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Figure 6. Percent cycling fraction (percentage killing by bromodeoxyur-
idine ultraviolet [BUUV] method) of hematopoietic progenitor cells,
splenic colony-forming units (CFU-S) in bone marrow and spleen of
mice with or without caloric restriction. BUUV assay was utilized [16],
see Materials and Methods section in text. Cells from three mice each
from the 0Gy-CalR(-) and CalR(through) groups were pooled and exam-
ined at 50 weeks old, that is, 44 weeks after caloric restriction. Data shown
are the mean of three experiments for the spleen and of four experiments
for the bone marrow. 0Gy-CalR(-) = mice fed a 95-kcal diet from 6 weeks
old. 0Gy-CalR(thru) [CalR(through) in the text] = mice fed a 65-kcal diet
from 6 weeks old; after 10 weeks old, the mice were fed a different diet to
maintain the body weight of each mouse within 25-27 g (p < 0.01, the

664 [Q8] bone marrow; p < 0.01, the spleen).
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death. In the nonrestricted dietary groups, the percentage of ‘

tumor-free mice decreased from 10.1 for the OGy-CglR(—)

group to 7.4 for the 3Gy-CalR(-) group, following 3-Gy ir- -
radiation. When caloric intake was restricted from 6 weeks

until death [0Gy-CalR(through)], the percentage ‘of fumor-
free deaths increased to 46.4%, the highest, and when it
was restricted from 10 weeks (0Gy-CalR(post), the percent-
age of tumor-free deaths was 35.7%, the second highest,
among the nonirradiated diet-restricted grogips {0Gy-CalR(-
through) and 0Gy-CalR(post); Table 1]. Following irradia-
tion (3 Gy), the percentage of tumop-free. deaths in the
3Gy-CalR(through) group was 20.0% and that in the
3Gy-CalR(post) group was 17.5%. ... ~

Although the 0Gy-CalR(througly) group was expected to
show the longest survival period, the median survival pe-
riod and maximum lifespan in this group was limited to
874 days and 1115 days, respéctively [vs 896 days and
1145 days, respectively, for the 0Gy-CalR(post) group],
the reason for this is as yet unkpown; presumably, CalR
in the developmental stage of life may not be completely
beneficial for health, but it may be beneficial for extending
lifespan. Extension of lifespan was caused by changes in
the spectrum of diseases attributable to tumor-free death.
Cause of tumor-free death is either glomerulosclerotic renal
failure, subsequent auricular thromboses with or without
pulmonary edemas and increased pulmonary effusions, or
cardiac failure due to progressive myocardial fibrosis and

calcinosis associated or not associated with coronary
sclerosis.

Diseussion

Dietary restriction, particularly caloric restriction, is a major
carcinogenic modifier observed during experimental carci-
nogenesis and significantly decreases incidence of sponta-
neous tumors and tumors induced by chemical and
radiation exposure [18-23]. In our previous study, inci-
dence of myeloid leukemia was experimentally decreased
by caloric restriction [4]. In the present study, particular at-
tention was paid to the timing of caloric restriction, that is,
pre- or postirradiation, to determine which would be more
effective in preventing development of radiation-induced
leukemias, and to determine the underlying mechanism
that would play a role in this prevention by caloric restric-
tion. In addition, we speculated that decreased incidence of
leukemias may correlate with number of hematopoietic
stem/progenitor cells as target cells for leukemic transfor-
mation, because caloric restriction in our previous prelimi-
nary study decreases the number of HPCs when the
restriction was implemented throughout the experimental
period [9]. When caloric restriction was implemented

# from 6 weeks to 10 weeks old only before 3-Gy irradiation

{3Gy-CalR(pre)], the incidence of radiation-induced mye-
loid leukemias was lower than that in the nonrestricted con-
trol-diet group [3Gy-CalR(-)] (22.2% vs 16.3% in Table 1).
However, there were no statistically significant differences

. in the incidence of leukemias (Table 1) and in the number

of progenitor cells between the 0Gy-CalR(pre) and control
diet [0Gy-CalR(-)] groups, evaluated 4 weeks after the di-
etary change (Fig. 5). On the other hand, the incidence of
myeloid leukemias significantly decreased (9.5%) in mice
when caloric restriction was started after irradiation and
continued throughout their lifespan [3Gy-CalR(post), in Ta-
ble 1]. This is essentially the same result as that obtained in
our previous study [4], although the number of progenitor
cells in the 3Gy-CalR(post) group at the time of irradiation
was expected to be the same as those in the nonrestricted
control diet 0Gy-CalR(-) and 3Gy-CalR(-) groups. On
the other hand, 4 weeks of caloric restriction after the age
of 10 weeks decreased the number of progenitor cells in
the 0Gy-CalR(post) group, which is close to that of hemo-
poietic progenitor cells in the 0Gy-CalR(through) group
[see 0Gy-CalR(through) and 0Gy-CalR(post) groups for
reference in Fig. 5].

In the case of preirradiation CalR, 3Gy-CalR(pre) mice
were returned to the nonrestricted diet immediately after
irradiation. Thus, the body weight of these mice increased
rapidly to the non-CalR level after irradiation as compared
with that of mice in the restricted diet group [CalR(post)
group]. Moreover, the number of progenitor cells in the
CalR(pre) group was approximately the same as that in
the control diet [0Gy-CalR(~)] group 4 weeks after the di-
etary change (Fig. 5). After return to the regular non-CalR

EXPHEM1769_proof @ 25-1-2006 15-0-17

— 336 —

694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748



749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
717
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803

8 K. Yoshida et al./ Experimental Hematology & (2006) B

diet, the HPCs, with or without potential lethal damage
caused by the 3-Gy irradiation, may have received strong
growth stimulation signals. Consequently, despite return
to non-CalR level of HPCs and the negated prevention of
myeloid leukemogenesis, the results imply that preirradia-
tion CalR potentially prevented leukemia, which was ne-
gated by return to the regular non-CalR diet. Thus, the
results also imply that the effect of CalR during the initia-
tion stage of leukemogenesis may be canceled out by return
to non-CalR during the promotion stage of leukemogenesis.
Presumably due to the characteristics of the bone marrow
function in mice, it was noted that there was no significant
difference in the number of CFU-S observed in the femoral
bone marrow of mice among experimental treatments in
any experimental treatment [24,25]. The reason spleen col-
onies were assayed was that the contribution of the spleen
to radiation-induced leukemias was reported to be more
highly significant than that of the bone marrow [24-29].
The bone marrow showed no significant difference in num-
ber of progenitor cells (Fig. 5D-F), because external im-
pacts (caloric restriction in the present study) on mice
generally cannot change the function of bone marrow sig-
nificantly, as bone marrow maintains the minimal essential
steady-state hematopoiesis fully functional [29]. Our pres-
ent study of nonlymphoid leukemias specifically focused

on myeloid leukemias, which have been presumed to be he- -

mopoietic stem cell diseases [30].

Tessitore and colleagues reported that complete fasting

followed by refeeding is responsible for induction of hepa-
tocarcinogenesis in rats by a subnecrogenic dose of carcin-

ogen, possibly due to an enhancement of the rat’s growth &

and that of the growth of aberrant crypt foci in the rat ¢colon
and rectum by the carcinogen [31,32]. Repeated fasting/
refeeding and caloric restriction in the present study may
not have induced comparable growth stimulatipn; however,
caloric restriction and fasting may share possible biological
effects on the cell-cycling rate [33-36].

In the present study, the number of target progenitor
cells for leukemic transformation may have been lower in
the CalR groups than in the non-CalR groups at the time
of irradiation. However, the number of such progenitor cells
with potential lethal damage may have ingreased afterward,
when the dietary regimen was changed,.Consequently, the
number of target progenitor cells'm;iy, have decreased, fol-
lowed by a rapid increase as obggrved by Tessitore and col-
leagues [31,32], which may explain why the 3Gy-CalR(pre)
group did not exhibit any significant decrease in the inci-
dence of leukemias. Target cells for radiation-induced
leukemogenesis may not be identical to conventionally as-
sayable progenitor cells or CFU-S. However, the number
of such target cells may be proportional to the number of
progenitor cells and/or CFU-S [37,38]. Thus, we conclude
that caloric restriction contributes to the decrease in the in-
cidence of radiation-induced leukemias on the basis of two
mechanisms. First, suppression during the initiation stage

of direct genotoxic leukemogenesis, i.e., caloric restriction
started before irradiation and continued until irradiation.
Second, suppression during the promotion stage of indirect
epigenetic leukemogenesis, i.e., restriction started after ir-
radiation and continued until death. Furthermore, cell-cycle
kinetics in progenitor cells, CFU-§, evaluated by BUUV as-
say showed a qualitative suppression during the promotion
stage, during which CFU-8 in the CalR groups were more
quiescent than those in the non-CalR control (74.0% vs
54.0% in quiescence in the bone marrow, and 82.3% vs
68.6% in quiescence in the spleen; opposite to the case of
percentage killing), resulting in a lower risk of epigenetic
leukemogenesis for these cells. The 0Gy-CalR(-) and
CalR(through) groups were evaluated at 50 weeks old,
which is the time leukemogenesis generally becomes overt.
These findings are compatible with those of Hursting et al.
[35], who described that caloric restriction delays spontane-
ous tumorigenesis in p53 knockout mice due to a decreased
amount of cell-cycling fractions in splenocytes and their

. precursors.

Qur results demonstrate that caloric restriction is effec-
tive in suppressing the nongenoloxic promotion stage as
well as the genotoxic initiation stage of radiation-induced

. leukemogenesis. Furthermore, from the results of the pres-
“ent study, the mechanisms underlying effects of caloric re-

‘striction on suppression of leukemogenesis, can be

-+ speculated to have many different aspects. Our present
study focused on the number and cell cycling of hemopoi-

etic stem/progenitor cells, despite other preventive factors
that may also contribute, such as oncogene expression
[39-41], DNA methylation [41], free-radical formation
{42], induction of apoptosis [43—46] , and activation of im-
munity [47-51], among others. Several studies of the path-
way of insulin signaling and the mechanism underlying the
effects of caloric restriction on suppression of tumorigene-
sis have been reported. Dunn et al. reported that dietary re-
striction decreased the level of insulin-like growth factor 1
(IGF-1) and the extents of apoptosis, cell proliferation, and
tumor progression in p53-deficient mice [52}. The adminis-
tration of recombinant IGF-1 to CalR mice led to improve-
ment of physiological factors in mice fed a nonrestricted
diet [52]. In Caenorhabditis elegans, mutation of the daf-
2 gene, in association with that of the daf-16 gene encoding
a member of the insulin receptor signaling molecules, ex-
tends the lifespan of the microorganism and confers oxida-
tive stress resistance [53,54]. The daf-2 gene network also
controls longevity by regulating the Mn-SOD (superoxide
dismutase)-associated antioxidant defense system [55].
The signal transduction of IGF in C. elegans is homologous
to that of IGF-1/insulin in mammals. Therefore, the signal-
transduction pathway of IGF-1/insulin may be partly in-
volved in the decrease in the incidence of radiation-induced
myeloid leukemias following caloric restriction.

In the present study, the incidence of tumors other than
myeloid leukemias also decreased statistically significantly
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in the group in which caloric restriction was started at post-
irradiation (Table 1). Caloric restriction limited to the pre-
irradiation period, from 6 to 10 weeks old caused a limited
decrease in the incidence of myeloid leukemogenesis, im-
plying that for other tumors, caloric restriction suppresses
the promotion stage rather than the initiation stage of radi-
ation-induced tumorigenesis. Results of the present study
may contribute to identifying the potential preventive factor
comparable to the epidemiological relevancy in atomic
bomb survivors. A significant increase in the incidence of
tumor-free death 10 46.4%, the highest, in the nonirradiated
restricted group was observed when caloric intake was re-
stricted from 6 weeks until death, which is the first evidence
of an increase in the incidence of tumor-free death with an
increase in that of cardiovascular diseases by caloric restric-
tion after irradiation, as confirmed by laborious observa-
tions of mice throughout their lifetime.
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Abstract: The present study was performed to assess the protective role of thioredoxin/adult T-cell leukemia-derived
factor (TRX/ADF) on the liver and brain cell damages induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in ADF
wild-type (WT) and transgenic (Tg) mice. The ADF WT and Tg mice were intraperitoneally injected with a single dose
of TCDD (150 ug/kg body weight). One day after the treatment, the liver and brain tissues were examined electron
microscopically to evaluate the cellular toxicity. In the ADF WT mice, marked reduction of subcellular components,
such as mitochondria, rough endoplasmic reticula, and glycogen granules, as well as swelling of the remaining
mitochondria, were evident in the liver cells. However, attenuation of these changes was evident in TCDD-treated TRX/
ADF mice. Similar subcellular changes noted in the neuronal cells of TCDD-treated WT mice were also attenuated in
Tg mice. The results suggest that oxidative cellular damage contributes to the acute toxicity induced by TCDD and that

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

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

Exogenous xenobiotics, such as aromatic
hydrocarbons, result in profound induction of cytochrome
P450 enzymes in the liver, resulting in the generation of
reactive oxygen species'™'®. On the other hand, the brain is
rich in peroxidizable fatty acids and has relatively low
catalase activity'”. Therefore, these organs are considered to
be highly susceptible to oxidative stresses'®. In fact, the
contribution of oxidative stress in TCDD-induced cellular
damage of the liver and brain has been suggested in previous
studies'>1%22,

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

— 340 —



42 Protective Role of TRX/ADF against Acute TCDD Toxicity

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

We recently reported.for the first time the protective
function of TRX/ADF against TCDD-induced
hematotoxicity in ADF transgenic (T'g) mice, indicating
oxidative stress contributes to the hematotoxic mechanism
of TCDD?¢. We hypothesized in the present study that
overexpression of TRX/ADF might also be effective for
protection against the toxic effects of TCDD on the liver and
brain tissues in which oxidative stress has also been
implicated in the toxic mechanism. For this purpose, we
injected TCDD with a dosage capable of inducing oxidative
stress in the liver following acute exposure?!, to ADF wild-
type (WT) and transgenic (Tg) mice, and then compared
subcellular changes electron microscopically in the liver and
brain tissues.

Materials and Methods

Animals

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

Chemical

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

Experimental design

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

The liver and brain were then excised and their weights were
measured.

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

Morphological assessment

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

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

Results

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

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

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

Discussion

In the present study, acute treatment with TCDD
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Fig. 1. Electron micrographs of liver
cells from ADF WT and Tg
mice treated with vehicle or
TCDD. (A) Vehicle-treated
ADF WT mouse, (B) TCDD-
treated ADF WT mouse, and (C)
TCDD-treated ADF Tg mouse.
Note cytoplasmic swelling
associated with a profound
decrease of glycogen granules,
RERs and mitochondria in the
liver cells of the TCDD-treated
ADF WT mouse (B). Swelling
of the remaining mitochondria
with disorganized cristae and
lucent matrix is also evident (B).
Attenuation of these
morphological changes is evident
in the TCDD-treated ADF Tg
mouse (C). Uranyl acetate and
lead citrate. Bar=10 pm (Al,
B1, Cl1), Bar=3 um (A2, B2,
C2).
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Fig. 2. Electron micrographs of

neuronal cells in the cerebral
cortex from ADF WT and Tg
mice treated with vehicle or
TCDD. (A) Vehicle-treated
ADF WT mouse, (B) TCDD-
treated ADF WT mouse, and (C)
TCDD-treated ADF Tg mouse.
Note the decrease of RER,
ribosome and mitochondria in
the cytoplasm of neuronal cells
of the TCDD-treated ADF WT
mouse (B). In the TCDD-treated
ADF Tg mouse, mitochondrial
swelling is also evident, but
attenuation of the morphological
changes can be seen, too. (C).
Uranyl acetate and lead citrate.
Bar=10 um (Al, B1, Cl1), Bar=2
um (A2, B2, C2).
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induced ultrastructural alterations in the cytoplasmic
components of liver cells characterized by prominent
decrease of glycogen granules and RERs, proliferation of
SERs, decrease and degradation of mitochondria, and
increase of lipid droplets. These subcellular alterations were
mostly consistent with those noted in the guinea pig liver
following TCDD treatment?®, but concentric membrane
arrays in the liver cells were not evident in the present study,
presumably due to the different experimental protocol or the
different species used in the studies. In the cerebral neuronal
cells in the present study, alterations in subcellular
components by TCDD were also evident, despite the
changes being less profound than those in the liver cells.
These subcellular changes in the liver and neuronal cells
may represent the cytotoxic outcome of TCDD due to
oxidative cellular damage and also cellular adaptation
including detoxification.

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

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

Recent studies have shown that the aryl hydrocarbon receptor (AhR) in primitive cells transmits negative signals for

the proliferation of such celis 2. As we previously reported, primitive hemopoietic progenitor cells increases in
number in AhR-knockout (KO) mice; on the other hand, relatively maiure progenitor cells on the other hand,

decreases in number in a homeostatic manner?.

We have reported that benzene-induced hemopoietic toxicity is transmitted by AhR3. We also found that cytochrome
P450 2E1 (CYP2E1) related to benzene metabolism is also up regulated in the bone marrow by benzene exposure
in the bone marrow?. Therefore, it is of interest to hypothesize a greater role of bone marrow cells in hemopoietic
toxicities rather than the hepatic metabolism. Accordingly, in the present study, benzene-induced hemopoietic
toxicity was evaluated in wild type (Wt) mice after a lethal dose of whole-body irradiation followed by repopulation of
bone marrow cells that lack AhR or, vice versa, in AhR KO mice after repopulation of Wt bone marrow cells.

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

Materials and Methods

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

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

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

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

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

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

2280
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spleen (CFU-S). Aliquots of BM cell suspensions were used to evaluate the number of CFU-S. The number ot BM
cells was adjusied to that appropriate for producing nonconfluent spleen colonies, and the cells were then
transplanted into lethally irradiated mice by injection through the tail vein. Spleens were harvested 9 and 13 days
after the injection, and fixed in Bouin’s solution. Macroscopic spleen colonies were counted under an inversion
microscope at a magnification of x 5.6.

CFU-GM and CFU-E Assay. in vitro colony formation was assayed in semisolid methylcellulose culture® 8. Briefly,
8 x 10* BM cells suspended in 100 ml of medium were added to 3.9 ml of a culture medium containing 0.8% methyl

cellulose, 30% fetal calf serum, 1% bovine serum albumin, 104 M 2-mercaptoethanol, with 10 ng/ml murine
granulocyte-macrophage colony-stimulating factor (GM-CSF) for CFU-GM or 1ng/ml murine Interleukin-3 and 2 U/ml

erythro-poietin for erythroid CFU (CFU-E). One-ml aliquots containing 2 x 10* BM cells were plated in triplicate in a
35-mm tissue-culture plate, and incubated for six days in a completely humidified incubator at 37 °C with 5% CO,in

air. Colonies were counted under an inverted microscope at magnifications of x 40 for CFU-GM after 6-day culture
and x100 for CFU-E after 3-day culture.

B repopulation assayg. The BM repopulation assay was performed similarly to the assay of CFU-8, except that

10°% BM cells were injected into lethally irradiated mice. One month after the transfusion of BM cells, the repopulated
mice were used in the experiment.

Results and Discussion

As previously reported, AhR-KO mouse showed a significant increase in WBC counts (Figure 1 A). This was also
consistent with the high number of myeloid progenitor cells, i.e., CFU-8-9 and CFU-5-13, observed in the AhR-KO
mice (Figure 1, B). Thus, steady-state hemopoiesis is presumed to be suppressed by AhR signaling due to the
possible presence of a physioclogical ligand, which is not readily observed in AhR-KO mice. In response to such an
AhR-null effect, the AhR-KO mouse reversely shows extensive hemopoiesis in the spleen, although this hemopoietic
enhancement is also reflected in another negative hemopoietic regulation in the BM. Accordingly, in the present
study, benzene-induced hematotoxicity was evaluated in the Wt mice after a lethal dose of whole-body irradiation

followed by the repopulation of BM cells that lack AhR.
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Figure 1: Comparison of vatous blood parameters between Wi mice (open columns) and AhR-KO
mice (shaded columns) °; A. Peripheral blood, bone mamow and spleen weight. *
Parameters indicate the counts of peripheral red blood cells (RBCs, XIl'Js/mI) and white
blood cells (WBCs, x10%/ml), bone marrow cellularity (BM, x10%femur), end weight of
spleen (SPI, mg). B. Number of colony-forming units in spleen (CFU-3/ 1x10° BM cells)
observed on days 9 (CFU.S-9) and 13 (CFU-8-13). €. Numbers of in vitro granulocyte-
macrophage CFUs (C?FU-(:‘X\I!/.SXICP3 BM cells) and erythroid CFU (CFU-E/1x10* BM
celld). t: Significant difference between Wi and ABR-KO mice determined by ftest o
p<0.03.
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Figures 2, A-C, show the RBC (A), WBC (B), and platelet (PLT: C) counts {per mL) in the peripheral blood after
repopulation of the BM. In each figure, in the Wt mice repopulated with Wt BM cells (two columns on the left), the
groups subjected to intraperitoneal benzene exposure (second from the left) show significant decreases in RBC and
PLT counts (92% and 69%; p=0.010 and 0.016, respectively) compared with the sham exposure groups {farthest left
in each figure), except 2B, i.e., WBC counts (96%). When the mice repopulated with AhR-KO BM cells (two columns
on the right) are exposed to benzene, there are no significant differences between the sham exposure groups
(second from the right) and the benzene exposed groups (farthest right) in A through C. Significant decreases
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observed in the Wt mice repopulated with Wt BM cells were negated when the Wt mice were repopulated with AhR-
KO BM cells; thus, the reduction in the number of peripheral blood cells observed in the Wt mice after benzene
exposure is assumed to be responsible for the AhR expression in BM cells. Although the two sham exposures (i.e.,
Wt mice, open column; and AhR-KO mice, solid column) are essentially identical in A and C, there seems to be
insufficient recovery of the BM in transplantation in Figure 2B, and the solid column is significantly reduced (see,

Figure 3 on CFU-GM).

Figure 2: Comparison of vetious blood parameters in peripheral blood; A, RBC, B, WBC, and C, platelets
(open bars vs lightly shaded bars in Wt mice repopulated with Wi BM cells; solid bars vs
heavily shaded bars in Wt mice repopulated with AhR BM cells).

T TR

Figure 3: *: Significant difference
between sham and exposed
determined by s-test at p<0.05.

In Figure 3, again, the significant decrease in the number of granulocyte-

macrophage colony-forming, units in vitro (CFU- GM/5 x10° BM celis) in the BM
cells from the Wi mice repopulated with Wt BM cells (82.9% in benzene
exposure, lightly shaded column to the right of the sham exposure, open
leftmost column; p=0.041) is negated in the BM cells from mice repopulated
with AhR-KO BM cells (sham exposure, solid column; and benzene exposure,
heavily shaded column, respectively). In this figure, the efficiency of repopulation
with AhR- KO BM cells (solid column) seems to be insufficient, since the solid
column is smaller than the open column (p=0.025). The mechanism underling
the incomplete recovery of AhR-KO BM cells, is still unknown; however, the
sublethal irradiation of the recipient mice may be the case, where suppressive
intrinsic factors may have been released from tissues given the lethal dose of
irradiation received by the host animals.

Despite the insufficient recovery of the number of GM-CFU in mice repopulated with AhR-KO BM cells, number of
BM cells, regardless of repopulated cell type (either Wt or AhR-KO BM cells) and type of exposure (either benzene
or sham exposure), there were no significant differences in number of BM cells among the groups in a homeostatic
manner (Figure 4, A; 91.4% and 92.4%, respectively, p>0.1). However, after benzene exposure, a significant
decrease in splenic weight was observed in the Wi—Wt group (85.0%, p=0.022), but not in the AhR-KO-BM—Wt
group (90.0%, p=0.173). This supports the notion that AhR-KO negates the suppressive effect on splenic weight

after benzene exposure.

Figure 4: Comparison of number of BM cells
(&) or weight of spleen (B) with or

without benzene exposure, in mice
repopulated with Wt BM cells or in
mice repopulated with AhR-KO BM
cells. (W1 mice repopulated with Wt
BM cells, lightly sheded columns,
secend from left, or without benzene
exposure, open columns, fathest
lefl, benzene exposure vs Wi mice
repopulated with AhR-KO BM cells,
.each of the two tight columns).
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Conclusions

The up-regulation of CYP2E1 after benzene exposure was specifically observed in our previous microarray study of
the bone marrow tissue®. The analysis of the gene expression specifically derived from the hematopoietic stem cell
compartmentm, and the evaluation of the toxicological alteration of such an expression as a measure of stem cell

specific toxicological biomarkers are hot issues in the current hematotoxicology“. Mice that have been lethally
irradiated and repopulated with BM cells from AhR-KO mice essentially did not shown any benzene-induced
hematotoxicity, implying that such toxicity is derived from de novo metabolisms with CYP2E1 in the BM other than
hepatic metabolism. The present study raises two questions on AhR-mediated TCDD-induced hematotoxicity: Do
Wi mice repopulated with AhR-KO BM cells show hematotoxicity by TCDD unlike in the case of benzene exposure?
If such is the case, what would be the transmitter from the site of xenobiotic metabolic activation to the bone marrow?
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