probably reflecting a shift in feeding preferences due to
different habitats (migration). The reason for this discrepancy
between the bluefin tuna from the coastal areas of Japan and
those from the Mediterranean Sea remains unclear. Details
of yellowfin and albacore tuna migration around the coastal
areas of Japan are unknown.

The level of Hg accumulation is generally positively
correlated with trophic level as determined by § *N (24). In
agreement, positive correlations were found between those
in the bluefin and yellowfin tuna samples, while negative
correlations were found in the albacore tuna samples and
cetacean samples as reported previously (7). The reason for
the discrepancy remains to be elucidated.
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ABSTRACT:

Effects of Kanechlor-500 (KC500), a commercial polychlorinated
bipheny! mixture, on the levels of serum thyroid hormones such as
total thyroxine (T,) and triiodothyronine were examined in male
mice, hamsters, rats, and guinea pigs. Four days after a single
intraperitoneal injection of KC500, significant decreases in the
levels of the serum total T, and free T, occurred in all the animals
examined, whereas a significant decrease in the level of serum
triiodothyronine was observed only in guinea pigs among the ani-
mals examined. In addition, no significant change in the level of
serum thyroid-stimulating hormone was observed in any of the
rodents examined. A significant increase in the activity of hepatic
T,-UDP-glucuronosyltransferase after the KC500 administration

occurred only in guinea pigs, whereas the increase in the amount
of biliary ['?*1]T, glucuronide after an intravenous injection of
['?°1]T, to the KC500-pretreated animals occurred only in rats. On
the other hand, in all the rodents examined, KC500-pretreatment
promoted the clearance of ['*°I]T, from the serum and led to a
significant increase in the steady-state distribution volumes of
['21]T,. Likewise, its pretreatment raised the concentration ratio
(K, value) of the liver to serum and the liver distribution of =N,
in all the rodents tested. The present findings indicate that for the
first time the KC500-mediated decrease in the serum T, level in
mice, hamsters, rats and guinea pigs occurs mainly through an
increase in the accumulation level of T, in the liver.

There are known species differences among experimental animals
in responses to polychlorinated biphenyl (PCB)-derived toxicities,
including endocrine disruption, impairments of the reproductive and
immune systems, and teratogenicity (Safe, 1994). The species differ-
ences might be attributed to the differences in the metabolic patterns
of PCB congeners and/or the PCB-mediated induction of drug-me-
tabolizing enzymes (Duignan et al., 1987, 1988).

In general, PCBs, including 3,3',4,4'.5-pentachlorobiphenyl
(CB126) and Aroclor 1254, have the ability to decrease serum thyroid
hormone levels in rats and mice, and the decreases are thought to
occur through the induction of thyroxine (T,)- UDP-glucuronosyl-
transferases (UDPGTs) (Barter and Klaassen, 1994; Van Birgelen et
al, 1995; Craft et al., 2002), especially UGTIAl and UGTI1A6
(Visser, 1996). However, we have previously found the following: the
PCB-mediated reduction of the serum T, level in rats and mice is not
necessarily correlated with an increase in hepatic T, glucuronidation

This work was supported in part by Grants-in-Aid for Scientific Research (C)
[Grant 20510070] (to Y.K.) and Scientific Research (B) [Grant 19310042] (to K.H.
and Y.K.) from the Japan Society for the Promotion of Science.

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.

doi:10.1124/dmd.109.031153.

activity (Kato et al., 2003); Kanechlor-500 (KC500) treatment results
in a significant decrease in the level of serum total T, not only in
Wistar rats but also in Gunn rats (UGT1A-deficient Wistar rats) (Kato
et al., 2004, 2007); and the KC500-mediated decrease in rats occurs
through an increase in the accumulation level of T, in the liver rather
than an increase in hepatic T,-UDPGT activity (Kato et al., 2007).
However, to date, only limited data are available that would help to
explain the mechanism of the PCB-mediated decrease in the level of
serum thyroid hormone and its species difference.

In the present study, we examined the KC500-mediated biological
alterations, such as decreases in the levels of serum thyroid hormones,
induction of hepatic T,-UDPGT, and increase in hepatic accumulation
level of T,, in mice, hamsters, rats, and guinea pigs. On the basis of
the obtained results, a mechanism underlying the PCB-mediated de-
crease in serum T, level was further discussed.

Materials and Methods

Chemicals. Panacete 810 (medium-chain triglycerides) was purchased from
Nippon Oils and Fats Co. Ltd. (Tokyo, Japan). The [**I]T, [>95% radio-
chemical pure as determined by high-performance liquid chromatography
(HPLC), specific activity: 150 uCi/pg T}, radiolabeled at the 5’-position of
the outer ring, was obtained from PerkinElmer Life and Analytical Sciences
(Waltham, MA). The KCS00 used in the present experiments contains

ABBREVIATIONS: PCB, polychlorinated biphenyl; CB126, 3,3',4,4' 5-pentachlorobiphenyl; T,, thyroxine; UDPGT, UDP-glucuronosyltransferase;
KC500, Kanechlor-500; HPLC, high-performance liquid chromatography; T, triiodothyronine; TSH, thyroid-stimulating hormone; TBG, thyroxine

binding protein; TTR, transthyretin.
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2,2',5,5'-tetrachlorobiphenyl (5.6% of total PCBs), 2,2',3,5',6-pentachlorobi-
phenyl (6.5%), 2,2',4,5,5'-pentachlorobiphenyl (10%), 2,3,3',4',6-pentachlo-
robiphenyl (7.4%), 2,3'4,4',5-pentachlorobiphenyl (7.7%), 2,2',3,4,4',5'-
hexachlorobiphenyl (5.6%), and 2,2',4,4’,5,5'-hexachlorobiphenyl (5.4%) as
major PCB congeners (Haraguchi et al., 2005). All of the other chemicals used
were obtained commercially at the highest grade of purity.

Animal Treatments. Male ddY mice (28-36 g), male Syrian hamsters
(95-120 g), male Wistar rats (160-200 g), and male Hartley guinea pigs
(400-540 g) were obtained from Japan SLC, Inc. (Shizuoka, Japan). They
were housed three or four per cage with free access to commercial chow and
tap water, maintained on a 12-h dark/light cycle (8:00 AM to 8:00 PM light)
in an air-controlled room (temperature, 24.5 * 1°C; humidity, 55 * 5%), and
handled with animal care under the guidelines of the University of Shizuoka
(Shizuoka, Japan). Mice received a single intraperitoneal injection of KC500 at
the desired doses (6.25, 12.5, 25, 37.5, 50, and 100 mg/kg), and the other
animals received an intraperitoneal injection of KC500 (37.5 or 100 mg/kg)
dissolved in Panacete 810 (5 ml/kg). Control animals were treated with vehicle
alone (5 ml/kg).

In Vivo Study. All animals were killed by decapitation 4 days after the
intraperitoneal administration of KC500. The liver was removed, and hepatic
microsomes were prepared according to the method of Kato et al. (1995) and
stored at —85°C until use. Blood was collected from each animal between
10:30 and 11:30 AM. After clotting at room temperature, serum was separated
by centrifugation and stored at —50°C until use.

120
100
©
T O 60
26
40
20 f
[y - 1 1 ! |
076.25 12.5 25 37.5 50 100

Dose (mg/kg)

Fic. 1. Effect of graded doses of KC500 on the Jevel of serum total T, in mice.
Mice were killed 4 days after the intraperitoneal administration of KC500 at the
various doses indicated, and the level of serum total T, was measured as described
under Materials and Methods. Constitutive level: 3.24 * 0.25 pg/dl (n = 5). Bach
point represents the mean * S.E. (vertical bars) for four to six mice. *, P < 0.05,
significantly different from the control.

KATO ET AL.

Analysis of serum hormones. Levels of total T,, free T, total triiodothyro-
nine (T5), and thyroid-stimulating hormone (TSH) were measured by radio-
immunoassay using a Total T4 and Free T4 kit (Diagnostic Products Corpo-
ration, Los Angeles, CA), T-3 RIABEAD (Dainabot Co., Ltd., Tokyo, Japan),
and the rat TSH ['*I] Biotrak assay system (GE Healthcare, Little Chalfont,
Buckinghamshire, UK), respectively.

Hepatic microsomal T, UDPGT activity. The amount of hepatic microso-
mal protein was determined by the method of Lowry et al. (1951) with bovine
serum albumin as a standard. The activity of microsomal UDPGT toward T,
(T4-UDPGT activity) was determined by the methods of Barter and Klaassen
(1992).

Ex Vivo Study. Four days after intraperitoneal administration of KC500,
the animals were anesthetized with saline solution (2 ml/kg) containing sodium
pentobarbital (25 mg/ml) and potassium iodide (1 mg/ml). The femoral artery
was cannulated (polyethylene tube SP8, SP10, and SP31; Natsume Inc.,
Tokyo, Japan) and primed with heparinized saline (33 units/ml). The bile duct
was cannulated and then the animal’s body was warmed to 37°C. Fifteen
minutes later, the animals were given ['*°I]T, (15 uCi /ml i.v.) dissolved in
saline containing 10 mM NaOH and 1% normal animal serum. The doses of
[‘2SI]T4 were 0.1 ml for mice, 0.6 ml for hamsters, 1 ml for rats, and 2 mi for
guinea pigs, respectively. The dose of [**’IIT, administered was calculated
based on the dose used for rats by Vansell and Klaassen (2001).

Clearance of ['*’I]T, from serum. Clearance of ['**I]T, from serum was
measured according to the method of Oppenheimer et al. (1968). In brief, after
the administration of ['**[]T,, a portion (0.1-0.3 ml) of blood was sampled
from the artery at the indicated times, and serum was prepared and stored at
—50°C until use. Two aliquots (15 wl each) of each serum were used for
determination of the level of [***I]T, by a gamma counter (Cobra II Auto-
Gamma 5002; PerkinElmer Life and Analytical Sciences).

Biliary excretion of ['*°1]T,. After the administration of ['**I]T,, bile was
collected in glass tubes on ice for 2 h at 30-min intervals. Bile volume was
determined gravimetrically. For analysis of biliary total ['**I]T, level, two
aliquots (10-30 ul each) were taken from each bile sample for determination
of ['*[IT, level by a gamma counter (Cobra II Auto-Gamma 5002). The
amount of biliary ['*’I]T, glucuronide was determined with HPLC as de-
scribed by Vansell and Klaassen (2001). In brief, a portion (10-20 ul) of bile
was added to 2 volumes of methanol and kept at —20°C for 1 h to precipitate
protein. After the mixture was centrifuged at 12,000g (4°C) for 10 min, the
resultant supernatant was collected for HPLC analysis. The HPLC analysis was
performed by using a ChromSpher C18 column (10 X 0.3 cm; Chrompack,
Inc., Raritan, NJ) in combination with both a ChromSep reverse-phase guard
column (10 X 2 mm; Chrompack, Inc.) and Adsorbosphere C18 reverse-phase
guard column (7.5 X 4.6 mm; Alltech Associates, Deerfield, IL). Then, 0.02
M ammonium acetate, pH4.0, containing 16 to 45% of acetonitrile solution
was used for elution of ['2°I]T, glucuronide; 16% of acetonitrile was used as
the initial solution for 6 min, and then the elution solution was changed by a
linear increase to 27% over 12 min, held for 4 min, followed by a linear

FiG. 2. Effects of KC500 on the levels of serum total T,
and free T, in animals. Animals were killed 4 days after
the intraperitoneal administration of KC500 (37 and 100
mg/kg), and levels of serum thyroid hormones were mea-
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sured as described under Materials and Methods. Consti~
tutive levels: total T,, 2.98 = 0.17 (mice, n = 8), 2.67 *

T 0.17 (hamsters, n = 8), 3.73 * 0.32 (rats, n = 6), and

2.05 % 0.16 pg/dl (guinea pigs, n = 5); free T,, 0.43 =
0.05 (mice, n = 8), 1.08 = 0.08 (hamsters, n = 8), 1.47 =
0.11 (rats, n = 6), and 1.44 * 0.16 ng/dl (guinea pigs, n =
5). Each column represents the mean * S.E. (vertical
bars) for four to eight animals. #, P < 0.05, significantly
different from each control.

KC500 (mg/kg): 0 37.5 100 0 37.5 100 0 37.5 100

0 37.5 100

Mice Hamsters Rats

Guinea pigs
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increase to 45% over 5 min, and held for 11 min. The levels of biliary [***IIT,
glucuronide were determined by a Radioisotope Detector 171 (Beckman
Coulter, Fullerton, CA).

To further identify ['2°I]T, glucuronides, the disappearance of a peak
responsible for ['2°T]T, glucuronides by treatment with B-glucuronidase was
examined. A portion (100 ul) of bile was incubated for 4 h at 37°C with
B-glucuronidase (250 units) in 100 mM phosphate buffer (100 ul, pH 6.8), and
the reaction was stopped by addition of 50 ul of methanol and cooling on ice.
After the reaction mixture was centrifuged at 12,000g (4°C) for 10 min, the
resultant supernatant was collected and used for the HPLC analysis of ['**I]T,
derivatives.

Analysis of ["*°1]T, bound to serum proteins. The levels of serum ['*I]T,-
thyroxine-binding protein (TBG), ['2°[]T,-albumin, and ['*°I]T,-transthyretin
(TTR) complexes were determined according to the method of Davis et al.
(1970). In brief, serum was diluted in 100 mM phosphate buffer, pH 7.4,
containing 1 mM EDTA, 1 mM dithiothreitol, and 30% glycerol, and the
diluted serum was subjected to electrophoresis on 4 to 20% gradient native
polyacrylamide gels (PAG Mid “Daiichi” 4/20; Daiichi Pure Chemicals Co.,
Ltd., Tokyo, Japan). The electrophoresis was performed at 4°C for 11 h at 20
mA in 0.025 M Tris buffer, pH 8.4, containing 0.192 M glycine. The human
albumin and TTR incubated with ['>*I]T, were also applied on the gel as
references. After the electrophoresis, the gel was dried and autoradiographed
for 20 h at room temperature using Imaging Plate 2040 (Fuji Photo Film Co.,
Ltd., Tokyo, Japan). The levels of ['*I]T,-TBG, [**’[IT-albumin, and
['**1]T,-TTR in serum were determined by counting the corresponding gel
fractions identified with the Bio Imaging Analyzer (BAS-200011 IP Reader;
Fuji Photo Film Co., Ltd.).

Tissue distribution of ['*°IJT,. Tissue distribution of ['**I]T, was assessed
according to the modified method of Oppenheimer et al. (1968). In brief, at 60
min after administration of ['**I]T, to KC500-pretreated animals, blood was
sampled from the abdominal aorta. Then, the cerebrum, cerebellum, pituitary
gland, thyroid gland, sublingual gland, submandibular gland, thymus, heart,
lung, liver, kidney, adrenal gland, spleen, pancreas, testis, prostate gland,
seminal vesicle, stomach, duodenum, jejunum, ileum, cecum, brown fat, skel-
etal muscle, bone marrow, skin, spinal cord, and fat were removed and
weighed. Radioactivities in serum and the tissues were determined by a gamma
counter (Cobra II Auto-Gamma 5002), and amounts of ['*’I]T, in the tissues
were calculated as ratios to the amount in serum.

Statistics. The data obtained were statistically analyzed according to the
Student’s r test or Dunnett’s test after analysis of variance. In addition,
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Fic. 3. Effects of KC500 on the levels of serum total T; and TSH in animals.
Animals were killed 4 days after the intraperitoneal administration of KC500 (37
mg/kg), and levels of serum thyroid hormones were measured as described under
Materials and Methods. Constitutive levels: total T;, 0.38 = 0.05 (mice, n = 6),
0.46 * 0.02 (hamsters, n = 6), 0.59 = 0.09 (rats, n = 6), and 0.25 £ 0.02 ng/ml
(guinea pigs, n = 6); TSH, 3.50 £ 0.19 (mice, n = 6), 3.46 = 0.22 (hamsters, n =
6), 5.45 * 0.61 (rats, n = 6), and 2.40 * 0.07 ng/ml (guinea pigs, n = 5). Each
column represents the mean * S.E. (vertical bars) for five to six animals. *, P <
0.05, significantly different from each control.

TSH
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+

Hamsters Guinea pigs
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clearance of ['#*I]T, from the serum, amount of biliary ['*1]T, glucuronide,
and the binding level of ['**I]T, to serum proteins were statistically analyzed
according to the Newman-Keuls test after analysis of variance. The pharma-
cokinetic parameters of ['>*I]T, were estimated with noncompartmental meth-
ods as described previously (Tabata et al., 1999).

Results

Serum Hormone Levels. A dose effect of KC500 on the level of
serum total T, was first examined in mice 4 days after the chemical
treatment (Fig. 1). Serum total T, levels were significantly decreased
by the treatment with KC500 at doses of over 25 mg/kg, and the
decrease occurred in a dose-dependent fashion up to 100 mg/kg. The
50% effective dose of KC500 for decreasing the level of serum total
T, was approximately 37.5 mg/kg. Therefore, 37.5 and/or 100 mg/kg
were selected as doses of KC500 in the present experiments.

Treatments of mice, hamsters, rats, and guinea pigs with KC500 at
a dose of 37.5 mg/kg decreased the total T4 levels to 63, 43, 35, and
27%, respectively, of the corresponding controls (Fig. 2). Treatment at
a dose of 100 mg/kg resulted in a more effective decrease in the
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Fic. 4. Effect of KC500 on the activity of hepatic microsomal T,-UDPGT in
animals. Animals were killed 4 days after the intraperitoneal administration of
KC500 (37 mg/kg), and hepatic microsomes from individual animals were used for
the T,-UDPGT enzyme assay, as described under Materials and Methods. Consti-
tutive levels: T,-UDPGT, 21.22 * 1.02 (mice, n = 6), 21.83 * 2.36 (hamsters, n =
6), 15.39 £ 2.96 (rats, n = 6), and 25.15 * 1.04 pmol/mg of protein/min (guinea
pigs, 1 = 6). Each column represents the mean = S.E. (vertical bars) for five to six
animals. *, P < 0.05, significantly different from each control.
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Fic. 5. Effect of KC500 on the amount of the biliary ["*I]T, glucuronide in
animals. KC500 (37.5 mg/kg) was intraperitoneally given to animals, and 96 h after
the KC500 treatment, a portion of ['*1]T, (15 uCi/ml i.v.) was administered to
animals, as described under Materials and Methods. The level of ['**I]T, glucuro-
nide excreted was measured in bile collected at 30-min intervals after the intrave-
nous administration of ['?*1]T,. Each point represents the mean * S.E. (vertical
bars) for three to seven animals. *, P < 0.05, significantly different from each
control. —O—, control; —@&—, KC500.
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rodents, with the exception of guinea pigs. Likewise, the serum free
T, level was markedly decreased by KC500 (37.5 mg/kg) in all the
rodents examined: 56% of control in mice, 43% of control in ham-
sters, 24% of control in rats, and 24% of control in guinea pigs. The
decrease in each animal species was greater when the KC500 treat-
ment was used at the higher dose (100 mg/kg).

A significant decrease in serum total T level by the treatment with
KC500 at a dose of 37.5 mg/kg occurred only in guinea pigs among
the species of animals examined (Fig. 3). On the other hand, no
significant change in the level of serum TSH by the KC500 treatment
was observed in any animals examined (Fig. 3).

Hepatic T,~-UDPGT. The effects of KC500 on hepatic microsomal
T,-UDPGT activity were examined in mice, hamsters, rats, and
guinea pigs. A significant increase in the activity of hepatic T,-
UDPGT by the treatment with KC500 at a dose of 37.5 mg/kg was
observed in only guinea pigs among the rodents examined (Fig. 4).

Biliary Excretion of [***I]T, Glucuronide. Effects of pretreat-
ment of KC500 (37.5 mg/kg) on biliary excretion of T, glucuronide
were examined in mice, hamsters, rats, and guinea pigs. After intra-
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FiG. 6. Effects of KC500 on the clearance of ['**I]T, from serum in animals.
KC500 (37.5 and 100 mg/kg) was intraperitoneally given to animals, and 96 h after
the KC500 treatment, a portion of ['**I]T, (15 uCi/ml i.v.) was administered to the
animals, as described under Materials and Methods. The amount of serum [’ZSI]T4
was measured at the indicated times after the intravenous administration of ['*5I]T,.
Each point represents the mean * S.E. (vertical bars) for four to eight animals. *,
P < 0.05, significantly different from each control. —O—, control; —@—, KC500
37.5 mg/kg; —¥—, KC500 100 mg/kg.
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venous injection of [*?°I]T, to the KC500-pretreated animals, biliary
excretion levels of T, glucuronide were measured. A significant
increase in the biliary excretion level was observed only in rats among
the species of animals examined (Fig. 5).

Clearance of [***I]T, from Serum. After an intravenous admin-
istration of ['*I]T, to the KC500 (37.5 or 100 mg/kg)-pretreated
mice, hamsters, rats, and guinea pigs, serum concentrations of ['*°I]T,
in the animals were measured at the indicated times (Fig. 6). KC500
(100 mg/kg)-pretreatment clearly enhanced the clearance of ['*°I]T,
from the serum in all the animals tested. Within 5 min after the
administration of ['*°I]T,, concentration of serum ['>*I]T, in mice,
hamsters, rats, and guinea pigs were approximately 69, 32, 28, and
54% of the corresponding control levels, respectively, and the de-
creases remained up to 120 min later. When the animals were pre-
treated with KC500 at a dose of 37.5 mg/kg, clear promotion of the
clearance of ['*’I]T, was observed in the animals with the exception
of mice.

The serum pharmacokinetic parameters of the ['**1]T, estimated
from these data (Fig. 6) were summarized in Table 1. The mean
total body clearance of [***I]T, and steady-state volumes of dis-
tribution in the KC500 (100 mg/kg)-pretreated mice, hamsters,
rats, and guinea pigs increased, compared with the corresponding
control animals, although these increases were observed in the KC500
(37.5 mg/kg)-pretreated rats and guinea pigs but not in the mice and
hamsters. The steady-state volumes of distribution in the KC500
(100 mg/kg)-pretreated mice, hamsters, rats, and guinea pigs in-
creased to 1.5, 4.0, 4.1, and 1.8 times over the corresponding
control animals, respectively (Table 1).

Tissue Distribution of [1251]T4. Effects of KC500 (100 mg/kg)-
pretreatment on the tissue-to-serum concentration ratio (K, value) and
the distribution level of ['**I]T, in tissues after the administration of
['*51]T, were examined in mice, hamsters, rats, and guinea pigs. In all
animals examined, the thyroid gland, liver, kidney, stomach, duode-
num, and jejunum had K., values over 1 (Fig. 7), and the K, value was
the greatest in the thyroid gland and liver among the examined tissues,
with the exception of kidney in guinea pigs. Pretreatment with KC500
resulted in significant increases in the K|, values of thyroid gland,
liver, kidney, and duodenum in all the animals examined (Fig. 7).

In KC500-untreated (control) animals, the accumulation level of
['*°I]T, in the liver was the highest among the tissues examined (Fig.
8). In all the animals examined, pretreatment with KC500 (100
mg/kg) resulted in significant increases in the accumulation level of
['2*1JT, in the liver. More than 34, 55, 58, and 17% of the ['*°I]T,

TABLE 1

Pharmacokinetic parameters for [**’I]T after the administration of ['**1]T, to the KC500-pretreated animals

The pharmacokinetic parameters of ['*1]T, were calculated from the data in Fig. 6 with noncompartmental methods as described previously (Tabata et al., 1999). The values shown are

expressed as the mean * S.E. for four to 11 animals.

Animal Pretreatment Dose Mean Total Body Clearance X 100 Distribution Volume
mg/kg mi/min ml

Mice Control 1.56 £ 0.15 4.46 * 0.25
KC500 375 1.65 £ 0.20 4.69 = 0.31
KC500 100 2.66 + 0.22* 6.52 £ 0.51*

Hamsters Control 3.63 032 10.46 *+ 0.53
KC500 375 5.35 x0.93 25.76 = 1.21%
KC500 100 8.19 * 1.24* 42.04 = 4.50*

Rats “Control 7.83 £0.39 15.62 = 0.68
KC500 375 13.23 = 1.46% 31.81 £ 3.31*
KC500 100 30.75 = 3.27* 64.06 * 4.58%

Guinea pigs Control 13.73 £ 0.91 35.70 = 2.77
KC500 375 20.65 * 1.54* 54.70 = 4.70*
KC500 100 2342 £ 2.17* 65.42 *+ 4.98*

* P < 0.05, significantly different from each control.
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FiG. 7. Tissue-to-serum concentration ratio (K|, value) of ['**1]T, in various tissues
after administration of ['**I]T, to KC500-pretreated animals. KC500 (100 mg/kg
i.p.) was given to animals, and 96 h after the KC500 treatment, ['**IJT, was
intravenously administered to the animals. At 60 min after the ['**I]T, administra-
tion, the radioactivity in each tissue was measured, as described under Materials and
Methods. Each column represents the mean % S.E. (vertical bars) for three to six
animals. *, P < 0.05, significantly different from each control. [, control; H,
KC500.

dosed were accumulated in the liver in the KC500-pretreated mice,
hamsters, rats, and guinea pigs, respectively (Fig. 8). In addition, the
accumulation level per gram of liver was also increased in the KC500-
pretreated mice, hamsters, rats, and guinea pigs, compared with the
corresponding control animals (Table 2). Furthermore, KC500-
pretreatment led to significant increases in the liver weight in mice,
rats, and guinea pigs, but not in hamsters (Table 3).

Serum Proteins Bound to [1**X1T,. The effects of pretreatment
with KC500 (100 mg/kg) on the binding of ['**I]T, to serum
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Fic. 8. Tissue distribution of ['**IJT, after administration of ['**1]T, to KC500-
pretreated animals. Experimental protocols were the same as those described in the
legend of Fig. 7. Each column represents the mean * S.E. (vertical bars) for three
to six animals. *, P < 0.05, significantly different from each control. [J, control; H,
KC500.

TABLE 2

Accumulation of ['*°I]T, in the KC500-pretreated mice, hamsters, rats, and
guinea pigs livers

The radioactivity in the liver was measured at 60 min after the [*2*1]T ;-administration, as
described under Materials and Methods. Accumulation levels of the liver in the control mice,
hamsters, rats, and guinca pigs were 292620 * 8873 (n = 4), 577975 % 51307 (n = 4),
568665 = 16375 (n = 6), and 121496 % 4234 (n = 4) cpm/g wet liver, respectively. The
values shown are expressed as the mean * S.E. for four to six animals.

[]25]]T4
Animal
Control KC500
% of dose/g liver
Mice 10.03 £0.13 15.34 = 0.90%
Hamsters 6.93 +0.59 1041 = 1.03*
Rats 275 £0.12 3.95 £ 0.33*
Guinea pigs 0.45 +£0.02 0.76 £ 0.05*%

# P < 0.05, significantly different from each control.

proteins, such as TBG, albumin, and TTR, were examined in mice,
hamsters, rats, and guinea pigs (Fig. 9). In KC500-pretreated
hamsters, the level of serum ['**T]T,-TTR complex slightly de-
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TABLE 3
Liver weights after the administration of KC500 to animals

Animals were killed 4 days after the intraperitoneal administration of KC500 (100 mg/kg),
and the liver weight was measured. The values shown are expressed as the mean * S.E. for
four to six animals.

Relative Liver Weight

Animal
Control KC500
% of b.wt.
Mice 5.08 £ 0.09 5.74 £ 0.21*
Hamsters 427 £0.30 4.64 =0.33
Rats 3.74 = 0.08 4.65 £ 0.17*
Guinea pigs 3.81 £0.17 436 £ 0.11*

* P < 0.05, significantly different from each control.

creased, whereas the binding level of ['**I]T, to serum albumin
slightly increased. In mice, no such effects of KC500-pretreatment
were observed. In rats and guinea pigs, the KC500-pretreatment

resulted in significant decreases in the level of ['*’I]T,-TTR com-
plex, whereas it led to significant increases in the level of ['**I]T,
bound to albumin. In addition, most of the [**’I]T, released from
['*1IT,-TTR complex in KC500-pretreated animals, with the ex-
ception of guinea pigs, bound to serum albumin. In the KC500-
pretreated guinea pigs, most of the released ['**I]T, was detected
as free (serum protein unbound) ['>*I]T,.

Discussion

In the present study, we found that treatment with KC500
promoted accumulation of T, in several tissues, especially the
liver, and resulted in a drastic decrease in the levels of serum total
T, and free T, not only in rats but also in mice, hamsters, and
guinea pigs. Incidentally, we have previously reported the KC500-
induced decreases in the level of serum total T, in the Wistar and
Gunn rats (Kato et al., 2004, 2007).

Mice Hamsters
Control KC500 Control KC500
Albumin '2&
TTR
TBG
30r
15}
o Emfm e L-nll
Iy Albumin Albumin
~ 30r - .
] *
— 15} L L %%
5 [000non Llllll nnnmnl
e v e N N
- 0
° TTR TTR Fic. 9. Effect of KC500 on the binding of
100¢ . ['*I]T, to serum proteins in animals.
1 * % %k Kk kg KC500 (100 mg/kg i.p.) was given to ani-
50 mals, and 96 h after the KC500 treatment
[***1]T, was intravenously administered to
0 the animals. The amounts of ['**I]T, bound

515306090120 5 15306090120
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Control KC500
Albumin
TTR
Albumin
1001 * Kk gop k * i
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(24
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to the serum proteins 60 min after [>T,
administration were assessed by the method
described under Materials and Methods.
Each column represents the mean *= S.E.
(vertical bars) for three to four animals. *,
P < 0.05, significantly different from each
control.
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A possible explanation for the PCB-induced decrease in serum
thyroid hormones is the hepatic T,-UDPGT-dependent mechanism,
which is generally considered because T,-UDPGT inducers, such as
Aroclor 1254, 2,3,7,8-tetrachlorodibenzo-p-dioxin, and CB126, show
strong activities for decreasing the levels of serum total thyroid
hormones in rats (Barter and Klaassen, 1994; Van Birgelen et al,,
1995; Schuur et al., 1997). However, between mice and rats treated
with a T,-UDPGT inducer, the differences in magnitude of the de-
creases in the level of serum total T, is not necessarily correlated with
that of hepatic T,-UDPGT activity (Craft et al., 2002; Hood et al.,
2003; Kato et al., 2003). More recently, we have demonstrated that
KC500 treatment resulted in significant decreases in the level of
serum total T, not only in Wistar rats but also in Gunn rats (UGT1A-
deficient Wistar rats) (Kato et al., 2004, 2007) and further indicated
that the KC500-mediated decrease in rats occurred through an in-
crease in the accumulation of T, in several tissues, especially the liver,
rather than through an increase in hepatic T,-UDPGT activity (Kato et
al., 2007). In addition to the previous results, we showed that the
activity of hepatic T,-UDPGT was changed very little by KC500
treatment in mice, hamsters, and rats, although a KC500-mediated
decrease in the serum total T, level was observed in all the species of
animals examined. In addition, no significant changes in the excretion
level of biliary T, glucuronide were observed in KC500-pretreated
mice, hamsters, and guinea pigs. All the results obtained herein
strongly suggest that the KC500-induced decrease in the serum T,
level in mice, hamsters, rats, and guinea pigs primarily occurs in a
T,-UDPGT-independent manner.

KC500 treatment led to no significant change in the level of serum
TSH in mice, hamsters, rats, and guinea pigs, although serum TSH is
considered as one of the factors regulating the level of serum total T,.
These results are similar with those in previous reports on the effect
of PCBs on the level of serum TSH in rats (Liu et al., 1995; Hood et
al., 1999; Hallgren et al., 2001; Kato et al., 2004, 2007).

The factors regulating the level of serum total T,, hepatic type-I
iodothyronine deiodinase, and sulfotransferase are also known. How-
ever, hepatic type-1 iodothyronine deiodinase activity was signifi-
cantly decreased by KC500 in rats and hamsters, and furthermore, no
significant change in the enzyme activity by treatment with KC500
occurred in either mice or guinea pigs (data not shown). No significant
change in the activity of hepatic sulfotransferase was observed in the
KC500-treated mice, hamsters, rats, and guinea pigs (data not shown).
Therefore, a KC500-mediated decrease in the serum T, level seems to
occur in the type-I iodothyronine deiodinase- and sulfotransferase-
independent pathways.

Another possible mechanism for the PCB-induced decrease in the
level of serum total T, is the TTR-associated pathway, which might be
considered because PCB and its ring-hydroxylated metabolites act as
T, antagonists to TTR (Lans et al., 1993; Brouwer et al., 1998; Meerts
et al., 2002; Kato et al., 2004). Thus, competitive inhibition by PCB
and/or its metabolites might decrease the level of serum total T,
through an increase in the level of free T, and promotion of T,
excretion. However, no such competitive inhibition by KC500 was
observed in ddY mice, although the significant decrease in the level of
['2°I]T,, bound to serum TTR and the increase in the level of ['*’I]T,
bound to serum albumin occurred in KC500-pretreated hamsters, rats,
and guinea pigs. In hamsters, rats, and guinea pigs, but not mice,
KC500-mediated inhibition of the T,-TTR formation might lead to
changes in the tissue distribution of T,. Therefore, to clarify this point,
we administered ['2°1]T, to KC500-pretreated mice, hamsters, rats,
and guinea pigs and measured the levels of ['*°I]T, in their tissues.
Marked increases in the mean total body clearance of ['**I]T, and in
the steady-state distribution volume of ['*I]T, were observed in the
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KC500 (100 mg/kg)-pretreated mice, hamsters, rats, and guinea pigs.
Similar increases were demonstrated to occur in KC500 (intraperito-
neal injection at a dose of 10 mg/kg once daily for 10 days)-pretreated
rats (Kato et al., 2007). The tissue-to-serum concentration ratio (K,
value) was greater in the tissues, especially thyroid gland, liver,
kidney, stomach, and small intestine, of KC500-pretreated animals
than in those of the corresponding control animals. In addition, more
than 34, 55, 58, and 17% of the ['**I]T, dosed were accumulated in
the liver of the KC500-pretreated mice, hamsters, rats, and guinea
pigs, respectively.

In conclusion, we demonstrate for the first time that a KC500-
mediated decrease in serum T, occurs not only in rats (Kato et al.,
2004, 2007) but also in mice, hamsters, and guinea pigs. We also
hypothesize that the PCB-induced decrease occurs through an in-
crease in accumulation (transportation from serum to liver) of T, in
the liver rather than through induction of hepatic T,-UDPGT. Fur-
thermore, we suggest that the increased accumulation in the liver is
attributed, at least in part, to the PCB- and its metabolite(s)-mediated
inhibition of formation of the serum T,-TTR complex.
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ABSTRACT:

Serum total thyroxine (T,) and free T, levels were markedly de-
creased 7 days after treatment with 3,3',4,4',5-pentachlorobiphe-
nyl (CB126) (2.5 mg/kg i.p.) in 2,3,7,8-tetrachiorodibenzo-p-dioxin
(TCDD)-sensitive C57BL/6 mice but not in TCDD-resistant DBA/2
mice. At the same time, the level and activity of hepatic T,~-UDP-
glucuronosyltransferase (T,-UGT) were significantly increased in
C57BL/6 mice but not in DBA/2 mice. Furthermore, the amounts of
biliary [T, and ['?®I]T, glucuronide after injection of ['*°1]T,
were increased by CB126 pretreatment in C57BL/6 mice but not in
DBA/2 mice. Clearance of ['*I]T, from serum was also promoted

by CB126 pretreatment in C57BL/6 mice but not in DBA/2 mice. On
the other hand, no significant changes in the steady-state volumes
of distribution of ['°I]T, and in the concentration ratio (K, value) of
the liver to serum by CB126 pretreatment were observed in either
strain of mice. Because liver weight was increased by CB126
pretreatment in C57BL/6 mice but not in DBA/2 mice, hepatic total
['2%1]T, was increased only in C57BL/6 mice. The present findings
indicate that CB126-mediated decrease in serum T, occurs
through the increase in hepatic T,-UGT and the enhanced accu-
mulation of hepatic T, along with development of liver hypertrophy.

Most polychlorinated biphenyl (PCB) congeners, such as
2,3',4,4',5-pentachlorobiphenyl, 3,3',4,4’,5-pentachlorobiphenyl
(CB126), and 2,2',4,4',5,5'- and 2,3,3’,4,4",5-hexachlorobiphenyls,
are known to decrease the levels of serum thyroid hormone and to
increase the activities of hepatic drug-metabolizing enzymes in rats
and mice (Ness et al., 1993; Van Birgelen et al., 1995; Desaulniers et
al., 1999; Craft et al., 2002). As a possible mechanism for the
PCB-mediated decrease in serum thyroid hormone, the induction of
hepatic UDP-glucuronosyltransferases (UGTs), especially UGT1As,
responsible for thyroid hormone metabolism and the competition of
thyroxine (T,) and the PCB for binding to transthyretin (TTR) have
been proposed (Brouwer et al., 1998; Craft et al., 2002). In addition,
hydroxylated PCBs show a high binding affinity for serum TTR (Lans
et al., 1993; Brouwer et al., 1998; Ucdn-Marin et al., 2009). The
decrease in serum T, by Aroclor 1254, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), and TCDD-like PCBs, CB126, in rats is reported to
occur mainly through the induction of the UGT (T ,-UGT) responsible
for T, glucuronidation through an aryl hydrocarbon receptor-mediated

This work was supported in part by the Japan Society for the Promotion of
Science [Grants-in-Aid for Scientific Research 20510070 and 19310042].

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.

doi:10.1124/dmd.109.029348.

mechanism (Barter and Klaassen, 1994; Van Birgelen et al., 1995;
Schuur et al., 1997). However, we have demonstrated that a single and
consecutive treatments with Kanechlor-500, a commercial PCB mix-
ture, resulted in a significant decrease in serum total T, not only in
Wistar but also in Gunn rats (UGT1A-deficient Wistar rats) (Kato et
al., 2004, 2007), and further indicated that the Kanechlor-500-
mediated decrease occurs through increased accumulation of T, in
several tissues, especially the liver, rather than an increase in hepatic
T,-UGT activity (Kato et al., 2007).

In the present study, therefore, to determine the mechanism for the
decrease in serum thyroid hormone by a TCDD-like PCB, we selected
CB126 (Fig. 1), because CB126 is a toxic coplanar PCB congener
with a toxic equivalency factor of 0.1 (Safe, 1994) that generally
exists with mixtures of multiple PCB congeners in the environment
and also because it shows antiestrogenic effects in a human breast
cancer cell line (Krishnan and Safe, 1993; Gierthy et al., 1997). We
also examined a relationship between the decrease in serum total T,
and the increase in the hepatic T,-UGT. It has been reported that
TCDD-induced glucuronidation is observed in rats but occurs only
marginally in mice (Craft et al., 2002). In the present work, therefore,
we examined the differences in the CB126-induced alteration of levels
of thyroid hormones between TCDD-sensitive C57BL/6 mice and
TCDD-insensitive DBA/2 mice. The results strongly suggest that the

ABBREVIATIONS: PCB, polychlorinated biphenyl; CB126, 3,3",4,4',5-pentachlorobiphenyl; UGT, UDP-glucuronosyltransferase; T,, thyroxine;
TTR, transthyretin; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TSH, thyroid-stimulating hormone; TBG, thyroxine-binding globulin.
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3,3',4,4',5-pentachlorobiphenyl
(CB126)

Fic. 1. Chemical structure of 3,3',4,4',5-pentachlorobiphenyl.

CB126-mediated decrease in serum total T, in mice occurs through
the increase in hepatic T,-UGT and the enhanced accumulation of T,
in the liver.

Materials and Methods

Chemicals, Panacete 810 (medium-chain triglycerides) was purchased from
Nippon Oils and Fats Co. Ltd. (Tokyo, Japan). The ['?*I]T,, radiolabeled at the
5'-position of the outer ring, was obtained from PerkinElmer Life and Ana-
lytical Sciences (Waltham, MA). CB126 were purchased from Cambridge
Isotope Laboratories, Inc. (Cambridge, MA). All of the other chemicals used
were obtained commercially at appropriate grades of purity.

Animal Treatments. Male C57BL/6 mice (1831 g) and the DBA/2 mice
(18-28 g) were obtained from Japan SLC., Inc. (Shizuoka, Japan). Male
CS57BL/6 and DBA/2 mice were housed three or four per cage with free access
to commercial chow and tap water, maintained on a 12-h dark/light cycle (8:00
AM to 8:00 PM light) in an air-controlled room (temperature, 24.5 * 1°C,
humidity, 55 = 5%), and handled under the animal care guidelines of the
University of Shizuoka (Shizuoka, Japan). Mice received an intraperitoneal
injection of CB126 (2.5 mg/kg) dissolved in Panacete 810 (5 ml/kg). Control
animals were treated with vehicle alone (5 ml/kg).

In Vivo Study. Mice were killed by decapitation 7 days after the admin-
istration of CB126. The thyroid gland and liver were removed and weighed.
Hepatic microsomes were prepared according to the method of Kato et al.
(1995) and stored at ~85°C until use. Blood was collected from each animal
between 10:30 and 11:30 AM. After clotting at room temperature, serum was
separated by centrifugation and stored at —50°C until use.

Analysis of serum hormones. Levels of total T,, free T, and thyroid-
stimulating hormone (TSH) were measured by radioimmunoassay using Total
T4 and Free T4 kits (Diagnostic Products Corporation, Los Angeles, CA), and
the recombinant TSH ['?]] Biotrak assay system (GE Healthcare UK, Ltd.,
Little Chalfont, Buckinghamshine, UK), respectively.

Hepatic microsomal enzyme assays. The amount of hepatic microsomal
protein was determined by the method of Lowry et al. (1951) with bovine
serum albumin as a standard. Microsomal O-dealkylase activities of 7-ben-
zyloxy-, 7-ethoxy-, and 7-pentoxyresorufins were determined by the method of
Burke et al. (1985). The activity of microsomal UGT toward T, (T,-UGT
activity) was determined by the method of Barter and Klaassen (1992).

Western blot analysis. The polyclonal antipeptide antibodies against the
common region of rat UGTIA isoforms and specific antibodies against rat
UGT1A1l and UGT2B1, which were established by Ikushiro et al. (1995,
1997), were used. Western blot analyses for microsomal UGT isoforms were
performed by the method of Luquita et al. (2001). The bands of mouse Ugtlal
and Ugt2bl, which correspond to rat UGT1Al and UGT2BI, respectively,
were detected using chemical luminescence (ECL detection kit, GE Healthcare
UK, Ltd.), and the level of each protein was determined densitometrically with
an LAS-1000 system (Fuji Photo Film. Co., Ltd., Tokyo, Japan).

Ex Vivo Stady. At 7 days after treatment with CB126, the mice were
anesthetized with saline solution (2 ml/kg) containing sodium pentobarbital
(25 mg/ml) and potassium iodide (I mg/ml). The femoral artery was
cannulated (polyethylene tube SP8; Natsume Inc., Tokyo, Japan) and
primed with heparinized saline (33 units/ml), and then the animal’s body
was warmed to 37°C. Fifteen minutes later, the mice were given 0.1 ml of
['**1]T, (15 uCi/ml) dissolved in saline containing 10 mM NaOH and 1%
normal mouse serum intravenously. In addition, because bile was collected
within 2.25 h after pentobarbital administration, little pentobarbital-

mediated induction of the enzymes responsible for T, metabolism was
expected.

Clearance of ['#’I]T, from serum. Clearance of ['*I]T, from serum was
measured according to the method of Oppenheimer et al. (1968). In brief, after
the administration of ['**I]T,, a portion (0.08 ml) of blood was sampled from
the artery at the indicated times, and serum was prepared and stored at —50°C
until use. An aliquot (15 wl) of serum was used for measurement of the [ ]25I]T4
level by a gamma counter (Cobra II Auto-Gamma 5002; PerkinElmer Life and
Analytical Sciences), and the assay was performed in duplicate.

Biliary excretion of total ["*I)T, and [‘*’I)T, glucuronide. After the
administration of ['*’1]T,, bile was collected on ice for 2 h at 30-min
intervals. Bile volume was determined gravimetrically. The amounts of
total [***I]T, and ['*’I]T, glucuronide in bile were determined by the
method of Vansell and Klaassen (2001). In brief, an aliquot (10 ul) of each
bile sample was used for determining the total [***I]T, level by a gamma
counter (Cobra II Auto-Gamma 5002), and the assay was performed in
duplicate. To measure the amount of ['*>*I]T, glucuronide in bile, a portion
(10 wl) of each bile sample was added to 2 volumes of methanol and stored
at —20°C for 1 h to precipitate protein. After the mixture was centrifuged
at 12,000g (4°C) for 10 min, the resultant supernatant was collected for
high-performance liquid chromatography analysis. This analysis was per-
formed using a ChromSpher C18 column (10 X 0.3 cm) (Chrompack, Inc.,
Raritan, NJ) in combination with both a ChromSep reverse-phase guard
column (10 X 2 mm) (Chrompack, Inc.) and an Adsorbosphere C18
reverse-phase guard column (7.5 X 4.6 mm) (Alltech Associates, Deerfield,
IL). A solution of 0.02 mM ammonium acetate (pH 4.0) containing 16 to
45% acetonitrile was used to elute ['**1]T, glucuronide; 16% acetonitrile
was used as a initial solution for 6 min, and then the elution solution was
changed by a linear increase to 27% over 12 min, held for 4 min, followed
by a linear increase to 45% over 5 min and held for 11 min. The level of
biliary ['**I1T, glucuronide was determined by Radioisotope Detector 171
(Beckman Coulter, Fullerton, CA).

Analysis of ["°I]T, bound to serum proteins. The levels of serum ['>51]T,-
thyroxine-binding globulin (TBG), ['*I]T,-albumin, and ['**I]T,-TTR
complexes were determined according to the method of Davis et al. (1970).
In brief, serum was diluted in 100 mM phosphate buffer (pH 7.4) contain-
ing 1 mM EDTA, 1 mM dithiothreitol, and 30% glycerol, and the diluted
serum was subjected to electrophoresis on 4 to 20% gradient native
polyacrylamide gels (PAG Mid “Daiichi” 4/20; Daiichi Pure Chemicals
Co., Ltd., Tokyo, Japan). The electrophoresis was performed at 4°C for
11 h at 20 mA in the 0.025 M Tris buffer (pH 8.4) containing 0.192 M
glycine. The human albumin and TTR, which were incubated with ['*°I]T,,
were also applied on the gel as templates. After the electrophoresis, a gel
was dried and radioautographed for 20 h at room temperature using
Imaging Plate 2040 (Fuji Photo Film Co., Ltd.). The levels of ['**I]T,-
TBG, ['*’1]T,-albumin, and ['**I]T,-TTR in serum were determined by
counting the corresponding gel fractions identified from a bioimaging
analyzer (BAS-2000II IP Reader; Fuji Photo Film Co., Ltd.).

Tissue distribution of ['*°1 JT.,. Tissue distribution of [ ‘251]T4 was performed
according to the modified method of Oppenheimer et al. (1968). In brief, at 5
min after administration of ['**I]T, to CB126-pretreated mice, blood was
sampled from the abdominal aorta. Then, cerebrum, cerebellum, pituitary
gland, thyroid gland, sublingual gland, submandibular gland, thymus, heart,
lung, liver, kidney, adrenal gland, spleen, pancreas, testis, prostate gland,
seminal vesicle, stomach, duodenum, jejunum, ileum, caecum, brown fat,
skeletal muscle, bone marrow, skin, spinal cord, and fat were removed and
weighed. Radioactivities in serum and the tissues were determined by a gamma
counter (Cobra II Auto-Gamma 5002), and amounts of ['**IJT,, in the tissues
were shown as ratios to the amount in serum.

Statistics. The data obtained were analyzed statistically according to Stu-
dent’s ¢ test or Dunnett’s test after analysis of variance. In addition, clearance
of [***IIT, from serum, the amount of biliary ['>*I]T, glucuronide, and the
level of ['®*I]T, bound to serum proteins were statistically analyzed according
to the Newman-Keuls test after analysis of variance. The pharmacokinetic
parameters of ['*’I]T, were estimated with noncompartmental methods as
described previously (Tabata et al., 1999).
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FiG. 2. Effects of CB126 on the levels of serum total T, free T,, and TSH. Animals
were killed 7 days after the administration of CB126 (2.5 mg/kg), and levels of
serum thyroid hormones were measured, as described under Materials and Methods.
Each column represents the mean * S.E. (vertical bars) for four to seven animals.
*, P < 0.05, significantly different from each control.

Results

Serum Hormone Levels. We performed preliminary experiments
on the dose response (CB126: 0.25, 0.5, 1.0, 2.5, and 5.0 mg/kg) and
time course (72, 120, and 168 h). On the basis of the results, we
determined the suitable dose and time (CB126: 2.5 mg/kg, 7 days after
the dosing). The effects of CB126 on the levels of serum thyroid
hormones were examined in C57BL/6 and DBA/2 mice (Fig. 2).
Serum total T, and free T, levels 7 days after the treatment with
CB126 were markedly decreased in C57BL/6 mice but not in DBA/2
mice. On the other hand, no significant increase in the level of serum
TSH by CB126 pretreatment was observed in either strain of mice.

Hepatic Drug-Metabolizing Enzymes. Effects of CB126 on he-
patic microsomal activities of ethoxyresorufin O-dealkylase (Cyplal/
2), benzyloxyresorufin O-dealkylase (Cyp2bl/2 and Cyp3al/2),
and pentoxyresorufin O-dealkylase (Cyp2b1/2) were examined in
C57BL/6 and DBA/2 mice. Treatment of C57BL/6 mice with
CB126 resulted in remarkable increases in hepatic microsomal
enzyme activities: 73-fold for ethoxyresorufin O-dealkylase activ-
ity, 7-fold for pentoxyresorufin O-dealkylase activity, and 3-fold for
benzyloxyresorufin O-dealkylase activity. On the other hand, no such
CB126-mediated increase was observed in DBA/2 mice (Table 1).

Hepatic T,-UGT. T, glucuronidation is reported to be primarily
mediated by hepatic T,~UGT, including UGTIA1 and UGT1AS6, in
the rat liver (Visser, 1996). Therefore, we examined the effects of
CB126 on hepatic microsomal T,-UGT activity in C57BL/6 and
DBA/2 mice. The activity of hepatic T,-UGT was significantly in-
creased by CB126 in C57BL/6 mice but not in DBA/2 mice (Fig. 3).

The amounts of the proteins responsible for T,-UGTs, including
total Ugtla, Ugtlal, and Ugt2bl, in mice were determined by West-

TABLE 1

Effects of CBI26 on the activity of hepatic microsomal alkoxyresorufin
O-dealkylases in C57BL/6 and DBA/2 mice

Animals were killed 7 days after the administration of CB126 (2.5 mg/kg). Data represent
the mean * S.E. for four to five mice.

Resolfin C57BL/6 DBA/2
O-Dealkylase Control CB126 Control CBI26
nmol resolfin formed/mg/protein/min
7-Ethoxy- 0.20 = 0.02 14.29 = 0.56* 0.18 £0.01 021 £0.01%
7-Benzyloxy- 0.12 £ 0.02 0.38 £ 0.01* 0.07 £0.01 0.10 = 0.0}
7-Pentoxy- 0.02 + 0.002 0.15 £ 0.01* 0.02 £ 0.001 0.03 * 0.003*
* P < 0.05, significantly different from each control.
C57BL/6 DBA/2
c 80
E
=4
-5 &
[GRs]
2 540
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E
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Fig. 3. Effect of CB126 on the activity of hepatic microsomal T,-UGT. Hepatic
microsomes from individual animals were used for the T,-UGT enzyme assay, as
described under Materials and Methods. Each column represents the mean * S.E.
(vertical bars) for four to seven animals. *, P < 0.05, significantly different from
each control.

C57BL/6

DBA/2
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P

FiG. 4. Representative Western blot patterns for hepatic microsomal Ugt isoforms

in CB126-treated mice. Hepatic microsomes from individual animals were used for
Western blot analysis, as described under Marterials and Methods.

ern blot analysis. The amounts of the proteins responsible for the
Ugtla enzymes in the liver were significantly increased by CB126 in
C57BL/6 mice but not in DBA/2 mice. The level of hepatic Ugt2bl
was decreased in C57BL/6 mice, whereas the level was not signifi-
cantly changed in DBA/2 mice by CB126 treatment (Fig. 4).

Biliary Excretion of [**°IIT, and [***I]T, Glucuronide. We
examined effects of CB126 on the levels of biliary ['*I]T, and
['*11T, glucuronide in CS7BL/6 and DBA/2 mice. The amounts of
biliary {'?I1T, and ['*'I]T, glucuronide after intravenous injection of
['?%1]T, were increased by CB126 pretreatment in C57BL/6 mice but
not in DBA/2 mice (Fig. 5).

Serum Proteins Bound to ['**I]T,. The effects of CB126 on the
binding of ['**I]T, to serum proteins, such as TTR, albumin, and
TBG, were examined in C57BL/6 and DBA/2 mice (Figs. 6 and 7). In
CB126-pretreated C57BL/6 mice, the level of serum ['*’1]T,-TTR
complex increased slightly, whereas the binding levels of [>T, to
serum albumin and TBG decreased slightly. In DBA/2 mice, no such
effects of CB126 pretreatment were observed.
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FiG. 5. Effects of CB126 on amounts of biliary total ['**I]T, and ['**I]T, glucuro-
nide. The levels of total ['**I]T, and ['*I]T, glucuronide excreted were measured
in the bile collected at 30-min intervals after the intravenous administration of
['*]]T,. Each point represents the mean * S.E. (vertical bars) for five to eight mice.
#, P < 0.05, significantly different from each control. O, control; M, CB126.
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FiG. 6. Effects of CB126 on the binding of ['**I]T, to serum proteins in C57BL/6
mice. The amounts of ['**I]T, bound to the serum proteins 5 min after ['**I]T,
administration were assessed by the method described under Marerials and Meth-
ods. Bach column represents the mean * S.E. (vertical bars) for five to six animals.
*, P < 0.05, significantly different from each control.

Clearance of ["**I]T, from Serum. After intravenous administra-
tion of ['*I]T, to the CB126-pretreated C57BL/6 and DBA/2 mice,
concentrations of ['?°I]T, in the serum were measured at the indicated
times (Fig. 8). CB126 pretreatment resulted in a clear enhancement of

Control

TBG
51 -

[
[T
A0

15 30 60 90 120 5

Albumin

Percentage of ['?5]]T, bound to serum protein

15 30 60 90 120
Time (min) after administration of ['%5I]T,

FiG. 7. Effects of CBI126 on the binding of ['**IJT, to serum proteins in DBA/2
mice. Experimental protocols were the same as those described in the legend to Fig.
6. Each column represents the mean * S.E. (vertical bars) for four to five animals.

C57BL/6

DBA/2

W Ao
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N
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(% of dose/ml serum)

-
(=}
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Time (min) after administration of ['23I]T,

o

FiG. 8. Effects of CB126 on the clearance of ['**I]T, from serum. The amount of
serum [**’I]T, was measured at the indicated times after the intravenous adminis-
tration of ['*I]T,. Each point represents the mean = S.E. (vertical bars) for five to
eight mice. *, P < 0.05, significantly different from each control. O, control; M,
CB126.

the clearance of ['?°I]T, from the serum in C57BL/6 mice but not in
DBA/2 mice. The serum ['?°I]T, level was decreased by approxi-
mately 35% of control level within 5 min, and the decrease remained
up to 120 min later. The serum pharmacokinetic parameters of the
[**°1]T, estimated from these data (Fig. 8) are summarized in Table 2.
The mean total body clearance (Cly) of ['*’I]T, in the CB126-
pretreated C57BL/6 mice increased 1.7-fold, compared with that in
the control mice. On the other hand, no significant change in the
steady-state volumes of distribution of ['**I]T, by CB126 pretreat-
ment was observed in either strain of mice (Table 2).

Tissue Distribution of [***I]T,. Effects of CB126 pretreatment on
the tissue/serum concentration ratio (Kp value) and tissue distribution
level of ['*°I]T, were examined in C57BL/6 and DBA/2 mice. The K,
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TABLE 2

Pharmacokinetic parameters for ['*°1]T, after the administration of [**’I]T, to the CBI26-pretreated mice

The data shown were calculated from the data in Fig. 8. The values shown are expressed as the mean * S.E, for five to eight mice.

C57BL/6 DBA/2
Control CB126 Control CB126
Mean total body clearance (ml/min) 0.015 %= 0.001 0.025 = 0.002* 0.012 = 0.0003 0.012 = 0.001
Distribution volume (ml) 2.90 +0.17 3.06 = 0.12 2.50 + 0.08 2.72 £0.06

# P < 0.05, significantly different from each control.

08

C57BL/6

Kp value (tissue/serum concentration ratio)

Fic. 9. Tissue/serum concentration ratio (Kp value) of
['*1JT, in various tissues after administration of
[!*5T]T, to CB126-pretreated mice. CB126 (2.5 mg/kg)
was given to mice, and 168 h after the CB126 treatment,
['*1]T, was further administered to the mice. At 5 min
after the ['**I]T, administration, the radioactivity in
each tissue was measured, as described under Materials
and Methods. Each column represents the mean * S.E.
(vertical bars) for five to seven animals. *, P < 0.05,
significantly different from each control. [, control; E,
CB126.
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Fig. 10. Tissue distribution of [!**I]T, after the admin-
istration of ['**1]T, to CB126-pretreated mice. Experi-
mental protocols were the same as those described in
the legend to Fig. 9. Each column represents the
mean * S.E. (vertical bars) for five to seven animals. *,
P < 0.05, significantly different from each control. (J,
control; E, CB126.

values in the thyroid gland, liver, and kidney were the greatest in
either strain of control mice (Fig. 9). The K, value in the thyroid gland
was reduced by CB126 pretreatment in C57BL/6 mice but not in
DBA/2 mice, whereas no such significant changes in the K, values of
the liver and kidney were observed in either strain of mice (Fig. 9).

In the control C57BL/6 and DBA/2 mice, accumnulation of ['**1]T,
was highest in the liver, among the tissues examined (Fig. 10). In

C57BL/6 mice, pretreatment with CB126 resulted in an increase in
hepatic total [***1]T,, and the accumulated level in the liver was to
more than 49% of the ['*1]T, dosed (Fig. 10), whereas no significant
change in liver accumulation (per gram of liver) of ['*°I]T, by CB126
pretreatment was observed (Table 3). In DBA/2 mice, no significant
change in accumulation of ['*’I]T, in the liver by CB126 occurred. In
addition, treatment of C57BL/6 mice with CB126 resulted in signif-
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TABLE 3
Accumulation of ['*I]T, in the CB126-pretreated mouse livers

Radioactivity in the liver was measured at 5 min after ['**I]T, administration. Data
represent the mean = S.E. for five to seven mice.

C57BLI6 DBA/2

CB126
23.59 = 0.62

CB126 Control

24.16 = 0.67

Control

['*31]T, (%dose/g liver)  27.13 = 1.06 2525 = 1.02

icant increases in weights of liver and thyroid gland and in significant
decreases in weights of thymus and cecum. In DBA/2 mice, the
CB126 treatment resulted in slight increases in weights of liver,
kidney, seminal vesicle, stomach, jejunum, ileum, and cecum and in
a significant decrease in weight of thymus (Table 4).

Discussion

In the present study, treatment with CB126 (a single intraperitoneal
administration at a dose of 2.5 mg/kg) resulted in a significant
decrease in serum total T, and free T, in C57BL/6 mice, but not in
DBA/2 mice. The strain difference in the CB126-mediated decrease in
the serum T, level was closely correlated with those in the increases
in the activities of hepatic drug-metabolizing enzymes, including
T,-UGT and in accumulation of T, in the liver.

As a possible explanation for the TCDD-like PCB-induced de-
crease in serum thyroid hormones, a hepatic T,-UGT-dependent
mechanism was considered, because T,-UGT inducers, such as
TCDD and CB126, have strong activities for decreasing serum total
thyroid hormones in rats (Van Birgelen et al., 1995; Schuur et al.,
1997). Furthermore, we confirmed that the activity of hepatic T,-UGT
(Ugtla and Ugtlal) was significantly increased by CB126 treatment
in C57BL/6 mice but not in DBA/2 mice and further found that the
amounts of biliary ['**IJT, and ['**I]T, glucuronide after intravenous
injection of ['**I]T, were increased by CBI126 pretreatment in
C57BL/6 mice but not in DBA/2 mice, suggesting that induction of
hepatic T, removal is more likely at the level of basolateral transport

1565

of T,. The previous reports and the present findings strongly suggest
that induction of hepatic T,-UGT is one of factors that mediate the
decrease in serum T, level by CB126. In addition, our present result
of a CB126-mediated decrease in the level of Ugt2bl in C57BL/6
mice was consistent with previous results (Buckley and Klaassen,
2009).

However, among the rats and mice treated with a TCDD-like PCB,
the difference in magnitude of the decrease in serum total T, dose not
correlate with that of hepatic T,-UGT activity (Craft et al., 2002;
Hood et al., 2003). More recently, we have demonstrated a hepatic
T,-UGT-independent pathway for the PCB-mediated decrease in se-
rum total thyroid hormones using Wistar and Gunn (T,-UGT-defi-
cient) rats and further indicated that an increase in the accumulation of
T, in livers of PCB-treated rats is partially responsible for the de-
crease in serum total thyroid hormones including T, (Kato et al.,
2007). In addition, serum TSH and hepatic type 1 iodothyronine
deiodinase, which are important the factors regulating serum thyroid
hormones, are not induced by PCBs in rats (Liu et al., 1995; Hood et
al., 1999; Hallgren et al., 2001; Kato et al., 2004). Likewise, CB126
treatment did not increase serum TSH in either C57BL/6 and DBA/2
mice. Furthermore, enhanced accumulation of T, in the tissues, espe-
cially liver, was observed in CB126-pretreated C57BL/6 mice but not
in CB126-pretreated DBA/2 mice, strongly suggesting that enhance-
ment of the overall amount of T, in liver is one of the factors that
mediate the PCB-induced decrease in serum total thyroid hormones in
mice.

As a possible mechanism for CB126-mediated enhancement of T,
accumulation in liver, a TTR-associated pathway might be consid-
ered, because the PCB and its hydroxylated metabolites act as com-
petitors for T, for binding to TTR and because a decrease in T,-TTR
complex formation results in an increase in serum free T, and then in
uptake of T, into the liver (Lans et al., 1993; Brouwer et al., 1998;
Meerts et al., 2002; Kato et al., 2004). However, the present study
concerning the fate of serum T, using ['*°I]T, indicates that only a
slight increase in the serum [***I]T,-TTR complex and only a slight

TABLE 4
Changes in body and tissue weights after the administration of CB126 to C57BL/6 and DBA/2 mice

Animals were killed 7 days after the administration of CB126 (2.5 mg/kg). Data represent the mean + S.E. for five to seven mice.

C57BL/6 DBA/2
Body and Tissues Control CB126 Control CBI26

Body 259 *+0.21 254 £ 0.20 252 +0.30 25.8 £0.53
Cerebrum 0.322 = 0.004 0.311 %= 0.004 0.275 = 0.005 0.268 = 0.002
Cerebellum 0.094 = 0.008 0.107 % 0.0003 0.114 *0.002 0.118 £ 0.004
Pituitary gland 0.0011 #+ 0.0001 0.0013 £ 0.0001 0.0013 £ 0.0002 0.0014 £ 0.0001
Thyroid gland 0.0019 = 0.0001 0.0023 % 0.0001* 0.0022 = 0.0001 0.0023 = 0.0002
Sublingual gland 0.048 = 0.003 0.047 £ 0.002 0.054 =+ 0.002 0.058 #+ 0.003
Submandibular gland 0.092 = 0.006 0.091 %= 0.003 0.094 =+ 0.002 0.098 = 0.002
Thymus 0.020 = 0.002 0.008 % 0.0007* 0.033 £ 0.001 0.029 * 0.001*
Heart 0.112 = 0.003 0.107 £ 0.002 0.117 £0.002 0.119 £ 0.003
Lung 0.129 = 0.003 0.132 £ 0.002 0.121 * 0.0030 0.123 % 0.0019
Liver 1.149 £ 0.073 2.029 * 0.030* 1.234 =+ 0.034 1.366 + 0.041*
Kidney 0.319 £ 0.008 0.330 = 0.004 0.361 £ 0.011 0.407 * 0.014*
Adrenal gland 0.0028 = 0.0002 0.0027 % 0.0003 0.0030 = 0.0001 0.0030 % 0.0002
Spleen 0.071 % 0.005 0.063 = 0.002 0.082 = 0.001 0.090 = 0.006
Testis 0.194 = 0.004 0.189 + 0.003 0.224 x0.007 0.233 #* 0.005
Prostate gland 0.040 * 0.002 0.044 * 0.003 0.046 = 0.003 0.057 = 0.004
Seminal vesicle 0.165 = 0.010 0.171 = 0.013 0.160 = 0.010 0.194 =+ 0.004*
Stomach 0.257 £ 0.026 0.262 = 0.020 0.299 £ 0.023 0.438 % 0.039*
Duodenum 0.186 % 0.006 0.180 = 0.007 0.147 % 0.001 0.154 = 0.009
Jejunum 0.390 = 0.006 0.399 * 0.023 0.401 = 0.018 0.453 £ 0.009*
Heum 0.511 + 0.047 0.457 £ 0.024 0.488 = 0.019 0.641 £ 0.050*
Cecum 0.477 = 0.042 0.294 % 0.009* 0.290 + 0.004 0.390 % 0.027*

# P < 0.03, significantly different from each control.
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decrease in the binding level of ['*I]T, to serum albumin and TBG
in CB126-pretreated C57BL/6 mice. In addition, although some hy-
droxylated metabolites of PCBs are known to show a higher capacity
for binding to TTR (Lans et al., 1993; Brouwer et al., 1998; Ucén-
Marin et al., 2009), the hydroxylated metabolites of CB126 were
minimally detected in the serum and liver in CB126-pretreated
C57BL/6 mice (data not shown), as described previously by Koga et
al. (1990). The previous reports and the present findings indicate that
a TTR-associated pathway is not considered a primarily mechanism
for the CB126-mediated decrease in serum total T,. However, it was
found that CB126-induced liver hypertrophy occurred in C57BL/6
mice but not in DBA/2 mice, and only a small change was seen in the
concentration of T, (per gram of tissue) in livers of both C57BL/6 and
DBA/2 mice. Therefore, the CB126-induced increase in accumulation
of hepatic T, in C57BL/6 mice is thought to occur mainly through
development of liver hypertrophy.

However, the increases in tissue weights were not necessarily
correlated with those in accumulation of ['*°I]T, in the tissues of the
CB126-pretreated mice. For example, no CB126-induced accumula-
tion of ['?°I]T, was observed in the thyroid gland in C57BL/6 mice.
Although an exact mechanism for a liver-selective accumulation of
['*I1T, by CB126 remains unclear, the liver-selective apparatus for
T, transportation might exist. In addition, CB126-induced develop-
ment of liver hypertrophy was herein found to occur in C57BL/6 mice
but not in DBA/2 mice, confirming that the development of liver
hypertrophy occurs in an aryl hydrocarbon receptor-dependent path-
way (Yoshizawa et al., 2007). Although it has been reported that
CB126-induced development of liver hypertrophy occurs in the rat
liver (Yoshimura et al., 1979), there has been no report, with the
exception of this article, concerning the CB126-induced change in the
level of T, in the liver. Therefore, it is unclear whether CB126-
enhanced accumulation of ['*°T]T, in the liver occurs specifically in
mice. Furthermore, in DBA/2 mice, CB126 pretreatment resulted in
increases in K, values of ['**IIT, in the thymus and fat, whereas it did
decrease the value in the heart. The mechanism for the tissue differ-
ence in the CB126-mediated changes in the K|, value remains unclear.

In conclusion, we demonstrate that the CB126-mediated decrease in
serum T, in mice occurs not only through increases in hepatic drug-
metabolizing enzymes, especially T,-UGT, but also through develop-
ment of liver hypertrophy.
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