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Table 3

Concentrations of PFCAs in breast milk samples.
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Sampling site Concentration (pg mL™")
PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA S_PFCAs

Japan n>MDL(%)  28(93.3) 27(90.0) 20(66.7) 28(93.3) 5(16.7) 10(33.3) 30(100.0)

Kyoto Median 89(<40-194)A"  31(<10-72)A" 17(<15-65)A" = 35(<10-100)A"  <10(<10-29) n.s.  <10(<10-91)AB"  184(50.3-413.5)A"
Mean 93.5+43.7 32.1+17.2 21.3+150 36.6+21.8 <10 15.2£20.6 194.5+83.6
GM(GSD) 82.7(1.7) 26.5(2.0) 16.9(2.0) 30.4(2.0) <10 <10 176.7(1.6)
P90 173 62 44 65 22 36 315

Korea n>MDL(%)  24(80.0) 20(66.7) 4(13.3) 22(73.3) 4(13.3) 15(50.0) 28(93.3)

Seoul Median 62(<40-173)B"  15(<10-41)B"  <15(<15-19)B"  19(<10-51)B’ <10(<10-41) n.s.  10(<10-43)A" 114(<10-283.9)B"
Mean 64.5+33.7 14793 <15 19.6 £13.1 <10 16.8+£13.5 118.8+50.9
GM(GSD) 55.5(1.8) 11.9(2.0) <15 15.3(2.2) <10 11.7(2.4) 109.7(1.5)
P90 106 29 15 42 11 40 189

China n>MDL(%)  19(63.3) 21(70.0) 4(13.3) 17(56.7) 3(10.0) 7(23.3) 28(93.3)

Beijing Median 51(<40-122)B"  15(<10-47)B"  <15(<15-29)B°  15(<10-47)B" <10(<10-25) n.s.  <10(<10-43)B” 84(<10-200.8)B"
Mean 51.6+306 15396 <15 16.0+£129 <10 <10 87.8+549
GM(GSD) 43.0(1.9) 12.6(2.0) <15 11.7(2.3) <10 <10 68.8(2.2)
P90 103 27 18 42 10 22 164

MDL: method detection limit; GM: geometric mean; GSD: geometric standard deviation; P90: 90th percentile.
* Medians among different sites differ significantly (p < 0.05, Steel-Dwass test). For example, the letters A and B indicate that the corresponding values differ significantly at
p <0.05, while A and A or B and B indicate that the corresponding values do not differ significantly.

Table 4
Factor analysis among PFCAs.

Initial solution Varimax rotated

F1 F2 F1 F2

Eigenvalue 2.60 1.14
Cumulative contribution (%) 43.3 62.3
Eigenvector
PFOA 0.387 -0.511 0.818 -0.135
PFNA 0472 -0.375 0.857 0.060
PFDA 0480 -0.020 0.668 0.390
PFUnDA 0.518 0.261 0.563 0.677
PFDoDA 0.114 0.430 —0.086 0.488
PFTrDA 0.340 0.587 0.135 0.822
Factor score (mean +SD)"

Beijing ~-05%06% -02+07

Kyoto 09+1.14 02+14

Seoul -0.4+0.68 0.1+08

" Means among countries differ significantly (p<0.05, Steel-Dwass test). For
example, the letters A and B indicate that the corresponding values differ signifi-
cantly at p <0.05, while A and A or B and B indicate that the corresponding values
do not differ significantly.

were no significant differences (p>0.05). Regarding the total
PFCAs in the milk samples, PFOA accounted for 48%, 54%, and
61% in Japan, Korea, and China, respectively. Among the long-chain
PFCAs, odd-numbered PFCAs were more frequently detected than
even-numbered PFCAs, except for PFDA in Japan.

Table 5
Concentrations of PFCAs in infant formulas.

PFOA was only significantly correlated with PFNA (p coeffi-
cient:>0.4) (Supplemental Table 1). There were also significant cor-
relations between PFNA and PFUnDA, PFDA and PFUnDA, and
PFUNnDA and PFTrDA (p coefficients: >0.4). In general, the PFCA
concentrations showed strong correlations between PFCAs of sim-
ilar (i.e. adjacent) chain lengths.

The factor analysis revealed that two potential factors, F1 and
F2, accounted for 43.3% and 19.0% of the total variance (with eigen-
values of >1), respectively (Table 4). After varimax rotation, F1
indicated higher eigenvectors for PFOA, PFNA, PFDA, and PFUnDA,
while F2 had positive eigenvectors for PFUnDA and PFTrDA. The
mean factor scores of each sampling site are also shown in Table 4.
Although the F1 score was higher in Kyoto than in the other two
sites (p < 0.05, Steel-Dwass test), there were no significant differ-
ences in the F2 scores among all the sampling sites (p > 0.05,
Kruskal-Wallis test).

3.2. PFCA concentrations in commercially available infant formulas in
Japan and China

The PFCA concentrations in the infant formulas are shown in Ta-
ble 5. PFOA, PFNA, and PFDA were frequently detected in both Ja-
pan and China, but there were no significant differences between
the two countries. PFUnDA was detected at 40.7 pgmL™! in one
sample in Japan. PFDoDA and PFTrDA were not detected in any
of the formula samples. Compared with the breast milk samples,

Sampling site Sample No. Concentration (pg mL™")?
PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA S"PFCAs

Japan 1 <20 <5 <7 <5 <5 <5 <5

2 35.8 27.0 <7 <5 <5 <5 62.8

3 30.8 8.0 121 <5 <5 <5 50.9

4 <20 8.6 11.5 <5 <5 <5 20.1

5 225 92.0 19.8 40.7 <5 <5 175.0

Meant = SD 21.8+11.8 276372 10.1+6.9 101 £17.1 <5 <5 66.4 +65.6
China 1 354 50.4 14.0 <5 <5 <5 99.7

2 <20 15.2 <7 <5 <5 <5 15.2

3 371 12.2 12.9 <5 <5 <5 62.2

4 29.9 11.6 139 <5 <5 <5 55.4

Meant + SD 28.1+124 224+18.8 11.1%5.1 <5 <5 <5 61.5+29.3

2 A 4-mL aliquot of each infant formula was analyzed.
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the PFOA levels were 4-fold and 2-fold lower in the formula sam-~
ples in Japan and China, respectively. The total PFCA concentra-
tions in the infant formulas were lower than those in the breast
milk samples in Japan (p < 0.05, Kruskal-Wallis test), but not in
China (p > 0.05, Kruskal-Wallis test).

3.3. Relationships between the PFCA levels and the participants’
characteristics

To evaluate the influence of the participants’ characteristics on
the PFCA concentrations in the human breast milk samples, Spear-
man'’s correlation analyses were performed (Supplemental Table 2).
PFDoDA was positively correlated with the mother's age in Korea
(p<0.05) and PFNA was negatively correlated the mother’s age
in China (p < 0.05). However, these correlations were not consis-
tent among the three countries. In several epidemiological studies
(Steenland et al., 2010), the PFC concentrations in the cord blood or
maternal pregnancy serum were reported to be associated with the
child birth weight. In our study subjects, the correlations between
the PFCA concentrations and the child birth weights were not sig-
nificant. The lactation period was also examined for correlations
with PFCAs in the milk samples. PFDA was correlated with the lac-
tation period in Japan (p <0.05), but not in Korea. Among the
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PFCAs, there were no clear trends in the correlation coefficients.
Although consumption of fish was one of the sources of exposure
to PFCAs, no significant associations were observed between the
PFCA levels in the milk samples and the fish intake (p > 0.05).
Non-smoking mothers in Japan had relatively higher PFCAs levels
than other mothers, but the difference was not significant
(p > 0.05). The PFCA levels in the milk samples were compared be-
tween non-drinking mothers and other mothers. The PFTrDA and
PFNA levels were lower in non-drinking mothers in Japan and
Korea (p < 0.05, Mann-Whitney test).

3.4. Daily intake estimation and hazard assessment for infants

The tolerable daily intake (TDI) for PFOA was established to be
1500 ng kg body weight=! d~! by the Scientific Panel on Contami-
nants in the Food Chain requested by the European Food Safety
Authority (EFSA, 2008). The average breast milk consumption rate
and body weight for 1-year-old infants were assumed to be
600 g d~! and 7.3 kg, respectively (Schecter, 1994). Based on these
assumptions, the daily intakes of PFCAs by 1-year-old infants were
estimated (Supplemental Table 3). For the infant formulas, the cal-
culated mean levels were only 0.1-0.2% of the TDI. Meanwhile, the
calculated levels for the human breast milk samples (means: 0.3-

Table 6
Comparisons of the PFCA concentrations in human breast milk with reported data (pg mL™").
Country  Region Year n PFOA PFNA PFDA PFUnDA  PFDoDA PFTrDA Reference
Japan Kyoto 2010 30 Mean 93.5 321 21.3 36.6 <10 15.2 This study
Range <40-194 <10-72 <15-65 <10-100 <10-29 <10-91
Hokkaido NA 51 Mean 89 35 Nakata et al. (2009)
Range <12-339 <4-150
Ehime 1999 24 Mean 77.7 Tao et al. (2008b)
Range <42.5-170 <8.82-239
Korea Seoul 2010 30 Mean 64.5 14.7 <15 19.6 <10 16.8 This study
Range <40-173 <10-41 <15-19 <10-51 <10-41 <10-43
2007 17  Mean 41 Kim et al. (2011)
Range <43-77 <8.8 <18 <24 <13
China Beijing 2008-2009 30 Mean 51.6 153 <15 16.0 <10 <10 This study
Range <40-122 <10-47 <15-29 <10-47 <10-25 <10-43
Zhoushan 2004 19  Mean 106.3 18.1 7.2 19.1 So et al. (2006)
Range 47-210 6.3-62 3.8-15 7.6-56
12 provinces 2007 1237 Mean 116.0 16.2 9.9 37.6 Liu et al. (2010)
Range <14.15-814 6-76 <1.44-63  <1.30-196
(24 pooled
samples)
Vietnam Hanoi, Ho Chi 2000, 40 Range <42.5-89.2 <8.82-109 Tao et al. (2008b)
Minh 2001
Cambodia Phnom Penh 2000 24  Range <425-132 <8.82-123 Tao et al. (2008b)
Philippine Quezon 2000, 24  Range <42.5-183 <8.82-25.0 Tao et al. (2008b)
s 2004
Malaysia Penang 2003 13  Range <42.5-904 <8.82-14.9 Tao et al. (2008b)
Indonesia Jakarta, 2001 20  Range <425 <8.82-135 Tao et al. (2008b)
Purwakarta
India Chidambaram 2002, 39 Range <42.5-335 <8.82 Tao et al. (2008b)
Kolkata, 2004,
Chennai 2005
USA Unknown 2003 2 Range <200 Kuklenyik et al. (2004)
Massachusett 2004 45 Mean 438 7.26 Tao et al. (2008a)
Range <30.1-161 <52-184
Sweden  Uppsala 2004 12 Range <209-492 <5-20 <8 <5 Kdrrman et al. (2007)
1996-2004 9 Range <209 <5-28 <8 <5
(Pooled annual
composite milk
sample)
Germany NA 2006 38  Range 201-460 Vélkel et al. (2008)
(Archived samples
+19 fresh samples)
North Rhine  NA 203 Range 25-610 Bernsmann and Furst (2008)
Westphalian
Spain Tarragona 2007 10  Range <500 <30 <60 <30 <30 Kdrrman et al. (2010)
Barcelona 2008 20 <15.2-907 <115 <85.5-1095 Llorca et al. (2010)
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0.5% of the TDI; 90th percentiles: 0.6-0.9% of the TDI) were higher
than those for the infant formulas. As of 2011, there is no estab-
lished TDI for PFCAs that are longer than PFOA.

4. Discussion

In the present study, we first demonstrated contamination of
human breast milk with PFDoDA and PFTTDA in Asian countries.
Simultaneously, we confirmed similar long-chain PFCA profiles in
East Asian breast milk samples, as previously reported (Liu et al.,
2010, 2011; Kim et al., 2011). A characteristic PFCA composition
was observed for PFUnDA and PFTrDA (both odd-numbered PFCAs)
with residual PFDoDA and PFDA (both even-numbered PFCAs).
These findings indicated that odd-numbered PFCAs predominated
over even-numbered PFCAs in East Asian breast milk samples.
The PFCAs with longer chains than PFOA reached 47% of the total
PFCAs for the average of the three countries. This finding suggests
that infants are exposed to not only classical PFOA but also long-
chain PFCAs in East Asia. Indeed, a factor analysis demonstrated
two potential factors, F1 and F2, as sources of PFCAs. F1 had load-
ing on medium-chain PFCAs, of which the factor score was signif-
icantly higher in Kyoto than in Beijing or Seoul. Kyoto is located in
the Hanshin area, where there is a large emission source of PFOA
and its related by-products (Niisoe et al., 2010). Thus, F1 may rep-
resent a local emission source of PFCAs. On the other hand, F2 had
strong associations with long-chain PFCAs. The factor scores for F2
in the three large cities did not differ, suggesting that there are
similar sources of long-chain PFCAs (>C10) in the three counties.
Therefore, PFCA (C10-C13) exposure through the breast milk is
likely to commonly occur in East Asian countries. We are the first
to document this possibility.

The sources of long-chain PFCAs are still unknown. Odd-
numbered PFCAs predominated in the PFCAs in this study. As pre-
viously reported (Harada et al., 2011), odd-numbered PFCAs also
predominated in serum samples collected from Asian women. A re-
view by Prevedouros et al. (2006) indicated that odd-numbered
PFCAs have been manufactured in Japan via oxidation of fluorotel-
omer olefins. Industrial application of these odd-numbered PFCAs
might contribute to the pattern of PFCAs in breast milk samples
collected from East Asian women. Although FTOHs are possible
precursors of PFCAs, biodegradation of FTOHs preferentially yields
even-numbered PFCAs (Fasano et al., 2009). Therefore, FTOHs are
unlikely to be the main exposure source for Asian populations. Fur-
ther investigations into the sources and exposure routes are
needed to predict the future trajectory of these PFCA levels.

Although data concerning the PFC levels in human breast milk
are not as abundant as those in blood samples, we can still find
several reports for PFCs in human breast milk from Asia, the United
States, and Europe. The related data are summarized in Table 6. In
Japan, the PFOA levels in three regions were comparable (Tao et al.,
2008b; Nakata et al., 2009). In Korea, PFOA had a higher value in
the present study compared with earlier research in Seoul (Kim
et al, 2011) (mean: 63.8 vs. 41 pgmL~?, range: 14.7-172.1 vs.
21-77 pg mL™1). This increase may be consistent with the increas-
ing trend in the PFOA level in serum samples by 1.27-fold from
2000 to 2007 in Korea (Harada et al., 2010).

In China, the concentrations of PFOA in Zhoushan ranged from
47 to 210 pg mL™" (So et al., 2006) and in 12 different provinces
of China, the mean PFOA level was 116 pg mL™! (Liu et al., 2010).
The PFOA levels showed large variations within China, although
the other PFCAs were comparable among two previous studies
and this study. In Southeast Asian developing countries, most of
the milk samples did not contain detectable PFCAs (Tao et al,
2008b), which might result from differences in industrialization.
In the United States and European countries, PFOA and PFNA were

detected in human breast milk samples, but long-chain PFCAs were
not observed (Kuklenyik et al., 2004; Karrman et al., 2007, 2010;
Bernsmann and Furst, 2008; Tao et al., 2008a; Volkel et al., 2008;
Llorca et al., 2010). The occurrence of long-chain PFCAs in East
Asian countries is likely to be a fingerprint of the sources of
exposure,

Infant formulas were also evaluated in this study. The composi-
tions of PFCAs in the infant formulas were different from those in
the breast milk samples. In Japan, the levels of PFCAs in the infant
formulas were lower than those in the breast milk samples. These
findings probably reflect differences in the bioaccumulation poten-
tial between humans and cows.

In our study, we found no evident relationships between the
mother’s characteristics and the PFCA concentrations. Although
there were statistically significant differences for some of the
PFCAs, no consistent trends were observed among the three
countries.

The estimated daily intakes of PFOA were much lower than the
TDI in this study. These observations may indicate that the health
risks for PFOA intake from breast milk and infant formulas are lim-
ited. However, infants have different susceptibilities to adults with
regard to their dynamic growth and developmental processes (Sly
and Flack, 2008). In addition, the toxicokinetics and toxicities of
long-chain PFCAs are still unclear, although these PFCAs comprised
48% of the total PFCAs in this study. These uncertainties necessitate
more comprehensive toxicological studies on long-chain PFCAs,
including PFOA.

The limitations of this study are the sample sizes and the sam-
ple selection method. It should be noted that these findings were
based on a relatively small number of non-randomly selected vol-
unteer samples. Moreover, the sampling times for the Chinese do-
nors were uncertain, although it is known that the profiles of
chemicals may change during the lactation period. Considering
these limitations, a future extended study is required for confirma-
tion of these findings,

In conclusion, various PFCAs were detected in human breast
milk samples from East Asian countries. Further studies are needed
to evaluate the exposure to long-chain PFCAs and the health risks
in infants.
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ARTICLE INFO ABSTRACT

The relationships between the changes in the levels of serum total thyroxine (T,), serum T4-transthyretin
(TTR) complex, and accumulation of T, in tissues by 2,2',4,5,5'-pentachlorobipheny! (PentaCB) were examined
using wild-type C57BL/6 (WT) and its TTR-deficient (TTR-null) mice. The constitutive level of serum total T,
was much higher in WT mice than in TTR-null mice. In WT mice 4 days after a single intraperitoneal injection
with PentaCB (112 mg/kg), serum total T4 level was significantly decreased along with a decrease in serum
T4-TTR complex, and the levels of serum total T4 in the PentaCB-treated WT mice were almost the same
to those in PentaCB-untreated (control) TTR-null mice. In addition, a slight decrease in serum total T4 by
PentaCB treatment was observed in TTR-null mice. Furthermore, clearance of [*?°1]T, from the serum
after ['%°1]T4-administration was promoted by the PentaCB-pretreatment in either strain of mice, especially
WT mice. On the other hand, accumulation level of [ '?*1]T, in the liver, but not in extrahepatic tissues, was
strikingly enhanced in the PentaCB-pretreated WT and TTR-null mice. Furthermore, in both strains of mice,
PentaCB-pretreatment led to significant increases in the steady-state distribution volume of [ '?*I]T4 and the
concentration ratio of the liver to serum. The present findings demonstrate that PentaCB-mediated decrease
in serum T, level occurs mainly through increase in accumulation level of T, in the liver and further indicate that the
increased accumulation of T, in the liver of WT mice is primarily dependent on the PentaCB-mediated inhibition of
serum T4~TTR complex formation.
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Introduction

Toxicities of polychlorinated biphenyls (PCBs), such as body weight
loss, impairments of reproductive and immune systems, teratogenicity,
carcinogenicity and the endocrine disruption, have been intensively
studied over the last 30 years (Brouwer et al., 1999; Masuda, 2009;
Safe, 1990). Spectra of the toxicities are different between species
of animals (McConnell, 1989; Safe, 1994), and the species difference
is considered to occur through the difference in their metabolism of
PCBs (Duignan et al., 1987, 1988).

Abbreviations: PCB, polychlorinated biphenyl; PentaCB, 2,2/,4,5,5’-pentachlorobiphenyl;
T, thyroxine; Ts, triiodothyronine; TTR, transthyretin; TSH, thyroid-stimulating hormone;
UGT, UDP-glucuronosyltransferase; HPLC, high-performance liquid chromatography; TBG,
thyroxine binding protein; WT, wild-type.
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Bunri University, 1314-1 Shido, Sanuki, Kagawa 769-2193, Japan. Fax: +81 87 894
0t 81.

E-mail address: kato@kph.bunri-u.ac.jp (Y. Kato).
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Decreases in serum thyroid hormones including thyroxine
(T4) by Aroclor 1254 (Barter and Klaassen, 1994) and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (Schuur et al, 1997) in rats have
been reported. Likewise, some of the penta- and hexa-chlorinated
biphenyls are reported to decrease the level of serum thyroid hormones
together with increase in the activity of hepatic drug-metabolizing
enzymes in rats (Ness et al., 1993; Van Birgelen et al., 1995). We
have also reported that 2,2',4,5,5-pentachlorobipheny! (PentaCB)
and 2,2',3,3',4,6'-hexachlorobipheny! decrease the level of serum
total thyroxine (T4) in both rats and mice (Kato et al.,, 2001). As a possible
mechanism for PCB-mediated decrease in serum thyroid hormone (Ty),
increases in hepatic T4-UDP-glucuronosyltransferases (T4-UGTs), es-
pecially UGT1A1 and UGT1A6 (Visser, 1996), responsible for thyroid
hormone metabolism have been proposed (Barter and Klaassen,
1994; Craft et al., 2002; Van Birgelen et al., 1995).

However, we have demonstrated that decreases in level of serum
total T, in rats and mice by PCBs, including a commercial PCB
Kanechlor-500 (KC500), 2,2’.4,5,5'-pentachlorobiphenyl (PentaCB),
and 3,3',4,4',5-pentachlorobiphenyl (CB126), occur through the
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increase in accumulation of T4 in several tissues, especially the liver,
rather than the increase in hepatic T4-UGT activity (Kato et al.,, 2004,
2007, 2010a). Furthermore, we have confirmed that KC500-mediated
decreases in the serum T, level in hamsters and guinea pigs occur main-
ly through increase in the accumulation (transportation from serum to
tissues) of T4 in the liver (Kato et al,, 2010b). As a possible mechanism
for the PCB-mediated accumulation in the liver, serum transthyretin
(TTR)-related pathway is considered, because TIR plays an important
role in the maintenance of serum total T4 level (Episkopou et al., 1993)
and because PCB and its hydroxylated metabolites show inhibitory effects
on the formation of a serum T,~TTR complex (Brouwer et al., 1998; Kato
et al., 2004; Lans et al., 1993; Meerts et al,, 2002).

In the present work, therefore, the relationships among the changes
in the levels of serum total T4, serum T,~TTR complex, and accumulation
of T, in tissues by Penta(B, a main component of KC500 (Haraguchi et al,
2005), were examined using wild-type [TTR(+/+)] C57BL/6 (WT) and
its TTR-deficient [TTR(—/—)] (TTR-null) mice.

Materials and methods

Chemicals.  2,2',4,5,5'-Pentachlorobipheny! (PentaCB) was synthesized
by using the Cadogan coupling reactions (Cadogan, 1962). The purity of
the compound was >99% when analyzed by gas chromatography.
Panacete 810 (medium-chain triglycerides) was purchased from Nippon
Oils and Fats Co. Ltd. (Tokyo, Japan). The [ 12°1|T, (greater than 95% radio-
chemical pure as determined by HPLC, specific activity: 150 pCi/pg Ta4),
radiolabeled at the 5'-position of the outer ring, was obtained from
Perkin Elmer Life and Analytical Sciences (Waltham, MA). All the
other chemicals used herein were obtained commercially at the highest
grade of purity.

Animal treatments.  Male C57BL/6 mice (19-30 g) were obtained from
Japan SLC, Inc. (Shizuoka, Japan). TTR-deficient TIR(—/—) (TTR-null)
mice (19-26 g) were generated by a homologous recombination method
as described previously (Episkopou et al., 1993). Male TTR-heterozygous
TTR(+/—) mice were backcrossed to C57BL/6 [wild-type, TTR(+/+)]
female mice for eight generations. The genotype of each pup was deter-
mined based on the presence of the mutant TIR allele by polymerase
chain reaction with genomic DNA taken from the tail. Male wild-type
C57BL/6 and TTR-null mice were housed three or four per cage with
free access to commercial chow and tap water, maintained on a 12-h
dark/light cycle (8:00 AM to 8:00 PM light) in an air-controlled room
(temperature, 24.5 &+ 1 °C, humidity, 55 4= 5%), and handled with animal
care under the guidelines of the University of Shizuoka (Shizuoka,
Japan). The administration protocol of PentaCB was determined on
the basis of the data concerning dose- and time-dependent actions of
PCBs obtained in our previous studies (Kato et al., 2004, 2005). Briefly,
mice received a single intraperitoneal injection of PentaCB (342 pmol
(112 mg)/kg) dissolved in Panacete 810 (5 mi/kg). Control animals
were treated with vehicle alone (5 mg/kg).

In vivo study.  Mice were killed by decapitation 4 days after the ad-
ministration of PentaCB (112 mg/kg) or a vehicle alone. The liver was
removed and weighed. Hepatic microsomes were prepared according
to the method of Kato et al. (1995) and stored at —85 °C until use.
Blood was collected from each animal between 10:30 and 11:30 AM.
After clotting at room temperature, serum was separated by centrifuga-
tion and stored at — 50 °C until use.

Analysis of serum hormones.  Levels of total T, total triiodothyronine
(Ts), and thyroid-stimulating hormone (TSH) were measured by radio-
immunoassay using Total T4 kit (Diagnostic Products Corporation; Los
Angeles, CA), T-3 RIABEAD (Dainabot Co., Ltd, Tokyo, Japan), and the
TSH [12%]] Biotrak assay system (GE Healthcare UK, Ltd,, Little Chalfont,
Buckinghamshire, UK), respectively.

Western blot analysis.  The amount of hepatic microsomal protein
was determined by the method of Lowry et al. (1951) with bovine
serum albumin as a standard. Western blot analyses for microsomal
UGT isoforms were performed by the method of Luquita et al
(2001) using a specific antibody against rat UGT1A1 (Ikushiro et al.,
1995, 1997). Mouse Ugt1al, which corresponds to rat UGT1A1, was
measured by use of an ECL detection kit (GE Healthcare UK, Ltd),
and the level of Ugtlal protein was determined densitometrically
with LAS-1000 (Fuji Photo Film. Co., Ltd., Tokyo, Japan).

Ex vivo study. At 4 days after treatment with PentaCB (112 mg/kg),
the mice were anesthetized with saline solution (2 ml/kg) containing
sodium pentobarbital (25 mg/ml) and potassium iodide (1 mg/ml).
The femoral artery was cannulated (polyethylene tube SP8, Natsume
Inc., Tokyo, Japan) and primed with heparinized saline (33 units/ml),
and then animal's body was warmed to 37 °C. Fifteen minutes later,
the mice received a single iv injection of 1.5 uCi ["*°I]T4 (0.1 ml)
dissolved in saline containing 10 mM NaOH and 1% normal mouse
serum.

Clearance of [?°I]T, from serum. ~ Clearance of ['?°I|T4 from serum
was measured according to the method of Oppenheimer et al. (1968).
In brief, after the administration of ['?I]T,, a portion (0.08 ml) of
blood was sampled from the artery at the indicated times, and serum
was prepared and stored at —50 °C until use. An aliquot (15 pl) of
serum was used for determination of the level of ['®I]T4 by a
gamma-counter (Cobra II Auto-Gamma 5002; Perkin Elmer Life and
Analytical Sciences), and the assay was performed in duplicate.

Analysis of [?°1]T, bound to serum proteins. The levels of serum
['21]T-thyroxine binding globulin (TBG), [**I]T4-albumin, and [®]
T4-TTR complexes were determined according to the method of Davis
et al. (1970). In brief, serum was diluted in 100 mM phosphate buffer
(pH 7.4) containing 1 mM EDTA, 1 mM dithiothreitol, and 30% glycerol,
and the diluted serum was subjected to electrophoresis on 4-20% gradi-
ent native polyacrylamide gels PAG Mid “Daiichi” 4/20 (Daiichi Pure
Chemicals Co., Ltd, Tokyo, Japan). The electrophoresis was performed
at4 °Cfor 11 h at 20 mA in the 0.025 M Tris buffer (pH 8.4) containing
0.192 M glycine. The human albumin and TTR, which were incubated
with ['2°[|T,, were also applied on the gel as templates. After the elec-
trophoresis, a gel was dried and radioautographed for 20 h at room tem-
perature using Imaging Plate 2040 (Fuji Photo Film Co., Ltd, Japan).
The levels of ['?*1]T,~TBG, ['?*I]T4-albumin, and [*]]T4-TIR in serum
were determined by counting the corresponding gel fractions identified
from Bio Imaging Analyzer (BAS-2000II IP Reader, Fuji Photo Film Co.,
Ltd, Japan).

Tissue distribution of [®°I]T,.  Tissue distribution of [°[]T, was
performed according to the modified method of Oppenheimer et al.
(1968). In brief, at 5 min after administration of ['#I|T, to PentaCB-
pretreated mice, blood was sampled from abdominal aorta. Then, the
cerebrum, cerebellum, pituitary gland, thyroid gland, sublingual gland,
submandibular gland, thymus, heart, lung, liver, kidney, adrenal gland,
spleen, pancreas, testis, prostate gland, seminal vesicle, stomach, duode-
num, jejunum, ileum, caecum, brown fat, skeletal muscle, bone marrow,
skin, spinal cord, and fat were removed and weighed. Radioactivities in
serum and the tissues were determined by a gamma-counter (Cobra II
Auto-Gamma 5002; Perkin Elmer Life and Analytical Sciences), and
amounts of [ '2I]T, in the tissues were calculated as ratios to the amount
in serum.

Determination of PentaCB and its hydroxylated metabolites in the serum.
The extraction of PentaCB and its hydroxylated metabolites from the
serum was performed by the method of Haraguchi et al. (1998). The
identification of these chemicals was carried out on GC/MS system
(GC-17A, QP-5000, Shimadzu, Japan) with a DB-5 capillary column
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(60 mx0.25 mm, id.). The temperature program was as follows:
100 °C, 2 min, 100-250 °C at 20 °C/min, and 250-280 °C at 2 °C/min
(Mimura et al, 1999). The amounts of PentaCB and its hydroxylated
PentaCB metabolites were determined with GC/ECD (GC-14A, Shimadzu,
Japan) using an internal standard of 2,2',3,4',5,5',6-heptachloro-4-[ 3]
biphenylol. The quantitation limits of the hydroxylated metabolites of
PentaCB were 5 ng/ml serum.

Statistics.  The data obtained were statistically analyzed according
to the Student's t test or Dunnett's test after analysis of variance. In
addition, clearance of [23]]T,4 from serum and the binding level of
['?%1]T4 bound to serum proteins were statistically analyzed according
to Newman-Keuls' test after analysis of variance. The pharmacokinetic
parameters of ['?°1]T, were estimated with noncompartmental
methods as described previously (Tabata et al., 1999).

Results
Serum hormone levels

Constitutive levels of serum total T4 and total Ts in TTR-null mice
were 34 and 55% of the corresponding levels in WT mice, respectively
(Fig. 1). In WT mice, PentaCB-treatment resulted in a marked decrease
in the level of serum total T4, while a slight decrease was observed in
PentaCB-treated TTR-null mice. Furthermore, no significant changes in
the levels of serum total Tz and TSH by PentaCB were observed in either
strain of mice (Fig. 1).

Hepatic T4-UGT enzymes

The effects of PentaCB on the amount of hepatic microsomal Ugt1a1,
a major T4-UGT enzyme, in WT and TTR-null mice were examined. The
amounts of Ugt1al protein in both strains of mice were significantly
increased by PentaCB treatment (Fig. 2).

Clearance of ['#°1]T4 from serum

After an intravenous administration of [?°I]T, to the PentaCB-
pretreated WT and TTR-null mice, their serum concentrations of [ 2°]]
T4 were measured at the indicated times (Fig. 3). Concentrations of
serum [ *%°I]T4 in PentaCB-untreated (control) TTR-null mice 5-120 min
after the [ *°IT,-administration were 57-65% of those in the correspon-
ding WT mice.

PentaCB-pretreatment clearly enhanced the clearance of ['2°I]T,4
from the serum in WT mice. Within 5 min after the administration,
concentration of serum ['?I]T4 in PentaCB-pretreated WT mice was
about 60% of the control level, and the significant decreases maintained
up to 120 min later. The level at 5 min was almost the same as that of
control TTR-null mice, and the time-dependent decrease pattern in WT
mice during 5-120 min was similar to that in TTR-null mice. On the
other hand, significant decreases in the concentration of serum ['2°I]T,
in PentaCB-pretreated TTR-null mice were observed only at 5-30 min.

The serum pharmacokinetic parameters of the [ %°I]T, estimated from
the data (Fig. 3) were summarized in Table 1. The mean total body clear-
ance of ['%[|T, and steady-state volume of distribution in TTR-null mice
were higher than those in WT mice. Significant increase in the mean
total body clearance of ['?°I|T, by the PentaCB-pretreatment was ob-
served in either WT or TTR-null mice. Likewise, the steady-state volumes
of distribution in the PentaCB-pretreated WT and TTR-null mice were
increased to 2.1 and 1.3-fold over the corresponding control mice,
respectively.

Serum proteins bound to ["?>I]T,

The effects of pretreatment with PentaCB on the binding of [ '2I]T, to
serum proteins, such as TBG, albumin, and/or TTR, were examined in WT
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Fig. 1. Effects of PentaCB on the levels of serum total Ty, total T5, and TSH in WT and
TTR-null mice. Animals were killed 4 days after administration of PentaCB (112 mg/kg),
and levels of serum thyroid hormones were measured, as described in Materials and
methods. Each column represents the mean +S.E. (vertical bar) for five to six animals.
*P<0.05, significantly different from each control. TP<0.05, significantly different from
control WT mice.

and TTR-null mice (Fig. 4). The levels of [°[|T4 bound to TBG and albu-
min in PentaCB-untreated (control) TTR-null mice were significantly
higher than those in control WT mice. In WT mice, PentaCB-
pretreatment resulted in not only decrease in the level of ['®I]T,~TTR
complex but also increase in the level of ['®*[]T4—albumin complex at
all the times examined. Significant increase in ['2°I]T,~TBG complex
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Fig. 2. Effects of PentaCB on the levels of hepatic microsomal Ugtlal in WT and
TTR-null mice. The bands corresponding to Ugtlal in Western blot profiles were
densitometrically quantified, as described in Materials and methods. The data are repre-
sented as the mean = SE (vertical bar) for four animals, *P<0.05, significantly different
from each control.
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Fig. 3. Effects of PentaCB pretreatment on the clearance of ['?*1]T, from serum in WT

and TTR-null mice. A portion of ['?>I]T, (15 pCi/ml) was intravenously administered
to mice pretreated with PentaCB or vehicle alone (control). The amounts of serum
[1251]T4 were measured at the indicated times after the [?I|T, administration. Each
point represents the meand S.E. (vertical bars) for five to six animals. *P<0.01, signif-
icantly different from each control. 7P<0.001, significantly different from control WT
mice. —O--, control; —B—, PentaCB.

was also observed at 120 min. In PentaCB-pretreated TTR-null mice, the
increase in the level of ['?[]T4-albumin and the decrease in the level of
TBG complexes were observed only at 120 min.

Tissue distribution of ['2°I]T,

Effects of PentaCB-pretreatment on the tissue-to-serum concen-
tration ratio (Kp value) and the distribution level of [ 12°[]T, in various
tissues after the administration of [ *?°]T, were examined in WT and
TTR-null mice. In PentaCB-untreated (control) mice, Kp values of the
several tissues examined were higher in the TTR-null mice than those
of the corresponding tissues in WT mice (Fig. 5). In addition, in either
strain of mice, the Kp value was the highest in the liver among the
tissues examined. Hepatic Kp values in control WT and TTR-null mice
were 0.47 and 1.20, respectively.

PentaCB-pretreatment resulted in significant increases in Kp values
in the various tissues, especially the liver, in either strain of mice. Hepatic
Kp values in the PentaCB-pretreated WT and TTR-null mice became 1.6
and 2.0, respectively (Fig. 5), and the hepatic accumulation level of

Table 1
Pharmacokinetic parameters for ['®I]T, after administration of [***I]T, fo PentaCB-
pretreated mice.

Mice Pretreatment Mean total body clearancex 100  Distribution volume
(ml/min) (ml)
WT Control 1.5140.08 2364+0.05
PentaCB 217+021% 4864045"
TTR-null  Control 2324007 3924023
PentaCB 3.17 +£0.29% 5.154045"

The pharmacokinetic parameters for ['2°I]T, were calculated from the data in Fig. 3 by
the noncompartmental methods as described previously (Tabata et al., 1999). The
values shown are expressed as the mean = S.E. for five to six mice.

* Significant differences from the strain-matched control: P<0.05.

T Significant differences between control WT and TTR-null mice: P<0.001.

WT

Control

PentaCB

TBG —_
Albumin /,—>
TTR

TBG
100 .
75 |
50
25 L .
0

Albumin

*
*****EE

|

100

% of ['51]T,
o 8a

100
75
50
25

0
5 15306090120 5 15306090120
Time (min) after administration of ['2%I]T,

X ok % 4
* %

Lmnrrn
il

TTR-null
PentaCB

Control

TBG
Albumin —

1;)2TTTTT'§'
50 2522*

5 15306090120 5 15306090120
Time (min) after administration of ['°I]T,

o8

% of ['ZI]T,

NaNS
cuouad

—~+

—+

—~+

-+

-t

-+

Fig. 4. Effects of PentaCB on the amounts of the ['?°I]T, bound to serum proteins in WT
and TTR-null mice. The amounts of the [?°IT4 bound to serum proteins 5 min after
[*#51]T4-administration were assessed by the method, as described in Materials and
methods. Each column represents the mean 4 S.E. (vertical bar) for four to six animals.
*P<0.05, significantly different from each control. tP<0.05, significantly different from
control WT mice.

['®1]T4 in TTR-null mice was 1.4-times higher than that in WT mice
(Fig. 6).

Consequently, more than 52% and 55% of the [ '2°I]T, dose was accu-
mulated in the liver of the PentaCB-pretreated WT and TTR-null mice,
respectively (Fig. 6). The accumulation levels per gram of the liver in
the PentaCB-pretreated WT and TTR-null mice significantly increased,
as compared with those in the corresponding control mice (Table 2).
In addition, no significant increases in the liver weight (Table 3) and
in the accumulation level of T, in extrahepatic tissues by PentaCB
(Fig. 6) were observed in either WT or TTR-null mice.

Hydroxylated PCB metabolites in serum

PentaCB was administered to WT and TTR-null mice, and 4 days after
the administration, PentaCB and its hydroxylated metabolites in each
serum were analyzed (Table 4). Serum concentrations of PentaCB were
0.258 and 0.366 pg/ml in the WT and TTR-null mice, respectively. In
both strains of mice, two mono-hydroxylated metabolites (3-OH-PentaCB
and 4-OH-PentaCB) were detected. One di-hydroxylated metabolite,
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Fig. 5. Effects of PentaCB pretreatment on the tissue-to-serum concentration ratios (Kp values) of ['?°]T,. A portion of [2°I]T4 (15 pCi/ml) was intravenously administered to the
mice pretreated with PentaCB or vehicle alone (control), and at 5 min after the [T, administration, the radioactivity in each tissue was measured. Each column represents the
mean £ S.E. (vertical bars) for four to six animals. *P<0.05, significantly different from each control. {P<0.05, significantly different from control WT mice. 0, control; 73

PentaCB-pretreatment.

3’4'-(OH),-PentaCB, was detected in WT mice, but not in TTR-null mice
(Table 4). The amounts of the total hydroxylated metabolites of PentaCB
in WT and TTR-null mice were almost the same.

Discussion

In the present study, we found that PentaCB-treatment resulted in a
drastic decrease in the levels of serum total T4 in WT mice, but only a
slight decrease in TTR-null mice. On the other hand, PentaCB-treatment
was demonstrated to significantly enhance hepatic accumulation of Ty
in both strains of mice.

As a cause for the PentaCB-mediated decrease in the level of serum
total T4 in WT mice, the competitive inhibition of a T4~TTR complex for-
mation by the hydroxylated PentaCB metabolites is considered, because
the hydroxylated metabolites of PCBs are reported to show high affinities
to TTR (Brouwer et al., 1998; Kato et al.,, 2004; Lans et al,, 1993; Meerts et
al,, 2002). Incidentally, in the present study, the production of the mono-
and/or di-hydroxylated PentaCB metabolites was demonstrated in
PentaCB-treated mice. Since di-hydroxylated PCBs show much higher
affinity for TTR than mono-hydroxylated PCBs (Lans et al, 1993),
PentaCB-mediated inhibition of a T,~TTR complex formation in WT
mice might be mainly dependent on the formation of 3,4-dihydroxylated
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Fig. 6. Tissue distribution of ['?*I]T, after the administration of ['?°I]T, to PentaCB-pretreated WT and TTR-null mice. Four days after treatment with PentaCB (112 mg/kg), ['2°I]T,
was administered to the mice, and after 5 min of the ['?°I]T, administration, the radicactivity in each tissue was measured, as described in Materials and methods. Each column
represents the mean + S.E. (vertical bar) for four to six animals. *P<0.05, significantly different from each control. 1P<0.05, significantly different from control WT mice. [J, control;

¢2, PentaCB-pretreatment.
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Table 2
Accurnulation of ['2°1]T, in the liver of PentaCB-pretreated mice.

Pretreatment [351]T4 (% of dose/g liver)

WT TTR-null
Control 22.33+038 33.01 10.541
PentaCB 36.47 +1.89™ 43074255

The radioactivity in the liver was measured at 5 min after the [***1]T,-administration,
as described in Materials and methods. The values shown are expressed as the
mean = S.E. for four to six animals.

" Significant differences from the strain-matched control: P<0.05.

T Significant difference from the corresponding WT mice: P<0.001.

PentaCB. In addition, an affinity of PentaCB itself to TTR is reported to be
lower than natural T4 (Chauhan et al., 2000). Furthermore, since the
hydroxylated metabolites of PCBs have been detected in the
PCB-exposed human serum (Hovander et al., 2006; Park et al,, 2007),
the results obtained in this study strongly suggest that disruption of
serum total T4 level in PCB-exposed humans occurs through the
hydroxylated metabolite-mediated inhibition of a formation of T4~TTR
complex in the serum.

The constitutive level of serum total T4 was herein demonstrated to be
lower in TTR-null mice than in WT mice, confirming that serum TTR plays
an important role in the maintenance of serum T4 level through forming a
T4TTR complex (Episkopou et al, 1993). Treatment of WT mice with
PentaCB led to not only a remarked decrease in the level of a serum
T+~TTR complex but also significant increases in levels of the serum
T4—albumin and TBG complexes, whereas no such PentaCB-mediated
changes were observed in TTR-null mice. Considering the PentaCB-
mediated decrease in the level of serum total T4 and increase in the
accumulation level of hepatic T4 in both WT and TTR-null mice, free
T, and the T4 bound to albumin and/or TBG seem to be efficiently in-
corporated into the liver as compared with the T, bound to TTR.

It has been proposed that PCB-mediated decrease in the level of
serumn T4 occurs, at least in part, in a hepatic T4-UGT-dependent fashion
(Barter and Klaassen, 1994; Schuur et al, 1997; Van Birgelen et al,,
1995). However, we have previously demonstrated that the PentaCB-
or KC500-mediated decreases in the level of serum total T4 occurred
in both Wistar and Gunn (UGT1A-deficient Wistar) rats (Kato et al.,
2004, 2007). Furthermore, in the present study, PentaCB-mediated
increase in the accumulation of T, in the liver was observed in either
WT or TTR-null mice, despite the level of hepatic Ugtlal, one of the
representative T4-UGT enzymes (Visser, 1996), was increased by
PentaCB. Accordingly, the PentaCB-mediated increase in hepatic accumu-
lation of T, is thought to occur mainly through the inhibition of efflux of T4
and/or the promotion of influx of T4 into hepatic cells.

Distribution analyses of ['?1]T, in the serum and several tissues at
5 min after the ['?°I|T, administration to PentaCB-pretreated mice indi-
cated that a mean total body clearance of [ "?I]T, was clearly promoted
by PentaCB-pretreatment in WT mice, but slightly in TTR-null mice. The
clearance pattern of serum ['®I|T4 after 5-120 min in the PentaCB-
pretreated WT mice was almost same as that in PentaCB-untreated
(control) TTR-null mice. On the other hand, a tissue-to-serum concen-
tration ratio (Kp value) on the distribution of [ ?°I]T, was increased in
several tissues, especially the liver, by PentaCB-pretreatment in both
WT and TTR-null mice. Consequently, more than 52%-55% of the [2°1]

Table 3
Changes in liver weight after administration of PentaCB to mice.

Pretreatment Relative liver weight (% of body weight)
Control 5.23+0.38 5.09+0.10
PentaCB 5.88+0.18 5534031

Mice were killed 4 days after administration of PentaCB (112 mg/kg). The body and
liver were weighted, and the relative liver weight (% of body weight) was calculated.
The values shown are expressed as the mean = S.E. for four to six mice.

Table 4
Serumn concentrations of PentaCB and its hydroxylated metabolites in the PentaCB-treated
WT and TTR-null mice.

Animal  Concentration (pg/ml serum)
PentaCB 3-OH-PentaCB  4-OH-PentaCB  3',4’-(OH),-PentaCB
WT 0.258+£0.015 0.1504+0.019 0.02240.006 0.156-+0.019

TTR-null  0366+0.021% 026540036 0.007+0004 ND

Animals were killed 4 days after administration of PentaCB (112 mg/kg), and serum
concentrations of PentaCB and its hydroxylated metabolites were measured, as
described in Materials and methods. The values shown are expressed as the mean+S.E.
for four to six mice.

" P<0.05, significant differences from the corresponding WT mice. ND: not detected.

T4 dose was accumulated in the liver of the PentaCB-pretreated WT
and TTR-null mice, although no PentaCB-mediated development of
liver hypertrophy occurred in either strain of mice. In addition, PentaCB-
treatment led to no significant change in the level of serum TSH, one of
the factors regulating the level of serum total T4 (Capen 1997; McClain
1989; Saito et al,, 1991), in either strain of mice. These results are identi-
fied with those in previous reports concerning the effects of PCB on the
level of serum TSH in rats and mice (Hallgren et al, 2001; Hood et al.,
1999; Kato et al,, 2004, 2007, 2010a; Liu et al., 1995).

In conclusion, the present findings indicate that PentaCB-mediated
decrease in serum T4 level in mice is mainly dependent on the increase
in hepatic accumulation (promotion of the transportation from serum
to liver and/or inhibition of the efflux from hepatic cells) of T, and
strongly suggest that in WT mice, PentaCB-mediated decrease in
serum T4 occurs, at least in part, through the inhibition of a T4~TTR com-
plex formation by the hydroxylated metabolites of PentaCB. The present
findings also indicate that the PentaCB-mediated decrease primarily
occurs in a T,-UGT-independent manner. In addition, the clearance
profile of serum [ '2°[|T,; in the PentaCB-pretreated WT mice was almost
the same as that in control TTR-null mice, conforming that serum TTR
plays an important role in the maintenance of serum Ty level. Further-
more, the serum level of total hydroxylated PCB metabolites herein
found in the PentaCB-treated mice was about 400-fold higher than a
previously reported level in Yusho patients (Masuda, 2009). According-
ly, contribution of the hydroxylated PCB metabolites to disruption of
serum T, level in Yusho patients is not necessarily clear. However, the
previous report (Feldt-Rasmussen and Rasmussen, 2007) and the pres-
ent findings that constitutive level of serum T, in humans, as well as
TTR-null mice, primarily maintains a T,~TBG complex (75% of total
T4-serum protein complexes in humans), but not a T4~-TTR complex,
suggest that the decreased level of serum T, in PCB-exposed humans
(Koopman-Esseboom et al., 1994; Persky et al, 2001) is, at least in
part, attributed to the PCB/its hydroxylated metabolite-mediated pro-
motion of the accumulation of T4 in several tissues, especially the liver.
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1. Introduction

ABSTRACT

We analyzed the 8'3C, "°N and 8'®0 values and Hg concentration in red meat products originating
from the predominant types sold in Japan for human consumption: two populations of common minke
(J- and O-types), Bryde’s and sei whales in the western North Pacific Ocean, and fin and Antarctic minke
whales in the Southern Ocean. The order of the trophic positions, evaluated by 815N values and Hg
concentrations, coincided with their known feeding habits: common minke (J-type)=common minke
(O-type) > Bryde’s > sei > Antarctic minke > fin. The Hg concentrations in the combined samples from
the six samples were significantly correlated with their 8'°N values (y=0.455, n=66, p < 0.05),
reflecting overall differences in the trophic level. This correlation was not significant for within-species
comparison for the common minke (J- and O-types) or the Bryde’s whale, probably reflecting the higher
815N value and lower Hg concentration in the North Pacific Ocean around Japan. Determination of §'3C,
815N and 880 could be used to discriminate between the red meat products originating from the whale
species in the North Pacific and Southern Oceans. However, the four whale species or populations in the
Pacific Ocean could not be discriminated on basis of these values, nor could the two species in the
Southern Ocean. Positive correlations between the §'>C and §'°N values and negative correlations
between the 8'°N and 5!%0 values and the 8'3C and §'80 values, probably reflecting migration patterns,
were found in some whale species in the North Pacific and Southern Oceans. :

© 2012 Elsevier Inc. All rights reserved.

Southern Ocean and the common minke whale (Balaenoptera
acutorostrata), Bryde’s whale (Balaenoptera edeni) and sei whale

Products from whales, dolphins and porpoises (Suborder
Cetacea) are sold in Japan for human consumption. Currently,
most whale products for human consumption are supplied from
the scientific whaling of baleen whales, small-type coastal whal-
ing of toothed whales, and the drive and hand-harpoon fishing of
small whales, dolphins and porpoises as well as incidental catch
by set nets (Endo et al.,, 2003). Red meat (muscle) products are the
most popular whale products sold in Japan, and most Japanese
consumers prefer the red meat originating from mysticetes
(baleen whales) to that from odontocetes (toothed whales,
dolphins and porpoises). Most red meats from mysticetes sold
in Japan originate from the Antarctic minke whale (Balaenoptera
bonaerensis) and fin whale (Balaenoptera physalus) taken in the

* Corresponding author. Fax: +81 133 23 3902.
E-mail address: endotty@hoku-iryo-u.ac.jp (T. Endo).

0147-6513/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.ecoenv.2012.01.020

(Balaenoptera borealis) taken in the western North Pacific Ocean.
Common minke whales can be categorized into at least two types:
the “O type”, found primarily in the offshore Pacific Ocean, and
the “] type”, found primarily in the Sea of Japan and nearshore
waters along Japan’s Pacific coast (Wade et al, 2010). O-type
minke whales are the primary target of Japanese scientific
whaling in both coastal and offshore waters of the Pacific, while
J-type minke whales are primarily taken as bycatch in coastal
set nets around the entire Japanese coastline. Although most
baleen whales are assumed to migrate annually between feeding
habitat in high latitudes and breeding habitat in low latitudes, the
pattern of migration is poorly known for some of the species
sampled here. :

As odontocetes are long-lived and occupy the top levels of the
marine food web, feeding mainly on fish and squid, they biomag-
nify marine pollutants such as heavy metals and organochlorine
compounds (Haraguchi et al., 2000). Among these pollutants,
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contamination with mercury (Hg) is prominent (Endo et al., 2003,
2004, 2005). The contamination levels of pollutants in mysticetes
are lower than those in odontocetes, reflecting their preference
for plankton and small fish species (i.e., their lower trophic
positions). Among the baleen whale species sold in Japan, com-
mon minke whales are opportunistic and omnivorous feeders that
change their prey temporally and regionally. Compared with
common minke whales, Bryde's and sei whales are only moder-
ately omnivorous feeders (Mitani and Bando, 2008; Yasunaga and
Fujise, 20094, b), and Antarctic minke and fin whales are generally
zooplankton feeders.: In our previous survey of Hg levels (Endo
et al,, 2003), only one of the 62 red meat products originating
from mysticetes showed a Hg concentration exceeding the Japa-
nese permitted level for fish and shellfish (0.4 pg/wet g), whereas
all red meat products originating from odontocetes (n=137)
exceeded the permitted level.

Stable isotope analysis has been used as a tool to obtain
information on the feeding ecology of marine species. The 3'°N
value shows a stepwise increase in the trophic level of a food
chain (Kelly, 2000), and a positive correlation between the §'°N
value and the Hg concentration in biota has been reported
(Yoshinaga et al., 1992; Kidd et al,, 1995). On the other hand,
the 8'3C value is used to indicate the relative contribution to the
diet of potential primary sources, and can demonstrate differ-
ences between species taking coastal and offshore prey or
between those taking pelagic and benthic prey (Kelly, 2000). A
significant increase in 8'°N of 3.4 + 1.1%. has been shown to occur
between consumer and prey (Minagawa and Wada, 1984),
whereas only a small enrichment of about 1%. is found in the
§13C value (DeNiro and Epstein, 1981). We recently reported that
the 8'°N and 8'3C values in odontocetes caught off or stranded on
the coast of northern Japan were higher and lower, respectively,
than those in whales in the southern area, probably reflecting the
variations in marine environment around Japan (Endo et al.,
2010). Mitani et al. (2006) analyzed the §'3C and §'°N values in
the baleen plates of common minke whales caught during
scientific research whaling, and tried to elucidate the migration
pattern in relation to dietary shift. However, little information is
available about the 3'3C and 8'°N values in the muscle of baleen
whales, including common minke, Bryde’s and sei whales, caught
in the western North Pacific Ocean and Antarctic minke and fin
whales caught in the Southern Ocean.

Recently, the 8’80 value, in addition to the §3C and §'°N
values, has been used to discriminate, verify and identify the
habitat of plants and animals, as the §'80 value reflects the water
environment, temperature and humidity of their habitats. For
instance, the 580 values in beef oil (Heaton et al.,, 2008), under-
ground water (Mizota and Kusakabe, 1994) and cultured rice
(Suzuki et al., 2009) all tend to decrease with latitude (tempera-
ture). To our knowledge, however, the 580 values in cetacean
species have not yet been reported. According to the above
latitude-dependent changes, we speculated that the §'30 value
would be lower in cetaceans caught off the northern areas than
off the southern areas of Japan, and that §'3C and §'°N values
would be negatively correlated with the §'80 value in the whale
products sold in Japan. .

The purpose of the present study was to analyze the §'3C,
85N and 8'®%0 and the Hg concentration in red meat products
originating from the common minke (J- and O- types), Bryde’s
and sei whales caught in the western North Pacific Ocean and
Antarctic minke and fin whales caught in the Southern Ocean.
We discuss the correlations between the trophic level, as
evaluated by 8'°N value, and the Hg contamination and among
the 8'°N, 8'3C and 880 values, and the possibility of verifying
the species origins of red meat products sold in Japan using these
stable isotope ratios.

2. Materials and methods
2.1. Sampling of red meat products and genetic analysis for species origin

Red meat products originating from common minke whale (J- and O-types),
Bryde’s and sei whales caught in the Northwest Pacific Ocean and Antarctic minke
and fin whales caught in the Antarctic Ocean were purchased from retail outlets in
Japan between 2000 and 2006, as described previously (Endo et al., 2003, 2005).
Samples were stored at —20 °C until analysis.

As reported elsewhere (Baker et al., 1996, 2006), the species origin of cetacean
products was identified by mitochondrial DNA sequences (control region and
cytochrome b) amplified from the products via PCR. The population origin of the
common minke whale products (i.e., J- or O-type) was inferred from sequence
variation in the mtDNA control region, as described in Baker et al. (2000).

2.2. Chemical analyses

The total mercury (Hg) concentration in the red meat products was deter-
mined by a Mercury Analyzer SP-2 (Nippon Instruments Corporation, Tokyo,
Japan), as reported previously (Endo et al., 2007). DOLT-2 (National Research
Council of Canada) was used as an analytical quality control for Hg. The recovery
of Hg was 94 + 3% (n=5). The Hg concentration in the red meat products was
expressed on a wet weight basis.

Dried subsamples of red meat products were analyzed for stable isotopes
(*3C, N and '®0) after the removal of lipids by chloroform/methanol extraction
(Logan and Lutcavage, 2008). The 8'3C and 5'°N analyses were performed using a
mass spectrometer (Delta S, Finnigan MAT, Bremen, Germany) coupled with an
elemental analyzer (EA1108, Fisons, Rodano, Milan, Italy) held in the Center for
Ecological Research (CER), Kyoto University (Kyoto, Japan), as reported previously
(Endo et al.,, 2009, 2010). The §'%0 analysis was performed using a mass spectro-
meter (Delta V PLUS, Thermo Fisher Scientific, Tokyo, Japan) coupled with an
elemental analyzer (TC/EA, Thermo Fisher Scientific, Tokyo, Japan) held in the SI
Science Co. Ltd. (Saitama, Japan). The natural abundances of 'C, N and '®0 are
expressed as per mil (%.) deviation from the standards as defined by the following
equation:

3'2C,8"°N or 8'®0 = Reampte/Rstandara—1) x 1000(%),

where R="3C/'2C, ">N/"*N or '80/'®0. CERKU-1, 2 and 5, certified by CER, were used
as §'3C and 8"°N reference materials (Tayasu et al,, 2011), and benzoic acid (A and B),
certified by Indiana University (IN, USA), was used as the 8'%0 reference material.

2.3. Statistical analyses

The data are shown as mean + S.D., and were analyzed by Turkey-Kramer
multiple comparison test and Pearson’s correlation coefficient test, using the
Statcell program. The level of significance was set at p < 0.05.

3. Results and discussion

The stable isotope ratios of 8'3C, 8'°N and §'®0 and the Hg
concentration in sixty-six red meat product samples from baleen
whale species and populations were analyzed (Table 1), and the
analytical results are summarized in Table 2. Fig. 1 shows the
relationship between the §'°N value and the Hg concentration in
the combined products from the six samples (n=66), and Fig. 2
shows the relationships among the §'3C, 8!°N and 5§30 values.
Table 3 shows a summary of relationships among the Hg
concentration, 8'3C, 8'°N and §'80 values for each baleen whale
species or population.

In agreement with previously published results (Endo et al.,
2003), the contamination levels of Hg in the red meat products
were in the following order: common minke whales (J-type)=
common minke whales (O-type) > Bryde’s whale=sei whale=fin
whale > Antarctic minke whale (Table 2). A similar order was
found in the 8'"N values for these species (Table 2). The Hg
concentrations in the combined products of the six samples were
significantly correlated with their 8'°N values (Fig. 1, r=0455,
n=66, p <0.05). As data not shown in Figure, significant correla-
tions were found between the 8'N values and the Hg concentra-
tions in the combined samples from the North Pacific Ocean
(r=0418, n=46, p<0.05) and from the Southern Ocean
(r=0.541, n=20, p <0.05). These correlations between the Hg
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Table 1
Analytical results of mercury and stable isotope ratios in red meat products
originating from baleen whales sold in Japanese markets.

Species origin Sample  Hg 313¢ 815N 3180
code (pg/wet g) (%o) (%) (%o)

Common minke 1 0.050 —-18.4 115 119
whale, J-type 2 0.125 —-19.3 116 10.6
3 0.074 —-17.2 15.8 9.7

4 0.070 —19.1 11.4 116

5 0.136 —18.0 15.0 10.5

6 0.239 -17.5 12.6 119

7 0.180 —18.6 10.3 133

8 0.119 —18.7 11.0 12.8

9 0.031 -19.1 121 122

10 0.027 —186 12.7 11.8

11 0.041 —183 11.5 129

12 0.061 —-17.5 9.6 13.9

13 0.029 -19.0 11.2 134

Common minke 1 0.053 —19.0 12.1 13.0
whale, O-type 2 0.053 —183 12.1 139
3 0.056 —18.5 11.6 13.8

4 0.044 —-19.2 115 13.1

5 0.121 -18.0 115 13.6

6 0.053 -20.3 114 12.0

7 0.160 -17.9 12.0 13.8

8 0.014 —19.1 9.7 13.7

9 0.174 -17.6 11.1 123

10 0.176 —-17.6 12.0 122

11 0.254 -18.9 10.2 12.9

12 0.027 -18.9 10.9 12.2

Bryde’s whale 1 0.037 —-17.2 8.6 155
2 0.090 —-17.5 9.3 155

3 0.063 -15.9 11.9 13.7

4 0.053 -17.6 10.1 16.0

5 0.070 —16.3 11.6 139

6 0.027 —-17.2 9.7 16.7

7 0.055 -15.9 11.2 14.0

8 0.056 ~16.9 9.5 16.1

9 0.045 -17.2 9.5 15.0

10 0.055 —-171 9.8 14.6

11 0.067 -16.9 8.4 149

Sei whale 1 0.026 —23.1 6.3 153
2 0.082 —18.3 9.6 15.8

3 0.079 —-19.1 8.5 13.7

4 0.028 —-21.7 7.1 16.5

5 0.045 —-19.4 7.6 156

6 0.090 —18.9 8.7 154

7 0.046 -18.7 7.6 146

8 0.054 —18.6 103 131

9 0.033 -18.1 8.1 149

10 0.061 —-18.7 9.5 15.0

Fin whale 1 0.047 —23.0 5.7 15.2
2 0.050 —-21.2 6.1 156

3 0.026 —239 6.0 16.5

4 0.042 —-20.8 6.2 15.4

5 0.031 —23.0 5.7 15.4

6 0.052 —~22.8 5.9 15.6

7 0.041 -21.9 5.6 153

8 0.090 -21.9 6.3 135

9 0.026 —23.6 54 144

10 0.031 -23.1 4.9 144

Antarctic minke 1 0.027 —243 6.1 14.9
whale 2 0.051 —24.8 6.0 14.2
3 0.013 —24.2 5.7 13.8

4 0.013 —25.1 5.9 14.9

5 0.077 —24.7 6.0 15.2

6 0.018 —-239 6.1 13.2

7 0.014 —24.7 6.3 145

8 0.027 —25.1 6.4 15.1

9 0.013 —24.7 6.7 155

10 0.014 —-24.7 7.2 143

level and the trophic level, as evaluated by 8'°N value, were firstly
reported in the food products from Papuan New Guinea (Yoshinaga
et al, 1992) and from the freshwater biota in Ontario, Canada (Kidd
et al, 1995). Although there was an overall correlation in the
combined sample from the six whale species or populations, only
the sei whale had a significant within-species correlation between
the Hg concentration and the §'N value (y=0.651, n=10,
p <0.05) (Table 3). This probably reflects the marine environment
around Japan (higher 8'°N value and lower Hg concentration in the
northern area of Japan; Endo et al,, 2010). The fin whale in the
Antarctic Ocean had high but non-significant correlation between
the Hg concentration and the 8N value (y=0.618, n=10,
p > 0.05), while the Antarctic minke whale had negative correla-
tion. The reason for this negative correlation remains unknown.

According to latest reports (Mitani et al.,, 2006; Yasunaga and
Fujise, 20093, b), O-type common minke whales may be categor-
ized into coastal and offshore whales. The Hg concentration is
lower in the coastal whales (about 0.22 + 0.07 pg/wet g) than in
the offshore whales (about 0.3 pug/wet g) as the coastal whales
feed on zooplankton, saury and anchovies (the Hg concentra-
tions in these species were below 0.05 pg/wetg) while the
offshore whales feed on these three species as well as on pomfret
(0.232 +0.027 pg/wet g) (Yasunaga and Fujise, 2009a, b). The
present Hg value in the O-type whales (0.099 + 0.076 pg/wet g)
is closer to the Hg value in the coastal whales than to that in the
offshore O-type whales. The determination of §'C and §'°N may
also allow for the discrimination between the coastal and offshore
species (Kelly, 2000). However, there has not yet been any
comparison of these values between the coastal and offshore
populations of common minke whales. We previously analyzed
the Hg levels in cetacean products sold in South Korean markets
(Endo et al., 2007), and the Hg concentration in the common minke
whale (most of the whales were speculated to be J-type from
coastal waters) was 0.2240.11 pg/wetg (0.03-0.43 pgfwet g,
n=30), which is higher than the present data for the J-type whale
(0.091 + 0.065 ngfwet g). The difference in Hg concentrations in
the common minke whale between the previous and present
studies may be due to differences in their diet and habitat.

In the present study (Table 2), no differences were found in the
results for Hg concentration, or '3C, 37°N and 880 values between
the J- and O-types of common minke whales. Compared with the
J- and O-types of common minke whales (0.091+0.065 and
0.099 + 0.076 pgfwet g, respectively), Bryde’s and sei whales are
only moderately omnivorous feeders and their Hg concentrations
were lower (0.056+0.017 and 0.054 +0.023 pg/wet g, respec-
tively); Yasunaga and Fujise (2009a) reported similar Hg concentra-
tions in the muscle of Bryde’s whales (0.046 + 0.008 pg/wet g) and
sei whales (0.052 +0.009 pg/wet g) caught in the western North
Pacific Ocean. The Antarctic minke and fin whales in the Southern
Ocean are plankton feeders and their Hg levels were slightly lower
than those of Bryde’s and sei whales in the western North Pacific
Ocean (Table 2).

Gendron et al. (2001) analyzed the §'3C and §'°N values in skin
samples from Bryde's, fin and blue (Balaenoptera musculus, a
plankton-feeder) whales in the Gulf of California, Mexico. The
mean values of 8'3C and 8'°N in the skin samples of the Bryde’s,
fin and blue whales were—18.1 and 15.8%. (n=2),—16.0 and
15.4%, (n=2), and—18.2 and 12.9%. (n=2), respectively. This
order of 8'°N values is consistent with our knowledge of the
feeding habits of those whale species, although the §'°N values in
the Bryde’s and fin whales are higher than those in the present
study (10.04+1.2% and 5.8 + 0.4%., respectively, Table 2). The
variation in 8'°N at the base of the food web is considered to be an
important factor in the "N values observed in the upper trophic
levels. The 8'°N value in euphausiids (krill) along the west coast of
the Gulf of California was 11.0+1.2%. (Gendron et al., 2001),
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Table 2
Summary of analytical results for mercury and stable isotope ratios in red meat products originating from baleen whales sold in Japanese markets.
Hg (ug/wet g) 8'3C (%o) 815N (%o) 580 (%)
Common minke whale (J-type), n=13 0.091 £ 0.065° -184+07° 120+1.72 12.0+1.22
Common minke whale (O-type), n=12 0.099 + 0.076° —18.6+0.8* 11.4+0.7° 13.0+0.7%
Bryde’s whale, n=11 0.056 + 0.017%° —16.9+0.6° 10.0+1.2° 15,1+ 1.0°
Sei whale, n=10 0.054 + 0.023%° —~19.5+ 1.6 8.3413¢ 15.0+ 1.0°
Fin whale, n=10 0.044 +0.019°° -225+1.0° 5.8 +0.4¢ 15.1+08°
Antarctic minke whale, n=10 0.027 +0.021° —24.6+04° 6.2 +0.4¢ 14.6 +0.7°
See Table 1.
Different superscripts indicate significant differences (p < 0.05).
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Fig. 1. Relationship between the 8'°N value and the Hg concentration in red meat products originating from baleen whale species or population. See Table 1. J-type
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while that in krill found in the stomach of common minke whales
caught in the western North Pacific Ocean was 7.2 + 0.5%. (Mitani
and Bando, 2008). Thus, the trophic positions of Bryde’s and fin
whales in the western North Pacific Ocean appear to be similar to
those in the Gulf of California, respectively.

The §'3C values in common minke (J- and O-types), Bryde’s
and sei whales caught in the western North Pacific Ocean were
significantly different from those in fin and Antarctic minke
whales caught in the Southern Ocean (Table 2), probably reflect-
ing differences in their habitats. Krahn et al. (2008) reported the
313C and §"°N values in the biota of Antarctica: the §'3C and §'°N
values in the skin of an Antarctic minke whale (n=1) were —24.3
and 7.6%., respectively, and those in the serum of crabeater seals
(krill feeders) and in krill were —26.5+1.0 and 8.4+ 1.6%.
(n=30), and ~29.8+0.6 and 3.6 £ 0.2%. (n=12), respectively.
These §'3C and 8'5N values in the Antarctic minke whale are in
agreement with the present values from the muscle (red meat
product) of Antarctic minke and fin whales caught in the Southern
Ocean (Table 2). The 8'°N value in krill in the Antarctic Ocean
(3.6 +0.2%0) was markedly lower than that in the stomach of
common minke whales caught in Pacific Ocean (7.2 4 0.5%o;
Mitani and Bando, 2008). Lower 8!°N values in Antarctic minke
and fin whales than common minke whale (Table 2) may reflect
lower trophic levels of Antarctic minke and fin whales as well as
lower 8'°N at the base of Southern food web.

The 8'%0 values in common minke whales (J- and O-types)
were significantly lower than those in the other whale species
(Table 2), whereas the 880 values in Bryde’s and sei whales
caught in the western North Pacific Ocean and those in fin and

Antarctic minke whales caught in the Southern Ocean were
similar. As far as we know, no information on 8'80 values in
cetaceans is available. As the temperature of the Antarctic feeding
habitat is lower than that of the temperate North Pacific Ocean
habitat, we expected to observe lower 6'0 values in whales in
the Antarctic. However, the 3'80 values in the fin and Antarctic
minke whales caught in the Antarctic were similar to those of
Bryde’s and sei whales caught in the North Pacific Ocean. Further
study is necessary to explain these unexpected data.

We previously reported the 5'3C and §'°N values and the Hg
concentration in the toothed whale species hunted or stranded
along the coast of Japan. The 8'°N values and the Hg concentra-
tions in the toothed whale species (Endo et al, 2005) were
markedly higher than those in the baleen whale species in this
study (Table 2), reflecting their higher trophic positions. Further
determination of 8'®0 in the toothed whales from a broad
latitudinal range is needed to elucidate whether §'80 is higher
in the toothed whales inhabiting the northern area and whether
130 is bioaccumulated via the food web.

Significant positive correlations (p < 0.05) were found between
the 813C and 8'°N values for Bryde's and sei whales (Table 3), and
non-significant positive correlations (p > 0.05) were found in the
other species caught in the western North Pacific Ocean and the
Antarctic Ocean. We previously reported a positive correlation
between §'3C and §'°N values in wild bluefin tuna taken from
different areas around Japan (both values were lower in fish from
the northern area), probably reflecting the change in diet due to
the wide ranging annual migration from the southern to the
northern areas (Hisamichi et al., 2010). Baleen whales, such as the
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Unfortunately, we do not have any information on whale

common minke (J- and O-types) and Antarctic minke whales,
products with regard to location or date that each whale was

migrate over wide ranges in the North Pacific Ocean and the

Southern Ocean, respectively (Kasamatsu et al., 1995; Wade et al.,
2010). The positive correlations between the §'3C and §'°N values
found in the baleen whale species could reflect their migration.

killed or the age of the whale. Consequently, it is unclear whether
the higher 8'3C and 8'°N values found in the red meat product
samples come from whales in the southern or northern areas off
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Table 3

Correlation coefficients (y) of mercury and natural isotopes for within-species samples and overall samples for species or populations of baleen whales.

Hg vs. 8'°N 813C vs. 8'°N 5'5N vs. 8'%0 8'3C vs. 5'%0
Common minke whale (J-type), n=13 0.074 0.435 —0.852* —0.185
Common minke whale (O-type), n=12 —-0.077 0315 0.199 0.182
Bryde’s whale, n=11 0.188 0.740* —0.640* —0.774*
Sei whale, n=10 0.651* 0.751* -0.484 —0.398
Fin whale, n=10 0.618 0.527 0.190 —0.250
Antarctic minke whale, n=10 -0.303 0.229 0.229 -0.672*
Overall, n=66 0.455% 0.781* —0.704* —0.302*
See Table 1.
*p<0.05.

Japan. Based on the negative correlation between the 8'3C and
8180 values and the §"°N and 80 values (Table 3), it is assumed
that the lower §'80 values in whales in the northern areas result in
the higher 5'3C and 8'°N values in whales in the northern area of
Japan. However, this hypothesis is not supported by the lower §'3C
and 3N values found in wild bluefin tuna in the northern area of
Japan (Hisamichi et al., 2010). Further study is necessary to confirm
our assumption of spatial variations in 5180, §'°N and &'3C values.

The 6'3C-3"N plots and the §'3C-5'%0 plots can be discriminated
into two groups (Table 2 and Fig. 2): the red meat products originating
from the western North Pacific Ocean (J- and O-type common minke
whales, Bryde’s and sei whales) and the Antarctic Ocean (fin and
Antarctic minke whales). We previously analyzed organohalogen
compounds such as PCBs and DDTs and reported that the levels were
markedly lower in the red meat products originating from the
Southern Ocean than in products from the western North Pacific
Ocean (Haraguchi et al., 2000). Thus, discrimination between the red
meat products originating from the western North Pacific Ocean and
the Antarctic Ocean could be achieved by the chemical analysis of
stable isotope ratios and the pollutants without the need for genetic
analysis. However, Antarctic minke and fin whales, J- and O-type
common minke whales and Bryde’s and sei whales could not be
discriminated on the basis of chemical analysis. On the other hand, the
§13C and 57°N values in the red meat products originating from baleen
whales sold in Japan were markedly different from those in products
originating from toothed whales (Endo et al, 2010). Furthermore,
contamination levels of Hg as well as organohalogens found in the
baleen whales were markedly lower than those in toothed whales.
Thus, the red meat originating from mysticetes and odonotocetes sold
in Japan can be discriminated through chemical analysis.

In conclusion, we analyzed the Hg concentration and the §'3C,
85N and 820 values in red meat products originating from common
minke (J- and O-types), Bryde's and sei whales in the western North
Pacific Ocean and fin and Antarctic minke whales in the Southern
Ocean. The range of Hg concentrations and the 8'°N values in the
baleen species and populations were in agreement with the known
feeding habits of those. The §'3C, 5'°N and &80 values could be used
to discriminate between the red meat products originating from the
mysticetes in the western North Pacific Ocean and those from the
Southern Ocean. However, the four mysticetes in the western North
Pacific Ocean and the two mysticetes in the Southern Ocean could not
be identified on the basis of these data alone. A positive correlation
between the §'3C and 375N values and negative correlations between
the 813C and 880 values and the 8"°N and 8§80 values, probably
reflecting migration, were found in some species in the western North
Pacific Ocean and the Southern Ocean.
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Abstract A number of bioactive brominated secondary
metabolites, including hydroxylated polybrominated
diphenyl ethers, have been isolated from algae, sponges,
and bacteria. In the present study, a screening method using
liquid-chromatography tandem mass spectrometry was de-
veloped for the identification and selective determination of
dihydroxy (diOH), hydroxy-methoxy (OH-MeO), and
dimethoxy (diMeO) analogs of tetra- to hexa-BDEs in ma-
rine biota. In negative atmospheric pressure chemical ioni-
zation (APCI) mode, diOH and OH-MeO analogs provided
intense [M—H]™ ions, whereas diMeO analogs provided
characteristic [M—Br+O]~ and [M—CH3;] ions. This enabled
the diOH-, OH-MeO-, and diMeO-PBDEs to be distin-
guished using selected reaction monitoring transitions in
the APCI source. Recoveries of 2'-OH-6-MeO-2,3,4,5'-tet-
ra-BDE in spiked marine samples were 84+5 %, with a limit
of quantification at 9.1 ng mL™" (signal-to-noise ratio=10).
The developed method was used to analyze two sponge
species collected from Palau, Micronesia; the concentration
ratio of diOH-tetra-BDE:OH-MeO-tetra-BDE was 10:1 for
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the Lamellodysidea sp., whereas it was 1:30 for the Call-
yspongia Sp.
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sponge

Introduction

The marine environment is a rich source of halogenated
compounds produced by marine plants, animals, and bacte-
ria [1]. Brominated secondary metabolites are produced by
cyanobacterial symbionts [2—4] or by bacterial Vibrio spp.
[5] in sponge tissues, although the profiles of these metab-
olites differ as a result of the diversity of species involved.
The family Dysideidae, in particular, yields a number of
hydroxylated polybrominated diphenyl ethers (OH-PBDESs),
including dihydroxy (diOH), hydroxy-methoxy (OH-MeO),
and dimethoxy (diMeO) analogs of tri- to hexa-BDEs [6,7].
These phenolic PBDE analogs exhibit a variety of bioactiv-
ities, such as antibacterial and antifungal properties [8],
cytotoxicity, and enzyme inhibition [9]. Structure—activity
relationships indicate that these activities may depend on the
numbers and positions of hydroxyl groups [7]. In addition to
PBDE homologs found in marine sponges, OH-PBDEs
(e.g., 6-OH-BDE47) and the corresponding MeO-PBDEs
(e.g., 2'-MeO-BDE68) have been reported to be present in
marine algae [10], mussels [11], fish blood [12], as well as
the marine food web [13—18]. Although there have as yet
been no reports of diOH-PBDEs in higher trophic organ-
isms, O-methylated PBDEs (e.g., 2',6-diMeO-BDE68) have
been found to accumulate in shark liver [19] and whale
blubber [20].
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The extraction, chromatographic separation, and detection
of phenolic PBDE analogs have recently been reviewed [21].
In general, OH-PBDEs are routinely quantified by gas chro-
matography (GC), using either electron-capture detection,
electron-ionization high-resolution mass spectrometry,
electron-capture negative ionization mass spectrometry, or
tandem mass spectrometry (MS/MS), after derivatization of
OH-PBDEs separated from neutral PBDEs and/or MeO-
PBDEs [22]. GC/MS methods for OH-PBDEs provide the
greatest selectivity in the discrimination of PBDEs and MeO-
PBDEs from other halogenated organics. However, diazome-
thane derivatization of OH-MeO-PBDEs for GC/MS analysis
can be duplicated by that of diOH-PBDEs. Other derivatiza-
tions (e.g., acetylation with acetic anhydride) of diOH-PBDE
in the presence of OH-MeO-PBDEs result in several derivat-
ized products and would make the identification difficult.

For the direct determination of OH-PBDEs, several ion-
ization techniques using liquid-chromatography tandem
mass spectrometry (LC/MS/MS) have been developed.
Hua et al. [23] have studied high-performance liquid chro-
matography (HPLC) in negative electrospray ionization
(ESI) mode for the quantitative analysis of OH-tri-BDE.
Mas et al. [24] have further developed negative ion spray-
LC/MS/MS and determined eight OH-PBDESs in an envi-
ronmental setting. Chang et al. [25] have developed the
quantification of phenolic PBDEs, including bisphenol A
and bromophenols, in ESI mode. Lupton et al. [26] have
reported LC/atmospheric pressure chemical ionization
(APCI)-MS/MS for OH-PBDEs, ranging from tri- to hexa-
brominated, in negative APCI mode. Lai et al. [27] have
developed a robust ultra-performance LC/MS/MS for rapid
determination of nine OH-PBDEs to study the pharmacoki-
netics of 6-OH-BDE47 in ESI mode. We have also devel-
oped the simultaneous determination of OH- and MeO-
PBDEs in APCI mode using both ((M—H] —Br ) and ([M
—Br+O] —Br ) transitions [28]. However, these methods
were validated for monohydroxylated PBDEs but not for
the mixed dioxygenated (diOH- and OH-MeO-PBDEs) con-
geners by using different MRM transitions. An alternative
LC/MS/MS method is therefore worth considering for the

analysis of dihydroxylated analogs in the environment and
for investigating the metabolic processes of diOH-PBDEs.

The aim of this study was to develop an LC/MS/MS
method in negative APCI mode for direct determination of
diOH, OH-MeO, and diMeO analogs for tetra- to hexa-
BDEs, as well as mono substituted OH- and MeO-tetra-
BDEs. The LC/MS/MS method was validated using
2'-OH-BDE68, 2',6-diOH-BDE68 and their O-methylated
analogs. During our survey of brominated products in
marine sponges, we found a set of dihydroxylated PBDE
analogs that were dominant in Callyspongia sp. and Lamel-
lodysidea sp. collected in Palau, Micronesia. In this paper,
we describe the overall LC/MS/MS profiles and concentra-
tions of these oxygenated PBDEs in two sponge species and
compare the total profiles of the derivatized compounds
using GC/MS in EI mode.

Experimental
Chemicals

Standards of 2'-hydroxy-2,3',4,5"-tetrabromodipheny! ether
(2'-OH-BDE68) and 2'-methoxy-2,3',4,5'-tetrabromodi-
phenyl ether (2-MeO-BDE68), were purchased from Cam-
bridge Isotope Laboratories Inc. (Andover, MA, USA). The
standard 2',6-dimethoxy-2,3',4,5'-tetrabromodiphenyl ether
(2',6-diMeO-BDE68) was a gift from Dr. G. Marsh (Stock-
holm University, Sweden). Standards of 2',6-dihydroxy-
2,3'.4,5'-tetrabromodiphenyl ether (2',6-diOH-BDE68) and
2'-hydroxy-6-methoxy-2,3',4,5'-tetrabromodipheny! ether
(2'-OH-6-MeO-BDE68) were synthesized by demethylation
of 2',6-diMeO-BDE68 in the presence of boron tribromide
(2 M) in dichloromethane. The demethylated products (OH-
MeO-tetra-BDEs) were identified by GC-MS in EI mode on
the basis of its fragmentation pattern with M™ (m/z 526) and
[M—CH;Br]" ion (m/z 434) [29]. The [M—CH;Br]" ion was
characteristic for 2'-MeO-6-OH-BDE68 but not for the iso-
meric 2'-OH-6-MeO-BDEG68. Thus, both compounds can be
distinguished by the abundance of this ion. The purities of

Table 1 Characterization of reference compounds and MRM parameters used for quantitative determination

Compound LC LOQ Recovery RSD MRM transition DP CE
(min) (ng mL™") (%) (%) (m/z) V) 8]

Mono-substituent :

2'-OH-BDE68 7.2 1.9 80-89 15 500.3—78.6 [M—H] —Br~ -15 —44

2'-MeO-BDE68 13.6 9.5 87-92 16 450.7—78.6 [M—Br+O] —Br~ —40 -58

Di-substituent

2',6-diOH-BDE68 5.1 9.1 76-92 20 516.3—78.9 [M—H] —Br~ =35 —64

2'-OH-6-MeO-BDE68 6.6 9.1 77-92 22 530.7—78.9 [M~H] —Br~ =30 =40

2',6-diMeO-BDEGS 11.5 15 88-93 15 480.8—78.8 [M—Br+O] —Br~ -40 -66
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