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A B S T R A C T   

Despite the increasing production, use, and ubiquitous occurrence of novel brominated flame retardants 
(NBFRs), little information is available regarding their fate in aquatic organisms. In this study, the bio
accumulation and biotransformation of two typical NBFRs, i.e., 1,2-bis (2,4,6-tribromophenoxyethane) (BTBPE) 
and 1,2-dibromo-4-(1,2-dibromoethyl)-cyclohexane (TBECH), were investigated in tissues of zebrafish (Danio 
rerio) being administrated a dose of target chemicals through their diet. Linear accumulation was observed for 
both BTBPE and TBECH in the muscle, liver, gonads, and brain of zebrafish, and the elimination of BTBPE and 
TBECH in all tissues followed pseudo-first-order kinetics, with the fastest depuration rate occurring in the liver. 
BTBPE and TBECH showed low bioaccumulation potential in zebrafish, with biomagnification factors (BMFs) < 1 
in all tissues. Individual tissues’ function and lipid content are vital factors affecting the distribution of BTBPE 
and TBECH. Stereoselective accumulation of TBECH enantiomers was observed in zebrafish tissues, with first- 
eluting enantiomers, i.e. E1-α-TBECH and E1-β-TBECH, preferentially accumulated. Additionally, the trans
formation products (TPs) in the zebrafish liver were comprehensively screened and identified using high- 
resolution mass spectrometry. Twelve TPs of BTBPE and eight TPs of TBECH were identified: biotransforma
tion pathways involving ether cleavage, debromination, hydroxylation, and methoxylation reactions for BTBPE 
and hydroxylation, debromination, and oxidation processes for TBECH. Biotransformation is also a vital factor 
affecting the bioaccumulation potential of these two NBFRs, and the environmental impacts of NBFR TPs should 
be further investigated in future studies. The findings of this study provide a scientific basis for an accurate 
assessment of the ecological and environmental risks of BTBPE and TBECH.   

1. Introduction 

Brominated flame retardants (BFRs) have been extensively utilized 
as additives to enhance the fire resistance of plastics, textiles, rubber, 
electronics, clothing, and construction materials (Cao et al., 2018; Hou 
et al., 2021; Xiong et al., 2019). The recently strict regulations imposed 
on the use of legacy BFRs like polybrominated diphenyl ethers (PBDEs) 
and hexabromocyclododecanes (HBCDs) led to the utilization of several 
“novel” BFRs (NBFRs) as alternatives to meet flammability standards 
(Wang et al., 2023; Xiong et al., 2019). The global production of NBFRs 

is estimated to be 100–180 kt per year, of which 1,2-bis (2,4,6-tri
bromophenoxy) ethane (BTBPE) and 1,2-dibromo-4-(1,2-dibromoethyl) 
cyclohexane (TBECH) are the main substitutes for the Octa- and 
Penta-BDE technique mixtures (Hou et al., 2021; McGrath et al., 2017; 
Xiong et al., 2019; Zuiderveen et al., 2020). Specifically, TBECH has four 
diastereomeric pairs of enantiomers, with generally equal amounts of α- 
and β-TBECH, and minor content of γ- and δ-TBECH as impurities in the 
technical formulation (Ruan et al., 2018b). Because NBFRs are not 
chemically bound to products, they can be easily released into the 
environmental matrices, including air, dust, water, and sediment, during 
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their production, application, and disposal processes (Li et al., 2019; 
Wang et al., 2019; Wang et al., 2023; Xiong et al., 2019). To date, BTBPE 
and TBECH have been ubiquitously detected in the environment and 
biotas, and have been identified to have long-range transportation and 
potential toxicity, which deserve more attention concerning their envi
ronmental risks (Bu et al., 2019; Hou et al., 2021; Ling et al., 2021; 
Marteinson et al., 2017; Shi et al., 2021; Stojak et al., 2019). 

Characterization of the bioaccumulation properties of NBFRs is vital 
for assessing their ecological risks (Hou et al., 2022; Wang et al., 2019; 
Wang et al., 2023; Zheng et al., 2018). Because of the high lipophilicity 
of BTBPE (log Kow = 7.88) and TBECH (log Kow = 5.24), they are 
potentially bioaccumulative in aquatic biota. However, the bio
accumulation of BTBPE and TBECH varies in both freshwater and ma
rine environments. The calculated bioaccumulation factors (BAFs) for 
α-TBECH, β-TBECH, and BTBPE were 400–9800 L/kg (mean 2000 L/kg), 
250–10000 L/kg (mean 2600 L/kg), 630–15000 L/kg (mean 4700 
L/kg), respectively, in crucian carp (Carassius auratus) collected from an 
electronic waste recycling area in China; although the mean BAFs values 
of these three chemicals were less than 5000, their potential of bio
accumulation should not be neglected (Wang et al., 2023). BTBPE and 
TBECH showed magnification potential in marine food webs in the 
Bohai Sea and the South China Sea (Hou et al., 2022; Liu et al., 2021). 
Trophic magnification was observed for BTBPE, whereas β-TBECH 
showed trophic dilution in the food web of Taihu Lake (Zheng et al., 
2018). Trophic dilution has also been observed for BTBPE in the aquatic 
food chain of Lake Ontario (Kurt-Karakus et al., 2019). However, the 
underlying causes of bioaccumulation of BTBPE and TBECH in aquatic 
organisms remain unclear. 

In addition to the physicochemical properties, biotransformation in 
vivo is also a vital factor affecting the bioaccumulation potential of 
NBFRs. However, few studies have investigated the biotransformation of 
BTBPE and TBECH in aquatic biota. No reductive debromination or 
hydroxylation of BTBPE was observed in rainbow trout (Oncorhynchus 
mykiss) administrated BTBPE through dietary exposure, and the bio
magnification factors (BMFs) of BTBPE were calculated as 2.30 ± 0.90 
(Tomy et al., 2007). 2, 4, 6-tribromophenol (TBP) was identified as the 
major transformation product (TP) in zebrafish (Danio rerio) (Qiao et al., 
2023) and fathead minnow (Pimephales promelas) (de Jourdan et al., 
2014). Monohydroxy-TBECH was identified as the primary TP of TBECH 
in human and rat liver microsomal assays (Chu et al., 2012; Nguyen 
et al., 2017). However, the biotransformation pathways of BTBPE and 
TBECH in aquatic biota are still poorly understood. 

A few studies have also reported enantiomer-specific accumulation 
of TBECH in biota. Marine biotas show significant enantioselective 
accumulation of α-, γ-, and δ-TBECH enantiomeric pairs, while no such 
accumulation was observed for β-TBECH (Ruan et al., 2018a; Ruan et al., 
2018b). Earthworms were found to enantioselective accumulate 
E1-α-TBECH and E2-γ-TBECH enantioselectively (Yang et al., 2022). 
These results suggest the enantiomer-selective accumulation or 
biotransformation of TBECH in biota, as only biologically mediated 
processes, can change the enantiomeric composition of chiral chemicals 
(Eljarrat et al., 2008; Huang et al., 2022; Kania-Korwel and Lehmler, 
2016; Wong, 2006). However, the metabolites of TBECH were not 
identified in these studies, and the biotransformation of TBECH requires 
further investigation. 

In the present study, zebrafish specimens (Danio rerio) were admin
istered to a dose of BTBPE and α-/β-TBECH through diet for 28 days. 
Afterwards, the zebrafish underwent a 77-day depuration period where 
they were fed unfortified food. The major objectives of this study were to 
(1) examine the uptake and depuration behaviors of BTBPE and 
α-/β-TBECH in zebrafish tissues, (2) investigate the stereospecific 
accumulation of α-/β-TBECH, and (3) comprehensively screen and 
identify the TPs of BTBPE and α-/β-TBECH in vivo. The results of this 
study address the information gap on the bioaccumulation of BTBPE and 
α-/β-TBECH. Furthermore, it helps to explore the influences of 
biotransformation in organisms on accumulating these chemicals in 

aquatic biotas. 

2. Materials and methods 

2.1. Chemicals and reagents 

Standards of α-/β-TBECH mixture, BTBPE, and BDEs 77 and 118 
(purity >95 %) were acquired from AccuStandard (New Haven, CT, 
USA). HPLC-grade dichloromethane (DCM), acetone (ACE), n-hexane 
(Hex), andethyl acetate (ETAC), and guaranteed reagent-grade anhy
drous sodium sulfate and concentrated sulfuric acid (H2SO4) were pur
chased from CNW Technologies GmbH (Dusseldorf, Germany). 

2.2. Exposure experiment design 

Mixture of α-/β-TBECH (75 μg) and BTBPE (60 μg) were spiked into 
5 g of cod liver oil, and thoroughly homogenized with 50 g of com
mercial fish food pellets. The spiked fish food was stored in the dark at 
4 ◦C throughout exposure experiment. The designing level (1200 ng/g 
dry weight (dw)) of BTBPE is in accordance with the highest reported 
concentration of BTBPE (1100 ng/g dw) in sediment from an e-waste 
site in East China (Ling et al., 2021). The designing total level of 
α-/β-TBECH was 1500 ng/g dw (750 ng/g dw for α- and β-TBECH, 
respectively), which was comparable to that of BTBPE in the spiked 
food. The α-TBECH level was approximately ten times that (73.2 ng/g 
dw) in sludge in a wastewater treatment plant in Harbin (Li et al., 2018). 
Non-spiked food was prepared following identical procedures, excluding 
the addition of target chemicals. 

Three hundred zebrafish (Danio rerio; wild type, AB strain, four- 
month-old) were acquired from Institute of Hydrobiology, Chinese 
Academy of Sciences. The initial weights and lengths of the zebrafish 
were recorded as 0.65 ± 0.21 g and 4.01 ± 0.16 cm, respectively. 
Twenty-five background samples were randomly collected, while a 
control group of fifty-five zebrafish was selected and kept in a glass 
aquarium. The other 220 zebrafish were kept in four aquariums as the 
treatment group. The aquariums were maintained with a 12-h/12-h 
light-dark cycle, using dechlorinated tap water at a temperature of 
22–23 ◦C, pH at 6.5–7.5, and dissolved oxygen at 7.8–8.4 mg/L. Before 
exposure, the zebrafish were fed non-spiked food for 14 d to acclimatize 
to their new surroundings. A feeding rate as 1 % of the mean weight of 
zebrafish per day was maintained. 

Following a 28-d exposure period, the exposed group underwent an 
additional 77-d depuration, during which the zebrafish were fed non- 
spiked food. The control group was provided with non-spiked food 
throughout the experiment. Fish sampling was conducted at 0, 7, 14, 21, 
and 28 d of the uptake period, and at 7, 21, 35, 49, 63, and 77 d of the 
depuration period. A random selection of 20 zebrafish was collected 
from each aquarium in the treated group, while five fish were randomly 
sampled from the control group on each sampling day. The fish were 
carefully dissected and separated into the liver, gonads, brain, and 
muscle, and the mass of individual tissues were recorded. A liver aliquot 
(1/5 of total weight) collected on each sampling day was combined into 
a single sample for the screening of BTBPE and TBECH TPs. Also, on each 
sampling day, approximately 0.5 g of spiked food was collected to 
determine the concentrations of the target chemicals using the analytical 
procedures described below. 

2.3. Sample pretreatment 

The fish tissues (muscle, liver, brain, and gonads) and food pellets 
underwent pretreatment procedures following the methodologies 
described in previous studies (Peng et al., 2014; Tang et al., 2018), with 
a minor modification. The sample was freeze-dried, ground into powder, 
weighed (~0.5 g for zebrafish muscle and food pellets, and 50–200 mg 
for liver, gonads, and brain of zebrafish), and spiked with internal 
standard (IS; BDE 118, 20 ng) in a 10-mL glass tube, and ultrasonication 
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extracted three times with 5 mL Hex/ACE (1:1, v/v). After centrifuga
tion (3500 rpm, 5 min), the supernatant was collected in a precleaned 
glass tube, concentrated to near dryness, and then reconstituted in Hex 
(10 mL). The lipid content was quantified using a 2.0 mL aliquot of the 
reconstituted sample. The remaining extract (~8.0 mL) was treated with 
H2SO4 (3 mL, twice) to eliminate lipids. The lipid-free extract was 
condensed to ~1 mL and subsequently purified using a Florisil® ENVI 
cartridge (500 mg, 3 mL) that precleaned with 6 mL ETAC and 6 mL Hex. 
Ten mL of Hex/DCM (v/v = 1:1) was used to eluate the target chemicals. 
The eluate was concentrated to near dryness, reconstituted in a mixture 
of 20 μL recovery standard (BDE 77, 20 ng) and 180 μL isooctane, and 
was kept at − 20 ◦C prior to instrumental analysis. 

Combined liver samples were pretreated for TP screening following 
the methodology outlined in previous studies (Chen et al., 2019; Wang 
et al., 2016), with a minor modification. Briefly, the liver sample 
(50–200 mg) was fortified with the IS (BDE 118, 20 ng), 100 μL MeOH, 
and 20 μL formic acid into a 2-mL glass tube. The sample was then 
vortexed (1800 rpm, 5 min) and ultrasonication extracted with 1 mL of 
MeOH/ACE (1:1, v/v) for three times. After centrifugation (3500 rpm, 5 
min), the supernatant was combined, and 50 mg of C18 sorbent powder 
was added to remove fat and impurities from the extract. After being 
vortexed (800 rpm, 5 min) and centrifuged (8000 rpm, 5 min), the su
pernatant was collected and concentrated to near dryness, and was then 
reconstituted in 100 μL MeOH prior to instrumental analysis. 

2.4. Instrumental analysis 

The quantification of BTBPE and TBECH was conducted by using an 
Agilent 7890A gas chromatography coupled with an Agilent 5975B mass 
spectrometry (GC-MS; Agilent Technology, Palo Alto, CA, USA), and 
electron capture negative ionization (ECNI) source utilized in a selective 
ion monitoring (SIM) mode was applied (Tang et al., 2021). Separation 
of target chemicals was achieved by a DB-HT capillary column (15 m ×
0.25-mm i.d. × 0.25-μm film thickness, J&W Scientific, Folsom, CA, 
USA). In addition, the same instrumental method operated in full scan 
mode was used to screen the potential debrominated TPs of BTBPE and 
TBECH in the zebrafish livers. 

TBECH enantiomers were separated using GC-MS (Agilent 7890A- 
5975C, Palo Alto, USA) with the electron ionization (EI) source in a 
SIM mod (Ruan et al., 2018b; Yang et al., 2022). Separation of α-TBECH 
and β-TBECH enantiomers was performed by using a MEGA-176MS 
column (15 m × 0.25 mm i.d. × 0.18 μm film thickness, MEGA, Italy) 
and a CHIRALDEX B-TA capillary column (30 m × 0.25 μm i.d., 0.12 μm 
film thickness, Supelco, Bellefonte, PA, USA), respectively. Additional 
information on the GC-MS parameters is provided in details in the 
Supplementary Material (SM, Text S1). 

The possible TPs of BTBPE and TBECH were further screened using 
an Agilent 1290 Infinity ultra-high performance liquid chromatography 
coupled with an Agilent 6545 quadrupole time-of-flight mass spec
trometer (UPLC-QTOF-MS; Agilent Technology, Santa Clara, CA, USA), 
electrospray ionization source operating in positive (ESI+) and negative 
(ESI–) modes was used (Baduel et al., 2019; Chu et al., 2012). UPLC 
separation was performed on an RRHD Eclipse Plus 95-C18 (3 mm × 150 
mm, 1.8 μm film thickness; Agilent Technologies, Palo Alto, USA). The 
detailed instrumental parameters and the identification of TPs were 
based on the method described in previous studies (Baduel et al., 2019; 
Chu et al., 2012; Xiong et al., 2020), with details presented in the SM 
(Text S2). 

2.5. Quality assurance and control 

Quality assurance and control procedures for quantifying NBFRs 
involved regular analysis of native spiked blank (n = 6) and matrix 
samples (n = 6), and procedural blank samples. The IS corrected re
coveries of BTBPE, α-TBECH, and β-TBECH in the native spiked blank 
and matrix samples were calculated for accuracies, which were 87–115 

%, 92–109 %, and 88–97 %, respectively, with relative standard de
viations (RSDs) below 20 %. Procedural blank samples (n = 10) were 
performed on each extraction batch to monitor background interference 
and contamination. Target chemicals were not detected in procedural 
blanks. The recoveries of BDE 118 in all samples (n = 260) were 88–102 
%, further indicated the robustness of the analytical method. The lowest 
calibration point that produced a signal-to-noise ratio (S/N) of 10 was 
used to calculate the limits of quantification (LOQs) for the analyte. The 
LOQs were 0.10–0.22 ng/g lw in fish tissues and 0.08–0.32 ng/g dw in 
food samples, respectively. 

2.6. Statistical analysis 

The lipid-corrected bioaccumulation parameters of BTBPE and 
TBECH in fish tissues (in lipid basis concentrations), as well as the 
enantiomeric composition of TBECH that quantified in terms of enan
tiomer fractions (EFs), were calculated using equations previously re
ported in the literature (Arnot and Quinn, 2015; Harner et al., 2000; 
OECD, 2012; Tang et al., 2018), which present in details in the SM (Text 
S3). 

Statistical analyses were performed using the SPSS 22 for Windows 
(NY, IBM Corp., Armonk, USA). The potential statistical differences in 
the inter-tissue variability of BTBPE and TBECH levels were examined 
by one-way analysis of variance (ANOVA). The differences between the 
fish weight and length on different sampling days were assessed by a 
paired-sample t-test. Spearman’s correlation analysis was employed to 
analyze the correlation between the levels of BTBPE and TBECH in wet- 
weight and the lipid content in tissues. The significance level was set at p 
< 0.05. 

3. Results and discussion 

3.1. Levels in control groups 

No significant difference was observed in the fish weights and 
lengths, respectively, between the control group (0.69 ± 0.04 g, 4.01 ±
0.18 cm) and the exposed group (0.70 ± 0.06 g, 4.07 ± 0.13 cm), during 
the 105-day experiment (one-way ANOVA, p > 0.05). These values 
remained relatively stable throughout the experiment duration, exhib
iting no significant changes with the initial values (t-test, p > 0.05). 
Furthermore, the fish growth rate constant (kg) was derived by fitting 
the natural log-transformed zebrafish weights and lengths over the 
experiment duration, and no significant difference was found between 
kg values (the slopes of the fitted curves) and zero in both the control and 
exposed groups (Fig. S1), indicating the relatively low growth rates for 
zebrafish. Thus, the effects of growth dilution on the BTBPE and TBECH 
levels in zebrafish tissues were neglected in this study. In addition, the 
levels of NBFRs in zebrafish in the control group and non-spiked food 
were below the LOQs, suggesting that the background interference of 
BTBPE and TBECH was negligible. The concentrations of BTBPE, 
α-TBECH, and β-TBECH in the spiked food samples collected throughout 
the exposure period were 1210 ± 21.5, 735 ± 18.1, and 728 ± 22.3 ng/ 
g dw, respectively, which closely approximated the nominal concen
tration. Meanwhile, no apparent depletion was found in the levels of 
target chemicals over the exposure period (Fig. S2), indicating they are 
stable in the spiked food. The measured BTBPE, α-TBECH, and β-TBECH 
levels in the spiked food samples were used to calculate the bio
accumulation parameters. 

3.2. Bioaccumulation parameters 

The bioaccumulation kinetic constants of BTBPE, α-TBECH, and 
β-TBECH were examined in the muscle, liver, gonads, and brain of 
zebrafish, as the other tissues (e.g., heart and spleen) were not easy to 
separate, or the amount of tissue after separation was not sufficient for 
analysis. After seven days of exposure, BTBPE, α-TBECH, and β-TBECH 
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were detected in all target tissues (Fig. 1). Similar uptake curves were 
observed for α-TBECH and β-TBECH in individual tissues, which were 
slightly different to those for BTBPE (Fig. 1). BTBPE, α-TBECH, and 
β-TBECH were linearly accumulated in zebrafish tissues during the up
take phase (Fig. 1), with the highest levels attained at the end of uptake 
period (28 d) (Fig. 1), which did not reach a steady state. An apparent 
declining trend was observed for BTBPE, α-TBECH, and β-TBECH levels 
in all tissues in the depuration period, following a pseudo-first-order 
depuration kinetics (Fig. 1). The bioaccumulation kinetics constants, 
including assimilation efficiencies (α), depuration rates (kd), depuration 
half-lives (t1/2), and biomagnification factors (BMFs), of BTBPE, 
α-TBECH, and β-TBECH in zebrafish tissues were calculated (Table 1). 

The liver showing the highest α values, followed by the gonad and 
muscle, with the lowest α values being examined in the brain (Table 1). 
Generally, the kd and t1/2 for α-TBECH were not significantly different 
from those for β-TBECH (t-test, p > 0.05) in individual tissues of 
zebrafish, indicating diastereomer-dependent accumulation of TBECH 
in these tissues. As reported in a previous study, the assimilation effi
ciency of hydrophobic organic chemicals increases with increasing Kow 
at log Kow < 7, and then decreases with an increase in log Kow values 
(Fisk et al., 1998). In this study, the log Kow values of BTBPE and TBECH 
were 7.88 and 5.24, respectively, and the assimilation efficiencies were 
slightly higher for TBECH than those for BTBPE, which is in line with the 
findings of a previous study (Fisk et al., 1998). 

The BMF is a vital parameter determining the integrated outcomes of 
various processes, encompassing in vivo uptake, depuration, and 
biotransformation. In general, chemicals with log Kow values of 
approximately 5–8 bioaccumulate readily in aquatic organisms (Zheng 
et al., 2018). In this study, the BMFs of BTBPE and α-/β-TBECH were 
much less than 1 in all tissues (Table 1), suggesting their low bio
accumulation potential in aquatic organisms. As previously reported in 
field studies, the bioaccumulation potential of BTBPE and α-/β-TBECH 
yielded diverse outcomes. BTBPE was found to be magnified in the 
aquatic food chains (webs) of Taihu Lake (trophic magnification factor, 
TMF = 2.83) (Zheng et al., 2018), the Bohai Sea (TMF = 2.3) (Liu et al., 
2021), and the South China Sea (TMF = 1.91) (Hou et al., 2022). Trophic 

magnification of TBECH has also been observed in aquatic food chains 
(webs) in the Bohai Sea (TMF: α-TBECH 1.9, β-TBECH 2.6) (Liu et al., 
2021) and South China Sea (TMF = 2.08) (Hou et al., 2022). However, 

Fig. 1. Uptake and depuration of NBFRs in muscle, liver, gonad, and brain of exposed zebrafish. Error bar indicates ± standard deviation (n = 4 in individual 
sampling points); lw = lipid weight. 

Table 1 
Bioaccumulation parameters of NBFRs in tissues of zebrafish through dietary 
exposure.  

Chemicals Tissues Depuration rate 
(10− 2/day) a 

Half-life 
(day) b 

Assimilation 
efficiency (%) c 

BMF 
d 

BTBPE Liver 5.64 ± 0.08 12.3 ±
0.17 

25.0 0.041 

Brain 3.95 ± 0.13 17.6 ±
0.58 

7.78 0.027 

Gonad 4.58 ± 0.14 15.1 ±
0.46 

15.9 0.021 

Muscle 3.50 ± 0.22 19.9 ±
1.25 

11.6 0.024 

α-TBECH Liver 6.48 ± 0.12 10.7 ±
0.20 

34.1 0.049 

Brain 3.89 ± 0.15 17.8 ±
0.69 

9.77 0.035 

Gonad 5.34 ± 0.09 13.0 ±
0.22 

21.0 0.024 

Muscle 4.26 ± 0.20 16.3 ±
0.77 

13.0 0.023 

β-TBECH Liver 6.40 ± 0.16 10.8 ±
0.27 

35.0 0.051 

Brain 3.85 ± 0.20 18.0 ±
0.94 

10.2 0.037 

Gonad 5.26 ± 0.07 13.2 ±
0.18 

22.5 0.025 

Muscle 4.17 ± 0.18 16.6 ±
0.72 

13.9 0.025  

a Depuration rate (kd) (± standard error): calculated using Eqn. S2 with NBFR 
concentrations on a lipid weight basis. 

b Half-life (± standard error): calculated using Eqn. S3. 
c Assimilation efficiency: calculated using Eqn. S4 on the NBFR concentrations 

at day 28 of the uptake period (i.e. at the time zero of the depuration period). 
d Lipid-corrected biomagnification factor (BMF): calculated from Eqn. S5. 
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trophic dilution (TMF <1) of BTBPE was observed in the food web of 
Lake Maggiore (Italy) (TMF = 0.3) (Poma et al., 2014) as well as in a 
freshwater food web from an electronic waste recycling site in South 
China (TMF = 0.4) (Wu et al., 2010). Similarly, no significant rela
tionship between α-TBECH concentrations and the trophic levels was 
found in aquatic food chains (webs) from Taihu Lake, and a relatively 
low biomagnification potential (TMFs = 0.39) was observed for 
β-TBECH (Zheng et al., 2018). The variations in the bioaccumulation 
potential of NBFRs reported in previous studies could be related to the 
length of the food chains (webs) and the species that constitute them 
(Hou et al., 2022). 

It is should be noted that zebrafish were exclusively exposed to target 
chemicals through their diet in this study, with careful avoidance of 
exposure via the aqueous phase. Therefore, the BMF values calculated 
for BTBPE and α-/β-TBECH in this study cannot be directly compared to 
the BMF or TMF values reported in field studies mentioned above, where 
both water and dietary exposure are combined (OECD, 2012). Mean
while, the levels of BTBPE and α-/β-TBECH did not reach a steady state 
within the 28-d exposure period in this study; extending the duration of 
exposure beyond 28 d may potentially result in a more pronounced 
biomagnification of BTBPE and α-/β-TBECH in zebrafish tissues. The 
detected NBFR concentrations in the wild organisms generally reflect a 
prolonged accumulation of BTBPE and α-/β-TBECH, thus a significant 
biomagnification of these chemicals could be expected in aquatic food 
webs (Hou et al., 2022; Liu et al., 2021; Zheng et al., 2018). 

The biotransformation of NBFRs can also significantly affect their 
accumulation potential in organisms. Previous studies have indicated 
that marine fish have slower NBFR biotransformation rates than fresh
water fish, resulting in a higher trophic magnification potential of 
NBFRs in marine food chains (webs) (Hou et al., 2022; Zheng et al., 
2018). The observation of BMF <1 for BTBPE and α-/β-TBECH in 
zebrafish tissues provide new insights for assessment of their ecotoxi
cology and environmental health risks. The biotransformation of NBFRs 
in aquatic organisms requires further investigation and is discussed in 
detail in the following subsections. 

3.3. Tissue distribution 

As shown in Fig. 1, the levels of BTBPE and α-/β-TBECH were 
significantly higher in the liver than those in other tissues throughout 
the exposure period. The liver is richly perfused with blood and serves as 
the primary organ for deposition of contaminants following their ab
sorption from the gastrointestinal tract. Additionally, it plays a pivotal 
role in xenobiotic chemical metabolism (Greaves and Letcher, 2014; 
Zeng et al., 2014), which may account for the liver’s high assimilation 
efficiency and depuration rate of BTBPE and α-/β-TBECH (Table 1). 
However, poor blood perfusion in the muscle and brain may contribute 
to lower elimination rates of chemicals in these tissues (Zheng et al., 
2014). Moreover, it has been demonstrated that the blood-brain barrier 
functions as a restrictive mechanism to impede the infiltration of organic 
chemicals into critical cerebral regions, resulting in the lowest assimi
lation efficiencies of NBFRs in the zebrafish brain in the present study 
(Table 1). 

The dynamic distribution of BTBPE and α-/β-TBECH was observed 
among zebrafish tissues. The concentration ratios of liver to other tissues 
remained relatively stable throughout the exposure period. However, 
during the depuration period, these ratios exhibited an exponential 
decline over time (Fig. 2). The concentrations of BTBPE and α-/β-TBECH 
in the liver can be influenced by enterohepatic circulation and lipophilic 
contaminant redistribution (Martin et al., 2006), ultimately resulting in 
the increase in the concentration ratios between the liver and other 
tissues. Passive diffusion is the primary in vivo transportation mode of 
xenobiotic chemical, wherein the distribution of chemicals in tissues is 
significantly influenced by the blood perfusion rate and membrane 
permeability (Esteban and Castaño, 2009). The rates of material ex
change between blood and highly vascularized tissues, like the liver, are 

generally fast, whereas the rates between blood and muscle or blood and 
brain tend to be relatively sluggish (Zheng et al., 2014). This is consis
tent with the result that BTBPE and α-/β-TBECH in the liver have the 
highest α values compared to other tissues. As the liver is a highly 
perfused organ that detoxifies toxic substances, NBFRs have been re
ported to assimilate faster in the liver than in other tissues (Qiao et al., 
2023; Shi et al., 2009; Vorkamp et al., 2015). 

Furthermore, the relative tissue burdens (RTBs, percent) of BTBPE 
and α-/β-TBECH were calculated based on their concentrations and the 
weight in the tissues. As shown in Fig. 3, the RTBs in the liver were 
relatively high after seven days of exposure, then showed a gradually 
decreasing trend and tended to stabilize. The RTBs of NBFRs in the 
muscle were much higher than those in the other tissues during the 
experiment, and with the extension of the experiment, the load pro
portion showed an increasing trend (Fig. 3). In the gonads, the RTBs of 

Fig. 2. Concentration ratios of NBFRs in the liver compared to other tissues of 
zebrafish throughout the experimental period. Error bar indicated 
±standard deviation. 
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the NBFRs showed a slightly decreasing trend with the extension of the 
experiment and gradually stabilized at the later stage of clearance 
(Fig. 3). The main reason for this result may be that sexually mature 
female zebrafish were used as experimental objects in this study, and the 
ovary was the second-largest tissue after the muscle. The results of this 
study indicate that NBFRs have the potential to be enriched in the ovary, 
which may cause intergenerational transmission and adversely affect 
offspring. 

Additionally, the transport and accumulation of hydrophobic 
chemicals such as NBFRs within lipid-rich tissues could also contribute 
significantly to tissue-specific bioaccumulation and distribution in or
ganisms (Hou et al., 2021; Xiong et al., 2019). In this study, the lipid 
contents in tissues of zebrafish were as follows: gonads (5.92 ± 1.51 %) 
> muscle (4.66 ± 0.94 %) > liver (3.75 ± 1.39 %) > brain (3.51 ± 0.73 
%). As shown in Fig. S3, the wet-weight concentrations of BTBPE and 
α-/β-TBECH were significantly correlated with the lipid content of 
zebrafish tissues (p < 0.001), revealing the preferential accumulation of 
BTBPE and α-/β-TBECH in lipid-rich tissues. These results are consistent 
with those observed in previous studies (Hou et al., 2022; Ruan et al., 
2018b; Zheng et al., 2018), in which NBFRs, including BTBPE and 
TBECH, were significantly positive correlated with the lipid content of 
aquatic species. 

3.4. Enantiomeric selective accumulation of α-/β-TBECH 

The physicochemical properties of a pair of chemical enantiomers 
are identical, and the racemates remain intact (i.e., EF = 0.5)) under 
achiral interactions, such as abiotic elements (Wong, 2006). The 
observed deviation of EF = 0.5 suggests the presence of enantiose
lectivity, which can be attributed to biologically mediated mechanisms 
like enzymatic biotransformation. 

The EFs of α-TBECH and β-TBECH in the administrated food were 
0.499 ± 0.005 and 0.499 ± 0.002, respectively, in this study (Fig. 4 A 
and B). During the uptake period, the EF of α-TBECH gradually increased 
from 0.596 ± 0.007 to 0.702 ± 0.016 in muscle, from 0.646 ± 0.002 to 
0.703 ± 0.005 in gonad, from 0.641 ± 0.009 to 0.757 ± 0.004 in liver, 
and from 0.619 ± 0.010 to 0.707 ± 0.001 in brain, respectively, which 
were significantly higher than that in administrated food (Fig. 4A). In 
the depuration period, the EF of α-TBECH in zebrafish tissues increased 
with the extending of depuration time (Fig. 4A), which suggested the 
preferential accumulation of first-eluting (E1) enantiomer for α-TBECH 
(E1-α-TBECH) nd the selective biotransformation of second-eluting (E2) 
enantiomer for α-TBECH (E2-α-TBECH) in zebrafish. Similarly, prefer
ential accumulation of E1-β-TBECH was observed in zebrafish tissues, 
exhibiting significantly higher EFs of β-TBECH in zebrafish tissues 
compared to the technical product (Fig. 4B). Identical enantiomer- 
selective accumulation trend was observed between α-TBECH and 
β-TBECH. 

The enantiomer-specific accumulation of chiral chemicals is influ
enced by intricate interactions among processes such as selective ab
sorption, elimination, isomerization, and biotransformation for each 
individual enantiomer (Li et al., 2016; Yang et al., 2022). The EFs of α- 
and β-TBECH in zebrafish tissues were higher in the depuration period 
than those in the uptake period in this study (Fig. 4A and B), providing 
evidence for the significant role of enantiomer-selective depuration in 
influencing enantiomer-selective accumulation. However, limited in
formation is available regarding the enantiomeric specificity of TBECH. 
Selective accumulation of E1-α-TBECH, E2-γ-TBECH, and E1-δ-BECH was 
observed in mollusk, crustaceans, fish, and cetaceans from the South 
China Sea; in contrast, no enantioselective accumulation was observed 
for β-TBECH (Ruan et al., 2018a; Ruan et al., 2018b). Besides, 
E2-β-TBECH showed higher microbial degradation rate than E1-β-TBECH 
(Ruan et al., 2019), and earthworms were found to selective accumulate 
E1-α-TBECH and E2-γ-TBECH (Yang et al., 2022). These results suggest 
the enantiomer-selective depuration of TBECH in organisms, which can 
be attributed to the stereochemical selectivity exhibited by chemicals 
during biologically mediated processes (Huang et al., 2022; Kania-
Korwel and Lehmler, 2016). Therefore, the biotransformation of TBECH 
in fish requires further investigation. 

3.5. Biotransformation of BTBPE and α-/β-TBECH 

The potential debrominated transformation products (TPs) of BTBPE 
and α-/β-TBECH in liver extracts were first screened with GC-ECNI-MS 
by monitoring m/z 79 and 81. Additionally, ion chromatograms of the 
control group were compared with those of the exposed group to detect 
any significant differences. For example, the ion chromatograms of 
BTBPE and α-/β-TBECH at 28 days of exposure were shown in Figs. S4 
and S5. Nine unknown peaks, bromine-containing compounds eluting 
before BTBPE, and three unknown peaks eluting before α-/β-TBECH 
were observed (Figs. S4 and S5). These unknown brominated chemicals 
could be the debromination products of BTBPE and α-/β-TBECH, indi
cating that the biotransformation of NBFRs does occur in zebrafish. 

The potential TPs of BTBPE and α-/β-TBECH were further identified 
through UPLC-Q-TOF-MS analysis by matching accurate masses (m/z) 
and possible molecular formulas. Characteristic fragment ions subse
quently confirmed their chemical structures (Tables S1 and S2). The 
extracted ion chromatograms and the accurate mass spectra are given in 
Figs. S6, S7, S8, and S9, respectively. 

Twelve TPs were identified for BTBPE, including a series of ether 
cleavages, debromination, hydroxylation, and methoxylation reactions 
(Table S1; Figs. S6 and S7). Metabolic cleavage of the ether linkage of 
BTBPE resulting in the formation of 2,4,6-tribromophenol (TBP; 
TPBTBPE-2) and 2,4,6-tribromophenoxyethanol (TBPE; TPBTBPE-5). TBP 
further underwent debromination, methoxylation, and hydroxylation to 
form 2,4-dibromophenol (DBP; TPBTBPE-1), 1,3,5-tribromo-methoxy- 

Fig. 3. The relative tissue burdens (%) of NBFRs in zebrafish.  
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Fig. 4. Enantiomer fractions (EFs) of α-TBECH and β-TBECH in tissues of zebrafish.  

Y.-Y. Wang et al.                                                                                                                                                                                                                               



Environmental Pollution 345 (2024) 123460

8

benzene (TBMB; TPBTBPE-3), and 1,3,5-tribromo-benzenediol (TBBD; 
TPBTBPE-4), respectively, while the hydroxylation of TBPE led to the 
formation of hydroxyl-(2,4,6-tribromophenoxyethanol) (OH-TBPE; 
TPBTBPE-6) and dihydroxyl-(2,4,6-tribromo-phenoxyethanol) 
(di–OH–TBPE; TPBTBPE-7). 

Aromatic chemicals often oxidize by cytochrome P450s, producing 
arene oxide as the initial product (Hakk et al., 2004). The cleavage of the 
BTBPE arene oxide resulted in the formation of a monohydroxylated 
product (OH-BTBPE; TPBTBPE-12). The accompanied process of arene 
oxide oxidation and debromination, or the direct debromination of 
OH-BTBPE produce hydroxyl-(1,3,5-tribromo-2-(2,6-dibromophenyl) 
benzene) (OH-TBDBPB; TPBTBPE-8). Alternatively, the enzymatic activ
ities of epoxide hydrolase and dihydrodiol dehydrogenase on arene 
oxide could catalyze the formation of dihydroxyl-(1,3,5-tribromo-2-(2, 
6-dibromophenyl) benzene) (di–OH–TBDBPB; TPBTBPE-11) isomer I. 

Both the aromatic rings of BTBPE underwent cytochrome P450 
oxidation. The process of opening the ring and dehalogenation of both 
arene oxides yield dihydroxyl-bis (dibromophenoxy) ethane 
(di–OH–BDBPE; TPBTBPE-9), whereas the debromination of only one of 
the two putative arene oxides resulted in the formation of TPBTB PE-11, 
isomer II. Isomers I and II of TPBTB PE-11 could not be identified in this 
study because the fragment ions could not distinguish whether the two 

hydroxyl-groups were on one aromatic ring or different rings (Table S1 
and Fig. S7). Finally, the methoxylation of TPBTBPE-9 led to the forma
tion of 3,5-dibromo-4-(2-(2,6-dibromo-methoxyphenoxy) ethoxy) 
phenol (DBDBMPEP; TPBTBPE-10). 

The BTBPE TPs identified in zebrafish livers were similar to those 
found in rats exposed to BTBPE through their diet (Hakk et al., 2004). 
TBP has also been identified as a major TP in BTBPE in zebrafish (Qiao 
et al., 2023) and fathead minnows (de Jourdan et al., 2014). In addition 
to TBP, hydroxyl metabolites and methoxy TPs of BTBPE have been 
observed in clams through a water-sediment-clam exposure system 
(Zhou et al., 2022). These results indicate that the cleavage and 
debromination of BTBPE are the predominant metabolic trans
formations in vivo. Based on the TPs identified in zebrafish, the BTBPE 
transformation pathways of BTBPE were proposed in Fig. 5A. 

Ten TPs were identified for TBECH, mainly produced through hy
droxylation, debromination, and oxidation (Fig. 5B). The hydroxylated 
TPs included mono-, di-, and tri-hydroxy metabolites, that is, OH-TBECH 
(TPTBECH-6), di–OH–TBECH (TPTBECH-7), and tri–OH–TBECH (TPTBECH- 
8). However, α-TBECH and β-TBECH could not be separated through LC 
analysis in this study. Meanwhile, the precise positions of hydroxyl 
groups could not be ascertained. The findings of this study are generally 
in agreement with those obtained from in vitro metabolism using rat 

Fig. 5. Proposed biotransformation pathways of (A) BTBPE and (B) TBECH in zebrafish liver.  
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liver microsomes (RLM) being exposed to the TBECH technical mixture 
(Chu et al., 2012) and those using human liver microsomes (HLM) 
following exposure to the α- and β-TBECH isomers (Nguyen et al., 2017). 

Additionally, the hydroxylated TPs of debrominated TBECH were 
identified in the zebrafish liver: mono- and di-hydroxyl-tribromoethyl 
cyclohexane (TPTBECH-1: OH-TriBECH and TPTBECH-2: 
di–OH–TriBECH) and hydroxyl-dibromoethylcyclohexane (TPTBECH-4: 
OH-DiBECH) (Table S2). Although OH-TriBECH and di–OH–TriBECH 
have been reported in in vitro metabolism experiments using HLM 
(Nguyen et al., 2017) and RLM (Chu et al., 2012), respectively, this is the 
first study to identify OH-TriBECH, di–OH–TriBECH, and OH-DiBECH in 
vivo. It is reasonable to deduce that OH-TriBECH (TPTBECH-1) can be 
formed via the debromination of OH-TBECH (TPTBECH-6) and/or directly 
via the debromination of the parent TBECH, followed by hydroxylation. 
Further debromination of OH-TBECH (TPTBECH-6) yielded hydroxydi
bromoethylcyclohexene (TPTBECH-5: OH-DiBECHE) (Table S2). Previous 
studies have reported similar biotransformation pathways for in vitro 
metabolism of HBCD in rats (Abdallah et al., 2014) and humans (Erra
tico et al., 2016), in which both hydroxylation and debromination 
processes were observed. OH-TriBECH (TPTBECH-1) could potentially be 
formed through the hydroxylation of a tribrominated product of TBECH 
(i.e., a tribromoethyl cyclohexane derivative or TriBECH), as the 
debromination of TBECH was detected by GC-MS screening. Although 
the TriBECH TPs could not be identified in the UPLC-QTOF-MS 
screening, this hypothesis remains plausible, as triBECH may undergo 
rapid transformation into its hydroxylated TPs (Nguyen et al., 2017). 
However, no debromination or hydroxylation TPs of TBECH were 
detected in earthworms after exposure to a dose of TBECH isomers 
through soil (Yang et al., 2022), and no debrominated metabolite was 
observed in the muscle and liver of juvenile rainbow trout following 
dietary exposure to β-TBECH (Gemmill et al., 2011). 

Besides, carboxylated TriBECH, specifically bromo-(1,2-dibromocy
clohexyl) acetic acid (TPTBECH-3: DBCBA), is produced through the 
α-oxidation mechanism. The oxidative reaction initiates at the Cα posi
tion, leading to the conversion of the terminal bromomethyl group into 
an aldehyde, which is subsequently oxidized to form a carboxylic acid 
(Nguyen et al., 2017). A similar mechanism was reported for the 
metabolic α-oxidative dehalogenation of structurally similar haloge
nated chemicals such as tris-2-chloroethyl phosphate (TCEP) (Abdallah 
et al., 2015). However, the identification of the aldehyde intermediate in 
this study was hindered due to its susceptibility to rapid oxidation into 
the corresponding carboxylic acid form (Abdallah et al., 2015). The 
proposed biotransformation pathways of TBECH based on the TPs 
identified in zebrafish are shown in Fig. 5B. 

Additionally, due to the unavailability of reference standards, the 
time trends of BTBPE, TBECH, and their major metabolites in zebrafish 
liver were semi-quantified by assessing the relative peak area (Fig. S10). 
In the zebrafish liver, the levels of most TPs were similar in magnitude to 
the parent BTBPE and TBECH, and generally exhibited an increasing 
trend during the uptake period, followed by a rapid decrease after 7 days 
of depuration (Fig. S10). This trend was consistent with the findings for 
BTBPE and TBECH (Fig. 1). However, it is important to note that the 
contributions were determined based on the relative peak areas of in
dividual TPs, which may significantly deviate from the quantitatively 
calculated actual contributions using measured concentrations. 
Furthermore, mass spectrometry analysis did not provide precise posi
tional information regarding additional substituents on the aryl ring of 
BTBPE and the hexane ring of TBECH. Nonetheless, the results of this 
study further support that the biotransformation of BTBPE and TBECH 
significantly decreased their bioaccumulation potential in zebrafish. 
This is the first study to provide details on the in vivo biotansformation of 
BTBPE and TBECH in zebrafish. 

4. Conclusion 

In summary, bioaccumulation and biotransformation of BTBPE and 

TBECH in zebrafish were investigated in the present study. Both BTBPE 
and TBECH showed low bioaccumulation potential in zebrafish, with 
BMFs <1 was found in all tissues. The distribution of BTBPE and TBECH 
was significantly affected by individual tissues’ function and fat content. 
Stereoselective accumulation of TBECH enantiomers was observed in 
zebrafish tissues, and the inner mechanisms require further investiga
tion. Additionally, the TPs of BTBPE and TBECH were comprehensively 
screened and identified in the zebrafish liver, and the biotransformation 
pathways were proposed. Biotransformation significantly affect bio
accumulation potentials of BTBPE and TBECH in zebrafish, and the 
environmental impacts of their TPs warrant further attention. Over all, 
we shed new light on the bioaccumulation and biotransformation pro
cesses of NBFRs in zebrafish in this study, which provide a scientific 
basis for accurately assessing their ecological and environmental risks. 
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