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Polybrominated diphenyl ethers (PBDEs) are flame-retardants
that upon chronic exposure enter the liver where they are bio-
transformed to potentially toxic metabolites. The mechanism by
which PBDEs enter the liver is not known. However, due to their large
molecular weights (MWs ~485 to 1000 Da), they cannot enter
hepatocytes by simple diffusion. Organic anion—transporting poly-
peptides (OATPs) are responsible for hepatic uptake of a variety of
amphipathic compounds of MWs larger than 350 Da. Therefore, in
the present study, Chinese hamster ovary cell lines expressing
OATP1B1,0ATP1B3, and OATP2B1 were used to test the hypothesis
that OATPs expressed in human hepatocytes would be responsible
for the uptake of PBDE congeners 47, 99, and 153. The results
demonstrated that PBDE congeners inhibited OATP1B1- and
OATP1B3-mediated uptake of estradiol-17-B-glucuronide as well as
OATP2B1-mediated uptake of estrone-3-sulfate in a concentration-
dependent manner. Direct uptake studies confirmed that all three
PBDE congeners are substrates for the three tested hepatic OATPs.
Detailed kinetic analysis revealed that OATP1B1 transported
2,2’ 4,4’ -tetrabromodiphenyl ether (BDE47) with the highest
affinity (K, = 0.31pnM) followed by 2,2',4,4',5-pentabromodi-
phenyl ether (BDE99) (K,,, = 0.91pM) and 2,2’ 4,4',5,5’ -hexabro-
modiphenyl ether (BDE153) (K,,, = 1.91uM). For OATP1B3, the
order was the same (BDE47: K,,, = 0.41pnM; BDE99: K,,, = 0.70.M;
BDE153: K,,, = 1.66pM), while OATP2B1 transported all three
congeners with similar affinities (BDE47: K,;, = 0.81p.M; BDE99:
K., = 0.87pM; BDE153: K, = 0.65uM). These results clearly
suggest that uptake of PBDEs via these OATPs is a mechanism
responsible for liver-specific accumulation of PBDEs.

Key Words: polybrominated diphenyl ethers; organic anion-
transporting polypeptides; liver; uptake assay; kinetics.

Polybrominated diphenyl ethers (PBDEs) are flame-retardants
used as additives in polymers incorporated into textiles,
electronics, plastics, and furniture (Fig. 1). The frequent use of
PBDE:s is attributed to their low manufacturing cost as well as
their high degree of resistance to degradation by environmental
and biological systems (Darnerud er al., 2001). 2,2'.4,4'-
Tetrabromodiphenyl ether (BDE47) is the predominant con-

gener detected in human and wildlife samples, followed
by 2,2',4,4'5-pentabromodiphenyl ether (BDE99) and
2,2".4,4".5,5 -hexabromodiphenyl ether (BDE153) (Lorber,
2008). The concern of rising PBDE body burdens is so signi-
ficant that the penta and octa mixtures have been banned in
Europe and currently are being voluntarily phased out in the
United States (Birnbaum and Cohen Hubal, 2006).

Human exposure to PBDEs is chronic; however, PBDE
exposure routes are not well established. Recent data suggest that
diet and inhalation are the predominant routes of exposure (Allen
etal.,2007,2008; Costaetal.,2008; Schecter et al.,2004,2005a,
2006). When compared to Europe and Japan, body burden of
PBDEs in North America are one to two orders of magnitude
higher and furthermore PBDE levels have doubled every
4-6 years (Hites, 2004; Petreas et al., 2003; Schecter et al.,
2005b, 2007). The presence of PBDESs in human tissue is of great
concern because of potential toxicological end points including
carcinogenicity, neurotoxicity, reproductive toxicity, and endo-
crine toxicity (Darnerud et al.,2001). PBDEs have been detected
in plasma and breast milk as well as liver, kidney, and adipose
(Hites, 2004). In mice, after administration, BDE47 initially
accumulates in the liver, followed by redistribution to other
tissues, including the kidney and the adipose tissue (Staskal et al.,
2005). Although the human liver burden of PBDEs is not
clarified, the presence of PBDEs in human liver is particularly
alarming since it has been suggested that hydroxylated
metabolites may play a pivotal role in PBDE-mediated toxicity
(Darnerud et al., 2007; Hamers et al., 2008; Meerts et al., 2000,
2001; Zhou et al., 2002).

An important function of the liver is to remove a variety of
chemicals from the portal blood. Hepatic uptake is a prerequisite
for biotransformation and subsequent elimination of various
endogenous and exogenous compounds. Uptake transporters
involved in this process include organic anion-transporting
polypeptides (OATPs) that are a group of membrane transporters
responsible for the transport of a wide array of amphipathic
substrates (Hagenbuch and Gui, 2008; Kalliokoski and Niemi,
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FIG. 1. Chemical structures of PBDE congeners 47, 99, and 153. Chemical
structures were created by PubChem Compound (http://pubchem.ncbi.nlm.nih.gov).

2009). As a family, OATPs are expressed in the liver, kidney,
brain, and intestines, implying a critical role in drug disposition
(Hagenbuch and Meier, 2003, 2004). OATP1B1 (SLCOIBI) and
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OATP1B3 (SLCOI1B3) are two human members in the OATP1B
subfamily expressed at the basolateral membrane of hepatocytes
(Abe et al., 1999; Hsiang et al., 1999; Konig et al., 2000a,b).
OATP2B1 (SLCO2BI) is the sole human member of the OATP2B
family. Compared to the liver-specific expression pattern of
OATP1B1 and OATP1B3, studies have demonstrated OATP2B1
protein to be expressed in the liver, heart, placenta, brain, and the
small intestine (Bronger et al., 2005; Grube et al., 2006; Kobayashi
et al., 2003; Kullak-Ublick et al., 2001; St-Pierre et al., 2002).
Given that OATP substrates are, in general, amphipathic molecules
with molecular weights (MWs) of more than 350 (Hagenbuch and
Gui, 2008), hepatic OATP family members are promising
candidate transport systems for hepatic uptake of BDE47
(MW: 485.5), BDE99 (MW: 564.7), and BDE153 (MW: 643.6)

In the current study, we evaluated the substrate specificity
of OATP1B1, OATP1B3, and OATP2B1 for PBDE transport
in order to test the hypothesis that the mechanism of hepatic
PBDE uptake is mediated by OATPs. The results clearly showed
that BDE47, BDE99, and BDE153 inhibited OATP1B1- and
OATP1B3-mediated uptake of estradiol-17-B-glucuronide
and OATP2B 1-mediated uptake of estrone-3-sulfate. Addition-
ally, OATP1B1, OATP1B3, and OATP2B1 are high-affinity
transporters for BDE47, BDE99, and BDEI153, revealed by
kinetic studies.

MATERIALS AND METHODS

Chemicals. Radiolabeled ["*C]BDE47 (36.5 mCi/mmol) was a gift from
Dr Kevin Crofton (U.S. Environmental Protection Agency, National Health and
Environmental Effects Laboratory). Radiolabeled ['*CIBDE99 (36.5 mCi/
mmol) and ['“CIBDE153 (27.8 mCi/mmol) were gifts from Dr Mike Sanders
(National Toxicology Program at the National Institute of Environmental
Health Sciences). BDE47, BDE99, and BDE153 were obtained from Cerilliant
(Round Rock, TX). [3H]Estradiol—17—B—glucuronide (47.1 Ci/mmol) and
[*Hlestrone-3-sulfate (57.1 Ci/mmol) were purchased from Perkin-Elmer
(Waltham, MA). Unlabeled estradiol-17-B-glucuronide, estrone-3-sulfate, and
cell culture reagents were from Sigma-Aldrich (St Louis, MO).

Transport inhibition study in OATP1BI1-, OATP1B3-, and OATP2BI-
expressing Chinese hamster ovary cells. Generation of stably transfected
OATP1B1 and OATP1B3 cell lines has been described previously (Gui et al.,
2008). A cell line stably expressing OATP2B1 was generated using the Flp-In
System (Invitrogen, Carlsbad, CA). A six-His tag was added to the C-terminus of
the open reading frame of OATP2B1*#3 (Kullak-Ublick et al., 2001) using PCR.
As it has been reported that the reference sequence has a higher allelic frequency
and higher transport function than the OATP2B1*#3 polymorphism (Nozawa
et al., 2002), the construct was mutated to OATP2B1*1 using the QuikChange
Site-Directed Mutagenesis Kit from Stratagene (La Jolla, CA), as per the
manufacturer’s instructions. The resulting construct was cloned into the
pcDNAS/FRT vector, and the sequence was confirmed accurate on both strands.
Flp-In Chinese hamster ovary (CHO) cells were transfected with pOG44 and
OATP2B1 or the empty vector using Lipofectamine 2000 from Invitrogen. After
3 weeks of selection with 600 pg/ml Hygromycin B, single-cell clones were
isolated by limited dilution and tested for OATP2B1 expression using
immunofluorescence. The expression of functional OATP2B1 was confirmed
by measuring uptake of estrone-3-sulfate; induction with SmM sodium butyrate
for 24 h did not increase function. Cells were maintained at 37°C in a humidified
5% CO, atmosphere in F-12 Nutrient Mixture containing 10% fetal bovine serum,
2mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 400 pg/ml
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FIG. 2. Effect of PBDE congeners on OATP-mediated uptake of known
substrates in stably transfected CHO cells. In the absence or presence of
BDE47, BDE99, or BDE153 at the indicated concentrations, uptake of 1yuM
[3H]estradiol—17—B—glucuronide was measured at 37°C for 20 s with
(A) OATPIBI- or (B) OATP1B3-expressing and wild-type CHO cells, while
uptake of 1uM [*Hlestrone-3-sulfate was measured at 37°C for 30 s with
(C) OATP2B1- or pcDNAS5/FRT-expressing CHO cells. Values obtained with
wild-type or vector-transfected CHO cells were subtracted from values obtained
with OATP-expressing CHO cells and are given as percent of the control.
Means + SE of triplicate determinations are given. Differences were considered
significant at p < 0.05.
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Hygromycin B. OATP1B1-, OATP1B3-, or OATP2B1-expressing or wild-type
CHO cells were grown on 24-well plates at a density of 40,000 cells/well. Forty-
eight hours later, medium was replaced with medium containing SmM sodium
butyrate to induce nonspecific gene expression for OATP1B1- and OATP1B3-
expressing cells (Palermo et al., 1991). Estradiol-17-B-glucuronide, a model
substrate of OATP1B1 and OATP1B3, and estrone-3-sulfate, a model substrate
of OATP2BI1, were used to test for PBDE inhibition (Abe ez al., 1999; Cui et al.,
2001; Gui et al., 2008; Hirano et al., 2004; Konig et al., 2000a,b; Kullak-Ublick
et al., 2001; Tamai ez al., 2000, 2001). Cells were washed two times with 37°C
prewarmed uptake buffer (116.4mM NacCl, 5.3mM KCl, ImM NaH,PO,, 0.8mM
MgSOy, 5.5mM b-glucose, and 20mM (4-(2-hydroxyethyl)- 1-piperazineethane-
sulfonic acid), pH adjusted to 7.4 with Trizma base). Cells were incubated in the
absence or presence of BDE47, BDE99, or BDE153 at concentrations of 100pM,
100nM, or 100uM for 20 s (OATP1BI1 and OATP1B3) or 30 s (OATP2B1).
Uptake was stopped by removing the uptake solution and washing the cells four
times with ice-cold uptake buffer. Uptake rates were calculated based on net
uptake after subtracting the values obtained with wild-type CHO cells and then
expressed as a percentage of uptake obtained by OATP-expressing cells in the
absence of PBDE congeners. Protein content was determined for each well using
the Pierce BCA assay (Pierce Chemical, Rockford, IL) with bovine serum
albumin (BSA) as standard.

Functional studies of BDE transport in wild-type and OATP-expressing
CHO cells. Wild-type CHO and OATP1B1- or OATP1B3-expressing cells
were plated at 40,000 cells per well on 24-well plates, and 48 h later medium was
replaced with medium containing SmM sodium butyrate to induce nonspecific
gene expression. After an additional 24 h in culture, the cells were used for uptake
experiments. Vector-transfected and OATP2B1-expressing Flp-In-CHO cells
were plated at 40,000 cells per well on 24-well plates, and 48 h later the cells were
used for uptake experiments. Cells were washed two times with 37°C prewarmed
uptake buffer, and for the determination of initial linear rate conditions, uptake
was started by adding 200 pl of uptake buffer containing 0.3 pCi/ml of the
radiolabeled substrate. Uptake was stopped at various time points by removing
the uptake solution and washing the cells four times with ice-cold uptake buffer.
To analyze the kinetics of OATP-mediated PBDE transport, wild-type, control,
or OATP-expressing cells were incubated with ['*CIBDE47, ["*CIBDE99, or
["*CIBDE153 at increasing substrate concentrations for a previously determined
time within the initial linear uptake portion. After stopping, the cells were
solubilized with 400 pl of 1% Triton X-100 and 300 pl were used for liquid
scintillation counting. Protein concentration was determined using the BCA assay
with BSA as a standard from the remaining samples. Uptake rates were calculated
based on net uptake (in nanomoles per milligram of total protein per minute) after
subtracting the values obtained with wild-type or pcDNAS/FRT-transfected CHO
cells (in nanomoles per milligram of total protein per minute).

Data analysis. Inhibition studies and uptake experiments were performed in
triplicate and repeated three or four times. Data with error bars represent the
means = SE. Statistical analysis of inhibition studies between control and
experimental groups were performed by one-way ANOVA followed by the
Bonferroni #-test. To determine whether uptake in OATP-expressing cells was
different from that of control cells, the unpaired Student’s -test was used. The
p value for statistical significance was set to < 0.05. All statistical analysis
was performed using SigmaStat 3.5 (Systat Software, Inc., San Jose, CA), while
kinetic parameters were calculated using the nonlinear regression analysis module
from SigmaPlot (Version 9.01; Systat Software, Inc., Point Richmond, CA).

RESULTS

Concentration-Dependent Inhibition of OATPI1BI-,
OATPIB3-, and OATP2BI-Mediated Uptake by PBDE
Congeners
In order to investigate whether PBDE congeners can interact

with OATP-mediated transport, we determined uptake of the



MECHANISM OF PBDE UPTAKE INTO THE LIVER

model substrates estradiol-17-B-glucuronide for OATP1B1 and
OATP1B3 and estrone-3-sulfate for OATP2B1, in the absence or
presence of BDE47, BDE99, or BDE153. All three PBDE
congeners inhibited OATP1B1- and OATP1B3-mediated up-
take of estradiol-17-f-glucuronide in a concentration-dependent
manner (Figs 2A and 2B). For OATP1B 1, BDEA47 exhibited the
greatest effect at all the tested concentrations (100pM, 100nM,
100pM), while BDE99 and BDE153 showed comparable
levels of inhibition at all tested concentrations. Inhibition of
OATP1B3-mediated uptake of estradiol-17-B-glucuronide was
comparable for all three tested PBDE congeners with BDE153
exhibiting slightly greater effect. OATP2B 1-mediated estrone-
3-sulfate uptake was inhibited by BDE47, BDE99, and BDE153
in a similar manner but only at the 100nM and 100puM
concentrations (Fig. 2C).

Time-Dependent BDE47, BDE99, and BDE153 Uptake by
OATPIBI, OATPIB3, and OATP2BI1

To test whether these PBDE congeners indeed are
OATP substrates, uptake of ['*CIBDE47, ["*C]BDE99, and
['“CIBDE153 by OATP1B1, OATPIB3, and OATP2B1 was
measured in a time-dependent manner. BDE47 (Figs 3A and 3B),
BDE99 (Figs 4A and 4B), and BDE153 (Figs SA and 5B) were
clearly transported to a greater extent into OATP1BI- and
OATPI1B3-expressing cells when compared to the wild-type con-
trol cells. Similarly, uptake of BDE47 (Fig. 3C), BDE99 (Fig. 4C),
and BDEI153 (Fig. 5C) into OATP2B1-expressing cells was
significantly higher than uptake into the vector-transfected control
cells. Furthermore, for all three congeners uptake was linear for at
least 1 min. Thus, subsequent concentration-dependent kinetic
studies were performed at 30 s.

Determination of Kinetic Parameters for OATPIBI-,
OATPIB3-, and OATP2BI-Mediated PBDE Congener
Uptake

To further characterize OATP-mediated PBDE transport, we
performed kinetic experiments. Uptake of all three PBDE
congeners by all three OATPs was saturable, and the kinetic
parameters are summarized in Table 1. BDE47 exhibited the
highest affinity for both OATP1B1 (0.31 + 0.02uM) and
OATP1B3 (0.34 + 0.02uM), respectively (Figs 3D and 3E). As
shown in Figures 4D and 4E, this was followed by BDE99
(0.80 = 0.07uM for OATP1B1; 0.72 + 0.12uM for OATP1B3).
BDE153 (1.9 £ 0.17uM for OATPI1BI1; 1.7 £ 0.48uM for
OATPI1B3) demonstrated the least affinity (Figs 5D and 5E).
OATPIBI transported BDE153 with a 10-fold lower capacity
than BDE47 and BDE99, while the maximal transport rates were
comparable for OATP1B3-mediated transport of all three PBDE
congeners. Overall transport efficiency, characterized by V .« /K,
followed a similar trend for both OATP1B1 and OATP1B3, with
BDEA7 being transported with the greatest efficiency followed by
BDE99 and then BDE153.

Saturation kinetics for OATP2BI1-mediated transport for
BDE47, BDE99, and BDE153 is shown in Figures 3F, 4F,
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and 5F, respectively. OATP2B1-mediated uptake exhibited
similar transport affinities for the uptake of BDE47 (K,,,: 0.81 +
0.03uM), BDE99 (K,,: 0.87 + 0.22uM), and BDE153 (K;:
0.65 = 0.07uM). BDE153 was transported with a higher
affinity by OATP2B1 than by the members of the OATP1B
subfamily. The capacity of OATP2B1 transport was approx-
imately twofold higher for BDE47 and BDEI153 than for
BDE99, which resulted in an about twofold higher efficiency
(Vinax/Km values) as compared to BDE99.

DISCUSSION

The present study provides direct evidence that human hepatic
OATPs (OATP1B1, OATPIB3, and OATP2BI1) represent
BDE47, BDE99, and BDE153 uptake systems in human
liver. Additionally, we have demonstrated that OATP1B1 and
OATPI1B3 transport BDE47 with the highest affinity, while
OATP2B1 transported all three congeners with similar affinities.

The predominant PBDE congeners detected in human liver
are BDE47, BDE99, and BDE153 (Meironyte Guvenius et al.,
2001; Schecter et al., 2007). Because of the anatomy of the
hepatic circulation, any drug or chemical that is absorbed from
the gastrointestinal tract into the portal vein must pass through
the liver before reaching the systemic circulation. During this
first pass effect, the potential for presystemic elimination is
dependent upon the efficiency of the hepatic extraction process.
PBDE concentration in the portal blood supply may be
influenced by the efficiency of the hepatic extraction process.
In human hepatocytes, OATP1B1, OATP1B3, and OATP2B1
function to mediate the portal clearance of large (MW > 350)
amphipathic molecules (Hagenbuch and Gui, 2008). The BDE
congeners with the highest serum concentration are BDE47
(~4.2nM), BDE99 (~1.0nM), and BDE153 (~0.9nM) (Sjodin
et al., 2008). At these concentrations, which are below the K,
values of the individual BDE congeners determined in our
study (Table 1), hepatic uptake, according to Michaelis-
Menton kinetics, becomes first order and therefore depends
on affinity for the transporters as well as blood flow. Thus,
PBDEs are readily cleared from the portal blood supply and
transported into the liver where they are subject to metabolic
biotransformation. Importantly, it has been suggested that
hydroxylated PBDES (OH-PBDEs) may have increased
toxicological relevance (Hamers et al., 2008; Meerts et al.,
2000, 2001; Zhou et al., 2002). Disposition studies in rodents
administered PBDEs by oral gavage suggest that BDE47 and
BDE99 are preferentially transported into the liver when
compared to BDE153 (Chen ef al., 2006; Darnerud et al.,
2007; Sanders et al., 2006a,b). The results from our study are
in agreement with the published in vivo rodent studies.
Transport efficiency for OATP1B1- and OATP1B3-mediated
uptake, characterized by Vi,../Kn, was greatest for BDE47
followed by BDE99 and then BDE153 (Table 1). These data
suggest that OATP1B1 and OATP1B3 preferentially transport
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FIG. 3. Time- and concentration-dependent uptake of BDE47 by OATP1B1, OATP1B3, and OATP2B1. (A) OATP1B1-, (B) OATP1B3-, or (C) OATP2B1-
mediated uptake of ['“C]BDE47 at 37°C at the indicated time points. Filled circles (@) represent control (wild-type CHO; pcDNAS/FRT CHO) uptake, while open
circles (O) represent OATP1B1, OATP1B3, or OATP2B1 uptake. Determination of kinetic parameters was performed in CHO cells expressing OATP1BI,
OATP1B3, or OATP2B1. Uptake of increasing concentrations of [**C]BDE47 was measured at 37°C for 30 s. After subtracting the values of the control (@) from
OATP-expressing cells (O), net (D) OATP1BI1-, (E) OATP1B3-, or (F) OATP2B1-mediated uptake data were fitted by nonlinear regression analysis to the
Michaelis-Menten equation and plotted as a dashed line (- - -). Means + SE of triplicate determinations are given. The unpaired Student’s #-test was performed to
determine statistical significance. Differences were considered significant at p < 0.05.

BDE47 and BDE99 compared to BDE153, which provides an
explanation for the PBDE congener profile identified in human
liver.

In addition, we investigated the role of OATP2B1 for the
uptake of BDE47, BDE99, and BDE153. The results suggest
that OATP2B1 does not preferentially transport any PBDE
congeners since affinity and efficiency were similar for BDE47,
BDE99, and BDE153 (Table 1). It has been suggested that
OATP2B1 may play a limited role in hepatic uptake since the

pH of portal blood is unlikely acidic (Hagenbuch, 2010). Low
extracellular pH has been shown to stimulate transport activity
of OATP2BI1 localized at the apical membrane of human
intestinal epithelial cells (Kobayashi er al., 2003; Nozawa
et al., 2004; Sai et al., 2006). The importance of histidine
residues has been demonstrated for several pH-sensitive
transporters (Ganapathy er al., 1987; Grillo and Aronson,
1986; Kato er al., 1989; Miles, 1977). Recent work has
identified specific His residues that may explain the apparent
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FIG. 4. Time- and concentration-dependent uptake of BDE99 by OATP1B1, OATPIB3, and OATP2B1. (A) OATPIBI-, (B) OATP1B3-, and
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control (@) from OATP-expressing cells (O), net (D) OATP1B1-, (E) OATP1B3-, or (F) OATP2B1-mediated uptake data were fitted by nonlinear regression
analysis to the Michaelis-Menten equation and plotted as a dashed line (- - -). Means + SE of triplicate determinations are given. The unpaired Student’s #-test was
performed to determine statistical significance. Differences were considered significant at p < 0.05.

pH dependency shown by OATP2BI1. Specifically, in silico
structural modeling of OATP2B1 revealed a His residue at
position 579 in the 10th transmembrane domain that is exposed
to the extracellular medium and thus susceptible protonation
changes applied by the extracellular pH (Meier-Abt et al.,

2005). Additionally, stimulation of transport activity at a low
extracellular pH (pH 6.5), shown for several OATPs including
OATP2B1, was demonstrated to be dependent upon a His
residue in the third transmembrane domain (Leuthold et al.,
2009). Furthermore, OATP1C1, which lacks this His residues,
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FIG. 5. Time- and concentration-dependent uptake of BDE153 by OATP1B1, OATP1B3, and OATP2BI. (A) OATP1B1-, (B) OATPIB3-, and (C)
OATP2B1-mediated uptake of ['*CIBDE153 at 37°C at the indicated time points. Filled circles (@) represent control (wild-type CHO; pcDNA5/FRT CHO)
uptake, while open circles (O) represent OATP1B1, OATP1B3, or OATP2B1 uptake. Determination of kinetic parameters was performed in CHO cells expressing
OATP1B1, OATP1B3, or OATP2B1. Uptake of increasing concentrations of ['*C]BDE153 was measured at 37°C for 30 s. After subtracting the values of the
control (@) from OATP-expressing cells (O), net (D) OATP1B1-, (E) OATP1B3-, or (F) OATP2B1-mediated uptake data were fitted by nonlinear regression
analysis to the Michaelis-Menten equation and plotted as a dashed line (- - -). Means + SE of triplicate determinations are given. The unpaired Student’s #-test was
performed to determine statistical significance. Differences were considered significant at p < 0.05.

did not exhibit the pH-dependent transport seen with other
OATPs. PBDE congeners have been shown to be absorbed
from the gastrointestinal tract in rodents. Specifically, gastro-
intestinal absorption has been estimated to be 80-90% for
BDE47, 60-90% for BDE99, while 70% for BDE153 (Chen
et al., 2006; Darnerud and Risberg, 2006; Hakk et al., 2002;
Sanders et al., 2006a,b; Staskal et al., 2005). Given the
expression of OATP2B1 at the apical membrane of human

intestinal epithelial cells together with an increase in transport
activity at a lower pH, it may be that OATP2B1 might play a
greater role in uptake of PBDEs from the gastrointestinal tract.

Furthermore, the results of this study clarify why the con-
gener patterns identified in humans do not reflect the com-
position of the commercial Penta product. For example,
BDE99, which is the predominant congener in the mixture, is
found to a lesser degree than BDE47 in human samples
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TABLE 1
Kinetic Parameters of OATP1B1-, OATP1B3-, and OATP2B1-
Mediated Uptake of PBDEs in CHO Cells

Vinax (nmol/mg

Transporter Substrate K (UM) protein X min) Vinax/Km
OATPI1B1 BDE47 0.31 £ 0.01 13.5+1.33 44.0 £2.8
BDE99 0.91 +0.02 13.9 + 1.70 154 +22
BDEI153 1.91 £ 0.17 24 £0.19 1.2 £0.02
OATP1B3 BDE47 0.41 = 0.06 15.7 + 1.71 38.0 = 1.1
BDE99 0.70 £ 0.03 12.8 + 0.76 18.3 + 0.1
BDE153 1.66 + 0.48 22.6 + 0.58 1.5+53
OATP2B1 BDE47 0.81 + 0.06 17.6 = 1.1 226 + 1.1
BDE99 0.87 £ 0.22 89 +09 105+ 1.6
BDE153 0.65 £ 0.07 14.6 + 3.1 28.1 + 8.1

Note. Transport rates at increasing concentrations were determined at 37°C
in OATP-expressing and wild-type CHO or vector-transfected cells. Transport
values obtained from OATP-expressing cells were corrected with values
obtained from wild-type cells, and the resulting net carrier-mediated uptake
values were fitted by nonlinear regression analysis to the Michaelis-Menten
equation. Means + SE are given for three to four experiments.

including blood and liver (Costa et al., 2008; Covaci et al., 2008;
Hites, 2004; Mazdai et al., 2003; Meironyte Guvenius et al.,
2001; Schecter et al., 2007; Sjodin et al., 2008). The difference
between the congeners profile found in the commercial mixture
to that of human tissue, in particular the liver, can partly be
explained by the higher affinity and greater overall transport
efficiency for BDE47 by OATP1B1 and OATP1B3 compared to
that for BDE99 (Table 1). Oxidation of many aromatic
xenobiotic contaminants in the liver occurs through the catalytic
action of the P450 enzymes of the hepatic mixed function
oxidase system. OH-PBDE metabolites have been detected in
human blood samples (Athanasiadou et al., 2008; Qiu et al.,
2009; Sandanger et al., 2007). Furthermore, it was demonstrated
that BDE99 is metabolized to the greatest extent followed by
BDE47. Recently, two independent studies have identified
oxidative metabolism of BDE47 and BDE99 through the use of
human liver microsomes and cryogenically preserved human
hepatocytes (Lupton et al., 2009; Stapleton et al., 2009). Again,
BDE99 was shown to have a greater potential for metabolism
followed by BDE47. Interestingly, BDE153 was shown to be
resistant to oxidative metabolism. The authors explain this by the
lack of unsubstituted adjacent carbons, which has been shown to
be pivotal for the formation of the arene oxide intermediate
during P450-mediated metabolism.

The greater abundance of BDE47 in human liver samples
compared to that of BDE99 can be attributed to a greater
uptake efficiency as well as lower rate of metabolism.
Furthermore, although BDE99 is the primary component of
the commercial penta mixture, its greater rate of metabolism by
hepatic P450s seems to play a more important role than hepatic
uptake regarding its decreased bioaccumulation. Hepatic
uptake of BDE153 by OATP1B1 and OATP1B3 occurred in
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a low-affinity, low-capacity manner when compared to BDE47
and BDE99. However, OATP2B1-mediated transport occurs at
a much higher affinity for BDE153, which is similar to K,
values for OATP1B1- and OATP1B3-mediated transport of
BDE99. Additionally, BDE153 has been shown to be relatively
resistant to metabolism (Lupton et al., 2009; Sanders et al.,
2006b). Furthermore, in addition to DE-71, BDE153 is found
in the octaBDE mixture (Darnerud et al., 2001). Taken
together, high-affinity transport by OATP2B1 along with
minimal metabolism can explain the greater bioaccumulation
of BDE153 when compared to BDE47 and BDE99.

In conclusion, we have identified PBDE congeners BDE47,
BDE99, and BDE153 as substrates of OATP1B1, OATP1B3,
and OATP2B1. This has provided evidence for a transporter-
mediated mechanism for the hepatic accumulation of the
predominant PBDE congeners. In addition, differential uptake
efficiency and metabolism of BDE47, BDE99, and BDE153
together provides an explanation for the inconstancy found
between ratios of PBDE concentrations in human samples to
that of the commercial mixture.
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