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Fic. 11. Tissue distribution of ['**I]T, after administration of |'**1]T, to 4-OH-CB187-pretreated mice. Experimental protocols were the same as those described in the
legend of Fig. 10. Each column represents the mean = S.E. (vertical bars) for five to seven animals. *, P < 0.05, significantly different from each control. Open bars, control;

hatched bars, 4-OH-CB187.

As another possible mechanism for the 4-OH-CB187-induced de-
crease in level of serum total T,, TTR-associated pathway might be
considered because PCB and its hydroxylated metabolites act as T,
antagonists to TTR (Lans et al., 1993; Brouwer et al., 1998; Meerts et
al., 2002; Kato et al., 2004) and because serum TTR level is closely
correlated with serum thyroid hormone level (Episkopou et al., 1993).
Accordingly, competitive inhibition of a T,-TTR complex formation
by 4-OH-CB187 is considered to promote a decrease in the level of
serum total T,. In the present study, both the decrease in the level of
['*°]T, bound to serum TTR and the increase in the level of ['*’I]T,
bound to serum albumin and TBG were confirmed in 4-OH-CB187-
pretreated mice. Furthermore, 4-OH-CB187-mediated decrease in
serum total T, and free T, levels occurred in wild-type and TTR-
heterozygous mice but not in TTR-deficient mice. These findings

TABLE 2
Accumulation of ["*’I1T, in the 4-OH-CBI187-pretreated mice livers

The radioactivity in the liver was measured at 5 min after the ['**1]T, administration. The
values shown are expressed as the mean = S.E. for five to seven mice.

indicate that 4-OH-CB187 inhibits formation of serum T,-TTR complex
and further suggest that 4-OH-CB187-induced inhibition of the T,-TTR
complex formation might lead to change in tissue distribution of T,,.
Because distribution levels of ['*°I]T,, to plasma and tissues after a
['**1]T, treatment are not significantly changed up to 48 h later
(Oppenheimer et al., 1968), distribution levels of ['*I]T, in several
tissues were examined 5 min after the ['?’I]JT, administration to
4-OH-CB187-pretreated mice. The results indicated that the mean
total body clearance of ['*I]T, and the distribution volume of
['*°1]T, to tissues were increased by 4-OH-CB187 pretreatment in
both C57BL/6 and DBA/2 mice. A tissue-to-serum concentration ratio
(K, value) also increased in several tissues, especially the liver, in the
4-OH-CB187-pretreated C57BL/6 and DBA/2 mice compared with
the corresponding control mice. In addition, more than 40% of the

TABLE 3
Liver weights after the administration of 4-OH-CBI187 to mice

Animals were killed 4 days after the administration of 4-OH-CB187 (1.0 mg/kg), and the
liver weight was measured. The values shown are expressed as the mean = S.E. for five to
eight animals.

[, Liver Weight
Animal Control 4-OH-CB187 Animal Control 4-OH-CB187
% of dose/g liver % of dose/g liver % of body weight % of body weight
C57BL/6 27.13 £ 1.06 35.14 = 1.19% C57BL/6 4.63 +0.29 4.71 £ 0.09
DBA/2 2525 £1.02 31.29 = 1.25% DBA/2 4.90 +0.17 492 +0.12

* P < 0.01, significantly different from each control.

* P < 0.001, significantly different from each control.
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['**I]T, dosed was accumulated in the liver in 4-OH-CB187-pre-
treated mice.

In conclusion, the present findings show that 4-OH-CB187 pos-
sesses the ability to reduce serum thyroid hormone level in mice and
further indicate that the 4-OH-CBI187-mediated decrease occurs
mainly through increase in accumulation (transportation from serum
to liver) of T, in the liver. Furthermore, the present findings strongly
suggest that the increased accumulation in the liver would be attrib-
uted to the 4-OH-CB187-mediated inhibition of a T,-TTR complex
formation in serum.

Acknowledgments. We thank Professor Shuichiro Maeda of the
University of Yamanashi (Japan) for providing male TTR(+/—) and
female TTR(—/—) mice.

References

Barter RA and Klaassen CD (1992) Rat liver microsomal UDP-glucuronosyltransferase activity
toward thyroxine: characterization, induction, and form specificity. Toxicol Appl Pharmacol
115:261-267.

Barter RA and Klaassen CD (1994) Reduction of thyroid hormone levels and alteration of thyroid
function by four representative UDP-glucuronosyltransferase inducers in rats, Toxicol Appl
Pharmacol 128:9-17.

Brouwer A, Morse DC, Lans MC, Schuur AG, Murk AJ, Klasson-Wchler E, Bergman A, and
Visser TJ (1998) Interactions of persistent environmental organohalogens with the thyroid
hormone system: mechanisms and possible consequences for animal and human health.
Toxicol Ind Health 14:59-84.

Cadogan JIG (1962) A convenicnt new method of aromatic arylation. J Chem Soc 1962:4257~
4258,

Craft ES, DeVito MJ, and Crofton KM (2002) Comparative responsiveness of hypothyroxinemia
and hepatic enzyme induction in Long-Evans rats versus C57BL/6J mice exposed to TCDD-
like and phenobarbital-like polychlorinated biphenyl congeners. Toxicol Sci 68:372-380.

Davis PJ, Spaulding SW, and Gregerman RI (1970) The three thyroxine-binding proteins in rat
scrum: binding capacities and effects of binding inhibitors. Endocrinology 87:978-986.

Episkopou V, Maeda S, Nishiguchi S, Shimada K, Gaitanaris GA, Gottesman ME, and Robertson
EJ (1993) Disruption of the transthyretin gene results in mice with depressed levels of plasma
retinol and thyroid hormone. Proc Natl Acad Sci U S A 90:2375-2379.

Fingstrém B, Athanasiadou M, Grandjecan P, Weihe P, and Bergman A (2002) Hydroxylated
PCB metabolites and PCBs in scrum from pregnant Faroese women. Environ Health Perspect
110:895-899.

Hallgren S, Sinjari T, Hékansson H, and Darnerud PO (2001) Effects of polybrominated diphenyl
cthers (PBDEs) and polychlorinated biphenyls (PCBs) on thyroid hormone and vitamin A
levels in rats and mice. Arch Toxicol 75:200-208.

Hood A, Allen ML, Liu Y, Liu J, and Klaassen CD (2003} Induction of T4 UDP-GT activity,
serum thyroid stimulating hormone, and thyroid follicular cell proliferation in mice treated
with microsomal enzyme inducers. Toxicol Appl Pharmacol 188:6-13.

Hood A, Hashmi R, and Klaassen CD (1999) Effects of microsomal enzyme inducers on
thyroid-follicular cell proliferation, hyperplasia, and hypertrophy. Toxicol Appl Pharmacol
160:163-170. )

Hovander L, Linderholm L, Athanasiadou M, Athanassiadis 1, Bignert A, Fiingstrém B, Kocan
A, Petrik J, Trnovec T, and Bergman A (2006) Levels of PCBs and their metabolites in the
serum of residents of a highly contaminated arca in castern Slovakia. Environ Sci Technol
40:3696-3703.

Hovander L, Malmberg T, Athanasiadou M, Athanassiadis I, Rahm S, Bergman A, and Klasson-
Wehler E (2002) Identification of hydroxylated PCB metabolites and other phenolic haloge-
nated pollutants in human blood plasma. Arch Environ Contam Toxicol 42:105-117.

Tkushiro S, Emi Y, and lyanagi T (1995) ldentification and analysis of drug-responsive expres-
sion of UDP-glucuronosyltransferase family 1 (UGTI) isozyme in rat hepatic microsomes
using anti-peptide antibodies. Arch Biochem Biophys 324:267-272.

Ikushiro S, Emi Y, and lyanagi T (1997) Protein-protcin interactions between UDP-
glucuronosyltransferase isozymes in rat hepatic microsomes. Biochemistry 36:7154-7161.

KATO ET AL.

Kato Y, Haraguchi K, Kawashima M, Yamada S, Masuda Y, and Kimura R (1995) Induction of
hepatic microsomal drug-metabolizing enzymes by methylsulphonyl metabolites of polychlo-
rinated bipheny! congeners in rats. Chem-Biol Interact 95:257-268.

Kato Y, Haraguchi K, Yamazaki T, Ito Y, Miyajima S, Nemoto K, Koga N, Kimura R, and
Degawa M (2003) Effects of polychlorinated biphenyls, Kanechlor-500, on serum thyroid
hormone levels in rats and mice. Toxicol Sci 72:235-241.

Kato Y, Tkushiro S, Haraguchi K, Yamazaki T, Ito Y, Suzuki H, Kimura R, Yamada S, Inove T,
and Degawa M (2004) A possible mechanism for decrease in serum thyroxine level by
polychlorinated biphenyls in Wistar and Gunn rats. Toxicol Sci 81:309-315.

Kato Y, Ikushiro S, Takiguchi R, Haraguchi K, Koga N, Uchida S, Sakaki T, Yamada S. Kanno
J, and Degawa M (2007) A novel mechanism for polychlorinated biphenyl-induced decrease
in serum thyroxine level in rats. Drug Merab Dispos 35:1949-1955.

Kato Y, Suzuki H, Ikushiro S, Yamada S, and Degawa M (2005) Decrease in serum thyroxine
level by phenobarbital in rats is not necessarily depcndent on increase in hepatic UDP-
glucuronosyltransferasc. Drug Metab Dispos 33:1608-1612.

Lans MC, Klasson-Wchler E, Willemsen M, Meussen E, Safe S, and Brouwer A (1993)
Structure-dependent, competitive interaction of hydroxy-polychlorobiphenyls, -dibenzo-p-
dioxins and -dibenzofurans with human transthyretin. Chem-Biol Interact 88:7-21.

Letcher RJ, Klasson-Wehler E, and Bergman A (2000) Mecthyl sulfone and hydroxylated
metabolites of polychlorinated biphenyls, in The Handbook of Environmental Chemistry: New
Types of Persistent Halogenated Compounds (Paasivirta J ed) vol 3, pp 315-359, Springer-
Verlag, Berlin.

Liu J, Liu Y, Barter RA, and Klaassen CD (1995) Alteration of thyroid homcostasis by
UDP-glucuronosyltransferase inducers in rats: a dose-response study. J Pharmacol Exp Ther
273:977-985.

Lowry OH, Rosebrough NJ, Farr AL. and Randall RJ (1951) Protein measurement with the Folin
phenol reagent. J Biol Chem 193:265-275.

Luquita MG, Catania VA, Sdnchez Pozzi EJ, Veggi LM, Hoffman T, Pellegrino JM, Ikushiro S,
Emi Y, Iyanagi T, Vore M, et al. (2001) Molecular basis of perinatal changes in UDP-
glucuronosyltransferase activity in maternal rat liver. J Pharmacol Exp Ther 298:49-56.

Malmberg T (2004) Identification and Characterisation of Hydroxylated PCB and PBDE
Metabolites in Blood: Congener Specific Synthesis and Analysis. Ph.D. thesis, Stockholm
University, Stockholm, Sweden.

Meerts IATM, Assink Y, Cenijn PH, Van Den Berg JHA, Weijers BM, Bergman A, Koeman JH,
and Brouwer A (2002) Placental transfer of a hydroxylated polychlorinated biphenyl and
effects on fetal and maternal thyroid hormone homeostasis in the rat. Toxicol Sci 68:361-371.

Miyawaki I, Moriyasu M, Funabashi H, Yasuba M, and Matsuoka N (2003) Mechanism of
clobazam-induced thyroidal oncogenesis in male rats. Toxicol Lett 145:291-301.

Oppenheimer JH, Bernstein G, and Surks MI (1968) Increased thyroxine turnover and thyroidal
function after stimulation of hepatocellular binding of thyroxine by phenobarbital. J Clin
Invest 47:1399-1406.

Sandau CD, Ayotte P, Dewailly E, Duffe J, and Norstrom RJ (2002) Pentachlorophenol and
hydroxylated polychlorinated biphenyl metabolites in umbilical cord plasma of neonates from
coastal populations in Québec. Environ Health Perspect 110:411-417.

Sjédin A, Hagmar L, Klasson-Wehler E, Bjork J, and Bergman A (2000) Influence of the
consumnption of fatty Baltic Sea fish on plasma levels of halogenated environmental contam-
inants in Latvian and Swedish men. Environ Health Perspect 108:1035-1041.

Tabata K, Yamaoka K, Kaibara A, Suzuki S, Terakawa M, and Hata T (1999) Moment analysis
program available on Microsoft Excel®. Xenobiol Metabol Dispos 14:286-293.

Ucan-Marin F, Arukwe A, Mortensen A, Gabriclsen GW, Fox GA, and Letcher R} (2009)
Recombinant transthyretin purification and competitive binding with organohalogen com-
pounds in two gull species (Larus argentatus and Larus yperboreus). Toxicol Sci 107:440~
450.

Van Birgelen APIM, Smit EA, Kampen IM, Groeneveld CN, Fase KM, Van der Kolk J, Poiger
H, Van den Berg M, Koeman JH, and Brouwer A (1995) Subchronic effects of 2,3,7,8-TCDD
or PCBs on thyroid hormone metabolism: use in risk assessment. Eur J Pharmacol 293:77-85.

Vansell NR and Klaassen CD (2001) Increased biliary excretion of thyroxine by microsomal
enzyme induccrs. Toxicol Appl Pharmacol 176:187~194.

Address correspondence to: Yoshihisa Kato, Kagawa School of Pharmaceu-
tical Sciences, Tokushima Bunri University, 1314-1, Shido, Sanuki, Kagawa 769-
2193, Japan. E-mail: kato@kph.bunri-u.ac.jp

Z10Z ‘12 Ae uo Ayisiaaiun 0joAy je Biosieusnofjadse pwp wouy papeojumod



Anal. Chem. 2009, 81, 5942-5948

Simultaneous Determination by APCI-LC/MS/MS of
Hydroxylated and Methoxylated Polybrominated
Diphenyl Ethers Found in Marine Biota
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A method has been developed for the simultaneous
analysis of hydroxylated and methoxylated analogs of
tetrabromodiphenyl ethers (OH-tetraBDEs and MeO-
tetraBDEs) and of hydroxylated and methoxylated analogs
of tetrabromobiphenyl (diOH-tetraBB and diMeO-tet-
raBB) using high performance liquid chromatography/
atmospheric pressure chemical ionization tandem mass
spectrometry (APCI-LC/MS/MS) in negative ion mode.
Chromatographic separation was performed on a 150 mm
ODS column with acetonitrile:water (9:1, v/v) in mobile
phase. Multiple reaction monitoring (MRM) was per-
formed using the precursor [M-H]™ ion for hydroxy-
lated analogs, and the [M-Br+O]" ion for tetraBDEs
and tetraBB, and their methoxylated analogs. The
method was validated using cod liver oil samples
spiked with nine analytes (100 ng/g) for linearity (r*
> 0.998), recovery (75—95%), repeatability (8—36%
RSD), and sensitivity (limits of quantification (LOQ),
0.1-0.25 ng/g lipid for phenolic analytes and 6—-80
ng/g lipid for neutral brominated compounds). The
APCI-LC/MS/MS was applied to analyze tiger shark
and bull shark liver samples, where their concentra-
tions were up to 8 ng/g (lipid weight) for OH-BDEs,
whereas they were up to 540 ng/g (lipid weight) for
MeO-BDEs. The results were consistent with values
determined by electron ionization (EI)-GC/MS. The
first detection of 2,2’-dihydroxy-3,3’,5,5'-tetrabro-
mobiphenyl (2,2’-diOH-BB80) by this method was
in marine sponge from Micronesia. The advantage
of the LC/MS/MS method over GC/MS is that it
provides rapid and simultaneous determination of
OH-BDEs, MeO-BDEs, and their related analogs
with a single preparation step and without the
involvement of chemical derivatives. Although the
method provides the different LOQ ranges between
hydroxylated and neutral brominated analogs, future
work could apply the method to the full range of
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PBDE-like contaminants present in the environment
and in biota tissues.

Polybrominated diphenyl ethers (PBDEs) are brominated
flame retardants (BFRs) in a variety of consumer products and
are widely found in the Arctic’ as well as in household dust.?
Recently, hydroxylated (OH-) and methoxylated (MeO-) tetrabro-
modiphenyl ethers (tetraBDEs) have been isolated in marine
sponges,®* blue mussels, and red alga.>® Naturally occurring
components of primary interest are 6-methoxy-2,2",4,4"-teterabro-
modiphenyl ether (6-MeO-BDE47), 2-methoxy-2,3',4,5"tetrabro-
modiphenyl ether (2-MeO-BDE68), 2,2’-dimethoxy-3,3",5,5'-
tetrabromobiphenyl (2,2-diMe0-BB80), and their corresponding
hydroxylated analogs. These organobromines are persistent and
lipophilic and have been shown to bioaccumulate in marine biota
such as fish,”~? mammals,'®~*® and also humans'*~¢ via the food
chain. Although the OH- and MeO-brominated analogs have been
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reported to pose significant health risks such as thyroid
disruptions'”*° and cytotoxicity,?° little is known about the source
and biotransformation process of these naturally produced com-
pounds in the environment.

So far, OH-PBDEs have been measured as their methoxylated
derivatives by GC/MS using electron ionization (EI) or electron
capture negative ionization (ECNI) after derivatization by
diazomethane.?* =2 The derivatized OH-BDEs were then deter-
mined separately from native MeO-BDEs and PBDEs. However,
the GC analysis of these phenolic compounds always required
(1) a time-consuming derivatization step prior to injection, (2)
careful handling of harmful/carcinogenic reactant (i.e., diaz-
omethane), and (3) possible quantification errors since the
derivatization reaction may not give quantitative results for all OH-
PBDE congeners. For this reason, a method using liquid chro-
matography coupled to electrospray ionization tandem mass
spectrometry (ESI-LC/MS/MS) has been developed. Using
multiple reaction monitoring (MRM) in negative ion mode for 2-
hydroxy-2,4,4"tribromodiphenyl ether (2-OH-BDE2S), OH-tri-
BDEs were detected at the low ppb range in waste and surface
waters.?* Mas et al.?® have also proposed an ISP-LC/MS/MS
method for eight OH-PBDEs, which proved to be an efficient,
robust, sensitive, and selective tool. For the other phenolic BFRs
such as tetrabromobisphenol A (TBBPA), ESI-LC/MS/MS tech-
niques have been developed®® and applied to the analysis of
sediment and sewage sludge.””

PBDEs and MeO-PBDEs have also been determined by GC/
MS in selected ion monitoring (SIM) mode because of its high
sensitivity and selectivity. As an alternate method, we previously
developed an LC/MS/MS method using atmospheric pressure
chemical ionization (APCI) for the determination of MeO-tetra-
BDEs and the related natural organohalogens that produced
phenoxide [M-Br+0]~ ions in negative ionization mode.?® The
optimized MRM transition enabled us to analyze MeO-tetra-
BDEs and halogenated bipyrroles found in marine mammals.?®
Recently, an atmospheric pressure photoionization (APPD)-LC/
MS/MS method has been developed for the analysis of BFRs
(PBDEs and TBBPA) and their degradation products®=° and
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Figure 1. Chemical structures of the analyzed compounds.

applied to the analysis of eight PBDEs in housedust.*! However,
these anthropogenic and natural organobromines have been
determined separately from hydroxylated analogs by GC/MS or
LC/MS/MS methodologies, and, to our knowledge, no attempt
has been made for the combined determination of both OH- and
MeO-BDEs.

The aim of the present study is to propose a simultaneous
quantification method by APCI-LC/MS/MS for tetraBDEs and
their relevant hydroxylated and methoxylated analogs in the
environment (Figure 1). In the present study, quantification by
the MRM transition in negative ion mode was validated using cod
liver oil spiked at known concentration ranges of nine analytes.
The method was applied for the detection of OH- and MeO-
tetraBDEs in marine sponge from Palau Island, Micronesia, and
for quantification in shark liver samples from Ishigaki Island,
Japan. The results are compared with those obtained by GC/MS
in electron ionization mode.

EXPERIMENTAL SECTION

Chemicals and Reagents. As standard materials, 2,2"-diMeO-
BB80 and 4-methoxy-2,3,4,5,6-pentabromodiphenyl ether (4
MeO-BDE121) were synthesized by Dr. Géran Marsh of Stock-
holm University, Sweden.™® 2,2-diOH-3,3',5,5" Tetrabromobiphenyl
(2,2-diOH-BB80) was synthesized via demethylation of 2,2
diMeO-BB80 using boron tribromide. 6-MeO-BDE47, [3C;,]
labeled 6-OH-2,2’ 4,4 tetrabromodiphenyl ether (6-OH-BDE47),
and 2-MeO-BDE68 were purchased from Cambridge Isotope
Laboratories, Inc. (MA, USA). The other native OH-tetraBDEs,
MeO-tetraBDEs, 2,2’ 4,4"-tetrabromodiphenyl ether (BDE-47),
2,3’ 4,5"-tetrabromodiphenyl ether (BDE-68), and 3,3',5,5"-tet-
rabromobiphenyl (BB-80) were purchased from AccuStandard
Inc. (New Haven, USA). LC/MS-grade acetonitrile (MERCK,
Darmstadt, Germany) and distilled deionized water (Milli-Q
reference ultrapure water purification system, Millipore Co.,
MA, UAS) were used as LC mobile phase solvents.

Sample Preparation. Samples of a marine sponge (Demo-
spongeae, Dysidea sp) were collected from Nikko Bay in Republic
of Palau, Micronesia 2005. Two species of sharks, tiger shark

(30) Cariou, R; Antignac, J.-P.; Debrauwer, L.; Maume, D.; Monteau, F.; Zalko,
D.; Bizec, B. L; Andre, F. J. Chromatogr. Sci. 2006, 44, 489-497.

(31) Lagalante, A. F.; Oswald, T. D. Anal. Bioanal. Chem. 2008, 391, 2249-
2256.
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Table 1. Characterization of Target Compounds and MRM Parameters used for Quantitative Determination

chemical  monoisotopic LC retention MRM transition
compounds formula mass time (min)  major precursor ion product ion (m/2) DPV) CEMV)

6-OH-BDE47 C1oHgO,Br, 497.7 6.7 [M-H]~ Br- 500.5—78.9 =10 —42

[M-C¢H,(OH) Br,]~
-OH-BDE68 C2HgO,Br 497.7 7.2 [M-H]- Br- 500.6 — 78.8 —20 -36

[M-C¢H,(OH)Br,]~

2,2’-diOH-BB80 C2Hs02Br, 497.7 52 [M-H]~ Br- 500.6 — 78.8 —60 -76

[3¥C,,]6-0H- C12HsO2Bry 509.7 6.7 [M-H]- Br- 512.4 —78.8 =15 —46

BDEA47 (IS)

[M-CsH, (OH)Br,]~

6-MeO-BDE47 C3HzO0,Br, 511.7 10.7 [M-Br+0]- Br- 450.7 — 78.9 -35 —48
[M-CHg)™
[M-CgH2(OCHz)Bro]~

2-MeO-BDE68 C13HgOBr; 5117 13.6 [M-Br+0]~ Br- 450.7 — 78.6 —40 —58
[M-C¢H,(OCH3) Bry]~

2,2-diMeO-BB80 Cy4H;00,Bry 525.7 13.6 [M-Br+0]- [M-Br+0-CH,]~ 464.7 — 449.6 —40 -18
[M-CHs1~

BDE-47 C1»HgOBr, 481.7 12.7 [M-Br+0]~ Br- 420.7 —78.9 —20 -50
[M-CgH;Br,]~

BDE-68 C1,HgOBr, 481.7 16.7 [M-Br+0]~ Br- 420.6 — 78.7 -40 —-54
[M-C¢H3Br,]~

BB-80 Cy2HgBry 465.7 21.9 [M-Br+0]~ Br~ 404.7 —78.8 —45 -50

4-MeO-BDE121(1S)  C;3H,0:Brs 589.6 16.7 [M-Br+0]- [M-Br+0-CH;)~ 530.6 — 515.7 ~55 -22

(Galeocerdo cuvier, n = 6) and bull shark (Carcharhinus leucas, n
= 1), were culled off the coast of Ishigaki Island, Japan 2007, and
their livers were removed and stored at —20 °C prior to analysis.”
Sponge samples were extracted with acetonitrile, and the crude
extracts were filtered and subjected to an LC/MS/MS column.
The clean up procedure of shark liver samples was modified by
our previous method.?® In brief, accurately weighed liver samples
(2 g) were cut into small pieces and mixed with 10 volumes of
anhydrous sodium sulfate. The mixtures were wet-packed with
dichloromethane (DCM)/#-hexane (1:1, v/v) into a glass column
(2 cm, i.d.). The filtered extracts were concentrated, and the lipid
contents were determined gravimetrically. Portions of the lipids
were spiked with two internal standards ([**C;,]6-OH-BDE47 for
the phenolic analytes and 4-MeO-BDE121 for the neutral
analytes), and then the lipids were removed by gel permeation
chromatography (GPC) (Bio-Beads, S-X3, Bio-Rad Laboratories,
CA), with elution with DCM/#n-hexane (1:1, v/v). The eluate
containing target organobromines was concentrated to dryness
and dissolved in acetonitrile (100 ul). The solution was
subjected to LC/MS/MS without any further purification.

To compare the accuracy of this method with that of the EI-
GC/MS, the extract from a bull shark liver was further prepared.
Briefly, after GPC, hexane extracts were partitioned by 0.5 M
sodium hydroxide/ethanol (7:3, v/v). The organic phase was
purified by silica gel column chromatography (Wako gel S-1,1 g
Wako Pure Chemical Ind. Ltd., Osaka, Japan). The aqueous layer
was acidified by HCl and back-extracted with #-hexane/diethyl
ether (9:1, v/v). The phenolic fraction was concentrated and
reacted with diazomethane. Then, both neutral and phenolic
fractions (as methoxylated derivatives) were separately subjected
to the EI-GC/MS system under the same conditions as described
previously.®

APCI(-)-LC/MS/MS Analysis. Analyses were carried out
using a liquid chromatograph (Prominence 20A; Shimadzu Co.,
Kyoto, Japan) coupled to a tandem mass spectrometer (API 3200Q
Trap triple-quadrupole MS/MS system; Applied Biosystems Japan
Ltd., Tokyo, Japan). A reversed phase Shim-pack FC-ODS column
(150 mm x 4.6 mm, i.d., 3.0 um particle size; Shimadzu Co., Kyoto,
Japan) was used. The isocratic mobile phase composition was also

5944 Analytical Chemistry, Vol. 81, No. 14, July 15, 2009

optimized with acetonitrile:water (9:1, v/v) at 0.5 mL/min. The
column conditions were all programmed at room temperature,
and the column was equilibrated for more than 2 min between
runs. The samples were kept at 4 °C in an autosampler, and a
volume of 10 uL of each sample was injected into the HPLC
column. The data were acquired and processed using the Analyst
1.4.2 software package.

MS/MS parameters were optimized in infusion experiments
using individual standard solutions and two internal standards at
a concentration of 2.5 ug/mL in acetonitrile. Each solution was
pumped into the APCI source through a syringe pump at a
constant flow rate of 60 uL/min. The best conditions for the
selected analytes were modified by previous settings.?® First, the
precursor ions were chosen from Q1 scan mode. Next, for each
stable selected precursor ion, the declustering potential (DP),
entrance potential (EP), and collision cell entrance potential (CEP)
were all adjusted using the “Quantitative Optimization” setting.
The optimized parameters, DP and CE for the MS/MS of each
analyte (Figure 1), are summarized in Table 1. Full-scan data
acquisition was performed by scanning from m/z 50 to 600 (Q1
scan range) in the profile mode, using a scan time of 1 s with a
step size of 0.1 amu and a pause between each scan of 5 ms. To
choose the fragmentation patterns of m/z (Q1) — m/z (Q3) ions
for the MRM transitions, product ion scan mass spectra were
recorded by collision-activated dissociation (CAD) of selected
precursor ions. MRM experiments were performed using a dwell
time of 150 ms.

Quality Assurance and Quality Control. A nine-point cali-
bration curve in the concentration range of 0.3—700 ng/mL was
used to determine linearity. The limits of quantification (LOQ)
using APCI-LC/MS/MS were determined using a signal-to-noise
ratio (S/N) of 20 (Table 2) from cod liver oil (SRM1588b, NIST,
MD, USA) spiked at 50 ng of nine analytes. Repeatability (%
relative standard deviation (RSD)) was evaluated by interassay
variations, which were assessed by five consecutive injections of
2—-20 ng/mL standard solution and by measuring the same
standard solution on different days. Recoveries for nine analytes
in the cod liver oil were assessed by spiking with 50 ng of each
compound through the entire extraction method. All reported



Table 2. Method Recoveries, Repeatability (RSD for
N=6, 2—20 ng/mL), and Limits of Quantitation (LOQ,
S/N=20) for Determination of Nine Target Compounds

recovery repeatability LOQ (ng/g
compounds %) RSD (%) lipid weight)
6-OH-BDE47 88 8.9 0.24
2’-OH-BDE68 92 13 0.25
2,2"-diOH-BB80 75 8.2 0.11
6-MeO-BDE47 80 20 43
2"-MeO-BDEGS 80 25 7.3
2,2-diMe0-BB80 90 20 5.7
BDE-47 85 33 80
BDE-68 95 28 na®
BB-80 91 36 na

% Not analyzed.

concentrations were calculated by comparing their peak areas
relative to internal standard.

RESULTS AND DISCUSSION

LS/MS/MS Identification. The APCI(-)-LC/MS/MS mass
spectra of three reference compounds, 6-OH-BDE47, 6-MeO-
BDE47, and BDE-47, are shown in Figure 2. The Q1 scan for
6-OH-BDE47 exhibited two major precursor ions, [M-H]™, due
to deprotonation, and [M-CgHa(OH)Bro]~ (CsHeBr:0™, m/2 249)
due to cleavage of the diphenyl ether bond. Such cluster ions
were also observed for 2-OH-2,3’ 4,5"-tetrabromodiphenyl ether
(2"-OH-BDE68), but not for 2,2"-diOH-BB80 (Figures S-1 and
S-2). In contrast, meta-substituted OH-tetraBDEs (3-OH-2,2",4,4"-
tetrabromodiphenyl ether (3-OH-BDE47) and 5-OH-2,2’4,4"-tet-
rabromodiphenyl ether (5-OH-BDE47)) showed more abundant
phenoxide ion [M-CgHy(OH)Br:]~ as compared to ortho-
substituted OH-tetraBDEs (Figure S-1), suggesting the useful-
ness of structural identification of OH-substituents. For both
6-MeO-BDE47 and BDE-47, the Q1 scan commonly yielded the
phenoxide ion [M-Br+0]~ due to a substitution reaction of
brominated congeners and O, in the APCI source, as observed
in the APPI source in other reports.2®%! A cluster CsHyBrO™
ion (m/z 249) was commonly observed in the three mass
spectra (Figure 2). For the other clusters, a {M-CH;]~ ion was
characteristic for 6-MeO-BDE47 and 2,2"-diMeO-BB80 but not
for 2-MeO-BDEG68 (Figures 2, S-1, and S-2). The formation of
[MX+0]~ (X=halogen) has been characteristic for halogenated
compounds including PBDEs in negative APCI and APPI
modes®®*! and can be useful for selective and sensitive determi-
nation of target compounds. On the other hand, the Q3 scan of
[M-H]~ or [M-Br+0]~ exhibited the formation of Br~ ion for
all analytes except for 2,2’-diMeO-BB80 and 4-MeO-BDE121,
both of which yielded a characteristic [M-Br+0-CHj]™ ion
(Figures 2, $1, S-2, and S-3).

In order to identify the naturally occurring OH- and MeO-
PBDE analogs in the environment, we initially screened several
marine sponges collected from Micronesia to determine whether
OH-tetraBDEs could be detected by a Q1 scan. The APCI(-) mass
spectra (Q1 and Q3 scans) for the phenolic analytes in Dysidae
sp. are shown in Figure S4, suggesting that Dysidae sp. is one of
the possible sources of OH- and MeO-tetraBDEs (mainly 2-OH-
BDEG68 and 2-MeO-BDE68). This is the first report of detection
of hydroxylated and methoxylated organobromines by LC/MS/

MS, whereas MeO-tetraBDEs have been recently reported in
marine mammal blubber,'??® shark liver,® and human milk** by
GC/MS.

MRM Transition. The chemical formulas, the major precur-
sor/product ions, and the MRM transitions with their optimized
DPs and CEs for each compound are listed in Table 1. The [M-H]~
ions for hydroxylated congeners and the [M-Br+0]~ ions for
the other brominated congeners were selected as precursor
ions. For 6-OH-BDE47, 2-OH-BDE68, and 2,2’-diOH-BB8&0, use
of the same MRM transition ([M-H]~ (m/z 501) — Br~ ion
(m/279)) is possible because these were chromatographically
separated. For the neutral brominated analytes, though the
MRM transition took place at ((M-Br+0O]~ — Br™), the most
effective MRM transition ((M-Br+0]~ — [M-Br+0O-CH3] ™) was
chosen for 2,2"-diMeO-BB80 and 4-MeO-BDE121.

HPLC Optimization. Figure 3 shows the total ion chromato-
gram (TIC) and the individual MRM chromatograms of the nine
analytes and two internal standards. In the previous LC/MS/MS
study,?® we used isocratic methanol as a mobile phase for MeO-
PBDE analyses. However, on a methanol-based ODS column,
6-OH-BDEA47 and 2-OH-BDE68 were coeluted, even if the mobile
phase was modified from isocratic to gradient elution. The use of
acetonitrile:water (9:1, v/v) could resolve the coelution and provide
shorter retention times for all analytes (within 22 min) (Figure
3). In addition, 3-OH-BDE47 and 5-OH-BDE47 have been reported
as relevant phenolic products in the Canadian Arctic marine food
web® as well as metabolites derived from rats dosed with
BDE-47.33%¢ We confirmed in this study that 6-OH-BDE47 (6.74
min) was completely separated from 3-OH-BDE47 (6.46 min) and
5QH-BDE47 (6.49 min), both of which did not overlap with 2
OH-BDES68 (7.21 min) in this system. Although chromatographic
separation was not achieved between 2-MeO-BDE68 (g) and 2,2~
diMeO-BB80 (h) or between BDE-68 (i) and 4-MeO-BDE121(),
the selectivity was resolved by using the different MRM transition
and DP/CE voltages (Figure 3 and Table 1).

Method Validation. Because there is presently no reference
material available for these analytes, we used cod liver samples
spiked with [*Cy,]6-OH-BDE47 as internal standards for the
determination of phenolic analytes and samples spiked with
4-MeQO-BDE121 for determination of neutral analytes. To
evaluate the performance of the optimized APCI-.LC/MS/MS
approach for the selected compounds, recovery, repeatability,
and sensitivity were examined (Table 2). No memory effects
between consecutive runs at the spiking concentration (700 ng/
mL) used were observed, and no traces of the studied compounds
were found in blank samples. Internal standard calibration curves
were linear at a range from 0.3 to 700 ng/mL (#* > 0.998) for the
phenolic analytes, whereas they were linear at a range from
14 to 700 ng/mL (#* > 0.995) for neutral analytes, indicating
acceptable linearity for all target compounds over the environ-
mentally relevant concentration range. As shown in Table 2,
the internal standard-corrected mean recoveries ranged from 75%
2,2"-di0OH-BB80) to 95% (BDE-68). At the level of 2 ng/mL
standard solution, repeatability, as measured by relative standard

(32) Kelly, B. C.; Ikonomou, M. G.; Blair, J. D.; Gobas, F. A. P. C. Environ. Sci.
Technol. 2008, 42, 7069-7077.

(33) Cheng, S. W.; Randall, K.; Kotchevar, A. T. Am. J. Biochem. Biotechnol.
2008, 4, 295-303.

34) Orn, U.; Klasson-Wehler, E. Xenobiotica 1998, 28, 199-211.
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Figure 2. Precursor ion (Q1) and product ion {Q3) scans for 6-OH-BDE47, 6-MeO-BDE47, and BDE-47.

deviation (%RSD), was between 8 and 13% for phenolic analytes,
and at the level of 20 ng/ml, repeatability ranged between 20 and
36% for neutral analytes. Less repeatability for MeO-BDEs and
BDEs may be due to matrix effects by ion suppression, depending
on the target compounds, or due to the lower ionization efficiency
producing [M-Br+0]~ ions by different MRM transitions of the
analytes and the internal standard. We investigated the matrix
effects on the signal strength of analytes by adding 50 ng of
target compound to a concentrated extract of cod liver, and
we found that the response varied at 25—45% RSD (n = 4),
compared to standard solution only (data not shown). This
suggests that the coelution of matrix components would
interfere with the signal of an analyte. If so, the improved
cleanup procedure may minimize this effect. LOQ, defined as
the minimum concentration with a S/N of 20, ranged from 0.11
to 0.25 ng/g lipid weight for OH-tetraBDEs and from 5.7 to 80
ng/g lipid weight for BDE-47 and MeO-analytes (Table 2). The
LOQ of the hydroxylated analytes was similar to the results for
eight OH-PBDEs reported by the ISP()-LC/MS/MS method.?®
The values were also comparable to those established for GC/
MS after derivatization in this study. As compared to phenolic
analytes, 6-MeO-BDE47 and BDE-47 showed lower sensitivity by
one or 2 orders of magnitude. In particular, the LOQ of BDE-47,
one of the major environmentally relevant contaminants, was 80
ng/g lipid weight, corresponding to 290 pg on column (S/N =
20). This value is approximately 1 order of magnitude higher than
the results obtained by negative APPLLC/MS/MS method, where
the LOQ for BDE-47 was reported to be 5.8 pg on column (S/N
= 3).%1 This is due to the decreased solvent efficiency producing
phenoxide ions in acetonitrile as compared with the methanol
mobile phase, since acetonitrile can produce clusters that are too
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strongly bound to ionize the analyte sufficiently.*>* However, the
spiking experiments using environmental samples (cod liver oil)
suggested the potential usefulness of this methodology to deter-
mine the presence of phenolic organobromines in blood samples
at pg/g concentrations and the presence of MeO-PBDEs and
PBDEs in the marine food web at ng/g concentrations. To obtain
more accurate concentrations, correction using matrix spike
recovery or the method of standard addition is suggested.

The advantage of the proposed APCI method over GC/MS is
that simultaneous determination of OH- and MeO-brominated
analogs could be completed within 22 min after a single cleanup
GPC procedure. The GC/MS method is further required for
additional preparation steps including partitioning between OH-
and MeO-PBDEs, derivatization of OH-PBDEs, and silica gel
purification of neutral analytes. Furthermore, additional prepara-
tion for GC/MS analysis lowered the recovery (61 + 12%, n = 5)
of 2,2’-diOH-BB80 compared to that (75 + 8%, #» = 4) obtained by
LC/MS/MS analysis.

Application to Marine Biota Analysis. The developed
method was applied to analyze shark liver samples collected in
Okinawa, Japan 2007. Typical MRM chromatograms for target
compounds in marine sponge and bull shark liver are illustrated
in Figure 4, where major components were identified as 2"-OH-
BDE68 and 2-MeO-BDE68. Table 3 shows the concentrations of
the nine analytes in the liver of tiger shark (Galeocerdo cuvier)
and a bull shark (Carcharhinus leucas) by APCI-LC/MS/MS. In
the tiger shark liver, 6-OH-BDE47 could be detected in three of
six samples, whereas the other phenolic compounds were quanti-
fied at levels of 0.1—0.7 ng/g lipid weight in the liver of tiger

(35) Liu, H.; Namikoshi, M.; Meguro, S.; Nagai, H.; Kobayashi, H.; Yao, X. /.
Nat. Prod. 2004, 67, 472-474.
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Figure 3. Total ion chromatogram (TIC) for all the MRM channels
and the individual MRM chromatograms for (a) 2,2’-diOH-BB80, (b)
6-OH-BDE47, (c) [®Cy2]6-OH-BDE47 (IS), (d) 2’-OH-BDEE8, (e)
6-MeO-BDE47, (f) BDE-47, (g) 2-MeO-BDESS8, (h) 2,2-diMeO-BB80,
(i) BDE-68, (j) 4-MeO-BDE121 (IS), and (k) BB-80, analyzed on a
150 x 4.6 mm, i.d., Shim-pack FC-ODS column; mobile phase,
acetonitrile:water (9:1, v/v) at a flow rate of 0.5 mL/min (injection
volume, 10 ul) at 0.7 ug/mL standard mixture.

sharks (# = 6). The concentrations of 2-MeO-BDE68 ranged from
65 to 212 ng/g lipid weight, which were 2 orders of magnitude
higher than those of 2-OH-BDE68 (0.2—0.7 ng/g lipid weight),
and were consistent with the previous results.® In the bull shark
liver, OH-tetraBDEs were detected at the higher levels of 68
ng/g lipid weight, as compared to those in tiger sharks. In
contrast, the levels of 6-MeO-BDE47, 2-MeO-BDE68, and 2,2
diMeO-BB80 ranged from 230 to 540 ng/g lipid weight, respec-
tively. The values were consistent with results (290—590 ng/g
lipid weight) obtained by the GC/MS method. The ratios of OH-
organobromines to MeO-organobromines ranged from 0.0003 to
0.034, indicating the high distribution of MeO-organobromines
in lipid-rich organisms. In fact, OH-tetraBDEs have been reported
to be present at concentrations 2 orders of magnitude lower than
MeO-tetraBDEs in human blood or milk'®*63¢ as well as in the
marine food web.>*

(36) Athanasiadou, M.; Cuadra, S. N.; Marsh, G.; Bergman, A.; Jakobsson, K.
Environ. Health Perspect. 2008, 116, 400-408.
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Figure 4. MRM chromatograms obtained from a sponge extract
(upper) and a bull shark liver (lower). Peaks corresponding to (a) 2,2"-
diOH-BB80 (501—79), (b) 6-OH-BDE47 (501—79), (d) 2’-OH-BDE68
(501—79), (g) 2-MeO-BDE68 (451—79), and (h) 2,2"-diMeO-BB80
(465—450) were detected in both samples.

The OH- and MeO-tetraBDEs investigated have been proposed
to be natural organohalogens produced by cyanobacteria®*” and
are presumably present in, e.g., sponges Dysidea dendyi,>>3%%9
Dysidea herbacea® and alga Cladophora fascicularis®® and Cera-
mium tenuicorne.® Although OH- and MeO-tetraBDEs have never
been commercially produced or been reported as byproduct in
industrial processes,*! they may be present via metabolism from
biota after exposure to anthropogenic PBDEs (i.e., BDE-47).3342
To our knowledge, this is the first report of the detection of 2,2
diOH-BB80 and 2,2-diMeO-BB80 in marine sponges and bull
sharks. However it is unknown whether 2,2-diOH-BB80 produced
by bacteria®® is biotransformed to the corresponding 2,2"-diMeO-
BBS80 present in mammals from Australia (250—4100 ng/g lipid

37) Unson, M. D.; Holland, N. D.; Faulkner, D. J. Mar. Biol. 1994, 119, 1-11.

(38) Oda, T.; Liu, H.; Namikoshi, M. Mar. Drugs 2005, 3, 119-125.

(39) Xu, Y.; Johnson, R K,; Hecht, S. M. Bioorg. Med. Chem. 2005, 13, 657-
659.

(40) Kuniyoshi, M.; Yamada, K,; Higa, T. Experientia 1985, 41, 523-524.

(41) Vetter, W. Rev. Environ. Contam. Toxicol. 2006, 188, 1-57.

(42) Hakk, H.; Letcher, R. J. Environ. Int. 2003, 29, 801-828.

(43) Isnansetyo, A.; Kamei, Y. Antimicrob. Agents Chemother. 2003, 47, 480-
488.
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Table 3. Concentration of Target Compounds in Shark Liver by MRM-LC/MS/MS and SIM-GC/MS

tiger shark bull shark
number 1G07-72  1G07-69  1G07-33  1G0797  1G07-30  1G07-06 1G07-124
sex male male male male female female male
body length (cm) 267 275 290 305 310 319 280
APCI()-LC/MS/MS APCI(\)-LC/MS/MS  EI-GC/MS
concentration (ng/g lipid weight)
6-OH-BDE47 ND? ND ND 0.33 0.51 0.25 8.4 6.3
-OH-BDEGS 0.43 0.25 0.21 0.49 0.68 0.39 6.2 6.8
2,2-diOH-BB80 0.1 0.21 0.12 0.2 0.44 0.13 7.5 9.6
6-MeO-BDE47 259 ND 68 166 227 403 305 313
2'-MeO-BDEG68 171 65 158 97 107 212 538 594
2,2'-diMe0-BB80 107 47 29 114 362 472 233 286
BDE-47 94 ND ND ND 173 458 399 432
BDE-68 ND ND ND ND ND ND ND ND
BB-80 ND ND ND ND ND ND ND ND
ratio
6-OH-BDE47/6-MeO-BDE47 - - - 0.002 0.002 0.001 0.028 0.020
-OH-BDEG68/2-MeO-BDE68 0.003 0.004 0.001 0.005 0.006 0.002 0.012 0.011
2,2’-diOH-BB80/2,2-diMeO-BB80  0.001 0.004 0.004 0.002 0.001 0.0003 0.032 0.034
6-MeO-BDE47/BDE-47 2.755 - - - 1.312 0.88 0.764 0.725

¢ Not detected (less than LOQ).

weight)’® and from the Pacific Ocean (10—800 ng/g lipid
weight).*2 The present levels determined by APCI()-LC/MS/MS
were similar to the results obtained in sharks by GC/MS,°
indicating that the APCI(-)-LC/MS/MS method would be accept-
able for determining the environmentally relevant levels of diOH-
and diMeO-BB80. Overall, the APCI method is adequate for rapid
and reliable reassessment of hydroxylated and methoxylated
organohalogens in archived samples, without cumbersome
procedures.

CONCLUSION
An optimized APCI()-LC/MS/MS method for the simulta-

neous determination of OH- and MeO-tetraBDEs and their related
analogs was developed. The advantages of the method include
moderate detection limits, congener specificity using selected
MRM transitions, and the use of a single cleanup procedure
without derivatization. The linearity, recovery, repeatability, and
sensitivity of this method were validated within acceptable ranges.
The method was applied to analyze the livers of tiger sharks and
bull sharks from Japanese coastal waters. The data were in
excellent agreement with the values of all analytes obtained by
GC/MS. Although the method provides a different sensitivity
range (LOQ 0.1-0.3 ng/g lipid weight for phenolic analytes and
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LOQ 6—80 ng/g lipid weight for neutral brominated analogs),
future work could apply this method to the full range of PBDE-
like contaminants present in the environment and in biota tissues.
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Metabolism of 2,2',5,5'-Tetrachlorobiphenyl
(CB52) by Rabbit Liver Microsomes
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DFaculty of Nutritional Sciences, Nakamura Gakuen University,
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Abstract Our preceding studies have reported that 2,2'5,5'-tetrachlorobiphenyl (tetraCB)(CB52) is
mainly metabolized to 3-hydroxy (OH)-metabolite by phenobarbital (PB)-inducible cytochrome P450
(P450) isoforms such as CYP2B1 and CYP2BI18. In this study, the metabolism of CB52 by liver
microsomes of untreated and PB-treated rabbits was investigated. Rabbit liver microsomes
produced mainly 3-OH- and 4~OH-metabolites (M-1 and M-2) at an equal extent and two other
metabolites (M-3 and M-4) and also that phenobarbital (PB) treatment accelerated the formation of all
these metabolites. M-3 was assumed to OH-tetraCB by GC-MS. Another metabolite, M-4, was
determined to 3,4-diOH-CB52 by GC-MS and *H-NMR. Addition of antiserum against CYP2B4, a
constitutive and PB-inducible rabbit P450 isoform, to a microsomal incubation system resulted in
almost complete inhibition of the formation of 3-OH-, 4-OH- and 3,4-diOH-metabolites. These
results suggest that CYP2B4 plays an important role in CB52 metabolism in rabbit liver.

Y N ﬁg% N \ :7‘ e
L & PElt S B DS, EREAS EUEICR B ERHS
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1. EERM#E
(1) CB52 B X UK

CB52 3 & 18 4-OH-CB52 I3 BRIV 1D19) 12 pt v,

£ B L7 3-OH-CB52 k& CB52 (200 mg/ke) %
7y MEEERIC 1 ERS L, BHireaE s )RR
LY.

(2) B DEYME B X OFF Ms O FE

TEOEEAABBEEY V¥ ((KE3.0~4.5
kg) V. 209 b 4Lk RMEE 3%
PB MLIEBEZ ), PBALEERICIZEEAKE LT
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0.1% (w/v) PBK&W% 6 HE BHICIER S &
7z. pentobarbital iZ & ZRREET, V¥ FH A
L, BECEDIFMs 2FRBLZY. 2B, B89
DI J i, [HFNZERRFEICBT 5 EREY
Dl-oDIEr| ZEFL, 17072,

(3) ¥ XHF P450 (CYP2B4) HLIfiF DR

9, PBRIAEYYFHF Ms LY, 1HEBED
P450 (CYP2B4) % BR#®10 ce L CRE L.
T%bE, PBEIMEYHFIF (110gBEE) 2
LIFMs AR L, Thia— VERTHEALE,
w-aminooctyl-Sepharose 4B # Z A, hydroxy-
apatite, DEAE-Biogel A agarose, CM-Sephadex
C-50 DEH T L2 FHNTHREL, 1TEHD P40
DFERXBL. CORBRBEERILEE10.3
nmol/mg protein, INE 1.6% Tho7z. X512
N-Kig7 I /B 20 OB =FARAL 25, B
WP D CYP2B4 L —F L7z, LT, HIEZE2
7oz, 1EH L 7> CYP2B4 % Ribi adjuvant (RIBI
ImmunoChem Research Inc., USA) (Z/&& L,
SEDENVEY PERETIES LA SHEMRE,
ENEY FOEBRK L V&M ERL, MiE5HE
FOGERFE) 12k, HmEERELE TS,

2. JHXHF Ms ICX B

% FHF Ms 12 & 5 CB52 DR BHIEEHRY 12
LTiTo7z. Thbb, 40 yM CB52 H B\ ik #
» OH X #Y 3-0H & 5 it 4-0H &) =
NADPH 4 f% % (0. 33 mM NADP, 5 mM glu-
cose-6-phosphate (G-6-P), G-6-P Bi/kEBEE 1
unit), 6 mM MgCl, &7 V73 ¥ (0.8
mg/ml) B XYY FH Ms (1 mg protein) %,
100 mM HEPES #&f&# (pH7.4) & & bIZEFH1
ml & LT, 37CT205MA vFax—1
# % chloroform-methanol (2:1) 1 mlB L
n-hexane 4 ml T3 EFOHH L7z, &R
WEE L, N, O-bis-(trimethylsilyl) acetamide 2
XIBMYAF MY (TMS) 1EdH 5 \vid di-
azomethane |2 X 5 X F 1Lk, BFHERMRH
My A a< 7574 — (GC-ECD), &5\
EESHEMT GC (GC-MS) 2y L7z, R
DEEIL, M-3%kE, Fhzh CB52 YD
MEH % H T GC-ECD I & 1 1T - 72
GC-ECD O&MBFIZROBY) TH 5B, Sk
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ECD fJ HP5890 Series Il # A 7 u~< 75 7
(Hewlett—Packard #) ; # 5 A&, DB-1 fused sili-

ca¥x¥sy—H524 (15m x 0.25mm i.d.,
0.33 um BEE, J&W Scientific #) ; 4 — 7 VIR,

200C ; AR, 250C ; HEHERE, 250T
X ¥ 1) 7—FRA, Ny (1 ml/min).

—% R#EWoOSFEIZ BE=omal
HP5890 Series Il # 2 7 a~< + 7 5 7 (Hew-

lett-Packard #) #H\WT, EIE€— FTHIZE L.

GC-MS S &BIERDBEY TH A, 7T 4,
DB-1 fused silica ¥ * ¥ 91 —# 54 (30 m X
0.25 mm i.d., 0.33 um EE, J&W Scientific
) F— 7 VR, 210C ; FEALEE, 250T ;
BMEBERE 280C: F v U7 —H A, He (1
ml/min).

3. 3,4-diOH-CB52 D5 EErEH
500 ml DKBEEDFIGE, T7%b5H, 40 uM
3-OH-CB52 2 EH & LTHW, Bido X )iz,

HMET7T VT3~ (0.8mg/ml), NADPH £ k%,

6 mM MgCl,, PB BIALE ¥ ¥ Ms (500 mg
protein) & & % {2 100 mM HEPES #% &% (pH
7.4) T, 37C,
Z01#, 100ml @ chloroform-methanol (2 : 1)
¥ 400 ml @ n-hexane Mz C2EIMBL, 256
|Z diazomethane TX F )U{b#, HPLCIZ XD
M-4 % 8RS 72, HPLC &£ i3kD&EY T
HAH, BT A ODSH T A 20 mmid x 250
mm, YMCH): 7L %54, ODS 7'V 45 4 (20
mmi.d. X 50mm, YMC &) : ji:#&, 5ml/min;
ABEW, methanol-H,0 (9 1 1). M4 DA F )
FFEAIIRIFEEE 25 9 min ICBEH I, ®AH
12, WX 1.5mg Tholz. M4ADXFNVEE
oL EX GC-MS B &L TH-NMR 2 L Y,
3. 4-dimethoxy (diMeO)-CB52 T % &L PhES
nr.

MS spectrum ; m/z (relative abundance, %) :
354 (60, M*+4), 352 (100, M™+ 2), 350 (80,
M*), 335 (45, M*-15), 307 (30, M"-43), 292
(30, M*-58), 272 (36, M*-78) .

IH-NMR 6 (ppm): 3.954(3H, s, 3 or 4-MeO),

3.983 (3H, s, 4 or 3-MeO), 7.255 (1H, s,
6-H), 7.430 (1H, d, J=2.52Hz, 6-H), 7.523
(1H, dd, J=2.52Hz, 8.57Hz, 4-H), 7.593 (1H,

1A v Fa—3 a3 r&2fToi

(94)

H F & 3245

d, J=8.57Hz, 3-H).
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CB52 B X U'NADPH AR = HML TRIG % A
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L7z, BUSHIE, e RBICERBETHL L,
GC-ECD |2 L 7.
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Konica immunostaining ¥ v + (fb5T1%) %
BWwTiTo/. N-XKKE7 I/ BOBEIEI, Mod-
el 473A gas phase sequencer (Applied Biosys-
tems, USA) # VT Py HREICE DITo
7’:18).

'H-NMR A7 M VoifilsEid, 500 MHz JEOL
GSX-500 spectrometer (HARZEFH) 2L D1fTo
7z. ST acetone-dglZ BB L, T/, NEMEE
Y8 & LT tetramethylsilane % vy 7z,

X B K R

1. JHXHFF Ms (&3 CB52 DR

Fig. 1123, " FHFMs 2 X W ERI N
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AERT. fEWEREDI L 4BEOY -7
(M-1, M-2, M-3 B X " M-4) ?%, #FRENFEE
BRI 6.754, 7.074, 7.374BXU12.77 51

Bgan/:. BRORFERE OLEP S, M-l
BLIUOM2WE CTRhITEHRELTW S

3-OH-CB52 8 & U8 4-OH-CB52 ® TMS &4k
ThoILhFHEL oY, 4B, WOHKE
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ol DERS KRBT T 2 4 FIC8mML~: &

WIZ, M-1 &£ M2 22 %, ZNFNERD DX 7% PBEIMLEIC LA M-1 (3-OH 1K) D
TMS FEAEDOKRER I L EE A, BHROE EREIMNEIT Y b, NARFY—BIUELEY b
BEM O R B L. Table 1123 T X912, OnFne i@ L TwWizhs, M-2 (4-OH &) @

RME Y FFMsI2& ), M-1& M-2251.1: EmMBELTE, NaXy—CEEEULTw.

1 TIZIZEBEER SN RAE YT FHF Ms b6, M-1 & M-2 DEREDHBEELRZHA
TORH Y -V BLURBEEOES T, Ha . FORER, Fig. 20 k912, MAEYOE
AF—E LT BERFFCLIIHEBELTEY, HEARKII

—7%, PBRIMLE Y Ms Ti, M-1 04 0.8 TEETH o7 ZOERENML, 3-OHE
B LV 4-OH KIZR— D P450 5 FREIZ & o TH

A) Untreated B) PB-treated
/ CB52
30
R2=(.8895
°
(»<0.001)
2
B E Y
EE .
& £
SE w0
= o
o
o o Untreated
® PB-treated
(i3
0 b i 0 Yoo s i % % s
Retention time (min) Retention time (min) 3-OH-CB52 formed (pmol/min/mg protein)
Fig. 1 Gas chromatograms of the trimethylsilylated deriva- Fig. 2 Correlation of 3-OH- and 4-OH-CB52 formed by liver
tives of CB52 metabolites formed by liver micro- microsomes of untreated and PB-treated rabbits.

somes of untreated (A) and PB-treated (B) rabbits.

Tablel Metabolism of CB52 by liver microsomes of untreated and PB-treated rabbits,
rats, hamsters and guinea pigs

Metabolite formed

Animal Treatment No. (pmol/min/mg protein)
3-OH 4-OH
Rabbit None 4 98 + 1.7(100) 85 = 1.7(100)
PB 3 238 = 102(243) 205 = 44(241)
Rat'® None 4 ND. ND.
PB 4 3240 % 154 N.D.
Hamster'? None 4 6.3 = 0.5(100) 56 = 0.3(100)
'PB 4 201 * 02(319) 111 = 03(1998)
Guinea pig'® None 4 84 = 0.9(100) ND.
PB 4 193 * 2.2(230) 11 =01

N.D., not detected.

Each value represents the mean * SD. of three or four animals and those in parentheses are the relative
ratio to the control.

Data in rats, hamsters and guinea pigs were cited from the reference (19).
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2. CB52 KB ERDFERFHZEIL

M-1BIUM2EEbIZERSINIZM-3 &
M4 BRBYWTHE0E ) DEBRD L1202, 1
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IS DRE OREERAY 2 B R N7z, Fig. 3
WRTEI, 4 vFan—3a CER 1058
FTIEM-1, M2BXUM-3ik, windlIiz
BB L7228, M-1 122w Tid 30 &2
5, bTPIcESERE SN —F, M41iZ 10
SOBNTHEIMLIED, Z0%605ELT»T
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M-4 13w d CB2 B TH 5 T & HRE
X (VAS

3. M-3 & M-4 O{E2EE
M-3BLUOMADHFEZRARLZD, Ih
& % diazomethane T X F )V {b#%, GC-MS 2
J7z. Z#ORE M-30XFVHEEKISTE
320 T, WERA4EEEOCEMEY -7 PERESIN
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Fig.3 Time course of CB52 metabolism by liver microsomes
of PB-treated rabbits.

BEr 4%

FNBEMRKEZ, FFEIBOTHY, ARICEE4
BEECRAMAEE -7 PBESNZI NS,
diMeO-tetraCB T 5 Z LA LI 2o 72
(EBFE3. 28).

K2, M-4 'H-NMR # @l ¥ 5 72 ©,
3-OH-CB52 # £ & LT 500 ml & FUSE % F v
TA Y Far—arifiols. M4 2 HHEE
@B, HPLC THEERE L. ZoxF)v
FEEID X'H-NMR 2 & L72#R, EBRF
HE3ART £ 912, 3-MeO B L UM 4-MeO £
k42 2ADsinglet £ 670 YHED
singlet 2%, #1€1 3.95ppm, 3.98ppm B L T
7.26 ppm (MR SNz Fiz, 2,5-THEFER
ENLEEFROI OO VICHET Y TS
VAS, 7.43ppm (doublet), 7.52ppm (doublet)
BLU7.59ppm (singlet) 2B I N7, Lo
BREPS, BEIC, M4 3,4-di0OH-CB52 T
HLHZEVHLNE RO

4. 7Y% CYP2B4 OFEHR

PB BTALEE Y ¥ FFF Ms £ ), P450 3 FREDHE
A RAT. BRI, LEE 10.3 nmol/mg
protein T, R \J®4F%& 50,000 D P450 5+

Fig. 4 Immunoblot of rabbit liver microsomes with anti-
serum against CYP2B4. Lanes S contain purified
rabbit CYP2B4 (1 pg protein). Lanes 1-4 and 5-7
contain liver microsomes (10 ug protein each) from
four untreated and three PB-treated rabbits, respec-
tively.

Table 2 N-Terminal amino acid sequence of a rabbit P450 purified in this

study

Amino acid residue

(=)

P450 Animal 1 5 10 15 2
This study (rabbity MEFS LLLLL AFLAG LLLLL
CYP2B4? (rabbity MEFS LLLLL AFLAG LLLLL
CYP2B1%" (raty ~ MEPS ILLLL ALLVG FLLLL
P450HPB-1'® (hamster) MEPS TLLLL TLLLS FLVLL
CYP2B18%®  (guineapig) MELS LLLFL ALLLG LLLLL F

< < wm

The abbreviations used are as follows : M, methionine ; E, glutamic acid ; F, phenylalanine ;
P, proline ; S, serine ; L, leucine ; I, isoleucine ; A, alanine ; G, glycine ; T, threonine ; V, valine

(96)
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Serum ()

Fig. 5 Effect of antiserum against CYP2B4 on the formation of 3-OH~- and
" 4-OH-metabolites from CB52 with liver microsomes of PB-treated
rabbits. Open and closed circles indicated control serum and
antiserum raised against CYP2B4, respectively. Each point represents
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Serum ()

Effect of antiserum against
CYP2B4 on the formation of 3,
4-diOH-CB52 from 3-OH-CB52
with liver microsomes of PB-tre-
ated rabbits. Open and closed
circles indicated control serum
and antiserum raised against
CYPZ2B4, respectively. Each
point represents the mean of
duplicate determinations.
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Fig. 7 Postulated metabolic pathways of CB52 in rabbit liver.
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ARTICLE INFO ABSTRACT

Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) have recently received attention
owing to their widespread contamination in the environment. One of major manufacturers, 3M Company
voluntarily phased out PFOS production in 2002. We measured the PFOS and PFOA concentrations in
serum samples from Japan (Sendai, Takayama and Osaka), Korea (Busan and Seoul) and Vietnam (Hanoi)
to evaluate the possible effects of the phase-out on the serum levels. There were spatial differences in
both the serum PFOS and PFOA concentrations. The serum PFOS concentrations (ng mL™") evaluated as
the geometric mean (geometric standard deviation) in 2007-2008 ranged from 4.86 (1.45) in Sendai,
Japan, to 9.36 (1.42) in Busan, Korea. The serum PFOA concentrations ranged from 0.575 (2.32) in Hanoi,
Vietnam, to 14.2 (1.73) in Osaka, Japan. Historically archived samples collected from Korea in 1994-2008
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Serum
Long-term trend revealed that the serum PFOA concentrations increased by 1.24-fold in Busan from 2000 to 2008 and
East Asia 1.41-fold in Seoul from 1994 to 2007. On the other hand, the serum PFOS concentrations did not change

from 1994 to 2007/2008. The serum PFOS levels in Japan in 2008 were significantly decreased compared
with previously reported values (22.3-66.7% of the values in 2003/2004). However, the serum PFOA lev-
els showed a clear decline from 2003 to 2008 in a high-exposed area, Osaka, but not in low-exposed areas
in Japan. The trends toward decreases were not uniformly observed in Asian countries, unlike the case for
the United States, suggesting that local factors associated with the production and introduction histories
in each country overwhelm the effects of the phase-out.

© 2010 Elsevier Ltd. All rights reserved.

fluoropolymers (Hogue, 2004; Japan Fluoropolymers Industry
Association, 2005). Possible precursors to PFOA have also been
used for various applications (van Zelm et al., 2008). PFOS has been
regulated or issued guidelines at various levels by different govern-

1. Introduction

Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA) have recently received attention owing to their widespread

contamination in the environment, wildlife and humans (Kannan
et al.,, 2001; Fromme et al., 2009). In 2002, after 50 years of produc-
tion, 3M Company phased out their manufacture of PFOS (Renner,
2001). On the other hand, DuPont and several manufacturers in
Japan produce and continue to use PFOA for the manufacture of
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ments, including those of the United States (Significant New Use
Rules, United States Environmental Protection Agency, 2000), Can-
ada (Schedule 1 of CEPA 1999, Environment Canada, 2006) and the
European Union (Directive 76/769/EEC, European Commission,
2006). In the Stockholm Convention on Persistent Organic Pollu-
tants (POPs), it was decided that PFOS should be listed in Annex
B of the convention (UNEP, 2007; Wang et al., 2009). The Environ-
mental Protection Agency of the United States (2006) launched a
stewardship program and manufacturers have committed to re-
duce PFOA emissions voluntarily.



