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Fic. 1. Chemical structures of PentaCB and its MeSO, derivatives.

serum total T,. The results demonstrate that there is a marked species
difference in formation of MeSO, metabolites between rats and mice,
whereas no species difference in PentaCB-induced decrease in level
of serum total T, was observed, indicating that there is not necessarily
correlation between formation of MeSO, metabolites and decrease in
serum total T,.

Materials and Methods

Chemicals. PentaCB was synthesized by using the Cadogan coupling
reactions (Cadogan, 1962). 3-MeSO,- and 4-MeSO,-PentaCBs were prepared
by the method as described previously (Haraguchi et al., 1987). The purity of
these compounds was >99% when analyzed by gas chromatography. Panacete
810 (medium-chain triglycerides) was purchased from Nippon Oils and Fats
Co. Ltd. (Tokyo, Japan). All other chemicals were obtained cominercially.

Animal Treatments. Male Wistar rats, weighing 180 to 200 g, and male
ddY mice, weighing 27 to 35 g, were housed in three or four per cage with free
access to commercial chow and tap water and maintained on a 12-h dark/light
cycle (8:00 AM-8:00 PM light) in an air-controlled room (temperature, 24.5 *
1°C; humidity, 55 = 5%). All animals were handled with human care under the
guidelines of the University of Shizuoka (Shizuoka, Japan). Treatrents of rats
and mice with PentaCB were performed according to the method of Kato et al.
(1995, 1999b, 2004). Briefly, the rats and mice received a single i.p. injection
of PentaCB (342 pumol/5 ml/kg) dissolved in Panacete 810. In addition, control
animals were treated with a vehicle alone (5 ml/kg). All animals were killed by
decapitation on the designated time after the dosing, and the liver was removed
and kept at —50°C until examined. Liver microsomal fractions were prepared
according to the method of Kato et al. (1995) and stored at —85°C until used.

Level of Serum Thyroid Hormone T, Blood was collected from each
animal between 10:30 and 11:30 AM. After clotting at room temperature,
serum was separated by centrifugation and stored at —50°C until used. The
level of serum total T, was measured by radioimmunoassays using an Amer-
lex-MT4 assay system (GE Healthcare, Little Chalfont, Buckinghamshire,
UK).

Hepatic Microsomal T,-UDP-GT Activity. Amount of microsomal pro-
tein was determined by the method of Lowry et al. (1951) with bovine serum
albumin as a standard. Activity of microsomal T,-UDP-GT was determined by
the method of Barter and Klaassen (1992).

Determination of PentaCB and Its MeSQ, Metabolites. Amounts of
PentaCB and its MeSO, metabolites in the liver and feces were determined
with gas chromatography as described previously (Bergman et al., 1992). In
the present study, the total area under the liver concentration versus time curve
was calculated by the trapezoidal rule and shown as an AUC.

Statistics. The data obtained were statistically analyzed according to Stu-
dent’s f test.

Results

MeSO, Metabolites of PentaCB. We have previously reported
that when rats and mice were treated with PentaCB (34 wmol/kg), the
sum of hepatic 3- and 4-MeSQO, metabolites detected in mice was
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FI1G. 2. Levels of parent PCB and its MeSO, metabolites in the liver of PentaCB-
treated rats and mice. Animals were killed at the indicated times after treatment of

PentaCB (342 pmol/kg i.p.). Each point represents the mean * S.E. (vertical bars)
for three to four animals. —O—, rats; —@—, mice.

2-fold higher than that in the rats (Haraguchi et al., 2005). To further
clarify a difference between rats and mice in the level of the MeSO,
metabolites from PentaCB, we examined levels of the MeSO, metab-
olites in both the liver and feces from the PentaCB (342 pmol/kg)-
treated rats and mice. Amounts of PentaCB and its MeSQ, metabo-
lites, 3- and 4-MeSQO,-PentaCBs, after the PentaCB treatment in either
the liver or the feces were clearly different between rats and mice. The
level of PentaCB in the liver of either rats or mice reached the
maximum at day 2 after the treatment and then decreased. The
maximum levels in rats and mice were about 10 nmol/g tissue and
about 35 nmol/g tissue, respectively. Levels of 3- and 4-MeSO,-
PentaCBs in the mouse liver increased in a time-dependent fashion up
to 4 days after the PentaCB treatment, and the maximum levels of 3-
and 4-MeSO,-PentaCBs were about 4 nmol/g tissue and about 7
nmol/g tissue, respectively (Fig. 2). On the other hand, in the rat liver,
the 3- and 4-MeSO, metabolites were hardly produced, and levels of
the metabolites were less than 1 nmol/g tissue at the any time exam-
ined. AUC values in 3- and 4-MeSO,-PentaCBs in the liver were
17.50 and 31.54 nmol - day/g tissue, respectively, in mice and 2.92
and 4.83 nmol - day/g tissue, respectively, in rats. Thus, the AUC
values obtained were much higher in mice than in rats.

In feces, the level of PentaCB was higher in rats than in mice,
whereas levels of 3- and 4-MeSO, metabolites of PentaCB were much
higher in mice than in rats (Fig. 3). In addition, the 3-MeSO, metab-
olite was hardly detected in the rat feces.

Serum Thyroid Hormone Level. Effects of PentaCB on the level
of serum thyroid hormone T, in rats and mice were next examined.
Levels of serum total T, in both rats and mice were significantly
decreased by treatment with PentaCB (Fig. 4). In either rats or mice,
the level of serum total T, decreased to 40 to 60% of the correspond-
ing control level at day 1 after PentaCB treatment, and the decrease
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FiG. 3. Levels of parent PCB and its MeSO, metabolites in the feces of the
PentaCB-treated rats and mice. Animals were given PentaCB (342 pmol/kg i.p.,
each). Bach point represents the mean * S.E. (vertical bars) for three to four
animals. —O—, rats; —@—, mice.

Total thyroxine
(% of control)

0 2 4 6 8
Day after administration
Fic. 4. Effects of PentaCB on levels of serum total T, in rats and mice. Levels of
serum thyroid hormone T, after administration of PentaCB (342 pmol/kg i.p.) to
animals were measured as described under Materials and Methods, and the data
were represented as percentages of the corresponding controls (constitutive level).
Constitutive levels: total T, (ug/dl), 1.53 * 0.08 in rats and 1.17 = 0.12 in mice.
Each point represents the mean = S.E. (vertical bars) for three to eight animals. *,

P < 0.05, significantly different from the corresponding controls (0 h). —O—, rats;
—@—, mice.

was maintained up to 8 days in each species of animal. In addition, no
significant change in level of serum TSH after treatment with Pen-
taCB was found in either rats or mice (data not shown).

Hepatic T,-UDP-GT Activity. We examined effects of PentaCB
on hepatic T,-UDP-GT activity in rats and mice. Hepatic activities of
T,-UDP-GT at day 4 after treatment with PentaCB in rats and mice
increased to 2- and 1.6-fold over the corresponding control levels,
respectively (Table 1).

Discussion

We have previously reported that there are species differences
between rats and mice in the levels of PentaCB and its metabolites,
including methylsulfonylated and hydroxylated PentaCBs, and in their
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TABLE 1
Effects of PentaCB on hepatic T,-UDP-GT activity in rats and mice

Animals were given PentaCB (342 pmol/kg i.p.) and killed at day 4 after the treatment.
Data represent the mean = S.E. for three to six animals.

Activity
Animal
Control PentaCB
pmol/mg protein/min
Rats 127+12 25.7 = 2.6%
Mice 212 £ 3.0 34.8 *+ 4.8%

# P < 0,05, significantly different from the corresponding controls.

tissue distributions (Haraguchi et al., 2005). In the present study, a
clear difference in the formation of MeSO, metabolites between the
PentaCB-treated rats and mice was confirmed. A possible mechanism
for the formation of the sulfur-containing metabolites from PentaCB
is showed in Fig. 5 (Hansen, 1999). In brief, PentaCB is first oxidized
to arene oxide intermediate in the liver, and the resultant arene oxide
is converted to glutathion-conjugated form by hepatic glutathione
S-transferase. The glutathion conjugate is introduced to a mercapturic
acid pathway and, thereafter, excreted as a cysteine conjugate into the
gastrointestinal tract via the bile. C—S bond of the cysteine conjugate
is cleaved to thiol form by intestinal microflora C-S lyase. The
resultant thiol compound is methylated to methylsulfide form. There-
after, the methylsulfide is oxidized to methylsulfoxide and further to
methylsulfone (MeSO, metabolites) in the liver. In addition, Koga et
al. (2002) have suggested that S-oxidation of the methylsulfide is
catalyzed by cytochrome P450 enzymes, especially CYP2B subfamily
enzymes in rats, hamsters, and guinea pigs. Considering a possible
process of formation of MeSO, metabolites, difference between rats
and mice in the amount of hepatic MeSO, metabolites formed from
PentaCB would be attributed to the difference in the activity of
CYP2B subfamily enzymes, glutathione S-transferase, and/or intesti-
nal microflora C-S lyase.

We have previously reported that 3-MeSO, metabolite of PentaCB
showed higher activity than a parent compound PentaCB for inducing
hepatic drug-metabolizing enzymes (Kato et al., 1995, 1999b) and
further demonstrated that some MeSO, metabolites, including
3-MeSO0,- and 4-MeSO,-PentaCBs, could reduce serum total T, level
in rats (Kato et al., 1998, 1999a, 2000b). Accordingly, it has been
expected that MeSO,-PentaCB metabolites contribute to decrease in
the level of serum T, in PentaCB-treated animals. However, despite
levels of MeSO,-PentaCB metabolites in both the liver and feces that
were much higher in mice than in rats, magnitudes of decrease in the
level of serum total T, in rats and mice were almost the same. The
present findings indicate that PentaCB-induced decrease in serum T,
level is not dependent on only the MeSO, metabolites formed.

Decrease in the level of serum T, by PCB has been thought to occur
through increase in hepatic T,-UDP-GT activity (Barter and Klaassen,
1994; Van Birgelen et al., 1995; Schuur et al., 1997). However, it has
been reported that difference between rats and mice in magnitude of
decrease in level of serum total T, by 2,2’ 4,4’,5,5’-hexachlorobiphe-
nyl is not well correlated with that of increase in activity of T,-
UDP-GT (Craft et al., 2002). Likewise, we have reported that treat-
ment with Kanechlor-500 resulted in a significant decrease in serum
T, level in both rats and mice, although a significant increase in the
activity of T,-UDP-GT enzymes, including UGT1A1 and UGT1A6,
by the PCB occuured only in rats but not in mice (Kato et al., 2003)
and further demonstrated that treatment with either Kanechlor-500 or
PentaCB resulted in a drastic decrease in serum total T, level even in
UGT1A1/1A6-deficient (Gunn) rats (Kato et al., 2004). These previ-
ous reports strongly propose that the decrease in serum total T, level
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FiG. 5. A possible pathway for formation of MeSO, metabolites from PentaCB.

by PCBs including PentaCB does not occur only through increase in
hepatic T,-UDP-GT activity, although significant increase in T,-
UDP-GT activity by PentaCB was observed in both rats and mice
(Table 1).

In the present study, level of serum TSH in either rats or mice was
not significantly changed by PentaCB, indicating that TSH is not
related to the PentaCB-induced decrease in serum T, levels. In addi-
tion, it had been reported that serum TSH level was little affected by
PCBs (Iiu et al., 1995; Hood et al., 1999; Hallgren et al.,, 2001; Kato
et al., 2003).

In the PentaCB-treated rats and mice, 3-OH-, 3'-OH-, 4'-OH-, and
3',4’-(OH),-PentaCBs were found in both the liver and serum (Hara-
guchi et al., 2005). Mono- and dihydroxylated PCB derivatives (Lans
et al., 1993; Meerts et al., 2002), including 4-OH-2,3,3',4',5-penta-
chlorobiphenyl, 4,4'-(0OH),-3,3',5,5'-tetrachlorobiphenyl, and 4,4'-
(OH),-2,3,3',5,5'-pentachlorobiphenyl, have been reported to bind to
T,-transporting serum protein transthyretin. Therefore, PentaCB-in-
duced decrease in the level of serum total T, might occur, in partt,
through formation of the hydroxylated metabolites showing ability to
bind to transthyretin.

In conclusion, we demonstrate herein that there is a marked differ-
ence between rats and mice in the formation of MeSO, metabolites
from PentaCB and further suggest that PentaCB-induced decrease in
level of serum total T, is not necessarily dependent on the formation
of the MeSO, metabolites. Additionally, the present findings demon-
strate that PentaCB-induced decrease in serum total T, level in either
rats or mice occurs without increase in serum TSH level. Although the
PentaCB-induced decrease might occur, at least in part, through
induction of T,-UDP-GT and/or formation of the hydroxylated me-
tabolites from PentaCB, the exact mechanism for PentaCB-induced
decrease in serum thyroid hormones remains unclear. Further studies
on PentaCB-induced alterations of the level and function of T,-
transporters in the liver and extrahepatic tissues would be necessary
for the understanding of the exact mechanism.
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Abstract The in vitro metabolism of 2,3',4,4',5-pentachlorobiphenyl (pentaCB) (CB118) was
studied using liver microsomes of guinea pigs and the effect of cytochrome P450 inducers,
phenobarbital (PB) and 3-methylcholanthrene (MC) on CB118 metabolism was also compared.
After 30 min-incubation at 37°C with liver microsomes of guinea pigs, CB118 was hydroxylated
to two metabolites (M-1 and M-2) with retention times of 15.84 min and 20.01 min in GC/ECD,
respectively. GC/MS showed that the methylated derivative of a major metabolite M-2 had the
molecular weight of 354 and an intense fragment ion of [M*-50] which is a characteristic ion for
PCBs possessing a methoxy-group at the 2 (2’)- or the 6 (6')-position. By comparison of the
mass fragmentation and the retention times in GC/MS with the synthetic authentic compounds,
M-2 was identified as 2-hydroxy-3,3,4,4’,5-pentaCB (CB126). On the other hand, the methylat-
ed derivative of a minor metabolite M-1 had the molecular weight of 320 and the similar
fragment ion of [M*-50] to the methylated M-2, assuming that M-1 was a dechlorinated
monohydroxy-tetrachlorobiphenyl (tetraCB) possessing hydroxy-group at the 2 (2")- or the 6
(6’)- position. However, the precise structure of M-1 could not be determined because its
retention time in GC was in disagreement with that of the candidate 6-hydroxy-3,3’,4,4 -tetraCB.
PB-treatment increased the formation of M-1 and M-2 to 2.2- and 6.8-fold of untreated
animals, whereas MC-treatment increased only M-2 to 2.6-fold of untreated ones. Addition of
antiserum against a PB-inducible guinea pig cytochrome P450, CYP2B18, completely inhibited
the formation of M-2. These results suggest that CB118 is principally metabolized by CYP2B18
to 2-hydroxy-CB126 which is formed via a 2,3-epoxide intermediate and the subsequent NIH-
shift of a chlorine at the 2-position to the 3-position in guinea pig liver.
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EEbiz, MEREMEFD PCBEKSTD S b T, P450 (P450) %l & U7 FFEEYRBEER T

BEELD DBENMEWL PCBEMEE LTS ZRNEEREEELTBY, ZOFEEADE

NT» 52, PCB 2RL5A 4 F ¥ VEOBRD 7 &, phenobarbital (PB) &, 3-methylcholanth-
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ENEY b2k B CB118 X3

rene (MC) BB X VEAHEICSEINLTWS %2,

PB # 12 i%, mono-ortho-¥ X UF di-ortho-PCB
H, &7z, MCEWXEEM.D coplanar PCB 28
&% Nh5, CB118 I3 mono-ortho-PCB TH % 28
coplanar PCBOMHE b H T 5 Z & » 5,
2,3,3,4,4-pentaCB (CB105) & & BT
SEIN T3,

—7%, PCBEWD> 5, 2,4, -ZHRER
PCB, #1z1¥XCB118, 2,2,3,4,4,5-hexachlor-
obiphenyl (hexaCB) (CB138), 2,2’,4,4’,5,5"-
hexaCB(CB 153), 2,2’,3,4,4’,5,5-heptachlor-
obipheny!l (heptaCB) (CB180) ¥ & U
2,2",3,4,5,5,6-heptaCB (CB187) &, A, H&RA
FARs & I s ENOBREESFEEICE I L
DVEIS N T BOM) & 7> B, & b IR
B W, 4-KE1 (OH)-CB187 ® 4-OH-
2,2',3,4,5,5-hexaCB (CB146) 7z £ @, Rz
PCB O 4 i3 /KB L S M- B BE TR
HENTW3, 1512, Znso OH M
WHORERBELVEVRXEXY VN2 ETH S
transthyretin E BWEMEEZBEL TWE I Lo
5, FWERACIMFFERERSVECDOETZD725
TEVLhE9, 2o DEERF, PCBitkst
FOEBREERZEOLET B DI,
2,4,5-=EREH PCB ORFHERVBBETH 3
ZEARLTWwS,

EBNEY PRI A FY U EREOFEERIIHL
T, ROYBEHEOFVEMELTHSNTWVS
B, —7, PCBled 2 A#MEECEL T
Ty bR DEZSTWS, B2, 3,3,4,4-
tetrachlorobipheny! (tetraCB) (CB77) =¥ D
coplanar PCB izt 4 2 RRE#HBEE Z v Mk,
DR DEWD Oxtl, 2,4,5-=HFKER PCB
XS BRI T v N & D ds D Enaia,
LHRE Tit, BEREME PCB @ CB153 ® CB138
i ¥D in vitro RET 2N, FORKE, ELVEY
FTEIY P EDEEEWRBEERET S L,
NIH & REM Th % 2-OH KB EREWTH
52k, 851, ZnsORFE I PBFHEME P450
TH5HCYP2B Y BEET 5 2 2|mEL
7’:3)19). .

Lip L2t s, 2,4,5-ZHFEPCB ORE
Eb\w2 5 CBlLS ORBIICET 2H|EZTIT LA
£ vy, Haraguchi 59 X CBI1I8 &2 v b D
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#Bhw, 4BEOOHRK, T¥4bb, 4-0OH-
2,3,4',5-tetraCB (CB70), 4-OH-2,3,3",4’,5-
pentaCB (CB107), 4-OH-2,3’,4,5,5-pentaCB
(CB120) B L' 5-OH-CB118 & 2fEED X F )V
F 4 (MeS) &, T+ &b b5-8B L UF6-MeS
-CB118 i L7z, %72, 4-OH-CB107 BL U
4-OH-CB120 2l B X UK, i, Bk &
DI EEESB LTS ZE ST LT,
8 512, BT, Haraguchi 5'? & Kanechlor 500
BEDT Y b, NAART—BIUELEY N TB
WT, RBOEBROmEZHR L5, Ty
P L UNARY —MEF T CB118 Hsk & #
Z B3 4-OH-CBI07 EEBERH S iz 3,
EVEY FPTRETY FPNLAART—LIRELER
D 3-OH-CBl18 AR I iz L U7z,
Z S DFERIE CB118 O in vivo Bz BT,
RERHMEENHZILEBRLTWEY, b
bhBEeEVEY DFZE2AWTITo/z CB153 ®
CB138 @ in vitro fA# T#HeE L 7z 2-OH &ic D
WT, CBII8 TR INTHwiRwn, 22T
KR TE, COREHELPWC T B0, ENVEY
MFE 7 v Y —A%HWTCBl18 @ in vitro f{
WERFENI, e, RFcEET 2 P 450 450 FESR
Ao 570, ENZPHOFEER LT
HohTwaPB 8XUMC CHILEL -8
THREBEICERET L 7,

B BR F &
1. EERHH

(1) CB118 D&FX

CB 118 1 Cadogan O /&Y TEE LTz, %7,
1,2-dichlorobenzene 8 &£ U 2,4,5-trichlor-
oaniline % tetrachloroethylene THEHfEL, & 5
WHREERA VR FNVEMEZT, 110°CT 24 B
K& ¥, R 7viraos (100g,
Merck) BX Y VA5 NV60H T A (65g,
Merck) TREL:-%, THYZERID, BE
WBk7u~ 277 74— (HPLC) wwffL 7z,
HPLC & MBI RDOEBEY Th 5. & 7 4, ODS
(250 X 20 mm id., 5.m, YMC) ; & 8} d,
acetonitrile ; ¥t 28, 4ml/min ; B H ¥ &, 254
nm, CBL18 OHiE ZEFRBIRLER[TY X 7
u<w b7 71— (GC/ECD) i & D FNRINE
R, BEIZ99.0%UETHS T,



234 X H T B E»3%

CB 118 : MS (EI) m/z (relative intensity)
324 (100) [M+], 326 (163) [M*-+2], 328 (99)
[M*+4], 330(32) [M*+6], 254(40) [M*- CH,
Cll.

(2) YOG

2-OH-CB 126 &AL i, 3,4-dichloroaniline
& 2,3,4-trichlorophenol Z&BERE LTHW,
Hutzinger & D FE® o7, Kk, ¥V
FN60 A4 75 (65 g, Merck) 88X UHPLC T
WU, kB, AFMbiR, 7Tas ) EEET,
VAFNVEBOBBNE XY T2, —7F,
3-methoxy (MeO)-CB118 B X U 4-MeO-
2,3,3,4 ,5-pentaCB (CB107) © & B &,
Cadogan ® F¥® T1iT-7z. &R ER L T
3,4-dichloroaniline & 2,3,6-trichloroaniline
2V, 5% tetrachloroethylene TEEE L,
BOWHEHERS VYR FLEMZT, 110°CT 24
FrRIG S ¥, R ER e FERRE, TV
S+ AT 5 (100g, Merck), VAT NV6007
A (65g, Merck) 8 & "HPLC T1To7., ¥
7z, 6-MeO-CB77, 5-MeO-2,3,3’,4’-tetraCB
(CB56) B X U 6-MeO-CB56 D& RIS, 3,4-dich-
loroaniline & 3,4-dichlorophenol % &BEEEl &
U TR, Hutzinger 5 DHEY TiF o7, Kt
%, YVAFN60H T L (65g, Merck) BLU
HPLC TR L. &8, X F ki, diazometh-
ane I L D 1To7z,

2-OH-CB126 : 'H-NMR (500 MHz, chloro-
form-d) ¢ 7.52(1H, d, J=8.3 Hz, 5-H), 7.47
(IH, d, J=2.0Hz, 2’-H), 7.28 (1H, s,
6-H), 7.22 (1H, dd, J=8.3Hz, 2.0 Hz, 6~
H), 3.95 (3H, s, 4-MeO),

2-MeO-CB126 : MS (EI) m/z (relative inten-
sity) 354 (100) [M+], 356(160) [M*+2], 358(109)
[M*-+4], 360 (38) [M*+6], 304 (103) [M*-
CH,CI1], 284 (26) [M*-Cl,], 241(35) [M*-COCH,
Cl.].

3-MeO-CB118 : MS (EI) m/z (relative inten-
sity) 354 (100) [M*], 356(156) [M*+2], 358(93)
[M*+4], 360 (35) [M*+6], 311 (53) [M*-
COCH,], 241 (40) [M*-COCH,CL,].

4-MeO-CB107 : MS (EI) m/z (relative inten-
sity) 354 (100) [M*], 356(120) [M*+2], 358(82)
[M*+4], 360 (35) [M*+6], 339 (48) [M*-
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CHsl, 311 (45) [M*-COCH,], 241 (21) [M*-
COCH,Cl,]. *H-NMR (500 MHz, chloroform-
d) 8752 (1H, d, J=8.1Hz, 5-H), 747 (1
H, d, J=2.2Hz, 2’-H), 7.28 (1H, s,
6-H), 7.22 (1H, dd, J=8.3Hz, 2.0Hz, 6-
H), 3.95 (3H, s, 4-MeO),

5-MeO-CB 56 : MS (EI) m/z (relative inten-
sity) 320(100) [M+], 322(127) [M*+2], 324 (43)
[M*+4], 326 (8) [M*+6], 277 (14) [M*-
COCH,], 207 (16) [M*-COCH,CI,].

6-MeO-CB 56 : MS (EI) m/z (relative inten-
sity) 320(100) [M+], 322(132) [M*+2], 324(63)
[M*+4], 326(13) [M*+6], 270(103) [M*-CH,
C1], 207 (37) [M*-COCH,Cl.].

6-MeO-CB 77 : MS (EI) m/z (relative inten-
sity)320(100) [M+], 322(132) [M*+2], 324(67)
[M*+4], 326(15) [M*+6], 270(120) [M*-CH,
Cll, 207 (34) [M*-COCH,Cl,].

2, EYRE

Hartley RifEEVEY b ((FEH 300g) 12,
P 450 #F&EHF| L LT PB (80 mg/kg/day) 5 \»
1 MC (20 mg/kg/day) # 3 HEBEENCES L
Jo. PB 3&BEE K, MClZa —vHmBEL
Jo. ENEY PFE 7V -4, PBBXUMC
DEMRBGHOERHCER L, HFefEEL,
BB L DL 7,

b

3. REMOAI

ENEY MFE 70V —AKE 3 CBIIS DY
BIABROWHE L TTof, Tabb, 40 uM
CB118, NADPH 4p¢% (0.33 mM NADP, 5 mM
glucose-6-phosphate, glucose-6-phosphate de-
hydrogenase 1.0 unit), 6 mM MgCl, 8 X '€
NVEY MFE 7Y —A (1 mg protein) % 100
mM HEPES E&W® (pH7.4) L& bichHEh 1ml
ELTC, 3CT30min 4 ¥ ¥ 2 _— &, Y
% chloroform-methanol (2 : 1) 1 ml & #-
hexane 3 ml TZNZh 3 ETOHH Lz, HH
¥ diazomethane T X F 1k, GC/ECD i
L7z, GC/ECD OZ&HFIFZRDOEY TH 5. 5
#88, ECD {F HP 5890 Series I# X7 o< k7
7 7 (Hewlett-Packard &) ; # 5 4, DB-1
fused silica capillary column (30 m X 0.25 mm



ENEY Mok b CB118 R

id, 0.25 um EE, ] & W Scientific 8#) ; 4 —
7 VRE, 220°C; ALORE, 250°C ; MR
B, 250°C; ¥ % Y 7—#2Z, N, (1 ml/min),

—7%, RBEWOBEEST (GC/MS) BEESHT
A A 7ua< 279 7 (Agilent 5973 inert
MSD, Agilent&) 2 Hw<T, EI€—F T1fro
7. SMEHFIIROBEY THD, & F 4, HP-5
fused silica capillary column (60 m X 0.25 mm
id, 0.25 yumRE, Agilent#) ; & —7 ViRE,
70°C (1.5 min) - 20°C/min - 230°C(0.5 min) -
4°C/min - 280°C (5 min) ; IHEAORE, 250°C,
MHEEE, 230°C; Fv V7 —# X, He(1ml/
min),

H-NMR ARZ b VOBIEIZEHABEFED
JEOL GSX-500 (500 MHz) 2BWTfTo7z. &
¥, chloroform-d W2 L, tetramethylsilane
THEEEE L LA,

4. MIFEERER

ENE Y bFF P450 (CYP2B18) 1233 2 HLliliE
POV FCHREEL LY, BLME ® 100 mM
HEPES & (pH7.4) theT, fFs7uy—A
&bz, BB T 30 min BE L7z, HULE O
813, 50, 100 B L U150 1 & L7=. Xiz, CB118
B LU MgCL 2, NADPH £ R 2IN2 %
ZEICED, 4 vFax—)REBLE. REY
DR, LEOBY TH S,

5. Dt

Frsouay—any w7 BDEREE, Lowry
BDAED I NToTz, B, EESY VI E
ELTUVIET VT S A,

B i R

1. F3osny—L4icd 3 CB1IS ftE

CB118 %, >k4L¥E, PBEILED 3 \>id MC Hi
MEEVEY NROFMLEFI 70y Ak
$1Z, NADPHEAET, 37°C, 30 min 4 > ¥ =
~N— b UTe, BHEEREYE 2 F 01088, GC/
ECD et U7eiER, WIFhoffi7uny—Aak
Lo Th, REE (PREFEFR 12.80 min) D4t
W, KB bns 2 K0 — 7 BPEFREHE
15.84 min B X U7 20.01 min RH S iz (Fig.
1), 2hzMUT, ThEnM-1B8LUM-2 &7

[==]

=
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%.PBRIALE I 7 vV — A DS, M-2 2SRALE
s7uV—206.8fEELIEMLUE. £,
M-1 % 2.2 fZwmLrz, —5, MC Bi4LE s ~
T —ADBEIH, M-2 ZRAES 70V —A
D 2.6 ML 7285, M-1 132 50 BT
WA LTz, '

2. RO REE

R OEEEEHS T 27201, PB
HIALE S 7 oY — 2% VT 100 f5& (100 ml)
TA VFax—va re{Tolt, KREEHh
L, 8dWAF bk, GC/MSwic&y, M-1%8
LU M-2 OAFEZHFN, TORKE, M-1 8 &
UM-2 3 ZhETNoTFEINNBLIVBLEET
5 EBEES M ER 5Tz (Tablel), Zhs Dk
Bhe, M-1133ERY 1 L 72 OH-tetraCB
THHT E,—7,M-21d CBL1S ® OH & TH 3
ZEMEHs LRI, 3511, ARBED A F
WEEBRDT AR MIZBWT, Wwind 7
ST XA F Y [M-50] DI W o
5, orthofid%b®b 2 (6) fiFE/zix 2 (6) LT
MeOEZBLTWE I EWRBINTZ, ThET
DEEID) 1z 1 3 L, €T x = VEREO para fif
Thbb 4 (4) iz MeO EBEBEN TV B
BRCWR 7 I 7 A 44y [MF-15] 2%, &7
metafii$72bb3 (5) Udbsnix3d (5) iz
MeO ENBHIN TV AEFRIZTII I A Vb
44y [M*-43] 8% @32 2 eP¥fsn
TWw3, 2T, M-1BXUM2B8ZENnTh
6-OH-CB 77 & 2-OH-CB 126 Th % & ¥ L,
IS ERBER Lz, 20ER, EREYM-
2 (X F ALK © GCIRFERF 15.43 min i3,
2-MeO-CB126 D Z L& 5E£ i —8 L7z (Table
1. $le, RRAT7Z7AVT—varydlFeA L
—E U7z, ¥, 6REsHR 3-MeO-CB 118 B L U
4-MeO-CB107 i&, GC fRIFRf RIS 2 241 15.45
min & 15.51min TH Y, &7z, AT A Y
F—vard M-2 (AFNMEE) B> Tw»
Jo. Kz, M-1 (A FMEE) 2T, SRE
fhD 6-MeO-CB77 LB LIz 25, FFEB
TR T7S 7 AT —y g VIKIEIE—E L8,
GC i1 0.03 min B MHE I hRELI
BB LU iroie, BEDOER»S, M-2 1% 241
DR DS 3 {11z NIH 847 % L 7z 2-OH-CB 126
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A) Untreated

CB118

e e

B) PB-treated

CB118

k B F M E»34

C) MC-treated

CB118

e

M-2
M-1 g J M*’ oy M-1 M-2
1 T t | I 1 T T T I T U 1 T T
10 20 30 10 20 30 10 2 30

Retention time (min)

Retention time (min)

Retention time (min)

Fig. 1 Gas chromatograms of methylated derivatives of CB118 metabolites
formed by liver microsomes of untreated (A), PB-treated (B) and
MC-treated (C) guinea pigs.
Column for GC/ECD used was DB-1 capillary column (30 m long).

ThdEHESINTZDBDD, M-11ZDWTODIEHE
TAILERBERIREE Ko7

3. WOCYP2BI8 HLmiE(C & 5 ABIHEE
ENVEY MNFP450 O CYP2BI18 i3, PB M
P450 £ LT G TR L, RILERF I 7uy -4
BWTEEZR P40 L LTHHHNT 51990 7
Z T, CBLIS &z 17 % CYP2B18 &5 %B
ST B2, Z0 P450 10T 2 HIME %
v, EREYM-2 0&REELRLT. &
B Fs 70V —Alk&d M-2 EREEBED» -

7: PBHIAVEENEY MNFS 70V -2 HnT,
FOFER, PLILE 150 wl OHRINT, M-2 O£ X

BrArEfrEEINE (Fig.2). oDk
Brs, TEVEY MFECBED 2 M-2 DERICE

CYP2BIS 3 BHELTWwa T L BPHL» L

wole, '

% =

4E, CBLIS DENLEY MNFI 70V —AlC &
2 in vitro R 2R 25, 2BEOREY
(M-1 BXUM-2) BEERINT, &6, GC/

Table 1 Mass spectral data and retention times of methylated derivatives of two metabolites and six

synthetic compounds in GC/MS

Molecular Mass spectral data Retention
Compound . . .
weight [M+] [M+-15] [M+-43] [M+-50] time (min)
M-1 320 100 - - 108 14.40
M-2 354 100 - — 103 15.43
6-MeO-CB 56 320 100 — - 103 13.72
5-MeO-CB 56 320 100 — 13 - 14.32
6-MeO-CB 77 320 100 - - 120 14.37
2-MeO-CB 126 354 100 - - 103 15.43
3-MeO-CB 118 354 100 - 53 - 15.45
354 100 48 45 - 15.51

4-MeO-CB 107
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ENEY Mz XD CB118 G 237

\

\

N

~O-- Control serum
—@— Antiserum

50 100 150 200

Serum (ul)

Fig. 2 Effect of antiserum against

CYP2B18 on CB118 metabolism by
liver microsomes from PB-treated
guinea pigs.

Open and closed circles indicated
control serum and antiserum
against CYP2B18, respectively.
Each point represents the mean of
duplicate determinations.

cB118

CYP2B18
NADPH, O,

MS 12 & b, M-1 iZ3EEH 1 {EBEEL, 2D ortho
ALz KB E DB S N7z OH-tetraCB ThH 5 =
&, 7o M-21% 2-OH-CB126 CTH 5 Z £ HEHS
pERRoT, INETIK, bivbhix CB153 ®
CBI38 72 ¥ D 2,4,5-Z=HFAEMPCB DR %
ENVEY DTHEN, EREY L LT NIHEAR
YO 2-OHBEBERINE I ERHFEL T
2229 £ CB118 D& b, NIH EMAEY
O 2-OHHERERBITHoTcZ 6, TN
Ty PR B 5 CB1Is o R #iX, CBIS3®
CB138 & [dkiz, E3HEIEL LT 2,3-epoxide
DER, & 5121 2 fLOERD 3 A~ D NIH #x
IR CHETT 5 eNREINT: (Fig. 3).
BizR @ X 9 iz, Haraguchi 5 X CB118# &
Z v MZBWT, 4-0H-CB107, £-OH-CB120 B
L U3-OH-CBLI8 8&EKENBZ &L, TD5H
2 BRECMRCRET 2 2L x2HELTW
%9, & 512, Kanechlor 500 % fERER &L L 7
E)E Yy MIFTIE, 3-OH-CB118 D& BFFEEL
T3 ZEHIHELR?, IhoDRFYOS 5,
4-OH-CB107 iZ, CBl118 67210 Tix7% { CB
1055 bERENE &0, M TOF
BB ERARWEELZ PCBREWD 1 2 TH
B EDBHLNPZENT NS X512, &b b

HQ Cl Cl

[23-epoxide] “ O O ¢

o dy?

(2-OH-CB777?)

¢l 3.0H-CB118

(2- OH CB126

Fig. 3 Postulated metabolic pathways of CB118 in guinea pig liver.
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IR b uy UREBRERBERIOY LR EEEEE
BTr0 eIy NRRERANDHEERE 2R
T ZEmSb, BEINTWS, ULy
5, SHEENEY FFS 7YV —AZHAWVizin
vitro A% TiZ, 4-OH-CBL07 B & U'4-OH-
CBI20 el & E iz oz, 7272, 3-OH-
CB118 iz DWW T large scale (100 ml) TfTo 7z
EERIEPREERE IR TE Lol (T —
YR\, DL, invitro REITER SR
7z 2-OH 237 ¥ in vivo REfCTA Lo T
DLHRERHTH 35, REVWOREENREL -
TWwh I LD LT, Tbb,
2-OH RI3 7 DI L A EBS MRS DI 577
LicD, ERALERE N2 2L L
iz, £, CBIISBESELVEY MBI B
YD EFNSAE L EFAOFM R T2 Z &
DETHS ),

PCBRE#EMI & LT, BRI iz OH #2
LIFLITEHE s 1T w3, Di-ortho-PCB @
CB 13829, CB 153094 X 182,2’,4,4’,6,6'-hex-
aCB (CB155)9, #% /- tri-ortho-PCB @
CB187*M 72 i T X & £, coplanar PCB @
CBIT ThHHNTWD, LirLEAiS, 20
ERAEEICER L TIE, P450 12 & B ERITIC R
ERENDEWISBEERPRE, BrAYTHDR
EThHB, Kged CB118 Rz BWT b, FRE
CRUERLE N8 M-1 BERI iz, < X
A7 MV XY, orthofi iw OHE R AT
tetraCB TH 2 Z L 5, 6-OH-CB7T7 TH 3 5
EFEEN. F2T, IhEARL M-1 L HE
UZz2s, BAffic R U C GC s S —3 L 2
Mhofe, MEDZ &, M-1 DIERER{LEEE
WOWTRBEETHTH 2, ENVEY MY
OV —ACEET 2ERRE, ZORBRLHIFIER
B LRI 2DRERTH S,

CB153 % CB138 DRz 5 3 % P450. 4 F
melT ENVEYNFTIPBEESEOD
CYP2BIS BB OVEETH S Z EBHSHITE-
Tva %2920 23, 41 2B18 HLIE % AV T CB118 @
REFEEZ2R AT & 25, M-2 DERIFIZEE
WHEs R, TORRE® S, CBIIS 2 & ®
2,4,5-=HRE® PCB o# i, CYP2BI8 #*
BLBESELTWwWB Z LRI N, —TF, MC B
WIS 7 aY —Ai kD, M-2 QERBPRME
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70V —ADK 2 fFEMLN, ZOFER
MC & & % @ P450, i CYPIAL ® % W id
CYP1A2 RS 2R L TWw5, LarLEHN5s,
ENVEYMFEZBWT, ZhoDOMCHFEME
P4S0 S PCBRMICEHE T A0 EI hid£<{ #H
E0 L, SHOPEEETH 5.

i &

1. KuE, PBB LU MCHILEELVEY MNF
fruYV—AlX 3 CBlIS ORBEEHFH, 20
R, 2BEEORBEY M-18 LU0 M-2) 284ERK
antz, s D3 b, EREWO M-2 3SR
e DHEIIZ XD, 2-OH-CB126 TH 5 Z L 538
phhkizolz, £, M-1IETAARYZ b X
D, ortho fIE#EOH- tetraCB ThH 5 Z L 2388 5
YOR AR

2. CBIIBR#zRIZTT PAOFER OEE S
NIz L 2B, PBHEILEIC & D M-1 ERAED
2.2 15, M-2 1% 6.8 5wl 7z, &7, MC gl
HTH M-2 ik 2.6 Fugiml 228, M-1iE#w
50 %A iA U Tz,

3. ey » CYP2BIS HilliE 2 VT, *
RE M-2 ORBEE L EA L L 23, FULE
150 1 DEIT, M-2 DERIZIZE A 52l
EZah.

U EOER»MS, ELEY MZBWT, CB118
ZEw CYP2BI8 2k » TREfsh, dfEifkE L
T 2, 3-epoxide = #EH L 7z, NIHEM » &
T, FREW 2-OH-CB126 N EHadh 3 T &
BIRB E N,

S i3

AW BESERIETEEREE (FELE
BETFREE, LEWBY A 7MEEE 8LV
P REMEISERYF (C) (2) (No. 14572119
HE {E % No. 16590101 & O ¥ — ; No.
15510058 NIEEZEAR) —EE&> bDTH D, T
WL THEERRLET.

X [y
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bital-treated dog ; the possible formation of



2)

3)

4)

5)

6)

7

8)

9)

10)

11)

12)

ENEY MiT XD CB118 E

PCB 2, 3-arene oxide intermediate.
Xenobiotica 22 : 1275-1290, 1992.

Ariyoshi N, Koga N, Yoshimura H and Oguri
K : Metabolism of 2, 4, 5, 2, 4, 5~-hexachlor-
obiphenyl (PCB153) in guinea pig. Xenobiotica
27: 973-983, 1997.

Ariyoshi N, Oguri K, Koga N, Yoshimura H
and Funae Y : Metabolism of highly persist-
ent PCB congener, 2, 4, 5, 2’, 4, 9~hexachlor-
obipheny! by human CYP2B6. Biochem. Bio-
phys. Res. Commun. 212 : 455-460, 1995.
Ariyoshi N, Yoshimura H and Oguri K : Iden-
tification of in vitro metabolites of 2, 4, 6, 2,
4, 6’-hexachlorobiphenyl from phenobarbital-
treated dog liver microsomes. Biol. Pharm.
Bull. 16 : 852-857, 1993.

Bergman .&, Klasson-Wehler E and Kuroki
H : Selective retention of hydroxylated PCB
metabolites in blood. Environ. Health Per-
spec. 102 : 464-469, 1994.

Brouwer A, Klasson-Wehler E, Bokdam M,
Morse DC and Traag WA : Competitive inhi-
bition of thyroxin binding to transthyretin by
monohydroxy metabolites of 3, 4, 3’, 4'-tetra-
chlorobiphenyl. Chemosphere 20: 1257-1262,
1990.

Brouwer A and van den Berg KJ : Binding of
a metabolite of 3,4,3,4’-tetrachlorobiphenyl
to transthyretin reduces serum vitamin A
transport by inhiting the formation of the
protein complex carrying both retinol and
thyroxin. Toxicol. Appl. Pharmacol. 85: 301-
312, 1986.

Cadogan JIG: A convenient new method of
aromatic arylation. J. Chem. Soc. ; 4257-4258,
1962.

Fiangstrom B, Athanasiadou M, Grandjean P,
Weihe P and Bergman A Hydroxylated
PCB metabolites and PCBs in serum from
pregnant Faroese women. Environ. Health
Perspec. 110: 895-899, 2002.

Haraguchi K, Kato Y, Kimura R and Masuda
Y : Hydroxylation and methylthiolation of
mono-ortho- substituted polychlorinated bi-
phenyls in rats: identification of metabolites
with tissue affinity. Chem. Res. Toxicol. 11:
1508-1515, 1998.

Haraguchi K, Kato Y, Koga N and Degawa
M : Metabolism of polychlorinated biphenyls
by Gunn rats : Identification and serum reten-
tion of catechol metabolites. Chem. Res.
Toxicol. 17: 1684~1691, 2004.

Haraguchi K, Koga N and Kato Y : Compara-

-395-

13)

14)

15)

16)

17)

18)

19)

20)

21)

239

tive metabolism of polychlorinated biphenyls
and tissue distribution of persistent
metabolites in rats, hamsters and guinea pigs.
Drug Metab. Dispos. 33: 373~ 380, 2005.
Hutzinger O, Safe S and Zitko V, Polychlor-
inated biphenyls: synthesis of some individ-
ual chlorobiphenyls. Bull. Environ. Contamin.
Toxicol. 6: 209-219, 1971.

Kato S, McKinney JD and Matthews HB:
Metabolism of symmetrical hexachlorobi-
phenyl isomers in the rat. Toxicol. Appl.
Pharmacol. 53 : 389-398, 1980.

Kester MH, Bulduk S, van Toor H, Tibboel
D, Neinl W, Glatt H, Falany CN, Coughtrie
MW, Schuur AG, Brouwer A and Visser T]J :
Potent inhibition of estrogen sulfotransferase
by hydroxylated metabolites of poly-
halogenated aromatic hydrocarbons reveals
alternative mechanism for estrogenic activity
of endocrine disrupters. J. Clin. Endoc. Metab.
87 : 1142-1150, 2002.

Klasson-Wehler E, Lindberg L, Jonsson CJ
and Bergman A : Tissue retention and metab-
olism of 2, 3, 4, 3, 4-pentachlorobiphenyl in
mink and mouse. Chemosphere 27: 2397-
2412, 1993.

Kociba RJ and Cabey O: Comparative toxi-
cology and biologic activity of chloronated
dibenzo-p-dioxins and furans relative to 2, 3,
7, 8-tetrachlorodibenzo-p-dioxin (TCDD).
Chemosphere 14 : 649-660, 1985.

Koga N, Beppu M, Ishida C and Yoshimura
H : Further studies on metabolism in vivo of
3, 4, 3, 4-tetrachlorobiphenyl in rats: identi-
fication of minor metabolites in rat faeces.
Xenobiotica 19 : 1307- 1318, 1989.

Koga N, Kanamaru T, Kikuichi N, Oishi N,
Kato S and Yoshimura H: Guinea pig liver
cytochrome P450 responsible for 3-hydrox-
ylation of 2, 5, 2, 5’-tetrachlorobiphenyl. Bull.
Environ. Contamin. Toxicol. 60: 898-903,
1998.

HEESE, &R, KERET, IS, K
R, BOE—, #BHEA 0 2,4,5,2°,3,4-K
HELE 7 2= v0 in vitro RENC BT 3B
B BREESE 92 1 167-176, 2001,

Koga N, Kikuichi-Nishimura N, Hara T,
Harada N, Ishii Y, Yamada H, Oguri K and
Yoshimura H : Purification and characteriza-
tion of a newly identified isoform of cyto-
chrome P450 responsible for 3-hydroxylation
of 25,25 ~tetrachlorobiphenyl in hamster
liver. Arch. Biochem. Biophys. 317 : 464-470,



240

22)

23)

24)

25)

26)

27)

28)

29)

30)

A H T

1995.

Koga N, Kikuichi-Nishimura N and Yo-
shimura H: Effect of cytochrome P450 in-
ducers on liver microsomal metabolism of
tetrachlorobiphenyls in rats, guinea pigs and
hamsters. Biol. Pharm. Bull. 18: 705-710,
1995.

Kuroki H and Masuda Y : Structures and
concentrations of the main components of
polychlorinated biphenyls retained in patients
with Yusho. Chemosphere 6: 469-474, 1977.
Lehmler HJ and Robertson LW : Synthesis of
hydroxylated PCB metabolites with the Suzu-
ki-coupling. Chemosphere 45: 1119-1127,
2001.

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

Malmberg T, Hoogstraate J, Bergman A and
Klasson-Wehler E: Pharmacokinetics of two
major hydroxylated polychlorinated biphenyl
metabolites with specific retention in rat
blood. Xenobiotica 34 : 581-589, 2004.

Meerts IA, Lilienthal H, Hoving S, van den
Berg JH, Weijers BM, Bergman f&, Koeman
JH, Brouwer A : Developmental exposure to
4-hydroxy-2,3,3",4’,5-pentachlorobiphenyl
(4-OH-CB107) : long-term effects on brain
development, behavior, and brain stem audi-
tory evoked potentials in rats. Toxicol Sci.
82 : 2007-2218, 2004.

=R, BRKEE, ROB—, HEEA D 5D
BEEF A 7 a~v 7T 7 /[ESHEEESIRE
ik 22 PCBEMKEOST. BREEREW:
192-201, 1999,

Oberg M, Sjodin A, Casabona H, Nordgren I,
Klasson-Wehler E and Hakansson H : Tissue
distribution and half-lives of individual poly-
chlorinated biphenyls and serum levels of 4-
hydroxy-2, 3, 3', 4, 5-pentachlorobiphenyl in
the rat. Toxicol. Sci. 70: 171-182, 2002.
Oguri K, Kaneko H, Tanimoto Y, Yamada H
and Yoshimura H: A constitutive form of
guinea pig liver cytochrome P450 closely
related to phenobarbital inducible P450b (e).

y N

-396-

En 34

3D

32)

33)

34)

35)

36)

37)

Arch. Biochem. Biophys. 287 : 105- 111, 1991.
Ohta C, Haraguchi K, Kato Y and Koga N :
In vitro metabolism of 2, 2, 3, 4, 5, 5, 6-
heptachlorobiphenyl (CB187) with liver mi-
crosomes from rats, hamsters and guinea
pigs. Xenobiotica, in press, 2005.
Parkinson A, Safe SH, Robertson LW,
Thomas PE, Ryan DE, Reik LM and Levin
W : Immunochemical quantitation of cyto-
chrome P-450 isozymes and epoxide
hydrolase in liver microsomes from polychlor-
inated or polybrominated biphenyl-treated
rats. - A study of structure-activity relation-
ships. J. Biol. Chem. 258 : 5967-5976, 1983.
Sandau CD, Ayotte P, Dewailly E, Duffe J and
Norstrom RJ: Analysis of hydroxylated
metabolites of PCBs (OH-PCBs) and other
chlorinated phenolic compounds in whole
blood from Canadian Inuit. Environ. Health
Perspec. 108: 611-616, 2000.
Van den Berg M, Birnbaum L, Bosveld AT,
Brunstrom B, Cook P, Feeley M, Giesy JP,
Hanberg A, Hasegawa R, Kennedy SW,
Kubiak T, Larsen JC, van Leeuwen FX, Liem
AK, Nolt C, Peterson RE, Poellinger L, Safe
S, Schrenk D, Tillitt D, Tysklind M, Younes
M, Waern F and Zacharewski T: Toxic
equivalency factors (TEFs) for PCBs, PCDDs,
PCDFs for humans and wildlife. Environ.
Health Perspect. 106 : 775-792, 1998.
Wehler EK, Bergman _51, Brandt I, Darnerud
PO and Wachtmeister CA : 3,3,4,4'-Tetrach-
lorobiphenyl : Excretion and tissue retention
of hydroxylated metabolites in the mouse.
Drug Metab. Dispos. 17 441- 448, 1989.
Yoshimura H, Yonemoto Y, Yamada H, Koga
N, Oguri K and Saeki S: Metabolism in vivo
of 3, 4, 3’, 4-tetrachlorobiphenyl and tox-
icological assessment of the metabolites in
rats. Xenobiotica 17 : 897-910, 1987.
Yoshimura H, Yoshihara S, Ozawa N and
Miki M : Possible correlation between induc-
tion modes of hepatic enzymes by PCBs and
their toxicity in rats. Ann. N. Y. Acad. Sci.
320: 179-192, 1979.

(ZAfT 2005-3-30)



J Toxicol Pathol 2005, 18: 41-46

Original

Electron Microscopical Evidence of the Protective
Function of Thioredoxin (TRX/ADF) Transgene against
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Abstract: The present study was performed to assess the protective role of thioredoxin/adult T-cell leukemia-derived
factor (TRX/ADF) on the liver and brain cell damages induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in ADF
wild-type (WT) and transgenic (Tg) mice. The ADF WT and Tg mice were intraperitoneally injected with a single dose
of TCDD (150 ug/kg body weight). One day after the treatment, the liver and brain tissues were examined electron
microscopically to evaluate the cellular toxicity. In the ADF WT mice, marked reduction of subcellular components,
such as mitochondria, rough endoplasmic reticula, and glycogen granules, as well as swelling of the remaining
mitochondria, were evident in the liver cells. However, attenuation of these changes was evident in TCDD-treated TRX/
ADF mice. Similar subcellular changes noted in the neuronal cells of TCDD-treated WT mice were also attenuated in
Tg mice. The results suggest that oxidative cellular damage contributes to the acute toxicity induced by TCDD and that

TRX/ADF protects against it. (J Toxicol Pathol 2005; 18: 41-46)

Key words: Ah receptor, brain, liver, 2,3,7,8-tetrachlrodibenzo-p-dioxin (TCDD), thioredoxin/adult T-cell leukemia-

derived factor (TRX/ADF), transgenic (Tg) mouse

Introduction

As one of the aromatic hydrocarbons, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) is a widely spread
environmental pollutant that has a broad spectrum of toxic
effects on a variety of tissues such as the thymus, liver, testes
and central nervous system in mammals'~. Although a
number of studies have shown that the toxic effects of TCDD
are mediated by intracytoplasmic aromatic hydrocarbon
receptor (AhR)7, the toxic mechanism of TCDD on the
target organs is still not fully understood. Among the toxic
events, oxidative stress is considered to play a major role in
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the toxic mechanism of TCDD, as characterized by marked
increases of lipid peroxidation, the formation of reactive
oxygen species, and DNA single-strand break®!'4.

Exogenous xenobiotics, such as aromatic
hydrocarbons, result in profound induction of cytochrome
P450 enzymes in the liver, resulting in the generation of
reactive oxygen species'>16. On the other hand, the brain is
rich in peroxidizable fatty acids and has relatively low
catalase activity'’. Therefore, these organs are considered to
be highly susceptible to oxidative stresses!'8. In fact, the
contribution of oxidative stress in TCDD-induced cellular
damage of the liver and brain has been suggested in previous
studies!'>18-22,

Adult T-cell leukemia-derived factor (ADF) is a human
thioredoxin (TRX) associated with the reduction/oxidation
(redox) regulation of the cellular environment?*. TRX/ADF
is a stress-inducible protein and its expression is up-
regulated after viral infection as well as in cellular stress
conditions induced by oxidative agents such as hydrogen
peroxide or diamide, irradiation with X-rays and ultraviolet

-397-



42 Protective Role of TRX/ADF against Acute TCDD Toxicity

light, or ischemic reperfusion?’. Previous studies have
shown that TRX/ADF plays a role in the cellular defense
mechanism against oxidative cellular damage via the
regulation of intracellular redox status, since exogenously
administered TRX/ADF protected cells from oxidative
cellular injury?+?.

We recently reported for the first time the protective
function of TRX/ADF against TCDD-induced
hematotoxicity in ADF transgenic (Tg) mice, indicating
oxidative stress contributes to the hematotoxic mechanism
of TCDD?¢. We hypothesized in the present study that
overexpression of TRX/ADF might also be effective for
protection against the toxic effects of TCDD on the liver and
brain tissues in which oxidative stress has also been
implicated in the toxic mechanism. For this purpose, we
injected TCDD with a dosage capable of inducing oxidative
stress in the liver following acute exposure®!, to ADF wild-
type (WT) and transgenic (Tg) mice, and then compared
subcellular changes electron microscopically in the liver and
brain tissues.

Materials and Methods

Animals

TRX/ADF overexpressed mice (ADF Tg mice),
originally produced by Dr. A. Mitsui*’, were maintained in a
laboratory facility with a 12:12-hour light-dark cycle at an
ambient temperature of 21 £ 2°C at the National Institute of
Health Sciences (NIHS) of Japan by breeding ADF WT and
Tg mice. Animals were screened by PCR of their tail DNA
to determine their genotypes. At 8 weeks of age, male ADF
WT and Tg mice (23.5-24.8 g) were transferred to a vinyl
isolator established in a hazard room designed to prevent
contamination from the outside environment and randomly
allocated within the same genotype to housing with 6
animals per cage. A pelleted basal diet (CRF-1; Funabashi
Farm, Funabashi, Japan) and tap water were provided ad
libitum throughout the study.

Chemical

TCDD was obtained from Radian International,
Cambridge Isotope Laboratories, Inc. (Andover, MA, USA,;
purity: 98 %). TCDD was initially dissolved in a small
volume of acetone and subsequently adjusted to the
concentration of 10 pg/ml in olive oil.

Experimental design

ADF WT and Tg mice were divided into vehicle
controls and TCDD treatment groups, each consisting of 6
animals. After one week of acclimation, TCDD at 150 ug/kg
was intraperitoneally injected once to animals of treatment
groups, and the corresponding volume of olive oil was
similarly injected to vehicle controls. The dosage of TCDD
was selected based on previous study results that showed
oxidative stress in the liver was induced by a single bolus
injection to mice?!. One day after the treatment, the animals
were sacrificed by decapitation and then examined grossly.
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The liver and brain were then excised and their weights were
measured.

The animal protocol was reviewed and approved by the
Animal Care and Use Committee of the NIHS, Japan.

Morphological assessment

For histological examination, liver tissues in all animals
were fixed in 10% neutral buffered formalin (pH 7.4). After
routine processing, the paraffin-embedded sections were
stained with hematoxylin and eosin and then examined
histopathologically under a light microscope.

For electron microscopical examination, tissue
specimens from the liver and cerebral cortex were
respectively prepared from three animals each of the control
and treatment groups of ADF WT and Tg mice. Small tissue
blocks, sized 1 mm?, were fixed with 2.5% glutaraldehyde in
0.2 M Sorenson’s sodium phosphate buffer, pH 7.2, for 8
hours at 4°C. After washing with 0.1 M PBS (pH 7.4), the
tissues were post-fixed with 1% osmium tetroxide for 90
minutes. After washing in 0.1 M PBS, the tissues were
dehydrated with ethanol and propylene oxide and then
embedded in Epon 812. Ultrathin sections were double-
stained with uranyl acetate and lead citrate. The sections
were examined with JEOL-1200 EX II electron microscope
(JEOL, Tokyo, Japan).

Results

After one day of TCDD treatment, absolute liver weight
had decreased to 71.4% of the vehicle control group in ADF
WT mice and 83.2% in ADF Tg mice (data not shown).

Histologically, apoptotic liver cell debris and also focal
liver cell necrosis were sparsely observed in the centrilobular
areas of both TCDD-treated WT and ADF Tg mice, without
showing apparent difference in the severity between
genotypes (data not shown). Vehicle control animals did not
show such liver cell changes in either genotype.

Electron microscopically, liver cells of the WT mice
treated with TCDD exhibited a prominent decrease of
cytoplasmic glycogen granules and rough endoplasmic
reticula (RERs) and an increase of smooth endoplasmic
reticula (SERs) (Fig. 1B). The number of mitochondria was
also decreased and the remaining mitochondria showed
swelling with disorganized cristae and lucent matrix.
Increased fat droplets were also evident in the cytoplasm of
less affected hepatocytes. On the other hand, transgene of
Trx/ADF notably attenuated these morphological changes
following TCDD treatment (Fig. 1C). In the cerebral cortex,
neuronal cells showed a decrease in the number of RERs,
ribosomes and mitochondria in WT mice treated with TCDD
(Fig. 2B) but not in ADF Tg mice treated similarly with
TCDD (Fig. 2C). Vehicle control animals did not show such
neuronal cell changes in either genotype.

Discussion

In the present study, acute treatment with TCDD
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Fig. 1. BElectron micrographs of liver

cells from ADF WT and Tg
mice treated with vehicle or
TCDD. (A) Vehicle-treated
ADF WT mouse, (B) TCDD-
treated ADF WT mouse, and (C)
TCDD-treated ADF Tg mouse.
Note cytoplasmic swelling
associated with a profound
decrease of glycogen granules,
RERs and mitochondria in the
liver cells of the TCDD-treated
ADE WT mouse (B). Swelling
of the remaining mitochondria
with disorganized cristae and
lucent matrix is also evident (B).
Attenuation of  these
morphological changes is evident
in the TCDD-treated ADF Tg
mouse (C). Uranyl acetate and
lead citrate. Bar=10 um (Al,
B1, C1), Bar=3 um (A2, B2,
C2).
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Fig. 2. Electron micrographs of

neuronal cells in the cerebral
cortex from ADF WT and Tg
mice treated with vehicle or
TCDD. (A) Vehicle-treated
ADF WT mouse, (B) TCDD-
treated ADF WT mouse, and (C)
TCDD-treated ADF Tg mouse.
Note the decrease of RER,
ribosome and mitochondria in
the cytoplasm of neuronal cells
of the TCDD-treated ADF WT
mouse (B). In the TCDD-treated
ADF Tg mouse, mitochondrial
swelling is also evident, but
attenuation of the morphological
changes can be seen, too. (C).
Uranyl acetate and lead citrate.
Bar=10 um (A1, BI1, C1), Bar=2
um (A2, B2, C2).
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induced ultrastructural alterations in the cytoplasmic
components of liver cells characterized by prominent
decrease of glycogen granules and RERs, proliferation of
SERs, decrease and degradation of mitochondria, and
increase of lipid droplets. These subcellular alterations were
mostly consistent with those noted in the guinea pig liver
following TCDD treatment®, but concentric membrane
arrays in the liver cells were not evident in the present study,
presumably due to the different experimental protocol or the
different species used in the studies. In the cerebral neuronal
cells in the present study, alterations in subcellular
components by TCDD were also evident, despite the
changes being less profound than those in the liver cells.
These subcellular changes in the liver and neuronal cells
may represent the cytotoxic outcome of TCDD due to
oxidative cellular damage and also cellular adaptation
including detoxification.

Effective prevention of TCDD-induced toxicity by
administration of antioxidants such as oltipraz[5-(2-
pyrazinyl)-4-methyl-1,2-dithiol-3-thione] or butylated
hydroxyanisole, or by pretreatment with vitamins A and E
further supports the hypothesis that oxidative processes are
involved in TCDD-induced toxicity?>30. Attenuation of
subcellular changes in the liver and neuronal cells by
transgene of TRX/ADF in the present study indicates the
critical role of oxidative stress in the toxic events induced by
TCDD, and also the protective function of ADF/TRX in
these organs, as in our previous study of TCDD-induced
bone marrow toxicity?®. The protective effect of TRX/ADF
against oxidative cellular damage is believed to be achieved
by free radical scavengers®!, activation of DNA repair
enzymes, such as activator protein endonuclease (Ref-1;
redox factor-1)*?, and activation of nuclear factor-kappa B
(NF-kB)*,

Taken together, the results of our present study strongly
suggest that the acute toxic effect induced in the liver and
brain by a single large dose of TCDD is due to oxidative
cellular damage, and that TRX/ADF plays a role in
protection against TCDD-induced acute toxicity.
Considering the routes and concentrations of TCDD exposed
to humans, research on the effect of extremely low doses of
TCDD by oral ingestion on the oxidative cellular damage of
target organs is clearly warranted.
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Introduction

Recent studies have shown that the aryl hydrocarbon receptor (AhR) in primitive cells transmits negative signals for
the proliferation of such cellsV 2. As we previously reported, primitive hemopoistic progenitor cells increases in
number in AhR-knockout (KO) mice; on the other hand, relatively mature progemtor cells on the other hand,
decreases in number in a homeostatic manner!.

We have reported that benzene-induced hemopoietic toxicity is transmitted by AhR3. We also found that cytochrome
P450 2E1 (CYP2ET1) related to benzene metabolism is also up regulated in the bone marrow by benzene exposure
in the bone marrow®. Therefore, it is of interest to hypothesize a greater role of bone marrow cells in hemopoietic
toxicities rather than the hepatic metabolism. Accordingly, in the present study, benzene-induced hemopoietic
toxicity was evaluated in wild type (Wt) mice after a lethal dose of whole-body irradiation followed by repopulation of
bone marrow cells that lack AhR or, vice versa, in AhR KO mice after repopulation of Wt bone marrow cells.

As results, benzene-induced hemopoistic toxicity seems to have been transmitted through AhR, and benzene was
transformed by de novo metabolism with CYP2E1 in the bone marrow.

Materials and Methods

Animals. The establishment of homozygous AhR KO (AhR'/ ) mice, the 129/SvJ strain, is described elsewhere® 5.
The breeding of heterozygous AhR KO (AhR*") males with AhR*" females generated wild-type (AhR**), AhR*"",

and AhR”"mice. The neonates were genotyped by PCR screening of DNA from the tail. Female mice (12 weeks old)
were used in the study. Eight-week-old C57BL/6 male mice from Japan SLC (Shizuoka, Japan) were used as
recipients for the repopulation assay and the assay of CFU in the spleen. All the mice were housed under specific
pathogen-free conditions at 24 + 1°C and 55 x 10%, using a 12-hr light-dark cycle. Autoclaved tap water and food
pellets were provided ad libitum.

Biood and bone marrow (BM) parameters. Peripheral blood was collected from the orbital sinus. Peripheral
blood leukocyte (WBC), red blood cell (RBC) and platelet (PLT) counts were determined using a blood cell counter
{Sysmex M-2000, Sysmex Co., Kobe, Japan). Bone marrow (BM) cellularity was evaluated by harvesting BM cells

from the femurs of each mouse®. The animals were sacrificed. Then a 27-gauge needle was inserted into the
femoral bone cavity through the proximal and distal edges of the bone shafts, and BM cells were flushed out under
pressure by injecting 2 mif of a-MEM. A single-cell suspension was obtained by gently triturating the BM cells through
the 27-gauge needle, and cells were counted using Sysmex M-2000.

Irradiation. Recipient mice were exposed to a lethal radiation of 800.1 cGy, at a dose rate of 124 cGy/min, using a
137C:s-gamma irradiator (Gamma Cell 40, CSR, Toronto, Canada) with a 0.5-mm aluminum-copper filter.

CFU-S Assay. The Till and McCulloch method’was used to determine the number of colony-forming units in the
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