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A B S T R A C T   

Methoxylated bromodiphenyl ethers (MeO-BDEs), marine natural products, can be demethylated by cytochrome 
P450 to produce hydroxylated bromodiphenyl ethers (OH-BDEs), potentially toxic metabolites that are also 
formed by hydroxylation of BDE flame retardants. The OH-BDEs may be detoxified by glucuronidation and 
sulfonation. This study examined the demethylation of 6-MeO-BDE47, 2′-MeO-BDE68 and 4′-MeO-BDE68, in 
hepatic microsomes from the red snapper, Lutjanus campechanus, a marine fish likely to be exposed naturally to 
MeO-BDEs, and the channel catfish, Ictalurus punctatus, a freshwater fish in which pathways of xenobiotic 
biotransformation have been studied. We further studied the glucuronidation and sulfonation of the resulting 
OH-BDEs as well as of 6-OH-2′-MeO-BDE68 in hepatic microsomes and cytosol fractions of these fish. The three 
studied biotransformation pathways were active in both species, with high individual variability. The range of 
activities overlapped in the two species. Demethylation of MeO-BDEs, studied in the concentration range 10–500 
μM, followed Michaelis-Menten kinetics in both fish species, however enzyme efficiencies were low, ranging 
from 0.024 to 0.334 μL min.mg protein. Conjugation of the studied OH-BDEs followed Michaelis-Menten kinetics 
in the concentration ranges 1–50 μM (glucuronidation) or 2.5–100 μM (sulfonation). These OH-BDEs were 
readily glucuronidated and sulfonated in the fish livers of both species, with enzyme efficiencies one to three 
orders of magnitude higher than for demethylation of the precursor MeO-BDEs. The relatively low efficiencies of 
demethylation of the MeO-BDEs, compared with higher efficiencies for OH-BDE conjugation, suggests that MeO- 
BDEs are more likely than OH-BDEs to bioaccumulate in tissues of exposed fish.   

1. Introduction 

There are two known sources of methoxylated bromodiphenyl ethers 
(MeO-BDEs) and hydroxylated bromodiphenyl ethers (OH-BDEs) in the 
aquatic environment, natural and anthropogenic. Naturally occurring 
MeO-BDEs and OH-BDEs have been found in marine algae, in-
vertebrates, plants and fish (Gribble, 2010; Dahlgren et al., 2016; 
Bidleman et al., 2019) and have been shown to be biosynthesized by 
marine bacteria (Agarwal et al., 2014, 2017). In the known examples of 
naturally occurring MeO-BDEs and OH-BDEs, the hydroxy or methoxy 

groups are often ortho substituted with respect to the ether linkage 
(Gribble, 2010). One widely found natural product MeO-BDE is 
6-MeO-BDE47 (Nomiyama et al., 2014), named according to the con-
ventions established for polychlorinated biphenyls and their metabolites 
(Ballschmiter and Zell, 1980; Maervoet et al., 2004). Anthropogenic 
sources of these compounds are the polybrominated diphenyl ether 
(BDE) flame retardants that were used in clothing and soft furnishing for 
several decades until the use of some congeners was restricted in Europe 
and the USA (Schecter et al., 2004; Dishaw et al., 2014). Cytochrome 
P450-dependent hydroxylation of BDE flame retardants gives rise to 
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OH-BDEs (Erratico et al., 2013), which potentially can undergo 
methylation by bacteria in the environment, as demonstrated for the 
structurally related compound, triclosan (Bastos et al., 2008; Pycke 
et al., 2014). The MeO-BDEs are very lipophilic compounds with pre-
dicted log P values between 6 and 7 (Chem-Draw 20.1, PerkinElmer 
Informatics) that would be expected to accumulate in lipid-rich tissues. 
MeO-BDEs may be demethylated by cytochrome P450 to the OH-BDEs, 
which are also very lipophilic, however, as is the case for other phenolic 
compounds, OH-BDEs are likely to be substrates for 
UDP-glucuronosyltransferases (UGTs) and PAPS-sulfotransferases 
(SULTs) and form more water-soluble glucuronide or sulfate metabo-
lites that are readily excreted and have less potential for bio-
accumulation. Pathways for biotransformation of MeO-BDEs are 
illustrated for 6-MeO-BDE47 in Fig. 1. 

There are reports that MeO-BDEs as well as OH-BDEs are present in 
fish and shellfish (Marsh et al., 2004; Sinkkonen et al., 2004; Zhang 
et al., 2010; Dahlgren et al., 2016). One study demonstrated intercon-
version of 6-MeO-BDE47 and 6-OH-BDE47 in liver of Japanese medaka 
exposed in the diet to these substances (Wan et al., 2010), but there have 
been few studies of the enzymatic details of these pathways in any 
species. MeO-BDEs and OH-BDEs have been found in people, with 
higher concentrations of certain congeners, particularly 6-MeO-BDE47 
and 6-OH-BDE47, in seafood eaters compared to vegetarians (Schultz 
et al., 2020). 

The phase II metabolism of a small number of OH-BDEs by glucur-
onidation has been demonstrated in human liver microsomes (Erratico 
et al., 2015; Cisneros et al., 2019). The phase II sulfonation pathway has 
been reported to occur in human liver cytosol as well as the sulfo-
transferase enzymes SULTs1B1 and 1E1, and to a lesser extent SULT1A1 
and SULT2A1 (Cisneros et al., 2019) for a few OH-BDEs. In human liver, 
the enzyme efficiencies of glucuronidation were somewhat higher than 
those of sulfonation for the four OH-BDEs studied, though both path-
ways were active. The phase II pathways of OH-BDE biotransformation 
have not been reported in fish. 

We considered it important to study biotransformation of MeO-BDEs 
and OH-BDEs in fish, especially marine fish, because they are naturally 
exposed to these compounds. We selected the channel catfish as a model 
freshwater fish because it is a widely aquacultured food fish and there 
have been many studies of biotransformation pathways of other xeno-
biotics in this species (Schultz and Hayton, 1999; Stuchal et al., 2006; 
Fitzsimmons et al., 2007; Nyagode et al., 2009; Gomez et al., 2010). The 
red snapper was selected as a model marine fish as it is a commercially 
important food fish, although there are only a few studies of xenobiotic 

metabolism in this species (Smeltz et al., 2017; Pulster et al., 2021). 
An important reason for gaining information about the biotransfor-

mation of MeO-BDEs and OH-BDEs in animals is that there is growing 
evidence that OH-BDEs are endocrine disruptors, with estrogenic and 
thyrotoxic properties through several, as yet incompletely understood, 
mechanisms (Zota et al., 2011; Butt and Stapleton, 2013; Gosavi et al., 
2013; Cao et al., 2018). Formation of glucuronide or sulfate conjugates 
of OH-BDEs is expected to reduce or eliminate their toxicity and facili-
tate elimination. Thus, an understanding of the biotransformation and 
potential for bioaccumulation of these compounds in exposed or 
potentially exposed animals is important. 

The objectives of this work were to investigate the hepatic 
biotransformation of naturally occurring MeO-BDEs in a freshwater fish, 
the channel catfish and a marine fish, the red snapper. The pathways to 
be studied are O-demethylation of the MeO-BDEs, as well as glucur-
onidation and sulfonation of the resulting OH-BDEs. 

2. Materials and methods 

2.1. Chemicals 

The substrates studied are shown in Fig. 2. Some hydroxy and 
methoxy BDEs, 6-OH-BDE47, 6-MeO-BDE47, 4′–OH–BDE68, 4′-MeO- 
BDE68, 2′–OH–BDE68 and 2′-MeO-BDE68 were synthesized from a 

Fig. 1. Scheme for biotransformation of 6-MeO-BDE47 as a representative MeO-BDE. The 6-MeO-BDE47 can be demethylated by cytochrome P450 (P450) to form 6- 
OH-BDE47, which is then subject to conjugation by sulfonation or glucuronidation, catalyzed by PAPS-sulfotransferase (SULT) or UDP-glucuronosyltransferase 
(UGT). In the environment, 6-OH-BDE47 potentially can be methylated by bacterial methyltransferase enzymes. 

Fig. 2. Structures of the compounds studied. For the MeO-BDEs R = CH3 and 
for the OH-BDEs R = H. 
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previous published method (Marsh et al., 2003) while 6-OH, 
2′-MeO-BDE68 was isolated from marine Dysideidae sponges (Agarwal 
et al., 2015). The purity of compounds was confirmed via NMR and mass 
spectrometry methods as described (Agarwal et al., 2015). Nicotinamide 
adenine dinucleotide phosphate, reduced form (NADPH), 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (Hepes) and all buffer and 
laboratory chemicals were purchased from Sigma-Aldrich chemical 
company (St. Louis, MO). The uridine diphospho-14C-glucuronic acid 
(UDPGA), specific activity 250 mCi/mmol and 3′-phosphoadenosi-
ne-5′-phospho-35S-sulfate (PAPS), specific activity 2.99 Ci/mmol were 
purchased from PerkinElmer, Waltham, MA and diluted respectively 
with unlabeled UDPGA (Sigma-Aldrich) or PAPS (Sigma) for use in as-
says. The unlabeled PAPS contained PAP so was purified before use by 
passing through anion-exchange cartridges as described previously 
(Cisneros et al., 2019). Solvents were HPLC grade and were purchased 
from Fisher Scientific (Orlando, FL). Liquid scintillation cocktail, Eco-
lume, was purchased from MP Biomedicals, Solon, OH. 

2.2. Fish and sub-cellular fraction preparation 

The channel catfish, Ictalurus punctatus were adult male (n = 3) and 
female (n = 3) fish, 3.2 ± 0.7 kg, mean ± S.D. The channel catfish were 
acquired as fingerlings from an aquaculture farm in North Florida and 
kept in large aerated flow-through tanks in the Aquatic Toxicology 
laboratory of the University of Florida under natural conditions of 
photoperiod and temperature (range 18–24 ◦C). The tanks received 
municipal water that was filtered through activated carbon to remove 
chloride and other contaminants. The channel catfish were grown and 
maintained on a commercial chow diet (Silvercup, Murray, UT). Care 
and treatment of the channel catfish were according to the guidelines of 
the University of Florida Institutional Animal Care and Use Committee. 
They were harvested in November and January, when water tempera-
ture was 18–20 ◦C. Spawning occurs in catfish when water temperature 
is consistently above 24 ◦C (Dunham and Elaswad, 2018). Channel 
catfish were sacrificed by a blow to the head following by pithing. The 
liver was removed and the gall bladder carefully separated then the liver 
was weighed and placed in ice-cold buffer 1, 1.15% KCl 0.05 M potas-
sium phosphate pH 7.4 containing 0.2 mM phenylmethylsulfonyl fluo-
ride. After rinsing twice with buffer 1, the liver was homogenized with 
four volumes of buffer 1 and the homogenate separated into sub-cellular 
fractions as described previously (James et al., 1976). The microsomes 
were resuspended in a volume of 0.25 M sucrose, 0.01 M Hepes-NaOH 
(pH 7.4), 0.1 mM DTT, 0.1 mM EDTA, 5% glycerol (v/v), 0.1 mM 
PMSF equal to the weight of the liver and stored at − 80 ◦C in aliquots of 
0.5 mL. The cytosol was stored at − 80 ◦C in aliquots of 1 mL. The two 
male and two female red snapper Lutjanus campechanus were 
wild-caught with hook and line from the Gulf of Mexico in December, 
March and early April and weighed 1.3 ± 0.2 kg. Red snapper in the Gulf 
of Mexico are reported to spawn in May, June and July (Phelps et al., 
2009). After severing the spinal cord, the liver was dissected and the gall 
bladder carefully removed. The liver was snap frozen and shipped on dry 
ice to the University of Florida for processing into microsomes and 
cytosol as described for channel catfish. 

2.3. Assays 

Assays for protein concentration, glucuronidation and sulfonation 
were conducted with duplicate measurements for each condition stud-
ied. For demethylation assays we conducted duplicate incubations and 
analyzed product formation by HPLC/MS/MS twice for each data point. 

2.3.1. Protein 
The protein content of each microsomal and cytosolic fraction was 

determined with the bicinchoninic acid assay (Thermo Fisher Scientific, 
Waltham, MA). 

2.3.2. 2: MeO-BDE O-demethylase assay 
A method developed to study demethylation of methyltriclosan 

(James et al., 2012) was adapted to measure demethylation of 
6-MeO-BDE 47, 4′-MeO-BDE68 and 2′-MeO-BDE68 to form the corre-
sponding OH-BDEs. 

In a total volume of 0.1 mL, tubes contained the MeO-BDE under 
study, 2 μM–500 μM, liver microsomes, 0.25 mg, 0.01 M Hepes buffer 
pH 7.4, and water to 0.09 mL. Blanks contained no substrate. Tubes were 
placed in a shaking water bath at 35 ◦C for 1 min, then the reaction was 
started by addition of NADPH, 1 mM. After a 45-min incubation, the 
reaction was terminated by adding 0.3 mL of ice-cold methanol and 0.1 
mL of a methanol solution of 12.5 μM triclosan as an internal standard. 
Tubes were vortex-mixed, placed on ice for 20 min and then centrifuged 
at 3500 rpm for 10 min to precipitate protein. The supernatant was 
filtered through a 0.22 μm nylon centrifuge filter (Costar spin-x, Corn-
ing, UT), and aliquots of the filtrate were transferred to autosampler 
vials prior to analysis by HPLC/MS/MS. For each of the MeO-BDE sub-
strates, liver microsomes from 2 female and 1 male channel catfish and 2 
female and 1 male red snapper were studied. 

2.3.3. HPLC/MS/MS analysis of OH-BDEs 
Formation of OH-BDEs from MeO-BDEs was examined by HPLC 

separation of MeO-BDEs from OH-BDEs and an internal standard on a 
reverse phase C8 Luna column, 50 mm × 4.6 mm (Phenomenex, Tor-
rance, CA) under isocratic elution conditions at room temperature with a 
mobile phase of 85% aqueous methanol at a flowrate of 0.25 mL/min. 
The eluent was analyzed by electrospray ionization and MS/MS multiple 
reaction monitoring (MRM) in the negative ion mode with a 3200 
QTRAP (ABSciex, FosterCity, CA). The mass spectrometer was set with 
anion spray voltage of − 4,500V, curtain gas at 20 psi, nebulizer gas at 50 
psi and the auxiliary turbo gas at 40 psi and a temperature of 400 ◦C. The 
internal standard, Triclosan, eluted from the HPLC at 6.5 min. The 
demethylation products, 6-OH-BDE47, 2′–OH–BDE68 and 
4′–OH–BDE68 eluted at 10.44, 10.32 and 8.23 min respectively. Nega-
tively charged molecular ions were observed for all MeO-BDEs studied 
as well as for triclosan. 6-OH-BDE47, 2′–OH–BDE68, and 4′–OH–BDE68 
were detected using MRM at m/z 500.574/80.804, 500.608/78.99 and 
500.560/265.656 respectively. Calibration standard curves were con-
structed with a range of OH-BDE concentrations (0–8 pmol) and a fixed 
concentration of triclosan (25 pmol) in an injected volume of 10 μl. All 
samples were run in duplicate. Standards and quality control samples 
were analyzed with each set of samples, and unknowns were calculated 
from the standard curve. To calculate specific activity, the pmole 
product formed in the 10 μL injection was multiplied by the total volume 
in the stopped reaction and divided by incubation time and mg protein 
per assay. 

2.3.4. Benzyloxyresorufin O-debenzylase (BROD) activity 
This activity was measured to confirm that the hepatic microsomes 

used in this study were catalytically active for cytochrome P450- 
catalyzed reactions. The method of Burke et al. was used (Burke et al., 
1994). In a volume of 0.5 mL, tubes contained benzyloxyresorufin, 5 μM, 
2% bovine serum albumin, 0.1 M Hepes buffer pH 7.6, channel catfish or 
red snapper liver microsomes, 0.75 mg and NADPH, 0.9 mg, added last 
to start the reaction. Tubes were incubated at 35 ◦C for 20 min then the 
reaction was stopped by addition of ice-cold methanol, 2.5 mL and 
vortex-mixing. After centrifuging to precipitate protein, the fluorescence 
of the supernatant was measured at excitation 550 nm and emission 585 
nm. Blanks contained all components but were not incubated. Under 
these conditions of microsomal protein and incubation time, formation 
of resorufin was linear. A standard curve of resorufin was prepared to 
determine the amount of product formed. 

2.3.5. Assay of UDP-glucuronosyltransferase activity 
A well-established ion-pair extraction method was used to study 

glucuronidation of OH-BDEs with 14C-UDPGA as co-substrate (Wang 
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et al., 2004). This method was previously used to study glucuronidation 
of OH-BDEs in human liver microsomes (Cisneros et al., 2019) and was 
modified for use with the fish liver microsomes, following preliminary 
studies to establish optimal conditions. In a volume of 0.1 mL, tubes 
contained OH-BDE, 1–50 μM, 0.1 M Tris-Cl pH 7.6, 5 mM MgCl2, 0.05 
mg microsomal protein and 1 mM 14C-UDPGA, added last to start the 
reaction. After 5 min the reaction was stopped by addition of a mixture 
of acetic acid and tetrabutylammonium dihydrogen phosphate in water. 
The ion-pair of the 14C-glucuronide product was extracted into ethyl 
acetate and quantitated by scintillation counting as described previously 
(Wang et al., 2004; Cisneros et al., 2019). The amount of product formed 
was calculated from the specific radioactivity of the 14C-UDPGA. 

2.3.6. Assay of PAPS-sulfotransferase activity 
Sulfonation of the OH-BDEs in fish liver cytosol was modified from 

the method used to study this activity in human liver cytosol (Cisneros 
et al., 2019). Tubes contained OH-BDE, 5–150 μM, 0.4% bovine serum 
albumin, 0.05 M Tris-Cl pH 7.0, 5 mM MgCl2, 0.02 mg cytosolic protein 
and 20 μM 35S-PAPS, added last to start the reaction. After 30 min re-
action was stopped by addition of a mixture of acetic acid and tetra-
butylammonium dihydrogen phosphate in water. The ion-pair of the 
35S-sulfated product was extracted into ethyl acetate and quantitated by 
scintillation counting, using the specific radioactivity of the 35S-PAPS, 
corrected for decay, as described previously (Varin et al., 1987; Cisneros 
et al., 2019). Preliminary studies confirmed the linearity of product 
formation with time and protein. 

2.3.7. Data calculations 
Microsoft Excel was used to calculate rates of product formation at 

each substrate concentration from the amount of product formed, the 
incubation time and the amount of protein in assay tubes. Enzyme ki-
netics were analyzed by fitting the data to the Michaelis-Menten equa-
tion using Graph-Pad Prism v6 or v9 (San Diego, CA). 

3. Results and discussion 

This study showed that subcellular fractions from livers of repre-
sentative freshwater fish (channel catfish) and marine fish (red snapper) 
were able to catalyze demethylation of MeO-BDE natural products and 
conjugation of the resulting OH-BDEs. 

3.1. Benzyloxyresorufin O-debenzylase activity 

Prior to conducting incubations with MeO-BDEs, the activities of 
some channel catfish and red snapper liver microsomes were measured 
with benzyloxyresorufin as a substrate. This substrate was selected 
because the assay is rapid and sensitive, and in other species, it is 
metabolized by several forms of cytochrome P450 (Burke et al., 1994). 
In two channel catfish samples, activities were 1.05 and 2.34 pmole 
resorufin formed per min per mg protein and in four red snapper sam-
ples, activities were 0.33, 0.64, 0.77 and 0.54 pmole resorufin per min 
per mg protein (mean of 0.57 ± 0.19). Although low, these activities 
were consistent with those found in liver microsomes of other fish spe-
cies, such as Atlantic salmon, 1.5 pmol/min/mg protein (Zlabek and 
Zamaratskaia, 2012), suckermouth catfish, 2.7 ± 0.9 pmol/min/mg 
protein (Parente et al., 2009) and common sole, 1.8 ± 0.2 pmol/min/mg 
protein (Trisciani et al., 2011), and provided evidence that the cyto-
chrome P450s in these microsomes were active. 

3.2. Demethylation of MeO-BDEs 

The HPLC-MS-MS method was sensitive and calibration curves for 
OH-BDE product formation were linear in the range 0.2–8 pmole 
injected for each OH-BDE, permitting quantitation of OH-BDE product 
down to 0.2 pmole. A typical standard calibration curve is shown in 
Supplemental Fig. 1 for 6-OH-BDE-47. Similar standard calibration 

curves were obtained for other demethylation products. Initial studies 
showed that product formation was linear up to 45 min incubation time 
and for protein up to 0.25 mg per 0.1 mL incubation volume with red 
snapper or channel catfish liver microsomes. As we wished to maximize 
product formation, we selected these conditions (0.25 mg and 45 min) 
for kinetics studies. In both fish species, the P450-catalyzed demethy-
lation reactions proceeded slowly with the three studied substrates. The 
results for demethylation of three MeO-BDEs are shown in Table 1. Fig. 3 
shows enzyme kinetics curves for two female and one male channel 
catfish and two female and one male red snapper samples with 6-MeO- 
BDE47 as substrate. Similar curves were found for other studied sub-
strates and results for all samples fit the Michaelis-Menten equation. The 
mean calculated KM values ranged from 30 to 83 μM, with considerable 
inter-individual variability in each species. The highest mean Vmax 
values were observed with 6-MeO-BDE47, however there was individual 
variability in Vmax also. The calculated mean enzyme efficiencies (Vmax/ 
KM) for all three studied substrates were less than 0.5 μL min− 1.mg− 1. In 
both species, there was a trend for the lowest enzyme efficiencies with 
2′-MeO-BDE68 as substrate, however ANOVA analysis did not show 
significance. These results show that the three MeO-BDEs studied are 
demethylated, albeit quite slowly, in livers of the two studied fish spe-
cies. The variability found is most likely to be due to natural individual 
differences in the amount and type of cytochrome P450 present in each 
liver sample. We used adult fish harvested outside the spawning season 
for each species, so it is unlikely that the variability is due to hormonal 
effects associated with spawning. 

These low rates of demethylation suggest the possibility that MeO- 
BDEs can bioaccumulate in red snapper and channel catfish, as the 
parent compounds are highly lipophilic with calculated logP values 
between 6 and 7 (Chem-Draw analysis). A study of the trophic transfer of 
naturally produced brominated compounds in a Baltic Sea food chain 
showed that extracts of whole-body homogenates of two fish species, 
stickleback, Gasterosteus aculeatus, and perch, Perca fluviatilis, contained 
both MeO-BDEs and OH-BDEs (Dahlgren et al., 2016). In the stickleback 
extracts, MeO-BDEs were present at higher concentrations than 
OH-BDEs, as would occur with more rapid elimination of the OH-BDEs 
following conjugation. In the perch extracts OH-BDEs predominated, 
suggesting the possibility that conjugation reactions may be less efficient 
in perch than stickleback. The presence of MeO-BDEs and OH-BDEs in 
fish suggest that consumers of these fish will be exposed, and fish could 
be a vector for transfer of these marine natural products into human 
consumers. There is evidence that seafood eaters exhibit higher plasma 
levels of certain MeO-BDEs than vegetarians, supporting this interpre-
tation of our data (Schultz et al., 2020). Although the toxicology pa-
rameters of MeO- and OH-BDEs have not been investigated extensively, 
available research suggests the OH-BDEs have greater potential for 
toxicity than the methylated compounds (Kojima et al., 2009). Like 
other phenolic compounds, OH-BDEs are known to be estrogenic 
through binding the estrogen receptor (Mercado-Feliciano and Bigsby, 

Table 1 
Kinetics of methoxy-BDE demethylation in fish liver microsomes. Values shown 
are mean ± S.D for the numbers (n) of individual fish shown.  

Substrate 6-MeO- 
BDE47 

2′-MeO- 
BDE68 

4′-MeO-BDE 
68 

Red snapper, n = 3 
Apparent KM, μM 70.7 ± 16.8 83.2 ± 30.9 33.3 ± 23.8 
Apparent Vmax, pmol OH-BDE/min/ 

mg protein 
12.6 ± 7.04 2.01 ± 0.85 7.45 ± 1.66 

Efficiency, μL/min/mg protein 0.188 ±
0.104 

0.024 ±
0.005 

0.318 ±
0.198 

Channel catfish, n = 3 
Apparent KM, μM 50.8 ± 43.6 65.9 ± 19.7 29.9 ± 8.0 
Apparent Vmax, pmol OH-BDE/min/ 

mg protein 
13.4 ± 6.23 5.95 ± 3.01 6.71 ± 1.26 

Efficiency, μL/min/mg protein 0.334 ±
0.164 

0.088 ±
0.024 

0.244 ±
0.112  
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2008) as well as the G-protein-coupled estrogen receptor (Cao et al., 
2018) and through inhibition of SULT1E1 (Gosavi et al., 2013; Cisneros, 
2019). There is also evidence that OH-BDEs bind thyroid hormone re-
ceptors (Li et al., 2010; Ren et al., 2013) and inhibit thyroid hormone 
sulfotransferase (Butt and Stapleton, 2013). Other environmental 
chemicals with the methoxy group in their structures that have been 
studied in fish are methoxychlor and methyltriclosan. In control channel 
catfish liver microsomes, the efficiency of methoxychlor O-demethyla-
tion to form mono-desmethylmethoxychlor was 41.9 ± 20.2 μL/min/mg 
protein (Stuchal et al., 2006), considerably faster than found for the 
OH-BDE substrates, while the efficiency of demethylation of methyl-
triclosan to form triclosan (5-choro-2-(2,4-dichlorophenoxy)phenol) 
was 0.24 ± 0.10 μL/min/mg protein (James et al., 2012), in the same 
range as found for MeO-BDEs (Table 1). Methyltriclosan is structurally 
similar to MeO-BDEs, with chlorine instead of bromine substituents. 
There is evidence that mono-desmethyl-methoxychlor and its further 
demethylated metabolite, HPTE, as well as triclosan are endocrine dis-
ruptors in fish and other animals (Blum et al., 2008a, 2008b; Halden 
et al., 2017). Thus, demethylation to form phenolic metabolites can be 
considered a toxication pathway for MeO-BDEs as well as methoxychlor, 
methyltriclosan and related chemicals, and the ease of detoxication 
through conjugation with glucuronidation and sulfonation may be 
critical in determining their toxicity to an organism. 

3.3. Glucuronidation of OH-BDEs 

Preliminary studies confirmed the linearity of product formation 
with time for up to 15 min and microsomal protein up to 0.2 mg per 0.1 
mL. In establishing conditions for measuring rates of glucuronidation, 
we investigated the effect of addition of Brij-58 to microsomes prior to 
assay, as it is usually necessary to disrupt the microsomal membrane to 
achieve optimal activity. With these fish liver microsomes, we found no 
effect on rates of glucuronidation with addition of 0.1 mg Brij-58 per mg 
microsomal protein, and inhibition with addition of 0.25 or 0.5 mg Brij- 
58 per mg microsomal protein, therefore we did not include Brij-58 in 
assays. Studies of glucuronidation of other substrates in channel catfish 
showed that addition of Brij-58 caused a slight increase in activity 
(James et al., 2008; Sacco et al., 2008), and it was not clear why this was 
not found with the OH-BDEs. We speculate that the high lipophilicity of 
these tetrabrominated OH-BDEs, having log P 6.5 (Chem-Draw calcu-
lation) enable them to easily penetrate the microsomal membrane, 
however tetrachlorinated OH-PCBs have log P 5.5, also very lipophilic. 
Linear formation of glucuronide product was found up to 15 min incu-
bation time and 0.2 mg protein concentration per 0.1 mL assay, there-
fore we used 5 min incubation time and 0.05 mg protein per assay to 
study rates of glucuronidation with different concentrations of each 

studied OH-BDE. The concentration of UDPGA in incubations was 1 mM, 
a concentration that was found to be saturating with other substrates, 
but is higher than the UDPGA concentration found in channel catfish 
liver of 0.3 mM (Sacco et al., 2008). Rates of glucuronidation in each 
sample at different concentrations of OH-BDEs fit the Michaelis-Menten 
equation over the range of substrate concentrations studied, 1–50 μM in 
each species. This is shown in Fig. 4 for glucuronidation of 6-OH-BDE47 
in both channel catfish and red snapper, and this figure also illustrates 
the individual variability in rates of glucuronidation. Similar curves and 
variable rates were found for the other OH-BDEs. Table 2 summarizes 
the enzyme kinetics results for all the substrates. The table shows that 
the studied OH-BDEs were readily glucuronidated by both fish species, 
with relatively low KM and high Vmax values resulting in relatively high 
efficiencies of glucuronidation for all four OH-BDEs. Comparing results 
for the OH-BDEs with published studies of glucuronidation of other 
phenolic xenobiotics in channel catfish we observe that glucuronidation 
efficiencies were higher with the OH-BDEs than with many other 
phenolic xenobiotics (Table 4). Structurally related triclosan, which has 
three chlorines instead of bromines in the diphenyl ether scaffold, 
showed glucuronidation efficiency of 23.3 μL/min/mg protein, consid-
erably lower than found for any of the OH-BDEs (James et al., 2012). 
Similarly, hydroxylated polychlorinated biphenyls with three 
(4′OH-CB18 and 4-OH-CB39) or four (4′–OH–CB69) chlorine sub-
stituents had low efficiencies of glucuronidation (Sacco et al., 2008). 
Demethylated metabolites of the chlorinated pesticide, methoxychlor, 
showed even lower glucuronidation efficiencies in the channel catfish 
liver microsomes (James et al., 2008). 

3.4. Sulfonation of OH-BDEs 

As with glucuronidation, preliminary studies were conducted to 
establish linear conditions for formation of sulfate conjugates. With all 
OH-BDE substrates, studied at 100 μM, product formation was linear 
with time up to 45 min and with protein up to 0.04 mg per 0.1 mL. For 
studies of enzyme kinetics, samples were incubated for 30 min. In in-
cubations with 6-OH-BDE47, a protein concentration of 0.01 mg per 0.1 
mL was used and 0.02 mg per 0.1 mL for the other substrates. The 
concentration of PAPS used was fixed at 20 μM, a concentration shown 
to be saturating for other xenobiotic substrates in channel catfish (Tong 
and James, 2000). Although the liver concentration of PAPS in channel 
catfish or red snapper is not known, published data for mammalian 
species reports hepatic PAPS concentrations of 16–77 μM (Klaassen and 
Boles, 1997), thus 20 μM is likely to be saturating and close to physio-
logical concentration. For each species, at least five concentrations of 
each OH-BDE were studied, in the range 5–150 μM. The data were fit to 
enzyme kinetics equations and the Michaelis-Menten equation gave the 

Fig. 3. Kinetics of demethylation of 6-MeO-BDE47 in (A) Channel catfish liver microsomes and (B) Red snapper liver microsomes. The graphs show the fit of the data 
to the Michaelis-Menten equation for three individual samples of each species. Error bars on the data points show the mean and S.D. of four replicates at each 
substrate concentration. For channel catfish, the red and black symbols and lines show data from females and the green from a male. For red snapper, the green and 
blue symbols and lines show data from females and the red from a male. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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best fit of the results for each substrate. Graphs showing results with 
6-OH-BDE47 in channel catfish and red snapper are shown in Fig. 5. A 
summary of all the enzyme kinetics results for sulfonation is given in 
Table 3. As for glucuronidation, there was considerable individual 
variability in the observed rates of sulfonation of the four substrates 
within each species. Vmax values tended to be higher with channel cat-
fish than red snapper, however for three of the substrates KM values were 
also higher in channel catfish, thus when comparing enzyme 

efficiencies, only 6-OH-BDE47 showed significantly higher efficiencies 
in channel catfish than red snapper. Kinetics of sulfonation of other 
phenolic xenobiotics in channel catfish liver cytosol are shown in 
Table 4. Triclosan was much more readily sulfonated that the OH-BDEs 
studied, while the demethylated metabolites of methoxychlor were very 
poor substrates for sulfonation by the channel catfish liver. The 
non-halogenated phenolic xenobiotic, 3-hydroxybenzo(a)pyrene, was 
very readily sulfonated in channel catfish (James et al., 1997). 

Fig. 4. Kinetics of glucuronidation of 6-OH-BDE47 in (A) Channel catfish liver microsomes and (B) Red snapper liver microsomes. The graphs show the fit of the data 
to the Michaelis-Menten equation for three individual channel catfish and four individual red snappers. For channel catfish, the red and blue symbols and lines show 
data from females and the green from a male. For red snapper, the green and blue symbols and lines show data from females and the red and purple from males. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Kinetics of glucuronidation of OH-BDEs in fish liver microsomes. Values are 
mean ± S.D. for the numbers (n) of individual fish shown.   

6OH- 
BDE47 

2′OH- 
BDE68 

4′OH- 
BDE68 

6OH-2′MeO- 
BDE68 

Red snapper, n = 4 
KM, μM 23.5 ±

9.6 
19.6 ± 9.8 32.1 ±

23.0 
11.9 ± 10.5 

Vmax, pmol/min/mg 
protein 

1369 ±
329 

4225 ±
1073 

3988 ±
2136 

2485 ± 526 

Efficiency, μL/min/ 
mg 

68.4 ±
36.7 

239 ± 74 146 ± 56 335 ± 218 

Channel catfish, n = 3 
KM, μM 13.3 ±

7.5 
4.52 ±
0.71 

9.0 ± 4.9 5.18 ± 0.31 

Vmax, pmol/min/mg 
protein 

1705 ±
566 

3185 ±
342 

2399 ±
820 

2631 ± 317 

Efficiency, μL/min/ 
mg 

145 ± 57 715 ± 119 284 ± 49 508 ± 47  

Fig. 5. Kinetics of sulfonation of 6-OH-BDE-47 in (A) Channel catfish liver cytosol and (B) Red snapper liver cytosol. The graphs show the fit of the data to the 
Michaelis-Menten equation for four individual channel catfish and three individual red snappers. For channel catfish, the red and blue symbols and lines show data 
from females and the green and purple from males. For red snapper, green and blue symbols and lines show data from females and the red from a male. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Kinetics of OH-BDE sulfonation in fish liver cytosol. Values are mean ± S.D. for 
the numbers (n) of individuals shown.   

6OH- 
BDE47 

2′OH- 
BDE68 

4′OH- 
BDE68 

6OH-2′MeO- 
BDE68 

Red snapper, n = 3 
KM, μM 62.4 ±

23.8 
27.6 ±
20.9 

36.1 ±
16.6 

65.8 ± 8.1 

Vmax, pmol/min/mg 
protein 

495 ± 50 92 ± 16 133 ± 18 242 ± 22 

Efficiency, μL/min/ 
mg 

8.65 ±
2.35 

9.15 ±
9.86 

4.44 ± 2.0 3.71 ± 0.4 

Channel catfish, n = 4 
KM, μM 48.0 ±

8.8 
127 ± 16 62.6 ±

38.1 
56.9 ± 3.1 

Vmax, pmol/min/mg 
protein 

1038 ±
300 

847 ± 60 368 ± 165 610 ± 98 

Efficiency, μL/min/ 
mg 

21.3 ±
1.8 

6.78 ±
1.10 

6.90 ± 2.3 10.75 ± 1.63  
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3.5. Toxicological implications 

With all four OH-BDEs, glucuronidation proceeded with greater 
enzyme efficiency than sulfonation in both fish species (Tables 3 and 4). 
It was notable that in both red snapper and channel catfish, formation of 
the phase II metabolites of OH-BDEs showed much higher enzyme effi-
ciencies than the phase I demethylation pathway for MeO-BDEs. This 
finding suggests that following demethylation of the MeO-BDEs, the 
product OH-BDEs will be readily conjugated to the water-soluble, 
readily excreted glucuronide and to a lesser extent sulfate conjugates. 
Rapid detoxication may limit the toxicity of the OH-BDEs to the fish, 
however individual variability in rates of demethylation and conjuga-
tion by glucuronidation or sulfonation may predispose some individuals 
to greater susceptibility to the harmful effects of these compounds. As 
MeO-BDEs are biosynthesized by marine bacteria it is more likely that 
marine fish such as the red snapper will be exposed naturally to these 
compounds than freshwater species such as the channel catfish, however 
this study demonstrates that enzymes for their biotransformation are 
present in both types of fish. The main route of exposure of fish to the 
MeO-BDEs is likely to be through consumption of prey, thus intestinal as 
well as hepatic biotransformation will influence toxicity. We did not 
study intestinal biotransformation of the MeO-BDEs, however studies of 
other xenobiotics have demonstrated the presence of cytochrome P450, 
UGTs and SULTs in fish intestine (James et al., 1997, 2008, 2012; Tong 
and James, 2000; Stuchal et al., 2006). 

4. Conclusions 

This study has shown that naturally produced brominated diphenyl 
ether derivatives to which fish, especially marine fish, are exposed, 
namely MeO-BDEs and OH-BDEs, are biotransformed in the liver of two 
fish species, representative of freshwater and saltwater species. MeO- 
BDEs form demethylated metabolites by the action of cytochrome 
P450 and OH-BDEs are converted to glucuronide and sulfate conjugates 
by the actions of UGTs and SULTs. Individual and species differences 
influenced the expression of biotransformation enzymes that are likely 
to modulate the toxicity of these compounds to fish. Both studied fish 

species only slowly demethylated the MeO-BDEs, thus these species, and 
probably other fish species are likely to be vectors for transfer of these 
compounds from the marine environment to people. 
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