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A B S T R A C T   

Over the past few decades, production trends of the flame retardant (FR) industry, and specifically for bromi-
nated FRs (BFRs), is for the replacement of banned and regulated compounds with more highly brominated, 
higher molecular weight compounds including oligomeric and polymeric compounds. Chemical, biological, and 
environmental stability of BFRs has received some attention over the years but knowledge is currently lacking in 
the transformation potential and metabolism of replacement emerging or novel BFRs (E/NBFRs). For articles 
published since 2015, a systematic search strategy reviewed the existing literature on the direct (e.g., in vitro or in 
vivo) non-human BFR metabolism in fauna (animals). Of the 51 papers reviewed, and of the 75 known envi-
ronmental BFRs, PBDEs were by far the most widely studied, followed by HBCDDs and TBBPA. Experimental 
protocols between studies showed large disparities in exposure or incubation times, age, sex, depuration periods, 
and of the absence of active controls used in in vitro experiments. Species selection emphasized non-standard test 
animals and/or field-collected animals making comparisons difficult. For in vitro studies, confounding variables 
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decabromodiphenyl ether; BEH-TEBP (TBPH), bis(2-ethylhexyl) tetrabromophthalate; BFR, brominated flame retardant; BTBPE, 1,2-bis(2,4,6-tribromophenoxy) 
ethane; BZ-54, Firemaster BZ-54; CONTAM, European Food Safety Authority Panel on Contaminants in the Food Chain; DBDPE, decabromodiphenyl ethane; DBE- 
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were generally not taken into consideration (e.g., season and time of day of collection, pollution point-sources or 
human settlements). As of 2021 there remains essentially no information on the fate and metabolic pathways or 
kinetics for 30 of the 75 environmentally relevant E/BFRs. Regardless, there are clear species-specific and BFR- 
specific differences in metabolism and metabolite formation (e.g. BDE congeners and HBCDD isomers). Future in 
vitro and in vivo metabolism/biotransformation research on E/NBFRs is required to better understand their 
bioaccumulation and fate in exposed organisms. Also, studies should be conducted on well characterized lab (e. 
g., laboratory rodents, zebrafish) and commonly collected wildlife species used as captive models (crucian carp, 
Japanese quail, zebra finches and polar bears).   

1. Introduction: 

Flame retarding (FR) chemicals belong to a large class of consumer 
product additives (e.g. to plastics, textiles, furniture, etc.) intended to 
mitigate the spread of fire and meet flammability safety requirements 
(State of California. Department of Consumer Affairs, 2000; WHO, 
1997). As has been noted in past reviews (Bergman et al., 2012; Covaci 
et al., 2011), there currently are at least 75 different BFRs known to be 
commercially produced and in use. At present, environmental studies 
continue to focus on BFRs produced in high volumes and/or present at 
substantial levels in environmental compartments, namely PBDEs, 
HBCDD isomers, and TBBPA. Over the past decade penta- and Octa- 
BDEs, HBCDD, and Deca-BDE have been phased out and regulated, e. 
g. being listed under Annex A (Elimination) of the UNEP Stockholm 
Convention on POPs in 2009, 2014, and 2017, respectively. (UNEP, 
2017). 

Recent reviews and observations suggest that one trend for 
replacement BFRs are towards more highly brominated compounds with 
larger molecular weights, including oligomeric and polymeric com-
pounds such as polyhalogenated polyphenol ethers (PHPEs) and 
brominated polymers (Beach et al., 2017, 2013; Chen et al., 2015; 
Covaci et al., 2011; Lv et al., 2020; Presswood, 2016). Substantial work 
over the past ten years has demonstrated the potential for both abiotic 
and biotic degradation of PBDEs, particularly through photolytic deha-
logenation (Chen et al., 2015; Stubbings and Harrad, 2014; Weijs et al., 
2015). There has also been some evidence to suggest that PolyFR; a 
block copolymer of polystyrene and brominated polybutadiene being 
used as a replacement for HBCDD; may undergo photo-induced degra-
dation to smaller and potentially more toxicologically active haloge-
nated by-products at the end-of-life phase (Koch et al., 2019, 2019, 
2016; Koch and Sures, 2019; Minet et al., 2021a, 2021b). Emerging and 
novel BFRs (E/NBFRs) are defined as BFRs that have been identified as 
anthropogenic chemicals in any environmental compartment or with a 
confirmed presence in materials and/or goods at concentrations greater 
than 0.1%, respectively, (EFSA CONTAM, 2012a). However, there exists 
substantial knowledge gaps in their chemical and environmental sta-
bility and degradability potential (Ezechias et al., 2014; Hou et al., 2021; 
Wu et al., 2019; Xiong et al., 2019) and the implications and concerns 
regarding the potential for regrettable substitution (Blum et al., 2019). 

There has been a growing concern over exposure to BFRs and their 
potential degradation by-products in indoor environments (Lucattini 
et al., 2018; Raffy et al., 2018; Sugeng et al., 2017; Yu and de Boer, 
2017). PBDEs have been repeatedly shown to undergo spontaneous 
photolytic debromination in the presence of UV and natural sunlight 
irradiation, with larger more highly brominated congeners (e.g. BDE- 
209) undergoing more rapid debromination towards smaller, more 
bioavailable and recalcitrant congeners (Eriksson et al., 2004; Hua et al., 
2003; Qu et al., 2017; Stapleton and Dodder, 2008; Wei et al., 2013). 
Moreover, there is evidence demonstrating that PBDEs are capable of 
photocatalytic conversion into corresponding polybrominated di-
benzofurans and/or dibenzo-p-dioxins (Christiansson et al., 2009; 
Erickson et al., 2012; Hagberg et al., 2006; Kajiwara et al., 2013, 2008; 
Sánchez-Prado et al., 2006; Wang et al., 2018a, 2018b). Thus, there is an 
increasing interest and concern that biotic as well as abiotic trans-
formation of BFRs may contribute significantly to the exposome for both 

humans and animals (fauna). 
Several recent reviews have focused on microbial biodegradation of 

BFRs and other POPs (Chen et al., 2015; Huang et al., 2020, 2019; 
Macêdo et al., 2021; Ren et al., 2018; Sahu et al., 2021; Zhao et al., 
2018a, 2018b), and (Pan et al., 2016) provided a critical review of the 
mechanisms and kinetics of PBDE photodegradation in environmental 
media. 

EFSA CONTAM scientific opinion reports released between 2010 and 
2012 on BFRs in food included an updated review of information more 
specific to human and laboratory rodent models, and where PBDEs were 
by far the most well understood for BFRs in terms of toxicology, tox-
icokinetics, and metabolism, while the E/NBFRs, TBBPA and HBCDD, 
were poorly understood in comparison (2012a, 2012b, 2011a, 2011b, 
2011c, 2010). Akortia et al. (2016) reviewed PBDE biotransformation 
but was limited in scope with the most recent cited studies related to 
animal-mediated biotransformation having been published in 2008. 
Another PBDE biotransformation review was similarly limited and with 
little discussion of compound-specific biotransformation (Manzetti 
et al., 2014). A review by Ezechias et al. (2014) only provided infor-
mation specific to the animal-mediated metabolism of a limited number 
of E/NBFRs, namely BTBPE, BEH-TEBP, and TBBPA-BDBPE. A summary 
and detailed account of pre-2015 information (including cited refer-
ences) for each specific BFR or BFR group can be found in Section S3 of 
the SI. More recently, the disposition, kinetics, and toxicity of TBBPA in 
both humans and wildlife was reviewed by Yu et al. (2019) and covered 
briefly in Kacew and Hayes (2020). The biotransformation of other E/ 
NBFRs in the aquatic environment and/or with limited discussion was 
reviewed by both Hou et al. (2021) and Xiong et al. (2019). The present 
comprehensive review systematically assessed all of the available liter-
ature information since 2015 regarding the non-human animal-medi-
ated transformation and metabolism of BFRs, and critically evaluates the 
current and key knowledge gaps and research needs. 

2. Methods 

2.1. Search strategy 

The Web of Science Core Collection, including all citation indexes, 
was used to mine for all published work on BFR metabolism using the 
advanced search option looking for keywords including bromine and 
flame retardant, as well as keywords related to degradation and meta-
bolism including dehalogenation, debromination, and transformation; 
further details can be found in the SI in Section S1. This broad search 
strategy allowed for the gathering of all peer-reviewed published work 
on the degradation of BFRs in the environment. The search period in 
initial searches was not restricted, using the WOS timespan “All years 
(1900–2019).” Inclusion criteria for abstract/title screening required 
that studies explicitly or clearly indicate that they directly investigated 
the metabolism of BFRs; studies that only indirectly studied the meta-
bolism (e.g. the measurement of metabolites that have multiple poten-
tial sources) without explicitly discussing the source(s) in that same 
study (e.g. by statistically investigating the relationship to other sources) 
were excluded. Other a priori exclusion criteria included studies per-
taining to thermal degradation or combustion, abiotic degradation, 
human mediated metabolism, and studies that only measured changes in 
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Table 1 
Chemical classes and individual brominated flame retardants (BFRs) that have had their metabolism studied in animals. Hydrogen atoms are omitted from chemical 
structures for clarity. Status presented as “Legacy” (L), “Established” (ES), or “Emerging (E)” BFRs. Substituent numbering positions for polybrominated diphenyl 
ethers (PBDEs) are indicated and also apply to the polybrominated biphenyls (PBBs). The three major stereoisomers of hexabromocyclododecane (HBCDD) are 
depicted. Hydrogen and carbon atoms have been omitted for clarity.  

Abbreviation Chemical Structure Chemical Name Additive 
(A) vs 
Reactive 
(R) 

Status CAS 
Number 

PBDEs Polybrominated diphenyl 
ethers (BDE-1 to -209) 

A L Various  

HBCDD Hexabromocyclododecane A L Various  

PBBs Polybrominated biphenyls 
(BB-1 to -209) 

A L Various  

TBBPA Tetrabromobisphenol A R/A ES 79-94-7  

TBBPA-BHEE Tetrabromobisphenol A-bis 
(2-hydroxyethyl) ether 

R/A E 4162- 
45-2  

TBBPA-BDBPE Tetrabromobisphenol A-bis 
(2,3-dibromopropyl) ether 

R/A E 21850- 
44-2  

2,4,6-TBP 2,4,6-Tribromophenol R Ea 118-79- 
6  

TBP-DBPE 1,3,5-Tribromophenyl 2,3- 
dibromopropyl ether 

A E 168434- 
45-5 

(continued on next page) 
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Table 1 (continued ) 

Abbreviation Chemical Structure Chemical Name Additive 
(A) vs 
Reactive 
(R) 

Status CAS 
Number  

TBP-AE 1,3,5-Tribromophenyl allyl 
ether 

R/A E 3278- 
89-5  

PBB-Acr Pentabromobenzyl acrylate R E 59447- 
55-1  

HBB Hexabromobenzene A E 87-82-1  

PBEB Pentabromoethylbenzene A E 85-22-3  

PBT Pentabromotoluene A E 87-83-2  

TBCT 2,3,4,5-Tetrabromo-6- 
chlorotoluene 

A Eb 39569- 
21-6  

BTBPE 1,2-Bis(2,4,6- 
tribromophenoxy) ethane 

A E 37853- 
59-1  

DBDPE Decabromodiphenyl ethane A E 84852- 
53-9  

(continued on next page) 
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the gene expression of metabolic proteins. A full list of studies included 
for the present review can be found in Section S2 of the SI. 

2.2. Data extraction and quality assessment 

The study data was extracted, including: (1) the parent BFRs studied, 
(2) the basic method and/or samples analysed, (3) metabolic products 
measured (or not measured), and (4) primary results or interpretation 
from each study. In vitro studies were assessed for quality based on an ad 
hoc basis based on best practices for analytical/instrumental analysis 
and study design (e.g. use of controls, transparency in control perfor-
mance, etc.). A summary of the data extracted from each study can be 
found in Table S2. A summary of the major BFR classes that were 
reviewed are provided in Table 1. 

2.3. Search results 

Search results are current as of June 29, 2021. A total of 3239 unique 
records were obtained using the outlined search strategy through Web of 
Science. After removing meeting abstracts and any records not written in 
English (n = 62), 3177 records were title & abstract screened. Initial 
screening removed 2246 records over the entire search time-period 
(1900-present), followed by the removal of an additional 506 records 
written prior to 2015. 425 records were subject to a full-text screening 
wherein 374 were removed based on pre-established exclusion criteria. 
In total, 51 published studies reported post-2015 (see Table S2) were 
considered appropriate and valid for the present review based on any 
earlier reviews from pre-2015. 

3. Metabolic transformation of brominated flame retardants 

3.1. Polybrominated diphenyl ethers (PBDEs) 

As is detailed in Section S3 of the SI, there is considerable informa-
tion reported pre-2015 for PBDEs. Table S1 presents the substitution 
pattern and chemical structure for those BDE congeners described 
herein. Highlighting a few examples, both debromination and/or hy-
droxylation of BDE congeners and were shown to be the dominant 
transformation processes in air, plants, animals, soil, and sediments 
regardless of the degree of bromination. OH-BDEs were shown to be the 
products of both animal- and microbial-mediated metabolism. Micro-
bially derived OH-BDEs largely feature ortho-hydroxylation. Limited 
evidence exists on the possible methylation of OH-BDEs to MeO-BDEs in 
animals, as well as the enzymes that can catalyze such PBDE metabolism 
in wildlife species. As detailed comprehensively in Section S4, enzyme 
isoform-specific differences exist in oxidative biotransformation activity 
and/or capacity towards different BDE congeners (to OH-BDEs and 
MeO-BDEs) and some other BFRs. We presently detail new information 
post-2015 on the metabolism of PBDEs and a broader range of E/BFRs in 
aquatic biota, birds, rodents, polar bears, pigs and/or household pets, 
with an overall summary presented in Table 2 and a detailed summary in 
Table S2. 

3.1.1. Daphnia 
PBDE metabolism and biotransformation reports in invertebrates 

remains extremely limited. However, for the first time, Liu et al. (2020) 
investigated the accumulation, biomagnification, and biotransformation 
of BDE-47 by the freshwater algae (Chlorella pyrenoidosa)-daphnia 
(Daphnia magna) aquatic food chain. C. pyrenoidosa and adult daphnia 

Table 1 (continued ) 

Abbreviation Chemical Structure Chemical Name Additive 
(A) vs 
Reactive 
(R) 

Status CAS 
Number 

DBE-DBCH 1,2-Dibromo-4-(1,2- 
dibromocyclohexane) 

A E 3322- 
93-8  

EH-TBB 2-Ethylhexyl 2,3,4,5- 
tetrabromobenzoate 

A E 183658- 
27-7  

BEH-TEBP Bis(2-ethylhexyl) 
tetrabromophthalate 

A E 26040- 
51-7  

TeDB- 
DiPhOBz/4′- 
PeBPO- 
BDE208 

Tetradecabromo-1,4- 
diphenoxy benzene 

A E 58965- 
66-5  

a Also used as a fungicide and wood preservative, and is known to be a marine natural product as well as a degradation product or impurity from other BFRs (Covaci 
et al., 2011). 

b There is limited support for TBCT production as an FR, and it has been suggested to be a degradation product of other FRs (EFSA, 2012a). 
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were each exposed to [14C]-BDE-47 for up to 96 h. No metabolites were 
observed in either extracts of algae or daphnia, and thus indicating no 
BDE-47 metabolism occurred. 

3.1.2. Fish 
A considerable body of work has been recently published on PBDE 

metabolism in fish. A thorough examination of the structure-specific, 
liver microsomal metabolism of PBDEs for crucian carp (Carassius car-
assius) and Japanese common catfish (Silurus asotus) was conducted in a 
study by Luo et al. (2017) wherein twenty-four individual BDE conge-
ners from BDE-42 to BDE-209 were incubated with microsomes from 
each species. Sixteen of the twenty-four BDE congeners were found to 
undergo metabolic debromination in crucian carp liver microsomes, 
with the most rapidly transformed congeners being pentaBDEs (e.g. 
BDE-123 and -99 with transformation rates of 199 and 165 pmol/h/mg 
protein or 3.32 and 2.75 pmol/min/mg, respectively) while BDE-209 
debromination was the lowest of all congeners tested (4.7 pmol/h/mg 
protein or 0.078 pmol/min/mg protein). No depletion or metabolite 
formation was observed in incubations with BDE-68, -47, -49, -51, -100, 
-154, -148, -150, and -155. Additionally, no PBDE metabolism was 

observed in catfish liver microsomes consistent with an earlier study by 
Luo et al. (2013a). Interestingly, all PBDE congeners that underwent 
significant debromination had bromines on adjacent carbon atoms, and 
’doubly flanked’ meta- or para-bromines were observed to always be 
removed at a faster rate than singly flanked bromines. In singly flanked 
bromine congeners, meta-debromination was always preferential to the 
corresponding para-debromination. It was also observed that the 2,4,6- 
tribromine substitution pattern on one benzene ring would greatly 
reduce or eliminate the rate of debromination on the opposite ring. 
These results are corroborated in a recent study examining the 
involvement of type I and type II deiodinase (DI) enzymes in the 
debromination of PBDEs in liver microsomes from four different fish 
species including: tilapia (Oreochromis niloticus), northern snakehead 
(Channa argus), crucian carp, and Japanese common catfish (Luo et al., 
2019). Through the use of two different DI inhibitors (iodoacetic acid 
and PTU) and T4 and rT3 thyroid hormones as competitive inhibitors 
with differing DI isoform affinities, type I DI was determined to be 
critical in BDE-99 to BDE-47 debromination, while type II DI is critical in 
BDE-99 to BDE-49 debromination, similar to that found by Noyes et al. 
(2010) in common carp (Cyprinus carpio). Some differences in the 

Table 2 
Species investigated in studies included in the present review for each BFR class, as well as a summary on the metabolic pathways that have been studied and/or 
observed for each BFR class to-date.  

Chemical(see Table 1) Number of post- 
2015 studies 
reviewed 

Species studied (post-2015) Metabolic pathways that have been observed (pre- and post-2015) 

PBDEs 28 Oscar fish, crucian carp, common carp, zebrafish, Japanese sea 
bass, cherry salmon, rainbow trout, Chinook Salmon, Japanese 
medaka, fathead minnow, redtail catfish, ayu sweetfish, turbot, 
lake trout, common sole, lesser snow geese, common quail, 
Japanese quail, peregrine falcon, chicken, ring-billed gull, 
starling, zebra finch, rat, mice, beluga, ringed seal, polar bear, 
domestic cow, domestic pig, mink, cat, dog, C. pyrenoidosa 

Reductive (poly)debromination, oxidative O-cleavage, (poly) 
hydroxylation, methylation, glucuronidation, sulfation, 
glutathionylation. Debromination appears to favour doubly flanked 
meta- or para-bromines (at least in fish: Luo et al., 2017). 
Hydroxylation in animals favours substitution at the meta- or para- 
positions through the NIH shift mechanism or via direct insertion. 

HBCDD 7 Zebrafish, common quail, peregrine falcon, chicken, rat, cat, 
earthworms (E. fetida and M. guillelmi) 

Diastereomeric interconversion (favouring enrichment of 
α-HBCDD), (poly)hydroxylation, (poly)debromination, (poly) 
dehydrogenation, ring opening, mercapturic acid pathway, 
glutathionylation, enantioselective isomerizatiion 

TBBPA 7 Zebrafish, rat, earthworms (E. fetida and M. guillelmi) Sulfation, glucuronidation, debromination, oxidative cleavage at 
the central carbon 

BTBPE 2 Crucian carp, convict grouper, dotted gizzard shad, Japanese 
seabass, flathead grey mullet, yellow-head catfish, Korean 
rockfish, Japanese common catfish 

Hydroxylation, debromination, oxidative O-cleavage; metabolism is 
generally limited and slow or absent 

EH-TBB 5 Crucian carp, convict grouper, dotted gizzard shad, Japanese 
seabass, flathead grey mullet, yellow-head catfish, Korean 
rockfish, Japanese common catfish, bald eagle, rat, mice 

Ester hydrolysis, methylation, sulfation, glycine conjugation 

BEH-TEBP 5 Crucian carp, yellow-head catfish, Japanese common catfish, 
bald eagle, rat, mice 

(poly)ester hydrolysis; metabolism is generally limited and slow or 
absent 

TBP-DBPE 1 Eagle owl, peregrine falcon, sea eagle, osprey Debromination and/or E2 elimination. Metabolism has never been 
directly studied in a controlled setting and the formation of 
metabolites has only been inferred through their measurement. 
TBP-AE is an E/NBFR itself and thus it is unclear if the 
debromination of TBP-DBPE and subsequent elimination occurs 
within animals. 

TeDB-DiPhOBz 1 Herring gull, rat The abiotic photo-debrominated products of TeDB-DiPhOBz have 
been shown to undergo hydroxylation in vitro 

DBE-DBCH 2 Crucian carp, yellow-head catfish, Japanese common catfish, 
American kestrel 

(poly)hydroxylation 

DBDPE 3 Crucian carp, yellow-head c atfish, Japanese common catfish, 
mudsnail 

Debromination, possibly limited amounts of hydroxylation 

TBP-AE 1 Crucian carp, yellow-head catfish, Japanese common catfish No significant metabolism has yet been reported 
PBBA 1 Crucian carp, yellow-head catfish, Japanese common catfish Metabolic depletion has been measured but metabolites have not 

been identified 
TBCT 2 Crucian carp, convict grouper, dotted gizzard shad, Japanese 

seabass, flathead grey mullet, yellow-head catfish, Korean 
rockfish, Japanese common catfish 

Metabolic depletion has been measured but metabolites have not 
been identified 

HBB 2 Convict grouper, dotted gizzard shad, Japanese seabass, flathead 
grey mullet, Korean rockfish, mudsnail 

(poly)debromination, oxidation, mercapturic acid pathway 

PBEB 1 Convict grouper, dotted gizzard shad, Japanese seabass, flathead 
grey mullet, Korean rockfish 

Metabolic depletion has been measured but metabolites have not 
been identified 

PBT 2 Convict grouper, dotted gizzard shad, Japanese seabass, flathead 
grey mullet, Korean rockfish, mudsnail 

(poly)debromination 

2,4,6-TBP 2 rat Glucuronidation, sulfation  
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metabolic products observed between species can be explained by 
differing levels of type I versus type II DI activity in the liver. For 
example, snakehead liver microsomes possessed very low type I activity 
and only BDE-99 to BDE-49 metabolism (type II-mediated) was 
observed. The opposite was observed in tilapia and catfish liver micro-
somes, which possessed the lowest type II DI activity of the species 
measured, wherein BDE-99 to BDE-49 metabolism was absent. Roberts 
et al. (2011) observed the absence of BDE-99 to BDE-47 metabolism in 
rainbow trout (Oncorhynchus mykiss) microsomes despite having a 
similar type I DI activity, with the reason possibly being due to species- 
specific differences in the type I DI structure and/or activity. For 
example, the effect of PTU on type I DI activity has been shown to vary 
between fish species (Orozco et al., 2000, 1997; Orozco and Valverde, 
2005). 

Dietrich et al. (2015) investigated the assimilation efficiency of 
several BDE congeners (BDE-47, -99, -100, -153, and -154) in juvenile 
Chinook salmon (Oncorhynchus tshawytscha) exposed via the diet. Only 
BDE-28 and -49 were observed as potential debromination products 
across all different compound-dose groups. BDE-28 was determined to 
likely originate via the food and was only infrequently detected at low 
levels in BDE-47 dose groups. BDE-49 was only observed at low levels in 
BDE-99 dosed fish, consistent to previous studies showing BDE-49 as a 
direct metabolite of BDE-99 in salmon (Browne et al., 2009; Roberts 
et al., 2011). 

Sex-dependent and tissue-specific distribution was observed in adult 
sole (Solea solea) exposed to a mixture of BDE-47, -99, -100, -153, and 
-209 over an entire reproduction cycle (Munschy et al., 2017). BDE-49 
and -101 were measured in the highest concentrations in all tissues, 
although unlike the tetra- to heptaBDEs, BDE-209 had a very low ab-
sorption efficiency (1.6%) and was stored predominately in the liver. 
This is consistent with preferential accumulation in blood-perfused tis-
sues that has been observed in rats (Huwe et al., 2008; Mi et al., 2017; 
Mörck et al., 2003). BDE-49 was likely the product of BDE-99 debro-
mination (Munschy et al., 2011). When exposed to BDE-153 alone, the 
successive formation of BDE-101 followed by BDE-52 was observed. 
Metabolism was greatest for both BDE-99 and -209 based on ratios of 
metabolites to parent congeners regardless of sex, although complete 
mass balances could not be conducted as the number of targeted PBDEs 
were limited and hydroxylated products were not measured. BDE-209 
also showed a greater degree of transfer from female gonads to eggs. 
The only two metabolites of BDE-209 observed were BDE-202 and an 
unidentified heptabrominated-BDE. 

Tang et al. (2017) examined metabolic transformation in common 
carp exposed to a mixture of BDE-85, -99, -100, -153, -154, and multiple 
PCBs via the diet. In total, five debrominated and ten different hy-
droxylated products were observed, with BDE-100 and -154 resistant to 
debromination and consistent with earlier common carp studies (Rob-
erts et al., 2011; Zeng et al., 2012). Absorption efficiencies and depu-
ration rates of both BDE-100 and -154 were higher and lower than those 
of BDE-153, respectively, likely due to the metabolism of BDE-153, 
which was further supported through measurement of the heavy car-
bon enrichment of BDE-153 over the depuration period. Half lives and 
biomagnification factors of PBDEs increased with increasing logKOW < 7 
and decreased thereafter. A follow up study on the trophodynamics of a 
mixture of the same PBDEs and PCBs in an aquatic food web measured 
the same five debromination products, as well as seven hydroxylated 
products in the serum of tiger barbs (Barbus tetrazona), redtail catfish 
(Phractocephalus hemiolliopterus), and oscar fish (Astronotus ocellatus) 
(Tang et al., 2018). Previous work has shown that PBDEs are not 
significantly debrominated in vivo by redtail catfish (Luo et al., 2013b) 
and is supported by the calculated biomagnification factors for the 
debrominated versus parent congeners. Like common carp, BDE-100 
and -154 were resistant to metabolism and BDE-153 showed heavy 
carbon enrichment in oscar fish. 

Confounding variables such as small sample sizes, age, sex, physio-
logical condition (e.g. nutritional and disease status and other 

ecological/anthropogenic stresses) and contaminant exposure level be-
tween location and season make it difficult to determine the leading 
factors behind differences in debromination rates of PBDEs in fish. 
Mizukawa et al. (2021) reported the first study that directly examined 
seasonal differences in PBDE metabolism. Using liver microsomes from 
common carp caught in different rivers in Japan and in the winter vs. 
summer months, effects of incubation temperature and season were 
observed in the debromination rate of BDE-99 to BDE-47. Debromina-
tion rates were greatest in microsomes from fish caught in the Nogawa 
river collected in the winter, regardless of incubation temperature 
(25–50 ◦C). Microsomes from fish caught in the Tamagawa river in the 
winter also had greater debromination rates than those caught in the 
summer. It is well understood that seasonal effects (through changes in 
temperature and/or light exposure) are responsible for triggering gene 
expression changes for seasonal reproduction in fish (Dardente, 2012; 
Migaud et al., 2010; Tian et al., 2019) or changes in hepatic gene 
expression for adaptations to low seasonal temperatures (Richards et al., 
2010). Biotic and abiotic factors such as water temperature and diet can 
also affect the gene expression induction and activity of the associated 
enzyme proteins in fish such as cytochrome P450s (Andersson and 
Förlin, 1992). For example, in the brain transcriptome of Arctic charr 
(Salvelinus alpinus), gene expression of deiodinase (DI) II was reported to 
be decreased in late summer conditions compared to the spring, and also 
decreased during feed deprivation (Striberny et al., 2019). 

Mizukawa et al. (2021) examined species-specific differences in BDE- 
209 debromination comparing liver microsomes obtained from common 
carp to that from rainbow trout, cherry salmon (Oncorhynchus masou 
masou), ayu sweetfish (Plecoglossus altivelis), and Japanese sea bass 
(Lateolabrax japonicus). BDE-155, -179, -188, -202, -197, and -196 were 
produced in all species while BDE-154 and -184 were found only in 
common carp and ayu sweetfish, respectively. Additionally, BDE-209 
debromination was not measured in incubations with rainbow trout 
microsomes, nor was debromination measured in cherry salmon in-
cubations. This result was consistent with Roberts et al. (2011) wherein 
BDE-209 debromination was not observed in either rainbow trout or 
chinook salmon liver microsomes. Mizukawa et al. (2021) also observed 
that the rate of debromination was significantly greater in microsomes 
from wild caught common carp compared to cultured common carp, 
linking this difference to the increased exposure to PBDEs (and other 
pollutants) as measured in the muscle of the caught fish. 

BDE-209 accumulation and subsequent debromination has also been 
observed in juvenile rainbow trout exposed through a single intraperi-
toneal (i.p.) injection at two different doses (Feng et al., 2015). Over the 
28-day period post-injection period, a total of eighteen debrominated 
products from BDE-3 to -207 were observed in fish tissues that gradually 
increased and transitioned to less brominated congeners. Seven different 
MeO- and two OH-BDE metabolites were observed with substitution 
predominately at meta- and para-positions. OH-BDEs and debrominated 
BDEs were the predominant metabolites in the liver while OH- and MeO- 
BDEs dominated in kidney. Over the study period, OH-BDE concentra-
tions decreased while MeO-BDE concentrations increased proportion-
ally, suggesting OH-BDE methylation in vivo. Earlier studies have 
suggested that MeO-BDE demethylation rates are greater than the 
reverse methylation, although this result is consistent to other rainbow 
trout exposure studies (see Section S3.1), demonstrating that there are 
considerable differences in the OH-BDE methylation competency be-
tween species. As described above, neither Mizukawa et al. (2021) nor 
Roberts et al. (2011) observed BDE-209 debromination in vitro using 
rainbow trout microsomes, suggesting a possible difference in their 
metabolic competence for debromination in vitro compared to in vivo. A 
similar study exposing zebrafish (Danio rerio) embryos to BDE-209 for 
6–14 days found nine unknown brominated peaks in embryo extracts 
believed to be debromination products, although the metabolites were 
not identified (Wang et al., 2019). 
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3.1.3. Birds 
Based on recent data, it is apparent that there are likely species- 

specific differences in the metabolic capacity of different avian species 
to debrominate BDE congeners, and BDE-209 metabolic rates remain 
low. Using liver microsomes prepared from caught adult lesser snow 
geese (Chen caerulescens caerulescens) and bred Japanese quail (Cortunix 
japonica), Krieger et al. (2017) report on the detection of several OH- and 
diOH-BDE metabolites of BDE-47 and BDE-99. Specifically, incubations 
with BDE-47 yielded eight tri- to tetrabrominated OH-BDEs, two un-
identified OH-tetraBDEs, and six diOH-tetraBDEs in both the snow geese 
and quail liver microsomes. Similarly, BDE-99 incubations produced one 
oxidative O-cleavage product (2,4,5-TBP), four OH-pentaBDEs, and four 
unidentified OH-penta-/tetra-BDEs and one diOH-tetraBDE metabolite. 
The major differences between metabolic products from the two species 
were that 6-OH-BDE-47 and 2-OH-BDE-123 were major metabolites in 
Japanese quail BDE-47 and -and -99 incubations, respectively, while 3- 
OH-BDE-47 was not in snow geese liver microsomes. The sum 
biotransformation rate of BDE-99 was greater than that for BDE-47 in 
both species, suggesting that BDE-99 is more rapidly or extensively 
metabolized than BDE-47 by these two species, consistent with mea-
surements in rodents and common sole (Erratico et al., 2011; Munschy 
et al., 2010; Staskal et al., 2006), although opposite to what has been 
observed in beluga (Delphinapterus leucas) (McKinney et al., 2006), 
crucian carp (Luo et al., 2017), and chicken liver microsomes (Zheng 
et al., 2015). Chicken liver microsomes were shown to produce similar 
metabolic products from both BDE-47 and -99 incubations, including six 
OH-tetraBDE metabolites from BDE-47 and three OH-pentaBDE me-
tabolites from BDE-99 incubations, although the latter metabolites were 
all below the MLOQ (Zheng et al., 2015). The major BDE-47 metabolite 
was 4′-OH-BDE-49, the same as what was found in starling liver mi-
crosomes (Erratico et al., 2015). In ovo metabolism in chicken eggs has 
also been observed after via egg injection with a mixture of BDE-47, -85, 
-100, -99, -154, -153, and -183 (Li et al., 2016c). Only one metabolite 
was tentatively identified (a OH-derivative of BDE-85). PBDE meta-
bolism was only observed during the last three days of egg development, 
which is consistent with the chick embryo relying primarily on carbo-
hydrate and protein metabolism before lipid metabolism and assimila-
tion (Ding and Lilburn, 1996; Noble and Cocchi, 1990). This same study 
also found that after injection with BDE-209 alone, no significant 
debromination occurred in ovo in chicken eggs after 18-day incubations. 

In a mass balance exposure study of captive female breeding pere-
grine falcons (Falco peregrinus) by de Wit et al. (2019), more than 90% of 
the ingested dose of BDE-47, -99, -183, and -197 was metabolized. 
Notably however, the measured faecal flux varied considerably between 
samples for nona-decaBDEs (and HBCDD) making the extent of meta-
bolism inconclusive for these congeners. A steady state equilibrium was 
assumed for this study for all congeners and thus assuming that in the 
case of zero metabolism the intake and output fluxes would be equal. 

Excreta from white leghorn laying hens exposed to [14C]-BDE-99 via 
oral gavage contained extractable-phenolic metabolites as characterized 
by thin-layer chromatography including one identified tribromophenol 
metabolite (Hakk et al., 2021). BDE-99 metabolism was believed to 
continue or increase over the study duration, with the proportion of non- 
extractable radioactive residues increasing in collected egg samples 
from day 1, 2, 3, and 4 of the study. The same study also investigated 
exposure to both [14C]-BDE-153 and -209 individually. Compared to 
BDE-99, BDE-153 was less extensively metabolized with 25 and 19% of 
the doses metabolized by 72 h post exposure, respectively, again 
consistent with increased resistance of BDE-153 to metabolism. Only 
11% of the [14C]-BDE-209 dose administered to white leghorn laying 
hens via oral gavage was metabolized after 72 h. No metabolism was 
observed in ring-billed gull (Larus delawarensis) liver microsomes incu-
bated with BDE-209 (Francois and Verreault, 2018). 

A study on female chickens exposed to BDE-209 via the diet found 
four metabolic debromination products with BDE-99 and -153 the 
dominant congeners (Wang et al., 2017). Concentrations of 

debrominated metabolites were greatest in the blood (total ~270 ng/g 
ww) and were similar between liver, skin, stomach, intestine, leg, and 
breast tissues (~100–180 ng/g ww). Similar results were observed in an 
earlier study on a 21 day BDE-209 exposure of American kestrels (Falco 
sparverius) via the diet wherein mainly meta- and para-debromination 
products were observed in extracted plasma, liver, and adipose tissues 
(Letcher et al., 2014). 

In newly hatched zebra finches (Taeniopygia guttata) dosed orally for 
20 days with BDE-47, metabolic debromination to form BDE-28 and 
BDE-17 was observed at the end of the study period in collected adipose 
tissues (Currier et al., 2015). For both BDE-47 and BDE-99, in vitro assays 
using liver microsomes from opportunistically caught juvenile starlings 
(Surnus vulgaris) observed several hydroxylated and some debrominated 
OH-BDE metabolites, as well as a few di- and tri-bromophenols after 
incubation (Erratico et al., 2015). Of the metabolites formed in vitro, 
only 2,4,5-TBP was observed in available starling plasma samples. This 
is consistent with the relatively slow metabolism observed in the juve-
nile starling liver microsomal incubations, with human and rat liver 
microsomes producing up to 50x more total metabolite in the same 
study. Total concentrations of metabolites formed in BDE-47 starling 
microsome incubations were approximately twice that for BDE-99, due 
primarily to the significant production of 4′-OH-BDE-49 and 2,4-DBP. 

3.1.4. Rodents 
PBDEs can be metabolized via debromination and hydroxylation in 

rodent as well as in other in vitro and in vivo animal models. Daily oral 
exposure to BDE-209 was shown to result in the production of octa- 
nonaBDEs in female rats, while neither MeO-BDEs nor OH-BDEs were 
detected in any of the tissues collected (Mi et al., 2017). However, raw 
concentrations of each congener per tissue were not provided and were 
instead only provided in relative abundances. Half-lives were calculated 
based on formation and elimination rates and were relatively short 
(<22 days), with the debrominated congeners possessing longer half- 
lives than BDE-209 (≤1.4 days) in serum, liver, and the small intes-
tine, consistent to earlier in vivo rat exposures (Mörck et al., 2003). Oral 
exposure to BDE-209 resulted in the sequential appearance of lower 
brominated BDE congeners in pregnant (and the resulting pups) rats 
(Shin et al., 2017). BDE-206 and -207 were detected in dam serum on GD 
14, while BDE-196, -197, and 183 were not detected until PND 0, and 
similar for BDE-184, -153, -154, and -99 by PND 4, clearly illustrating 
successive debromination over time. 

Using incubations with self-prepared pooled rat and commercially 
available human liver microsomes, one oxidative O-cleavage product 
(2,4-DBP) and six tri- to tetrabrominated OH-BDEs were identified, 
while one OH-tetraBDE and diOH-tetraBDE in rat and human in-
cubations were unidentified from incubations with BDE-47 (Erratico 
et al., 2015). BDE-99 incubations produced a similar number of me-
tabolites, with oxidative O-cleavage to 2,4,5-TBP, as well as mono-, and 
dihydroxylation of tetra- to pentabrominated BDEs. The major metab-
olites were different between species (BDE-47: 2,4-DBP; BDE-99: 4-OH- 
BDE-90 in rat, 2,4,5-TBP in human). Similar results were observed in 
male mice exposed to BDE-47, wherein 2,4-DBP and eight unique tri- to 
tetrabrominated OH-BDEs were measured in the serum, faeces, and 
urine of exposed mice (Xu et al., 2019). OH-BDEs accounted for >95% of 
the total metabolites measured and were most abundant in the faeces, 
while all OH-BDEs were barely detectable in the urine. In contrast, 2,4- 
DBP was mostly distributed to the urine, and neither 2,3- nor 2,5-DBP 
were detected in any sampled compartment, consistent with the oxida-
tive O-cleavage of the BDE-47 2,2′,4,4′-bromine substitution pattern. 
Interestingly, Shin et al. (2017) did not observe any significant debro-
mination when pregnant rats were exposed to [13C]-BDE-47 on GD 0 via 
the diet when sacrificed on GD 14, PND 0, or PND 4, nor were any 
metabolic products measured in the pups. 

3.1.5. Polar bear and pig 
Information generally remains lacking for PBDE metabolism in non- 
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rodent mammals with the exception of polar bear (Ursus maritimus). 
Krieger et al. (2016) investigated the metabolism of BDE-47 and BDE-99 
in polar bear liver microsomes prepared from fifteen different in-
dividuals collected between 1992 and 1994 (not pooled). Incubations 
produced several metabolites including one oxidative O-cleavage 
product (2,4-DBP), seven OH-BDEs, two unidentified OH-tetraBDEs, and 
one unidentified diOH-tetraBDE metabolite from BDE-47 incubation, 
and similar (but differing congeners) after BDE-99 incubations. Inter-
estingly, unidentified metabolites were considered major metabolic 
products based on peak area and response values corresponding to one 
OH-tetra-BDE and one OH-penta-BDE peaks for BDE-47 and BDE-99 
incubations, respectively. The increased importance of the O-cleavage 
pathway in BDE-99 vs. for BDE-47 metabolism was evident from 2,4,5- 
TBP being the most abundant metabolite in BDE-99 incubations. Pre-
vious in vitro polar bear hepatic microsome assays by McKinney et al. 
(2011) were unable to detect any metabolic products of BDE-99 and 
BDE-100 with a slow rate of depletion (<3%) after 90 min incubations, 
although one unidentified hydroxy metabolite of BDE-154 was detected. 
However, incubations were done with 30 nM BDE, whereas Krieger et al. 
(2016) used a much higher incubation concentration (100 μM) specif-
ically to determine possible metabolic products. Using several CYP 
specific antibodies, CYP2B was found to be the major enzyme sub-family 
involved in the oxidation of both BDE-47 and -99. Rates of formation of 
individual metabolites were 10-100x lower when compared to human or 
rat liver microsomes from earlier studies (Erratico et al., 2013, 2012, 
2011). Biotransformation rate constants and half-lives in porcine liver 
microsomes were measured for BDE-15, -28, and -47 and lower in 
comparison to selected OH-BDEs in the same study (Li et al., 2016b). 
Metabolites of the PBDEs were not directly examined, although debro-
minated oxidative O-cleavage products and diOH-BDEs were identified 
in extracts from OH-BDE incubations. 

3.1.6. Household pets 
Mizukawa et al. (2017) investigated the presence of PBPs in the 

serum of domestic household pets (beagle dogs and cats), wet and dry 
cat/dog foods, and their potential formation in vitro using pooled dog or 
cat liver microsomes. Only 2,4,5-TBP was produced in significant 
quantities in dog liver microsomes (4–8% formation relative to the total 
dose), whereas no PBP metabolites were observed in cat liver micro-
somes. This contrasts the presence 2,4,5-TBP in only the cat serum 
samples and not in that of dogs, as well as generally higher concentra-
tions of 2,3,4,6-TeBP, 2,3,5,6-TeBP, and PeBP in cats. Although 2,4,6- 
TBP is widely used as a fungicide, wood preservative, and as a precur-
sor in the synthesis of PBDEs, 2,4,5-TBP is not an intentionally produced 
industrial chemical, 2,4,6-TBP has not been linked to natural origins, 
which suggest that 2,4,5-TBP is a real metabolite in exposed species. The 
presence of TeBPs and PeBP in cat and dog serum samples may suggest 
the cleavage of the C-O ether bonds of octa to deca-BDEs. However, 
PeBP has been used as an intermediate for pentaBDE compounds and as 
a molluscicide (Jones et al., 2005) but none of these debrominated 
congeners were observed in the in vitro assays. However, these conge-
ners were absent from dog food tested and were only present in low 
concentrations in cat foods, which may support the mixed direct expo-
sure and in vivo metabolic formation of these compounds. An earlier 
study reported the lack of OH-BDE metabolites formed in cat or dog liver 
microsomal incubations with BDE-47 (Mizukawa et al., 2016). Zheng 
et al. (2016) were able to detect small quantities (<0.27% trans-
formation) of seven and five different OH-BDEs from incubations in 
commercial cat liver microsomes with BDE-47 and -99, respectively. 

3.2. Hexabromocyclododecane (HBCDD) 

There were several pre-2015 studies on (isomer-specific) HBCDD 
metabolism and biotransformation as detailed in the Section S3.2, and 
detailed more fully in Table S2. There have been additional studies in 
rodents, birds, household pets, and earthworms, and have shown the 

detection of a broader number and type on HBCDD metabolites. 

3.2.1. Birds 
A small cluster of new studies suggests that that there may be sig-

nificant inter-individual and/or breed differences among chickens for 
HBCDD bioisomerization and metabolism. Zheng et al. (2015) investi-
gated the diastereomer-specific metabolism of HBCDD isomers in an 
avian model using pooled chicken liver microsomes and observed the 
production of 4–6 OH-HBCDD, 4–9 diOH-HBCDD, 5–8 OH-PBCDD, and 
5–6 diOH-PBCDD metabolites depending on the parent diastereomer. 
OH-HBCDD response values were in general 10x greater than that for the 
other metabolites suggesting that it was the predominant metabolite. No 
significant diastereomeric (or enantiomeric) interconversion was 
observed in these incubations, in contrast to what is often observed in 
vitro (see Section S3.2). Oral exposure via the diet of Novo Brown egg 
laying hens to α-HBCDD was shown to result in the formation of one OH- 
HBCDD congener without any isomerization to the β- or γ-isomers 
(Dominguez-Romero et al., 2016), although γ- to α-HBCDD isomeriza-
tion has been observed in earlier studies in laying hens (Fournier et al., 
2012). Ratel et al., (2017) reported that Lohmann brown laying hens 
were capable of γ- to α- and β-HBCDD isomerization, although inter-
estingly the γ-isomer was the predominant congener measured in the 
hen tissues (~95% vs. 4.5 and 0.5% for the α- and β-isomers, 
respectively). 

Similar to adult male rats (Hakk, 2016), a diastereomer shift to 
α-HBCDD was observed in vivo in American kestrels (Falco sparverius) 
(both males and females) exposed to a HBCDD technical mixture 
(Letcher et al., 2015). After daily (oral) exposure to the technical 
mixture for 21 days, a slight increase in the proportion of α-HBCDD in 
the plasma relative to the technical mixture (increase to 29% ± 8 from 
13%) was observed. Following a 25-day depuration period, a significant 
and further increase in the proportion α-HBCDD; and a corresponding 
decrease in γ-HBCDD; was observed, although could not be solely 
attributed to selective metabolism. Other processes like differences in 
protein binding and/or in ovo transfer in the case of female paired birds 
could be attributed to this preference for α-HBCDD accumulation. All 
tissues measured (i.e. plasma, liver, adipose, and egg homogenate) 
exhibited a significant dominance of the α-HBCDD diastereomer, 
exceeding 70% of the ΣHBCDD concentration. As described in Section 
3.1.2., a mass balance study of intake (via the diet) and output (via egg 
and faeces) in captive, exposed peregrine falcons found mixed results 
concerning non a-decaBDE and HBCDD metabolism, and the extent of 
metabolism could not be conclusively determined (de Wit et al., 2019). 

3.2.2. Rodents 
α-HBCDD isomer exposure studies in adult male rats were found to 

produce only three metabolites (2x unidentified OH-HBCDDs and OH- 
HBCDDee) and with no significant stereoisomerization (Hakk, 2016). 
In contrast, rats exposed to β- and γ-HBCDD produced several metabo-
lites found mainly in feces including: β-HBCDD metabolites: α-HBCDD, 
γ-HBCDD, OH-HBCDD, triOH-HBCDD, PBCDDe, dithio-TeBCDDe, diOH- 
TrBCDDeee, and dibromomethyl mercapturate; γ-HBCDD metabolites: 
α-HBCDD, β-HBCDD, OH-HBCDD, PBCDDe, OH-PBCDD, OH-PBCDDe, 
diOH-PBCDDe, dithio-PBCDD, OH-TeBCDDe, and tetrabromodecane 
dicarboxylic acid. Substantial stereoisomerization with a preference to 
the α-isomer; which was observed to have the lowest metabolic capacity 
(51% vs. 80% or 65% for the β- and γ-isomers respectively); was also 
observed, similar to earlier studies in laboratory rodents demonstrating 
the more rapid metabolism of γ-HBCDD compared to α-HBCDD (Hakk 
et al., 2012; Szabo et al., 2011, 2010; Zegers et al., 2005). However, the 
observed rate of biotransformation was still relatively high and that 
inference to the dominance of the α-isomer in biota alone was flawed 
due to the short time-scale of the study (96 h) and the size of the dose. 
Additionally, the half-lives for elimination for the α- and β-isomers were 
biphasic with radically different terminal half-lives of three weeks vs. 
3–4 days, respectively, supporting the greater bioaccumulation of 
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α-HBCDD over other isomers as has been observed (Covaci et al., 2006). 

3.2.3. Household pets 
Pooled cat liver microsomes incubated with individual HBCDD di-

astereomers, which resulted in the formation of multiple OH-HBCDDs, 
diOH-HBCDDs, OH-PBCDDs, and diOH-PBCDDs, which was similar to 
the metabolite findings reported in vitro with pooled chicken liver mi-
crosomes (Zheng et al., 2016, 2015). Instrument responses of OH- 
HBCDDs were 1–3 orders of magnitude greater than other metabolites. 
In contrast to rodents and several bird species, no significant isomeri-
zation was observed in cat liver microsomes. 

3.2.4. Earthworms 
In one lone study, the bioisomerization of HBCDD isomers was 

investigated in earthworms (Eisenia fetida and Metaphire guillelmi) (Li 
et al., 2016a). Both species of earthworms exhibited similar capacities 
for bioisomerization with both β- and γ- to α-HBCDD isomerization while 
the reverse was not observed. Selective enrichment of the (− ) α- and (− ) 
β-HBCDD enantiomers was observed in E. fetida, while M. guillelmi 
exhibited selective enrichment of the corresponding (+) enantiomers 
instead. Uptake rate constants for both γ- and α-HBCDD were greater 
(~1.8x) in E. fetida while β-HBCDD uptake was greater (1.7x) in 
M. guillelmi. Depuration half lives were greater in E. fetida for all three 
diastereomers ranging from 1.4, 2.1, and 2.4 days for γ-, β- and 
α-HBCDD, respectively. 

3.3. Tetrabromobisphenol-A (TBBPA) 

Few pre-2015 studies were reported on TBBPA metabolism and 
biotransformation (as detailed in Section S3.3), although post-2015 
there have been new studies in rodents, fish, and earthworms. 

3.3.1. Fish 
TBBPA metabolism in fish demonstrated that sulfation and oxidative 

O-cleavage are important routes of metabolism for TBBPA in zebrafish 
and are consistent with what has been previously reported for fish and 
other species. From studies on AB wild-type zebrafish embryos exposed 
to TBBPA, identified in extracts were the metabolites 4-(2-hydrox-
yisopropyl)-2,6-dibromophenol, two isomeric methoxylated 2,6- 
dibromo-4-isopropyl-phenols, and TBBPA-sulfate (Luo et al., 2019). It 
was estimated that between exposure (2 hpf) and termination of the 
experiment (122 hpf) approximately 45% of the accumulated dose of 
TBBPA was metabolized. The same metabolites and additionally the 
metabolites TrBBPA, 1,3-dibromo-2-methoxy-5-vinylbenzene and 2,6- 
dibromo-4-nitrophenol were identified in liver extracts of the same 
fish (Tan et al., 2020). TBBPA-sulfate was the dominant metabolite 
measured in liver tissue, accounting for 88.4% and suggesting that this 
conjugation pathway is important for TBBPA. The debrominated 
metabolite TrBBPA was predominately found in liver tissue and almost 
absent from the kidney, gill, and muscle tissues, suggesting that either 
debromination of TBBPA is limited to the liver, and/or that TrBBPA is 
considerably less accumulative in other tissues compared to TBBPA and 
other metabolites. 2,6-Dibromo-4-nitrophenol is the product of nitro-
sation which is not typically observed in xenobiotic metabolism in an-
imals. The 2,6-dibromo-4-nitrophenol metabolite was possibly produced 
by gut microflora present in zebrafish, although to our knowledge no 
evidence of this has been reported in the literature. It is also worth 
noting that the nitrophenol concentrations decreased with increasing 
TBBPA exposures in this study. 

3.3.2. Rodents 
Glucuronide and sulfate conjugates of TBBPA were reported to form 

in vivo only 4 h after female rats were exposed to TBBPA, and increased 
with increasing dose and time up to the 28 days of the study (Borghoff 
et al., 2016). Competing conjugation pathways were demonstrated since 
TBBPA-sulfate concentrations were greater than TBBPA-glucuronide in 

the liver, while the opposite was found in the plasma and uterus at the 
high dose exposures, with the ratio of TBBPA-sulfate/TBBPA- 
glucuronide decreasing with increasing doses of TBBPA. Additionally, 
TBBPA sulfation seemed to be limited to doses ≥250 mg/kg/day. A 
similar result was found by Knudsen et al. (2018) in pregnant rats 
exposed to a single oral dose of [14C]-labelled TBBPA and sampled on 
GD 20, PND 12, and PND 20. A bis-glucuronide-TBBPA, mixed TBBPA- 
glucuronide-sulfate, and tentatively hydroxylated mixed glucuronide- 
sulfate were identified, although the mixed metabolites were only 
detected in placental extracts. 

Male SD rats and both male control and humanized-liver immuno-
deficient TK-NOG mice exposed to a single oral dose of TBBPA were also 
found to produce TBBPA-glucuronide (Miura et al., 2021). The absence 
of TBBPA-sulfate observed in either male SD rats or either mouse model 
is consistent with earlier studies, which have observed differences in the 
extent of TBBPA-sulfate formation in male F-344 (Kuester et al., 2007; 
Nakagawa et al., 2007), SD (Hakk et al., 2000; Schauer et al., 2006), and 
Wistar rats (male and female liver microsomes) (Zalko et al., 2006). 
TBBPA-sulfate is more frequently a minor metabolite thus it is likely that 
it was formed below the method limit of detection of this study (i.e. 
plasma concentrations < 10 ng/mL). Additionally, as described in 
Borghoff et al. (2016), TBBPA-sulfate concentrations are greatest in the 
liver, while Miura et al. (2021) measured only the plasma and excreta. 

3.3.3. Earthworms 
MeO- and diMeO-TBBPA have been observed in TBBPA exposed 

E. fetida and M. guillelmi, either increasing the formation of or resulting 
in the production of these methylated species relative to their soil 
mixtures alone (Chen et al., 2017; Gu et al., 2017). Chen et al. (2017) 
measured several additional polar metabolites that could not be iden-
tified due to a lack of authentic standards available at the time. Uptake 
and depuration constants for TBBPA were ~2x greater in M. guillelmi, 
which also methylated TBBPA more efficiently and quickly than 
E. fetida. 

3.3.4. TBBPA derivatives 
Few pre-2015 studies on TBBPA derivative metabolism and 

biotransformation have been reported (Section S3.3). Liu et al., (2018a, 
2019) recently reviewed on TBBPA derivative transformation and 
degradation, sample preparation, and analytical methods and technol-
ogies used in their measurement. Liu et al. (2018b) concluded that there 
remains a dearth of information on TBBPA derivative degradation and 
metabolism. They identified previously unknown brominated bisphenol 
S congeners in soils, presumably as degradation products of TBBPS and 
TBBPS derivatives, which are further less understood in terms of their 
abiotic and biotic degradation pathways. Although metabolites were not 
directly measured, Eng et al., (2019) reported on the in ovo exposure to 
TBBPA-BDBPE in zebra finches and showed declining egg/embryo 
concentrations during late incubation, suggesting in ovo biotransfor-
mation by the embryo. 

3.4. Emerging brominated flame retardants 

3.4.1. 1,2-Bis(2,4,6-tribromophenoxy)ethane (BTBPE) 
Several recent studies reported on BTBPE metabolism and biotrans-

formation (SI sub-section 3.6.1.). BTBPE did not exhibit any significant 
metabolism in either crucian carp, catfish, or yellow-head catfish liver 
microsomes collected from individuals caught from Lake Taihu 
(Jiangsu, China) (Zheng et al., 2018). In contrast, the steady-state and 
first-order depletion of BTBPE was observed in vitro in all of the liver S9 
fractions from five different marine fish species (convict grouper (Epi-
nephelus septemfasciatus), dotted gizzard shad (Konosirus punctatus), 
Japanese seabass, flathead grey mullet (Mugli cephalus), and Korean 
rockfish (Sebastes schlegelii); all purchased from a local fish market in 
Seoul, South Korea) in Lee et al. (2019), although metabolites were not 
identified. 
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3.4.2. Bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate (BEH-TEBP) and 2- 
Ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) 

For BEH-TEBP and EH-TBB, it is generally consistent that the former 
is metabolized less efficiently than the latter in human, rat, fish and bird 
model systems in vitro or in vivo. Phillips et al. (2016) found significant 
urinary concentrations of the EH-TBB ester hydrolysis product TBBA in 
pregnant female rats exposed to FM 550 at 0, 1, and ~3.3 mg/kg/day 
oral doses on GD 9 and 18, as well as in the fetuses (although at con-
centrations 5-7x lower than that measured in dams). EH-TBP, the pu-
tative ester hydrolysis product of BEH-TEBP and commonly abbreviated 
as TBMEHP, was not directly measured in this study. The authors state 
that previous work measured EH-TBP at levels ~90x lower than that of 
TBBA in the urine of rats dosed with Uniplex FPR-45 (Silva et al., 2016), 
and was proportionally much greater in BEH-TEBP (>95%) than that 
found in FM 550 (~9%), and thus may have been below detectable 
levels. However, Silva et al. (2016) did not measure EH-TBP, but rather 
2,3,4,5-tetrabromophthalic acid (TBPhtA). Because only one ester hy-
drolysis is needed to produce EH-TBP (vs. two for TBPhtA), EH-TBP 
formation would presumably be greater than TBPhtA, although may 
still be considerably lower when compared with EH-TBB to TBBA 
metabolism. Knudsen et al. (2017) also found that the majority of BEH- 
TEBP (92–98% based on [14C]-labelled BEH-TEBP) dosed to female rats 
was collected unchanged in the feces, indicating minimal metabolism. 
The authors did identify [14C]-EH-TBP in the bile and faeces of sacrificed 
rats, as well as a compound with a molecular mass corresponding to a 
demethylated EH-TBP at very low concentrations. A similar lack of BEH- 
TEBP metabolism was observed using liver microsomes from three 
different fish species: crucian carp, Japanese common catfish, and 
yellow-head catfish (Pelteobargrus fulvidraco), each yielding no signifi-
cant depletion of BEH-TEBP after 24 h incubations (Zheng et al., 2018). 

In [14C]-labelled EH-TBB orally dosed female rats and male mice, 
both EH-TBB and its metabolites were rapidly eliminated and measur-
able only in the rodent excreta (Knudsen et al., 2016). Both TBBA- 
glycine and TBBA-sulfate congeners were detected in female rat urine 
samples while the parent EH-TBB was not. The bulk of EH-TBB and 
TBBA were determined to be eliminated through the faeces. The steady 
state and first-order depletion of EH-TBB was observed in liver S9 
fractions collected from five marine fish species (convict grouper, dotted 
gizzard shad, Japanese seabass, flathead grey mullet, and Korean rock-
fish) and was found to be at least two orders of magnitude lower than 
what has been measured in human and rat liver subcellular fractions 
(Lee et al., 2019; Roberts et al., 2012). These differences in apparent 
depletion rates are possibly due to species-specific differences in the 
associated cytochrome P450 and/or carboxylesterase activities. 

A study on BEH-TEBP and EH-TBB quantification in addled bald 
eagle (Haliaeetus leucocephalus) eggs collected from the state of Michigan 
(between 2000 and 2012) found measurable levels of both TBBA and 
EH-TBP while neither parent compound were detected in any egg 
samples (Stubbings et al., 2018). While these results are consistent with 
others described herein, the absence of BEH-TEBP and EH-TBB from the 
egg samples was suggested to be due to rapid metabolic transformation 
akin to the nonbrominated phthalate analog di-2-ethylhexylphthalate 
(DEHP). However, the complete benzylic bromination means that 
BEH-TEBP is considerably larger and 2–3 orders of magnitude more 
hydrophobic, with an estimated logKow of 11.95 vs. 8.39 for DEHP 
(estimated using EpiSuite v. 4.11). This is also consistent with the low 
bioavailability observed for BEH-TEBP in in vivo studies on rodents 
(Knudsen et al., 2017), fish (Nacci et al., 2018), and the general lack of 
metabolism observed in hepatic subcellular fractions (Bearr et al., 2012; 
Roberts et al., 2012). 

3.4.3. 1,3,5-Tribromophenyl 2,3-dibromopropyl ether (TBP-DBPE) 
Although it was previously believed that TBP-DBPE (also abbrevi-

ated as DPTE) was no longer being manufactured (formerly produced as 
Bromkal 73-5PE by Chemische Fabrik Kalk in Germany) (Vetter et al., 
2010; von der Recke and Vetter, 2007), more recent work has shown 

that TBP-DBPE is still used in Germany, and is a frequent pollutant in 
German household kitchens (Bendig et al., 2013; Gallistl et al., 2017). 
TBP-DBPE and two potential metabolites (TBP-BAE, also abbreviated as 
BATE) and TBP-AE (also abbreviated as ATE) were also measured in 
peregrine falcon eggs collected in Southern Germany (Vetter et al., 
2017). Concentrations of TBP-DBPE were an order of magnitude greater 
than either TBP-BAE or TBP-AE, and the detection frequency was 
increased for TBP-DBPE (9/11) compared to TBP-BAE (6/11) or TBP-AE 
(4/11). However, the authors do not discuss the possibility of abiotic 
degradation of TBP-DBPE or other direct anthropogenic sources of TBP- 
AE which is used as an E/NBFR itself. 

3.4.4. Tetradecabromo-1,4-diphenoxybenzene (TeDB-DiPhOBz) 
Although it has never been directly measured in any environmental 

compartment, the highly brominated TeDB-DiPhOBz (a PHPE) was the 
primary component of the formerly manufactured SAYTEX-120 FR. 
However, this chemical continues to be produced in many Asian coun-
tries, and it has been suggested that several methoxylated poly-
brominated diphenoxybenzenes measured in Great Lakes herring gull 
(Larus argentatus) eggs and tissues are linked to SAYTEX-120 production 
(Chen et al., 2013, 2012, 2011; Smythe et al., 2020). Su et al. (2016a) 
demonstrated that debrominated SAYTEX-120 photolysis products (i.e. 
polybrominated-(PB)-DiPhOBzs) undergo hydroxylation in vitro in her-
ring gull and rat liver microsomes. Metabolites included at least three 
unique tetra- and penta-brominated OH-PB-DiPhOBzs, and hydroxylat-
ed metabolites of two unique polybrominated polybenzofurans pre-
sumably formed during UV exposure. 

3.4.5. 1,2-Dibromo-4-(1,2-dibromoethyl)cyclohexane (DBE-DBCH) 
The persistence, bioaccumulation, and toxicity of DBE-DBCH in the 

environment was very recently reviewed by Marteinson et al. (2021). A 
captive study on American kestrels exposed to β-DBE-DBCH via the diet 
measured neither the parent, nor any potential metabolites above the 
method limit of detection in any of the tissues sampled (plasma, egg, fat, 
and liver) after 82 days (Marteinson et al., 2017). It was suggested this 
was due to rapid metabolism and/or elimination of β-DBE-DBCH and 
any of its potential metabolites in the kestrels. Both α- and β-DBE-DBCH 
were observed to undergo steady, first-order depletion in the liver mi-
crosomes of crucian carp, catfish, and yellow-head catfish, although 
β-DBE-DBCH possessed a faster depletion rate (Zheng et al., 2018). This 
is consistent with the formation of OH- and diOH-DBE-DBCH metabo-
lites derived from both α- and β-DBE-DBCH during incubations with rat 
liver microsomes (Chu et al., 2012). 

3.4.6. Other emerging BFRs 
Despite its current use as a BDE-209 replacement (Section S3.6.4 of 

the SI), few studies have been reported on DBDPE metabolism. The 
steady-state first-order metabolism of DBDPE was observed in crucian 
carp, Japanese common catfish, and yellow-head catfish liver micro-
somes (Zheng et al., 2018). Zebrafish embryos exposed to DBDPE over a 
period of 6–14 days were found to produce at least seven unknown 
brominated metabolites (Wang et al., 2019). Thirteen metabolites 
believed to be debromination intermediates and degradation products 
were found in adult mudsnails (Potamopyrgus antipodarum) exposed to 
DBDPE (Wang et al., 2020b). Although none of these studies identified 
the metabolites of DBDPE, debrominated metabolites of PBT and HBB 
were observed in exposed mudsnails. McKinney et al. (2011) suggested 
that in rat and polar bear liver microsomes there was formation of 
phenolic polydebrominated metabolites from DBDPE although this only 
accounted for a small proportion of the depletion observed. 

TBP-AE is known to also be produced as a by-product from TBP- 
DBPE degradation or metabolism (von der Recke and Vetter, 2007). 
No significant metabolism of TBP-AE was observed in either of the three 
fish liver microsomes in the study by Zheng et al. (2018). Similarly for 
PBB-Acr; a reactive and intermediate emerging BFR used in poly-
butyleneterephthalate, polyethylene terephthalate, and acrylonitrile 
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butadiene styrene polymers (EFSA, 2012a); depletion was not observed 
in either catfish species studied and only in crucian carp liver micro-
somes. The depletion of TBCT; purportedly used as an additive FR, there 
is limited information regarding its actual use as a FR and it has been 
suggested to be a transformation product of other FRs (EFSA, 2012a); 
was observed in both crucian carp and catfish liver microsomes, 
although the rate was greatly increased in carp compared to catfish. 

Lee et al. (2019) examined the in vitro depletion kinetics of BTBPE 
(Section 3.4.1), EH-TBB (Section 3.4.2), HBB, PBEB, PBT, and TBCT in 
liver S9 fractions collected from five different marine fish species: 
convict grouper, dotted gizzard shad, Japanese seabass, flathead grey 
mullet, and Korean rockfish. All tested BFRs exhibited steady-state first- 
order depletion kinetics at both 1 and 0.1 μM with no significant dif-
ferences between the two concentrations. As described previously EH- 
TBB possessed the overall greatest depletion rates in all species except 
for TBCT in grey mullet liver S9, although was at least two orders of 
magnitude slower than depletion rates measured in either human or rat 
liver microsomes. Grey mullet appeared to possess the greatest depletion 
rates overall, while gizzard shad was the slowest. HBB exhibited the 
slowest depletion overall. No relationship between EROD activity and 
depletion rates were observed for any of the tested compounds. It was 
concluded that this is likely due to the involvement of enzyme isoforms 
other than CYP1A1 in their metabolism. Although interestingly, the 
CYP1A subfamily has been suggested as the most important in the 
oxidation of PBDEs in fish (Lebeuf et al., 2006; Shen et al., 2012). 

Both the glucuronide and sulfate conjugates were found in the urine 
(absent from faeces), plasma, and bile of female SD rats exposed to 2,4,6- 
TBP via a single oral gavage or intravenous dose (Knudsen et al., 2020, 
2019). Rats given dermal applications of 2,4,6-TBP were also found to 
produce small amounts of the glucuronide but not the sulfate conjugate, 
with most of the dose excreted in the urine as the parent compound. 
Metabolite profiles were unchanged between low and high dose rats 
which the authors attribute to a negligible saturation of the metabolic 
pathways (Knudsen et al., 2019). Interestingly, enterohepatic recircu-
lation of 2,4,6-TBP was observed, and it is suggested that gut microflora 
may modulate this process through the deconjugation of biliary me-
tabolites explaining their low concentrations or absence in the bile. 
Compared to pregnant and parent rats, the metabolic fraction in blood 
plasma was lower in dose, indicative of an increase in metabolic com-
petency of 2,4,6-TBP during pregnancy (Knudsen et al., 2020). Glucu-
ronide formation is consistent with the inhibition of recombinant human 
UGT1A3, UGT1A7, and UGT2B7 by 2,4,6-TBP measured by Wang et al. 
(2020a). 

4. Knowledge gaps and future directions 

Hakk and Letcher, (2003) and Covaci et al. (2011) both concluded in 
the past that there was an urgent need for more research on the tox-
icokinetics non-PBDE BFRs (or E/NBFRs). The present reviews demon-
strated that there has clearly been new information since 2015. Of the 51 
papers reviewed, and of the 75 known environmental BFRs, PBDEs are 
still by far the most widely studied, followed by HBCDDs and TBBPA. As 
of 2021, there remains essentially no information on the fate and 
metabolic pathways or kinetics for 30 and the 75 environmentally 
relevant E/NBFRs. Regardless, some of the highlights of the present 
review include the following. Studies have shown that enzyme 
isoform-specific differences exist in oxidative biotransformation activity 
and/or capacity to different BDE congeners and some other BFRs. PBDEs 
can be metabolized via sequential debromination and hydroxylation in 
rodent as well as in other in vitro and in vivo animal models. There are 
species-specific differences in the metabolic capacity of different animal 
species to metabolically debrominate BDE congeners including BDE-209 
as well as for other E/BFRs. In recent times, there have been metabolism 
reports on a broader range of E/NBFRs in aquatic biota, birds, rodents, 
polar bears, pigs and/or household pets. For HBCDD isomers, there have 
been additional studies in rodents, birds, household pets, and 

earthworms, and have shown the detection of a broader number and 
type on HBCDD metabolites. In particular, the process of γ- to α- and 
β-HBCDD isomerization. TBBPA metabolism and biotransformation has 
recently been shown in rodents, fish, and earthworms. For BEH-TEBP 
and EH-TBB, it is generally consistent that the former is metabolized 
less efficiently than the latter in human, rat, fish and bird model systems 
in vitro or in vivo. 

An important consideration going forward is the gradual shift to 
replacement BFRs (and other FRs), including towards larger, more 
highly halogenated FRs (Bergman et al., 2012; Howard and Muir, 2010). 
This action presumably decreases bioavailability and thus limits bio-
accumulation and the potential for toxicological endpoints. However, 
increased degrees of bromination can weaken the C-Br bonds of all 
substituents (Guo et al., 2019; Zeng et al., 2005), resulting in greater 
photo-instability as has been observed in PBDEs (Bezares-Cruz et al., 
2004; Eriksson et al., 2004; Stapleton and Dodder, 2008), BEH-TEBP/ 
EH-TBB (Davis and Stapleton, 2009), HBCDD (Kajiwara et al., 2013; 
Zhou et al., 2012), TBBPA (Bao and Niu, 2015; Guo et al., 2012; Han 
et al., 2016; Wang et al., 2015), or TeDB-DiPhOBz (Chen et al., 2013), 
resulting in the formation of lower brominated and often more recalci-
trant by-products. Moreover, there is evidence for the potential to form 
more toxicologically active by-products, such as dioxins and furans 
(Christiansson et al., 2009; Huang et al., 2018; Su et al., 2018, 2016b; 
Wang et al., 2018a, 2018b). Chen et al. (2015) highlighted the need for 
more information regarding photo- and microbial-degradation as it re-
lates to environmental fate highly brominated BFRs, and still represents 
an immediate research need. 

Up to the present, half of the in vivo studies using oral exposure routes 
administered BFR(s) via oral gavage (12 of 24), while other half 
administered via the diet or were not specified (12 of 24). Dose exposure 
via oral feeding ad libitum is in general not preferred over direct dosing 
methods like oral gavage as it creates larger variations in the actual 
doses of each individual and is less reproducible (Turner et al., 2011). 
Combined with frequent differences in experiment timelines (e.g. 96- 
hour vs. 28-day vs. 1 year), age (i.e. juvenile vs. adult), sex, differ-
ences and/or frequency of doses chosen, inclusion and length of depu-
ration periods, etc.; inter-study comparisons are difficult to conduct 
reliably and should be done with caution. However, several of the 
studies reviewed were not designed specifically for quantitative meta-
bolism kinetics and were instead intended to give a broad picture of 
animal toxicokinetics on exposure to a given compound(s). Additionally, 
not all species may be feasible to feed via gavage due to size and/or 
number limitations (e.g. zebrafish). 

Most in vitro and in vivo studies published since 2015 use non- 
standard test animals and/or animals collected from the field, which 
further limit the comparisons that can be made. This is especially true 
for assays relying on liver microsomes from wild-caught animals, 
wherein confounding variables such as season and time of day of 
collection, local ecology, the presence of nearby point-sources of pol-
lutants, or proximity to human settlement can dramatically impact the 
expression of metabolic or transport genes. We strongly recommend that 
future work on E/NBFR metabolism be pursued in well characterized lab 
and captive species where possible (e.g., laboratory rodents, zebrafish, 
etc.). 

Only one of the in vitro studies described in the present review 
included an active control to monitor inter-day assay viability and 
consistency (Table 3). The lack of active control also leaves open the 
possibility for false negative results. Moreover, nearly half (8/15) of the 
studies in the present review did not explicitly describe the measure-
ment of the metabolic activity (i.e. enzyme catalytic rate activity) of 
their subcellular fractions by standardized enzyme-based methods such 
as EROD, or report values from their commercial source. Only six of the 
reviewed studies reported depletion kinetics as they varied with incu-
bation time; of these, only three also varied substrate concentrations for 
enzyme kinetic profiling. These variations, coupled with differences in 
substrate concentrations and incubation times used between studies, 
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makes quantitative comparisons between studies challenging and the 
overall confidence in the results are decreased. It is generally understood 
that in vitro systems can have significant variability in enzyme activities 
(Houston, 2009), and lacking these controls may negatively impact the 
reproducibility of, or confidence in, the resulting studies. Given the 
prevalence of in vitro assays on BDE-99 and its relatively fast metabolism 
in rodent, fish, and avian models, we propose that future in vitro work on 
BFRs use BDE-99 as an active control if no other suitable active controls 
are available. We also encourage researchers to use appropriate meta-
bolic activity assays prior to conducting assays with subcellular frac-
tions, and to report this in the published results. 

As has been shown in the present review, studies regarding the 
conjugation and pathways of BFRs are very limited, especially the role of 
glutathionylation. To our knowledge, only TBBPA and EH-TBB have 
been explicitly investigated for the formation of conjugated metabolites 
in non-human animals, although PBDE-sulfate, -glutathionyl, and 
-glucuronide conjugates have been measured in BDE-99 exposed rats in 
vivo (Chen et al., 2006). Knowing the affinity and extent of conjugation 
that occurs is imperative in understanding the biological and environ-
mental fate of BFRs as it is strongly related to the extent of elimination in 
vivo, especially since most studies do not take advantage of radiolabeled 
BFRs. As the present review has emphasized, most studies measure only 
the depletion of the parent compound(s), and not the formation of me-
tabolites, thus it is difficult to establish a mass balance and the relative 
proportion of any observed metabolites compared to the actual 
exposure. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by the Natural Sciences and Engineering 
Research Council of Canada (NSERC) with a CGSM and CGSD-3 (to T.A. 
S.), and a grant from ECCC’s Chemicals Management Plan (to R.J.L.). We 
would also like to thank Heather MacDonald at the Carleton University 
MacOdrum Library for her assistance with improving our search strat-
egy, and Sophia Schreckenbach for her help in creating Table S2 of the 
SI. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envint.2022.107097. 

References 

Akortia, E., Okonkwo, J.O., Lupankwa, M., Osae, S.D., Daso, A.P., Olukunle, O.I., 
Chaudhary, A., 2016. A review of sources, levels, and toxicity of polybrominated 
diphenyl ethers (PBDEs) and their transformation and transport in various 
environmental compartments. Environ. Rev. 24 (3), 253–273. https://doi.org/ 
10.1139/er-2015-0081. 

Andersson, T., Förlin, L., 1992. Regulation of the cytochrome P450 enzyme system in 
fish. Aquat. Toxicol. 24 (1-2), 1–19. https://doi.org/10.1016/0166-445X(92)90014- 
E. 

Bao, Y., Niu, J., 2015. Photochemical transformation of tetrabromobisphenol A under 
simulated sunlight irradiation: Kinetics, mechanism and influencing factors. 
Chemosphere 134, 550–556. https://doi.org/10.1016/j.chemosphere.2014.12.016. 

Beach, M.W., Beaudoin, D.A., Beulich, I., Bloom, J.C., Davis, J.W., Hollnagel, H.M., 
Hull, J.W., King, B., Kram, S., Lukas, C., Matteucci, M., Morgan, T., Stobby, B., 2013. 
New class of brominated polymeric flame retardants for use in polystyrene foams. 
Cell. Polym. 32, 229–236. https://doi.org/10.1016/B978-012164730-8/50176-3. 

Beach, M.W., Hull, J.W., King, B.A., Beulich, I.I., Stobby, B.G., Kram, S.L., Gorman, D.B., 
2017. Development of a new class of brominated polymeric flame retardants based 
on copolymers of styrene and polybutadiene. Polym. Degrad. Stab. 135, 99–110. 
https://doi.org/10.1016/j.polymdegradstab.2016.11.008. 

Bearr, J.S., Mitchelmore, C.L., Roberts, S.C., Stapleton, H.M., 2012. Species specific 
differences in the in vitro metabolism of the flame retardant mixture, Firemaster (R) 
BZ-54. Aquat. Toxicol. 124, 41–47. https://doi.org/10.1016/j.aquatox.2012.06.006. 
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