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Human intake of benzophenones occurs from food and
medicine, and these chemicals may accumulate in the body
to some extent. Indeed, Hany and Nagel (1995) detected 2-
OH-4-MeO-BP and octyl p-methoxycinnamate used in as
sunscreen in human milk (total 16-417 ng/g fat) from
Germans. This level corresponds to 10 7 to 10 ® M. The
contents of 4-hydroxybenzophenones have not been
reported. However, when 4-hydroxybenzophenones are
applied to human skin as sunscreen (usually 1-2% content),
the level may temporarily reach the level used in this study
immediately after the dose. Subsequently, the level of 4-
hydroxybenzophenones would decrease rapidly owing to
metabolism and excretion. These considerations and the in
vivo results obtained in this study suggest that benzophe-
nones pose a relatively low risk to humans in terms of
endocrine disrupting activity, in spite of the in vitro activity
shown in this study. In contrast, some hydroxylated
benzophenones, such as those hydroxylated at the 2- and
4-positions, showed both estrogenic and antiandrogenic
activities. Thus, these compounds might exhibit endocrine-
disrupting action via both mechanisms in animals. Their in
vivo effects due to these combined activitics should be
further investigated.
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ABSTRACT:

The present study was performed to compare the metabolite pro-
files of polychlorinated biphenyls (PCBs) in the liver and serum of
rats, hamsters, and guinea pigs after exposure to a PCB mixture,
Kanechlor 500 (100 mg/kg, 1.p.). The percentage of contribution of
major PCB residues in the liver 5 days after exposure indicated that
nonplanar PCBs with 2,4- or 2,3,4-chlarine substitution were more
abundant in the liver in the order rats {43% of total PCBs) >
hamsters {20%) > guinea pigs (11%), whereas coplanar PCBs with
4-, 3,4-, or 3,4,5-chlorine substitution were predominant in guinea
pigs (61%), followed by hamsters and rats {both 26%}). The hepatic
concentrations of methylsulfonyl metabolites (MeSO,-CBs) were
higher in the order guinea pigs > rats > hamsters. Whereas ham-

sters formed minute amounts of MeSO,-CBs from 2,5-dichloro-
substituted PCBs, guinea pigs formed higher levels of meta-
MeS0,-CBs derived from 2,3,6-trichloro-substituted PCBs. In
contrast, the serum concentrations of phenolic PCBs were higher
in the order hamsters > rats > duinea pigs. Metabolites were
predominated by 4-OH-2,3,5,3',4'-pentaCB (89% contribution) for
rats, 3-OH-2,4,5,2',4'-pentaCB (56%) for guinea pigs, and dihy-
droxylated metabolites (38%) for hamsters. The reduced elimina-
tion of coplanar PCBs and the specific distribution of MeSO,- and
phenoclic PGBs may have implications for the differences in sensi-
tivity to PGB toXicity among rats, guinea pigs, and hamsters.

Metabolism of PCBs proceeds via P450-mediated formation of
arene oxide intermediates, which results in the distribution of both
OULPCOBs and MeSO,-CBs (Teteher et al, 2000). The ratos of
formation of these metabolites are dependent on the degree of sub-
strate chlorination (Kato et al., 1980; Haraguchi et al., 1997) as well
as the metabolic capacity of the species (Safe, 1994; Koga and
Yaoshimura, 1996). Some OH-PCBs and MeSO,-CBs are persistent
and show specific retention in the blood or tissues of laboratory and
wild animals (Bergman et al., 1994a,b; Oberg et al., 2002) as well as
in humans (Sandau ef al., 2000; Chu et al., 2003). Phenclic PCB
metabolites cause alterations in thyroid hormone metabolism (Morse
et al., 1996; Brouwer et al., 1998), inhibit estrogen sulfation and
binding to estropen receptors for estrogenic or anticstrogenic effects
(Connor ¢t al., 1997; Kester ct al., 2002), and give rise o polenally
cytotoxic dihydroxylated or quinoid PCB metabolites (Amaro et al,,
1996). On the other hand, somme MeSO,-CBs induce expression of
several P450 isozymes (Kato et al,, 1997), reduce thyroid hormone
levels in rats (Kato et al., 1999), and also show antiestrogenic effects

The research was partially funded by a grant-in-aid for Scientific Research (G)
(ho. 16590101, K.H.; 15510058, Y.K.; and 14572119, N.K) frorn the Japan Saciety
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{Y.K.) from the Ministry of Health, Labor, and Welfare of Japan.
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doi:10.1124/dmd.104.0024 44,

(Letcher et al., 2002). These persistent metabolites may be responsible
for the toxic efleets of PCBs.

Guinea pigs are the most sensitive experimental animals to the
toxicity of coplanar PCBs and polychlorinated dibenzo-p-dioxins
(Kociba and Cabey, 1985), whereas hamsters are less sensitive
(Olson ct al., 1980; Wroblcwski and Olson, 1988). These diffcrences
in sensitivity may be due to metabolic activation by the unique
P450-dependent monooxygenase system and substrate specificity
in these species (Koga et al., 1998). For example, in vitro studies
have shown that 3,437, 4"-wetraCB (CYDLAL) is hydroxylated by
rats or hamsters but not by guinea pigs (Koga et al., 1995), whereas
2,4,5,2" 4" 5'-hexaCB (CYP2B18) is hydroxylated by guinea pigs
but hardly by rats or hamsters (Ariyoshi et al., 1997). Therefore,
the different metabolic capacities of PCBs may result in the dif-
ferences in distribution profiles of metabolites in animals exposed
to PCBs.

In the present study, we examined the species differences in tssue
distribution of PCB residues and persistent PCB metabolites among
rats, hamsters, and guinea pigs 5 days after exposure to a technical
PCB mixture, Kanechlor 500. This article describes the 1) comparison .
of the residual PCB profiles (percentage of contribution) in the liver
of these three species, 2) species differences in metabolite profiles of
MeSO,-CBs in the liver and of OH-PCBs in serum, and 3) GC/MS
characterization of unknown metabolites relained in the serum of
guinea pigs.

ABBREVIATIONS: PCB, polychiorinated biphenyl; P450, cytochrome P450; OH, hydroxyl; GB, chlorabiphenyl; QH-PGB, hydroxylated PCB;
MeS0,-CB, methylsulfonyl PCB; GC/MS, gas chromatography-mass spectrometry; GC/ECD, gas chromatography-electron capture detection;

MC, 3-methylcholanthrene.
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TABLE 1
Residual patterns of PCBs in the livers of rats, hamsters, and guinea pigs dosed with Kanechlor 500 (100 mg/kg i.p.)

The 41 major isomers of a total of 61 were quantified and values represent the means for two animals.

Type [UPAC Structure

Relative Cormpositon (%) of PCBs

Rat G‘i},‘ir;m Huruster Kanechlor 500
Group A
4- 28 2,44 - 0.08 1.03 0.15 0.86
37 344'- N.D. 6.01 0.04 0.15
60 234.4'- 0.09 0.37 0.10 0.10
74 2454'- 0.72 4.33 0.74 0.54
81 3454'- N.D. 0.19 0.02 0.007
114 234,54- 0.47 224 0.33 0.25
34 77 3434 0.02 1.82 0.06 0.03
107 23534~ N.D 2.46 N.D. 0.62
118 2,453 4"~ 17.6 322 18.6 7.68
126 34534 0.20 0.41 0.23 0.02
156 23453 4 4.15 5.87 3.33 1.25
3445 157 2343 43" 0.91 110 0.85 0.25
167 245345 1.26 222 L.74 0.45
Sum of group A 235 60.5 26.2 122
Group B
24~ 47 242'4'- 0.18 0.003 N.D. 0.20
49 242" 5" 0.11 0.04 0.05 0.83
85 2,342'4'- 1.75 0.04 0.05 0.83
99 2,452 4" 126 2.44 3.45 3.22
137 23452 4'- 1.28 0.30 0.49 0.42
147 235,62 4'- 0.27 0.02 0.02 0.11
234 87 23472'5"- 0.73 0.34 0.62 3.92
105 23434 5.16 392 444 2.99
128 2342'3"4'- 3.05 N.D. N.D. 2.11
132 234,2' 36" 0.17 N.D. .08 2.34
138 2342'4'5'- 13.7 222 8.81 5.36
170 23452'3"'4'"- 3.01 1.72 2.13 0.96
177 2342'3"'5'6'"- 0.71 0.04 0.08 0.23
195 2345623 4'- 0.2 0.02 0.04 0.05
Sum of group B 429 11.1 203 238
Group C
24,5- 146 2,35,2' 4" 5'- 1.32 1.18 241 0.62
153 2452 4'5'- 121 103 17.0 5.36
180 23452 4'5'- 3.79 2.11 8.68 1.34
183 234,62 4 5'- 1.30 0.35 1.33 0.4t
187 23,562 4'5'- 0.92 0.28 1.63 0.36
203 234562'4'5'- 0.51 0.05 1.21 0.5
2345 194 23452'3'4'5'"- 0.57 0.4 0.57 0.19
201 23452°3°56"- 0.32 0.27 0.94 0.10
Sum of group C 208 13 338 8.53
Group D
2.5 52 252" 5'- 0.08 0.36 1.40 5.56
95 23,625 0.13 0.18 0.73 6.52
101 24,525 1.35 2.15 4.68 1o0.0
141 23452 5" 0.20 0.08 0.59 113
2,3,6- 110 23,634 0.35 0.16 0.41 7.44
149 2362'4,5- 0.58 0.6 0.82 2.76
Sum of group D 2.69 3.53 8.63 334
Tatal % 91.9 90.0 88.9 77.9

N.D.. not detected (< 0.002%).

Materials and Methods

Chemicals. The standard reference compounds, methoxy-PCBs and
MeSO,-CBs, were synthesized as described previously (Haraguchi et al., 1987;
Bergman et al., 1995). Syntheses of veratrolic PCBs will be described else-
where. The chemical names of MeSO,-CBs and OH-PCBs were simplified on
the basis of the IUPAC-derived numbesing system of the parent PCBs. All
solvents (n-hexane, acetone, ethanol, and dichloromethane) were of pesticide
grade (Kanto Chemical Co., Tokyo, Japan).

Animals. Male Wistar rats (b.wt. 190-200 g), male Hartley guinea pigs
(280-290 g), and male Golden Syrian hamsters (80-90 g) were housed three
or four per cage in the laboratory with free access to commercial chow and tap
water. Animals received a single i.p. injection of 100 mg/kg Kanechlor 500
dissolved in corn oil. Control animals received an equivalent volume of vehicle
alone. The animals were sacrificed by decapitation 5 days after injection, and
the liver, lungs, and serum were removed and stored at —20°C until analysis.

Isolation of Metabolites. Tissue samples were treated as described pre-
viously (Haraguchi et al., 1998). Briefly, tissues were homogenized and
exiracted with acetone/n-hexane (2:1, v/v). Two internal standards,
2,3,4,53,4',5'-heptaCB (70 ng) and d-methyl-3-MeSO,-5,2',3",4',5'-
pentaCB (24 ng), were added to each extract, and the mixtures were applied to
a gel-permeation column packed with Bio-Beads S-X3 (50 g; Bio-Rad, Her-
cules, CA). Dichloromethane/sn-hexane (1:1) was used as a mobile phase at a
flow rate of 4 ml/min. The metabolite fraction (120-200 ml) was divided into
phenolic and neutral fractions by partitioning with potassium hydroxide (0.5 M
in 30% ethanol) and sn-hexane. The potassium hydroxide phase was acidified
with hydrochloric acid (2 M, 10 ml) and extracted with n-hexane/diethy! ether
(9:1), and then methylated with diazomethane for 30 min at 4°C. The neutral
fraction (n-hexane layer) was further subjected to silica gel column chroma-
tography (1 g; Wakogel S-1; Wako Pure Chemicals, Osaka, Japan) by elution
with 10 ml of #-hexane for PCBs and successively with 10 ml of dichlorometh-
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Fig. 1. GC/ECD chromatograms of methylsulfonyl PCB metabolites in the livers
of rats (A), guinea pigs (B), and hamsters (C) after exposure to Kanechlor 500 (100
mg/kg i.p.).

ane for MeSQ,-CBs. Serum (0.1-1 ml) was spiked with an internal standard
(2,3,4,5,3' 4',5'-heptaCB), acidified with 4 volumes of 0.5 M HCl and ex-
tracted with n-hexane/diethyl ether (1:1). The phenolic PCB fraction was
spiked with another internal standard (2,3,4,5,6,3’,4',5’-octaCB) and methyl-
ated with diazomethane. Recoveries of 4’'-hydroxy-2,3,4,5,3',5'-hexaCB
added to control serum and liver samples prior to extraction were 89 to 97%
(n = 4) in the phenolic fraction.

Identification and Quantification. Identification of individual PCBs and
phenolic PCB metabolites was performed on a GC/MS system (electron
ionization-selected ion monitoring mode; QP-5000; Shimadzu, Kyoto, Japan)
with a DB-5MS capillary column (60 m X 0.25 mm id. and 0.25-pum film
thickness; J&W Scientific, Folsom, CA). The injection temperature was
250°C. The temperature program was initiated at 100°C (2 min) by 20°C/min
to 250°C, and then by 2°C/min to 290°C (20 min). Helium was used as a
carrier gas at a constant flow rate of 1.0 ml/min. The transfer line and
quadrupole temperatures were 250 and 150°C, respectively. The mono- and
dihydroxylated PCBs were monitored at molecular ion (M*) and M™* + 2 for
methoxy derivatives of tetra-, penta-, and hexachlorinated congeners.

Quantification of PCBs, OH-PCBs, and MeSO,-CBs was performed on a
Shimadzu GC 14A equipped with an electron capture detector (“*Ni-ECD) and
a split-splitless injector operated in the splitless mode. Nitrogen was used as a
carrier and make-up gas. Column conditions were analogous to those described
above for GC/MS. Individual PCBs and metabolites were quantified from the
relative peak area to internal standards by comparison with authentic standards.

Results

Residual PCB Pattern in the Liver. Table 1 shows the percent-
ages of composition of PCBs classified into four groups, A to D, by
chlorination pattern in the livers of rats, hamsters, and guinea pigs.

375

The original composition of major PCB congeners in Kanechlor 500
was 2,5,2',5'-tetraCB (5.6% of total PCBs), 2,3,6,2’,5'-pentaCB
(6.5%), 2,4,52'5-pentaCB (10%); 2.,3,6,3' 4'-pentaCB (7.4%),
2453 4 pentaCB  (7.7%), 2,342’ 4',5'-hexaCB (5.6%). and
24,52'4',5"-hexaCB (5.4%). After exposure of animals to Kanechlor
500, 2,5,2*,5'-tetraCB, 2,3,6,2",5’-pentaCB, 2,4,5,2",5'-pentaCB, and
2,3.6,3' 4"-pentaCB were eliminated rapidly from the livers of all
species. Major PCB residues were 2,3,4,2'4",5'-hexaCB (14% of
total PCBs) in rats, 2,4,5,2",4’,5'-hexaCB (17%) in hamsters, and
2,4,5,3',4’-pentaCB (32%) in guinea pigs. The coplanar PCBs chlo-
rinated at the 4-, 3,4-, or 3,4,5-position (group A, 12% of total PCBs)
were detected in the liver in the folowing order: guinea pigs (61%) >
hamsters (26%) = rats (26%). In contrast, the nonplanar PCBs chlo-
rinated at the 2,4- or 2,3,4-position (group B, 24% of total PCBs) were
more abundant in the liver in the following order: rats (43%) >
hamsters (20%) > guinea pigs (11%). Highly chlorinated PCBs with
2.,4,5-chlorine substitution (group C, 8.5% of total PCBs) were more
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Fig. 2. GC/ECD chromatograms of phenolic PCBs (after methylation) in the serum
of rats (A), guinea pigs (B), and hamsters (C) after exposure to Kanechlor 500 (100
mg/kg i.p-). The phenolic PCB fraction was spiked with 2,3,4,5,6,3,4' 5 -octaCB
(internal standard) after separation of PCBs and then methylated with diazomethane.
See Table 2 for abbreviation on the peak.
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TABLE 2
Levels of MeSO,-PCBs in the livers of rats, guinea pigs, and hamsters dosed with Kanechlor 500

Each value represents the mean * S.E. for three to four animals.

Abbrevialivn Structure

Levels (pg/g wet wt)

Rat Gunea g Tlamster
2,5-Dichloro-substituted
3'-49 3'-MeS0,-24.2",5'-tetraCB 1722 60 = 17 N.D.
4'-4y 4'-MeS0O,-24,2' 53" -teraCB 812 N.D. N.D.
3-70 3-MeS0O,-2.53" 4'-tetraCB 50+ 11 6+2 6% 1
4-70 4-MeS0,-2,5,3" 4'-tetraCB 41 =6 N.D. 207
387 3'-MeS0O,-2,3,4,2,5'-pentaCB 12 £ 8 160 * 44 7+3
4'-87 4'-MeS0,-2,3,4.2",5 -pentaCB 27+ 4 70 + 7 S5x2
3104 3'-MeS0,-2,4,52",5"-pentaCB 43 + [0 32x4 42+ 10
4'-10L 4'-MeS0O,-24,5,2" 5" -pentaCB 48 £ 5 &2 25x5
3'-141 3'-MeS0,-2,3.4,3,2'.5"-hexaCB 2x1 33+4 N.D.
4'-141 4'-MeS0,-2,34,5,2' 5'-hexaCB 3x ) N.D N.D.
Total 271 * 44 366 = 72 105 = 16
2,3,6-Trichlora-substituted
5-64 5-MeS0,-2.3,6,4'-teraCB 51 130 = 26 N.D.
4-64 4-MeS0,-2,3,6,4-tetraCB 6+ 1 N.D. N.D.
5-91 5-MeS0,-2.3,6,2'4'-pentaCB 4+ 77+ 19 15+ 4
491 4-MeSO,-2.3.6,2" 4"-pentuCB 2+1 N.D. 92
5-110 5-MeS0,-2,3,6,3"' 4'-pentaCB N.D. 6+2 N.D.
4-110 4-MeS0,-2.3,6,3" 4'-pentaCB 42+9 N.D. 5+3
5'-132 5'-MeS0O,-2,3,4,2',3".6"-hexaCB 20 1 4 146 ' 42 211
4'-132 4'-MeS0;-2.3.4.2°,3'.6'-hexaCB 213 N.D. N.D.
5'-149 5'-MeS0,-2,4,5,2",3",6'-hexaCB 142 110+ 21 2+1
4'-149 4-MeS0,-24,5,2' 3" .6"-hexaCB 17+3 N.D. 3x |
Total 131 =120 469 + 82 368
Sum meta-MeSO,-CBs 187 = 50 760 * 93% 74 =16
Sum para-MeSO -CBs 21571 75 % 133 67 = I
Total MeSO,-CBs 402 ' 90 833 1 184 141 v+ 42%
Ratio
mela-Ipara-M50,-CBs 0.87 10.1 110
2,5-/2.3,6-chloro substituted 2.07 .78 29

N.D.. not detected (<0.1 pa/g).
* Significantly different from rats, P <2 0.01 1Swmdent’s | tesy).

resistant to metabolism in the order hamsters (34%) > rats (21%) >
guinea pigs (15%). Nonpersistent PCBs with 2,5~ or 2,3,6-chlorine
substitution (group D, 33% of total PCBs) were eliminated more
rapidly in rats (2.7%) and guinea pigs (3.5%) than in hamsters (8.6%).

MeSO,-CBs in the Liver. Figure 1 shows the ECD gas chromato-
grams of the MeSO, fraction of Liver extracts of the three species treated
with Kanechlor 500. GC/MS analysis showed that most of the MeSO,-
CBs detected were originated from 2,5-di- or 2,3,6-trichloro-substituted
congeners. The levels and meta/para substitution ratios of MeSO,-CB
congeners in the liver are shown in Table 2. Rats showed preferential
production of meta- and para-substituted MeSO, metabolites of
2,53"4"-tetraCB, 2,3,4,2',5'-pentaCB, 2,4,5,2',5'-pentaCB, 2,3,6,3',4'-
pentaCB, 2,3,4,2",3",6'-hexaCB, and 2,3,6,2' 4',5'-hexaCB, with a sim-
ilar 3-/4-substitution ratio. Hamsters produced minute amounts of meia-
and para-substitated MeSO,-CBs derived from 2,5,3’ 4'-tetraCB and
2,4,5,2',5'-pentaCB. In contrast, guinea pigs showed selective pro-
duction of meta-substituted MeSO,-CBs derived from 2,3,6,4'-
tetraCB, 2,3,6,2',5"-pentaCB, 2,4,5,2',5'-pentaCB, 2,3,4,2',3',6'-
hexaCB, 2,3,4,5,2',5'-hexaCB, and 2,3,6,2',4',5"-hexaCB, although
2,3,4,2",5-pentaCB yielded 3'- and 4'-MeS0,-2,3,4,2',5'-pentaCBs
at a similar concentration ratio (Fig. 1). Total levels of MeSO,-CBs
were higher in the order guinea pigs > rats > hamsters. The concen-
tration ratios of meta- and pura-MeSO,-CBs were the highest (10.1)
for guinea pigs, whereas the ratios were 0.87 and 1.10 for rats and
hamsters, respectively. On the other hand, marked and selective
retention of 4'-MeS0,-2,4,5,2",5'-pentaCB was observed in the lungs
of rats (4'-/3'-MeSO, substitution ratio = 11), although no selective
retention of para-MeSO,-CBs was observed in the lungs of guinea
pigs or hamsters (data not shown).

OH-PCBs in Serum. Figure 2 shows the retention profiles of
phenolic PCBs in serum of the three species after exposure to Kane-
chlor 500. The concentrations of major OH-PCBs and the metabolite/
parent CB ratios are shown in Table 3. Rat serum showed specific
retention of 4-OH-2,3,5,3"4'-pentaCB (89% contiibution), most
likely derived from 2,3,4,3’,4’-pentaCB and/or 2,4,5,3',4’-pentaCB.
On the other hand, guinea pig serum showed specific retention of
3-OH-2,4,5,2" 4'-pentaCB  (56%) and 3-OH-2,4,5,3',4’-pentaCB
(20%). In contrast, hamster serum retained primarily 3',4’-(OH),-
2,4,52'.5"-pentaCB, 4,5-(0H),-2,3,6,3’,4'-pentaCB, and 4,5-(OH),-
2,3,6,2',4',5"-hexaCB, as well as 3- or 4-hydroxy metabolites derived
from 2,4,5,2',4"-pentaCB and 2,4,5,3',4"-pentaCB (Fig. 2). Thus,
phenolic PCB levels showed the following order: hamsters > rats >
guinea pigs. The ratios of 3-OH-2,4,5,2'4"-pentaCB/2,4,5,2',4'-
pentaCB were higher in hamsters (12.3) and guinea pigs (12.0) than in
rats (0.3). The ratio of (4-OH-2,3,5,3" 4'-pentaCB + 3-OH-24,5,3,4'-
pentaCB)/(2,3,4,3' 4"-pentaCB + 2,4,5,3".4’-pentaCB) was higher in
rats (6.3) than in guinea pigs (0.6).

Metabolites in the Serum of Guinea Pigs. The phenolic fraction
in the serum of guinea pigs contained several persistent metabolites
with different molecular weights from OH-PCBs or MeSO,-CBs,
although no such metabolites were detected in rats and were formed
at lower levels in hamsters. Figure 3 shows the GC/MS total ion
chromatogram of phenolic fraction (M,~M,, at longer GC retention
times than MeSO,-CBs) in the serum of guinea pigs after exposure to
Kanechlor 500. The electron impact mass spectra of M, to M, are
shown in Fig. 4. By GC/ECD and GC/MS analyses, M, was tenta-
tively identified as methoxy-MeSO,-tetraCB (M™*, m/z = 398), and
M, as a methoxy-MeSO,-pentaCB (M*, miz = 432) due to a frag-
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TABLE 3
Serum concentration of phenolic PCBs in rats, guinea pigs, and hamsters after dosing with Kanechlor 500 (100 mg/kg i.p.)

Each value represents the mean £ S.B. for three to five animals.

Serum Concentration (ng/g wet wt}

PCB und Metabolite Congeners

Rat Guinca Dig TTamster
24572 A-pentaCB (CB99) 333 12x2 §x2
3-OH-2.4,5.2' 4"-pentaCB 9x2 144 = 40 422
4-0I1-2,3,5.2"4"-pentaCB N.D. N.D. 2408
Ratio of OH-PCBs/CB99 027 %022 120+ 2.0% 123 = 2.1%
234.3" 4"-pentaCB (CB105) 15%3 20%3 14+2
2,453 4-penaCB (CB118) 56 % 6 87+ 14 50 = 14
3-OH-2.4,5.3" 4"-pentaCB 12+3 5110 376
4-0H-2,3,5,3' 4'-pentaCB 42275 N.D. 1+ 16
Ratio of OH-PCBs/(CBLOS + CBLLS) 63+09 059 * 0.1 3.0 = 0.5%
234.2' 4" 5-hexaCB (CB138) PER-} 38x7 37+3
3-0H-2.3,4.2" 4' 5 -hexaCB 144 336 24+ 6
4'-0H-2,3,4.2'.3',5'-hexaCB N.D. N.D. 1L=3
Ratio of OIT-PCBs/CB138 0.15 ' 0.02 0.87 1+ 0.11* 0.95 1 0.14*
2.3,5.2' 4" 5'-hexaCB {CB146) 13£3 91+20 6.2+ 21
24,52 4' 5'-hexaCB (CB133) 80 = 15 Tdx 55+
3-OH-2,4.5,2' 4',5" -hexaCB 9% 3 28+ 8 4+
4-OH-23.5,2' 4',5"-hexaCB N.D. N.D. 3+
Ratio of OH-PCBs/(CBL46 + CB153) 0.11 £0.02 0.38 = 0.06* 0.13 = 0.02
3' 4'-dihydroxy-24,52", §'-pentaCB (diOH-CB101) ND. 9x13 42+6
4,5-dihydroxy-2,3.6,3" 4"-pentaCB (diOT-CB110) N.D. N.D. 84 1 10
4.5-dihydroxy-2.3.6,2 4'.5'-hexaCB (diOH-CB149) N.D. N.D. 61+9
Total phenolic PCBs 386 + 20 256 + 32% 475 + 49%

N.D., not detected (<0.005 pa/g).
# Significantly differsut from rats, P < 0.01 (Student’s / test).

ment ion, [M — 811" (due to loss of oxygen and OCH,Cl from M™),
and [M — 144]™ (loss of OCH,C1-0-SOCH,, from M ™). M,, showed
a weak molecular ion (n/z = 400) and an abundant fragment at [M —
32]7 (loss of two oxygen atoms from M™), which was characteristic
of vicinal methoxy-methylthio-pentaCB. M_ showed a weak molec-
ular ion (m/z = 416), and fragment ion [M — 16]* (loss of oxygen)
as a base peak that was characteristic of vicinal methoxy-methylsulfi-
nyl pentaCBs. Thus, the PCB metabolites in the serum of guinea
pigs were tentatively identified as hydroxy-MeSO,-tetraCB for M,,
hydroxy-methylthio-pentaCB for M, hydroxy-methylsulfinyl-
pentaCB for M,, and hydroxy-MeSO,-pentaCB for M.

Discussion

Although oxidative metabolism of PCBs by rats has been studied
extensively (Kato et al., 1980; Kaminsky et al., 1981), there has been
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FiG. 3. Total ion chromatogram of GC/MS (electron impact mode) of phenolic
PCBs (after methylation) in guinea pigs after exposure to Kanechlor 500 (100 mg/kg
ip.). The phenolic fraction was spiked with 2,34,5,6,3'4’,5"-octaCB (internal
standard) after separation of PCBs.

only limited comparative analysis of in vivo metabolism of PCBs
between hamsters and guinea pigs (Koga and Yoshimura, 1996). The
results of the present study indicated that the tissue distribution
profiles of PCB residues and OH- and MeSO,-CBs were largely
dependent on the chlorination patterns classified into four groups.
This may have been due (o differences in substrate specificity of each
species, especially between guinea pigs and hamsters, following ad-
ministration of Kanechlor 500.

PCB Residues in the Liver. The percentage composition of resid-
ual PCBs in the liver indicated that guinea pigs had lower elimination
ratios of coplanar PCBs with 4-, 3,4-, or 3,4,5-chlorine substitution
(group A in Table 1) than rats or hamsters. For example, the compo-
sition of 3,3’,4,4'-tetraCB, which originally accounted for 0.03% in
Kanechlor 500, increased to 1.8% in the livers of guinea pigs 5 days
after exposure, whereas the values were 0.02 and 0.06% in the livers
of rats and hamsters, respectively (Table 1). These observations
suggest that guinea pigs have lower ability to metabolize coplanar
PCBs. This was supported by the in vitro observation that 3,3',4,4'-
tetraCB can hardly be metabolized by liver microsomes from MC or
phenobarbital-treated guinea pigs, whereas it is metabolized effec-
tively by those of rats and hamsters treated with MC (Koga et al.,
1995). The reduced elimination of coplanar PCBs may partially ex-
plain the higher sensitivity to the toxicity of coplanar PCBs in guinea
pigs.

On the other hand, hamsters exhibited reduced elimination of the
2,4,5-trichloro-substituted CB congeners (group C) compared with
rats or guinea pigs. This observation suggests that hamsters have a
reduced capability to hydroxylate 2,4,5-trichloro-substituted CBs than
the other two species. The results of a previous in vitro study indicated
that 2,4,5,2',4",5'-hexaCB can hardly be metabolized by rats or ham-
sters, whereas it is metabolized effectively by guinea pigs (Ariyoshi et
al,, 1997). This may be due to the lower levels of induction of
CYP2B1/2 in rats and hamsters compared with guinea pigs. CYP3A
may aiso be related to the metabolism of these PCBs, depending on
species. Furthermore, it is nofed that nonpersistent CBs with 2,5- or
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FIG. 4. Mass spectra of M, through M, in total ion chromatogram (Fig. 3) of phenolic metabolites (as methy! derivatives) from the serum of guinea pigs after exposure
to Kanechlor 500.
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2,3,6-chlorine substitution (group D) tend to be eliminated more
slowly in hamsters than in rats or guinea pigs. The reduced elimina-
tion of these congeners is probably due to the lower catalytic activity
of CYP2B in hamsters than in rats (Ishida et al., 1991; Koga et al.,
1995), or to the lower abilities of phase II isozymes, such as gluta-
thione S-transferase, to conjugate for subsequent excretion in ham-
sters.

MeSO,-CBs in Liver. The MeSO, metabolites detected in the
present study were consistent with the results of previous studies
regarding metabolism of PCB congeners with 2,5- or 2,3,6-chlorine
substitution (Haraguchi et al., 1997, 1999). However, the levels and
metabolite profiles in guinea pigs and hamsters were quite different
from those in rats. Hamsters formed minute amounts of meta- and
para-MeSO,-CBs from 2,5,3',4'-tetraCB and 2,4,5,2’,5'-pentaCB,
whereas guinea pigs produced much higher levels of MeSO,-CBs and
showed selective distribution as mera-substituted-MeSQ,-CBs de-
rived from CBs with 2,3,6-chlorine substitution. These results indicate
that the meta-position of the 2,3,6-trichlo-substituted phenyl ring in
the molecule is the preferred site for methylsulfonylation and guinea
pigs may have substrate-specific phase I isozymes that catalyze the
nucleophilic reaction of arene oxide intermediates with sulfhydryl
groups. Indeed, the selective retention of meta-MeSO,-CBs has been
observed in the livers of otters, minks, and seals in Canadian and
Swedish water (Bergman et al, 1994b). Especially, 5'-MeSO,-
2,3,4,2"3",6'-hexaCB was the most abundant in human tissues (Chu
et al,, 2003). Kato et al. (1997) reported that only meta-substituted
MeSO,-CBs strongly induced CYP2B1/2 and reduced the serum
thyroid hormone level in rats. Exposure of minks to a synthetic

Ma
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mixture of meta- and para-MeSO,-CBs also resulted in the selective
retention of meta-MeSO,-CBs in the liver and increased induction of
some hepatic CYP2B isozymes as well as alteration of thyroid hor-
mone levels in blood (Lund et al., 1999). Higher levels of induction of
CYP2B1/2 by MeSO,-CBs as well as induction of CYP3A-like ac-
tivity (Schuetz et al., 1986, 1998) may alter the metabolic pathways of
individual PCBs in rats and contribute to the high level of toxicity of
nonplanar PCBs.

Phenelic PCBs in Serum. For the three species examined in the
present study, persistent OH-PCBs in serum were derived metaboli-
cally from 2,4,5-trichloro-substituted CBs (e.g., 2,4,5,2’,4"-pentaCB,
2,4,53' A'-pentaCB, 2,3,4,2",4',5"-hexaCB, and 2,4,5,2'4’,5"-hexaCB)
via direct insertion of a hydroxyl group into the 3-position or via
epoxidation and subsequent NIH chlorine shift at the 4-position.
Indeed, all the OH-PCBs detected in the present study have been
observed in gray seal and in human blood (Bergman et al., 1994a;
Sandau et al., 2000); however, the levels of OH-PCBs and metabolite/
parent CB ratios were species-specific since different species have
different types of P450 enzymes (Koga et al.,, 1998).

Exposure of animals to Kanechlor 500 resulted in higher levels
of elimination of 2,4,5,3".4’-pentaCB in rats than in guinea pigs or
hamsters. For this metabolism, rats showed selective formation of
4-OH-2,3,5,3",4’-pentaCB (metabolite/parent CB ratio = 6.3),
whereas guinea pigs showed selective formation of 3-OH-2,4,5.3' 4'-
pentaCB (ratio = 0.59). Hamsters showed formation of 3-OH-
2,453 4"-pentaCB and 4-OH-2,3,5,3’ 4’-pentaCB in a ratio of 1:3
(ratio = 3.0). Although serum does not necessarily have the same
profile as liver, the differences in the levels of OH-PCBs and bio-
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transformation ratios in serum may be explained by the species-
dependent metabolic capacities. In fact, these results are consistent
with the in vitro observation that 2,4,5,3",4'-pentaCB can be metab-
olized readily to 4-OH-2,3,5,3' 4'-pentaCB (CYP1A1/2) by MC-
inducible hepatic microsomes of rats, whereas it shows a lesser degree
of metabolism to 2- or 3-OH-2,4,5,3',4’-pentaCB (CYP2B18) by
guinea pig liver microsomal P450 isozymes (Koga et al., 2002).

For metabolism of 2,4,5,2’,4’-pentaCB, both guinea pigs and ham-
sters showed selective formation of 3-OH-2,4,5,2",4’-pentaCB (trans-
formation ratios = 12.0 and 12.3, respectively), whereas this PCB was
relatively resistant to metabolism by rats (ratio = 0.27). On the other
hand, the elimination of 2,4,5,2',4',5'-hexaCB and 2,3.4,2'4',5'-
hexaCB was delayed in rats and hamsters, resulting in lower distri-
bution of their metabolites in the liver. These findings were supported
by those of previous in vitro studies indicating that 2,3,4,2’ 4',5'-
hexaCB and 2,4,5,2',47,5'-hexaCB can be hydroxylated effectively by
the guinea pig cytochrome P450 isoform CYP2B18 but are resistant to
metabolism by rats or hamsters (Koga et al., 2001).

Other persistent phenolic PCBs were catechol metabolites derived
from CBs with 2,5- or 2,3,6-chlorine substitution (e.g., 2,4,5,2’.5'-
pentaCB, 2,3,6,3' 4"-pentaCB, and 2,3,6,2' 4',5"-hexaCB), which were
retained in the serum of hamsters at concentrations similar to those of
monohydroxylated PCBs. The formation of catechol may involve a
two-step direct hydroxylation process or a pathway via arene oxide and
dihydrodiol intermediates. Thus, the tissue distribution rafios of catechols
in hamsters and of MeSO,-CBs in guinea pigs would reflect the extreme
differences in metabolism of CBs with 2,5- or 2,3,6-chlorine substitution.
Although their mechanisms of retention are still unknown, catechols may
act as endocrine distuptors, similar to OH-PCBs, with affinity to the
thyroid hormone transport protein transthyretin, concomitant with a re-
duction in circulating thyroid hormone level (Brouwer et al., 1998) or to
estrogen receptor with estrogenicity (Garner et al., 1999).

The phenolic PCB fraction in the serum of Kanechlor 500-treated
guinea pigs contained several additional metabolites that were observed
in GC/MS total ion chromatograms at longer GC retention times than
those of MeSO,-CBs (Fig. 3). Two of these, M, and M, were identified
tentatively as hydroxy-MeSO,-tetraCB and -hexaCBs, respectively. The
other two, M, and M, were presumably the precursors of M, because
when the fraction was oxidized chemically, the two peaks were converted
to the corresponding methylsulfones (M,). Mio and Sumino (1985)
identified 3-hydroxy-4-methylthio-2,5,2",5’-tetraCB in the feces from
rafts, mice, and guinea pigs dosed with 2,5.2",5'-tetraCB, suggesting that
the precursor of the metabolite was 3,4-epoxide. The epoxide may have
been opened by nucleophile attack of the sulfhydryl group and subse-
quently converted to the hydroxylated metabolite by dehydrogenation
(Bakke et al., 1982). Therefore, the metabolites retained in the serum of
guinea pigs may be congeners containing a hydroxyl group in the position
adjacent to the MeSO, group.

Conclusion

In Kanechlor 500 metabolism, guinea pigs showed reduced elimi-
nation of coplanar PCBs with 4-, 3,4-, or 3,4,5-chlorine substitution.
In contrast, hamsters showed reduced elimination of 2,4,5-trichloro-
substituted PCBs. Guinea pigs exhibited a higher ability for selective
metabolism of CBs with 2,3,6-chlorine substitution to meta-MeSQ,-
CBs, whereas hamsters showed selective metabolism to catechol
metabolites. The reduced elimination rate for coplanar PCBs and the
differences in distribution of meta-MeSO,-CBs, and phenolic and
catechol PCBs may have implications for the differences in sensitivity
to PCB toxicity between guinea pigs and hamsters.
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Abstract

Polychlorinated. biphenyls (PCBs) are metabolized to phenolic or methylsulphonyl PCBs (MeSO,-
CBs) in animal species. The study determined the species differences in the tissue distribution of
persistent PCB metabolites in rats, mice, hamsters and guinea pigs 4 days after exposure to
2,4,5,2',5-pentachlorobiphenyl (CB101) or 2,3,4,2,3",6'-hexachlorobiphenyl (CB132). For CB101
metabolism, the hydroxylation in rats, mice and hamsters occurred primarily at the 3™-position in
the 2/,5"-dichlorinated pheny! ring, whereas the hydroxylation in guinea pigs occurred preferentially
at the 3-position. Metabolite profiles in tissues of hamsters were dominated by 3',4'-catechol-
CB101, whereas metabolite profiles in rats and mice were dominated by 3'- or 4-MeSO,-CBs. For
CB132 metabolism, rats and mice produced 4~ and 5-MeSO,-CBs at similar concentration ratios,
whereas guinea pigs produced MeSO;-CBs at higher levels and selectively retained 5-MeSO,-CB
in liver. In contrast, hamsters preferentially produced 4',5'-catechol-CB132 that was retained in
serum. Consequently, hamsters produced catechols, whereas guinea pigs produced meta-substituted
MeSO,-CBs, preferentially from CB132. These findings indicate that PCBs with 2,3,6-chlorine
substitution are preferred substrates for the formation of catechols or MeSO,-CBs and the differences
in metabolite profiles are related to species-dependent metabolic capacities.
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Introduction

Non-planar polychlorinated biphenyls (PCBs) with meta/para-unsubstituted carbon atoms
are major components of technical PCB mixtures and are detected frequently in the
environment and biota (Brevik et al,, 2002). These PCBs are readily metabolized by
cytochrome P450 (CYP)-mediated enzymes to phenolic PCBs via arene oxide intermediates
(Forgue et al., 1979) or by direct insertion of a hydroxyl group (Preston et al. 1983).
The arene oxides are metabolized further to methylsulphonyl PCBs (MeSO,-CBs) via the
mercapturic acid pathway (Bakke et al., 1982).

MeSO,-CBs have been detected in the liver and adipose tissues of both wildlife
(Haraguchi et al., 1992, Bergman et al., 1994, Klasson-Wehler et al., 1998) and humans
(Chu et al., 2003). These metabolites, particularly mera-substituted MeSQO,-CBs, have
been shown to induce extensively CYP2B-related enzymes in rats (Kato et al., 1995) and
to elicit hormone-disrupting effects (Letcher et al., 2002).

Catechols have been shown to be produced by in vive and in vitro metabolism of selected
PCBs in some species (McLean et al., 1996, Garner et al., 1999). More recently, several
catechol PCBs were identified in uridine diphosphate glucuronosyltransferase (UGT)-defi-
cient Gunn rats following administration of a PCB mixture, Kanechlor 500 (Haraguchi et
al., 2004). The results indicated that CBs with 2,5- or 2,3,6-chlorine substitution could
be preferred substrates for the formation of catechols. Several catechols from lower chlori-
nated biphenyls had potential oestrogenic activities i vitro (Garner et al., 1999) and might
be related to perturbation of the endocrine systems (Garner et al., 2000).

An i1 wvitro study with 2,5,2,5"-tetraCB metabolism has demonstrated that there are
marked differences in the catalytic activity of each P450 (phase I) in hydroxylation among
animal species (Koga et al., 1998a); 3-hydroxylation is mediated by guinea pig liver micro-
somal CYP2B18 (Koga et al., 1998b), whereas 4-hydroxylation is mediated by hamster liver
microsomal CYP2A8 (Koga et al., 1996). An in witro metabolism study by Tampal et al.
(2002) has demonstrated that some persistent phenolic PCBs in the body are poor sub-
strates for UGTs (phase II) and resist conjugation, whereas the present i vivo study in
Gunn rats indicated that catechol PCBs might be substrates for UGTs (Haraguchi et al.
2004). The findings suggest that the persistent PCB metabolite profiles in tissues vary
largely depending on the activities of phase I or IT enzymes in different species or strains.

The study was performed to gain insight into the species differences in the distribution
of phenolic PCBs, catechols and MeSQ,-CBs in the liver and serum after in vivo exposure
to 2,4,5,2',5"-pentachiorobiphenyl (CB101) and 2,3,4,2',3',6'-hexachlorobiphenyl (CB132)
in Wistar rats, ddy mice, Syrian hamsters and Hartley guinea pigs.

Materials and methods
Chemicals

CB10! and CB132 were synthesized by the Cadogan (1962) coupling reaction. The
3-methoxy- and 4-methoxy-2,4,5,2/,5-pentaCBs, and 4’-methoxy- and 5-methoxy-
2,3,4,2,3,6"-hexaCBs were synthesized by the method of Bergman et al. (1995). 3-
and 4-MeS0,-2,4,5,2',5-penta-CBs, and 4'- and 5-MeSO,-2,3,4,2,3',6-hexaCBs were
synthesized as described (Haraguchi et al.,, 1987). 3'-Methoxy-2,4,5,2,5-pentaCB
was synthesized from 2,5-dichloroaniline and 2,3,6-trichloroanisole. 3',4-Dimethoxy-
2,4,5,2",5"-pentaCB and 4,5-dimethoxy-2,3,4,2',3,6"-hexaCBs were synthesized from
4-aminoveratrole and chlorobenzene as described by Haraguchi et al. (2004). The purities
of isomers were determined to bé > 99% by gas chromatography. Phenolic metabolites were
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methylated by diazomethane prepared from N-methyl-N'-nitro-N-nitroso-guanidine and
6 M sodium hydroxide solution. Note that diazomethane is potentially toxic by inhalation
and therefore should be carefully handled in a well-ventilated place.

Ansmal treatmnents

Male Wistar rats (150-200g), male ddy mice (27-35 g), male Syrian hamsters (95-120g)
and male Hartley guinea pigs (400-540g) were obtained from Japan SLC., Inc. (Shizuoka,
Japan). Animals were housed three or four per cage with free access to commercial chow
and tap water, and maintained under a 12-h dark/light cycle (lights on, 08.00-20.00 hours)
in an air-controlled room (24.5+1°C, 55% +£5% humidity). Animals received an
intraperitoneal injection of CB101 (11mgkg™!) and CB132 (19mgke™) dissolved in
Panacete 810 (5 mlkg™"). Food and water were provided ad Ibitusm. All animals were killed
by decapitation on day 4 after dosing, and the liver, lung, adipose tissue and blood were
removed, weighed and stored at —20°C before chemical analysis.

Sample clean—up procedure

Sample clean-up and quantification were carried our as described (Haraguchi et al., 1998).
Briefly, tissue samples were homogenized with acetone/n-hexane (2:1, v/v). Three internal
standards were added to each extract, which were then applied to a gel permeation column
packed with Bio-Beads S-X3 (50g, Bio-Rad Laboratories, Hercules, CA, USA).
Dichloromethane/n-hexane (1:1) was used as a mobile phase at a flow rate of 4mlmin~!.
The metabolite fraction (120-200ml) was collected and concentrated to dryness. The
residue was methylated by diazomerhane. The methylated fraction was subjected to a silica
gel (1g, Wako gel S-1, Wako Pure Chemical Industries, Osaka, Japan), eluted with

dichloromethane (10ml). The eluate was analysed without any further purification.

Instruments and quantification

Structural identification of PCBs and their metabolites was carried out on a GC/MS
system (AOC-17, GC-17A, QP-5000, Shimadzu, Co., Ltd, Kyoto, Japan) with a DB-5MS
capillary column (60m x 0.25mm i.d.; J&W Scientific, Folsom, CA, USA) in electron
ionization — scan mode. Temperature programme: 100°C (Zmin), 100-250°C at
20°Cmin~}, 250-280°C at 2°C min~!. Quantfication of PCBs and PCB metabolites was
performed on a GC-14A (Shimadzu) instrument equipped with a ®Ni electron capture
detector (ECD) with column conditions analogous to those described for GC/MS. The
three internal standards, 2,3,4,5,6,3,4',5-0ctaCB, 4-OH-2,3,5,6,3',4',5-heptaCB and 4-
methyl-3-MeSQO,-5,2/,3,4',5-pentaCB, were used for quantification. The phenolic meta-
bolites were analysed as their methoxy derivatives by comparison with authentic standards.
Recoveries of 4-hydroxy-2,3,3,4,5,5-hexaCB spiked into control liver samples before
extraction were 88-92% (n=4).

Results
CB101 metabolism

After exposure of four species to CB101, four phenolic PCB metabolites (as methylated
derivatives) and two MeSO,-CBs were isolated from the extracts of all tissues. By GC/MS
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comparison with authentic compounds, these metabolites were identified as 3-OH-, 3'-OH-,
4-OH- and 3/,4'-(0OH),-2,4,5,2,5-pentaCBs, and 3’-MeSO,- and 4-MeS0,-2,4,5,2/,5'-
pentaCBs. These metabolites were characterized by Haraguchi et al. (1999, 2004).

Figure 1 shows the concentrations of six PCB metabolites in liver and serum of the four
species dosed with CB101. In rats and mice, 3-MeSQ,- or 4-MeS0,-2,4,5,2',5"-pentaCBs
were predominant metabolites in the liver, followed by 3'-0H-2,4,5,2",5-pentaCB, whereas
3,4-(OH),-2,4,5,2",5-pentaCB was a predominant metabolite in serum, followed by
3-OH-2,4,5,2,5"-pentaCB. In guinea pigs, 3-OH-2,4,5,2",5"-pentaCB was a predominant
metabolite in the liver, followed by 3-OH-2,4,5,2',5-pentaCB, and their concentrations
were higher than MeSO,-CBs. In hamsters, 3,4"-(OH),-2,4,5,2',5-pentaCB was a predo-
minant metabolite in both liver and serum.

The concentrations of unchanged CB101 and its metabolites in adipose tissue, liver, lung
and serum are summarized in Table 1. In rats and mice, MeSQO,-CBs were retained in adi-
pose tissue, and a lesser extent in lung. In guinea pigs, MeSO,-CBs were most abundant in
adipose tissues. In hamsters, 3',4'-(0H),-2,4,5,2",5"-pentaCB constituted more than 90% of
total phenolic PCBs in all tissues and the concentration was the highest in adipose tissues,
followed by serum. The ratios of catechol to parent CB101 were the highest (1.75) in serum
of hamsters.

CB132 metabolism

After treatment of four species with CB132, three phenolic PCBs (as methylated derivatives)
and two MeSO,-CBs were detected in all tissues. They were identified as 4-OH-, 5-OH-
and 4',5-(0H),-2,3,4,2,3,6-hexaCBs, and as 4-MeSO,- and 5-MeS0,-2,3,4,2',3,6'-
hexaCBs. The characterization of catechol metabolite was described by Haraguchi et al.
(2004).

Figure 2 shows the concentrations of five PCB metabolites in liver and serum of the four
species dosed with CB132. In rats and mice, persistent metabolites in the liver were domi-
nated by 4'- or 5-MeS0,-2,3,4,2/,3',6'-hexaCBs, followed by 5-OH-2,3,4,2',3',6"-hexaCB.
In guinea pigs, on the other hand, 5-MeSQ0,-2,3,4,2',3",6-hexaCB was selectively distri-
buted in liver (5-/4'-MeSO;-hexaCB ratio =4.2). In hamsters, 4,5"-(0H)2-2,3,4,2',3,6'-
hexaCB was a predominant metabolite in both liver and serum.

The tissue concentrations of unchanged CB132 and its metabolites are summarized in
Table II. In rats, mice and guinea pigs, MeSO,-CBs were predominantly distributed to adi-
pose tissues with less accumulation in liver and lung, and the lowest concentration in serum.
Particularly in the liver of guinea pigs, the sum of MeSQO,-CB levels was higher than the
residual CB132 level (the ratio of MeSO,-CBs/CB132 = 1.8). In contrast, hamsters retained
4,5'-(OH);-2,3,4,2',3,6-hexaCB in adipose tissues at higher levels than rats or mice.
The concentration ratios of the catechol to parent CB132 were the highest (5.5) in serum,
followed by lung.

Discussion

The study indicated that metabolism of CB101 and CB132 by the four species examined
resulted in considerable variations in the tssue distribution profiles of catechols and
MeSO,-CBs. After treatment with each PCB, rats, mice and guinea pigs preferentially
produced two MeSO,-CBs, whereas hamsters preferentially produced a catechol
metabolite. In addition, guinea pigs exhibited different metabolite profiles for CB101 and
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Figure 1. Concentrations of six PCB metabolites present in the liver and serum of four
species after exposure to 2,4,5,2',5-pentachlorobiphenyl (CB101) (11mgkg™?, ip.). Values are
the mean = standard error (vertical bars) for n=4; diOH-CB101 = 3',4-(0H)»-2,4,5,2’,5"-pentaCB.

CB132. The structures of major PCB metabolites distributed in tissues of guinea pigs and
hamsters are shown in Figure 3.

Merabolic pathways

The metabolism of each PCB involved hydroxylation, catechol formation and merthyl-
sulfonylation in all species. Hydroxylation proceeds mainly at the mera-position in the
2/,5'-dichlorinated phenyl ring for CB101, and in the 2,3,6"-trichlorinated phenyl ring
for CB132, probably via direct insertion of a hydroxyl group (Preston et al., 1983).
Methylsulfonylation proceeds mainly at the mera/para unsubstitured position of the phenyl
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Table I. Concentrations and ratios of unchanged PCB, hydroxy- and methylsulfonyl metabolites in tissues of rats,
mice, guinea pigs and hamsters 4 days after exposure to 2,4,5,2,5-pentachlorobiphenyl (CB101, 11 mgkg™, i.p.).

1

Concentration (pgg™ wet weight)

Adipose tissue Liver Lung Serum

Rat

Unchanged CB101 58+21 0.8740.19 0.23£0.10 0.18+0.03

L OH-PCB 0.454+0.14 0.09+0.03 0.080.02 0.11+0.03

OH-PCBs/CB101 0.01 0.10 0.35 0.61

% MeS0O,-CB 1.9+0.4 0.1140.02 055%0.17 0.0340.01

MeSO,-CBs/CB101 0.03 0.13 2.39 0.17
Mouse

Unchanged CB101 22+6.5 1.140.7 0.31£0.12 0.31+0.13

% OH-PCB 0.20+0.10 0.09 £ 0.03 0.044+0.01 0.09:£0.02

OH-PCBs/CB101 0.01 0.08 0.13 0.29

¥ MeS0,-CB 23409 0.224+0.04 0.99+0.22 0.03+0.01

MeSO,-CBs/CB101 0.10 0.20 3.19 0.10
Guinea pig

Unchanged CB101 8.3+0.3 0.38+0.09 0.08+0.03 0.05+0.02

¥ OH-PCB 0.17+0.02 0.17+0.03 0.05+0.02 0.04+0.01

OH-PCBs/CB101 0.02 0.45 0.63 0.80

% MeSO,-CB 0.624+0.25 0.06£0.01 0.06 +£0.02 0.01+0.002

MeSO,-CBs/CB101 0.07 0.16 0.75 0.20
Hamster

Unchanged CB101 10£3.5 0.68+0.24 0.134+0.05 0.124+0.04

¥ OH-PCB 0.52+0.12 0.08 £0.02 0.08+0.03 0.21+0.03

OH-PCBs/CB101 0.05 0.12 0.62 1.75

% MeSO,-CB 0.06+0.02 0.01 £0.003 0.002 +£0.001 0.002+0.001

MeSO,-CBs/CB101 0.01 0.01 0.02 0.02

Values are means = standard errors for #=4; ¥ OH-PCB, sum of four phenolic metabolites including catechol;
¥, MeSO,-CB, sum of two MeSO,-CBs.

ring for both CBs via the mercapturic acid pathway from arene oxide intermediates
(Bakke et al., 1982). Catecholation, on the other hand, involves two possible pathways.
One possibility is further oxidation of phenolic CBs, in which the major metabolite 3-OH-
2,4,5,2',5"-pentaCB for CB101 or 5-0H-2,3,4,2',3',6"-hexaCB for CB132 could be a
substrate for formation of the catechol. This hypothesis may be supported by the in vitro
metabolism of 4-chlorobiphenyl by rat liver microsomes via a second hydroxylation step
(McLean et al., 1996). The alternate pathway is hydrolysis of the arene oxide intermediate
to dihydrodiol, followed by dehydrogenation to the catechol (Mclean et al., 1996, Garner
et al., 1999). As both 3',4’-dihydrodiol- and 3',4'-dihydroxy-2,4,5,2',5"-pentaCB have been
detected in rats dosed with CB101 (Chen et al., 1976), the dihydrodiol may be oxidized by
dehydrogenase to the catechol (Penning et al., 1996).

Rairs and mice

The metabolism of both CBs in rats and mice involved mainly 3" (5")-hydroxylation as
well as 3’ (5')- or 4-methylsulfonylation. The mera-hydroxylation has been elucidated for
the n vitro metabolism of 2,5,2,5'- or 2,5,3',4"-tetraCB in rats (Ishida et al., 1991, Koga
et al., 1998a), where 3-hydrolyation was increased in liver microsomes from rats treated with
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Figure 2. Concentrations of five PCB metabolites present in the liver and serum of four
species after exposure to 2,3,4,2,3',6"-hexachlorobiphenyl (CB132) (19 mgkg™, i.p.). Values are
the mean - standard error (vertical bars) for n=4; diOH-CB132 =4/,5-(0H),-2,3,4,2,3,6'-hexaCB.

phenobarbital. Previously, it was found that the iz oiwo formation rates of phenolic and
MeSQ,-CBs from 2,5-chlorinated PCB congeners in rats were largely dependent on the
degree of chlorination in the non-metabolized ring (Haraguchi et al. 1997). In the current
study, metabolite profiles in rats and mice dosed with CB101 or CB132 were similar to each
other, and dominated by MeSO,-CBs. The selective retention of para-MeSO,-CBs from
CB101 or CB132 was observed in the lungs of rats and mice (Klasson-Wehler et al., 1996,
Haraguchi et al., 1997), although there was no specificity for guinea pig and hamster lung.

Guinea pigs

The metabolite profile in guinea pigs differs from those in other species and between CB101
and CB132. For CB101 metabolism, guinea pigs preferentially produced 3-OH-2,4,5,2/,5"-
pentaCB rather than 3-OH-2,4,5,2",5-pentaCB (Figure 1). Such 3-hydroxylation was
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Table II. Concentrations and ratios of unchanged PCB, hydroxy- and methylsulfonyl metabolites in tissues in rats,
mice, guinea pigs and hamsters 4 days after exposure to 2,3,4,2',3,6"-hexachlorobiphenyl (CB132, 19 mgkg ', i.p.).

1

Concentration (ugg™ " wet weight)

Adipose tissue Liver Lung Serum

Rat

Unchanged CB132 87 +27 0.374+0.12 0.29 £0.09 0.04+0.01

2 OH-PCB 0.30+0.11 0.16+:0.05 0.02 4 0.005 0.0640.01

OH-PCBs/CB132 0.003 0.43 0.07 1.50

¥ MeSO,-CB 1.494+0.61 0.19+£0.03 0.224+0.10 0.01£0.003

MeSQ,-CBs/CB132 0.02 0.51 0.76 0.25
Mouse

Unchanged CB132 36+16 0.97+0.25 0.53+0.17 0.12+£0.04

% OH-PCB 0.12+0.01 0.16 +:0.04 0.05+0.01 0.03+0.01

OH-PCBs/CB132 0.003 0.16 0.09 0.25

¥ MeS0,;-CB 3.1+1.1 0.58+£0.15 0.244:0.11 0.02+0.003

MeSO,-CBs/CB132 0.09 0.60 0.45 0.17
Guinea pig .

Unchanged CB132 11+4 0.34:0.13 0.20+0.12 0.07£0.02

¥ OH-PCB 0.09 #+0.01 0.11:£0.05 0.06 £0.02 0.04£0.01

OH-PCBs/CB132 0.01 0.32 0.30 0.57

% MeSO,-CB 6.9+3.6 0.63£0.07 0.121+0.04 0.03+£0.01

MeS0O,-CBs/CB132 0.63 1.85 0.60 0.43
Hamster

Unchanged CB132 14+£4 0.38::0.08 0.16 £0.05 0.09+0.03

¥ OH-PCB 1.14£0.25 0.36::0.15 0.36+0.05 0.5040.09

OH-PCBs/CB132 0.08 0.95 2.25 5.56

2 MeSO0,-CB 0.13+0.03 0.03£0.01 0.004 + 0.001 0.02£0.005

MeSO,-CBs/CB132 0.01 0.08 0.03 0.22

Values are means + standard errors for n=4; ¥ OH-PCB, sum of three phenolic metabolites including catechol;
% MeSO,-CB, sum of two MeSO,-CBs.

a minor pathway in the other three species (Figure 1) and has been observed in CB101-
treated minks (Klasson-Wehler et al., 1996). Ariyoshi et al. (1997) reported that guinea
pig livers can metabolize 2,4,5,2',4",5"-hexaCB to 3-OH-2,4,5,2,4',5"-hexaCB. It is there-
fore likely that the 3-position of the 2,4,5-trichlorinated phenyl ring could be a preferred
site of hydroxylation in guinea pigs. On the other hand, guinea pigs readily metabolize
CB132 to the corresponding MeSO,-CBs, but metabolize CB101 less readily. In addition,
5-MeS0,-2,3,4,2',3,6-hexaCB formed from CB132 was selectively retained in liver (meta/
para-substitution ratio = 4.2) rather than other tissues (the ratio = 1.6 for adipose tissues).
The results indicate that guinea pigs may have substrate-selective phase II enzymes for
4,5-epoxide-2,3,6-trichlorinated congeners and/or have high affinity binding proteins
for meta-substituted MeSQ,-CBs in liver. Specific retention of wmera-MeSQO,-CBs has
been observed in the livers of wild seals, otters and minks from Canada and Sweden
(Bergman et al., 1994) as well as in human adipose tissues (Chu et al., 2003). According
to Kato et al. (1995), only meta-substituted MeSQO,-CBs have been shown to
induce CYP2B-related enzymes strongly in rats, indicating that the retention of
5-MeS0,-2,3,6-trichlorinated PCBs may contribute significantly to the toxicity of the
parent CBs in guinea pigs.
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Figure 3. Chemical structures of major PCB metabolites distributed in tissues of guinea pigs and
hamsters after exposure to 2,4,5,2,5-pentachlorobiphenyl (CB101) or 2,3,4,2',3",6-hexachloro-
biphenyl (CB132).

Hawmsters

In contrast to guinea pigs, hamsters metabolize CB101 and CB132 primarily to their
catechol PCBs rather than MeSO,-CBs. Although the formation ratio of the catechol to
parent CB for CB101-treated hamsters was comparable with the ratios for the other species,
CB132-treated hamsters produced the highest amounts of a catechol, which was retained
in tissues, especially in adipose tissues and serum. This suggests that CBs with 2,3,6-
chlorine substitution are more preferred substrates than CBs with 2,5-chlorine substitution
for the formation of catechols in hamsters. The ratios of 3’ (5")- to 4-hydroxylation for
both CBs were about 5:1 in the liver of hamsters. This is in contrast to the ratio of 1:8 in
the i1 vitro metabolism of 2,5,3',4~tetraCB by hamster liver microsomes (Ishida et al., 1991,
Koga et al., 1998a).

Mechanism of catechol retention

In Haraguchi et al. (2004), UGT1A-deficient Gunn rats exposed to CB101 (112 mgkg™?,
ip.) showed preferential distribution of a catechol PCB metabolite as compared with
Wistar rats, which was present in serum at higher concentrations than parent CB101. The
distriburtion profiles of catechol PCBs in Gunn rats may resemble those in hamsters in this
study. The retention of catechols in Gunn rats was explained by poor conjugation ability
due to UGT deficiency. However, hamsters exposed to PCBs potentially induce UGTs
to a similar extent to Wistar rats (Kato et al., 2003), indicating that UGT activities may not
be crucial factors for the increased amounts of catechol PCB metabolite. Another retention
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mechanism for catechols, such as binding affinity to transthyretin (Lans et al., 1993) or to
oestrogen receptors (Garner et al., 2000), cannot be excluded. Taken together, the
formation and retention of catechols and MeSO,-CBs may be associated with species-
different phase Il enzymes. The potential effects of the catechol metabolites in the blood are
still unknown, even though the catechols from lower chlorinated congeners have been
shown to exhibit oestrogenic activity (Garner et al., 1999) and could be precursors for
quinone products that show potent cytotoxicity (Srinivasan et al., 2001).

Conclusion

Rats and mice preferentially produced MeSO,-CBs rather than catechols from both CBs,
whereas hamsters and guinea pigs showed different metabolite profiles to each other and
between CB101 and CB132. Hamsters preferentially produced a catechol from CB132
rather than from CB101, which was rerained in serum or adipose tissues at higher
concentrations, whereas guinea pigs formed meta-MeSO,-CBs selectively from CB132, but
not much from CB101. The findings indicate that PCBs with 2,3,6-chlorine substitution
could be the preferred substrates to yield catechols or MeSO,-CBs, and the differences in
the metabolite profiles are related to the species-dependent metabolic capacities in the liver.
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