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A B S T R A C T   

2,4,6-Tribromophenol (2,4,6-TBP) is a brominated flame retardant that accumulates in human tissues and is a 
potential toxicant. Previous studies found 2,4,6-TBP levels in human tissues were significantly higher than those 
of brominated flame retardants measured in the same samples. In contrast, the levels of 2,4,6-TBP in the envi
ronment and foodstuff are not elevated, suggesting a low potential for direct intake through environmental 
exposure or diet. Here, we hypothesized that high levels of 2,4,6-TBP in human tissues are partially from the 
indirect exposure sources, such as biotransformation of highly brominated substances. We conducted in vitro 
assays utilizing human and rat liver microsomes to compare the biotransformation rates of four highly bromi
nated flame retardants, which could potentially transform to 2,4,6-TBP, including decabromodiphenyl ethane 
(DBDPE), 2,4,6-tris-(2,4,6-tribromophenoxy)-1,3,5-triazine (TTBP-TAZ), 1,2-bis(2,4,6-tribromophenoxy)ethane 
(BTBPE), and tetrabromobisphenol A (TBBPA). Our results show that TTBP-TAZ rapidly metabolizes in both 
human and rat liver microsomes with a half-life of 1.1 and 2.2 h, respectively, suggesting that TTBP-TAZ is a 
potential precursor of 2,4,6-TBP. In contrast, 2,4,6-TBP was not formed as a result of biotransformation of 
TBBPA, BTBPE, and DBDPE in both human and rat liver microsomes. We applied suspect and target screening to 
explore the metabolic pathways of TTBP-TAZ and identified 2,4,6-TBP as a major metabolite of TTBP-TAZ ac
counting for 87% of all formed metabolites. These in vitro results were further tested by an in vivo experiment in 
which 2,4,6-TBP was detected in the rat blood and liver at concentrations of 270 ± 110 and 50 ± 14 μg/g lipid 
weight, respectively, after being exposed to 250 mg/kg body weight/day of TTBP-TAZ for a week. The hepatic 
mRNA expression demonstrated that TTBP-TAZ significantly activates the aryl hydrocarbon receptor (AhR) and 
promotes fatty degeneration (18 and 28-fold change compared to control, respectively) in rats.   

1. Introduction 

2,4,6-Tribromophenol (2,4,6-TBP) is used as a fungicide, wood 
preservative, and additive flame retardant in electronic products 
(Covaci et al., 2011; Koch and Sures, 2018). 2,4,6-TBP is a ubiquitous 
environmental contaminant that has been detected in soil, sludge, sur
face water, indoor dust and air, outdoor air, and landfill leachate (Koch 
and Sures, 2018). Exposure to 2,4,6-TBP has been associated with a 
range of toxic effects in in vitro and animal studies (Koch and Sures, 
2018). 2,4,6-TBP is a strong endocrine disruptor acting through binding 
to transthyretin and inhibiting the thyroid sulfotransferase/deiodinase 
in human liver subcellular fractions and placenta cell line (Butt and 

Stapleton, 2013; Butt et al., 2011; Hamers et al., 2006; Leonetti et al., 
2018). In addition, 2,4,6-TBP can disrupt the metabolic homeostasis by 
inhibiting recombinant UDP-glucuronosyltransferases, an important 
phase II drug-metabolizing enzyme (Wang et al., 2020). Exposure to 
2,4,6-TBP exposure has been linked to neurological, reproductive, and 
developmental disorders in rats, zebrafish, and marine organisms (Deng 
et al., 2010; Hassenklöver et al., 2006; Lyubimov et al., 1998; Norman 
Haldén et al., 2010). There is limited information on the human health 
effects of exposure to 2,4,6-TBP; however, one recent study suggests that 
2,4,6-TBP disrupts thyroid hormone regulation during pregnancy and 
affects neonatal development (Leonetti et al., 2016a). 

Multiple studies have reported 2,4,6-TBP as an abundant brominated 
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compound in various human tissues, including blood, adipose, and 
placenta, detected at levels 10–100 times exceeding those of the ubiq
uitous polybrominated diphenyl ethers (PBDEs) measured in the same 
samples (Butt et al., 2016; Gao et al., 2015; Leonetti et al., 2016a; 
Leonetti et al., 2016b). Humans can be exposed to 2,4,6-TBP via various 
direct sources, such as dust ingestion, inhalation, dietary intake, and 
dermal contact (Gao et al., 2015; Guo et al., 2018; Takigami et al., 2009; 
Wang et al., 2011). However, the levels of 2,4,6-TBP in indoor dust (Guo 
et al., 2018), air (Guo et al., 2018), consumer products (Gao et al., 
2015), and food (Wang et al., 2011) are significantly lower than those of 
other brominated flame retardants (BFRs), including PBDEs, suggesting 
that indirect sources could contribute to the accumulation of 2,4,6-TBP 
in humans. 

Biotransformation of BFRs has been proposed as a potential indirect 
source of 2,4,6-TBP in humans (Gao et al., 2015). BDE-209 was sug
gested as a precursor of 2,4,6-TBP based on a significant correlation 
between the levels of BDE-209 and 2,4,6-TBP found in placenta (Leo
netti et al., 2016b). However, several in vitro and in vivo metabolism 
studies did not observe a significant depletion of BDE-209 and formation 
of 2,4,6-TBP (Gao et al., 2015; Sandholm et al., 2003; Stapleton et al., 
2008), suggesting that biotransformation of other brominated com
pounds structurally similar to BDE-209 could be a source of 2,4,6-TBP in 
humans. Previous studies have shown that some highly brominated 
flame retardants can degrade to 2,4,6-TBP in the environment. For 
example, 2,4,6-TBP has been identified as one of the thermal- and photo- 
degradation products of 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE) 
and tetrabromobisphenol A (TBBPA) (Barontini et al., 2004; Eriksson 
et al., 2004; Zhang et al., 2016). Moreover, 2,4,6-tris-(2,4,6-tribromo
phenoxy)-1,3,5-triazine (TTBP-TAZ) and decabromodiphenyl ethane 
(DBDPE) have been frequently detected in consumer products and dust 
along with 2,4,6-TBP (Ballesteros-Gömez et al., 2014; Schreder and 
Uding, 2019), suggesting common sources in the environment. These 
findings suggest that these four highly brominated compounds (TTBP- 
TAZ, TBBPA, DBDPE, and BTBPE) could be the precursors of 2,4,6-TBP. 
All four compounds are structurally similar to BDE-209 and have been 
widely used as replacements for the restricted octa-PBDEs and BDE-209, 
as well as for hexabromocyclododecane (Ballesteros-Gömez et al., 2014; 
Covaci et al., 2011). They have been detected at high concentrations in a 
range of consumer products and in the environment (e.g., indoor dust 
and air) and food (Guo et al., 2018; Xiong et al., 2019; Zuiderveen et al., 
2020). However, few studies have focused on the biotransformation of 
these compounds in humans (Zalko et al., 2006). 

In this study, we used an in vitro assay utilizing human and rat liver 
microsomes to examine whether the hepatic biotransformation of TTBP- 
TAZ, TBBPA, DBDPE, and BTBPE is a potential source of 2,4,6-TBP. The 
suspect and target screening approaches were applied to identify po
tential metabolites and their metabolic toxicity was further evaluated in 
an in vivo experiment. 

2. Materials and methods 

Chemicals and reagents. TTBP-TAZ, TBBPA, DBDPE and BTBPE were 
purchased from Toronto Research Chemicals. 2,4,6-Tribromoanisole 
was obtained from Sigma-Aldrich. A mixture of 19 bromophenols 
including 2-, 3-, 4-bromophenols, 2,3-, 2,4- 2,5-, 2,6-, 3,4-, 3,5-dibromo
phenols, 2,3,4-, 2,3,5-, 2,3,6-, 2,4,5-, 2,4,6-, 3,4,5-tribromophenols, 
2,3,4,5-, 2,3,4,6-, 2,3,5,6-tetrabromophenols, and pentabromophenol, 
was obtained from Wellington Laboratories. All solvents used in this 
study were Optima grade. Mixed gender human liver microsomes (pool 
size = 50) and mixed gender Sprague-Dawley rat liver microsomes (pool 
size = 50) were obtained from Sekisui XenoTech and Bioivt, respec
tively, and the NADPH regeneration system was from Promega. 

In vitro microsomal incubations. Incubations were performed with 
human and rat liver microsomes separately in 1.5 mL amber glass vials 
at 37 ◦C using previously published methods (Ashrap et al., 2017; Gao 
et al., 2015). Briefly, a 200 μL reaction mixture containing 50 mM 

phosphate buffer (pH 7.4) with 3 mM MgCl2, liver microsomes at a final 
concentration of 1 mg/mL, and a 0.1–5 μM substrate (final concentra
tion) was delivered in 1 μL of acetone. Reactions were initiated by the 
addition of a NADPH regeneration system (NADP 6.5 mM, glucose 6- 
phosphate 16.5 mM, MgCl2 16.5 mM, and glucose 6-phosphate dehy
drogenase 2 U/mL) and were performed in triplicates at 37 0C. After 2 h, 
200 μL of chilled acetone was added to terminate the reaction. Negative 
control samples were prepared with heat-deactivated microsomes to 
assess potential background interferences and non-enzymatic changes. 
After the incubation, the mixture was spiked with surrogate standards 
(BDE-77 and 13C12-BDE-209), liquid–liquid extracted with 2 mL hexane 
twice and then with 2 mL 1:1 hexane/dichloromethane (v/v). The 
combined extracts were concentrated to dryness using nitrogen, recon
stituted in 1 mL hexane and spiked with internal standards (BDE-118 
and -181) for instrumental analyses. 

Animal experiments. Male 4 weeks old Sprague-Dawley rats (n = 15) 
were purchased from Taconic Biosciences and housed (three per cage) 
under controlled temperature (22 ± 1 ◦C), humidity (40–70%), and light 
cycle (12 h/12 h) with ad libitum food and water. All rats were quar
antined for 7 days prior to the initiation of the study, and then assigned 
randomly into the control group (n = 5), 250 mg/kg body weight (bw)/ 
day TTBP-TAZ exposure group (n = 5), or 250 mg/kg bw/day 2,4,6-TBP 
exposure group (n = 5). Both TTBP-TAZ and 2,4,6-TBP were diluted in 
corn oil and the control group received corn oil. The administration was 
done orally by gavage for 7 days. In the sacrifice, liver, thyroid, and 
blood were collected. Initial and final body weights along with liver and 
thyroid weights at terminal sacrifice were measured. Blood samples 
were allowed to clot at room temperature for 30 min, and then centri
fuged at 3000 rpm for 15 min to separate serum. Animals were housed in 
the Indiana University AAALAC-certified animal facility and maintained 
according to the Guide for the Care and Use of Laboratory Animals from 
the Institute of Laboratory Animal Research under a protocol approved 
previously by the Institutional Animal Care and Use Committee at 
Indiana University. 

Sample treatment. 0.1 g of the sample (either rat serum or liver) was 
homogenized with 1 mL of 1% potassium chloride and then spiked with 
the surrogate standards (BDE-77 and 13C12-BDE-209). Hydrochloric acid 
(6 M, 0.5 mL) and 3 mL isopropanol were added to denaturize the 
samples. Samples were further extracted with 3 mL of a 1:1 hexane/ 
methyl tert-butyl ether mixture (v/v) three times and the supernatants 
were combined. The lipid content was determined gravimetrically using 
10% of the combined extract. The rest of the extract was then concen
trated to dryness using nitrogen, reconstituted in 1 mL hexane and 
spiked with internal standards (BDE-118 and -181). 

Instrumental analyses. The full scan mass spectra (suspect screening) 
of the samples from the dose experiments and the 2,4,6-TBP standard 
were analyzed on an Agilent 6890 gas chromatograph (GC) coupled to 
an Agilent 5973 mass spectrometer (MS) in the electron ionization (EI) 
mode (70 V electron energy). Chromatographic separation was achieved 
with an Rtx1614 column (30 m, 250 μm i.d., 0.1 μm film thickness) at a 
flow rate of 1 mL/min. The oven temperature was programmed as fol
lows: 80 ◦C for 5 min, increased to 220 ◦C at 10 ◦C/min, held at 220 ◦C 
for 1 min, increased to 300 ◦C at 30 ◦C/min, and held at 300 ◦C for 6 min. 
High purity helium (99.999%; Indiana Oxygen) was used as the carrier 
gas. The GC/MS transfer line was maintained at 300 ◦C. The temperature 
of the ion source and quadrupole mass analyzer was set at 230 ◦C and 
150 ◦C, respectively. One µL of the sample was injected in the pulsed 
spitless mode at 250 ◦C. The analysis was performed in a full scan mode 
in the mass range of m/z 50 to m/z 800. 

Twenty-four target compounds including TTBP-TAZ, TBBPA, 
DBDPE, BTBPE, 2,4,6-tribromoanisole and 19 bromophenols (target 
screening) were analyzed on an Agilent 7890 GC coupled to an Agilent 
5977B MS in the electron capture negative ionization (ECNI) mode. The 
mass spectrometer ion source and quadrupole temperatures were 
maintained at 200 and 106 ◦C, respectively. Two μL was injected in the 
pulsed spitless mode at 240 ◦C. Chromatographic resolution was 
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achieved with an Rtx1614 (15 m, 250 μm i.d., 0.1 μm film thickness) 
fused silica capillary GC column (Restek Corporation). The carrier gas 
was helium (99.999%; Liquid Carbonic) regulated at a constant flow of 
1.5 mL/min. The GC oven temperature was programmed as follows: 100 
◦C for 2 min, 25 ◦C/min to 250 ◦C, 3 ◦C/min to 270 ◦C, 25 ◦C/min to 300 
◦C, and 300 ◦C for 6 min. The GC/MS transfer line was maintained at 
280 ◦C. Selected ion monitoring of m/z 79 and 81 was used to quantitate 
most of the target compounds. TTBP-TAZ and 13C12-BDE209 were 
monitored at m/z 751.7/753.7 and 494.6/496.6, respectively. 

mRNA expression. Quantitative real-time PCR was used to determine 
the expression of mRNA levels of genes related to inflammation (INFγ, 
TNFα, IL-6), oxidative stress (HOMX1, AOX1, SOD1, CAT), angiogenesis 
(VEGF, MYC, HIF1α), liver metabolism (ANGPTL4, PLIN, LPL), liver 
nuclear receptors (CAR, RXRα, RXRβ, RXRγ, PPARα, PPARγ, PPARδ, FXR, 
LXR, PXR, AhR), and thyroid genes in liver tissue (TG, THRβ, TSH). The 
β2 microglobulin (B2m) was used as an internal control for data 
normalization. The primers for these genes are listed in Table S1. The 
relative expression level of mRNA for each gene was calculated by 
method 2-ΔΔCt (Livak and Schmittgen, 2001). 

Data analysis. Full-scan MS1 spectra of the dosed and control samples 
obtained from GC-MS (EI) were converted to mzXML format and 
introduced into the XCMS platform (http://xcmsonline.scripps.edu) for 
feature detection. The datasets were pre-processed by performing peak 
detection, filtering, and alignment. Thereafter, normalized peak area 
matrices (a total of 655 features) were exported to MetaboAnalyst 
(http://www.metaboanalyst.ca) for multivariate statistical analysis. 
Clustering of the samples was assessed using principal component 
analysis (PCA) to reveal the differences between the dosed and control 
samples. Orthogonal partial least-squares-discriminant analysis (OPLS- 
DA) was carried out to generate the maximum separation between the 
groups of dosed and control samples. 

In vitro biotransformation rates (CLint, mL/h/mg) were determined 
based on a Lineweaver-Burk plot using Equations (1) and (2) (Greaves 
et al., 2016) and half-lives (t1/2, h) were calculated using Equation (3) 

1
V
=

Km

Vmax
×

1
[S]

+
1

Vmax
(1)  

CLint =
Vmax

Km
(2)  

t1/2 =
Ln(2)
CLint

× Cprotein (3) 

where Vmax was the maximum biotransformation rate for a saturated 
system (nmol/h/mg), Km was the Michaelis constant representing the 
substrate concentration at one half of the Vmax (μM or nmol/mL), V was 
the biotransformation rate of substrates (nmol/h/mg), [S] was the 
substrate concentration (μM or nmol/mL), Cprotein was the protein con
centration (mg/mL) of the incubation mixtures. 

Descriptive statistics were calculated using IBM SPSS Statistics 24 
and Microsoft Excel 2016, and plots were generated using Sigma Plot 13 
(Systat Software Inc.). A p value of 0.05 was used to define significance. 

Quality assurance and quality control. All glassware used in these ex
periments was muffled at 500 ◦C for 6 h before use. Procedural blanks 
were analyzed with every batch of 6 samples to monitor background 
contamination. Method detection limits (MDLs) were set at three times 
the standard deviation of the target analyte levels detected in blanks. For 
compounds not detected in blanks, MDLs were based on a signal-to-noise 
ratio of three. The reported concentrations were blank-corrected by 
subtracting the average blank concentrations for each target compound 
from the sample levels. The absolute recoveries for the spiked samples 
were 77 to 110% for target compounds. The recoveries of the surrogate 
standards (mean ± standard error) were 108 ± 4.8 and 117 ± 5.0% for 
BDE-77 and 13C12-BDE-209, respectively. The reported data were cor
rected based on the percent recoveries of the surrogate standards. 

3. Results and discussion 

In vitro biotransformation. In vitro biotransformation rates of TTBP- 
TAZ, TBBPA, DBDPE and BTBPE incubated with human and rat liver 
microsomes are summarized in Table 1. The results of these experiments 
fitted the Lineweaver-Burk curve for all four compounds (Figure S1, R2 

> 0.921). The highest hepatic biotransformation rate was observed for 
TTBP-TAZ (0.62 mL/h/mg), followed by BTBPE (0.10 mL/h/mg), 
TBBPA (0.08 mL/h/mg), and DBDPE (0.08 mL/h/mg). A similar trend 
was observed in the rat hepatic biotransformation experiment: TTBP- 
TAZ was metabolized faster than the other 3 compounds (0.32 mL/h/ 
mg), but slower than in the human liver microsomes. The slow 
biotransformation of DBDPE, BTBPE, and TBBPA in both human and rat 
hepatic microsomes was consistent with the previous in vitro studies for 
PBDEs (Gao et al., 2015; Lupton et al., 2009; Stapleton et al., 2008). For 
example, BDE-47, BDE-153, and BDE-209 were resistant to metabolism 
in human liver microsomes with in vitro biotransformation rates of 0.09 
to 0.141 mL/h/mg (Gao et al., 2015), which were similar to those found 
for TBBPA, BTBPE, and DBDPE in this study. Interestingly, the 
biotransformation rate of TBBPA determined using rat liver microsomes 
(0.23 mL/h/mg) was twice as high as that estimated using human liver 
microsomes, but no significant differences were found for BTBPE and 
DBDPE. The relatively fast biotransformation of TBBPA in rat liver mi
crosomes is consistent with previous research and possibly related to 
differences in enzymatic activities of cytochrome P450 (Zalko et al., 
2006). 

Overall, our results show that TTBP-TAZ is rapidly metabolized in 
both human and rat liver microsomes with a half-life of 1.1 and 2.2 h, 
respectively. These half-lives are consistent with the half-life of TTBP- 
TAZ determined under direct photolysis (Lörchner et al., 2019). 

Metabolic pathways of TTBP-TAZ biotransformation. Although TTBP- 
TAZ has been suggested as a precursor of 2,4,6-TBP in the environ
ment (Koch and Sures, 2018; Lörchner et al., 2019), there is no evidence 
showing that TTBP-TAZ can be transformed to 2,4,6-TBP in the human 
body. Previous studies have reported that only debromination products 
were detected in photodegradation or electrochemical conversion of 
TTBP-TAZ (Lörchner et al., 2019; Lörchner et al., 2018). Here, suspect 
and target screening strategies were applied to explore the metabolic 
pathways of TTBP-TAZ biotransformation and to identify potential 
metabolites. First, extracts from the control and TTBP-TAZ human liver 
microsome incubations were analyzed using a suspect screening 
approach. The spectral data of all samples were analyzed using PCA. 
Figure S2A shows the PCA results where each point in the score plots 
represents an individual sample and samples with similar variances are 
grouped together. The control group and the three dosed groups (TTBP- 
TAZ at 1, 2.5, and 5 μM) showed a distinct separation, indicating that the 
biotransformation of TTBP-TAZ resulted in a significantly different 
metabolic profile. The S plots of the OPLS-DA model of the dosed and 
control groups datasets were used to extract the discriminatory metab
olites that were responsible for class separation (Figure S2B). A 

Table 1 
In vitro intrinsic clearance rates (CLint, mL/h/mg) of TTBP-TAZ, TBBPA, BTBPE, 
and DBDPE and their respective 2,4,6-TBP formation rates (mL/h/mg) in human 
and rat liver microsomes. Biotransformation of TBBPA, BTBPE, and DBDPE did 
not yield 2,4,6 TBP in both human and rat microsomes; hence formation rates 
were not calculated for these compounds.   

Human liver microsomes Rat liver microsomes 

Depletion   
TTBP-TAZ  0.62  0.32 
TBBPA  0.08  0.23 
BTBPE  0.10  0.14 
DBDPE  0.08  0.09    

Formation of 2,4,6-TBP   
TTBP-TAZ  1.34  0.77  
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discriminatory metabolite yielded the mass spectrum of Metabolite 1 
(M1) at a retention time of 16.0 min (Fig. 1A) and based on the presence 
of the molecular ion at m/z 329.7 ([M]+) and MS/MS fragment ion of 
249.8 ([M− Br]+) was deduced to result from 2,4,6-TBP. The structure of 
this discriminatory metabolite was further confirmed with a commer
cially available standard of 2,4,6-TBP where its retention time and mass 
spectrum matched well with those of the compound formed as a result of 
biotransformation (Fig. 1B), indicating that hepatic metabolism of 
TTBP-TAZ generated 2,4,6-TBP. Trace amounts of 2,4,6-TBP were found 
in the control group and can be explained by the impurities in the 
commercial standard of TTBP-TAZ. This was further confirmed by the 
mass spectrum of the TTBP-TAZ standard and the in vitro control samples 
in which 2,4,6-TBP accounted for 0.1% (v/v). Hydroxylated TTBP-TAZ 
metabolites were putative Phase I metabolites of TTBP-TAZ from the 
BioTransformer (http://biotransformer.ca/) but were not identified in 
this study, suggesting oxidation is not a major pathway for TTBP-TAZ 
hepatic metabolism. 

The proposed metabolic pathways of TTBP-TAZ biotransformation 
are summarized in Fig. 2. Possible hydrolysis, isomeric, methylation, 
and debromination metabolites of TTBP-TAZ were identified using 
target screening. 2,4,6-TBP was the most abundant metabolite, ac
counting for 87% of the total TTBP-TAZ metabolite concentrations. The 
mechanism proposed for the hydroxylation pathway involves the OH 
radical attacking the carbon–oxygen bond, similar to the mechanism 
proposed for BDE-99 in previous in vitro and in vivo metabolism studies 

(Qiu et al., 2007; Stapleton et al., 2008). 2,4,5-Tribromophenol (2,4,5- 
TBP) was identified as the isomer of 2,4,6-TBP but at relatively low 
levels (12.6%). The formation of 2,4,5-TBP can be explained by a 1,2- 
shift of bromine via arene oxide intermediate, which has been re
ported as the formation mechanism of hydroxylated metabolites in the 
biotransformation of BDE-47 in rats and plants (Qiu et al., 2007; Sun 
et al., 2013). Interestingly, the concentration ratio of 2,4,6-TBP to 2,4,5- 
TBP was 6.9, which was consistent with that reported for human blood 
(6.5) (Qiu et al., 2009), further suggesting that TTBP-TAZ can be a 
significant source of 2,4,6-TBP in humans. Although methylation is a 
common metabolic pathway for most phenolic contaminants (e.g., hy
droxylated PBDEs, triclosan, and TBBPA) in aquatic organisms and 
plants (Balmer et al., 2004; Hou et al., 2018; Leiker et al., 2009; Sun 
et al., 2016), 2,4,6-tribromoanisole (2,4,6-TBA), a possible product of 
TTBP-TAZ methylation, was detected at low levels (0.02%), probably 
due to the differences in enzymatic activities in humans. The only 
detectable debromination metabolites were 2,4-dibromophenol (2,4- 
DBP) (0.19%) and 4-bromophenol (0.19%), indicating debromination of 
2,4,6-TBP at the ortho position, possibly due to reduction of steric hin
drance (Stapleton et al., 2004; Zhang et al., 2019). The selective 
debromination of 2,4,6-TBP to 2,4-DBP was also reported in plants 
(Zhang et al., 2019). Although conjugation metabolites of TTBP-TAZ 
were not identified in this study, TBP-glucuronide and TBP-sulfate are 
the expected metabolites formed in this process (Ho et al., 2015). 

2,4,6-TBP was formed rapidly as a result of human and rat hepatic 

Fig. 1. The extracted chromatograms of m/z 329.7 for the 2,4,6-TBP standard (ST-2,4,6-TBP), a control sample, and a dosed sample isolated from TTBP-TAZ in
cubations (A); the mass spectra and proposed structures of the metabolite in the 2,4,6-TBP standard and in the dosed sample (B). 
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metabolism (at rates of 1.34 and 0.77 mL/h/mg, respectively) with the 
metabolite / parent (M/P) ratios of 2.16 and 2.40 (2,4,6-TBP to TTBP- 
TAZ), respectively, indicating that TTBP-TAZ is almost completely 
metabolized (a theoretical M/P of 3 is expected based on the chemical 
structure of TTBP-TAZ). The rapid in vitro formation rate of 2,4,6-TBP 
indicates that exposure to TTBP-TAZ can be a significant indirect 
source of 2,4,6-TBP in humans. In contrast, 2,4,6-TBP was not formed as 
a result of biotransformation of TBBPA, BTBPE, and DBDPE in both 
human and rat liver microsomes. 

TTBP-TAZ and 2,4,6-TBP occurrence in exposed rats. The above results 
demonstrate the biotransformationof TTBP-TAZ in an in vitro system. We 
further tested whether 2,4,6-TBP could be formed in an in vivo experi
ment in which rats were exposed to TTBP-TAZ through gavage. 
Consistent with the results of the in vitro experiment, 2,4,6-TBP was 
detected in the rat blood and liver at concentrations of 270 ± 110 and 
50 ± 14 μg/g lipid weight (lw), respectively, after being exposed to 250 
mg/kg bw/day TTBP-TAZ for a week (Fig. 3). At the same time, no 
TTBP-TAZ was detected in any blood or liver samples. These results 
suggest that TTBP-TAZ can be metabolized quickly in rat liver after oral 
administration and its main metabolite, 2,4,6-TBP, can be transferred to 
blood. Furthermore, high concentrations of 2,4,6-TBP were detected in 
blood (460 ± 84 μg/g lw) and liver (2100 ± 900 μg/g lw) when rats were 
exposed to the same amount of 2,4,6-TBP. The average formation rate of 
2,4,6-TBP was 5.7% and 1.3% in blood of rats exposed to 2,4,6-TBP and 
TTBP-TAZ, respectively. This rate increased to 14% in the liver of the 
rats exposed to 2,4,6-TBP, but decreased to 0.6% in rats exposed to 

TTBP-TAZ. The relatively low formation rate of 2,4,6-TBP in rats 
exposed to TTBP-TAZ can be explained by other factors, such as ab
sorption efficiency, distribution, and elimination processes (Hakk and 
Letcher, 2003). For example, only 10% of DBDPE, a highly brominated 
compound, was absorbed in animal studies and 90% was excreted in 

Fig. 2. Proposed pathways of the TTBP-TAZ hepatic biotransformation. Solid arrows indicate pathways determined in this study and dashed arrows indicate 
pathways reported in (Ho et al., 2015). 

Fig. 3. Concentrations of 2,4,6-TBP in rat serum and liver (μg/g lw) of the 
2,4,6-TBP exposure and TTBP-TAZ exposure groups (mean ± standard errors; n 
= 5). The control group is not shown because 2,4,6-TBP was not detected in 
this group. 
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feces (Mörck et al., 2003). 
mRNA expression. To investigate whether 2,4,6-TBP and TTBP-TAZ 

disrupt the liver and thyroid functions, we measured the mRNA 
expression levels of biomarker genes associated with nuclear receptors, 
oxidative stress, angiogenesis, inflammation, and lipid metabolism in 
the target tissue from the rats exposed to 2,4,6-TBP and TTBP-TAZ 
(Fig. 4). No significant difference was found for the relative body, 
liver, and thyroid weights (Table S2). 

In this study, TSH was significantly induced in both TTBP-TAZ and 
2,4,6-TBP exposed groups (Fig. 4). However, THRβ was significantly 
inhibited in the 2,4,6-TBP group, along with TG inhibition in the TTBP- 
TAZ group. From all the nuclear receptor genes tested (Table S1), RXRα, 
RXRβ, RXRγ, PPARδ, PPARγ, LXR, and PXR were significantly down
regulated after exposure to 2,4,6-TBP, and RXRα, RXRβ, RXRγ, and PXR 
were significantly downregulated after exposure to TTBP-TAZ. Howev
er, and most interestingly, AhR was induced with 18-fold change after 
exposure to TTBP-TAZ when compared to control. All oxidative stress 
related genes (HOMX1, AOX1, SOD1, CAT) were significantly inhibited 
by the exposure to TTBP-TAZ, and HOMX1, SOD1, and CAT by the 
exposure to 2,4,6-TBP when compared to control. As for the angiogen
esis related genes, VEGF and HIF1α were significantly inhibited for both 
treatment groups when compared to control, and MYC was significantly 
induced when compared to the 2,4,6-TBP exposure group. Regarding the 
inflammation genes, INFγ, TNFα, and IL-6 were significantly decreased 
after 2,4,6-TBP treatment, and INFγ and TNFα were significantly 
reduced after TTBP-TAZ exposure. For lipid metabolism related genes, 
PLIN (28-fold change for TTBP-TAZ and 2.4-fold for 2,4,6 TBP) was the 
only significantly induced gene, while ANGPTL4 and LPL were signifi
cantly inhibited. 

Considering AhR is primarily responsible for the transcriptional 
regulation of CYP1A enzymes (Monostory et al., 2009), the significant 
induction of AhR in liver of the rats exposed to TTBP-TAZ suggests 

CYP1A may be involved in the hepatic metabolism of TTBP-TAZ. 
Moreover, the activation of AhR by TTBP-TAZ will enhance the meta
bolic toxicity of coexisting environmental contaminants, such as poly
cyclic aromatic hydrocarbons, which are known to generate an active o- 
semiquinone anion radical under the catalysis by CYP1A enzymes (Luo 
et al., 2019). Previous in vitro studies have demonstrated photolytic 
degradation products of tetradecabromo-1,4-diphenoxybenzene and 
BDE-209 (e.g., polybrominated dibenzofurans) can significantly upre
gulate mRNA expression of AhR-mediated CYP1A4 (Su et al., 2014; Su 
et al., 2016; Su et al., 2018). In the current study, however, it is unclear if 
the mRNA expression of AhR is induced by TTBP-TAZ or its metabolites, 
such as 2,4,6-TBP or other potential metabolites. 

In addition, the downregulation of genes associated with oxidative 
stress (HMOX1, SOD1, and CAT) in both treatment groups suggests 
TTBP-TAZ has the same potential as 2,4,6-TBP to promote tumorigenesis 
(Li et al., 2019). Similarly, the downregulation of HIF1α found in both 
treatments was previously related to tissue regeneration in adult mice 
(Zhang et al., 2015) that could be linked to the reduction of IFN-γ 
expression known to increase the infiltration of activated T cells (Mat
subara et al., 1999) and attenuate hepatic inflammation and fibrosis 
(Luo et al., 2013). Our results also demonstrated that the exposure to 
2,4,6-TBP and TTBP-TAZ downregulated VEGF which was previously 
shown to cause impairment of lipoprotein uptake and reduction of he
patocellular lipid content (Carpenter et al., 2005). The latter two are in 
accordance with the inhibition of ANGPTL4 and LPL found in both 
treatment groups (Bergö et al., 2002; Yamada et al., 2006). Specifically, 
PLIN was significantly induced in the TTBP-TAZ exposure group, being 
an indicator of undergoing fatty degeneration (Zhang et al., 2018). 

Taken together, TTBP-TAZ can disrupt thyroid hormone homeosta
sis, nuclear receptors, oxidative stress, angiogenesis, inflammation, and 
lipid metabolism at the same exposure level as 2,4,6-TBP. To the best of 
our knowledge, this is the first study to examine the toxicity directly 

Fig. 4. mRNA expression (mean ± standard errors; n = 5) of genes encoding for thyroid functions, nuclear receptors, oxidative stress, angiogenesis, inflammation, 
and lipid metabolism in rat livers of the control group, 2,4,6-TBP exposure group, and TTBP-TAZ exposure group. * indicates a statistical difference from control and 
# indicates a statistical difference from 2,4,6 TBP at p < 0.05 (determined using ANOVA followed by Dunnett’s post-hoc test). 
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associated with TTBP-TAZ. 
In conclusion, this study has identified 2,4,6-TBP as the main hepatic 

biotransformation product of TTBP-TAZ in in vitro and in vivo experi
ments. Our results may provide an explanation for the findings of Gao 
et al. (2015), Leonetti et al. (2016b), and Butt et al. (2016) that reported 
significantly higher concentrations of 2,4,6-TBP compared to the other 
BFRs measured in human tissues (Butt et al., 2016; Gao et al., 2015; 
Leonetti et al., 2016b). The use of TTBP-TAZ has increased over the past 
years as it has been used as a replacement for PBDEs (Ballesteros-Gömez 
et al., 2014; Guo et al., 2018). European Chemicals Agency has listed 
TTBP-TAZ as a high production volume chemical (1000–10,000 tons per 
year) in 2019 (Zuiderveen et al., 2020). A recent report determined 
TTBP-TAZ as the most abundant flame retardant in six brands of tele
vision, constituting 3.5–12% of the product’s weight (Schreder and 
Uding, 2019). In addition, previous studies showed TTBP-TAZ was 
frequently detected in a range of consumer products, air, and house dust, 
demonstrating widespread environmental exposure (Ballesteros-Gömez 
et al., 2014; Guo et al., 2018; Hammel et al., 2018; Stubbings et al., 
2019). Considering the prevalent occurrence of TTBP-TAZ in the envi
ronment and consumer products, its significant contribution to the for
mation of 2,4,6-TBP in humans, and the strong endocrine disrupting 
potential of 2,4,6-TBP, our findings warrant further research on TTBP- 
TAZ toxicity. 
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