
furniture, building and construction materials 
(IPCS, 1995). The largest additive use of tetra- 
bromobisphenol A is in television casings for 
which approximately 450 tonnes are used per year. 
Other uses include: personal computer monitor 
casings, components in printers, fax machines 
and photocopiers, vacuum cleaners, coffee 
machines and plugs/sockets (ECHA, 2008). As 
additive flame retardant, tetrabromobisphenol A 

does not react chemically with the other compo-
nents of the polymer, and may therefore leach 
out of the polymer matrix after incorporation 
(Covaci et al., 2009).

1.3 Measurement and analysis

Several studies have reported on different  
methods for extraction of tetra-bromobisphenol 
A from different environmental and biological 
matrices (Table  1.1; Covaci et al., 2009). Solid-
phase extraction on pre-packed C18 cartridges 
was the most commonly reported method for 
the extraction/clean-up of tetrabromobisphenol 
A from liquid samples, including water (Wang 
et al., 2015a), plasma (Chu & Letcher, 2013) 
and milk (Nakao et al., 2015). More aggressive 
extraction techniques such as Soxhlet extraction, 
pressurized liquid extraction, ultrasound-as-
sisted extraction and microwave-assisted extrac-
tion were required for the efficient extraction 
of tetrabromobisphenol A from solid samples, 
including dust (Abdallah et al., 2008), soil (Tang 
et al., 2014), sediment (Labadie et al., 2010), 
sewage sludge (Guerra et al., 2010), polymers 
(Vilaplana et al., 2009), and frozen animal tissues 
(Tang et al., 2015). The inclusion of a relatively 
polar organic solvent (e.g. dichloromethane 
or acetone) was found to be necessary for the 
efficient extraction of tetrabromobisphenol A 
(Covaci et al., 2009). Hyphenated chromato-
graphic methods coupled to mass spectrometric 
detection were commonly applied for the quan-
titative determination of tetrabromobisphenol A 
in various media (Table 1.1; Covaci et al., 2009). 
Other methods of analysis including enzyme-
linked immunosorbent assay (Bu et al., 2014) and 
capillary electrophoresis (Blanco et al., 2005) were 
also reported for the determination of tetrabro-
mobisphenol A in environmental samples.
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1.4 Occurrence and exposure

1.4.1 Natural occurrence

Tetrabromobisphenol A does not occur natu-
rally (ECHA, 2006).

1.4.2 Environmental occurrence

Tetrabromobisphenol A was first detected in 
the environment in 1983 at a level of 20 ng/g in 
sediment from the Neya River in Japan (Watanabe 
et al., 1983). Several studies have detected tetrabro-
mobisphenol A in various biotic and abiotic 
matrices from different parts of the world over 
the past few years (Table 1.2 and Table 1.3). This 
chemical was detected in air, dust, water, soil, 
sediment, and sewage sludge from various areas 
across the globe (Covaci et al., 2009), including 
the Arctic, which indicates its ability to undergo 
long-range transport (Xie et al., 2007; de Wit 
et al., 2010). The frequent detection of tetrabro-
mobisphenol A and the ubiquitous nature of this 
contaminant indicates that it is continuously 
released into the environment due to its reported 
half-life in the soil (t0.5 = 48–84 days) (NTP, 2014). 
Moreover, tetrabromobisphenol A is frequently 
detected in biotic samples, including fish, birds, 
and human tissue (Covaci et al., 2009; Table 1.3).

A recent review reported that China was 
the region most affected by pollution with 
tetrabromobisphenol A. The most serious 
cases of tetrabromobisphenol A pollution 
were found in Guiyu, Guangdong (a primi-
tive e-waste dismantling site), with concentra-
tions reaching 66  010–95  040 pg/m3 in the air 
(mean, 82 850 pg/m3), in Shouguang, Shandong  
(a tetrabromobisphenol A-manufacturing site) 
with concentrations ranging from 1.64 to 
7758 ng/g dry weight in the soil (mean, 672 ng/g) 
and in Chaohu Lake, Anhui (industrial concen-
tration site), with concentrations reaching 
850–4870 ng/L in water (Liu et al., 2016).

1.4.3 Occupational exposure

Occupational exposures to tetrabromo-
bisphenol A have been measured in facilities 
manufacturing electronic products and, at higher 
concentrations, in recycling facilities.

Mean concentrations of tetrabromobisphenol 
A in the air were reported to be 30 ng/m3 in the 
dismantling hall and 140 ng/m3 in the shredder 
at an electronic products recycling plant, and to 
be several orders of magnitude higher than those 
found in the other indoor microenvironments 
investigated (e.g. 0.036 ng/m3 in the offices) 
(Sjödin et al., 2001).

A low concentration of tetrabromobisphenol 
A (0.011 ng/m3) was measured in the particulate 
matter collected from a medical equipment-man-
ufacturing building (Batterman et al., 2010).

Occupational exposure of workers to tetrabro-
mobisphenol A at a Chinese printed circuit-board 
plant via ingestion, dermal absorption, and inha-
lation of dust varied widely by process, with the 
greatest estimated exposures being 1930, 431, 
and 96.5 pg/kg body weight (bw) per day, respec-
tively. Raw-material warehouse workers were the 
most highly exposed, with an average overall 
exposure of 2413 pg/kg bw per day. Dust inges-
tion was the predominant pathway of exposure 
(Zhou et al., 2014).

Low levels (<  0.09–63 ng/cm2) of tetrabro-
mobisphenol A were detected in patch samples 
attached to clothing of workers at an electronics 
dismantling facility and a circuit board factory 
in Finland. However, tetrabromobisphenol A was 
below the limit of quantification (< 2 ng/hand) in 
handwash samples (Mäkinen et al., 2009).

Tetrabromobisphenol A was also detected in 
the serum of workers at levels that are presented 
in Table 1.3.
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Table 1.2 Concentrations of tetrabromobisphenol A in abiotic matrices

Matrix (number of samples) Location Concentration 
Meana (range) or range

Reference

Air
Particulate matter in office air (56) China 949 [GM] (30–59 140) ng/g Ni & Zeng (2013)
Homes (5) United Kingdom 16 (9–22) pg/m3 Abdallah et al. (2008)
Offices (5) 16 (4–33) pg/m3

Public microenvironments (4) 26 (17–32) pg/m3

Outdoor air (5) 0.8 (0.7–0.9) pg/m3

Cars (20) United Kingdom 3 (0.2–5) pg/m3 Abdallah & Harrad (2010)
Homes (2) Japan 8–20 pg/m3 Takigami et al. (2009)
Outdoor air (2) 7.0–9.5 pg/m3

Indoor air microenvironments (4) Japan 200 (< 100–600) pg/m3 Inoue et al. (2006)
Indoor air at an electronics recycling plant 
and other work environments

Sweden 200 (110–370) pg/m3 Sjödin et al. (2001)

Outdoor air rural site Germany < 0.04–0.85 pg/m3 Xie et al. (2007)
Outdoor air Wadden Sea 0.31–0.69 pg/m3

Outdoor air North-eastern 
Atlantic < 0.04–0.17 pg/m3

E-waste recycling site China 82 850 (66 010–95 040) pg/
m3

Reported in Liu et al. 
(2016)

Dust
House dust (34) China 250 (< 1–2300) mg/g Wang et al. (2015b)
House dust (42) Colombia 21 (< 1–280) mg/g
House dust (28) Greece 36 (< 1–630) mg/g
House dust (35) India 45 (< 1–640) mg/g
House dust (14) Japan 360 (12–1400) mg/g
House dust (16) Republic of Korea 130 (43–370) mg/g
House dust (17) Kuwait 12 (< 1–36) mg/g
House dust (22) Pakistan 50 (< 1–800) mg/g
House dust (23) Romania 28 (< 1–380) mg/g
House dust (19) Saudi Arabia 61 (< 1–360) mg/g
House dust (22) USA 91 (< 1–650) mg/g
House dust (12) Viet Nam 99 (< 1–670) mg/g
Houses (35) United Kingdom 87 (0.5–382) mg/g Abdallah et al. (2008)
Offices (28) 49 (0.5–140) mg/g
Cars (20) 6.0 (0.5–25) mg/g
Public microenvironments (4) 220 (52–350) mg/g
Primary schools and daycare centres (43) United Kingdom 200 (17–1400) mg/g Harrad et al. (2010)
House dust (45) Belgium 11.7 [median] mg/g D’Hollander et al. (2010)
Office dust (10) 70.4 [median] mg/g
House dust (20) Germany 44 (3–233) mg/g Fromme et al. (2014)
Gym dust (4) USA 680 (200–900) mg/g La Guardia & Hale (2015)
Water
Lake water (9) United Kingdom 0.14–3.20 mg/L Harrad et al. (2009)
River and lake water (9) Poland 260–490 mg/L Kowalski & Mazur (2014)
River water (5) France < 0.035–0.064 mg/L Labadie et al. (2010)
Surface water (14) China 230 (ND–920) mg/L Xiong et al. (2015)
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Matrix (number of samples) Location Concentration 
Meana (range) or range

Reference

Surface water in industry site China 850–4870 mg/L Reported in Liu et al. 
(2016)

Soil
Soil from e-waste recycling site (5) China 5–17 mg/g Han et al. (2013)
Land-use soils (6) China < 0.3–144 mg/g Huang et al. (2014)
Agricultural and industrial soils (11) Spain Agricultural, 0.3 mg/g;  

industrial, 3.4–32.2 mg/g
Sánchez-Brunete et al. 
(2009)

Agricultural soils (38) China 107 [GM] (1.6–7758) mg/g Zhu et al. (2014)
Soil from tetrabromobisphenol A 
manufacturing site

China 672 (1.64–7758) mg/g Reported in Liu et al. 
(2016)

Sediment and sewage sludge
Sediment (7) and sludge (7) Spain Sludge, < 10–1329 mg/g;  

sediment, < 9–15 mg/g
Guerra et al. (2010)

Lake sediment (9) England 0.3–3.8 mg/g Harrad et al. (2009)
Sediment (rivers and ponds) (31) Czech Republic 3.8–17.7 mg/g Hloušková et al. (2014)
River bed sediments (5) France 0.07–0.3 mg/g Labadie et al. (2010)
Nakdong river sediment Republic of Korea 0.5–150 mg/g Lee et al. (2015)
Dongjiang river sediment (17) China 3.8–230 mg/g Zhang et al. (2009)
Scheldt basin sediment (20) Netherlands 5.4 (< 0.1–67) mg/g Morris et al. (2004)
Skerne river sediment (22) England 451 (< 2.4–9750) mg/g Morris et al. (2004)
Lake Mjøsa sediment (3) Norway 0.04–0.13 mg/g Schlabach et al. (2004)
Marine sediment Japan 5.5 mg/g Suzuki & Hasegawa 

(2006)
Marine sediment Singapore 0.05–0.06 mg/g Zhang et al. (2015a)
Sewage sludge (Montreal water waste 
treatment plant)

Canada 300 mg/g Saint-Louis & Pelletier 
(2004)

Municipal sewage sludge (52) China 20.5 [GM] (1–259) mg/g Song et al. (2014)
Municipal sewage sludge (57) Sweden 2 [median] (< 0.3–220) mg/g Oberg et al. (2002)
Municipal (4) and industrial (7) sludge Republic of Korea 4–618 mg/g Hwang et al. (2012)
Sewage sludge (17) Spain 104 (< 10–472) mg/g Gorga et al. (2013)
Sewage sludge (4) Canada 2–28 mg/g Chu et al. (2005)

a Arithmetic mean unless indicated otherwise in square brackets
GM, geometric mean; ND, not detected

Table 1.2   (continued)
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Table 1.3 Concentrations of tetrabromobisphenol A reported in biological matrices or tissues

Species (No. of samples) Matrix or 
tissue

Location Concentration 
Mean (range) or range  
(ng/g lipid weight)a

Reference

Humans
Occupational exposure:
Electronics dismantling (4) Serum Sweden < 1.1–4.0 Hagmar et al. (2000a)
Computer technicians (19) Serum Sweden 0.54–1.85 Jakobsson et al. (2002)
Electronics dismantling (5) Serum Norway 1.3 (0.64–1.8) Thomsen et al. (2001)
Circuit board producers (5) Serum 0.54 (< 0.1–0.80)
Laboratory personnel (5) Serum 0.34 (< 0.1–0.52)
General population:
General population (21) Serum Belgium 80 ng/L Dirtu et al. (2008)
General population (93) Serum Norway 0.31–0.71 Thomsen et al. (2002)
General population (24) Serum Japan 0.001 (ND–3.7) Nagayama et al. (2000)
General population (20) Adipose 

tissue
New York, USA 0.048 (< 0.003–0.464) Johnson-Restrepo et al. 

(2008)
Men (60) Serum Japan 0.05–0.95 Fujii et al. (2014a)
Women (91) Milk 

Serum 
Cord serum

France 4.11 (0.06–37.3) mg/g fresh weight 
19.8 (0.23–93.2) mg/g fresh weight 
103 (2–649) mg/g fresh weight

Cariou et al. (2008)

Mothers (30) Milk Czech Republic < 2–688 Lankova et al. (2013)
Mothers (19) Milk Japan 1.9 (< 0.02–8.7) Nakao et al. (2015)
Mothers (110) Milk Ireland 0.33 Pratt et al. (2013)
Mothers (34) Milk England 0.06 (0.04–0.65) Abdallah & Harrad 

(2011)
Mothers (43) Milk Boston, USA 0.03–0.55 Carignan et al. (2012)
Mothers (103) Milk China 0.41 (< LOD–12.5) Shi et al. (2013)
Mothers and infants (78) Serum Republic of 

Korea
Mothers, 10.7 (< 0.05–74); 
 infants, 83 (< 0.05–713)

Kim & Oh (2014)

Other species
Common whelk (3) Whole North Sea 45 (5.0–96) Morris et al. (2004)
Sea star (1) Whole Tees estuary, UK 205
Hermit crab (9) Whole North Sea 11 (< 1–35)
Mysid (2) Whole Scheldt estuary 0.8–0.9 Verslycke et al. (2005)
Snakehead fish (5) Whole China 0.04–1.3 Tang et al. (2015)
Mud carp (5) Whole China 0.03–2.85 Tang et al. (2015)
Fish (45) Whole Japan 0.01–0.11 Ashizuka et al. (2008)
Fresh water fish (30) Muscle England < 0.3–1.7 Harrad et al. (2009)
Fish (59) Muscle Czech Republic 60.8 (5–203) Svihlikova et al. (2015)
Whiting (3) Muscle North Sea 136 (< 97–245) Morris et al. (2004)
Cod (2) Liver North Sea < 0.3–0.8
Hake (1) Liver Atlantic < 0.2
Eel (19) Muscle Scheldt estuary 1.6 (< 0.1–13)
Eel (11) Muscle Dutch rivers 0.3 (< 0.1–1.3)
Yellow eel (4) Muscle Scheldt basin < 0.1–2.1
Yellow eel (5) Muscle Dutch rivers < 0.1–1.0
Perch, pike, smelt, vendace, 
trout (12)

Muscle Norway 1.0–13.7 Schlabach et al. (2004)
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1.4.4 Exposure of the general population

As a reactive flame retardant, the only poten-
tial for exposure is from unreacted tetrabromo-
bisphenol A, which may exist where an excess 
has been added during the production process. 
When used as an additive (up to 22% by weight), 
the potential for the migration of tetrabromo-
bisphenol A out of the matrix is greater, due to 
abrasion, weathering and high temperatures 
(ECHA, 2006).

Exposure of the general population predom-
inantly occurs through the diet and through 
ingestion of indoor dust. While intake by very 
young children is predominantly via ingestion of 
indoor dust, intake by adults occurs mainly via 
the diet. Very young children are estimated to 
have a higher daily intake than adults. Exposure 

may occur prenatally, and tetrabromobisphenol A 
has been measured in breast milk (see Table 1.3).

Average estimated exposures of the population 
in the United Kingdom to tetrabromobisphenol 
A via inhalation of outdoor and indoor air from 
different microenvironments were 100–300 pg 
per day (Abdallah et al., 2008). In Japan, adults 
were reported to inhale tetrabromobisphenol A at 
67–210 pg per day, while the exposure of children 
was 37–114 pg per day (Takigami et al., 2009). 
The daily intake of tetrabromobisphenol A in a 
Chinese population via inhalation and ingestion 
of indoor dust particles of different particle sizes 
accumulated in air-conditioner filters was esti-
mated. The results revealed that approximately 
28.7 pg/kg bw per day particulate matter (PM)2.5-
bound tetrabromobisphenol A can be inhaled 
deep into the lungs, while 14.5 pg/kg bw per day 
PM10-bound tetrabromobisphenol A tends to be 

Species (No. of samples) Matrix or 
tissue

Location Concentration 
Mean (range) or range  
(ng/g lipid weight)a

Reference

Bull shark (13) Muscle Florida, USA 0.03–35.6 Johnson-Restrepo et al. 
(2008)Atlantic sharpnose shark 

(3)
Muscle Florida, USA 0.87 (0.5–1.4)

African penguins (3) Muscle Gdansk zoo, 
Poland

2.7–8.9 Reindl & Falkowska 
(2015)Liver 4–9.3

Adipose 3–12
Brain 7–15
Egg 11.4 ± 2.6

Cormorant (2) Liver Wales and 
England, UK

2.5–14 Morris et al. (2004)

Common tern (10) Egg Western Scheldt < 2.9
Predatory bird (62) Egg Norway < 0.003–0.013 Herzke et al. (2005)
Harbour seal (2) Blubber Wadden Sea < 14 Morris et al. (2004)
Harbour porpoise (9) Blubber North Sea 83 (0.1–418)
Harbour porpoise (1) Blubber Tyne/Tees rivers, 

UK
0.31

Harbour porpoise (82) Blubber UK < 5–35 Law et al. (2006a)
Bottlenose dolphin (15) Blubber Florida, USA 0.05–8.48 Johnson-Restrepo et al. 

(2008)
a Unless otherwise indicated
LOD, limit of detection; ND, not detected

Table 1.3   (continued)
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deposited in the upper parts of the respiratory 
system. The average adult intake of tetrabromo-
bisphenol A was 17.6 pg/kg bw per day via dust 
inhalation and 966.2 pg/kg bw per day via dust 
ingestion (Ni & Zeng, 2013).

Several studies have highlighted the impor-
tance of the accidental ingestion of indoor dust 
as a pathway of human exposure to tetrabromo-
bisphenol A. The significance of this pathway 
increases for toddlers who ingest more dust (due 
to increased hand-to-mouth behaviour) than 
adults, spend more time in close proximity to 
the floor and have lower personal hygiene stand-
ards. Moreover, the body weight of toddlers and 
children results in higher exposure to tetra- 
bromobisphenol A when estimated on a per-kilo-
gram of body weight basis (Harrad et al., 2010). 
Human exposure to tetrabromobisphenol A via 
the ingestion of indoor dust was estimated in 
12 countries (Table  1.2). The highest estimated 
daily intake in dust was reported for infants and 
toddlers in Japan (median, 820 and 430  pg/kg 
bw per day, respectively), the Republic of Korea 
(median, 500 and 260 pg/kg bw per day, respec-
tively) and China (median, 140 and 70 pg/kg bw 
per day, respectively). The estimated daily intake 
values for these three countries were several 
times higher than those found for other coun-
tries (Wang et al., 2015b).

In the United Kingdom, average estimated 
daily intakes of tetrabromobisphenol A from the 
ingestion of dust were 1600 and 4400 pg/day for 
adults and toddlers, respectively, contributing 
34% and 90% of their overall daily intake of 
tetrabromobisphenol A from the air, dust and 
diet (Abdallah et al., 2008).

The average dietary intake of tetrabromo-
bisphenol A by adults and toddlers in the United 
Kingdom was 1600 and 5400 pg/kg bw per day, 
respectively, from 19 food groups (FSA, 2006). 
[The Working Group noted that these estimates 
should be regarded with caution due to the large 
number of “non-detects” in the samples analysed. 
The concentration of tetrabromobisphenol A in 

the non-detects was assumed to be half the limit 
of detection, hence the estimates of overall dietary 
intake are largely dependent on the limit of detec-
tion of the method (0.36 µg/kg whole weight).]

In a smaller study on six food groups, the total 
average dietary intake of tetrabromobisphenol A 
by the Dutch population was 40 pg/kg bw per day 
(de Winter-Sorkina et al., 2003).

Tetrabromobisphenol A was measured in 
48 Chinese total diet study samples collected in 
2007. The medium bound estimated daily intake 
of tetrabromobisphenol A for an average adult 
from foods of animal origin was 256 pg/kg bw 
per day (Shi et al., 2009). In Japan, the daily adult 
intake of tetrabromobisphenol A ranged from  
4 to 40 ng in 10 duplicate diet samples collected 
in 2004 from Okinawa. In 2009, the estimated 
intake of tetrabromobisphenol A from an ana- 
lysis of another 10 duplicate diet studies from the 
same area decreased to 0.5–7.5 ng per day. The 
average estimated dietary intake of a Japanese 
adult was 185 pg/kg bw per day (Fujii et al., 2014b).

Dietary exposure to tetrabromobisphenol A 
among nursing infants via breast milk is well 
documented. The average estimated daily intake 
of tetrabromobisphenol A for a Japanese nursing 
infant was 3.4 ng/kg bw per day (Fujii et al., 2014b). 
The average intake of tetrabromobisphenol A of 
a baby aged 1 month in the United Kingdom via 
breast milk was estimated at 1000 pg/kg bw per 
day (Abdallah & Harrad, 2011). In China, the 
average estimated daily intake of tetrabromo-
bisphenol A via human milk was 5094 pg/kg 
bw per day for nursing infants aged 1–6 months  
(Shi et al., 2009).

Tetrabromobisphenol A was also detected 
in all umbilical cord samples from 16 Japanese 
mothers (16  ±  5.5 pg/g wet weight), indicating 
potential prenatal exposure (Kawashiro et al., 
2008).

[The Working Group noted that, in the above 
studies, the dust PM10 fraction, rather than the 
higher inhalable fraction, was reported.]
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1.5 Regulations and guidelines

There are no current restrictions on the 
production of tetrabromobisphenol A or its 
derivatives in the European Union or world-
wide. The only exposure limit value for tetrabro-
mobisphenol A was provided by the United 
Kingdom Committee on Toxicology as a  
tolerable daily intake of 1 mg/kg bw per day (COT, 
2004). According to the Global Harmonized 
System of Classification and Labelling of 
Chemicals, tetrabromobisphenol A is very toxic 
to aquatic life (H400), with long-lasting effects 
(H410) (ECHA, 2016).

2. Cancer in Humans

No data were available to the Working Group.

3. Cancer in Experimental Animals

See Table 3.1

3.1 Mouse

Groups of 50 male and 50 female B6C3F1/N 
mice (age, 5–6 weeks) were given tetrabromo-
bisphenol A (purity, > 99%) in corn oil by gavage 
at doses of 0 (control), 250, 500 or 1000 mg/kg bw 
on 5 days per week for up to 105 weeks (NTP, 2014). 
Survival of males and females at 1000 mg/kg bw 
was significantly lower than that of their respec-
tive vehicle-control group. Mean body weights of 
females at 1000 mg/kg bw were more than 10% 
lower than those of the vehicle controls after 
week 25. This decrease in survival at 1000 mg/kg 
bw was attributed to forestomach toxicity, which 
consisted of ulcers, inflammation, and/or hyper-
plasia. Because of the large decrease in survival 
of mice at 1000 mg/kg bw, this dose was not used 
in the statistical analysis for treatment-related 
tumour formation.

In male mice, increases in the incidence 
of hepatoblastoma were observed at both 250 
and 500 mg/kg bw (2/50 controls, 11/50 at  
250 mg/kg bw (P = 0.006), and 8/50 at 500 mg/kg 
bw [not significant]). The incidence of hepatoblas-
toma in the treated groups exceeded the upper 
bound of the range for historical controls for this 
tumour in studies with gavage in corn oil and 
for all routes. The historical incidence of hepato- 
blastoma in male mice for studies with gavage 
in corn oil was 9/250 (3.6% ± 2.6%; range, 0–6%) 
and for all routes was 40/949 (4.2% ± 3.5%; range, 
0–12%). [Hepatoblastomas are uncommon spon-
taneous neoplasms that may occur after chemical 
administration, and have been seen after other 
chemical treatments (Bhusari et al., 2015).] An 
increased incidence of liver foci (clear cell and 
eosinophilic foci) and a significant increase in the 
incidence of hepatocellular adenoma (multiple) 
were seen in treated males (12/50 controls, 20/50 
at 250 mg/kg bw, and 28/50 at 500 mg/kg bw 
(P  ≤  0.05)). However, the incidence of hepato- 
cellular adenoma (including multiple) was not 
increased in treated males (32/50 controls, 33/50 
at 250 mg/kg bw, and 38/50 at 500 mg/kg bw). The 
historical incidence of hepatocellular adenoma 
(including multiple) in male mice in studies in 
which tetrabromobisphenol A was administered 
by gavage in corn oil was 145/250 (58.0% ± 5.1%; 
range, 52–64%), and for administration by all 
routes was 594/949 (62.6% ± 9.1%; range, 48–78%). 
The incidence of hepatocellular carcinoma was 
not significantly increased in male mice (11/50 
controls, 15/50 at 250 mg/kg bw, and 17/50 at 
500 mg/kg bw) and was within the historical 
ranges; the historical incidence of hepatocel-
lular carcinoma in male mice in gavage studies 
(in corn oil) was 87/250 (34.8% ± 10.9%; range, 
22–44%), and for administration by all routes 
was 348/949 (36.7%  ±  11.4%; range, 22–56%). 
However, the incidence of hepatocellular carci-
noma or hepatoblastoma (combined) was signifi-
cantly increased at 250 mg/kg bw (12/50 controls, 
24/50 at 250 mg/kg bw (P  =  0.008), and 20/50 
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at 500 mg/kg bw). The historical incidence of 
hepatocellular carcinoma or hepatoblastoma 
(combined) in male mice in gavage studies (in 
corn oil) was 93/250 (37.2%  ±  10.0%; range, 
24–48%) and for administration by all routes 
was 371/949 (39.1% ± 11.6%; range, 22–54%). The 
incidence of caecum or colon tumours (adenoma 
or carcinoma, combined) in male mice was 0/50 
controls, 0/50 at 250 mg/kg bw, and 3/50 at 
500 mg/kg bw, which was statistically signifi-
cantly increased by the trend test (P = 0.039), but 
not by pairwise comparison. For the three male 
mice at 500 mg/kg bw with tumours of the large 
intestine, one had a caecum carcinoma, one had 
a colon carcinoma and one had a colon adenoma. 
The incidence of these tumours (3/50) exceeded 
the range for historical controls in gavage studies 
(in corn oil) and for administration by all routes. 
The historical incidence for caecum or colon 
adenoma or carcinoma (combined) in male 
mice in gavage studies (in corn oil) was 0/250 
and for administration by all routes was 4/950 
(0.4% ± 0.8%; range, 0–2%). A significant posi-
tive trend (P = 0.014) in the incidence of haem- 
angiosarcoma (all organs) (1/50 controls, 5/50 at 
250 mg/kg bw, and 8/50 at 500 mg/kg bw) was 
observed in males and the incidence at 500 mg/kg 
bw was also significantly increased (P = 0.019). 
The incidence of haemangiosarcoma (all organs) 
in historical controls in gavage studies (in corn 
oil) was 28/250 (11.2% ± 6.4%; range, 2–18%).

No significant increase in the incidence of 
tumours was observed in female mice treated 
with tetrabromobisphenol A. Treatment-related 
non-neoplastic lesions were found in the fore- 
stomach in male and female mice, and in the 
kidney in male mice (NTP, 2014).

[The strengths of this study, which complied 
with good laboratory practice, included the use of 
multiple doses, the large number of animals per 
group, and the treatment of males and females.]

3.2 Rat

Groups of 50 male and 50 female Wistar Han 
[Crl:WI(Han)] rats (age, 6–7 weeks) were given 
tetrabromobisphenol A (purity, > 99%) by gavage 
at doses of 0 (control), 250, 500, or 1000 mg/kg 
bw on 5 days per week for up to 104 (males) or 105 
(females) weeks (NTP, 2014). Mean body weights 
of the males at 500 and 1000 mg/kg bw were at 
least 10% lower than those of the vehicle-control 
group after week 25. The mean body weights in 
the other groups of treated males and all groups 
of treated females were similar to those of the 
corresponding controls.

3.2.1 Original transverse examination of the 
uterus

In treated female rats, an increase in the 
incidence of uterine epithelial tumours was 
observed. The incidence of uterine adenoma was 
significantly increased according to trend statis-
tics (P = 0.010), but not pairwise statistics (0/50 
controls, 0/50 at 250 mg/kg bw, 3/50 at 500 mg/kg 
bw, and 4/50 at 1000 mg/kg bw), and the historical 
incidence in female rats was 0/150 (all routes). The 
incidence of uterine adenocarcinoma was also 
increased according to trend statistics (P = 0.016), 
but not pairwise statistics (3/50 controls, 3/50 at 
250 mg/kg bw, 8/50 at 500 mg/kg bw, and 9/50 
at 1000 mg/kg bw), and the historical incidence 
(all routes) in female rats was 7/150 (including 
one carcinoma of the endometrium). Malignant 
mixed Müllerian tumours were present in 
treated groups (0/50 controls, 4/50 at 250 mg/kg 
bw, 0/50 at 500 mg/kg bw, and 2/50 at 100 mg/kg 
bw), but were not seen in historical control data 
(all routes of exposure, 0/150). The incidence of 
uterine adenoma, adenocarcinoma, or malig-
nant mixed Müllerian tumour (combined) was 
increased in treated groups (3/50 controls, 7/50 at 
250 mg/kg bw, 11/50 at 500 mg/kg bw (P = 0.013), 
and 13/50 at 1000 mg/kg bw (P = 0.005)), with a 
statistically positive trend (P  =  0.003), and the 
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historical incidence for these uterine tumours 
(combined) by all routes was 7/150 (4.7% ± 2.3%;  
range, 2–6%). In addition, cystic endometrial 
hyperplasia was reported in this initial evalua-
tion (8/50 controls, 13/50 at 250 mg/kg bw, 11/50 
at 500 mg/kg bw, and 18/50 at 1000 mg/kg bw 
(P ≤ 0.05)). These findings were based on the tradi-
tional histopathology review of the uterus from 
the United States National Toxicology Program 
(NTP), with a transverse section through each 
uterine horn approximately 0.5 cm from the 
cervix of the uterus. The cervix and vagina were 
not investigated in most animals in this original 
review of uterine pathology.

3.2.2 Residual longitudinal examination of 
the uterus

While the initial (original) review of the 
uterus showed a treatment-related carcinogenic 
effect, an additional examination of the uterus 
called the “residual longitudinal” examination 
was conducted to examine all remaining parts of 
the uterus, cervix, and vagina more completely. 
This residual longitudinal examination consisted 
of trimming, embedding and sectioning the 
remaining uterine tissue, cervix, and vagina 
(remaining in the formalin-fixed samples) 
longitudinally. Additional non-neoplastic and 
neoplastic uterine lesions were found in this 
review that supported the original carcinogenic 
findings. The findings in Table 3.1 are presented 
as: the original carcinogenic findings; the  
carcinogenic findings of the residual longitudinal 
examination; and the combined carcinogenic 
findings of the original and residual longitu-
dinal examinations. There were no historical 
control data for the residual or residual and 
original (combined) uterine tumour findings  
(NTP, 2014).

After the residual longitudinal examination 
of the uterus, the incidence of atypical endo-
metrial hyperplasia was significantly increased 
in all treated groups (2/50 controls, 13/50 at 

250 mg/kg bw (P ≤ 0.01), 11/50 at 500 mg/kg bw 
(P ≤ 0.01) and 13/50 at 1000 mg/kg bw (P ≤ 0.01)). 
This lesion had not been identified in the original 
transverse review. [This lesion is considered to 
be preneoplastic (Bartels et al., 2012; van der Zee 
et al., 2013; NTP, 2014).] The incidence of uterine 
tumours in the residual longitudinal examina-
tion was: uterine adenoma – 3/50 controls, 2/50 
at 250 mg/kg bw, 1/50 at 500 mg/kg bw, and 3/50 
at 1000 mg/kg bw; uterine adenocarcinoma (P for 
trend, 0.003) – 4/50 controls, 9/50 at 250 mg/kg 
bw, 15/50 at 500 mg/kg bw (P = 0.002), and 15/50 
at 1000 mg/kg bw (P = 0.005); malignant mixed 
Müllerian tumours – 0/50 controls; 0/50 at 
250 mg/kg bw, 0/50 at 500 mg/kg bw, and 1/50 at 
1000 mg/kg bw; and uterine adenoma, adenocar-
cinoma, or malignant mixed Müllerian tumour 
(combined) (P for trend, 0.008) – 6/50 controls, 
10/50 at 250 mg/kg bw, 16/50 at 500 mg/kg 
bw (P  =  0.007), and 16/50 at 1000 mg/kg bw 
(P = 0.015) (NTP, 2014).

3.2.3 Original transverse and residual 
longitudinal examinations of the uterus 
(combined)

The incidence of uterine tumours in the 
original and residual examinations (combined) 
was: uterine adenoma – 3/50 controls, 2/50 at 
250 mg/kg bw, 4/50 at 500 mg/kg bw, and 6/50 at 
1000 mg/kg bw; uterine adenocarcinoma (P for 
trend, 0.002) – 4/50 controls, 10/50 at 250 mg/kg 
bw, 15/50 at 500 mg/kg bw (P = 0.002), and 16/50 
at 1000 mg/kg bw (P = 0.002); malignant mixed 
Müllerian tumours – 0/50 controls, 4/50 at 
250 mg/kg bw, 0/50 at 500 mg/kg bw, and 2/50 at 
1000 mg/kg bw; and uterine adenoma, adenocar-
cinoma or malignant mixed Müllerian tumours 
(combined) (P trend, <  0.001) – 6/50 controls, 
11/50 at 250 mg/kg bw, 16/50 at 500 mg/kg 
bw (P  =  0.007), and 19/50 at 1000 mg/kg bw 
(P  =  0.002). The incidence of endometrium 
hyperplasia (atypical) was 2/50 controls, 13/50 at 
250 mg/kg bw (P ≤ 0.01), 11/50 at 500 mg/kg bw 
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(P ≤ 0.01), and 13/50 at 1000 mg/kg bw (P ≤ 0.01). 
These uterine tumours were highly metastatic, 
with metastasis found in 24% (11/45) of the rats 
with uterine adenocarcinomas and 66% (4/6) of 
those with malignant mixed Müllerian tumours. 
Metastases of uterine tumours were found in the 
intestine, liver, mesentery, pancreas, glandular 
stomach, adrenal cortex, lymph nodes, spleen, 
thymus, skeletal muscle, lung, kidney and/or 
urinary bladder (NTP, 2014; Dunnick et al., 
2015).

Based on current knowledge of the histogen-
esis of malignant mixed Müllerian tumours, 
the epithelial component is considered to be 
the primary component in these tumours, and 
the mesenchymal component is derived from 
the carcinoma. In the current study all the 
metastases were carcinomas, which supports 
this hypothesis. For this reason, the malignant 
mixed Müllerian tumours were combined with 
the epithelial tumours (NTP, 2014).

3.2.4 Other findings

The incidence of testicular (interstitial cell) 
adenoma in male rats occurred with a significant 
(P = 0.023) positive trend (0/50 controls, 0/50 at 
250 mg/kg bw, 1/50 at 500 mg/kg bw, and 3/50 at 
1000 mg/kg bw), and the incidence at the highest 
dose exceeded the incidence of this tumour in 
historical controls by all routes of administration 
(4/150). Treatment-related non-neoplastic lesions 
of the ovary (rete ovarii, cyst) were observed in 
female rats (NTP, 2014).

[The strengths of this study, which complied 
with good laboratory practice, included the use 
of multiple doses, large numbers of animals per 
group, and the use of males and females.]

3.3 Co-carcinogenicity

In one study (Imai et al., 2009), groups of six 
Fischer 344 rat dams [age not reported] received 
diets containing tetrabromobisphenol A [purity 

not reported, chemical grade at 0% (control), 
0.01%, 0.1% or 1%, or drinking-water containing 
0.01% of potassium perchlorate, for 3 weeks 
after parturition. Pups were selected randomly 
at 4 days after birth, to give approximately four 
males and four females in each litter, to maxi-
mize the uniformity of the growth rates of the 
offspring. The weaned offspring in each group 
were treated for 2 weeks in the same manner 
as their dams. All offspring (age, 6 weeks) 
received drinking-water containing N-bis(2-
hydroxypropyl)nitrosamine (DHPN) (0.08% 
DHPN for males, and 0.2% DHPN for females) 
for 4 weeks. In addition, the female offspring (age, 
7 weeks) received a single dose of 7,12-dimethyl- 
benz[a]anthracene (50 mg/kg bw in 5 mL sesame 
oil) by gavage. All surviving male offspring were 
killed at age 39 weeks, and all surviving female 
offspring were killed at age 47 weeks. The liver, 
kidneys, lungs, oesophagus, thyroid, testes, 
epididymides, ovaries, urinary bladder, skin with 
mammary tissue, any subcutaneous nodules and 
other macroscopic abnormalities were fixed in 
formalin and routinely processed for histological 
examination. The incidence of thyroid follicular 
cell adenoma in female offspring treated with 
1% tetrabromobisphenol A, and the incidence 
of transitional cell papilloma of the urinary 
bladder in female offspring treated with 0.01%, 
0.1%, and 1% tetrabromobisphenol A, were 
increased compared with controls. The inci-
dence of thyroid gland follicular cell adenoma 
in female offspring was 13/22 (59%) controls, 
12/14 (86%) with potassium perchlorate, 9/13 
(69%) with 0.01% tetrabromobisphenol A,  
11/17 (65%) with 0.1% tetrabromobisphenol 
A, and 12/13 (92%; P < 0.05) with 1% tetrabro-
mobisphenol A. The incidence of transitional 
cell papilloma of the urinary bladder in female 
offspring was: 0/23 (0%) in controls, 1/15 (7%) 
with potassium perchlorate, 3/13 (23%; P < 0.05) 
with 0.01% tetrabromobisphenol A, 4/17 (24%; 
P < 0.05) with 0.1% tetrabromobisphenol A, and 
4/13 (31%; P < 0.05) with 1% tetrabromobisphenol 
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A. Treatment with tetrabromobisphenol A had 
no significant effect on tumour incidence in male 
offspring. [The Working Group noted the lack of 
control groups treated with tetrabromobisphenol 
A only. No historical data were available for this 
study, and no explanation was given as to why 
the group size varied. In addition, these data 
were not analysed to determine whether a litter 
effect occurred. The study was judged to be inad-
equate for the evaluation of the carcinogenicity 
of tetrabromobisphenol A.]

4. Mechanistic and Other 
Relevant Data

4.1 Absorption, distribution, 
metabolism, excretion

4.1.1 Absorption, distribution, and excretion

(a) Humans

After administration of tetrabromobisphenol 
A as a single oral dose at 0.1 mg/kg bw in human 
subjects, conjugated metabolites were detected 
in the blood, with maximum concentrations 
observed between 2 and 6 hours. A small amount 
of the administered dose was excreted in the 
urine. The parent compound was below the limit 
of detection in all blood samples collected from 1 
to 178 hours. The longest-lived conjugate reached 
its limit of detection in the blood at 124 hours 
(Schauer et al., 2006).

Tetrabromobisphenol A has been detected in 
the serum, tissues, and milk, as a result of envi-
ronmental or occupational exposure. It has been 
detected in milk in surveys of the general popu-
lation conducted in France, Japan, the United 
Kingdom, and the USA (Cariou et al., 2008; 
Abdallah & Harrad, 2011; Carignan et al., 2012; 
Akiyama et al., 2015), and in the serum of the 
general population in France, Japan, and Norway, 
as well as from exposed workers in Norway and 

Sweden (Hagmar et al., 2000b; Thomsen et al., 
2001; Jakobsson et al., 2002; Thomsen et al., 2002; 
Hayama et al., 2004; Cariou et al., 2008). In many 
studies, mean concentrations of free tetrabromo-
bisphenol A in tissues and fluids were < 1 ng/g 
of lipid, and were below the limit of detection 
in some subjects. In one study, adipose tissue 
obtained from cosmetic surgery contained about 
0.05 ng/g of lipid (Johnson-Restrepo et al., 2008).

The half-life of tetrabromobisphenol A was 
estimated to be 2.2 days in a study of four occupa-
tionally exposed humans (Hagmar et al., 2000b).

In a study in vitro, human skin penetration 
was about 3.5% (of a total dose of 100 nmol/cm2) 
within 24 hours of application (Knudsen et al., 
2015).

(b) Experimental systems

Tetrabromobisphenol A was readily absorbed 
after oral administration of [14C]-labelled doses 
in male or female rats (Hakk et al., 2000; Kuester 
et al., 2007; Knudsen et al., 2014). After dermal 
application in female rats, about 8% of the total 
dose (100 nmol/cm2) reached the systemic circu-
lation within 24 hours (Knudsen et al., 2015). The 
extent of absorption was calculated to be 3–11% 
of a total dose to male rats by dermal exposure 
(6 hours per day for 90 days) to up to 600 mg/kg 
bw (Yu et al., 2016).

Systemic bioavailability was <5% in female 
Wistar Han rats. The elimination half-life from 
plasma was 133 minutes following intravenous 
administration of 25 mg/kg bw, and about 290 
minutes after oral administration of 250 mg/kg 
bw (Knudsen et al., 2014).

After intravenous administration of a 
20 mg/kg bw dose in male Fischer 344 rats, 
tetrabromobisphenol A disappeared rapidly 
from the blood, with distribution and elimina-
tion half-lives of 5 and 82 minutes, respectively 
(Kuester et al., 2007). A similar dose administered 
by gavage resulted in a peak concentration in the 
blood at 30 minutes, with an elimination half-life 
similar to that after intravenous administration. 
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The level of tetrabromobisphenol A was below 
the limit of quantitation after 4 hours after either 
oral or intravenous administration. There was 
evidence of enterohepatic circulation, as also 
supported by Hakk et al. (2000) and Knudsen 
et al. (2014).

After oral administration of a dose of 
250 mg/kg bw, tetrabromobisphenol A-derived 
radiolabel was detected in all assayed tissues 
1 hour after treatment of female Wistar Han rats. 
Over 24 hours, the greatest amount of radiolabel 
was detected in the tissues and/or contents of the 
gastrointestinal tract. Of the other tissues assayed, 
the liver and pancreas contained the highest 
concentrations. No significant sex-specific 
differences in cumulative 72-hour oral disposi-
tion data were observed (Knudsen et al., 2014). In 
studies of repeated dosing in rats, accumulation 
of the administered dose was not observed in any 
of the tissues assayed after oral administration of 
up to 1000 mg/kg bw per day for 14 consecutive 
days (Kuester et al., 2007; Kang et al., 2009).

The major route of excretion of a dose of 
20 mg/kg bw administered intravenously in 
male Fischer 344 rats was in the faeces, which 
contained about 75% of the total dose at 24 hours 
(Kuester et al., 2007). More than 90% of orally 
administered doses of 25, 250, or 1000 mg/kg bw 
in female Wistar Han rats was excreted in the 
faeces, up to 2% was excreted in the urine, and 
< 1% remained in tissues at 72 hours (Knudsen 
et al., 2014). After oral administration to male 
Sprague-Dawley rats, > 90% of a total dose of 
2 mg/kg bw of tetrabromobisphenol A was 
excreted in the faeces within 72 hours, and 
about 3% of the total dose was recovered in the 
tissues and cumulative urine (Hakk et al., 2000). 
In male Fischer 344 rats that received tetrabro-
mobisphenol A as a single gavage dose of 2, 
20, or 200 mg/kg bw, reduced excretion of the 
highest dose in the faeces indicated the satura-
tion of absorption and/or elimination processes; 
however, the cumulative data on faecal elim-
ination were similar for the lowest and highest 

doses at 72 hours. The total dose remaining in 
tissues was < 1% (Kuester et al., 2007). In gavaged 
(2.0 mg/kg bw per day) bile duct-cannulated male 
Sprague-Dawley rats, > 70% of the total radioac-
tivity was excreted in the bile, mostly within 24 
hours (Hakk et al., 2000). About 50% of a dose 
of 20 mg/kg bw was excreted in the bile of male 
Sprague-Dawley rats within 2 hours after admin-
istration by gavage (Kuester et al., 2007).

The disposition of [14C]-labelled tetrabro-
mobisphenol A (250 or 1000 mg/kg bw) admin-
istered intraperitoneally to female rats differed 
from that of an oral dose. The total dose excreted 
in the faeces was lower and the tissue burdens 
and elimination half-lives were longer after intra-
peritoneal injection (Szymańska et al., 2001).

4.1.2 Metabolism

See Figure 4.1

(a) Humans

A monoglucuronide and/or monosulfate 
were detected in the blood and urine after oral 
administration of tetrabromobisphenol A in 
humans (Schauer et al., 2006).

The metabolism of tetrabromobisphenol A in 
human liver microsomes and metabolic activa-
tion preparations was described as being qualita-
tively similar to that observed in rat subcellular 
liver fractions. A glucuronide was formed in the 
metabolic activation system. Oxidative cleavage 
of the tetrabromobisphenol A molecule was 
a major pathway in microsomes (Zalko et al., 
2006).

(b) Experimental systems

In male and female rats, tetrabromo- 
bisphenol A undergoes rapid metabolism cata-
lysed by UDP glucuronosyltransferase and 
sulfotransferase isozymes to form glucuro-
nide and sulfate conjugates (Hakk et al., 2000; 
Schauer et al., 2006; Kuester et al., 2007; Knudsen 
et al., 2014). The specific structures (mono, di/
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bis, and mixed), presence and relative abun-
dance of these conjugates in the blood, bile 
and/or excreta were sex- and strain-dependent 
and may also be dose- and species-dependent 
(Schauer et al., 2006; Dunnick et al., 2015). 
Tetrabromobisphenol A was identified in the 
plasma and faeces at low concentrations and its 
monoglucuronide was detected in the urine of 
Sprague-Dawley rats treated by gavage (Schauer 
et al., 2006). A glucuronide was formed in meta-
bolic activation systems after incubation. Rat 
hepatocytes metabolized tetrabromobisphenol A 
to a monoglucuronide and monosulfate conju-
gate (Nakagawa et al., 2007). Glucuronide and 
sulfate conjugates were detected in Xenopus 
laevis tadpoles exposed to tetrabromobisphenol 
A in water (Fini et al., 2012). Oxidative cleavage 
of tetrabromobisphenol A is possible in vivo. 
The 2,6-dibromobenzenosemiquinone radical, 

derived from 2,6-dibromohydroquinone, was 
identified in the bile of male Sprague-Dawley rats 
that received tetrabromobisphenol A by intra-
peritoneal injection (Chignell et al., 2008). In 
rat microsomal preparations, the major metabo-
lites of tetrabromobisphenol A were products of 
oxidative cleavage (Zalko et al., 2006).

4.2 Mechanisms of carcinogenesis

The evidence on the “key characteristics” 
of carcinogens (Smith et al., 2016) concerning 
whether tetrabromobisphenol A modulates 
receptor-mediated effects, induces oxidative 
stress, induces chronic inflammation, is immuno- 
suppressive, alters cell proliferation, cell death, or 
nutrient supply, and is genotoxic, is summarized 
below.

Fig. 4.1 Metabolic scheme for tetrabromobisphenol A in rats
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4.2.1 Receptor-mediated effects

(a) Thyroid hormone pathway

(i) Exposed humans
Serum concentrations of tetrabromobis- 

phenol A were positively correlated with serum 
concentrations of free thyroxine (T4), but nega-
tively correlated with serum triiodothyronine 
(T3) in mothers of infants diagnosed with 
congenital hypothyroidism. No correlation was 
observed in the infants with congenital hypothy-
roidism, but they also had therapeutic T4 supple-
mentation (Kim & Oh, 2014).

Serum concentrations of tetrabromo-
bisphenol A were not correlated with measures of 
thyroid function in another study of 515 adoles-
cents (age, 13–17 years). These measurements 
included serum concentrations of free T4, T3 and 
thyroid-stimulating hormone (Kiciński et al., 
2012).

To determine whether tetrabromobisphenol 
A interferes with measures of T4 in human serum, 
McIver et al. (2013) tested several commercial 
immunoassays for serum total or free T4 or T3. 
The results indicated that high concentrations of 
tetrabromobisphenol A could displace tracer T4 
in an in-house serum total T4 assay, but none of 
the other assays were disturbed. [This indicated 
that tetrabromobisphenol A may produce erro-
neously high T4 readings in some assays.]

(ii) Human cells in vitro
Tetrabromobisphenol A exhibited a potent 

interaction with human transthyretin, and had 
greater avidity for binding than T4 (displacing 
125I-T4) (Meerts et al., 2000).

Tetrabromobisphenol A demonstrated both 
agonist and antagonist activity on thyroid 
hormone receptor activation in HepG2 cells, 
activating a transiently transfected thyroid 
hormone-responsive reporter at or above 10 µM 
and also inhibiting transactivation of the reporter 
by T3 at 1 µM (Hofmann et al., 2009).

In contrast, tetrabromobisphenol A did not 
show agonist or antagonist activity on human 
thyroid hormone receptor TRα1 or TRβ1 in 
human embryonic kidney HEK293 cells. This 
assay was a transient transfection paradigm 
using a palindromic thyroid hormone-respon-
sive element (TRE) to avoid the requirement for 
a TR:retinoid X receptor heterodimer formation 
on the TRE (Oka et al., 2013).

Tetrabromobisphenol A inhibited luciferase 
expression induced by T3 in human embryonic 
kidney HEK293 cells stably transfected with 
a construct that would allow the detection of 
changes in intracellular free T3 by one or more 
of several potential pathways. In a follow-up 
experiment using a murine cerebellar cell line 
expressing the TRα1 receptor, tetrabromo-
bisphenol A significantly interfered with TRα1-
mediated gene expression using a genome-wide 
RNa-Seq approach (Guyot et al., 2014).

In human liver microsomes, tetrabromo-
bisphenol A inhibited the ativity of type 1 deiodin- 
ase, which converts T4 to the more biologically 
active T3, in the micromolar concentration range; 
1 µM of tetrabromobisphenol A inhibited the 
activity by 20% and 10 µM inhibited the activity 
by 80% (Butt et al., 2011).

Tetrabromobisphenol A did not increase cell 
proliferation in human cervical cancer HeLa 
cells stably transfected with human TRα1, and 
did not appear to reduce the induction of lucif-
erase activity by T3 driven by a death receptor-4 
promoter in a transient transfection paradigm 
(Yamada-Okabe et al., 2005). [The Working 
Group noted that the authors did not appear 
to correct for the efficiency of transfection of 
the HeLa-TR cells, which may have altered the 
outcome.]

(iii) Non-human mammalian systems in vivo
Tetrabromobisphenol A (100, 1000, or 10 000 

ppm) given to pregnant rats throughout lacta-
tion did not affect serum T4 or thyroid-stimu-
lating hormone, but did slightly decrease levels 
of serum T3 (Saegusa et al., 2009).
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In a study of reproductive toxicity, tetrabro-
mobisphenol A significantly reduced levels of 
serum T4 in male and female rats exposed orally 
to various concentrations throughout fetal life, 
lactation, and the end of the experiment at age 
12 weeks. Reduced levels of serum T4 correlated 
with a cluster of measures related to thyroid 
function, including delayed onset of puberty and 
hearing deficits. However, in a short-term study, 
these effects were not observed in relation to the 
decrease in serum T4 (Van der Ven et al., 2008).

Serum T4 was significantly reduced in males 
and females exposed to tetrabromobisphenol 
A at 100 and 1000 mg/kg bw, and in both the 
parental and F1 generations in a large multigen-
eration study of reproductive toxicity in Sprague-
Dawley rats that complied with good laboratory 
practice. No effects were observed on serum T3 or 
thyroid-stimulating hormone (Cope et al., 2015). 
[Because the units of serum T4 were reported as 
ng/dL, the Working Group was unable to draw 
any conclusions on this study.]

No effect was seen on serum T3 or thyroid- 
stimulating hormone in CD/SD rats (age, 8 weeks) 
administered 0, 100, 300, and 1000 mg/kg bw 
of tetrabromobisphenol A by gavage in corn oil 
daily. In contrast, mean serum T4 concentrations 
(reported as ng/dL and ng/mL) were reduced 
at day 33 in males (4.96, 3.66, 3.42 and 3.39 at 
0, 100, 300, and 1000 mg/kg bw, respectively) 
and females (4.27, 3.31, 3.24, and 3.33 at 0, 100, 
300, and 1000 mg/kg bw, respectively) (Osimitz 
et al., 2016). [Because the units of serum T4 were 
reported as both ng/dL and ng/mL, the Working 
Group was unable to draw any conclusions about 
this study.]

(iv) Non-human mammalian systems in vitro
Tetrabromobisphenol A (10−6 to 10−4 M) 

markedly inhibited the binding of T3 to the TR 
in isolated nuclei from the rat pituitary MtT/E-2 
cell line, and also stimulated proliferation and 
growth hormone production of rat pituitary 
GH3 cells. Tetrabromobisphenol A enhanced 

T3-induced GH3 proliferation (at 10−4 M) and 
growth hormone production (at both 10−5 and 
10−4 M). These data were interpreted to indicate 
that tetrabromobisphenol A could act on the TR 
as an agonist (Kitamura et al., 2002).

In contrast, tetrabromobisphenol A was 
antagonistic to the human TRα1 receptor in a 
transient transfection assay using CHO cells, 
and inhibited the effect of 10−8 M T3 on lucif-
erase activity in the 4–50 µM concentration 
range, at which it was not cytotoxic. However, 
tetrabromobisphenol A did not antagonize the 
TRβ1 receptor at concentrations that were not 
cytotoxic and did not exhibit agonistic action 
on TRα1 or TRβ1 (Kitamura et al., 2005a). This 
group later confirmed their original observa-
tion that tetrabromobisphenol A could stimu-
late growth hormone production in GH3 cells 
(Kitamura et al., 2005b).

Sun et al. (2009) reported that tetrabro-
mobisphenol A did not exhibit TR agonist 
action, but suppressed transactivation by 
10 nM T3 at 10−4M in CV-1 cells (African green 
monkey kidney cells). As CV-1 cells do not 
express TRs, this transient transfection system 
employed a GAL4/hTRβ1 fusion protein with a  
4×UAS/luciferase construct.

Tetrabromobisphenol A inhibited T3-induced 
luciferase expression at concentrations above 
10 µM in rat pituitary GH3 cells stably transfected 
with a 2×DR4/luciferase construct, a system that 
is highly sensitive and can detect picomolar 
concentrations of T3. Extensive validation was 
carried out and tetrabromobisphenol A did not 
induce an agonistic effect in this system (Freitas 
et al., 2011).

Tetrabromobisphenol A produced a TR 
agonist effect in the 10−5 to 10−4 M range in a yeast 
two-hybrid assay, an effect enhanced by prior 
incubation with a microsomal metabolic activa-
tion system. To detect chemical effects on the TR, 
this assay employed yeast cells transfected with 
human TRα and co-factor TIF2. The reporter 
gene was β-galactosidase (Terasaki et al., 2011).
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Lévy-Bimbot et al. (2012) evaluated the effect 
of tetrabromobisphenol A on structural changes 
within the TRα receptor using a co-regulator 
recruitment assay. Tetrabromobisphenol A 
decreased the affinity of the TR ligand-binding 
domain for the NCoR-binding peptide, but did 
not simultaneously increase the affinity of the 
TR for the SRC2-binding peptide. The effective 
concentration of tetrabromobisphenol A was in 
the 1 µM range.

Grasselli et al. (2014) evaluated tetrabromo-
bisphenol A in a rat hepatoma cell line (FaO) that 
does not express TRs but accumulates lipid drop-
lets. Treatment with T3 can cause a depletion of 
the lipids, which was mimicked by 10−6 M 
tetrabromobisphenol A. However, tetrabromo-
bisphenol A induced the expression of genes 
related to lipid accumulation. [The Working 
Group noted that, in the absence of an antago-
nist to block T3-dependent processes (that are 
also TR-independent), this study was difficult to 
interpret.]

(v) Non-mammalian experimental systems
Tetrabromobisphenol A inhibited T3-induced 

tail resorption in Rana rugosa tadpoles at a 
concentration of 10−6 M, a similar range to that 
used in TR-binding studies, but exerted no effect 
on tail length in the absence of T3 (Kitamura 
et al., 2005a). This observation was confirmed 
by Goto et al. (2006), who reported that both 
10−7 and 10−6 M tetrabromobisphenol A inhib-
ited T3-induced tail resorption in Rana rugosa 
tadpoles, but again had no effect in the absence 
of T3. During T3-induced tail resorption, DNA 
becomes highly fragmented; Goto et al. (2006) 
also demonstrated that 10−6 M tetrabromo-
bisphenol A could inhibit this fragmentation 
and block T3-induced hind limb growth. Finally, 
they demonstrated in transgenic Xenopus laevis 
carrying a TRE-linked green fluorescent protein 
that T3-induced fluorescence was blocked by 
tetrabromobisphenol A at 10−7 M. [The Working 
Group noted that, taken together, these data 

consistently demonstrated the antagonist action 
of tetrabromobisphenol A in amphibians and in 
the range of its binding to TR.]

In the tree frog, tetrabromobisphenol A was 
antagonistic to the TR. Veldhoen et al. (2006) 
reported that it was agonistic to metamorphic 
changes in Pseudacris regilla. At 10 nmol/L, 
tetrabromobisphenol A suppressed T3-induced 
TRβ expression in the frog Pelophylax nigroma-
culatu, coincident with a suppression of several 
thyroid hormone-regulated genes (Zhang et al., 
2015b).

(b) Other pathways

(i) Nuclear receptors and steroidogenesis
Several studies have addressed the possible 

agonistic or antagonistic properties of tetrabro-
mobisphenol A on relevant nuclear receptors 
in various human cell lines, such as human 
mammary carcinoma MCF-7 and human 
cervical carcinoma HeLa cells. For the estrogen 
and progesterone receptors, no significant 
agonistic or antagonistic properties of tetrabro-
mobisphenol A were detected (Samuelsen et al., 
2001; Hamers et al., 2006; Molina-Molina et al., 
2013). This lack of direct estrogenicity of tetrabro-
mobisphenol A has also been shown in vivo in 
the mouse uterotrophic assay (Ohta et al., 2012). 
The androgen receptor antagonistic activity of 
tetrabromobisphenol A was detected at the lower 
micromolar levels in MDA-kb2 cells (Christen 
et al., 2010).

Tetrabromobisphenol A does not have any 
significant agonistic activity on the aryl hydro-
carbon receptor (AhR), and several studies in 
vitro and in vivo showed that it does not induce 
AhR-mediated cytochrome P450 (CYP) A1 
enzymes (Behnisch et al., 2003; Germer et al., 
2006; Hamers et al., 2006). In addition to the 
data mentioned above, ToxCast identified inter-
actions between tetrabromobisphenol A and the 
glucocorticoid receptor, the farnesyl X receptor, 
and the xenobiotic receptor PXR.
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In stably transfected human HeLa cells and 
monkey Cos-7 kidney cells, significant agonistic 
activity for human peroxisome proliferator-ac-
tivated receptor-γ1 and -γ2 was found below 
1 μM (Christen et al., 2010; Watt & Schlezinger, 
2015). In human choriocarcinoma JEG-3 cells, 
low nanomolar levels of tetrabromobisphenol 
A also increased peroxisome proliferator-acti-
vated receptor-γ, as well as increasing proges-
terone and β-human chorionic gonadotrophin 
(Honkisz & Wójtowicz, 2015). Furthermore, 
tetrabromobisphenol A (0.1 and 1 μM) induced 
aromatase (CYP19) in these JEG-3 cells (Honkisz 
& Wójtowicz, 2015), but not in human adenocar-
cinoma H295R cells (Song et al., 2008).

(ii) Neurotoxicity
The possible neurotoxic mechanisms of 

action of tetrabromobisphenol A were studied in 
SH-SY5Y human neuroblastoma cells in vitro. 
It was both neurotoxic and amyloidogenic, as 
demonstrated by increased intracellular calcium 
levels and a release of β-amyloid peptide (Aβ-42) 
at micromolar levels (Al-Mousa & Michelangeli, 
2012). As further evidence of its potential neuro-
toxicity, tetrabromobisphenol A inhibited the 
plasma membrane uptake of the neurotrans-
mitters dopamine, glutamate, and gamma-
amino butyric acid in rat brain synaptosomes 
(Mariussen & Fonnum, 2003). However, in spite 
of the interactions of tetrabromobisphenol A in 
vitro with various neurotransmitters, neonatal 
exposure of mice did not induce any neurobe-
havioural changes (Eriksson et al., 2001; Viberg 
& Eriksson, 2011).

(iii) Other effects
Several studies in vitro have addressed the 

direct interaction of tetrabromobisphenol A with 
estrogen sulfotransferase (e.g. SULT1E1) and 
concluded that it strongly inhibits the estradiol 
binding process with half-maximal inhibitory 
concentrations between 12 and 33 nM (Kester 
et al., 2002; Hamers et al., 2006; Gosavi et al., 

2013). In addition, many authors hypothesized 
that, at high concentrations, the conjugation 
of tetrabromobisphenol A to form tetrabromo-
bisphenol A sulfate could possibly saturate the 
sulfation pathway (Kester et al., 2002; Hamers 
et al., 2006; Gosavi et al., 2013; Dunnick et al., 
2015 Lai et al., 2015; Wikoff et al., 2016). [This 
competitive inhibition of estrogen sulfotrans-
ferases could lead to an increase in systemic and 
target tissue levels of estrogens.]

A follow-up 28-day study of tetrabromo-
bisphenol A in rats was carried out by Borghoff 
et al. (2016) using the same dose levels as those 
in the 2-year NTP carcinogenicity bioassay 
(NTP, 2014). At the highest dose levels (250, 
500, and 1000 mg/kg bw per day), a decrease in 
the ratio of tetrabromobisphenol A sulfates to 
tetrabromobisphenol A glucuronides occurred. 
These results demonstrated that the saturation 
of tetrabromobisphenol A sulfation also occurs 
in vivo at these dose levels, which were associ-
ated with uterine tumours in the 2-year NTP 
study. [The Working Group noted that neither 
the NTP (2014) nor Borghoff et al. (2016) studies 
took measurements that provided information 
on estrogen homeostasis.]

In addition, several other mechanistic 
explanations have been postulated to explain 
the uterine tumours in the 2-year NTP study 
(Dunnick et al., 2015; Lai et al., 2015), one of 
which is the interaction of tetrabromobisphenol 
A with dopamine and a subsequent decrease in 
prolactin levels that is considered to be a rat-spe-
cific mechanism (Neumann, 1991; Harleman 
et al., 2012). Tetrabromobisphenol A inhibited the 
cellular uptake of dopamine with a half-maximal 
inhibitory concentration of 9 μM (Mariussen & 
Fonnum, 2003). [At present, insufficient data were 
available to evaluate its relevance to the tetra- 
bromobisphenol A-induced uterine tumours in 
the NTP (2014) study.]
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4.2.2 Oxidative stress

(a) Humans

Treatment of isolated human neutrophil 
granulocytes with tetrabromobisphenol A at 
1–12 µM for 60 minutes induced significant 
dose-dependent increases in the production of 
reactive oxygen species (ROS) and increased 
intracellular calcium concentrations (Reistad 
et al., 2005). ROS production was determined 
using the fluorescent probe 2,7-dichlorofluores-
cein diacetate or by lucigenin-amplified chemi-
luminescence. Production of ROS was inhibited 
by pretreatment with diphenyleneiodonium (a 
nicotinamide adenine dinucleotide phosphate 
oxidase inhibitor), U0126 (an inhibitor of mito-
gen-activated protein kinase kinases MEK1 and 
MEK2, i.e. MAPK/ERK kinase), bisindolylma-
leimide (a protein kinase C inhibitor), erbstatin 
A (a tyrosine kinase inhibitor), or verapamil 
(a Ca2+ channel blocker), or by incubation in 
calcium-free media. A decrease in tetrabromo-
bisphenol A-induced ROS by diethyldithiocar-
bamate, an inhibitor of superoxide dismutase 
(SOD), confirmed the involvement of the super-
oxide anion in the production of ROS by tetrabro-
mobisphenol A (Reistad et al., 2005).

(b) Experimental systems

(i) Non-human mammalian systems in vivo
Chignell et al. (2008) administered tetrabro-

mobisphenol A (100 or 600 mg/kg bw) to Sprague-
Dawley rats together with the spin-trapping 
agent α-(4-pyridyl-1-oxide)-N-t-butylnitrone 
and detected the α-(4-pyridyl-1-oxide)-N-t-bu-
tylnitrone/•CH3 spin adduct by electron para-
magnetic resonance in the bile. Also measured in 
the bile was the 2,6-dibromobenzosemiquinone 
radical; reaction of the latter compound with 
oxygen could generate the superoxide anion.

Daily treatment of male Sprague-Dawley 
rats with tetrabromobisphenol A (500 mg/kg 
bw for 30 days, beginning on postnatal day 18), 

induced a significant increase in the levels of 
8-hydroxy-2′-deoxyguanosine (a biomarker of 
oxidative DNA damage) in the testis and kidney. 
No increase in the levels of malondialdehyde was 
observed in the liver of exposed rats compared 
with controls (Choi et al., 2011).

Daily administration of tetrabromobisphenol 
A (750 or 1125 mg/kg bw) for 7 days to Wistar 
rats decreased the levels of reduced glutathione 
in females at both doses and increased the levels 
of malondialdehyde in male rats at the higher 
dose (Szymańska et al., 2000).

A single oral dose of tetrabromobisphenol 
A in Sprague-Dawley rats produced increases 
in kidney levels of thiobarbituric acid reactive 
substances (TBARS) at 1000 mg/kg bw and in 
SOD activity at 250–1000 mg/kg bw, but no 
significant changes in urine analysis parameters. 
These parameters were not increased in a 14-day 
repeated-dose experiment with the same doses of 
tetrabromobisphenol A (Kang et al., 2009).

(ii) Non-human mammalian systems in vitro
Exposure of hepatocytes isolated from 

Fischer 344/Jcl rats to tetrabromobisphenol A 
at 0.25–1.0 mM for up to 3 hours decreased the 
reduced glutathione content with concomitant 
increases in oxidized glutathione (GSSG), and 
increased malondialdehyde levels (TBARS). 
Treatment with tetrabromobisphenol A also 
reduced the mitochondrial membrane potential 
and had an uncoupling effect on mitochondrial 
oxidative phosphorylation (Nakagawa et al., 
2007). [Based on the longer time needed to induce 
lipid peroxidation compared with the rapid 
reduction in cellular adenosine triphosphate 
levels, the results suggested that lipid peroxida-
tion induced by tetrabromobisphenol A was due 
to impaired mitochondrial function.]

Incubation of primary cultures of cere-
bellar granule cells from Wistar rats with 
tetrabromobisphenol A at 2.5–7.5 µM produced 
significant increases in ROS production, 
with reductions in 45Ca uptake, increases in 
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intracellular concentrations of 45Ca, and a slight 
decrease in the mitochondrial membrane poten-
tial. The production of ROS was reduced by 
co-treatment with 0.1 mM ascorbic acid or 1 mM 
glutathione (Ziemińska et al., 2012). Reistad et al. 
(2007) also observed concentration-dependent 
increases in ROS, phosphorylation of ERK1/2 
and intracellular calcium in primary cultures 
of rat cerebellar granule cells exposed to tetra- 
bromobisphenol A. ROS formation was inhibited 
by pretreatment with the MAPK/ERK kinase 
inhibitor U0126, the tyrosine kinase inhibitor 
erbstatin A, the SOD inhibitor diethyldithio-
carbamate or by eliminating calcium from the 
culture medium.

(iii) Fish and other species
In goldfish (Carassius auratus) given a single 

intraperitoneal injection of tetrabromobisphenol 
A (100 mg/kg bw), ROS were increased in the 
liver and bile, an effect inhibited by the hydroxyl 
radical scavenger mannitol. Lipid peroxida-
tion products (TBARS) and protein carbonyl 
levels, indicators of oxidative damage, were 
significantly increased in the liver at 1–3  days 
after treatment with tetrabromobisphenol A 
(Shi et al., 2005). Tetrabromobisphenol A in 
aquarium water (3 mg/L for 7 days) significantly 
decreased reduced glutathione levels and antiox-
idant enzyme activites (SOD and catalase) in fish 
livers (He et al., 2015). In Carassius auratus, intra-
peritoneal injections of tetrabromobisphenol A 
(10 or 100 mg/kg bw for 14 days) decreased the 
activities of antioxidant enzymes (SOD, catalase, 
and glutathione peroxidase), decreased reduced 
glutathione levels and increased the levels of 
malondialdehyde (a marker of lipid peroxida-
tion) in the liver (Feng et al., 2013).

In zebrafish embryos, tetrabromobisphenol A 
(0.05, 0.25, or 0.75 mg/mL for 96 hours) increased 
SOD activity, lipid peroxidation (TBARS), and the 
expression of heat-shock protein 70 (Hsp70) (Hu 
et al., 2009). Significant decreases in the activities 
of the antioxidant enzymes SOD, catalase, and 

glutathione peroxidase were observed in embryos 
and zebrafish larvae exposed to tetrabromo-
bisphenol A at 0.4–1.0 mg/L in holding tanks 
for 3, 5, or 8  days post-fertilization (Wu et al., 
2015). Similarly, increases in ROS production 
were observed in zebrafish embryos and larvae 
exposed to tetrabromobisphenol A at 0.1, 0.5, 
or 1.0 mg/L for 96 hours; the increases in ROS 
production were inhibited by co-incubation 
with puerarin (1 mg/L), an antioxidant free-rad-
ical scavenger. ROS production was measured 
with a fish ROS enzyme-linked immunosorbent 
assay kit using a horseradish peroxidase-labelled 
fish ROS antibody (Yang et al., 2015). Hepatic 
oxidative stress and general stress was induced 
in zebrafish exposed to tetrabromobisphenol A 
(0.75 or 1.5 µM) for 14 days and evaluated for 
hepatic changes in gene and protein expression 
(De Wit et al., 2008). [The Working Group noted 
that tetrabromobisphenol A induced oxidative 
stress, based on antioxidant-related responses, 
and general stress responses, based on stimula-
tion of Hsp70 protein in the liver of zebrafish.]

Tetrabromobisphenol A also induced 
hydroxyl radical formation and oxidative stress 
in earthworms (Eisenia fetida). Lipid peroxida-
tion was increased while the reduced glutathione/
GSSG ratio was decreased (Xue et al., 2009). 
Exposure of earthworms to tetrabromobisphenol 
A at 50–400 mg/kg dry soil for 14 days resulted 
in an increased expression of genes encoding 
SOD and Hsp70 (Shi et al., 2015).

In scallops (Chlamys farreri), exposure to 
tetrabromobisphenol A in seawater tanks (0.2, 
0.4, and 0.8 mg/L for up to 10 days) increased 
SOD activity, the reduced glutathione levels, and 
malondialdehyde levels in the gill and digestive 
gland (Hu et al., 2015a).

(iv) Plant systems
Tetrabromobisphenol A increased total free 

radical generation and enhanced lipid peroxi-
dation in plants (Ceratophyllum demersum L.) 
exposed at 0.05–1.0 mg/L in growth solution. 
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In addition, levels of GSH were decreased (Sun 
et al., 2008). ROS were also induced in green 
alga (Chlorella pyrenoidosa) cultures exposed 
to tetrabromobisphenol A at 2.7–13.5 mg/L for 
4–216 hours (Liu et al., 2008).

[The Working Group noted that the induc-
tion of oxidative stress by tetrabromobisphenol 
A has been well established on studies in human 
cells and in numerous experimental systems.]

4.2.3 Inflammation and immunosuppression

Studies in human cells and in several exper-
imental systems have demonstrated immu-
nosuppressive effects caused by exposures to 
tetrabromobisphenol A.

(a) Humans

No data in exposed humans were available to 
the Working Group.

The lytic and binding functions of isolated 
human natural killer (NK) cells were decreased 
when they were incubated with tetrabromo-
bisphenol A at 0.1–5 µM for 1, 2, or 6 days. The 
effects of treatment with tetrabromobisphenol A 
on NK cells were dependent on both the concen-
tration and duration of exposure. Exposure of 
NK cells to tetrabromobisphenol A at 1–10 µM 
for 1 hour resulted in a decrease in lytic function 
that persisted for at least 6 days. The loss of lytic 
function was more sensitive than the decrease in 
binding function to the treatment with tetrabro-
mobisphenol A (Kibakaya et al., 2009).

Exposure of human NK cells to tetrabro-
mobisphenol A (2.5 µM for 24 or 48 hours) 
caused significant decreases in the expression 
of cell surface proteins that are involved in NK 
cell binding and/or the lysis of target cells. The 
analysis was done by flow cytometry after reac-
tions with anti-CD2, anti-CD11a, anti-CD16, 
anti-CD18, or anti-CD56 antibodies (Hurd & 
Whalen, 2011).

Phospho-p44/42 and phospho-p38 MAPKs 
were activated in isolated human NK cells 

exposed to tetrabromobisphenol A at 0.5–10 
µM for 10 minutes, but not after exposures of 
1 or 6 hours. Phosphorylation of MEK1/2 and 
MKK3/6, upstream activators of p44/42 and 
p38, respectively, was also increased in NK cells 
exposed to tetrabromobisphenol A at 5 or 10 µM 
for 10 minutes (Cato et al., 2014). This group had 
shown previously (Kibakaya et al., 2009) that 
tetrabromobisphenol A decreased the ability of 
human NK cells to lyse tumour cells, and that the 
activation of p44/42 can decrease the lytic func-
tion of NK cells. Thus, the aberrant activation of 
MAPKs by tetrabromobisphenol A may result in 
NK cells becoming unresponsive to subsequent 
encounters with tumour cells or virally infected 
cells.

Tetrabromobisphenol A also activates inflam-
matory pathways in the human first trimester 
placental cell line HTR-8/SVneo (Park et al., 
2014). Trophoblast cells were cultured for 8, 16, 
or 24 hours in media containing tetrabromo-
bisphenol A at 5, 10, 20, or 50 µM and analysed 
for cytokine release (interleukin-(IL)-6, IL-8 and 
tumour growth factor-β) and prostaglandin E2 
(PGE2) production by enzyme-linked immuno-
sorbent assay. Exposure to tetrabromobisphenol 
A increased the release of PGE2 and the proin-
flammatory cytokines IL-6 and IL-8, and reduced 
the release of the anti-inflammatory cytokine 
tumour growth factor-β. Treatment with 
NS-398, a cyclooxygenase-2 (COX-2)-specific 
inhibitor, suppressed the tetrabromobisphenol 
A-stimulated release of PGE2. Quantitative 
mRNA analyses by the reverse transcriptase 
polymerase chain reaction showed that exposure 
to tetrabromobisphenol A at 10 µM increased  
the expression of genes encoding prostaglandin- 
endo-peroxide synthase 2, COX-2, and IL-6 and 
IL-8. Thus, exposure to tetrabromobisphenol 
A activates inflammatory pathways in human 
placental cells (Park et al., 2014).
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(b) Experimental systems

The pulmonary viral titer was significantly 
increased in BALB/c mice fed diets containing 1% 
tetrabromobisphenol A for 28 days and then intra-
nasally infected with the A2 strain of respiratory 
syncytial virus. The viral titres were increased 
two- to threefold in tetrabromobisphenol 
A-treated mice compared with controls on day 
5 after infection. Bronchoalveolar fluid from 
respiratory syncytial virus-infected mice treated 
with tetrabromobisphenol A showed enhanced 
production of tumour necrosis factor-α, IL-6 and 
interferon-γ, and reduced production of IL-4 and 
IL-10 (Watanabe et al., 2010).

In a study of immune/allergic responses in 
vitro to brominated flame retardants, exposure 
of splenocytes from NC/Nga mice to tetrabro-
mobisphenol A at 1 or 10 µg/mL for 24 hours 
increased the expression of surface proteins on 
antigen presenting cells (major histocompati-
bility complex class II and CD86), and increased 
the expression of the T-cell receptor and the 
production of cytokine IL-4 in splenic T-cells. 
Exposure of isolated mouse bone marrow cells 
to tetrabromobisphenol A at 1 µM for 6 days did 
not affect bone marrow-derived dendritic cell 
activation or differentiation (Koike et al., 2013).

In splenocytes isolated from C57Bl/6 mice that 
had been incubated with tetrabromobisphenol 
A at 3 µM and concanavalin A (2 µg/mL) for 
48 hours, the expression of the IL-2 receptor α 
chain (CD25), essential for proliferation of acti-
vated T-cells during the immune response, was 
suppressed (Pullen et al., 2003).

Exposure of the mouse macrophage cell 
line RAW 264.7 to tetrabromobisphenol A at 
1–50 µM increased the mRNA expression and 
protein levels of COX-2, enhanced the produc-
tion of PGE2 (a major metabolite of COX-2), and 
increased the mRNA expression and production 
of proinflammatory cytokines including tumour 
necrosis factor-α, IL-6 and IL-1β. Pretreatment 
of the cells with tetrabromobisphenol A and 

NS-398, a COX-2-specific inhibitor, inhibited 
the tetrabromobisphenol A-induced increase in 
PGE2 production, indicating that the effect of 
tetrabromobisphenol A is mediated by COX-2 
activity. Thus, exposure to tetrabromobisphenol 
A may promote inflammation by transcription-
ally activating the macrophage COX-2 gene and 
protein expression and increasing the expression 
and secretion of proinflammatory cytokines 
(Han et al., 2009).

Tetrabromobisphenol A activated MAPKs 
and protein kinase C in mussel haemocytes. The 
observed increase in extracellular superoxide 
production was reduced by pretreatment with 
kinase inhibitors specific for protein kinase C 
and MAPKs (Canesi et al., 2005).

4.2.4 Altered cell proliferation or death

The studies reviewed below indicated neither 
enhanced cell proliferation nor suppression of 
apoptosis after exposure to tetrabromobisphenol 
A, which was associated with an increase in 
apoptosis in several experimental systems.

(a) Humans

No data in exposed humans were available to 
the Working Group.

In human A549 epithelial alveolar lung cells 
and the human thyroid cell line Cal-62, tetrabro-
mobisphenol A decreased the rates of DNA 
synthesis. A549 cells tended to arrest in the G1 
phase, while Cal-62 cells tended to arrest in the 
G2 phase. MAPK cascades were also affected, 
but not in association with an increase in cell 
proliferation (Strack et al., 2007; see also Cagnol 
& Chambard, 2010).

(b) Experimental systems

(i) Non-human mammalian systems in vivo
Apoptosis was induced in the testes of CD-1 

mice exposed to drinking-water containing 
tetrabromobisphenol A at a concentration of 
200 µg/L during gestation, lactation, and up to 
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age 70 days. In addition, expression of the pro- 
apoptotic Bax gene was increased, while 
expression of the anti-apoptotic Bcl-2 gene was 
decreased in tetrabromobisphenol A-exposed 
mice compared with controls (Zatecka et al., 
2013).

Although increased incidences of atypical 
endometrial hyperplasia were observed in the 
uterus of female Wistar Han rats exposed to 
tetrabromobisphenol A (250 mg/kg bw per day) 
in a 2-year study of carcinogenicity (NTP, 2014; 
Dunnick et al., 2015), this effect was considered 
to be a preneoplastic lesion rather than an early 
event in the development of uterine cancer. [The 
Working Group noted that, in the 3-month study 
at doses (5 times per week) of up to 1000 mg/kg 
bw (NTP, 2014), no treatment-related lesions 
were observed in the uterus of Wistar Han rats, 
Fischer 344/NTac rats, or B6C3F1/N mice treated 
with tetrabromobisphenol A.]

(ii) Non-human mammalian systems in vitro
In a non-transformed rat kidney (NRK) cell 

line, tetrabromobisphenol A decreased rates of 
DNA synthesis. NRK cells tended to arrest in the 
G1 phase. MAPK cascades were also affected, but 
not in association with an increase in cell prolif-
eration (Strack et al., 2007; see also Cagnol & 
Chambard, 2010).

Tetrabromobisphenol A induced cell death in 
mouse TM4 cells, a cell line derived from mouse 
testicular Sertoli cells, via apoptosis involving 
mitochondrial depolarization due to increases in 
cytosolic Ca2+ levels. Intracellular levels of Ca2+ 
were elevated in TM4 cells within 1–3  minutes 
of incubation with tetrabromobisphenol A 
at 30 µM; after 18 hours, cell viability was < 
50%. Tetrabromobisphenol A also caused rapid 
mitochondrial membrane depolarization. The 
loss of cell viability by tetrabromobisphenol 
A was suppressed by the caspase inhibitor 
Ac-DEVD-CMK, indicating that this loss was due 
in part to apoptosis. Tetrabromobisphenol A also 
inhibited Ca2+-adenosine triphosphatase activity 

in rabbit muscle sarcoplasmic reticulum vesicles 
and in pig cerebellar microsomes at concentra-
tions as low as 0.5 µM (Ogunbayo et al., 2008).

The treatment of primary cultured neurons 
from rat cerebellum with tetrabromobisphenol 
A at 5 µM for 24 hours induced apoptosis-like 
nuclear changes, characterized by condensed 
chromatin and DNA fragmentation; however, 
other hallmarks of apoptosis, including acti-
vation of caspase-3, were not observed. 
Tetrabromobisphenol A induced a concentra-
tion-dependent increase in the phosphorylation 
of ERK1/2 (Reistad et al., 2007).

(iii) Other experimental systems
Apoptotic cells were detected in the brain, 

heart, and tail of zebrafish embryos and larvae 
exposed to tetrabromobisphenol A at 1.0 mg/L in 
holding tanks for 96 hours (Wu et al., 2015); expo-
sures to tetrabromobisphenol A at 0.1–1.0 mg/L 
induced the expression of three proapoptotic 
genes – Tp53, Bax, and caspase 9 – and decreased 
the expression of the anti-apoptotic gene Bcl2 
(Yang et al., 2015).

4.2.5 Genetic and related effects

(a) Humans

No data were available to the Working Group.

(b) Experimental systems

(i) Non-human mammalian systems in vivo
See Table 4.1
No increase in DNA damage in the alkaline 

comet assay was observed in the testicular cells 
of CD-1 mice given tetrabromobisphenol A in 
corn oil twice (24 hours apart) at doses of 500, 
1000, or 2000 mg/kg bw (Hansen et al., 2014). 
Tetrabromobisphenol A did not increase the 
frequency of micronucleated erythrocytes in 
the peripheral blood of male and female B6C3F1 
mice exposed by gavage (10–1000 mg/kg bw in 
corn oil on 5 days per week for 14 weeks) (NTP, 
2014).
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Uterine carcinomas that were induced in 
female Wistar Han rats in a study of carcino-
genicity (NTP, 2014) were examined for molecular 
alterations in genes relevant to human endo-
metrial cancer (Harvey et al., 2015). This study 
identified a marked increase in the frequency of 
Tp53 mutations and increased human growth 
factor receptor 2 gene expression in tetrabro-
mobisphenol A-associated uterine carcinomas 
compared with spontaneous uterine carcinomas 
in vehicle controls. [The Working Group noted 
that it was not clear if the increased frequency 
of tumours with Tp53 mutations was due to a 
genotoxic effect of tetrabromobisphenol A or to 
enhanced proliferation of cells with spontaneous 
mutations in the Tp53 gene.]

(ii) Experimental systems in vitro
See Table 4.2
Tetrabromobisphenol A did not induce 

intragenic recombination in Sp5 or SPD8 cell 
lines (mutants isolated from V79 Chinese 
hamster cells) when tested at doses of 
5–40 µg/mL. These cell lines have a partial 
duplication of the Hprt gene that results in a 
non-functional hypoxanthine-guanine phospho- 
ribosyltransferase protein (Helleday et al., 1999).

In scallops (Chlamys farreri), tetrabromo-
bisphenol A (0.2, 0.4 and 0.8 mg/L for up to 
10 days) induced DNA damage in the gills and 

digestive gland tissues in a time- and dose-de-
pendent manner (Hu et al., 2015b).

Studies on the genetic toxicology of tetrabro-
mobisphenol A (up to 10 000 µg/plate) conducted 
by the NTP (2014) showed negative results for 
bacterial gene mutations in Salmonella typhimu-
rium strains TA98, TA100, TA1535, and TA1537, 
in the presence or absence of metabolic activation 
by S9 from induced Syrian hamster or Sprague-
Dawley rat liver, and in Escherichia coli strain 
WP2 uvrA/pKM101, in the presence or absence 
of metabolic activation by S9 mix from Sprague-
Dawley rat liver.

(c) Acellular systems

The binding of tetrabromobisphenol A to 
calf thymus DNA was studied by ultravio-
let-visible absorption, fluorometric competition 
with DNA-bound ethidium bromide, circular 
dichroism, and molecular modelling (Wang 
et al., 2014). Tetrabromobisphenol A intercalated 
into DNA [through an interaction involving 
hydrogen binding and hydrophobic interaction].

Table 4.1 Genetic and related effects of tetrabromobisphenol A in non-human mammals in vivo

Species, 
strain, sex

Tissue End-point Test Results Dose  
(LED/HID)

Route, duration, 
dosing regimen

Reference

Mouse, 
Swiss CD-1, 
M

Testis DNA damage DNA strand 
breaks (comet 
assay)

– 2000 mg/kg bw Gavage; twice (24 h 
apart)

Hansen et al. 
(2014)

Mouse, 
B6C3F1, 
M/F

Peripheral 
blood 
erythrocytes

Chromosomal 
damage

Micronucleus 
formation

– 1000 mg/kg bw Gavage; 14 wk, 5 
days/wk

NTP (2014)

Rat, Wistar 
Han, F

Uterine 
carcinoma

Mutation Tp53 
mutation 
frequency

+ 250 mg/kg bw Gavage; 2 years, 5 
days/wk

Harvey et al. 
(2015)

+, positive;–, negative; bw, body weight; F, female; HID, highest ineffective dose; LED, lowest effective dose; M, male; wk, week
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4.3 Data relevant to comparisons 
across agents and end-points

For all compounds evaluated in the present 
volume of the IARC Monographs, including 
tetrabromobisphenol A, analyses of high-
throughput screening data generated by the 
Tox21 and ToxCast research programmes of the 
government of the USA (Kavlock et al., 2012; 
Tice et al., 2013) are presented in the Monograph 
on 1-bromopropane, in the present volume.

4.4 Susceptibility to cancer

No data were available to the Working Group.

4.5 Other adverse effects

No other adverse effects were identified in 
exposed humans.

In a NTP 2-year bioassay in rats, the incidence 
of rete ovarii cyst was significantly increased 
in the group at the highest dose of tetrabro-
mobisphenol A (1000 mg/kg bw) (NTP, 2014; 
Dunnick et al., 2015).

Brainstem auditory evoked potentials thresh-
olds and latency were increased in females and 

latency was increased in males in a develop-
mental study of rats (Lilienthal et al., 2008). 
[The Working Group noted that these findings 
may reflect an effect of tetrabromobisphenol A  
on thyroid hormone-regulated developmental 
events, including hearing and testis weight. 
However, no experimental group was available 
that would have tested this directly (e.g. tetrabro-
mobisphenol A + T4).] This group later published 
an additional study showing that tetrabromo-
bisphenol A decreased serum total T4 (Van der 
Ven et al., 2008) (see also Section 4.2.1).

Behl et al. (2015) reported that tetrabromo-
bisphenol A was active in assays in vitro that 
were indicative of [potential] developmental 
toxicity and neurotoxicity in the low micromolar 
range. The assays used evaluated the effects of 
tetrabromobisphenol A on the differentiation of 
mouse embryonic stem cells, human neural stem 
cell proliferation and growth, and rat neuronal 
growth and network activity.

Table 4.2 Genetic and related effects of tetrabromobisphenol A in experimental systems in vitro

Phylogenetic class End-point Test Results Dose  
(LED or HID)

Reference

Chinese hamster Sp5 and 
SPD8 cell lines

DNA 
damage

Mutation – 40 μg/mL; 24 h Helleday et al. (1999)

Chlamys farreri (scallops) DNA 
damage

DNA strand breaks 
(alkaline unwinding 
assay)

+ 0.2 mg/L, 10 days Hu et al. (2015b)

Salmonella typhimurium 
TA1535, TA1537, TA98, 
TA100

Mutation Reverse mutation –a 10 000 μg/plate NTP (2014)

Escherichia coli WP2 uvrA Mutation Reverse mutation –a 6000 μg/plate NTP (2014)
Calf thymus DNA DNA 

damage
DNA intercalation + 100 μM Wang et al. (2014)

a With and without metabolic activation 
+, positive;–, negative; HID, highest ineffective dose; LED, lowest effective dose
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5. Summary of Data Reported

5.1 Exposure data

Tetrabromobisphenol A is a flame retardant 
with a high production volume that is applied in 
a wide variety of consumer products. The most 
common use is for printed circuit boards, whereby 
tetrabromobisphenol A is chemically bonded to 
the polymer matrix. Tetrabromobisphenol A 
is also applied as an additive compound in the 
manufacture of acrylonitrile–butadiene–styrene 
resins and high-impact polystyrene. It has been 
detected in almost all biotic and abiotic compart-
ments worldwide. Occupational exposures to 
tetrabromobisphenol A have been measured in 
facilities manufacturing electronic products, and 
at higher concentrations in recycling facilities. 
Exposure of the general population predom-
inantly occurs through the diet and through 
the ingestion of indoor dust. While intake by 
very young children is predominantly via the 
ingestion of indoor dust, intake by adults occurs 
mainly via the diet. Very young children are esti-
mated to have a higher daily intake than adults. 
Exposure may occur prenatally, and tetrabromo-
bisphenol A has been measured in breast milk.

5.2 Human carcinogenicity data

No data were available to the Working Group.

5.3. Animal carcinogenicity data

Tetrabromobisphenol A was tested for 
carcinogenicity after oral administration by 
gavage in one study in male and female mice, and 
in one study in male and female rats. One co-car-
cinogenicity study of transplacental/perinatal 
exposure in rats was found to be inadequate for 
the evaluation of the carcinogenicity of tetrabro-
mobisphenol A.

In the study in male mice, tetrabromo-
bisphenol A caused significantly increases in 
the incidence of hepatoblastoma, of hepato-
cellular adenoma (multiple), and of hepatocel-
lular carcinoma or hepatoblastoma (combined). 
Tetrabromobisphenol A significantly increased 
the incidence of haemangiosarcoma (all organs), 
with a significant positive trend. A significant  
positive trend in the incidence of adenoma or carci-
noma (combined) of the large intestine (caecum 
or colon) was also observed; the incidence in mice 
receiving the highest dose exceeded the range for 
historical controls. Tetrabromobisphenol A did 
not cause any significant increases in tumour 
incidence in female mice.

In the study in male rats, tetrabromobisphenol 
A caused a significant positive trend in the inci-
dence of interstitial cell adenoma of the testes. 
In female rats, tetrabromobisphenol A caused a 
significant increase in the incidence of adeno-
carcinoma of the uterus, with a significant posi-
tive trend. Several rats in the groups exposed to 
tetrabromobisphenol A were diagnosed with the 
rare uterine tumour, malignant mixed Müllerian 
tumour; this tumour was not reported in the data 
for historical controls. A significant increase was 
observed in the incidence of adenoma, adenocar-
cinoma, or malignant mixed Müllerian tumour 
(combined) of the uterus, with a significant posi-
tive trend.

5.4 Mechanistic and other relevant 
data

After oral administration in humans and rats, 
tetrabromobisphenol A is readily absorbed and 
widely distributed among tissues, is extensively 
metabolized to glucuronide and sulfate conju-
gates, and was shown to be excreted primarily 
in the faeces in rats. Tetrabromobisphenol A has 
been detected in human milk in surveys of the 
general population. In rats, tetrabromobisphenol 
A and its metabolites do not accumulate in the 
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tissues. A metabolic minor pathway involving 
radical formation has been demonstrated in vivo 
in rats. Quantitative species-, sex- and strain-de-
pendent differences in conjugated metabolites 
have been observed.

With respect to the “key characteristics” of 
human carcinogens, there is strong evidence that 
tetrabromobisphenol A modulates receptor-me-
diated effects, induces oxidative stress and is 
immunosuppressive; there is moderate evidence 
that tetrabromobisphenol A induces chronic 
inflammation; and there is weak evidence that 
tetrabromobisphenol A is electrophilic, is geno-
toxic or alters cell proliferation, cell death or 
nutrient supply.

There is strong evidence that tetrabromo-
bisphenol A can alter thyroid hormone receptor 
function both directly and indirectly. Studies 
in experimental animals demonstrated that 
tetrabromobisphenol A reduces serum levels of 
thyroxine. Cell-based assays that included the 
use of human cells, and biochemical studies 
showed that tetrabromobisphenol A can interact 
with thyroid hormone receptors directly, the 
outcome being dependent on several variables. 
Tetrabromobisphenol A is a potent inhibitor of 
sulfotransferases. ToxCast data supported the 
conclusion that tetrabromobisphenol A can 
interact with nuclear receptors, in particular 
peroxisome proliferator-activated receptor-γ, 
as well as inhibit aromatase and alter steroid 
biosynthesis in a human cell line.

There is strong evidence that tetrabromo-
bisphenol A induces oxidative stress. No data 
were available in exposed humans. Oxidative 
stress was induced by tetrabromobisphenol A in 
vivo in rats (testis and kidney), goldfish, zebrafish, 
earthworms, and scallops. In vitro, tetrabro-
mobisphenol A also induced oxidative stress in 
human neutrophils and granulocytes, and rat 
hepatocytes and cerebellar cells, with activation 
of the mitogen-activated protein kinase pathway. 
ToxCast data also supported the conclusion that 
tetrabromobisphenol A induces oxidative stress. 

Tetrabromobisphenol A activated inflammatory 
pathways in a human placental cell line.

There is strong evidence that tetra- 
bromobisphenol A is immunosuppressive. 
Tetrabromobisphenol A decreased the lytic and 
binding functions of isolated human natural 
killer cells, and reduced the expression of 
cell-surface proteins needed for the attachment 
of human natural killer cells to target cells. The 
effects observed in vitro were supported by the 
observation in vivo of the reduced ability of mice 
exposed to tetrabromobisphenol A to suppress a 
respiratory virus.

In a mouse macrophage cell line, tetrabromo-
bisphenol A increased the expression and prod-
uction of proinflammatory cytokines. However, 
because of the absence of data on chronic effects 
in vivo, the evidence that tetrabromobisphenol A 
induces chronic inflammation is moderate.

There is weak evidence that tetrabromo-
bisphenol A is genotoxic. Tetrabromobisphenol 
A interacted with calf thymus DNA by interca-
lation. An increased frequency of Tp53 mutation 
was observed in uterine carcinomas induced by 
tetrabromobisphenol A in female rats.

There were few data on the other key char-
acteristics of carcinogens (alters DNA repair or 
causes genomic instability, induces epigenetic 
alterations, or causes immortalization).

6. Evaluation

6.1 Cancer in humans

There is inadequate evidence in humans for 
the carcinogenicity of tetrabromobisphenol A.

6.2 Cancer in experimental animals

There is sufficient evidence in experimental 
animals for the carcinogenicity of tetrabromo-
bisphenol A.
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6.3 Overall evaluation

Tetrabromobisphenol A is probably carcino-
genic to humans (Group 2A).

6.4 Rationale

In making its overall evaluation, a majority 
of the Working Group considered that the strong 
mechanistic evidence that tetrabromobisphenol 
A can operate through three key characteristics 
of carcinogens and that these can be operative 
in humans warranted an upgrade to Group 2A. 
Specifically, the evidence was strong for the 
modulation of receptor-mediated effects, for the 
induction of oxidative stress, and for the induc-
tion of immunosuppression:

• Tetrabromobisphenol A interacts directly 
with several human nuclear receptors rele-
vant to human cancers, including thyroid 
hormone and peroxisome proliferator-ac-
tivated receptor-γ. Tetrabromobisphenol A 
modulates enzymes relevant for the endo-
crine system, inhibits aromatase, and is a 
potent inhibitor of sulfotransferase.

• In multiple species in vivo and in human 
cells in vitro, tetrabromobisphenol A causes 
oxidative stress.

• Immunosuppressive effects were observed 
in mice exposed in vivo. Multiple experi-
ments in human natural killer cells exposed 
in vitro also showed effects consistent with 
immunosuppression.

However, a minority of the Working Group 
judged that these data did not support a mecha-
nistic upgrade.
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