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ABSTRACT 

 

Effects of alternative flame retardants,  

TBB and TBPH on thyroid hormone system 

in zebrafish (Danio rerio) larvae and GH3 

and FRTL-5 cell lines  
 

 

Jung Joeun 

Department of Environmental Health 

Graduate School of Public Health, Seoul National University 

 

TBB (2-ethylhexyl-2,3,4,5-tetrabromobenzoate) and TBPH 

(bis(2-ethylhexyl)-2,3,4,5-tetrabromophthalate) are major 

components widely used as alternative flame retardants in several 

commercial products such as Firemaster®  550. Both have been 

detected in various environments such as indoor dust, atmosphere, 

municipal sewage, sediment, and even in wildlife. However, available 

information on their endocrine disrupting potential as well as 

toxicological mechanisms is limited. Therefore, we investigated the 

adverse effects of each compound on endocrine system, especially 

thyroid system.  

Zebrafish (Danio rerio) embryos/larvae were exposed to TBB (0, 

0.05, 0.5, 5, or 50 mg/L) and TBPH (0, 0.05, 0.5, 5, or 50 mg/L), 

respectively until 144 hours post-fertilization (hpf) in order to 
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observe the effects on both developmental and molecular endpoints. 

Significant differences in developmental toxicity including 

hatchability (%), time-to-hatch (day), survival (%), wet weight 

(mg), and malformation rate (%) compared to control group were not 

observed. However, thyroid hormones (THs; T3 and T4) and gene 

transcriptions involved in TH system were altered in zebrafish larvae. 

THs play crucial roles in regulating many physiological processes 

such as development and metabolism. Trends in T3 following TBB 

exposure increased while both T4 and T3 following TBPH exposure 

decreased. Change in T3 to T4 ratio (T3/T4) was only observed in 

TBB exposure with increasing trend. In gene analysis, most TH 

related genes were up-regulated following exposure to TBB while 

any significant changes were not observed following TBPH exposure.  

To elucidate the mechanism of each compound, GH3 (rat 

pituitary tumor cells) and FRTL-5 (rat thyroid follicular cells) were 

employed for assessment of thyroid hormone disruption. In GH3 cells, 

exposure to TBB (0, 0.05, 0.5, 5, or 50 mg/L) and TBPH (0, 0.1, 1, 

10, or 100 mg/L) down-regulated the mRNA expression of tshβ, 

especially significant at 0.1, 1, 10, and 100 mg/L of TBPH exposure. 

Also, significant down-regulation of dio2 gene expression at the 

highest concentration of TBB (50 mg/L) exposure was observed. In 

general, transcriptional level of trα was significantly decreased 

following both TBB and TBPH exposure, while that of trβ and dio1 

was not significantly altered.  

In FRTL-5 cells, exposure to TBB (0, 0.5, 5, or 50 μg/L) and 
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TBPH (0, 0.01, 0.1, or 1 mg/L) altered several gene transcription 

involved in TH’s synthesis and thyroid development. Transcription 

of nis and nkx2.1 was significantly decreased at the highest 

concentration of TBB (50 μg/L). Also, significant decrease in tg was 

observed following exposure to TBB (0.5, 5, or 50 μg/L). In case of 

TBPH exposure, significant down-regulation of nkx2.1 was 

observed at 0.01, 0.1, or 1 mg/L of TBPH. 

As a result, TBB and TBPH changed hormonal and transcriptional 

levels related to TH in zebrafish, GH3, and FRTL-5 cells. Even if 

there were different responses between the organism and cell lines, 

changes in THs’ level and related gene expression demonstrated 

TBB and TBPH as potential endocrine disruptors.  In zebrafish 

larvae, TBB and TBPH exposure did not significantly change 

developmental endpoints while causing alterations in THs’ levels 

and gene transcription. In GH3 and FRTL-5 cell assay, significant 

changes in gene transcription involved in TH’s synthesis, 

transportation, or metabolism were observed. Collectively, changes 

in molecular levels such as hormones and genes may help predict 

potential health effects on organismal levels. Therefore, this study 

will contribute to the general understanding of thyroid hormone 

disruption and related mechanism by TBB and TBPH.  

 

Keywords: Alternative flame retardant; Endocrine disruption; 

Thyroid hormone; Zebrafish embryo toxicity 

Student number: 2013-21829  
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1. Introduction 

Polybrominated diphenyl ethers (PBDEs) are globally used in many 

industrial products such as electronics, building materials, and 

textiles to increase fire resistance (de Wit, 2002). Reproductive, 

neurologic, and immunologic effects of PBDEs (Branchi et al., 2002; 

Liu et al., 2012; Han et al., 2013) led PBDEs to the list of persistent 

organic pollutants (POPs) in the 2009 Stockholm Convention (UNEP, 

2011). As a result, the interests in TBB and TBPH as alternative 

flame retardants of PBDEs have been increasing.  

TBB (2-ethylhexyl-2,3,4,5-tetrabromobenzoate) and TBPH 

(bis(2-ethylhexyl)-2,3,4,5-tetrabromophthalate) are compounds 

widely used as alternative flame retardants in several commercial 

products, e.g., Firemaster®  550, BZ-45, and DP-54. Both have been 

detected in various environmental samples such as indoor dust 

(Stapleton et al., 2008; Stapleton et al., 2009; Ali et al., 2011a; Ali et 

al., 2011b; Carignan et al., 2013), atmosphere (Ma et al., 2012; Ma 

et al., 2013), municipal sewage (Davis et al., 2012), and sediment 

(Klosterhaus et al., 2012; La Guardia et al., 2013), and even 

mammalian tissue (Lam et al., 2009). Since TBB and TBPH are highly 

lipophilic (Log Kow 8.8 and 12.0, respectively), they have been 

suspected to accumulate and persist in the body. The 

physicochemical properties are summarized in Table 1. 

Toxicological studies on TBB and TBPH using rats and cell lines 
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were performed (Springer et al., 2012; Patisaul et al., 2013). In 

previous studies, thyroid hormone alteration and lipid accumulation 

by the compounds were observed. Saunders et al. (2013) used yeast 

estrogen screen (YES) and yeast androgen screen (YAS) assay, and 

H295R cell lines to elucidate the mechanisms involved in receptor 

binding and steroidogenesis pathway by TBB and TBPH exposure. In 

primary porcine testicular cell lines, changes in gene transcription 

and hormone levels involved in sex hormone synthesis were 

observed (Mankidy et al., 2013). In human, TBPH in house dust was 

positively associated with total T3 levels (Johnson et al., 2013). 

Information on endocrine disruption by TBB and TBPH is summarized 

in Table 2. 

However, information on their thyroid hormone disrupting 

mechanisms is still limited.  Thyroid hormones (THs) play a key 

role in physiological activities such as development, growth, 

metabolism, and other essential functions in body. The balance of 

THs is mainly regulated by HPT (hypothalamus-pituitary-thyroid) 

axis.  The functions of THs depend on various processes such as 

synthesis, transportation, metabolism, and excretion of them (Murk 

et al., 2013). 

The aim of this study is to investigate the adverse effects of TBB 

and TBPH on thyroid hormone system. To this end, we exposed TBB 

and TBPH on zebrafish embryos, and observed early developmental 
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effects and hormonal and transcriptional changes in the larval stage 

of zebrafish. In addition, rat pituitary GH3 cell lines and rat thyroid 

follicular FRTL-5 cell lines were used for in vitro assessment of TH 

mechanism. The results of this study will help to understand the TH 

disrupting potentials and underlying mechanisms of TBB and TBPH. 
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Table 1. Physicochemical properties of TBB and TBPH 

Characteristics Unit TBBa TBPHa 

Structure 

 

 

CAS number 183658-27-7 26040-51-7 

Molecular formula C15H18Br4O2 C24H34Br4O4 

Molecular 

weight 
g/mol 549.9  706.2  

Low Kowb mg/L 8.8  12.0  

Water 

solubility  

@ 25℃c 

mg/L 1.14x10-5 1.98x10-9 

Vapor 

pressure  

@ 25℃d 

mmHg 3.43x10-8 1.71x10-11 

a Abbreviation: 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB); bis(2-

ethylhexyl)-2,3,4,5-tetrabromophthalate (TBPH) 
b KowWin v 1.67, U.S. Environmental Protection Agency (U.S. EPA), Washington, DC 

c WSKow v 1.41, U.S. Environmental Protection Agency (U.S. EPA), Washington, DC 

d California Environmental Contaminant Biomonitering Program (CECPB), 2008 
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Table 2. Previous studies of TBB and TBPH on endocrine systems 

Assay Compounds  Resultsa  Reference 

in vitro NIH 3T3 L1 

cells 

TBPH Lipid 

accumulation↑ 

Springer  

et al., 2012 

H295R TBB E2b↑ Saunders 

et al., 2013 
TBPH T b↑, E2↑  

Yeast TBB Anti-androgenic 

activities↓  

TBPH Anti-androgenic 

activities↓  

TBB Anti-estrogenic 

activities↓ 

TBPH Anti-estrogenic 

activities↑  

Primary 

porcine 

testicular 

cells 

TBB T↑, E2↑  Mankidy  

et al., 2014 
TBPH T↑, E2↑  

TBB cyp17a↓, 

cyp21a↑  
TBPH cyp17a↑  

in vivo Rat Firemaster

® 550 

Total T4↑ Patisaul  

et al., 2012 

Human TBPH Total T3↑ Johnson  

et al., 2013 
a↑: increase, ↓: decrease 
b Abbreviation: estradiol (E2); testosterone (T) 
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2. Materials and Methods  

2.1. Chemicals 

TBB (CAS No. 183658-27-7) and TBPH (CAS No. 26040-51-7) 

were purchased from AccuStandard (New Haven, CT, USA) and used 

for cell line exposure studies. For zebrafish exposure studies, TBB 

and TBPH were additionally purchased from Waterstone technology 

(Carmel, IN, USA) and AsisChem (Watertown, MA, USA), 

respectively, in order to obtain sufficient amounts of the compounds. 

Dimethyl sulfoxide (DMSO) was used as solvent and the final 

concentrations of DMSO was 0.1% (v/v) in both in vitro and in vivo 

studies.  

 

2.2. Zebrafish maintenance and embryo/larval 

exposure to TBB and TBPH 

Zebrafish embryos were employed for exposure to TBB and TBPH 

until 144 h post-fertilization. The embryos were supplied from a 

commercial supplier (Gangnam Aquarium, Suwon, Korea) and 

transferred to Seoul National University within 3 hours post-

fertilization (hpf). On arrival, the embryos were immediately placed 

into 500 mL of TBB and TBPH exposure solution (0, 0.05, 0.5, 5 or 

50 mg/L) to start exposure at the same time. Each concentration has 

4 replicates and 250 embryos were randomly distributed into 250 mL 
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of exposure solution per replicate. The exposure concentrations 

were determined based on the preliminary test resulting in no 

significant mortality rate in zebrafish larvae at the highest 

concentration (50 mg/L of each TBB and TBPH). 80% of the 

exposure solution was daily renewed during the exposure period. 

The exposure was performed at 25±1 ℃ under 14:10 h light: dark 

of photoperiod. Conductivity, pH, temperature, and dissolved oxygen 

were daily measured.  

On 144 hpf, body weight (mg) of 20 zebrafish larvae were 

measured and then 20 and 160 larvae were randomly sampled for 

gene and thyroid hormone analysis, respectively and stored at -80 ℃ 

for further studies. In order to observe hatchability (%), time-to 

hatch (d), larval survival (%), wet weight (mg), and malformation 

rate (%), another set were performed on a small scale.  Therefore, 

30 embryos were randomly distributed into 50 mL glass beakers 

containing 50 ml of exposure solution. Each concentration has 4 

replicates and 80% of the exposure solution was daily renewed 

during the exposure period.  

 

2.3. GH3 cell culture and exposure 

GH3 cells were purchased from Korean Cell Line Bank (Seoul, 

Korea). The cells were cultured in incubator at 37 ℃ with 5% of CO2. 

Stock medium was comprised of Dulbecco’s modified Eagle’s medium 
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and nutrient mixture F-12 Ham (DMEM w/ HAMs F-12) and 1.2 g 

of sodium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA). The 

cells were cultured with supplemented medium containing 10% of 

fetal bovine serum (FBS; Gibco, Paisley, UK) and 1% of antibiotics 

(penicillin-streptomycin; Gibco, Paisley, UK), and the supplemented 

medium were renewed 3 times per week.  

Before GH3 assay, cell viability test was performed with WST-

1 assay (Roche Applied Science, Indianapolis, IN, USA). On the basis 

of 80% cell survival compared to solvent control, exposure 

concentrations were determined. Briefly, GH3 cells were seeded into 

24-well culture plate (Corning, NY, USA) at a density of 2.5 x 105 

cells/well. After 20 h of incubation, the medium was removed and 

replaced with serum-free medium with 1% of BD ITS+premix, i.e., 

insulin (6.25 μg/mL), transferrin (6.25 μg/mL), selenous acid 

(6.25 ng/mL), bovine serum albumin (1.25 mg/mL), and linoleic acid 

(5.35 μg/mL) to avoid the effects of steroid hormones or other 

growth factors. After 4 h, 0, 0.05, 0.5, 5, or 50 mg/L of TBB and 0, 

0.1, 1, 10, or 100 mg/L of TBPH were respectively dosed with 4 

replicates per treatment and 1.5 μg/L of 3,5,3'-triiodothyronine 

(T3) was used as a positive control. Cells were harvested after 48 h 

of incubation for gene analysis.  
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2.4. FRTL-5 cell culture and exposure 

FRTL-5 cells were cultured in incubator at 37 ℃ with 5% of CO2. 

Stock medium was comprised of Coon’s modified Ham’s F-12 

(Sigma-Aldrich, St. Louis, MO, USA) and 2.625 g of sodium 

bicarbonate (Sigma-Aldrich, St. Louis, MO, USA). The cells were 

cultured with supplemented medium containing 10% of calf serum 

(Gibco, Paisley, UK) and mixture of 6 hormones (6H medium): 

insulin (1 μg/mL), transferrin (5 μg/mL), somatostatin (10 ng/mL), 

gly-his-lys acetate (10 ng/mL), hydrocortisone (10 nM), and TSH 

(1 mU/mL, thyroid stimulating hormone). All of hormones were 

purchased from Sigma-Aldrich. In case of 6H medium, it was 

supplemented with L-glutamine (2 nM; Gibco, Paisley, UK) and MEM 

non-essential amino acids (1 nM; Gibco, Paisley, UK). 1% of 

antibiotics (penicillin-streptomycin; Gibco, Paisley, UK) was added 

and the 6H medium were renewed 1-2 times per week. 

Before FRTL-5 assay, cell viability test was performed with 

WST-1 assay (Roche Applied Science, Indianapolis, IN, USA) and 

exposure concentrations were determined on the basis of 80% cell 

survival compared to solvent control. Briefly, FRTL-5 cells were 

seeded into 24-well culture plate (Corning, NY, USA) at a density of 

8.0 x 104 cells/well. After 24 h of incubation, the 6H medium was 

removed and replaced with 5H medium (6H medium without TSH). 

After 24 h, 0, 0.5, 5, or 50 μg/L of TBB and 0, 0.01, 0.1, or 1 mg/L 
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of TBPH were dosed with 3 and 4 replicates per treatment, 

respectively. As a positive control, 10 mU/mL of TSH was dosed. 

Cells treated with chemicals were harvested after 24 h of incubation 

for gene analysis.  

 

2.5. RNA isolation and quantitative real-time 

polymerase chains reaction (qRT-PCR) 

The procedure of RNA extraction was performed using RNeasy mini 

kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s 

instructions. Total RNA was extracted from 20 homogenized 

zebrafish larvae per replicate and the concentration and quality were 

determined using Gen5 2.05 (BioTek, Winooski, VT, USA). Then the 

RNA were diluted to 100 ng/μL and used to synthesize 

complementary DNAs (cDNAs) by employing iScriptTM cDNA 

synthesis kits (BioRad, Hercules, CA, USA) according to the 

company’s protocols. Quantitative real-time PCR (qRT-PCR) was 

performed with the 20 μL of qRT-PCR reaction mix consisting of 

10 μL of LightCycler-DNA Master SYBR Green I mix (Roche 

Diagnostics Ltd, Lewes, UK), 4.4 μL of nuclease free water, and 1.8 

μL of targeted forward/reverse primer (10 pmol). After seeding the 

18 μL of reaction pre-mix, 2 μL of cDNA templets were added into 

each well and LightCycler 480 (Roche Applied Science, Indianapolis, 

IN, USA) was used to perform qRT-PCR. The relative quantification 
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of targeted genes was calculated with the threshold cycle (CT) by 

comparing with housekeeping genes. In this study, 18s rrna, 

cyclophilin, and gapdh were selected as housekeeping genes both in 

vivo and in vitro assay (Table 3).  

 

2.6. Thyroid hormone extraction and measurement  

Triiodothyronine (T3) and thyroxine (T4) were measured by using 

enzyme-linked immunosorbent assay (ELISA). The test kits (Cat No. 

E0453Ge for T3; Cat No. E0452Ge for T4) were purchased from 

Uscnlife EIAab (Wuhan, China). Before THs assay, hormone was 

extracted from zebrafish larvae. The number of zebrafish larvae used 

in THs assay was determined by the larvae survival except for the 

larvae used in both gene analysis and wet weight measurement. 

Briefly, 160 larvae per replicate were homogenized in 160 μL of 

ELISA buffer (sample diluent) by using homogenizer. Then, the 

samples were disrupted by using spasmodic sonication for 10 min on 

ice. After centrifugation at 5000 x g for 10 min at 4 ℃, the 

supernatants of the samples were collected and transferred to labeled 

e-tubes. Next, T3 and T4 were immediately measured by using 

ELISA kits following the instructions the manufacture provided. 

 

2.7. Statistical analysis 

The normality of data was determined with Shapiro-Wilk’s test using 
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SPSS 22.0 (SPSS Inc., Chicago, IL, USA). If data did not show the 

normal distribution, log transformation of value was applied. 

Homogeneity of variances were checked with Levene’s test and one-

way analysis of variance (ANOVA) was used to compare the 

differences between control and treated samples, followed by a 

Dunnett’s post hoc test. If necessary, Toxstat ®  3.5 (Western 

EcoSystems Technologies, Inc., Cheyenne, WY, USA) was used for 

non-parametric test. Trend analysis was applied based on the linear 

regression. Statistically significance was determined when the value 

of p is less than 0.05. All data were represented as mean ± standard 

error of mean (SEM) except for the developmental data of zebrafish 

represented as mean ± standard deviation (STD). Dixon’s Q test 

was applied to exclude outliers at 95 % confidence before normality 

test.  
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Table 3. Primer sequences used for the quantitative qRT-PCR 

analysis in this study 

Assay Gene name Primer sequence (5' - 3') 

in vivo D.rerio 18s rrna forward acgcgagatggagcaataac 

reverse cctcgttgatgggaaacagt 

crh  forward ttcgggaagtaaccacaagc 

reverse ctgcactctattcgccttcc 

tshβ forward gcagatcctcacttcacctacc 

reverse gcacaggtttggagcatctca 

tshr forward gctccttgatgtgtccgaat 

reverse cgggcagtcaggttacaaat 

trα forward caatgtaccatttcgcgttg 

reverse gctcctgctctgtgttttcc 

trβ forward tgggagatgatacgggttgt 

reverse ataggtgccgatccaatgtc 

nis forward cgtctccaccagcatcaatg 

reverse cagtccagcagagaggagag 

tg forward ccagccgaaaggatagagttg 

reverse atgctgccgtggaatagga 

pax8 forward gaagatcgcggagtacaagc 

reverse ctgcactttagtgcggatga 

nkx2.1 forward aggacggtaaaccgtgtcag 

reverse caccatgctgctcgtgtact 

deio1 forward gttcaaacagcttgtcaaggact 

reverse agcaagcctctcctccaagtt 

deio2 forward ttctccttgcctcctcagtg 

reverse agccacctccgaacatcttt 

ugt1ab forward ccaccaagtctttccgtgtt 

reverse gcagtccttcacaggctttc 

ttr forward cgggtggagtttgacacttt 

reverse gctcagaaggagagccagta 
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Table 3. Continued 

in vitro GH3 cells cyclophilin forward tctgagcactggggagaaag 

reverse atgccaggacctgtatgctt 

tshβ forward acagaacggtggaaataccg 

reverse tctgtggcttggtgcagtag 

trα forward tatcacttgtgagggctgca 

reverse cacagcgatgcacttcttga 

trβ forward atgttttgtgagctgccctg 

reverse catgcccaggtcaaagatcg 

deio1 forward gtggtggtggacacaatgcag 

reverse ttgtagttccaagggccaggttta 

deio2 forward cagctttctcctagacgcct 

reverse gcaaagtcaagaaggtggca 

in vitro FRTL-5 

cells 

gapdh forward aacgaccccttcattgacct 

reverse ccccatttgatgttagcggg 

nis forward tgcaccttgtacactaccgt 

reverse ccgaggatcagggtcaaagt 

tg forward acgatgggcttatcaacagg 

reverse atatggcagcagcaaggatg 

tpo forward ccacaattgccaacctgtca 

reverse tgggctgactgaaaccatct 

pax8 forward ggccaccaaatctctgagcc 

reverse tgggaatcgatgctcagtcg 

nkx2.1 forward ggacgtgagcaagaacatgg 

reverse gggtgtcaggtgaatcatgc 
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3. Results 

3.1. Zebrafish embryo/larval exposure study  

3.1.1. Hatchability, time-to-hatch, survival, wet 

weight, and malformation rate  

There were no significant changes in hatchability (%), time-to-

hatch (d), survival (%), wet weight (mg), and malformation (%) in 

zebrafish larvae except for a little decrease in time-to-hatch when 

exposed to 0.5 mg/L of TBB (Table 4). 
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Table 4. Effects of TBB and TBPH on hatchability, time-to-hatch, survival, wet weight, and malformation rate in 

zebrafish until 6 dpf 

Compounds 
Concentration 

(mg/L) 

Hatching   At 6 dpfa 

Hatchabilityb Time-to-hatchc   Survivald Wet weighte W/o malformationf 

TBB 0 79.05±5.49 4.38±0.25  91.05±15.36 6.38±0.19 97.73±4.55 

 0.05 71.67±18.16 4.37±0.26  100.00±0.00 5.87±0.79 99.11±1.79 

 0.5 79.17±1.67 3.85±0.23*  98.91±2.17 5.72±0.97 98.91±2.17 

 5 84.86±2.10 4.15±0.19  100.00±0.00 5.23±0.41 97.04±3.82 

 50 90.83±3.19 4.31±0.16  99.11±1.79 5.75±0.58 98.18±2.10 

TBPH 0 79.05±5.49 4.38±0.25  91.05±15.36 6.50±0.67 97.73±4.55 

 0.05 84.17±5.69 3.97±0.13  100.00±0.00 6.83±0.39 98.00±4.00 

 0.5 71.81±7.55 4.33±0.23  98.75±2.50 7.27±0.35 97.50±5.00 

 5 74.83±7.80 3.92±0.27  100.00±0.00 7.42±0.56 100.00±0.00 

  50 71.18±15.56 4.70±0.17   100.00±0.00 7.35±1.13 99.04±1.92 

The data are represented as mean ± STD (n=4). *p<0.05 indicates significant difference relative to solvent control (0.1% DMSO v/v). 

a dpf: days post-fertilization 

b Hatchability (%) was calculated as the percentage of hatching larvae among the total number of embryos. 

c Time-to-hatch (day) was calculated as the average day when the embryos were hatched. 

d Survival (%) was calculated as the percentage of living larvae among the hatching larvae.  

e Wet weight (mg) was measured with 20 zebrafish larvae per replicate. 

f W/o malformation (%) was calculated as the percentage of no malformed individuals among the hatching larvae (w/o: without). 
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3.1.2 Whole-body thyroid hormones 

In TBB exposure, there was no significant change in T4, T3, and T3 

to T4 (T3/T4) ratio (Fig. 1). However positive trend in T3 (p=0.079) 

and T3/T4 ratio (p=0.064) was observed (Fig. 1B and 1C). In TBPH 

exposure, T4 significantly decreased at 5 and 50 mg/L (Fig. 2A). 

Negative trend in T3 content was also observed where statistical 

significance (p=0.066) was marginal (Fig. 2B). T3/T4 ratio, however, 

was not significantly influenced by the TBPH exposure (Fig. 2C). 

When comparing the results between TBB and TBPH exposure, T4 

level was not significantly changed following TBB exposure while T4 

level significantly decreased following TBPH exposure. In addition, 

TBB increased the T3 level while TBPH decreased the T3 level in a 

dose-response manner.  In terms of absolute amount, the total 

amount of T3 was lower following TBPH exposure than TBB 

exposure.  
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Figure 1. Concentration (ng/g wet weight) of (A) T4, (B) T3, and (C) 

T3 to T4 ratio exposed to 0, 0.05, 0.5, 5, or 50 mg/L of TBB in 

whole-body of 6 dpf zebrafish larvae. The data are represented as 

mean ± SEM (n=4). DMSO (0.1% v/v) was used as solvent control. 

Dotted trend line was shown when the linear association was 

marginally significant (p<0.10). 
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Figure 2. Concentration (ng/g wet weight) of (A) T4, (B) T3, and (C) 

T3 to T4 ratio exposed to 0, 0.05, 0.5, 5, or 50 mg/L of TBPH in 

whole-body of 6 dpf zebrafish larvae. The data are represented as 

mean ± SEM (n=4). *p<0.05 indicates significant difference 

relative to solvent control (0.1% DMSO v/v). Dotted trend line was 

shown when the linear association was marginally significant 

(p<0.10).  



 
 

 

20 

 

3.1.3. Gene expressions related to thyroid hormones  

The transcription of crh was significantly down-regulated at 0.05 

mg/L of TBB (Fig. 3A) and ugt1ab was significantly up-regulated at 

50 mg/L of TBB (Fig. 3C). Following TBB exposure, significantly 

positive trends were observed in most of the gene expression except 

for tg (Fig. 3B). In TBPH exposure, however, there were no 

significant differences or trends in gene expression (Fig. 4). 
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Figure 3. Transcriptional changes in (A) crh, tshβ, tshr, trα, trβ, 

(B) nis, tg, pax8, nkx2.1, (C) dio1, dio2, ugt1ab, and ttr exposed to 

0, 0.05, 0.5, 5, or 50 mg/L of TBB in whole-body of 6 dpf zebrafish 

larvae. Each gene expression is shown as relative ratio to that of 18s 

rrna. The data are represented as mean ± SEM (n=4). *p<0.05 

indicates significant difference relative to solvent control (0.1% 

DMSO v/v). 
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Figure 4. Transcriptional changes in (A) crh, tshβ, tshr, trα, trβ, 

(B) nis, tg, pax8, nkx2.1, (C) dio1, dio2, ugt1ab, and ttr exposed to 

0, 0.05, 0.5, 5, or 50 mg/L of TBPH in whole-body of 6 dpf zebrafish 

larvae. Each gene expression is shown as relative ratio to that of 18s 

rrna. The data are represented as mean ± SEM (n=4). DMSO (0.1% 

v/v) was used as solvent control.  
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3.2. Transcriptional changes in GH3 cells 

Transcriptional changes in trα and dio2 were significantly down-

regulated in GH3 cells following exposure to 5 and 50 mg/L of TBB 

and 50 mg/L of TBB, respectively (Fig. 3A). In addition, significant 

decrease in trα was observed following exposure to 0.1 and 100 

mg/L of TBPH as well (Fig. 3B).  The down-regulation of tshβ by 

TBPH was significant at all of the exposure concentrations (0.1, 1, 

10, and 100 mg/L) relative to solvent control while the down-

regulation of it was negatively associated with TBB exposure. In 

general, transcriptional levels of trα significantly decreased 

following both TBB and TBPH exposure. However, trβ and dio1 

were not significantly altered by the exposure to either TBB or TBPH. 

Exposure to 1.5 μg/L of T3 used as a positive control significantly 

down-regulated tshβ, trα, and trβ while up-regulating dio1.  
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Figure 5. Transcriptional changes in tshβ, trα, trβ, dio1, and dio2 

exposed to 1.5 μg/L of T3 as a positive control, (A) 0, 0.05, 0.5, 5, 

or 50 mg/L of TBB, and (B) 0, 0.1, 1, 10, or 100 mg/L of TBPH. Each 

gene expression is shown as relative ratio to that of cyclophilin. The 

data are represented as mean ± SEM (n=4). *p<0.05 indicates 

significant difference relative to solvent control (0.1% DMSO). 
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3.3. Transcriptional changes in FRTL-5 cells 

Transcriptional changes of nis, tg, and nkx2.1 were significantly 

down-regulated in FRTL-5 cells following TBB exposure (Fig. 6A). 

Transcription of nis and nkx2.1 significantly decreased at the highest 

concentration of TBB (50 μg/L), and tg decreased at all of the 

exposure concentrations of TBB (0.5, 5, and 50 μg/L). In TBPH 

treatment, transcription levels of nkx2.1 were significantly down-

regulated at 0.01, 0.1, and 1 mg/L of TBPH.  In general, significant 

decrease in nkx2.1 was observed following both TBB and TBPH 

exposure. And expressions of nis and tg were significantly decreased 

following only TBB exposure. However, tpo and pax8 were not 

significantly changed by exposure to either TBB or TBPH. Exposure 

to 10 mU/mL of TSH used as a positive control significantly up-

regulated nis and tpo while down-regulating tg, pax8, and nkx2.1 

gene expression.  
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Figure 6. Transcriptional changes in nis, tg, tpo, pax8, and nkx2.1 

exposed to 10 mU/mL of TSH as a positive control, (A) 0, 0.5, 5, or 

50 μg/L of TBB (n=3), and (B) 0, 0.01, 0.1, or 1 mg/L of TBPH 

(n=4). Each gene expression is shown as relative ratio to that of 

gapdh. The data are represented as mean ± SEM. *p<0.05 indicates 

significant difference relative to solvent control (0.1% DMSO). 
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4. Discussion  

The results in zebrafish embryo/larva, and GH3 and FRTL-5 

indicated that TBB and TBPH are potential thyroid hormone 

disruptors. In this study, TBB and TBPH altered thyroid hormones 

(Fig. 1 and 2) and transcription of several genes related to thyroid 

functions (Fig. 3 and 4) in zebrafish larvae. In GH3 and FRTL-5 cells, 

transcriptional levels were also changed (Fig. 5 and 6) demonstrating 

clear effects of TBB and TBPH on thyroid hormone system. 

In zebrafish exposed to both TBB and TBPH, although there were 

no significant changes in developmental endpoints (Table 4) such as 

hatchability (%), time-to-hatch (d), survival (%), wet weight (mg), 

and malformation rate (%), T3 increased following TBB exposure 

(Fig. 1B) and both T3 and T4 decreased following TBPH exposure 

(Fig. 2A and 2B). In turn, T3 to T4 (T3/T4) ratio showed positive 

trend at TBB exposure based on the linear regression analysis. 

However, there was no significant changes or clear trends in T3/T4 

ratio at TBPH exposure. The meaning of T3/T4 ratio is how much 

active form of THs function in the body. Since T3 is more active than 

T4, up-regulation of T3/T4 ratio indicates THs work more 

effectively on their target tissues. Accordingly, it can suggest that 

TBB appears to have greater influence than TBPH in the body by 

increasing T3/T4 ratio.  

In gene analysis, TBB and TBPH also showed transcriptional 
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differences either in trend or expression levels. TBB caused up-

regulation of several genes involved in THs synthesis, metabolism, 

and development (Fig. 3) while TBPH did not significantly alter 

transcriptional changes or trends in TH related genes (Fig. 4). 

Compared with expression levels, in addition, there was a 

transcriptional difference between solvent control (0.1% DMSO) and 

the lowest concentration following TBB exposure (Fig. 3). It can be 

explained with the physicochemical characteristics of TBB and TBPH.  

TBPH has more symmetrically stable structure than TBB implying 

less interaction with other chemicals (Table 1). Furthermore, lower 

molecular weight of TBB could provide the evidence that this 

chemical is likely to be more dissolved in DMSO than TBPH. 

Therefore, it is possible for TBB to interact with DMSO very well 

even if it is unclear whether there was a synergism or antagonism 

between both compounds. 

According to the results of hormonal and transcriptional 

modifications in zebrafish, generally, TBB appears to have greater 

thyroid disrupting effects than TBPH. And its related explanations 

based on gene expressions and their function are following.  

THs are regulated by hypothalamus-pituitary-thyroid (HPT) 

axis and various factors are involved in this system (Zoeller et al., 

2007). The thyrotrophin-releasing hormone (TRH) and thyroid-

stimulating hormone (TSH) is secreted in hypothalamus and pituitary, 
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respectively, in response to the THs. Thus, the amount of THs are 

controlled by the central regulating system. In non-mammalian, 

corticotrophin-releasing hormone (CRH) functions as central 

regulating hormone by stimulating TSH (Seasholtz et al., 2002). Up-

regulation of crh and tshβ genes following exposure to TBB could 

be the response to altered TH levels in zebrafish larvae via a negative 

feedback. Previous study indicated that transcription of crh and tsh

β genes were modulated by THs when zebrafish were exposed to 

hexaconazole and tebuconazole (Yu et al., 2013). The study by Yu et 

al. (2013) represented T4 levels of zebrafish whole body decreased 

and T3 levels increased following exposure to both hexaconazole and 

tebuconazole. Consistent with this result, our study showed slightly 

decreasing trend in T4 and significantly increasing trend in T3 when 

exposed to TBB. Therefore, these findings suggest that up-

regulation of crh and tshβ gene transcription could be attributed to 

alteration in THs’ levels.  

Thyroid-stimulating hormone receptor (TSHR) is a protein on 

the surface of thyroid follicular cells stimulated by TSH (Szkudlinski 

et al., 2002). TSH produced in pituitary flows through bloodstream 

and regulates the thyroid functions and development by interacting 

with TSHR (G and JE, 1992). In addition, THs are mediated with 

cellular response by binding to thyroid hormone receptor (TR) found 

in the cell nucleus or cytoplasm (Murk et al., 2013). Cellular activity 
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via TR is one of the pathways regulating physiological processes 

(Yen, 2001). In this study, the up-regulation of tshr, trα, and trβ 

following exposure to TBB might be related to increased THs activity 

via receptor binding.  

Transcriptional levels of sodium/iodine symporter (nis) and 

thyroglobulin (tg) genes involved in TH synthesis were up-regulated 

demonstrating increase in THs. The transcription of nis controlled by 

pax8, TTF-1, and TTF-2 and stimulated by TSH (Carrasco, 1993; 

Zoeller et al., 2007) is associated with iodide uptake from 

bloodstream into thyroid follicular cells (Dohan et al., 2003) to 

synthesize THs. Iodides transported into follicular cells are oxidized 

by thyroid peroxidase enzyme to bind to thyroglobulin (tg) in thyroid 

colloid. Tg containing tyrosine is a precursor of THs and stimulated 

by TSH (Cohen-Lehman et al., 2010; Luo et al., 2014). Therefore, 

this study can explain that increase in T3 levels in zebrafish larvae 

can be the response to the up-regulated nis and tg gene expression. 

Pax8 gene is required for development and formation of thyroid 

follicular cells (Mansouri et al., 1998). Similarly, nkx2.1 gene is 

involved in differentiation and maintenance of thyroid gland as well 

(Kusakabe et al., 2006). The evaluation of both gene expression 

implies that thyroid growth is needed for compensation as TBB 

induces alteration of thyroid hormone. 

In THs, there are two types of T4 and T3. Generally, TH is 
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mostly secreted as T4 in thyroid follicular cells and released into 

bloodstream to function on the target tissue. To do this, T4 is 

deiodinated and transformed into T3 which is more active form of 

THs in order to function at its target organ (Visser, 1995). Our study 

showed up-regulation of two types of deiodinase gene (dio1 and dio2) 

exposed to TBB. These observations represent most of T4 were 

converted into T3 resulting in increased T3/T4 ratio. Therefore, T3 

can be more produced than T4 representing greater THs’ activity in 

zebrafish body.  

As one of the processes maintaining THs homeostasis, 

uridinediphosphate glucoronosyltransferases (UDPGT) functions to 

excrete THs via conjugation (Hood and Klaassen, 2000). In the 

present study, increase in T3 level exposed to TBB is suspected to 

trigger up-regulation of ugt1ab gene expression in the manner of 

effort to remove excessive THs. 

Transthyretin (TTR) is a protein binding with THs to carry them 

to a variety of target sites (Power et al., 2000). Previous study 

indicated that ttr gene was expressed in larval stage of fish (Sparus 

aurata) and detected 48 h post-fertilization (Santos and Power, 

1999). In this study, increase in ttr gene transcription exposed to 

TBB may be responsible for the elevation of T3 concentration in 

zebrafish larvae.  

To sum up, TBB and TBPH did not cause significant change in 
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developmental endpoints but for hormonal and transcriptional 

endpoints in zebrafish larvae. Even if there was no changes in 

hatchability, time-to-hatch, survival, wet weight, or malformation 

rate in this study, therefore, it cannot conclude that TBB and TBPH 

did not effect on TH system. First, THs play important roles in a 

variety of physiological processes such as neural development 

(Bernal, 2007), metabolism (Cheng et al., 2010), and even behavioral 

or emotional changes (Buras et al., 2014). Therefore, it should be 

considered that TH disruption can cause different types of 

consequences as well as developmental endpoints used in this study. 

Second, alterations in hormonal and transcriptional levels have a 

potential to cause physiological changes although it was not observed 

in this study. The remarkable observation like deformity could be 

appeared if the exposure duration was extended. Thus, changes in 

molecular levels are important indications since it can be developed 

into observable changes in organismal levels.  

In pituitary GH3 cells (Fig. 5), TBB significantly decreased 

transcription of trα and dio 2 genes. The transcription of tshβ and 

trβ also decreased even if it was not significant. Contrast to the 

results of zebrafish larvae, TBPH significantly decreased tshβ and 

trα demonstrating similar trends as TBB exposure in GH3 cells. In 

common, TBB and TBPH may disrupt THs’ production and function 

by regulating TH receptor, deiodinase, and TSH secreted from 
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pituitary.  

In thyroid follicular FRTL-5 cells (Fig. 6), TBB and TBPH are 

considered to interrupt TH synthesis and thyroid development. Both 

compounds prevent thyroid from developing by down-regulating 

nkx2.1 gene expression in common. Comparing TBB with TBPH, TBB 

appears to have greater thyroid hormone disrupting potential by 

significantly decreasing nis and tg gene expression, which was not 

observed following TBPH exposure. 

To collect the results, different responses between in vivo and in 

vitro assay were observed. Compared to zebrafish embryo/larval 

assay, exposure to both compounds made different results from GH3 

and FRTL-5 cells in transcriptional levels. In TBB exposure, 

transcription of tshβ, trα, trβ, and dio2 genes were up-regulated 

in zebrafish larvae, whereas down-regulation of them were observed 

in GH3 cells. Similarly transcription of nis, tg, and nkx2.1 were up-

regulated in zebrafish while down-regulation of them were observed 

in FRTL-5 cells. In TBPH exposure, none of gene transcription was 

not changed in zebrafish larvae while expression of tshβ and trα 

decreased in GH3 cells and nkx2.1 in FRTL-5 cells. Accordingly, we 

can conclude that TBB and TBPH did not directly effect on pituitary 

and thyroid cells based on the opposite results between in vivo and 

in vitro assay. The differences can be explained with metabolism of 

TBB and TBPH reported in previous studies. TBB and TBPH were 
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respectively metabolized into TBBA (2,3,4,5-tetrabromobenzoic 

acid) and TBMEHP (mono(2-ethylhexyl) tetrabromophthalate) 

which were detected in human or rat tissue (Roberts et al., 2012). 

Metabolism of both chemicals was also observed in different manners 

by species or age of vertebrates (Bearr et al., 2012). Among them, 

TBMEPH is known to have impact on TH systems changing hormonal 

levels. In a rodent study, serum T3 levels decreased and deiodinase 

activity was inhibited following exposure to TBMEPH (Springer et al., 

2012). In this study, collectively, we can conclude that metabolites 

of TBB and TBPH could influence on TH systems in zebrafish larvae 

in a different way from GH3 and FRTL-5 cells causing opposite 

responses. In biological system, therefore, we should consider parent 

compounds can be eliminated while generating metabolites via 

biotransformation. In addition, difference in species or exposure 

duration could be the possible reasons for inconsistent consequences 

between in vivo and in vitro assay. 

There was also different response between exposure to mixture 

and each component of it. In previous research, serum T4 levels 

increased in rats treated with Firemaster®  550 via oral 

administration representing this product would function as TH 

disruptors (Patisaul et al., 2013). However, changes in hormonal 

levels showed different trends in previous study on Firemaster®  550 

from our study on TBB and TBPH. Firemaster®  550 is consist of 
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various components including TBB, TBPH, ITP (isopropylated triaryl 

phosphate isomers), and TPP (triphenyl phosphate) (Belcher et al., 

2014). Therefore interactions among these compounds could result 

in different responses from each component’s response. For these 

reasons, study on mixture and metabolites of TBB and TBPH will be 

further needed for elucidating more detailed mechanism. Even if 

mixture toxicity of TBB and TBPH were not performed in our study 

yet, the observations will be very important. Because this is the first 

study which shed light on the underlying mechanism of TBB and 

TBPH and their capacity of thyroid hormone disruption by confirming 

in zebrafish and rat pituitary, and rat thyroid cell lines. Therefore, 

the results of present study will provide information on thyroid 

toxicity and help predict adverse health effects by TBB and TBPH.  
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5. Conclusion 

Although there were no significant changes in developmental 

endpoints, TBB and TBPH altered thyroid hormones (THs) and 

transcriptional levels of several genes in zebrafish larvae. 

Transcriptional changes were greater in TBB exposure than TBPH 

exposure. Thyroid hormones (T4 and T3) were modulated in both 

exposure, but increasing trends in T3/T4 ratio was more evident 

following TBB exposure than TBPH indicating TBB’s active effects 

on the target tissues. In GH3 assay, both TBB and TBPH significantly 

down-regulated several gene transcriptions such as tshβ, trα, or 

dio1 implying thyroid hormone disruption via central regulation. In 

FRTL-5 assay, TBB significantly decreased the transcription of nis, 

tg, and nkx2.1 while TBPH only decreased the expression of nkx2.1 

suggesting effects of these compounds on TH synthesis or 

development.  

In summary, these assays confirm that TBB and TBPH could be 

endocrine disruptors by altering THs’ levels and related gene 

expression. Both compounds are major components of emerging 

alternative flame retardants, Firemaster®  550, which is widely used 

as PBDEs’ replacement. This is the first study to investigate thyroid 

hormone disruption by TBB and TBPH using zebrafish (Danio rerio) 

and rat pituitary cell lines (GH3), and rat thyroid follicular cell lines 

(FRTL-5). According to the results, it is evident that both 
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compounds have adverse effects on the early life stage of zebrafish 

by altering hormonal and transcriptional changes. In addition, thyroid 

hormone disrupting mechanism employing GH3 and FRTL-5 cells 

was also observed in transcriptional levels. Therefore, the results of 

this study will provide information on thyroid toxicity of TBB and 

TBPH and help selecting safer alternative flame retardants. In order 

to elucidate TH disrupting mechanism more clearly, studies on long-

term exposure, mixture, and metabolites of TBB and TBPH warrant 

further investigation. 
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국문초록 

 

제브라피쉬(Danio rerio)와 세포주 GH3 및 

FRTL-5를 이용한 대체난연제 TBB와 

TBPH의 갑상선호르몬 교란과 영향 기전 
 

 

정 조 은 

환경보건학과 환경보건 전공 

서울대학교 보건대학원 

 

대체난연제의 일종인 TBB(2-ethylhexyl-2,3,4,5-tetrabromobenzoate)

와TBPH(bis(2-ethylhexyl)-2,3,4,5-tetrabromophthalate)는 와이어, 

케이블 단열제, 필름, 카펫 등 플라스틱 첨가제의 구성성분으로 

사용되고 있는 대체난연제로 2003년 미국과 유럽에서 penta- 및 

octa-BDE의 사용이 금지(Directive EEC, 2003; California State 

Assessment, 2003)된 이후 Firemaster® 550, BZ-54, DP-45라는 

상품명으로 유통되고 있다. 두 상품 모두 미국의 Chemtura Chemical 

Corporation에서 생산되며 1990-2006년의 TBPH의 연간 생산량은 

450-4500 톤으로 (U.S. EPA, 2006, 2010) 사용이 증가하는 추세이다. 

하지만 이들의 부족한 독성정보로 인해 인간 및 생태계에 일으킬 수 

있는 잠재적인 건강영향 또한 무시할 수 없는 실정이다. 특히 
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수생생물의 내분비계 교란과 관련한 기전에 대한 연구는 현재까지 

보고되지 않았으며 세포주를 이용한 기전적 연구 또한 제한적이다. 

따라서 본 연구는 수생생물 제브라피쉬(Danio rerio)와 쥐의 뇌하수체 

세포(GH3)를 이용한 TBB와 TBPH의 내분비계 교란 독성, 특히 

갑상선교란 독성기전을 연구하였다.  

생물의 초기발달에 중요한 역할을 하는 갑상선 작용에 근거하여 

제브라피쉬의 배아(embryos)를 TBB(0, 0.05 0.5, 5, 50 mg/L)와 

TBPH(0, 0.05, 0.5, 5, 50 mg/L)에 각각 6일 노출시켜 부화율, 부화시간, 

생존율, 습중량 및 기형형성과 같은 발달지표와 갑상선 호르몬(T4, T3) 

및 갑상선 기작과 관련된 유전자의 변화를 관찰하였다. TBB 노출실험 

결과 발달지표에는 유의한 변화가 없는 반면 T3 및 T3/T4 비는 

증가경향을 보였으며 관련 유전자 또한 증가경향을 보였다. TBPH 노출 

결과 역시 발달지표에는 변화가 보이지 않았지만 T4와 T3는 모두 

감소경향을 보였고, T3/T4 및 관련 유전자에서는 유의한 변화가 

관찰되지 않았다.  

갑상선호르몬 생성, 작용 및 대사에 관여하는 기전을 규명하기 위해서는 

쥐의 뇌하수체 세포인 GH3를 통해 유전자발현 수준에서의 변화를 

관찰하였다. 관찰 유전자로는 갑상선호르몬을 자극하는 tshβ, 

호르몬수용체 trα와 trβ, 그리고 호르몬대사와 관련된 dio1와 dio2을 

분석했다. TBB(0, 0.05, 0.5, 5, 50 mg/L) 노출 결과 tshβ에서는 

감소경향이, TBPH(0, 0.1, 1, 10, 100 mg/L)에서는 유의한 감소가 

관찰되었다. 두 물질 모두 trα의 전사수준을 감소시켰으며 TBB는 

dio2를 유의하게 감소시켰다.  
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두 물질이 갑상선에 직접적으로 미치는 영향을 연구하기 위해서는 쥐의 

갑상선 세포인 FRTL-5에 TBB(0, 0.5, 5, 50 μg/L)와 TBPH(0, 0.01, 

0.1, 1 mg/L)을 노출하고 갑상선호르몬의 합성(nis, tg, tpo) 및 

발달(pax8, nkx2.1)과 관련된 유전자의 전사수준을 관찰하였다. TBB 

노출실험 결과 nis, tg 및 nkx2.1에서는 유의한 감소가 관찰되었으며 

TBPH 노출실험에서는 nkx2.1만이 유의하게 감소하였다. 

위 실험 결과 대체난연제의 성분으로 사용되는 TBB와 TBPH는 

제브라피쉬와 GH3 및 FRTL-5에서 갑상선호르몬 작용 기전과 관련된 

지표에 영향을 미쳤다. 비록 두 물질이 생물 및 세포주에서 일으키는 

반응에는 다소 차이가 있었지만 이들이 일으킨 호르몬 및 유전자 

수준에서의 변화는 내분비계 교란 물질로서의 잠재적인 가능성을 

보여준다. TBB와 TBPH는 제브라피쉬의 발달지표에는 변화를 일으키지 

않았지만 갑상선호르몬과 관련 유전자의 발현에 영향을 미쳤다. 이는 

TBB와 TBPH가 초기발달 시기에 있는 생물의 갑상선호르몬을 

교란시키며 발달 외에도 호르몬의 기능과 연관된 생리작용에서의 변화 

가능성 또한 시사한다. 제브라피쉬 실험과 달리 GH3와 FRTL-5에서는 

특정 조직의 세포에 미치는 TBB와 TBPH의 영향을 볼 수 있었다. 생물 

실험에서는 관찰 할 수 없었던 기전을 뇌하수체(GH3) 및 갑상선 

세포(FRTL-5)를 통해 확인 할 수 있었으며 이는 시상하부-뇌하수체-

갑상선 축이 갑상선호르몬 분비에 중요한 역할을 하고 있음을 보여준다. 

따라서 본 연구는 생물과 세포주를 이용하여 TBB와 TBPH의 

갑상선호르몬 교란과 독성 기전을 이해하고 향후 대체난연제의 

사용관리를 위한 기초자료를 제시할 것으로 기대된다.  
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