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Abstract

The pulmonary pathogenesis triggered by benzene exposure was studied. Since the role of the connexin 32 (Cx32) gap
junction protein in mouse pulmonary pathogenesis has been suggested, in the present study, we explored a possible role of Cx32
in benzene-induced pulmonary pathogenesis using the wild-type (WT) and Cx32 knockout (KO) mice. The mice were exposed
to 300 ppm benzene by inhalation for 6h per day, 5 days per week for a total of 26 weeks, and then sacrificed to evaluate the
pneumotoxicity or allowed to live out their life span to evaluate the reversibility of the lesions and tumor incidence. Our results
clearly revealed exacerbated pneumotoxicity in the benzene-exposed Cx32 KO mice, characterized by diffuse granulomatous
interstitial pneumonia, markedly increased mucin secretion of bronchial/bronchiolar and alveolar epithelial cells, and hyperplastic
alveolar epithelial cells positive for CYP2EL. But the results did not indicate any enhancement of pulmonary tumorigenesis in
the Cx32 KO mice though the number of animals was small.
© 2003 Elsevier Ireland Ltd. All rights reserved.

Keywords: Benzene; Connexin 32; Cx32 knockout mice; CYP2E1; Interstitial pneumonia; Pneumotoxicity

1. Introduction

Benzene has been reported to be a carcinogen ca-
pable of producing not only hemopoietic malignan-
cies but also various solid tumors including lung can-

* Cormresponding author. Tel.: +81-3-3700-1564;
fax: +81-3-3700-1622. .
E-mail address: tohru@uihs.go.jp (T. Inoue).

cers in mice, chronically exposed to it by ingestion
or inhalation (Snyder et al., 1988; Huff et al., 1939;
Farris et al., 1993).

Benzene toxicity and benzene-induced tumor devel-
opment in the lung should be taken into consideration
for the risk assessment in humans, since the lung is
one of the benzene target organs and inhalation is the

 most common route through which humans are ex-

posed to benzene. Furthermore, a strong relationship

0300-483X/$ — see front matter © 2003 Elsevier Ireland Ltd. All rights reserved.
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between benzene exposure and lung cancer develop-
ment in humans has been assumed for the past decades
(Aksoy, 1985, 1989). In addition, benzene metabo-
lites such as benzene oxide, benzene dihydrodiol and
diolepoxide have been shown to induce lung tumori-
genesis in mouse neonates (Busby et al., 1990). How-
ever, little information is available on the pulmonary
pathogenesis triggered by benzene exposure.

Intercellular communication through gap junction
proteins (GJICs) plays an important role in cellular
homeostasis by regulating cell growth, cell differenti-
ation, and apoptosis (Yamasaki, 1996). Based on this
concept, alteration in GJICs has been demonstrated
to be closely associated with the pathogenesis and
carcinogenesis induced by chemicals, particularly by
nongenotoxic agents (Yamasaki et al., 1995; Kolaja
et al., 2000). Furthermore, down modulation of GJICs
is known to induce cytochrome P450s by other chem-
icals that may be involved in benzene metabolism
(Neveu et al.,, 1994; Snyder and Hedli, 1996; Shoda
et al., 2000). We, therefore, hypothesized that GJICs
may contribute also to the processes of benzene-
induced pneumotoxicity and lung carcinogenesis.

As the presence and the functional role of connexin
32 (C32) gap junction protein in the mouse lung tis-
sue have been suggested in previous in vitro and in
vivo studies (Albright et al., 1990; Lee et al., 1997;
Ruch et al., 1998; Abraham et al., 1999, 2001), in the
present study, we explored a possible role of Cx32
in the lung pathogenesis induced by chronic €xpo-
sure to benzene, using Cx32 knockout (KO) mice.
For this purpose, wild-type (WT) and Cx32 KO mice
were exposed to 300 ppm benzene by inhalation for
6 h per day, 5 days per week for 26 weeks. Then the
pathological changes were determined based on the
results of histopathology, histochemistry for detecting
mucin secretion, and immunohistochemistry for de-
tecting CYP2E1 and proliferating cell nuclear antigen
(PCNA). The tumor incidence in the pulmonary tissue
was also compared between the benzene-exposed WT
and Cx32 KO mice.

2. Materials and methods

2.1. Animals

Cx32 KO mice, from the Institut fiir Genetik, Uni-
versitdt, Bonn, Germany (Moennikes et al., 2000),

were maintained as heterozygous KO mice at the an-
imal facility of National Institute of Health Sciences
(NIHS), Japan. Because the Cx32 gene is linked to the

X-chromosome, we generated Cx32 WT (Cx32*/Y)

and KO male (Cx327/Y) mice for this study by cross
breeding female Cx321/~ heterozygous mice and
male C57BL/6 wild type mice. The Cx32 genotypes
of the neonates were identified by the standard PCR
assay (Moennikes et al., 2000). The WT and Cx32 KO
mice aged 8-9 weeks were used in the study. During
the study, the mice were housed within stainless-steel
wire cages in inhalation chambers that were main-
tained on a 12-h light-dark cycle. The basal pellet diet
(CRF-1, Funabashi Farm, Tokyo, J apan) was provided
ad libitum, except during the 6-h daily inhalation of
benzene when the food was withdrawn. Water was
automatically supplied throughout the study.

2.2. Benzene exposure

Benzene was purchased from Wako Chemical Com-
pany (Osaka, Japan). The mice were randomized and
exposed to benzene in 1.3 m? inhalation chambers, as
described elsewhere (Yoon et al,, 2001). Briefly, the
benzene vapor was generated by heating liquid ben-
zene to 16 °C and directed into the inhalation cham-
bers (Sibata Scientific Technology Ltd., Tokyo, Japan)
with a room temperature of 24  1°C. The flow rate
of benzene was about 650 I/min, and the benzene con-
centration in the chambers was measured at 30-min
intervals during the daily exposures using a gas chro-
matograph (Shimadzu Co., Kyoto, Japan). The tem-
perature and humidity in the chambers were automat-
ically controlled at 24 + 1°C and 55 + 10%, respec-
tively. As described in the previous Section 2.1, mice
were supplied water ad libitum but withdrew the food
pellets during the exposure.

The WT and Cx32 KO mice were, respectively, di-
vided into the sham-exposed control group and the
benzene-exposed groups; each group was composed
of ten to twelve mice. The experimental group was
exposed to 300 ppm benzene for 6 h per day, 5 days
per week, for 26 weeks and the sham-exposed con-
trol group was maintained under the same conditions
but without benzene inhalation. Five to six mice from
each group were first sacrificed after the 26-week ex-
posure to evaluate pneumotoxicity and the remaining
five to seven mice from each group were allowed to
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live out their lives to further evaluate their recovery
from pulmonary lesions and the incidence of the pul-
monary tumor.

2.3. Measurement of food consumption and body
weight

Food consumption and body weight were measured
every Friday throughout the 26-week benzene expo-
sure.

2.4. Autopsy, organ weight measurement and
histopathology

After the 26-week benzene exposure, five to six
mice from each group were sacrificed under ethyl
ether anesthesia for autopsy. Gross morphological ex-
amination of the mice was performed and the major
visceral organs were weighed and analyzed. For the
histopathological examination, tissues from both lungs
were fixed in 10% neutral buffered formaldehyde for
24 h. Pulmonary tissues were sliced and immediately
immersed in the fixative. After routine processing, the
paraffin-embedded sections were stained with hema-
toxylin and eosin and then examined histopathologi-
cally under a light microscope. '

2.5. Immunohistochemistry and histochemistry

The avidin-biotin—peroxidase complex (ABC)
method was used for immunohistochemistry to de-
tect the expression .of the P450 CYP2El enzyme
and PCNA. After the lung tissue sections mounted
on poly-L-lysine-coated slides were deparaffinized
and hydrated, endogenous peroxidase activity was
blocked with methanol containing 0.3% hydrogen
peroxide for 15min. The lung tissue sections in a
Caplin jar containing 1 mM citric acid (pH 6.0) were
microwaved for 10 min for retrieval of PCNA. After
washing in phosphate-buffered saline (PBS, pH 7.4)
for 15 min, the tissue sections were incubated with
10% normal serum at room temperature for 60 min
to block nonspecific binding sites. The sections were
then incubated with a mouse anti-PCNA monoclonal
antibody (1:300, Sigma-Aldrich, Amherst, NY, USA)
for 50 min at room temperature and a goat anti-rat
CYP2E! polyclonal antibody (1:1000, Daiichi Pure
Chemicals Co. Ltd., Tokyo, Japan) overnight at 4 °C.
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The tissue sections were washed three times in PBS,
incubated with the corresponding biotinylated sec-
ondary antibodies for 40 min at room temperature,
and subsequently incubated with the ABC reagent for
30min at room temperature. As a chromogen, 0.5%
3,3’-diaminobenzidine tetrahydrochloride was used,
and the sections were counterstained with methylene
blue. As a positive control for PCNA and CYP2EI,
normal testis and kidney sections were used, respec-
tively, and as a negative control, PBS instead of the
primary antibodies was applied to the sections.

Periodic acid-Schiff (PAS) reaction was performed
to detect mucus secretion. After deparaffinization,
the tissue sections were immersed in 0.5% periodic
acid solution. After washing with distilled water, the
sections were incubated with the Schiff reagent for
15 min, washed with warm tap water for 10 min, and
then counterstained with hematoxylin.

2.6. Statistical analysis

ANOVA was performed to evaluate the significant
differences in food consumption and body weight
between the nonexposed sham exposed control and
benzene-exposed groups of WT and Cx32 KO mice
as well as between WT and Cx32 KO mice of each

group.

3. Results

3.1. Changes in body weight during the 26-week
benzene exposure

No significant difference was observed between WT
and Cx32 KO mice of the nonexposed sham-control
group throughout the study, even when the mean body
weight of Cx32 KO mice was slightly less than that
of WT mice at the late stage of this study (Fig. 1).
Benzene exposure induced a significant decrease in
the body weight of the benzene-exposed group of both
WT and Cx32 KO mice compared with the nonex-
posed sham-control mice. The reduction was much
more marked in Cx32 KO mice (Fig. 1), which was ob-
served after seven weeks of exposure (P < 0.05). On
the other hand, in WT mice, a significant difference in
body weight was observed after the fourteenth week of
exposure (Fig. 1). Furthermore, after the twelfth week
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Fig. 1. Changes in body weights of WT and Cx32 KO mice
during benzene exposure. Benzene (300 ppm) was inhaled for 6 h
per day, 5 days per week for 26 weeks. Eleven to 12 mice per
group were used. (L) WT-sham group; (O) Cx32 KO-sham group;
(I WT-benzene-exposed group; (@) Cx32KO0-benzene-exposed
group. There is significant difference between benzene-exposed
group from the corresponding sham-control group after 10 weeks
exposure for the Cx32 KO and 14 weeks exposure for WT. Vertical
bars mean standard errors.

of exposure, the mean body weight was significantly
different between benzene-exposed WT and Cx32 KO
mice (P < 0.05) (Fig. 1).

During the benzene exposure for 26 weeks, there
had been no significant difference in food con-
sumption between the nonexposed group and the
benzene-exposed group of both WT and Cx32 KO
mice and between WT and Cx32 KO mice of both
groups (data not shown).

3.2. Weight of the lung

Significant increases were noted in the absolute lung
weight of Cx32 KO mice and in the relative lung
weights of both the WT (P < 0.05) and Cx32 KO
mice (P < 0.05) after the twenty-sixth week of €xpo-
sure to 300 ppm benzene (Fig. 2).

3.3. Histopathology and histochemistry

Severe diffuse interstitial pneumonia was observed
in the lungs of the benzene-exposed Cx32 KO mice,
which was comparable with that in the lungs of the
WT mice showing much milder pulmonary lesions
(Table 1, Fig. 3B and E). The alveolar walls were
thickened by heavy infiltration of macrophages, the
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Fig. 2. Changes in weights of the lungs of mice exposed to
300 ppm benzene for 26 weeks. Open column; sham-control group,
closed column; benzene-exposed group. Vertical bars mean stan-
dard deviations. Symbol (*) indicates significantly different from
the corresponding sham-control group at P < 0.05.

presence of a small number of lymphocytes and
neutrophils, and a considerably increased number
of type I alveolar epithelial cells (Fig. 3C). The
proliferation of basophilic epithelial cells in the ter-
minal bronchioles and alveolar ducts was frequently
noted in the lungs of benzene-exposed Cx32 KO
mice (Fig. 3F), while the lungs of benzene-exposed
WT mice had mild and a few basophilic prolifer-
ating epithelial cell-proliferating foci. The numbers
of mucus-secreting epithelial cells increased in the
bronchi and bronchioli of both WT and Cx32 KO
mice exposed to benzene for 26 weeks (Fig. 4C and
D). In particular, in the benzene-exposed Cx32 KO
mouse lungs, aggregates composed of mucin-secreting
alveolar epithelial cells were occasionally detected

(Fig. 4D).
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Table 1
Pathological findings in the lungs of the wild-type (WT) and Cx32 knockout (KO) mice exposed to 300 ppm benzene for 26 weeks
Group (with or without benzene treatment) Genotype
WT - Cx32 KO
Sham-exposed 300 ppm Sham-exposed 300 ppm
Histopathology/no. of animals examined 6 5 5 5
Interstitial pneumonia granulomatous, diffuse 0 (0.0) 4 (80.0) 0 (0.0) 5 (100.0)
Moderate 4 (80.0) 1 (20.0)
Severe 0 (0.0) 4 (80.0)
Hyperplastic basophilic cell foci 0 (0.0) 1 (20.0) 0 (0.0) 4 (80.0)
Alveolar and bronchiolar epithelial cells 1 (20.0) 4 (80.0)
Mucin-secreting cells 0 (0.0) 5 (100.0) 1 (20.0) 5 (100.0)
Bronchial/bronchiolar epithelial cells 5 (100.0) 1 (20.0) 5 (100.0)
Alveolar epithelial cells 0 (0.0) 0 (0.0 3 (60.0)

Number in parentheses represents the percentage (%) of the lesions.

3.4. Immunohistochemistry for PCNA and CYP2EI Cx32 KO mice; from 79.9 to 162.3%. (P < 0.005) and
92.7 to 533.0%0 (P < 0.002), respectively (Fig. 5).

The labeling indices for PCNA, compared with A few bronchial and bronchiolar epithelial cells of

those of the corresponding control groups, signifi- sham-control WT and Cx32 KO mice were positive

cantly increased in both benzene-exposed WT and for the CYP2E1 enzyme (Fig. 6A). The numbers of

Fig. 3. Histopathological changes of the lungs of benzene-exposed WT and Cx32 KO mice exposed to 300 ppm benzene for 26 weeks. (A)
sham-control WT mice, (B and C) benzene-exposed WT mice, (D) sham-control Cx32 KO mice, (E and F) benzene-exposed Cx32 KO
mice. Note the granulomatous interstitial pneumonia in the [ungs of benzene-exposed WT and Cx32 KO mice, and basophilic epithelial
cell-proliferating foci frequently observed in the lungs of benzene-exposed Cx32 KO mice (F). Original magnification: (A) x100; (B)
x 100; (C) x200; (D) x100; (E) x100; (F) x400. Hematoxylin- and eosin-stained.
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Fig. 4. Histochemistry for detection mucin secretion. (A) Sham-control WT mice, (B) sham-control Cx32 KO mice, (C) benzene-exposed
WT mice, (D) benzene-exposed Cx32 KO mice. Note the enhanced mucin secretion from bronchiolar epithelial cells of WT mice (C) and
Cx32 KO mice (Inset in D), and the aggregated cells releasing mucin occasionally observed in the benzene-exposed Cx32 KO mice (D).

Original magnification: (A) x200; (B) x200; (C) x200; (D) x400.

CYP2E!-positive bronchial and bronchiolar epithe-
lial cells considerably increased following long-term
benzene exposure in both WT and Cx32 KO mice
(Fig. 6B). The proliferating basophilic alveolar epithe-
lial cells frequently observed in the benzene-exposed
Cx32 KO mice were strongly positive for CYP2E1
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Fig. 5. PCNA labeling indices in the mouse lung tissues exposed
to 300 ppm benzene for 26 weeks. Values represent the number
of PCNA-positive cell per 1000 cells. More than 3,000 alveolar
epithelial cells were counted under a light microscope at a high
magnification (x400).

(Fig. 6D), which was significantly comparable with the
WT mice in which these findings were rarely observed.

3.5. Survival curves for life time observation

Five to seven mice were randomly selected and
allowed to live their life span to evaluate their re-
covery from pulmonary lesions and the incidence
of pulmonary tumor. Survival curves for each group
are shown in Fig. 7. In each group the number
of mice were limited to about five to seven mice
per group. There was no intermittent death dur-
ing the exposure time up to 182 days (26 weeks).
The sham-exposed control group indicated by open
symbols, circles for WT mice and squares for
Cx32 KO mice, show a longer life span than the
benzene-exposed group indicated by closed symbols,
circles for WT mice and squares for Cx32 KO mice.
Interestingly, in the exposed group, Cx32 KO mice
showed a longer life span than the wild-type mice, al-
though the sham-exposed group does not show much
difference between wild-type mice and Cx32 KO
mice. During the observation period, all the mice that
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Fig. 6. Immunohistochemistry for P450 CYP2E1 in the lungs of
WT and Cx32 KO mice exposed to 300ppm benzene for 26
weeks. (A) Sham-control WT mice, (B) benzene-exposed WT
mice, (C) sham-control Cx32 KO mice, (D) benzene-exposed Cx32
KO mice, and (E and F) negative and positive control, respec-
tively. A few bronchiolar epithelial cells of sham-control WT and
Cx32 KO mice were positive for CYP2E1 (arrows). Benzene expo-
sure induced increases in the numbers of the CYP2E1-producing
bronchial/bronchiolar and alveolar epithelial cells in WT and Cx32
KO mice. Note the proliferating basophilic alveolar epithelial cells
positive for CYP2E! in the benzene-exposed Cx32 KO mice (D).
Original magnification: (A) x200; (B) x200; (C) x200; (D) x400;
(E) x200; (F) x200.

died were immediately autopsied, whenever possible,
and histopathological examinations were performed.

3.6. Tumor incidence and recovery of pulmonary
lesions

Results of histopathological observation are shown
in Table 2. No pulmonary tumors were observed in WT
and Cx32 KO C57BL/6 mice sacrificed after the 26th
week of exposure to 300 ppm benzene. Pulmonary
adenoma developed in one Cx32 sham-control mouse.
Pulmonary adenoma and adenocarcinoma developed
only in two out of the seven benzene-exposed WT
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Fig. 7. Survival curves of groups for lifetime observation. The num-
ber of mice was limited about five to seven mice per group. There
was no intermittent death during the exposure time up to 182 days
(26 weeks). The sham-exposed group, indicated by open symbols,
circles for wild-type mice and squares for Cx32 KO mice, show
a longer life span than the 300-ppm benzene-exposed group indi-
cated by closed symbols, circles for wild-type mice and squares
for Cx32 KO mice.

mice, at 59.7 weeks and 87.3 weeks of the study, re-
spectively (Table 2). The pulmonary lesions observed
in the WT and Cx32 KO mice exposed to benzene for
26 weeks were considerably attenuated and regressed
with time after cessation of the exposure (data not
shown).

Most of the benzene-exposed WT and Cx32 KO
mice, which were allowed to live out their lives after
termination of benzene exposure, died far earlier than
the sham-control mice of each genotype due to malig-
nant lymphomas, squamous cell carcinomas, spindle
cell sarcoma and hepatomas or a combination of these
tumors (Table 2).

The incidence of hemopoietic neoplasia in C57BL/6
mice was enhanced by 300 ppm benzene exposure
as previously reported elsewhere (Snyder et al.,
1980; Cronkite et al., 1985; Kawasaki et al., unpub-
lished observation). In the Cx32 KO group, inci-
dences of hemopoietic neoplasia were identical for
both the benzene-exposed and sham-exposed con-
trol mice, although peak incidences were earlier in
the benzene-exposed mice than in the sham-exposed
control mice. (see Fig. 7).

4. Discussion

Benzene has been suspected for years as an agent
that induces human pulmonary cancer (Aksoy, 1989)
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Table 2

Tumor development in the wild-type (WT) and Cx32 knockout (KO) mice that were allowed to live out their life span after termination

of 26-week exposure to 300 ppm benzene

Tumor/group (with or without Genotype
benzene treatment)

wT Cx32 KO

Sham-exposed 300 ppm Sham-exposed 300 ppm
No. of animals examined 6 7 5 - 6
Animals bearing tumor(s) 3 (50.0) 6 (85.7) 4 (80.0) 6 (100.0)
Pulmonary adenoma/adenocarcinoma 0 (0.00) 2 (28.6) 0 (0.0) 0 (0.0)
Hemopoietic neoplasia 2 (33.3) 5(71.4) 4 (80.0) 5(83.3)
Hepatoma 2 (33.3)2 0 (0.0) 1 (20.0® 116.7)
Squamous cell carcinoma 0 (0.0) 2 (28.6) 0 (0.0 4 (66.7)°
Spindle cell sarcoma 0 (0.0) 1(14.3) 0 (0.0) 1(16.7)
Animals without tumor(s)d 3 (50.0) 1(14.3) 1 (20.0) 0 (0.0)

Number in parentheses represents the percentage (%) of the lesions.

# Concomitant with malignant lymphomas.

b Concomitant with pulmonary adenocarcinoma and spindle cell sarcoma.

¢ Concomitant with spindle cell sarcoma for one mouse, granulocytic leukemia for two mice and hepatoma for one mouse.

d Mice without tumor in the WT sham-control and the 300-ppm benzene-exposed groups had auricular thrombosis and one mouse
without tumor in the Cx32 KO-control group died of ascending nephritis and renal infarction.

and the long-term exposure of mice to benzene had
been shown to notably increase the incidence of pul-
monary adenoma and adenocarcinoma (Huff et al.,
1989; Maltoni et al., 1989; Farris et al., 1993). How-
ever, little information is available on the mechanism
by which benzene exerts its pneumotoxicity and in-
duces lung cancer.

Experimental conditions of benzene exposure and
the incidence of hemopoietic neoplasia occurring
in groups for lifetime observation were identical to
those previously reported by Snyder et al. (1980,
Fig. 4, p. 326 in their article) and also to our separate
large-scale study (Kawasaki et al., unpublished obset-
vation). In the present study, we specifically focused
on a possible role of Cx32 in benzene-induced pneu-
motoxicity and the pathogenesis of pulmonary tumor
using bioengineered Cx32 KO and the WT mice.

Although Cx32-deficient mice have a late-onset
peripheral neuropathy, a condition with features sim-
ilar to those of Charcot-Marie-Tooth disease in
humans, their gross morphology had been reported
to be normal independent of age (7-28 weeks) and
gender, except for a slightly lower body weight than
the wild-type mice of the same genetic background
(Nelles et al., 1996; Anzini et al., 1997). In agree-
ment with a previous report, the body weight of Cx32
KO mice was lower than that of WT mice at the late

stage of this study, although this difference was not
significantly different (Fig. 1). The organ weight and
histological findings consistently indicated that the
decrease in body weight observed during long-term
exposure to benzene closely correlated with the devel-
opment of pulmonary lesions, characterized by diffuse
granulomatous interstitial pneumonia, regenerating
alveolar epithelial cell proliferation, and increased
mucus secretion (Table 1, Figs. 2-5). The pulmonary
lesions were far severer in Cx32 KO mice than in
WT mice, strongly suggesting that Cx32 prevents the
benzene-induced lung pathogenesis.

It has generally been accepted that the metabolism
of benzene by the CYP2E1 enzyme to phenolic
metabolites is a critical event in its toxic and carcino-
genic mechanisms. A noteworthy finding of our study
was the active proliferation of bronchiolar—alveolar
epithelial cells expressing the CYP2E1 enzyme
in the lungs of benzene-exposed Cx32 KO mice
(Figs. 4D and 6F). This suggests that benzene ex-
posure stimulates CYP2E1-producing epithelial cells
in the lungs through a pathway that is regulated
by the Cx32 gap junction protein. The activation
of CYP2El-producing epithelial cells may enhance
the metabolism of benzene to metabolites that are
potentially pneumotoxic such as benzene oxide, phe-
nol and hydroquinone, resulting in exacerbation of

-706-



B.-I. Yoon et al. / Toxzicology 195 (2004) 19-29 27

benzene-induced pneumotoxicity. CYP2E1 has been
detected in the lungs of humans and rats (Tindberg and
Ingelman-Sundberg, 1989; Carlson and Day, 1992;
Wheeler et al., 1992). Moreover, recent studies have
shown the important role of the enzyme in benzene
metabolism resulting in its pneumotoxicity (Powley
and Carlson, 2000, 2001), which is also supported
by the finding of benzene metabolism inhibition by
a CYP2EL! inhibitor, diethyldithiocarbamate (Chaney
and Carlson, 1995). The metabolic level of benzene
in the pulmonary tissue has not been evaluated yet.
However, a previous study showed that pulmonary
microsomes can metabolize benzene at similar rates

to those of hepatic microsomes, and that they are’

likely more efficient in generating hydroquinone
(Chaney and Carlson, 1995). Recently, with regards to
CYP2El-mediated 1,1-dichlroethylene-induced lung
toxicity, Forkert et al. (2001) reported good correla-
tions among the amount of the enzyme, metabolism
of 1,1-dichlroethylene to a toxic metabolite, and lung
cytotoxicity.

Activation of alveolar pneumocytes by benzene was
considered to be another possible important event for
the pneumotoxicity of benzene observed in the present
study, as shown in the lungs of benzene-exposed
groups of WT and Cx32 KO mice (Fig. 3). Alveolar
epithelial cells, containing a large amount of peroxi-
dase, are capable of metabolizing phenolic compounds
to genotoxic reactive species that can induce DNA
adducts and generate oxygen-free radicals (Brieland

et al., 1987; Schlosser et al., 1989; Smith et al., 1989)

and of producing nitric oxide by themselves (Laskin
et al., 1995). The production of reactive oxygen in-
termediates has been implicated in cytotoxicity and
carcinogenesis, by inhibiting GJICs as well as causing
DNA damage (Kuo et al., 1998; Upham et al., 1997,
1998). Several investigators have shown that oxygen
radicals from benzene-activated alveolar epithelial
cells play an important role in the genotoxic and
nongenotoxic mechanisms of benzene-target organs
(Subrahmanyam et al., 1991; Kolachana et al., 1993;
Laskin et-al., 1995). In the lung, Suleiman (1987)
showed that benzene induces lipid peroxidation and
increases the amount of the lysosomal enzyme re-
leased by activating alveolar epithelial cells, con-
tributing to the pathological changes. The formation
of oxygen radicals and related reactive oxygen species
is highly controlled in a biological system by physio-

-707-

logical antioxidant defense mechanisms. In a study by
Kojima et al. (1996), a potential role of Cx32 in the
regulation of oxygen radical production in cultured
hepatocytes has been suggested based on the corre-
lation found between the expression of Cx32 and the
effect of oxygen radical scavengers. Therefore, it can
also be hypothesized in our present study that the dis-
regulation of reactive oxygen species production by
benzene in lung tissues due to a dysfunction of GJICs
caused by Cx32 might contribute to the exacerba-
tion of pulmonary lesions in Cx32 KO mice. Further
studies will be required to prove this hypothesis.

Despite the finding that the Cx32-mediated disrup-
tion of GJICs enhanced the pneumotoxicity of ben-
zene, our present study, though with a small number
of animals did not indicate any enhancement of the de-
velopment of pulmonary tumor in the Cx32 KO mice
(Table 2).

Therefore, the pathological lesions exacerbated in
Cx32 KO mice may not seem to be critical changes for
pulmonary carcinogenesis of benzene. This was sup-
ported by their recovery from the pulmonary lesions
after removal of benzene and the absence of tumor
incidence in benzene-exposed Cx32 KO mice.

In conclusion, our present study indicates that Cx32
attenuates the pneumotoxicity of benzene, particularly
in the case of chronic exposure in vivo, most likely
by regulating proliferation of CYP2El-producing
lung cells population. However, the role of Cx32 in
benzene-induced pulmonary tumorigenesis was not
clarified in the present study.
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MITED LI MGEAT A0, & EPHBEL %
5.

T r——

SRICEICTIVIENIEM L, PRI s
BEBEWIKRFER GEHIZEEICHE L CHAENT
%) OTTE, [FHICHEIHE] LEXohb5
g&, TREIFELEZV] LEX5NB5E8L TR
WESITTWS, WEOHEITEERED 5 Tk
RE % ZRIWTRD, BECEGLLHR LB
(PHEERED D VITREFBBREIFY, @BE 100 % A
Ww3) TRLT, RE0ARLZsHKEELT L. %
ZOBREE, EFEEOMRDLDIC, Bz EELE
TN TRABIER] #BRETAERRELE (virtu-
ally safe dose, BH 10 5% WL 10 SOEMRELE
B) #AL, AOFREEBTY F~OIMEE T
2TVE, INLDHWALE LV 2E» 2 RET 54
B LTRATOREZSE, AR, FigEpe?
NOWKHATAEEREMNER SN, Fhzd ETE

R EEOBESIC AN TIA DNT & -EEAD

b, EIAT, BRHHVIZEJELERE (47 A
v MR E) DNE, REWITMIC IEZRE 100 % E
RTHEEINITERBTHAI . PlaiE, =
vEZIRENETFEAIMERTHIRLTHHEN)
MRETIZGWE LT 2 &, SEBRDWIZEA 100 F4H
HERNTHMBEI LAV E2RTRLERH .
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DFEUEXAAZZXLCHEDVE YOS/ ZOANBIET SENESE

EUESET A, WEoAFTYY -2 Hvizy, EHoEREAVW DTS LaL, &
KD S AIUE, KRR WEDED LD ARG EFETL0HPMETHL. 7FF
BAAZ LD EDTO MRy ) 27 AT, SRR 2EETFREAAAr—FELT
WBTAZLICEYD, LI LHEROSHEAE L HIET

2y REREFOT) Y AHPICELE S| X
S5, 100 BEFENTIIEENA LGNS RN
BHEV. Thbb, ERICELTHYERLTo Y
&, —MRNE LTPERBIIFIATSE Y, MELT
AN T AERREOL b - BYEOEEZD D
DERFTHZEVLEERS.

EUOEMEMELED L I FhNTEh.
EYEPRROLBECER LB TV EETOE
ez, NRVEEHTHN, — RO EFEVETDH
h, FOERINBEHERLTOIZ, KESLLC
L WE & ERE OEBMEIC L L D {bFEYE DK
DibE ML LTIELTCER (1), T0EET

DEF ST HBEREIN ANLET, ARBED [THEE -

BH % [LDs) OMt&sFESN, BELT, FE
KEMCERELTE TS, 2 EToFERER, 1L
FYWHEOKS L FNIC L BER (Fh) BHOBENE
HELARILTALOTHY, ERTMEANLED
7 7diz, BREF N (regression model) DHEE
IRZELBE &R IThEZ &N E o,
LaL, Y F<4 Ml (HEEE) CRBShb &
12, o WO ERTY TIEImENMR SN, A
VAR LT TRETBILAT S 2% » R HEHIOFF

L, COFEDRRAERL TS,

KBRS ?

I, BEOEHRICLD, FEHFEIIEFRATE &R
ZENBRIEDFFLRUDLTBELXVETDORAA
SZRALRBEERETELONEERLODHSB.
T, ERTAHDHNAAN—=Ty MEOBFE LS
o7 LAERTHE. Lil, w4707l »5B
bNEETFEBR7TO7 74 ML BI85, TDL
BN SN ERBELBEERT, Wb b{LFEY
o7 4 #=79 v B & LTHEERRGOHE
LT H 2 &A%, Z0 L) HEEFITZ [phe
notypic anchoring] &IERZ EAH B Y.

SFHEFEOLHH S, (LY HA LA T &
BILTWA—EORREZIFTE I EAEEDEE
Thsb (H2). FHRVHBRICHENCERETIAE,
LW R L AEETERIITTIIHHICY Y230 %
FEBIZREILTEY, ZOKEL L TOMMIE
THERTLTLESTWA, ZOEBTOREFRI
77740k, FIREBEHELAZLDOTHE I LITH
BT R WS, FIELIBEBEWMMNIRTHOTR

7E4. REFRYAF/ITR 331
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BLACK BOX
BREFIVICKBEER}T

L RBETORBEREAL
ARG — RF—HN—2ADIEH

X2 RERBIDSAAZXLICKDTEIN

EYMEPBRROBBZCER LBV TWLRBETOFEFR, B SNEDE L ER
EOMZEREF ML YHEMT LI ETHRREVETLNATEL. LrL, TN
DILGEHL—FMN v i, EEATERIEI o TWI—EOHRTHY, HEEF
RBFMOBECRTXTCOREBEFOFRED L LALBETFIAr— FOLERETH
5. BHFMCEELRY—A—#EF B T~BEQILHEWV) CovwToInk)n
T=FRN—ARFETEY, CCTRITXNTOREFENRELADOEEHETS

BFLbRwv. TE, KEHORBRIETHATEF
BT AEEIP TS, TREIHTAHO7 7uo—F
ELT, HKEROE»SBRIRRTEILNER
b, §ibhb, (CEYEICRE S NED D H»
LOBEFHATS—FOLEHATHS (H2). &
77 ABR ORI o 7RI, BREEROFEIIH» N
DOoTIRTORETFORREE=I—FTHIDL)
RT7U—F, Thibb [BEREFEN a5
3 7 X (phenotype-independent toxicogenomics) |
PEREEHE/RLV,
BMEBREELRFBRELTEMEL S 2LH» 513,
COBMOROOERTTY 2o L ERWMT B I LA
WHETHE. &7 0y YBLLRBOLEL D B
R TS IVTHBTH B0, TNOICHT 510
WERRHFEIE > TR VBRI, v( 207 L
A B L 2BEFHEBDVEY) THD. +5ICHEE»
DEBINCEFRUS AR S L, kOB R %I
MEBRAOHPLARMFBUAR (7 PrEZEY
%) ORFBELT, YR, #<, EMfkiFE,
DI, MESCTMAZEZYRLUAEMRS FEHEET N

332 RREZM 4 LHRRRNALET Y

THERHIEAMEFSNG, HIZIER, Hx
B, NE, BA, BAOEREERRICSET B AKEO
RSHR - BEHOE(Le, BROWEDEIL S
WETEAR L BEMICRA S L IR b LELLN
B, TTALBVWTREEF/ v o277 PEEILLY
BEF I OBBEMBTATIETHY, & FTIISNPs
AT DA TEBTHA . ThbizownTh,
BREBRIMED 7D BATAT Z 5 % 5 7245810
i3, WERBIKE LR EREEIIS 2820
EEHMEEAIEIC 1 Do B RS { BN E
DEEL Y, HEPLOBBIPEL (PMsATL
T, BEEAHES 5 — LIZ R AR BE1C
b, HEERBROFEIZD»DPHLSTmRNARY v 287
DITUEHI & BT 5 = & SN MBI ER & %

AT EDVEZ LIS,

SROBUFIIBY 2RET RGN (transcrip-
tome), ThbbrFas ) 3Is R (toxicoge-
nomics) &, EEDMEEKFELR Db DI A
%771 (phenotype-independent) ] O DEMA S
BcETwaEnz L.
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MAIEAFER 25/ 3T A
_,‘:ypelndependent
Mo»xlcogenomlcs) D+

EKETRITIX, » 2RO AW L 7s#
fmFev—nh— LTRIRL, ZAsHURIUCEE
ThHEAETAIENOIEES., LT, B
HIERER a5/ 27 2, FTRIEREIE
HFe EOHHREACTIC, BOOBRERFRER T 7 7
4»%%@&%%0&h&+‘%*%@ﬂﬁfm%
&9 LA H D, TORDItE, METS
TRTOBEBEFERENLTFHFICERTHLERET S
VEMRH L., FLT, FOTRTHENLZTERL A
PR EMEICEHNTA2LENH L. E6IC, BEOER
0, i B LTIt Lo TR S AN 570,
BHOEROHERERMICOIVERL, ThonT
— 7 RIS T 5 LB D 5.

COFMERHITOE, SETOYf 0T L
4 FEICIMEN S -7, £7, 4707 1O
A& LT, mRNA ORIEWfE 4 A LBV 72
DIZF v T I ML DICHAVLEERmRNARE Y —FEE
iR BUENH -8 THE. OB, Y7
oML 1 MBS O mRNA O LEEIZHET

HISHEEELTLES . INEHH)EL 0BT
EPRAEENTHSES 712 5 Zh 5 BEAIEIZIE
METENLHEERER D E WL EHREFOHT
#1179, ZTOX)BEETIE, —RICKEOEEFIR

./7WWc$ac%ét®m%#6,%ﬁwﬁﬁ%
MHIEFBL-ERCRZ W] ENEfTONE I LA
Zuwv, Fh, BHrRATHOICHEBY 7Tl
THHERRETHIENSE ., ZOBE, BERHHE
HIZER L - BBOER»SBE LN F—F R HIEKT

2, RBHOERMED 2SS 5 EAWELY
) EEMD 5.

MW1E¥LU@
‘MRNA @ E%35%%

AZE YA N
AR e

IOLS REBEERRL,
/27 ANEET BTz, bivbiud,

D O mRNA #4152 (“Percellome”) %,
WG E UL EREGT ML T T 74 A )7

A4 GeneChip® % X GBS L7z UFiF R, %
i) .

Wb,

ORNA FUHEG L 724 ¥ 7 Wil 0 — 8R s & =
O DNA I % BT 2 978 © A1 1 %7 Y
OmRNAGHEB D7D, T EWET 5
MIAEMET 5. ERCHIBEE T 5 o &1
CEMRROBEIREITH DD, ORI
tLTMM&W@#/ADNAzzmmé.ﬁ/7w
% DNAMEERIC BT 5= & 2T 570, RNA
WA OMMEFTE OB —E GRE, 104D »5
DNAZWET A7 ba—VEFEL L.

QREMFHREEE LIRS NISBRISREA /S 2
#2770 (GSC . dose-graded spike cocktail) ®#
L, TROWRBE~ORME  ME1@H-) o
mRNA OFHEE LT, MBmERICHMNT 5234
7 RNAZ
WS EEOMERBEREGFORNAZH W/, 5
FEOHERRNA Z BOBOM 2000 EENESIZE
L, SEMOHBICERAGLIAZ TVEERLI.
IRICEY, BEWigEREEZ » ST 5 R EREER
HRE T _COY Y TVICEAT S EDTREE %o
7z.

GQHIllRXICb & Twifitf{fb7 vy X 4.
GeneChip® T, EX Y7+ V& mRNAE L DMIC
Hill sICHE ) BRASKIL Y 2 T & = %D LBM R
HrTNEEICENHERL:. TOER>S HIlKD
EHERICE ) GSC 2 EML L TN ELEITIE
WV ) L2, TAEEAHETTLTOS
S LRMEIZERE L.

@42 07 LA ORBRBMEIERS LU/ -V 5
YH Ty b7 A AT - S ERIIED DD
LBM (liver-brain mix) #E#EH Y7V BLUT—%
EWTNIT) X0 BRIEFRATO 774 VKR EL
B E—FOM#ME —EOLERTHEIIZHR LD o7
Tk MEREOBMOLDICHELL. B
Wi, FFEE MV, 100 00, 75 1 25, 50 : S0,
25075, BXUO : 100DRELDSHF Y ThHh bk

784, pXLOAFIITR 333
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CER=RVSOLA .

b

RS

FA7UTLAREPOHEBEHELTHIE, T, 3TN FEVA—bOb L LR 2MEOME

BDHEHZDNARE LTI 5.

mRNA B ERTZ

DDNAERIGbNTLES L 3 EM+ 22

DI, DNAEBDORD D ICHMBOLRIFREA /A 7 RNA A 7 57V (GSC) %KM+ 5. mRNA jhH
LABE, GSC & # ¥ 7N D mRNADE HITHIE - BTN V7, =407 LA EFB~DNL T 54
V=2 a v R EOBRBEZRIIFEHECRBTE. TORE, Y1707 L4 O#GMEE B LB WES
BZEICED, mRNADHIE 1 AS- YooV —HastEsh s

Aty hEHEELS

M ECDOEAMRER, +¥ T voMlak (5
"LADNABETRE) CHFILEDTFHROZISL 2
RNAZEMTAIET, VI VOMIL1E%47Y
OmRNAMENE (¥ -3 OREZY Y TV
BATHLOTHAH (F3). 75L, 2,84 7 RNA
W1EEREETHLNOTII R, SHEOKEREEE
FIZK95RNA (HABEOERF ERZR LBV
Wz b8 TS BBOREICE YR 72h 7 7
WELTHWAZLIFRTH A, JIUTEh, #Hx
TE—HOEEIR D LR, KWERHEEIZOW
TIREMERY VT IWIZEALALZ L% D, mRNA
i A5 GeneChip® D #EME T TOBETEL S
T EROEAEZMIET BN % 5T 5

W5, Fv TATORLLFEETFORBEOFES
IZBALTHE, GeneChip®® 70— 7ty b DMK
FTh T74AM) 2 AT o—7oREBL
TENLD T EZ —ZIROT VT A8k BT
WhH. SIUIoWTE, FRFHE L TRAICEREW
PCRG LIV MIET 2 LENDH B, AFHEOBHD
126 LT, EOMEPHALLI R 2B ET, T

Pt

DOWEMEMZ B ETAZEXRTRETH AL L 2D
IFohs.
334

RREZAM 4/ LARERNL KTy 5

LBM (liver-brain mix)
EEYUTNEOHAE
LBM BEBRBYWY » 7V LTI EROME

SRRV, BEFRBTUTIANORLE BT

THNTED L) kAR TOHETERTHS (L h
YU TMH LTI 2HIEO v e L), 4
BORTH#HATHIES SICHEED L WIRENTE &
%%. GSC % DNA KIS LTIHRMLZLBM & v
PEMEL, EHBLLERE, Y57kt 5 LE
Meim<ITTTHY, 51250 1 500H > TULTH
L7356, HAMICIZTXTOBETH50 500k
CATIDMEEINY, 100 055430 : 100 TI2 0
262 DMOMWEEMB & ZADEMEH 12T TH 5.
COMBENG, R4 TUT LA OEEBIMESND,

EHIl, LBM#XX—Ya3ry7y THEONA
GeneChip® TIELTH L &2k Yy (F4), LBM
WKEEINZTRTOBET (Fu—T+ty }) o0
T, 5EDSRBFADF v THOBRBEEHE KD 5
TEHNTESD. LBMIZUOMBOMEEE VA
LTI RA BAETHAEPT I LT TH S,
RKYAFADGSCEIFBMLIHY Y T MiE A4 2
RNAZBRMTH 774~y e ABETEIELT
PCRIZBWTHEDIHIBILF— 7 2B AT LT
B, FHMNBIZHB A5, 754w —RT ORIFA)E
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BERHNESNS
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GeneChip O#HIB/IN\—Y a VEDOTF—~>Eik

LBMH¥ YTty haHAD/INN— Y 3 O GeneChip i BWTHIET . Axrvy—7

F7TRT L) %MEVSHMBOND. REITRTEALNGCSCTH 5.

TZi7ay &

NEBEF WA—YVarZR—3AWHET57/7—vardEoh, »>, LBMW

VINMCREENRTWAE L D) IZoWTIE4 120 W TEEERALE
BIPCRRT7T 74 A M7 AP D=L 70T LA TFy b7+ — Ak{)?'l’“?E'T

DIESDEEFPWRLAAMMET LT XL EL B
Percellome EEPCR VAT LAHMEFTH 5.
GeneChip® U DTS v b7+ —LEDT— 5 E#D
THETHA, KYATLDBICTRRRT 7y T4 —
LOEME LTI, GSCE2ZITfHiFa7u—7+1y b
VBHESNTWAI L, BIUHEMMEITERS N
THIED2HEEMIILTWAHLENHSE (B5) (B
¥, 20ROV TIREFARE).

E-‘HJZ’J' N ASE S w..m%i
3E{1€7‘ﬂ b2asx ) 2 9ANDER
[EEH B EMEEO 7TV 27 MIZI D Percel-
XNHETRTHL (EEFHME
CEAIB A HI4- P F 2 T-001 (BIZEIE M3 v

lome ¥ A7 &AM
2R

AIDNT,

Lk, Zhik, EE
ETH D

a4/ I A) BEUHIS-{bE#-002 ({LFEWHE ¥
yayr)IvA)). 4~SEBORE (AK/10%)
48FE (2, 4, 8, 24MM%) TR
ZFREBAE2ENT S 16 ~208 (—H 3 L) O
BB TObI—NZEY, 12DLEWIZONT4S
~ 60 DG D> T 6 Percellome 77— % % 4
BLTwa, kEPENFYIF /30270727
FTIE, BEFORBMEEL SRTERTHIELETED
RE BHEFEZHREAL, 7B EDTY
A, XWHcEE, YihcrEmM, Zilic38ReE (Lah
SOWEHKNRR) 270y My EIZEY, 1
DOBEFICOEIG~208FH (48~60HD
GeneChip6n7F—%) #6551 OFE % <
SEMTESL (HB). 12?GeneChip 145,000 D
7D Ty b ohbgE, 120LEYWDOHE:

TE4. bXAF/ITRX 335
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