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Abstract —The present study examined the accumulation features of

hydroxylated polychlorinated biphenyls (OH-PCBs) and hydroxylated
polybrominated diphenyl ethers (OH-PBDEs) in the blood of harbor porpoises
(Phocoena phocoena), Dall’s porpoises (Phocoenoides dalli) and finless
porpoises (Neophocaena phocaenoides) stranded or bycaught along the Japanese
coastal waters. Concentrations of OH-PCBs ranged between 24–61 pg/g wet
wt., approximately three orders of magnitude lower than that of PCBs. There
was a positive correlation between the levels of PCBs and OH-PCBs (p <
0.001), and this result suggests metabolic formation of OH-PCBs from PCBs
in porpoises. In contrast, OH-PBDEs concentrations were found to be comparable
with those of PBDEs, and the levels of PBDEs and OH-PBDEs were not related
to each other. The results indicate that OH-PBDEs have alternative source(s)
other than the metabolic formation from PBDEs. Among the 24 OH-PBDE
congeners analyzed, 6OH-BDE47 was predominant, followed by 2′OH-BDE68.
These two congeners were reported to be biosynthesized in the marine
environment; thus higher abundance of OH-PBDEs found in porpoises is likely
to be the result of the intake of naturally produced OH-PBDEs, apart from the
metabolism of PBDEs in the bodies of porpoises.
Keywords: OH-PCBs, OH-PBDEs, halogenated phenolic compounds,
metabolite, marine mammal, porpoise

INTRODUCTION

Toothed whales are top predators in marine ecosystems and are known to
bioaccumulate anthropogenic organohalogen pollutants such as polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) (Tanabe, 2002;
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Fig. 1. Median concentrations of PCBs and OH-PCBs in Dall’s porpoises, finless porpoises and
harbor porpoises (A) and correlation between the levels of PCBs and OH-PCBs (B).

Hites, 2004; Law et al., 2006). In cetacean livers, PCBs and PBDEs can be
metabolized into their respective hydroxylated metabolites, OH-PCBs and OHPBDEs, via cytochrome P450 monooxygenases (CYPs) (Bergman et al., 1994).
Hydroxylated metabolites are further transformed by Phase II conjugation enzymes
and readily excreted, except for the congeners which resemble thyroid hormones
(thyroxine; T4). These congeners can compete with T4 to bind thyroid hormone
transport protein (transthyretin; TTR), circulate in blood and potentially disturb
thyroid hormone homeostasis and cerebral nervous system (Lans et al., 1993;
Cheek et al., 1999; Meerts et al., 2002, 2004; Purkey et al., 2004; Kimura-Kuroda
et al., 2007).
Recent studies have shown that OH-PBDEs have alternative sources other
than metabolic formation from PBDEs. They have been identified as natural
products synthesized from marine organisms such as marine sponges (Fu et al.,
1995; Bowden et al., 2000) and algae (Asplund et al., 2001; Malmvärn et al.,
2008). It is also reported that OH-PBDEs can be formed by their methoxylated
analogs, MeO-PBDEs (Wan et al., 2009), which are also natural compounds
formed in marine environment (Teuten et al., 2005; Malmvärn et al., 2005).
The present study investigated the accumulation features of OH-PCBs and
OH-PBDEs in the blood of harbor porpoises (Phocoena phocoena), Dall’s
porpoises (Phocoenoides dalli) and finless porpoises (Neophocaena phocaenoides)
stranded or bycaught along the Japanese coastal waters.
MATERIALS AND METHODS

The blood samples were collected from the hearts or the blood vessels of
harbor porpoises, finless porpoises and Dall’s porpoises stranded or bycaught
along the Japanese coastal waters during 2005–2010. Samples were stored in the
Environmental Specimen Bank (es-BANK) at Ehime University, Japan, at –25°C
until analyses.
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Fig. 2. Median concentrations of PBDEs and OH-PBDEs in Dall’s porpoises, finless porpoises and
harbor porpoises (A) and correlation between the levels of PBDEs and OH-PBDEs (B).

62 PCB (mono- to deca-), 52 OH-PCB (tri- to octa-), 42 PBDE (mono- to
deca-), 24 OH-PBDE (tri- to octa-) congeners were analyzed. The extraction and
cleanup methods for PCBs and OH-PCBs (Nomiyama et al., 2010) as well as for
PBDEs and OH-PBDEs (Nomiyama et al., in press) were described elsewhere.
Briefly, the blood sample (10 g) was denatured with HCl and extracted with
methyl t-butyl ether (MTBE)/hexane (1:1). The organic phase was partitioned
into neutral and phenolic fractions with KOH solution (50% ethanol/H2O). The
neutral fraction containing PCBs and PBDEs was cleaned up with gel permeation
chromatography (GPC) and activated silica-gel column for gas chromatography/
mass spectrometry (GC/MS) analysis. The phenolic phase was acidified and reextracted with MTBE/hexane to obtain OH-PCBs and OH-PBDEs, and then
passed through a deactivated silica-gel column (5% H2O). OH-PCBs/-PBDEs
were then derivatized with trimethylsilyldiazomethane (TMSDS) for overnight
at 20°C. The derivatized solution was further cleaned up by using gel permeation
chromatography (GPC) and an activated silica-gel column. OH-PCBs/-PBDEs
were determined as MeO-PCBs/-PBDEs using high-resolution GC/MS.
RESULTS AND DISCUSSION

Levels of OH-PCBs
The median OH-PCBs level was the highest in Dall’s pospoise (109 pg/g wet
wt), followed by finless porpoises (56 pg/g wet wt) and harbor porpoises (14 pg/
g wet wt) (Fig. 1A). Interspecies comparison of the OH-PCBs concentrations
showed a similar trend compared with PCBs, where Dall’s porpoises had the
highest median concentration of 120,000 pg/g wet wt, followed by finless and
harbor porpoises (59,000 and 6,500 pg/g wet wt, respectively) (Fig. 1A). PCBs
and OH-PCBs concentrations had a positive correlation (Spearman’s rank
correlation coefficient: r = 0.67, p < 0.001) (Fig. 1B), suggesting that a large
percentages of OH-PCBs in porpoise blood were metabolically formed from
PCBs, rather than being taken through their diet.
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Levels of OH-PBDEs
Finless porpoises had the highest median OH-PBDEs level of 2,000 pg/g wet
wt, followed by Dall’s porpoises (1,100 pg/g wet wt) and harbor porpoises (190
pg/g wet wt) (Fig. 2A). On the other hand, the median PBDEs level was the
highest in Dall’s porpoises (1,600 pg/g wet wt), and the level was significantly
higher than that of finless porpoises (140 pg/g wet wt) and harbor porpoises (100
pg/g wet wt) (ManneWhitney U-test: p < 0.05) (Fig. 2A). While OH-PCBs levels
were related with their parent compounds (i.e., PCBs), no correlation was found
between the levels of OH-PBDEs and PBDEs (Fig. 2B). These results suggest that
the levels of OH-PBDEs have alternative sources other than metabolic formation
from PBDEs.
Accumulation Features of OH-PBDEs
Among the 24 OH-PBDE congeners analyzed, 6OH-BDE47 was the most
abundant, accounting for more than 95% of the total OH-PBDEs concentrations
and detected in all the samples. 6OH-BDE47 was reported to be a natural product
(Malmvärn et al., 2005) although it is a minor metabolite in rats exposed to
PBDEs (Malmberg et al., 2005; Marsh et al., 2006). 2′OH-BDE68 was the second
most abundant congener, comprising 1–3% of the total concentration, which is
also biosynthesized by marine organisms (Malmvärn et al., 2005).
In Dall’s porpoises, several other congeners including 4′OH-BDE49 (8 pg/
g wet wt), 4′OH-BDE101 (8 pg/g wet wt), 2′OH-BDE28 (6 pg/g wet wt) were also
identified. Among them, 4′OH-BDE49 and 2′OH-BDE28 were reported to be one
of the metabolic products of BDE47 (Marsh et al., 2006; Qiu et al., 2007), but so
far not detectable in matural synthesis. Since the levels of PBDEs and PCBs in
Dall’s porpoises were exceeded the other two species, the exposure to higher
levels of contaminants possibly led to induction of CYP enzymes (Erratico et al.,
2011), thus leading to the formation of 4′OH-BDE49 and 2′OH-BDE28. From the
results, OH-PBDEs found in porpoise blood can be considered to have both
natural and anthropogenic origins, although natural compounds were dominant.
Acknowledgments—We are grateful to the numerous scientists, staff and students of the
following organizations, aquariums and universities for their help in sample collection
and dissection: Stranding Network Hokkaido, the Institute of Cetacean Research, Nagasaki
Prefectural Government, Marine World Umino-Nakamichi, Himeji City Aquarium,
Kujukushima Aquarium, Nagasaki University, Saga University, and Kumamoto University.
We would like to thank Dr. Jiro Ogawa for his assistance in preservation and management
of the samples in es-BANK at Ehime University. We appreciate Dr. Annamalai
Subramanian, Center for Marine Environmental Studies (CMES) at Ehime University, for
critical reading of this manuscript. This study was supported by Grant-in-Aid for Japan
Society for the Promotion of Science (JSPS) Fellows (No. 234570), Grants-in-Aid for
Scientific Research (S) (No. 20221003), Exploratory Research (No. 21651024) and
“Global COE Program” from the Ministry of Education, Culture, Sports, Science and
Technology, Japan (MEXT) and JSPS.

OH-PCBs and OH-PBDEs in Porpoises

191

REFERENCES
Asplund, L., A. Malmvärn, G. Marsh, M. Athanasiadou, Å. Bergman and L. Kautsky (2001):
Hydroxylated brominated diphenyl ethers in salmon (Salmo salar), blue mussels (Mytilus
edulis) and the red algae (Ceramium tenuicorne) from the Baltic Sea—natural production in
Baltic Sea biota. Organohalogen Compd., 52, 67–70.
Bergman, Å., E. Klasson-Wehler and H. Kuroki (1994): Selective retention of hydroxylated PCB
metabolites in blood. Environ. Health Perspect., 102, 464–469.
Bowden, B. F., L. Towerzey and P. C. Junk (2000): A new brominated diphenyl ether from the marine
sponge Dysidea herbacea. Aust. J. Chem., 53, 299–301.
Cheek, A. O., K. Kow, J. Chen and J. A. McLachlan (1999): Potential mechanisms of thyroid
disruption in humans: interaction of organochlorine compounds with thyroid receptor,
transthyretin, and thyroid-binding globulin. Environ. Health Perspect., 107, 273–278.
Erratico, C. A., S. C. Moffatt and S. M. Bandiera (2011): Comparative oxidative metabolism of
BDE-47 and BDE-99 by rat hepatic microsomes. Toxicol. Sci. 123(1) 37–47.
Fu, X., F. J. Schmitz, M. Govindan, S. A. Abbas, K. M. Hanson, P. A. Horton, P. Crews, M. Laney
and R. C. Schatzman (1995): Enzyme inhibitors: new and known polybrominated phenols and
diphenyl ethers from four Indo-Pacific Dysidea sponges. J. Nat. Prod., 58, 1384–1391.
Hites, R. A. (2004): Polybrominated diphenyl ethers in the environment and in people: A metaanalysis of concentrations. Environ. Sci. Technol., 38, 945–956.
Kimura-Kuroda, J., I. Nagata and Y. Kuroda (2007): Disrupting effects of hydroxyl-polychlorinated
biphenyl (PCB) congeners on neuronal development of cerebellar Purkinje cells: A possible
causal factor for developmental brain disorders? Chemosphere, 67, S412–S420.
Lans, M. C., E. Klasson-Wehler, M. Willemsen, E. Meussen, S. Safe and A. Brouwer (1993):
Structure-dependent, competitive interaction of hydroxyl-polychlorobiphenyls, -dibenzo-pdioxins and -dibenzofurans with human transthyretin. Chem.-Biol. Int., 88, 7–21.
Law, R. J., C. R. Allchin, J. de Boer, A. Covaci, D. Herzke, P. Lepom, S. Morris, J. Tronczynski and
C. A. de Wit (2006): Levels and trends of polybrominated diphenylethers and other brominated
flame retardants in wildlife. Environ. Int., 29, 757–770.
Malmberg, T., M. Athanasiadou, G. Marsh, I. Brandt and Å. Bergman. (2005): Identification of
hydroxylated polybrominated diphenyl ether metabolites in blood plasma from polybrominated
diphenyl ether exposed rats. Environ. Sci. Technol., 39, 5342–5348.
Malmvärn, A., G. Marsh, L. Kautsky, M. Athanasiadou, Å Bergman and L. Asplund (2005):
Hydroxylated and methoxylated brominated diphenyl ethers in the red algae Ceramium tenuicorne
and blue mussels from the Baltic Sea. Environ. Sci. Technol., 39, 2990–2997.
Malmvärn, A., Y. Zebühr, L. Kautsky, Å. Bergman and L. Asplund (2008): Hydroxylated and
methoxylated polybrominated diphenyl ethers and polybrominated dibenzo-p-dioxins in red
alga and cyanobacteria living in the Baltic Sea. Chemosphere, 72, 910–916.
Marsh, G., M. Athanasiadou, I. Athanassiadis and A. Sandholm (2006): Identification of hydroxylated
metabolites in 2,2′,4,4′-tetrabromodiphenyl ether exposed rats. Chemosphere, 63, 690–697.
Meerts, I. A., Y. Assink, P. H. Cenijn, J. H. van den Berg, B. M. Weijers, Å. Bergman, J. H. Koeman
and A. Brouwer (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.
Meerts, I. A. T. M., H. Lilienthal, S. Hoving, J. H. J. van den Berg, B. M. Weijers, Å. Bergman, J.
H. Koeman and A. Brouwer (2004): Developmental Exposure to 4-hydroxy-2,3,3′,4′,5pentachlorobiphenyl (4-OH-CB107): long-term effects on brain development, behavior, and
brain stem auditory evoked potentials in rats. Toxicol. Sci., 82, 207–218.
Nomiyama, K., S. Murata, T. Kunisue, T. K. Yamada, H. Mizukawa, S. Takahashi and S. Tanabe
(2010): Polychlorinated biphenyls and their hydroxylated metabolites (OH-PCBs) in the blood
of toothed and baleen whales stranded along Japanese coastal waters. Environ. Sci. Technol., 44,
3732–3738.
Nomiyama, K., A. Eguchi, H. Mizukawa, M. Ochiai, S. Murata, M. Someya, T. Isobe, T. K. Yamada,
S. Takahashi and S. Tanabe (2011): Anthropogenic and naturally occurring polybrominated
phenolic compounds in the blood of cetaceans stranded along Japanese coastal waters. Environ.

192

M. OCHIAI et al.

Pollut. (in press).
Purkey, H. E., S. K. Palaninathan, K. C. Kent, C. Smith, S. H. Safe, J. C. Sacchettini and J. W. Kelly
(2004): Hydroxylated polychlorinated biphenyls selectively bind transthyretin in blood and
inhibit amyloidogenesis; rationalizing rodent PCB toxicity. Chem. Biol., 11, 1719–1728.
Qiu, X., M. Mercado-Feliciano, R. M. Bigsby and R. A. Hites (2007): Measurement of polybrominated
diphenyl ethers and metabolites in mouse plasma after exposure to a commercial
pentabromodiphenyl ether mixture. Environ. Health Perspect., 115(7), 1052–1058.
Tanabe, S. (2002): Contamination and toxic effects of persistent endocrine disrupters in marine
mammals and birds. Mar. Pollut. Bull., 45, 69–77.
Teuten, E. L., L. Xu and C. M. Reddy (2005): Two abundant bioaccumulated halogenated compounds
are natural products. Science, 307, 917–920.
Wan, Y., S. Wiseman, H. Chang, X. Zhang, P. D. Jones, M. Hecker, K. Kannan, S. Tanabe, J. Hu,
M. H. W. Lam and J. P. Giesy (2009): Origin of hydroxylated brominated diphenyl ethers:
natural compounds or mam-made flame retardants? Environ. Sci. Technol., 43(19) 7536–7542.

M. Ochiai (e-mail: ochiai@agr.ehime-u.ac.jp)

