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Abstract: A number of studies have recently reported the bioaccumulation of the commonly used fire 
retardants, Polybrominated Diphenyl Ethers (PBDEs), in humans and wildlife. Exposure of animals to 
PBDEs has been shown to result in developmental neurological, reproductive abnormalities and the 
disruption of endocrine function. Thyroid hormone equilibria was also shown to be altered by PBDE 
exposure. There is evidence that hydroxylated metabolites of PBDEs are directly involved in some of 
these  adverse   effects.   Although metabolites of PBDEs have been isolated and characterized during 
in vivo studies, the identification of metabolites from an in vitro system has been problematic. We 
investigated the in vitro metabolism of four PBDEs, with varying numbers of bromine atoms, in rat 
and human liver microsomes. The addition of small amounts of a nonionic surfactant to the reaction 
mixture was necessary to obtain measurable amounts of metabolites due to the low aqueous solubility 
of the PBDEs. Using gas chromatography/mass spectroscopy, mono and/or dihydroxylated metabolites 
were identified from three of the four PBDEs with phenobarbitol- and β-naphthoflavone-induced rat 
liver microsomes. When using uninduced rat or human liver microsomes, metabolites were found with 
only one of the PBDEs. The ease of PBDE metabolism appears to be inversely related to the number of 
bromine atoms on the parent compound.  
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INTRODUCTION 

 
 Polybrominated diphenyl ethers (PBDEs), used as 
flame retardants in furniture, plastics and electronics, 
have been identified in lakes, seas and streams around 
the world[1,2,3,4]. Over the past three decades, increasing 
concentrations of PDBEs have also been found in fish, 
birds, animals and human plasma and breast milk[5,6,7,8]. 
The predominant PDBE congener found in marine fish, 
bird and mammal tissues was BDE-47 (2,2’,4,4’-tetra-
BDE), followed by BDE-99 (2,2’,4,4’,5-penta-BDE) 
and BDE-100 (2,2’,4,4’,6-penta-BDE)[9]. Significant 
amounts of BDE-153 (2,2’,4,4’,5,5’-hexa-BDE), BDE-
154 (2,2’,4,4’,5,6’-hexa-BDE) as well as the lower 
congener BDE-28 (2,4,4’-tri-BDE) have also been 
found in animal tissues depending on the species[7,10]. 
The reasons for different levels and patterns are largely 
unknown but may reflect species-related differences in 
PDBE metabolism and accumulation.  
 These findings raise concerns because PBDEs have 
been shown to decrease thyroid hormone levels and 
cause neurodevelopmental and reproductive defects in 
animals. Neonatal exposure to several PBDEs resulted 

in permanent aberration in the spontaneous behaviour 
of adult mice[11,12]. Oral dosing of BDE-99 to pregnant 
rats resulted in male offspring with pronounced 
decreases in sex steroids and female offspring with 
delayed puberty onsets[13]. Reduction in serum thyroid 
hormones has been reported in young rats following a 
4-day exposure to commercial PBDE mixtures[14]. 
There is evidence that hydroxylated metabolites of 
PBDEs are responsible for the disruption to thyroid 
hormone equilibria. PBDEs exposed to microsomes 
were able to compete with thyroxine for binding to the 
thyroid transport hormone transthyretin with a much 
greater affinity than untreated di-, tri-, tetra- and penta-
BDEs[15]. Several synthesized hydroxylated PBDEs 
have also been shown to bind better to the thyroid 
receptor than their unhydroxylated counterparts[16]. In 
addition, using an in vitro assay measuring the 
combined   activities    of 17   α-hydroxylase   and 
17,20-lyase, 6-OH-BDE-47 was found to strongly 
inhibit   the    activity   of CYP17,    an   enzyme 
involved in sex hormone biosynthesis, whereas the 
parent compound, BDE-47, did not inhibit the 
activity[17]. 
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 In vitro metabolism studies using liver microsomes 
from marine mammals found no detectable depletion of 
a Bromkal 70 mixture of PBDE (BDE-47 and BDE-
99)[18]. However, it is possible that the rate of 
microsomal metabolism was too slow to observe on the 
timescale used or that the concentration of PBDE was 
too high to measure a significant depletion. An in vitro 
metabolism study comparing the depletion of a mixture 
of PBDEs by liver microsomes isolated from whale and 
rat demonstrated decreases in the PBDE concentrations 
after 90 min[19]. The amount of PBDE metabolized 
varied with the number and location of bromine atoms 
on the PBDE. Despite significant depletion of the 
PBDEs with the whale liver microsomes, only a single 
phenolic metabolite (from BDE-15) was observed. 
Harju et al. also saw depletion of PBDEs in an in vitro 
metabolism assay using rat liver microsomes obtained 
from rats pretreated with phenolbarbital[20]. The 
degradation half-life of the tested PBDEs was 
dependent on both the number of bromine atoms and 
their substitution pattern on the phenyl rings. In these 
studies, however, the microsomal metabolites of the 
PBDEs were not isolated or characterized.  
 PBDEs are metabolized to hydroxylated 
metabolites as demonstrated in several in vivo studies. 
In rats and mice, after oral doses of 14C-labelled BDE-
47, small amounts of five monohydroxylated 
metabolites were detected in the feces and tissues[21]. 
These metabolites were tentatively assigned to be two 
ortho-OH-tetra-BDE, one meta-OH-tetra-BDE and two 
para-OH-tetra-BDE metabolites. In an analysis of the 
blood plasma of BDE-47-exposed rats, sixteen OH-
PBDEs and two di-OH PBDEs were detected[22]. Four 
of the metabolites were identified as 3-OH-tetra-BDE, 
4-OH-tetra-BDE, 4’-OH-tetra-BDE and 6-OH-tetra-
BDE. Oxidative debromination was also found to be a 
metabolic pathway. After oral administration of BDE-
47, a tetra-BDE, to rats six OH-tetra-BDEs and three 
OH-tri-BDEs metabolites were isolated and structurally 
identified from their feces[23]. Following an oral dose of 
BDE-99, a penta-BDE, to male rats, trace amounts of 
two mono-OH-penta-BDE and two debrominated 
mono-OH-tetra-BDE metabolites were detected in the 
feces[24]. Other studies on the metabolism of BDE-99 in 
rats and mice using 14C-labelled BDE-99 identified 
mono-OH-penta-BDEs and mono-OH-tetra-BDEs as 
metabolites, as well as glutathione and glucuronide 
conjugates of some of the hydroxylated BDEs[25]. A 
study in rats of the metabolism of BDE-100, a penta-
BDE congener, found evidence of five mono-OH-penta 
BDEs, six mono-OH-tetra BDEs and two di-OH-tetra-
BDEs metabolites[26]. Debromination of BDE-99 to 
BDE-47   without   hydroxylation  was  seen  in  studies 
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Fig. 1: Structures of the four PBDEs used in this study 
 
using intestine and liver microsomes obtained from 
carp[27]. However, because the presence of NADH in 
the assay did not affect the degree of debromination, it 
is unlikely to be the result of cytochrome P450 activity. 
 Understanding the process by which xenobiotics 
such as PBDEs are broken down in the body is 
important in determining the risks of chemical exposure 
and is a critical consideration in the regulation of 
chemicals. Development of an in vitro system to study 
the metabolism of PBDE would facilitate the 
elucidation of its metabolic pathways. In the present 
study we investigated the in vitro metabolism of four 
PBDEs using rat and human liver microsomes. Our aim 
was to identify the products of metabolism and to 
determine the effect of the number of bromine 
substituents in the starting compound on the ease of 
metabolism. Since the commercially available PBDE 
flame retardants are generally sold as technical 
mixtures, we synthesized four pure PBDEs (Fig. 1). We 
chose 4,4’-dibromodiphenyl ether (BDE-15), 2,4,4’-
tribromodiphenyl ether (BDE-28), 2,2’4,4’-
tetrabromodiphenyl ether (BDE-47) and 2,2’4,4’,6-
pentabromodiphenyl ether (BDE-100) as they are 
among the more prevalent congeners found in the 
environment and in order to investigate PBDEs with 
varying numbers of bromine atoms in the ortho and 
para positions. 
 

MATERIALS AND METHODS 
 
Chemicals and microsomes: The PBDEs were 
synthesized according to published procedures[16,28] and 
determined to be greater than 99.9% pure by 1H NMR 
and gas chromatography and mass spectroscopy. Tween 
20 and diphenyl ether were purchased from Aldrich 
Chemical Company Inc. (Milwaukee, WI) and used as 
supplied. Solvents and NaCl were from Fisher 
Scientific (Fair Lawn, NJ). NADPH, Tris salt and N,O-
bis(trimethylsilyl) trifluoroacetamide (BSTFA) were 
obtained from Sigma Chemical Company (St. Louis, 
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MO). Human liver microsomes, male Sprague-Dawley 
rat liver microsomes and phenolbarbitol- and β-
naphthoflavone-induced male Sprague-Dawley rat liver 
microsomes were obtained from Xenotech, LLC 
(Kansas City, MO). The rats had been dosed with 100 
mg β-naphthoflavone/kg body weight and 80 mg 
phenobarbitol/kg body weight on days 1-4 with the 
liver microsomes prepared on day 5. 
 
Instrumentation: 1H NMR spectra of the synthesized 
PBDEs were obtained using a Varian Inova 400 MHz 
spectrometer relative to internal trimethylsilane in 
deuterated chloroform. HPLC was performed on an 
Agilent, Model HP 1100 series with a reverse phase 
column (Zorbax Eclipse-XDB-C18; Phenomenex, 
Torrance, CA). The mobile phase was a mixture of 80% 
CH3CN and 20% water which contained 0.05% 
trifluoracetic acid and 0.05% triethylamine and the flow 
rate   was   1.0 mL min−1. The wavelength was set at 
250 nm for detection with a reference of 420 nm. Gas 
Chromatography/Mass Spectroscopy (GC-MS) was 
performed on a Varian CP3800 gas chromatograph and 
Varian Saturn 2000 mass spectrometer. The gas 
chromatograph was equipped with a DB-8 fused silica 
capillary column, 9.3 m × 0.25 mm, 0.25 µm film 
thickness. The temperature of the injector was set at 
280°C      and    the     flow-rate    was   maintained     at 
1.2 mL min−1 using helium as the carrier gas. The 
temperature program for PBDE metabolite studies was 
as follows: the initial temperature was set at 100°C, 
held for 3 min, ramped at 15°C min−1 to 220°C where it 
was held for 8 min, ramped at 8°C min−1 to 280°C 
where it was held for 8 min, ramped at 30°C min−1 to 
300°C and held for 2 min. The temperature program for 
the 7-ethoxycoumarin studies was 80°C initial 
temperature for 0.5 min, ramped at 20°C min−1 to 
120°C, held for 1 min, ramped 9°C min−1to 180°C, held 
for 2 min, ramped 30°C min−1 to 220°C, held for 2 min, 
ramped 40°C min−1 to 300°C and held for 4.5 min. The 
mass-selective detector was used in the electron impact 
mode (70 eV) at low resolution.  
 
PBDE solubility determination: Each PBDE was 
added to 0.06% Tween 20 (w/v) in Tris buffer (100 mM 
Tris, 5 mM MgCl2, pH 7.4) at 0.5 mg mL−1. The 
samples   were sonicated in a water bath sonicator for 
30 min at room temperature and then filtered through a 
0.45 µm, 13 mm syringe filter (Fisherbrand, Fisher 
Scientific, Fair Lawn, NJ). The filtrate was quantified 
for the PBDE by HPLC using a calibration curve 
generated with the PBDE dissolved in acetonitrile 
(100% solubility). All samples were assayed in 
triplicate. 
PBDE in vitro metabolism studies: Incubation of the 
liver microsomes (from untreated rat, phenobarbital- 

and β-naphthaflavone-induced rat, or human) and 
PBDE were carried out in duplicate in a 12 mL test tube 
using a shaking water bath at 37°C. A typical 
incubation mixture consisted of 390 µL 0.06% Tween 
20 (w/v) in Tris buffer (see composition above), 200 µL 
microsome solution (20 mg protein mL−1) and 10 µL 
PBDE (0.1 M in acetonitrile). After bringing the test 
tube to temperature, the reaction was initiated by the 
addition of 400 µL NADPH (15 mM in Tris buffer). 
The test tube was covered with aluminum foil to shield 
from the light before the addition of NADPH and 
additional aluminum foil with holes was used as lid to 
allow sufficient oxygen supply into the reaction. The 
metabolism reactions were incubated for 20 h at 37°C. 
Longer times were found to be unproductive as the 
microsomes were no longer viable.  
 After 20 h, the reaction was terminated by the 
addition of 600 mg NaCl and 1 mL ethyl acetate 
containing 1 mM diphenyl ether as an extraction 
internal standard. The precipitated protein was pelleted 
using a centrifuge. The sample was extracted with an 
equal volume of ethyl acetate three times. The ethyl 
acetate fractions were combined and dried over sodium 
sulfate and the solvent removed with a stream of 
nitrogen. The dried sample was redissolved in 100 µL 
ethyl acetate and all hydroxyl groups were transformed 
into trimethylsilyl derivatives by addition of 10 µL 
BSTFA to ensure volatility for GC-MS analysis. The 
sample was analyzed for metabolites by GC-MS, 
operating in full scan mode. Satisfactory separation of 
the PBDE parent compound, its metabolites and the 
organic soluble components of the microsomes was 
achieved using the GC conditions as described. New 
GC peaks were identified by comparison of the spectra 
with two control reactions; the system without the 
addition of NADPH and the system without the 
addition of PBDE. No metabolites were detected when 
incubations were performed in the absence of NADPH, 
nor in the absence of the PBDE. Therefore, all the 
metabolites identified were products of microsomal-
mediated reactions. The peak areas of the metabolites 
were measured in Mcounts x min where Mcounts are 
1×106 mass counts/sec and are reported as the ratio of 
the area of the metabolite to the area of the diphenyl 
ether (DPE) extraction standard. 
 
7-Ethoxycoumarin in vitro metabolism studies: The 
conversion of 7-ethoxycoumarin to 7-hydroxycoumarin 
is commonly used as a measure of CYP activity[29] and 
was used here to compare the activity of the different 
microsomal preparations and the activity of the 
microsomes in the presence and absence of Tween 20. 
The experiments were conducted as above for the 
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PBDE metabolism studies with 20 mM 7-
ethoxycoumarin, 10 µL microsomal solution (20 mg 
protein mL−1) and 20 µL NADPH (15 mM in Tris 
buffer). The time of reaction was 2 h. 
 

RESULTS 
 

 The difference in the activity of the different 
microsomal preparations (untreated rat, induced rat and 
human) was noted when the standard 7-ethoxycoumarin 
metabolism reaction was analyzed. The amount of 7-
ethoxycoumarin remaining in the reaction mixture after 
the microsomal reaction was compared to the amount in 
the control reaction (no NADPH, time = 0 h). With 
untreated rat microsomes, there was a 15.5% decrease 
in the amount of 7-ethoxycoumarin after 2 h; with the 
same amount and time of induced microsomes there 
was a 39.2% decrease; and with human microsomes 
there was a 5.5% decrease. A nonionic surfactant, 
Tween 20, was used in the PBDE in vitro metabolism 
reactions at a final concentration of 0.06% because of 
the low water solubility of the PBDEs. Attempts to run 
the reactions without the presence of a surfactant 
resulted in no detectable formation of metabolites. 
Experiments using the conversion of 7-ethoxycoumarin 
to 7-hydroxycoumarin as a measure of CYP activity 
determined that at this concentration of Tween 20, CYP 
activity was roughly halved. This corresponds well to 
data   obtained   on   the   structurally   similar Tween 
80 which showed a decrease in ethoxyresorufin-O-
deethylase (EROD) activity of about half at a 0.065% 
concentration[30]. The aqueous solubility of the PBDEs 
in the Tris buffer solution with 0.06% Tween 20 was 
determined to be 397 µM for BDE-15, 196 µM for 
BDE-28, 64 µM for BDE-47 and 35 µM for BDE-100.  
 Eight metabolites were found in the gas 
chromatograms of BDE-15 microsomal reactions with 
uninduced and induced rat microsomes (Fig. 2). 
Retention times (tR), mass spectral data and ratio of the 
peak areas of the trimethylsilyl derivatives of the 
metabolites (M) to the extraction standard DPE 
(diphenyl ether) are given in Table 1. The amount of 
metabolites formed was extremely small in comparison 
to the remaining BDE-15 after reaction indicating that 
CYP oxidation reactions of PBDEs are not readily 
accomplished by microsomal enzymes. Remaining 
BDE-15   typically  had a  peak area on the order of 
15.0 Mcounts x min compared to the 0.4 Mcounts x 
min area of the largest metabolite. Two of the 
metabolites, with retention times 9.7 and 10.1 min, 
appear  to be isomers of a mono-OH-mono-BDE. Three 
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Fig. 2: Total ion gas chromatogram of the reaction of 

BDE-15    with  induced   rat    microsomes 
after   derivatization     with    BSTFA.    Peaks 
1-2 correspond to the mono-OH-mono-BDE 
metabolites, peaks 3-5 correspond to the di-OH-
diphenyl    ether     metabolites     and       peaks 
6-8 correspond to the mono-OH-di-BDE 
metabolites. The unlabeled peaks correspond to 
the organic soluble components of the 
microsomes 

 
of the metabolites, with retention times of 12.2, 12.3 
and 13.0 min, have mass spectra consistent with the 
trimethylsilyl derivative of a dihydroxylated diphenyl 
ether. The remaining three, with retention times of 16.0, 
16.1 and 18.1 min, are consistent with the derivatized 
mono-OH-di-BDE isomers. The ratio of the peak area 
of the metabolites to the extraction standard in reactions 
with induced rat microsomes was greater for most 
metabolites than in reactions with uninduced rat 
microsomes. Using the human microsomes, only three 
of the metabolites were seen, viz. the three isomers of 
the dihydroxylated diphenyl ethers and the ratio of their 
areas to the extraction standards were considerably less. 
Their retention times (12.2, 12.3 and 13.0 min) and 
mass spectra matched those produced with rat 
microsomes. 
 Two metabolites were observed in the reaction of 
BDE-28 with induced rat microsomes as shown in 
Table 2.  The  peak area of  the  remaining BDE-28 was
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Table 1: GC-MS data and proposed structures of BDE-15 metabolites (M) from induced and uninduced rat and human liver microsomes after 
derivatization with BSTFA. N.D. = not detected 

   Ratio area M/DPE Ratio area M/DPE Ratio area 
Peak tR (min) EIMS m/z [ion] induced rat uninduced rat M/DPE human Metabolite 
1 9.7 336 [M+] 321 [(M-CH3)+] 0.37 0.11  N.D. Mono-OH-mono-BDE 
2 10.1 336 [M+] 321 [(M-CH3)+] 0.24 0.31  N.D. Mono-OH-mono-BDE 
3 12.2 346 [M+] 331 [(M-CH3)+] 4.46 1.25  0.14 Di-OH-diphenyl ether 
4 12.3 346 [M+] 331 [(M-CH3)+] 0.31 0.60  0.06 Di-OH-diphenyl ether 
5 13.0 346 [(M+] 331 [(M-CH3)+] 1.27 0.34  0.09 Di-OH-diphenyl ether 
6 16.0 416 [(M+2)+] 401 [(M-CH3+2)+] 1.04 0.30  N.D. Mono-OH-di-BDE 
7 16.1 416 [(M+2)+] 401 [(M-CH3+2)+] 1.05 0.01  N.D. Mono-OH-di-BDE 
8 18.1 416 [(M+2)+] 401 [(M-CH3+2)+] 0.50 0.54  N.D. Mono-OH-di-BDE 

 
Table 2: GC-MS data and proposed structures of BDE-28 metabolites 

(M) from induced rat liver microsomes after derivatization 
with BSTFA 

  EIMS Ratio area 
Peak tR (min) m/z [ion] M/DPE Metabolite 
1 21.1 494 [(M+2)+] 0.38 Mono-OH- 
  479 [(M-CH3+2)+]  tri-BDE 
2 23.0 584 [(M+4)+] 0.62 Di-OH- 
  570 [(M-CH3+4)+]  tri-BDE 

 
Table 3: GC-MS data and proposed structure of BDE-47 metabolite 

(M) from induced rat liver microsomes after derivatization 
with BSTFA 

   Ratio area 
Peak tR (min) EIMS m/z [ion] M/DPE Metabolite 
1 25.3 574 [(M+4)+] 478 0.70 Mono-OH- 
  [(M-Br-CH3+2)+]  tetra-BDE 
  414 [(M-2Br+2)+] 

 
more than 200 times the area of the sum of the 
metabolite peaks indicating that the reaction proceeds 
to a very small extent. No metabolites were found under 
the same conditions with either uninduced rat or human 
liver microsomes. Ratios of peak areas and mass 
spectral data for the two metabolites, as the 
trimethylsilyl derivatives, are given in Table 2. 
According to the mass spectra, the metabolite with the 
retention time of 21.1 min corresponds to a mono-OH-
tri-BDE. The peak at 23.0 min is consistent with a di-
OH-tri-BDE. 
 Only one metabolite was found when BDE-47 was 
reacted  with  induced rat microsomes as shown in 
Table 3. As with the previous PBDEs, the amount of 
BDE-47 converted to metabolite was very small, the 
peak area of BDE-47 remaining after reaction was more 
than 300 times the peak area of the metabolite. The 
mass spectrum of the metabolite, which had a retention 
time of 25.3 min, was consistent with a mono-OH-tetra-
BDE (Table 3). No debrominated metabolites were 
detected in the in vitro microsomal reactions with BDE-
47 or BDE-28. As in the microsomal reactions with 

BDE-28, reaction of BDE-47 with uninduced rat or 
human liver microsomes produced no measurable 
metabolites. With BDE-100, no metabolites were 
observed after reaction with induced or uninduced rat, 
or human liver microsomes under the same conditions 
as reaction with the other PBDEs. 
 

DISCUSSION 
 
 In vitro metabolism of BDE-15 with rat 
microsomes formed mono-OH-di-BDEs, mono-OH-
mono-BDEs and di-OH-diphenyl ethers. The latter two 
types of isomers involved not only oxidation but loss of 
one or more bromine substituents. Oxidative 
debromination of some PBDEs has been reported to 
occur in several in vivo studies[23,24,25,26]. Although ipso 
substitution of a hydroxyl group for a halogen has been 
seen in phenolic compounds it is not likely the only 
operative oxidative mechanism here for the formation 
of the monobrominated, monohydroxylated or 
dihydroxylated diphenyl ethers as more than one isomer 
of each metabolite was observed. In order to obtain 
these isomers, hydroxylation must occur in different 
positions on the rings and not only as a replacement for 
the bromine in the para position. Three isomers were 
also detected for the monohydroxylated BDE-15 
metabolites suggesting that at least one of them 
involves an NIH-shift of the bromine on the ring 
through an arene oxide.  
 When pooled human microsomes were used with 
BDE-15, three of the rat metabolites were found 
corresponding to the debrominated and dihydroxylated 
BDE isomers (compounds 3 - 5, Table 1). The relative 
amounts of the three isomers varied depending on 
whether the reaction was conducted with rat or human 
microsomes. Differences in the metabolic capacities of 
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cytochrome P450s in various species are known to lead 
to variable responses from different organisms toward 
the same chemical[31]. However, this difference may 
mean that studies conducted in animals on PBDE 
metabolism may be misleading in predicting human 
health hazards. 
 Mono and dihydroxylated metabolites were 
obtained  from the in vitro metabolism reaction of 
BDE-28 with rat microsomes in which CYP1A and 
CYP2B had been induced. Commercial PDBE mixtures 
and some individual congeners have been shown to be 
capable of inducing the cytochrome P450 enzymes 
CYP1A and CYP2B[11,32]. The requirement for induced 
rat microsomes and the appearance of fewer 
metabolites indicates an inherent difficulty in the 
metabolism of PBDE with additional bromine 
substituents. A comparison of the peak areas of the two 
metabolites determined that the amount of 
dihydroxylated BDE-28 was consistently higher than 
monohydroxylated BDE-28. This suggests that the 
initial hydroxylation is the slower step in BDE-28 
metabolism and that once the monohydroxylated 
metabolite is formed, it is more readily converted to the 
dihydroxylated compound. Harju et al. observed the in 
vitro microsomal depletion half-life of 6-OH-2,2’4,4’-
BDE was more than ten times shorter than its 
nonhydroxylated analog BDE-47[20]. 
 A single mono-OH-tetra-BDE was found in the 
reaction of BDE-47 with induced rat microsomes. 
Reports of in vivo studies with BDE-47 also identified 
mono-OH tetra BDEs as being the major metabolites, 
although several isomers were seen[21,22,23]. The amount 
of metabolite produced in our in vitro study was small 
relative to the parent compound so it is possible that 
other isomers may have been lower than our detection 
limit. As in the case with BDE-28, no metabolites were 
seen after in vitro microsomal reactions with uninduced 
rat or human microsomes. No metabolites were seen 
from the pentabrominated diphenyl ether (BDE-100) 
even with the induced microsomes although 
pentabrominated diphenyl ethers have been shown to 
form metabolites during in vivo studies[24,25,26]. It is 
possible that the formation of metabolites from BDE-
100 required a longer period than our time scale 
allowed.  

 It appears then that the presence of more bromine 
substituents decreases the ease in which microsomal 
oxidation can occur. It may be that increasing the 
number of bromine substituents hinders the ability of 
the cytochrome P450 enzymes to oxidize and, in some 
cases, debrominate the substrate. This is in contrast to 
studies of photochemical debromination of PBDEs in 
which the rate of decomposition decreased with 
decreasing numbers of bromine substituents[33]. In a 
study comparing in vitro metabolism of PBDEs using 
rat and whale liver microsomes, McKinney et al. found 
there were species specific differences in the ability to 
metabolize individual PBDEs[19]. The whale liver 
microsomes readily depleted BDE-15 and to lesser 
extents BDE-28 and BDE-47. On the other hand, no 
depletion of BDE-15 and BDE-47 were seen with the 
rat microsomes. BDE-28 was depleted to some extent 
but the most depletion with the rat microsomes 
occurred with BDE-49 (2,2’4,5’-tetra-BDE) and BDE-
99 (2,2’4,4’,5-penta-BDE). In the in vitro microsomal 
depletion studies using induced rat liver microsomes 
conducted by Harju et al., a comparison of depletion 
half-lives showed that the molecular size of PBDEs is a 
reaction rate-determining property, but the metabolism 
of PBDEs also increased with vicinal hydrogens in the 
meta-para position[20]. The compounds in the present 
study have at least one pair of hydrogens in the ortho-
meta position and no pairs in the meta-para position. 
Within this series, where the positions of the bromine 
atoms are limited to the ortho and para positions, ease 
of metabolism does appear to correlate inversely with 
the molecular size.  
 The octanol-water partition coefficients (Kow) of 
PBDEs have been demonstrated to increase with 
increasing bromine content[34]. In our system, the 
number of metabolites produced and the amount of 
metabolites isolated from the microsomal system also 
correlates with the water solubility of the PBDE. It may 
be that the solubility of the compound plays a role in 
the ease of metabolism and that the greater solubility of 
the lower brominated congeners facilitates enzyme-
substrate interactions. Other lipophilic substrates have 
been shown to be metabolized in the absence of added 
solvent through interaction with microsomes as fast or 
faster than in the presence of solvent[35]. In our study 
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however, no metabolites were detected after reaction 
without the presence of the surfactant.  
 In summary, this study has developed an in vitro 
system to study the biotransformation of three 
polybrominated diphenyl ethers in rat and human liver 
microsomes. Solubilization of the PBDE in the aqueous 
microsomal system was found to be necessary for 
reaction to occur and was accomplished by the use of 
the nonionic detergent Tween 20. There were 
considerable differences in the quantity and kind of 
metabolites formed from the PBDE cogeners studied. 
The in vitro microsomal oxidation reactions were 
hindered with greater numbers of bromine substituents 
on the PBDE. Metabolites were formed from the 
dibromodiphenyl ether in the in vitro metabolism 
reaction both in the induced and uninduced microsomal 
system. However, in order to obtain measurable 
metabolites from PBDEs with more than two bromines, 
it was necessary to use microsomes from rats in which 
CYP1A and CYP2B had been induced through 
treatment with phenobarbital and β-naphthoflavone.  
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