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Fig. 3 Apoptosis induced by 2-DCB and PA in U937 cells. a U937
cells were treated with 50, 100 and 200 pM 2-DCB and 500 pM PA.
The cells were stained with Annexin V-FITC and PI for flow
cytometry after 12 and 24 h. Where indicated, values for the treated
cells are significantly different to the untreated cells at the same time
point at *p < 0.05; **p < 0.01. The results are expressed as
means = SD (n = 3). b Apoptosis of U937 cells in response to

enhanced intracellular superoxide formation at 3 and 6 h
(Fig. 4a) (p < 0.05). We also evaluated the intracellular
levels of peroxides using DCFH-DA staining. The results
showed that 2-DCB and PA induced peroxide generation at
6 h (Fig. 4b) (p < 0.05), and that the 2-DCB- and PA-
treated U937 cells exhibited an increase in DCF fluores-
cence compared with the control cells (Fig. 4c). Next, we
investigated whether this increase in ROS production may
play a role in the apoptosis induced by 2-DCB and PA. Our
results showed that 10 mM NAC (an antioxidant, N-acetyl-
L-cysteine) significantly inhibited apoptosis induced by
2-DCB and PA (p < 0.05) (Fig. 44d).

Detection of caspase-dependent mitochondrial
apoptosis pathway

Caspases are an important executors of apoptosis caused by
various apoptotic stimuli. To determine whether the cas-
pase-dependent mitochondrial pathway for apoptosis is
related to apoptosis induced by 2-DCB and PA, we mea-
sured the MMP change and intracellular caspase-8 and
caspase-3 activities at 6 h. The loss of MMP (ie., an
increase in percent subpopulation with low MMP) was
observed in the 2-DCB- and PA-treated cells, as deter-
mined by TMRM staining and flow cytometry (Fig. 5a)
(p < 0.05). The treatment of the U937 cells with 2-DCB
and PA resulted in a significant increase in both caspase-8
(Fig. 5b) and caspase-3 (Fig. Sc) activities compared with
that of the control cells (p < 0.05). To confirm the role of
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treatment with 2-DCB for 24 h. The cells subjected to Annexin
V-FITC and PI staining were detected by microscopy at a magnifi-
cation of 400x. One representative photomicrograph from three
independent experiments is shown. ¢ Morphological changes. Signs
of apoptosis were detected by Hoechst 33258 staining and then
examined by microscopy at 400x magnification. One representative
photomicrograph from three independent experiments is shown

caspase on apoptosis induced by 2-DCB and PA in U937
cells, apoptosis (Annexin V-FITC and PI staining) was
examined in the presence of 2-DCB and PA with or
without z-VAD. Pretreatment with 10 pM z-VAD signifi-
cantly reduced the extent of 2-DCB- and PA-induced
apoptosis (p < 0.01) (Fig. 5d), which revealed that 2-DCB-
and PA-induced apoptosis was mediated through a caspase-
dependent pathway in U937 cells.

Bcl-2 family proteins with anti~- or pro-apoptotic func-
tions can control the release of mitochondrial apoptosis
factors including cytochrome ¢ and the apoptosis-inducing
factor (AIF) [27]. Western blot analysis revealed that Bid
was cleaved into tBid by 2-DCB and PA at 24 h (Fig. 6).
Moreover the treatment with 2-DCB and PA induced Bax
up-regulation and Bcl-2 down-regulation (Fig. 6). In
addition, we found that the release of cytochrome ¢ from
the mitochondria to the cytosol was induced by 2-DCB and
PA at 24 h (Fig. 6). These results suggest that the
enhancement of apoptosis induced by 2-DCB and PA is
associated with mitochondrial dysfunction, Bid activation,
and the subsequent activation of caspases.

Fas activation by 2-DCB and PA

We investigated Fas activation in relation to the 2-DCB-
and PA-induced apoptosis. The treatment with 2-DCB and
PA significantly suppressed Fas activation compared with
that in the control cells at 3 h and 6 h (p < 0.03) (Fig. 7).
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Fig. 4 Effects of 2-DCB and PA on generation of intracellular
superoxide and peroxides in U937 cells. a Induction of superoxide by
2-DCB and PA in U937 cells. The cells were treated with 2-DCB and
PA for 3 and 6 h, followed by the measurement of superoxide
formation by flow cytometry. Where indicated, values for the treated
cells are significantly different to the untreated cells at the same time
point at *p < 0.05; *¥p < 0.01; *p < 0.05; ™p < 0.01. The results are
expressed as means &= SD (n = 3). b Induction of intracellular
peroxides by 2-DCB and PA. U937 cells were treated with 2-DCB
and PA for 6 h. The cells subjected to 5 pM H,DCE-DA staining
were incubated at 37°C for 30 min before measuring of the

Analysis of Ca**-dependent pathway

We carried out digital imaging of Fura-2 fluorescence to
examine the change in [Ca2+]i after the treatment with
2-DCB and PA. The ratio of fluorescence at 340 nm
excitation to that at 380 nm excitation, F (340/380), was
used as an indicator of [Caz"']i in single cells. The order of
the psendocolors of blue, green, yellow and red indicates
the changes in fluorescence ratio from low to high in
Fig. 8. Therefore, the blue, green and yellow pseudocolor
images of individual cells also indicate the changes in
[Ca®*); from low to high. The treatment of 2-DCB and PA
induced an increase in the number of cells showing a
higher [Ca”}l- in a time-dependent manner. As shown in
Fig. 8, the cells treated with 2-DCB and PA exhibited a

much higher [Ca®"]; than the control cells.

Discussion
Food irradiation is gaining interest in light of the increasing

incidence of foodborne diseases as it efficiently reduces
pathogen population. The process has been approved by

@ Springer

(B8)

Fraction of
DCF-positive cells (%)

oM 200 N
2008 2008

0 fen N
Control

S

D

BENAG {5k
men)

Apoptosis (%)

“Correl 200 M2-DCB

intracellular peroxides by flow cytometry. *p < 0.05; ** p < 0.01.
The results are expressed as means &= SD (r = 3). ¢ U937 cells were
treated with 200 uM 2-DCB and 500 pM PA for 6 h. 2-DCB- and
PA-treated U937 cells exhibited an increase in DCF fluorescence
compared with the control cells. One representative photomicrograph
from three independent experiments is shown. d The cells were
pretreated with or without 10 mM NAC for 1 h and stimulated with
200 pM 2-DCB and 500 uM PA for 24 h followed by the measure-
ment of apoptosis by flow cytometry. *p < 0.05. The results are
expressed as means &= SD (n = 3)

FDA and WHO, and also endorsed by many countries and
organizations [28]. Irradiation can be performed either with
y-rays produced from a radioactive nuclide such as Co or
with an electron beam or X-rays generated from machine
sources, and the maximum absorbed dose delivered to a
food subjected to radiation processing should not exceed
10 kGy [29, 30]. Previous studies have detected 2-ACBs in
irradiated fat-containing food such as chicken, pork, lamb,
and beef and mechanically recovered meat, and also in
irradiated liquid whole eggs [1]. 2-ACBs are not formed by
cooking or any other heat-processing method, and were
therefore of increasing interest for research in food toxi-
cology. Results of previous in vitro studies of primary
human colon cells and in vivo experiments in rats fed
2-DCB suggested that these radiolytic derivatives are
genotoxic and enhance the progression of colon tumors 4,
5]. 2-DCB was also shown to induce single-strand DNA
damage in LT97 and HT 29 human colon adenoma cells [6,
7]1. Additionally, some studies showed that PA can induce
apoptosis in various cells such as human lung carcinoma
cells, hepatocytes, and renal cells [8, 10, 11, 14, 31].
However, the effect of 2-DCB on apoptosis is not known.
Therefore, we elucidate the apoptotic potential of 2-DCB,
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Fig. 5§ Effects of 2-DCB and PA on loss of MMP and activation of
caspase-8 and caspase-3. a The loss of MMP was observed in the cells
treated with 2-DCB and PA for 6 h, as determined by flow cytometry
using TMRM staining. *p < 0.05; **p < 0.01. b Caspase-8 activation
induced by 2-DCB and PA was evaluated by IETD-pNA-cleavage
assay. *p < 0.05; **p < 0.01. ¢ Caspase-3 activation induced by
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Fig. 6 Effects of 2-DCB and PA on expressions of Bcl-2 family
proteins and release of cytochrome c. U937 cells were treated with
2-DCB and PA for 24 h. The cell lysates were harvested for Western
blot analysis. Changes in expressions of Bax, Bcl-2, Bid, tBid proteins
and release of cytochrome ¢ (Cyte) in cytosolic fraction induced by
2-DCB and PA. One representative picture from three independent
experiments is shown

—

B)
045
a0t
035
0.30
038+
020
015
010
205
.00 L.

Cleaved pNA (OB 400 nm}

Contiol 1005 200 1M

20CE 2808 PA
(D)
0
:: B 2VADE
= ?O {8 ZVADH
&
B %
% s} o
2
g
< ok
101
0 b X ’
Cortrol 004 5001
2D68 PA

2-DCB and PA was measured by flow cytometry using FITC-DEVD-
FMK staining. *p < 0.05; **p < 0.01. d The cells were pretreated
with or without z-VAD for 1 h and then coincubated with 2-DCB and
PA for 24 h, and apoptosis was measured by flow cytometry.
**p < 0.01. The results are expressed as means &= SD (n = 3)

generated from PA and demonstrate the underlying
mechanisms of apoptosis induced by 2-DCB in U937 cells.
ROSs, such as hydroxyl radicals ("OH), superoxide
anion radicals (O,"7), and hydrogen peroxide (H,0,), play
a key role in apoptosis induction [32, 33]. These free
radicals can induce nucleic acid damage, i.e., oxidative
base damage (e.g. 8-oxo-guanine), secondary (due to repair
processes) single- and double-strand DNA breaks, DNA~
protein cross-links, lipid peroxidation, and protein degra-
dation [34, 35]. PA has been reported to induce mito-
chondrial superoxide and peroxide production in various
cells [31, 36, 37] Previous results showed that 2-DCB
genotoxicity occurs mainly by the induction of DNA base
damage recognized by Fpg. Fpg recognizes some ring-
opened purines and apurinic/apyrimidinic (AP) sites, stet
8-oxo-guanine, which is the most biologically relevant
substrate of Fpg. An oxidative endpoint marker of DNA,
8-oxo-guanine has attracted particular attention since it is
mutagenic it causes G-to-T transversions upon replication
and has been suggested to play an important role in car-
cinogenesis [38]. In the current study, 2-DCB enhanced
intracellular ROS generation in a time-dependent man-
ner and the pretreatment of cells with NAC signifi-
cantly prevented 2-DCB-induced apoptosis, indicating that
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Fig. 7 Effects of 2-DCB and PA on Fas activation. U937 cells were
treated with 2-DCB and PA for 3 and 6 h. Then Fas activation was
determined by flow cytometry using anti-Fas FITC-conjugated
antibody. Where indicated, values for the treated cells are signifi-
cantly different to the untreated cells at the same time point at
*p < 0.05; #p < 0.05; ™p <001, The results are expressed as
means £ SD (n = 3)
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Fig. 8 Effects of 2-DCB and PA on [Ca?™]; in U937 cells. The cells
were stained with Fura-2-AM as described in “Materials and
methods™ after treatment with 2-DCB and PA, and [Ca”]i was then
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ROS-dependent pathways were involved in the 2-DCB-
mediated cell death.

Two major pathways, the extrinsic and intrinsic path-
ways, leading to caspase activation have been found [10,
15]. Our data showed the activation of Fas and caspase-8
after the treatment with 2-DCB and PA. The extrinsic
pathway is due to the direct interaction of cell surface
receptors, such as Fas, with caspase-8, that in turn activates
downstream effector caspases. Bcl-2 family proteins are
involved in pro- or anti-apoptotic processes by interacting
with the mitochondria [27]. In this study, the Bcl-2 down-
regulation and Bax up-regulation were shown by Western
blot analysis. Moreover, Bid was cleaved by 2-DCB and
PA. Bid can be cleaved by caspase-8, and the cleaved Bid
as the carboxyl-terminal fragment translocates to the
mitochondria to induce the release of cytochrome c¢ [4].
Cytochrome ¢ functions with Apaf-1 to induce caspase-9
activation, thereby initiating the apoptotic caspase cascade
[15]. These two apoptotic pathways may be interconnected

‘ 500 M PA

measured. One tepresentative digital images of Fura-2 fluorescence
from three independent experiments is shown here
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by the caspase-8-mediated cleavage of Bid, which triggers
the activation of the mitochondrial pathway. In this study,
an increase in the fraction of cells showing the loss of
MMP, the release of cytochrome ¢ to the cytosol, and the
activation of capase-8 and caspase-3 were observed. These
results indicate that the apoptosis induced by 2-DCB is
involved in the Fas-caspase-8-mediated mitochondrial
pathway in U937 cells.

Some studies have shown that Fas activation can trigger
apoptosis via ROS induction, a direct means of activating
the caspase cascade, or via mitochondria by activating
caspase-8 and Bid [39-41]. In this study, we found an
enhancement of ROS generation, Fas activation, caspase-8
activation and Bid cleavage after the treatment with 2-DCB
and PA in U937 cells. These findings indicate that mito-
chondrial dysfunction is responsible for the contribution of
Fas to apoptosis induction.

It has been reported that oxidative stress induced by
peroxides causes an increase in [Ca2+]i in chondrocytes
[42]. It has also been suggested that the loss of MMP
preceding nuclear apoptosis is mediated by the opening of
permeability transition (PT) pores [43]. Many effectors that
can induce apoptosis, including oxidative stress, can induce
PT pore opening [44]. We have shown that an increase in
[Ca”]i is involved in apoptosis induction induced by
radiation, hyperthermia and chemicals (such as 6-form-
ylpterin, macrosphelides, and sanazole), which are associ-
ated with the enhancement of ROS formation [20, 22, 23,
25, 26]. In this study, ROS generation and an increase in
[Ca”]i were observed after the treatment with 2-DCB and
PA. These results indicate that the apoptosis induced by
2-DCB and PA is associated with the increase in [Ca*']; in
U937 cells. '

Taken together, our preliminary data first showed that
2-DCB has the potential to induce apoptosis mainly via the
Fas-caspase-8-mediated mitochondrial pathway, resulting
from oxidative stress in human lymphoma U937 cells. The
evaluation of [Ca**]; also contributes to apoptosis induc-
tion by 2-DCB.
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The Japanese Environmental Mutagen Saociety/the
Mammalian Mutagenicity Study group conducted a col-
laborative study to investigate whether cell nuclei or whole
cells might be more suitably used to correctly detect geno-
toxic chemicals in the in vivo rodent alkaline Comet assay.
Four participating laboratoties applied four sample proc-
essing methods, i.e., three homogenization methods using
the usual Potter-type shaft, a customized (loose) Potter-
type shaft, or a Downs-loose-type shaft, for preparing cell
nuclei, and the mesh membrane method for preparing
whole cells, to the male rat liver. Homogenization with the
usual Potter-type shaft clearly produced damage of the cell
nuclei and DNA, while the other three methods seemed to
provide similar conditions of the tissue samples. The
proportion of cell nuclei: whole cells was 80-90%:
10-20% in all laboratories when the samples were pre-

pared by homogenization using a Downs-loose-type shaft -

or by the mesh membrane method. The %DNA in tail were

‘comparable in both samples among the negative control
groups (single oral administration with physiological sa-
line) of all laboratories, and showed an equal degree of in-
crease in both samples of the ethyl methanesulfonate
groups {single oral administration at 250 mg/kg) in all
laboratories. In conclusion, the homagenization method
using a loosely customized Potter-type shaft or a Downs-
loose-type shaft, and the mesh membrane method would
be equally acceptable for the in vivo rodent alkaline Comet
assay.

Key words: in vivo Comet assay, tissue sample prepara-
tion, cell nuclei, whole cells

Introduction
Although the in vivo rodent alkaline Comet assay is
widely used for detecting genotoxic chemicals, the stan-

50

dard protocol and the assay procedure, especially the
method of preparation of free cells/nuclei, are still un-
der debated. The International Workshop on Genotox-
icity Testing (IWGT; 1,2) and the 4th International Co-
met Assay Workshop (3) proposed recommended pro-
tocols. Currently, the Japanese Center for the Valida-
tion of Alternative Methods (JaCVAM) has been coor-
dinating an international validation study of the in vivo
Comet assay to evaluate the assay capability for detect-
ing genotoxic chemicals, and a standardized study pro-
tocol is already established based on the above recom-
mendations and the pre-validation study results (4).
The largest data sets on the assay predictivity for
chemical carcinogenicity have been established by
Sasaki et al. (5,6), which are based on the analysis
results of isolated cell nuclei prepared by a tissue
homogenization method for many organs. The question
has been raised about whether isolated cell nuclei or iso-
lated whole cells may be more suitable to use in order to
detect the genotoxic potential of test chemicals. The
background for this question is the discrepant in vivo
rodent Comet assay results published about ortho-
phenyl phenol (OPP, CAS No. 90-43-7). Sasaki ef al.
reported that OPP showed positive results in the mouse
using cell nuclei of the liver, kidney, lung and urinary
bladder (7). On the other hand, Bomhard ef al. obtained
negative results in the same species (8). The only differ-
ence in the procedure used between Sasaki ef al. and
Bomhard et al. was in relation to the object isolated as
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the target for the Comet assay using the liver and kidney
(8). One possible explanation for the difference in results
was based on how the tissues were processed. Cell death
is associated with increased levels of DNA strand
breaks, and many researchers in this field feel that iso-
lated cell nuclei might be damaged to a greater degree
than isolated whole cells because of the homogenization
process, resulting in increased false-positive results.
Although there was much discussion on this subject in
the 4th IWGT meeting, it was decided that more data
were needed before a conclusion could be arrived at and
that any international validation study should consider
both processing methods (2).

Under this complex circumstance, the Japanese En-

vironmental Mutagen Society/the Mammalian Muta-
genicity Study group (JEMS/MMS) planned and coor-
dinated a collaborative study to investigate which might
be more suitable, cell nuclei or whole cells, for the in
vivo rat alkaline Comet assay. Four laboratories took
part in the collaborative study, applied both sample
processing methods to the liver after oral administration
to male rats of ethyl methanesulfonate at 250 mg/kg or
physiological saline as the negative control, and then
compared the assay data. Here, we report results of the
collaborative study and discuss which might be more
suitable, cell nuclei or whole cells, for the in vivo rat
alkaline Comet assay.

Materials and Methods

Test chemicals: Fthyl methanesulfonate (EMS,
CAS No. 62-50-0) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). EMS at 250 mg was dissolved in
0 mL of physiological saline immediately before ad-
ministration. Physiological saline was also used as the
negative control material.

Animals: Crj:CD(SD) male rats were obtained
from Charles River Laboratories Japan (Kanagawa).
The rats were housed in polycarbonate or stainless-steel
cages under air-conditioned circumstances (20-24°C
room temperature, 30~70% humidity, and 12 h-light/
dark cycle), fed with rodent chow ad libitum, and given
free access to tap water. The animals were quarantined
and acclimated for at least 5 days, and then used at 8-
week-old for the experiments.

Animal treatment: First, one non-treated rat was
used for comparison of the isolation process of the cell
nuclei and whole cells in each laboratory. Then, for the
comparison between the isolated cell nuclei and the iso-
lated whole cells, rats (three animals/group) were orally
administered one dose of EMS at 250mg/kg (10
mL/kg) or physiological saline at 10mL/kg. Four
laboratories participated in the former examination,
and three in the latter.

Homogenizer shafts: Three types of homogenizer
shafts were used for the isolation of the cell nuclei of the
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liver, i.e., a Potter-type shaft (Shaft A), a loosely cus-
tomized Potter-type shaft (Shaft B), and a Downs-
loose-type shaft (Shaft C). Shaft B was prepared by the
following procedures: the Teflon part of Shaft A was
ground with sand-paper and adjusted so as to not
damage the cell nuclei and/or DNA (i.e., so as to allow
loose contact with the homogenizer glass tube).

Isolation of cell nuclei and whole cells: Isolation
of the cell nuclei with Shafts A and B was conducted by
the method reported by Sasaki et a/. (9), and that with
Shaft C was done by the method reported by Miyamae
et al. (10). The whole cells were isolated by the method
reported by Tice (11). Animals were sacrificed by carbon
dioxide inhalation or by cutting the abdominal aorta/
vein under anesthesia (e.g., ethyl ether), and the liver
was removed. A small piece of the liver (about 5 mm
cube fragment) was minced with a pair of scissors and
put into a glass tube with a chilled 75 mM sodium chlo-
ride solution containing 24 mM EDTA disodium,
homogenized once (Just one stroke, with the head of the
shaft never reaching the bottom of the tube) with Shaft
A or B at 600 rpm, and then centrifuged at 700 g for 10
min at 4°C to collect the cell nuclei. Accordingly, two
samples of isolated cell nuclei were obtained as Sample
A with Shaft A, and Sample B with Shaft B. Another
piece of the liver was put into a glass tube with chilled
phosphate-buffered saline [Ca®** and Mg?* free:
PBS(—)] containing 54mM EDTA, and then
homogenized once (just one stroke) mildly by hand, and
the suspension was passed through a nylon mesh (150
um pore size, Tokyo Rikakikai, Tokyo), and a sample
of isolated cell nuclei was obtained as Sample C. For the
whole-cell isolation, the mesh membrane method was
used. The liver fraction (about 5 mm cube fragment)
was minced with a pair of scissors in chilled PBS(~)
containing 54 mM EDTA, and the suspension was
passed through a metal or nylon mesh (150 um pore
size), and Sample D was obtained as isolated whole
cells. : .

Microscopic ohservation of the cell nuclei and
whole cells: An aliquot of each sample was used for
the Comet andlysis described below. The remaining
Samples C. dnd D were centrifuged at 1500 rpm for 5
min in 4°C. The pellet was suspended and fixed with 5
mL of 10% neutral buffered formalin solution, and the
suspension was mixed-with Acridine orangé (A.O.) solu-
tion at the ratio of 1:1. The mixture was immediately ex-
amined under afluorescent microscope, and the ratio of
cell nucléi and whole cells was calculatéd for 500 nuclei.

Comet analysis: The procedure has been described
in previous reports (1-6). Briefly, an aliquot of each
sample was embedded in 0.5% (w/v) low-melting
agarose gel (Lonza, Rockland, ME, USA) on a slide.
Two slides were prepared for each animal. The slides
were immersed overnight in chilled lysing solution con-
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taining 100 mM EDTA disodium, 2.5 M sodium chlo-
ride, 10 mM tris hydroxymethyl aminomethane, 1%
(v/v) Triton-X100, and 10% (v/v) DMSO in purified
water at pH 10, and then rinsed in purified water, The
slides were covered with an alkaline selution consisting
of 300 mM of sodium chloride and 1 mM of EDTA dis-
odium in purified water at pH> 13 for 10 min, applied
for electrophoresis at 1 V/cm and. approximately 300
mA for 15 min below 4°C, and immersed for 10-20 min
in neutralization buffer consisting of 0.4 M txis hydrox-
ymethyl aminomethane in purified water at pH 7.5.
Slides were dehydrated with absolute ethanol for at least
5 min, dried, and then stained with 20 pg/mL of ethidi-
um bromide solution. Nuclei were scored with an image
analysis system [Comet Assay IV (Perceptive Instru-
ment Ltd., Suffolk, UK) or Rainbow Star System (Ko-
met 4; Kinetic Imaging 1td., Liverpoal, UK)], and the
%DNA. in tail were calculated.

Results :

In rhicroscopic examination of the two homogenized
samples prepared with Potter-type Shafts A and B; it
seemmed that both Samples A and B consisted of a lot of

cell nuclei and few whole cells, and many more damaged -

cell nuclei and whole cells were observed in Sample A
than in Sample B. In another homogenized sample C
preparéd with the Downs-loose-type Shaft C, there
seemed to be a number of cell nuclei, but few whole
cells. The sample condition of Sample C seemed similar
to that of Sample B, i.e., containing lower numbers of
damaged cell nuclei and whole cells. In Sample D, which
was prepared with the mesh membrane method, the
sample condition seemed to be the same as those of
Samples B and C. In the Comet analysis performed with
four saniples, Sample A clearly showed DNA migra-

Fig. 1. Comet images obtained using the four sample preparation
methods for the non-treated rat liver. Nuclei were stained with ethidi-
um bromide solution. Sample A clearly showed DNA migration, and
Samples B, C and D seemed to show no damage to the nuclef.

tion, even samples obtained from non-treated rats (Fig.
1a), and there was ne obvious difference between Sam-
ples B, C and D prepared from the non-treated rats
(Figs. 1b, 1c and 1d). Consequently, the % DNA in tail
was increased in Sample A as compared with those in
Samples B, C and D (Fig. 2). The number of cell nuclei
and whole cells for Samples C and D was scored in-

‘dependently in three laboratories, and the ratio was de-

termined to be 80-90% cell nuclei: 10-20% whole cells
for both samples in all laboratories (Fig. 3). The Comet
responses in the liver after in vive treatment with EMS
were also egamined using Samples C and D. The
%DNA in tail in both Samples C and D were compara-
ble among the negative control groups in the three
laboratories (Fig. 4). The average of these parameters
increased similarly in both Samples C and D of the EMS
group as compared with the finding in the negative con-
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‘mage analysis system of Comet Assday IV. Bach colimn shows the
mean+S.D. (n=100 nuclel). The %DNA in tail of Sample A was
higher than those of Samples B, C and D, indicating that the sample
preparation procedure using the usual Poiter-type shaft was associ-
ated ‘with increased DNA migration.
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Tig. 3. Ratio of the cell nuclei (dot column) and whole cells (shadew
column}in Samples C and D in three laboratories. The sample-number
shows the laboratory code: 1, 2 or 3, and H: hqmogenized sample ob-
tained using a Downs-loose-type shaft, and M: samples obtained by
the mesh membrane method. Laboratory 3 repeated the experiments,
and the results are shown as 3’-H or 3'-M. The resultant ratio ob-
tained was 80-909% cell nuclei: 10-20% whole cells for both samples in
all laboratories.
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Fig. 4. %DNA in tail in Sample C prepar;d using a Downs-loose-
type shaft and Sample D obtained using the mesh membrane method.
Both samples were prepared from the liver of EMS-treated rats
(shadow column) or saline-treated rats (dot column), and analyzed
with an image analyzer of Rainbow Star System: Fifty nuclei/slide
and two slides/animal were scored, and the mesdn of éach atiimal was
calculated. Each column shows the mean+S.D: (#=3 animals). The
sample number shows the laboratory code::1, 2 or 3, and H:
homogenized sample prepared using a Downs-loose-type shaft, or M:
samples prepared using the mesh membrane method, Laboratory 3
repeated the experiments, and the results are shown as 3’-H or 3-M.
The average values of the parameters increased similarly in .b'qthfSam‘
ples Cand D of the EMS group as compared with those iri the negative
control groups in all three laboratories. o

trol groups in the three laboratories, although the mag-
nitude of responses in the EMS groups differed slightly
among laboratories (Fig. 4).

Discussion :

Three homogenizing procedures to prepare cell nuclei
were used in the present study. In general, to prepare
cell nuclei, a Downs-loose-type homogenizer shaft
(Shaft C in this report) is suitable and useful for
preventing damage of cell nuclei and/or DNA.
However, Sasaki et al. who reported a huge database
about in vivo rodent Comet assay (5,6) selected and
used a Potter-type shaft and a homogenizer machine.
Since the usual Potter-type homogenizer shaft (Shaft A
in this report) is generally used to fragment tissue sam-
ples, Sasaki ef al. slimimed the homogenizer shaft for
use, described in this report as Shaft B (Sasaki, personal
comumunication). In this study, Shaft A clearly pro-
duced damage of the cell nuclei and DNA. However,
Shaft B yielded samples with a lower degree of damage
of the cell nuclei and DNA (Figs. 1a, 1b and 2). The
condition of the sample obtained using Shaft B seemed
to be comparable to that obtained using Shaft C (Figs.
1b, 1c and 2). Therefore, it was considered that Shaft B
(loosely customized Potter-type) and shaft C (Downs-
loose-type) might be equally acceptable for preparation
of the cell nuclei for the in vivo rodent Comet assay.

For the preparation of whole cells, the mesh mem-
brane method was used in this study, which is the sim-
plest and most popular method to prepare samples for
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the in vivo rodent Comet assay and is thus used in the
JaCVAM initiative international validation study of the
in vivo rodent Comet assay (4). However, surprisingly,
the sample yielded by the mesh membrane method
(Sample D in this report) contained numerous cell
nuclei, but fewer whole cells, and the ratio of the cell
nuclei and whole cells was similar to that in Sample C
prepared using the Downs-loose type homogenizer (Fig,
3). In each of the three laboratories, the % DNA in tail
in both Samples C and D were comparable in the nega-
tive control groups and the EMS-treated groups (Fig.
4). These data indicate that both sample preparation
methods mainly provide cell nuclei and have no sig-
nificant effect on the Comet assay results. The magni-
tude of the responses in the EMS groups seemed to be
slightly different among laboratories, and these varia-
tions may raise some issues for our future validation
study. The main purpose of this study, however, was
not to obtain comparably positive results with EMS in
all laboratories, but to examine whether comparable
samples were obtained using different sample prepara-
tion methods, and thus these issues will be discussed af-
ter this study.

We could not obtain whole-cell samples using the
mesh-membrane method. Another option to obtain in-
tact whole cells is the enzyme digestion (e.g., col-
lagenase-perfusion) method. Actually, some investiga-
tors have used this technique and the-data on OPP by
Bomhard et al. (8) were provided using an in situ perfu-
sion technique for the liver and kidney. Therefore, the
enzyme digestion method also needs to be examined in
order to understand whether or not the discrepant
results for OPP are tfuly related to the sample condi-
tion. However, the enzyme digestion methods require
additional and complicated steps of cell preparation.
‘When considering the actual status that the mesh mem-
brane method has been the most widely and popularly
used, additional investigation of the enzyme digestion
method would seem to be less significant.

In conclusion, the homogenization method using a
loosely customized Potter-type shaft or a Downs-loose-
type shaft, and the mesh membrane method provided
similar tissue sample conditions, with the samples
mainly consisting of cell nuclei under the conditions
used in this collaborative study. Thus, we consider that
all of these methods might be equally acceptable for in
vivo rodent alkaline Comet assay.
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1. Introduction

‘We have already found that the in vivo-skin comet assay is useful for the evaluation of primary DNA dam-
age induced by genotoxic chemicals in epidermal skin cells. The aim of the present study was to evaluate
the sensitivity and specificity of the combined in vivo skin comet assay and in vivo skin micronucleus
(MN) test using the same animal to explore the usefulness of the new test mathod,

The combined alkaline comet assay and MN test was carried out with three chemicals: 4-
nitroquinoline~1-oxide (4NQO), N-methyl-N -nitro-N-nitrosoguanidine (MNNG) and benzo[a]pyrene
(B[a]P). In the first experiment, we compared DNA- and chromosome-damaging effects of 3 {72,24 and
3 hours (h) before sacrifice] and 4 applications (72, 48, 24 and 3 h before sacrifice) of 4NQO, which induces
dermal irritancy. The animals were euthanized and their skin was sampled for the combination test. Asa
result, the 4-application method was able to detectboth DNA-and chromosome-darnaging potential with
a lower concentration; therefore, in the second experiment, MNNG and Bfa]P were topically applied four
times, respectively. The animals were euthanized, and then their skins were sampled for combination
tests, In the alkaline comet assay, significant differences in the percent of DNA (¥DNA) in the tail were
observed in epidermal skin cells treated with MNNG and B[a]P. In the MN test, an increased frequency
of MN cells {(¥MN) cells was observed by treatment with MNNG; however, there were no significant
increases. In contrast, significant differences in ¥MN were observed by treatment with B{a]P,

From these results, we conclude that the combined in vivo skin comet assay and in vivo MN test was
useful because it can detect different genofoxicity with the same sampling time and reduce the number
of animals used.

© 2012 Elsevier B.V. All rights reserved.

genotoxic chemicals [11]. In particular, the liver is often used as the
target organ due to its high metabolic activity [12]. Also, the Inter-

Recently, reduction, refinement and replacement (3Rs) have '

been the focus of regulatory testing using animal experiments
[1-3). Combined gentoxicity tests have been used to reduce the
number of animals used [4,5]. There are various in vivo genotoxicity
tests, such as the micronucleus (MN) test [6], alkaline comet assay
[7), unscheduled DNA synthesis (UDS) test [8] and gene mutation
assay that require transgenic animals [9]. In these methods, a con-
bined alkaline comet assay and MN test has been more commonly
used to simplify experimental methodology {10].

The alkaline comet assay is a technically simple and rapid test to
detect alkali-labile sites and DNA strand breaks in various organs;
these types of DNA damage can be initial damage induced by

Abbreviations:  MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; 4NQO, 4-
nitroquinoline-1-oxide; B[a]P, benzo|ajpyrene; MN, micronucleus,
* Corresponding authot. Tel.: +81 46 382 4751; fax: +81 46 382 4751.
E-mail address: toyoizumi.i@fdsc.or.jp (T. Toyoizumi).

1383-5718/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016}j.mrgentox.2011.12.020

national Conference on Harmonization of technical requirements
for registration of pharmaceutjcals for human use (ICH) guidelines
propose the use of a second in vivo genotoxicity test (alkaline comet
assay) as a follow-up to in vitro positive results [13]. The MN test
is also a technically siraple and rapid test to detect chromosome
damage, such as chromosome breaks {14,15].

We have been interested in the skin as a target organ, and have
evaluated various chemicals using the alkaline comet assay [16].
Also, the skin can be highly exposed, both acutely and chronically, to
various chemicals. For instance, there are highly concentrated risks
of occupational exposure [17,18]. For this reason, it is important
to evaluate skin tissue as a target organ; however, there are few

.reports of in vive genotoxicity studies (alkaline comet assay and

MN test) of the skin compared to other organs. There have been a
few reports of combination tests of the alkaline comet assay and
gene mutation assay using skin; however, a combination test of
the alkaline comet assay and MN test has not reported. Therefore,
it is important to explore the usefulness of this combination test
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using skin. Additionally, this approach also reduces the number of
animals required.

In the present study, we examined the combined alkaline comnet
assay and MN test in the epidermis of hairless mice treated with
skin carcinogens, 4-nitroquinoline-1-oxide (4NQO), N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG) and benzo[a]pyrene (B[a]P).
Furthermore, we evaluated DNA-damaging potential in the liver,
which has high metabolic activity. :

2. Materials and methods

2.1 Chemicals

MNNG was purchased from Xanto Chemical (Tokyo). 4NQO, Ba]P, acatone, olive
oil, ethylendiaminetetraaceric acid (EDTA), dimethylsulfoxide (DMSO), acetic acid,
snethano! and potassium chloride (KClywere purchased from Wako Pure Chemicals
industries (Osaka, Japan). Low melting point (LMP) agarose was purchased from
Lonza Rockland (Rockland, USA). Normal melting point (NMP) agarose, Trizma base
and Triton X-100 were purchased from Sigma-aldrich (St. Louis, MO). Trypsin 250

- was purchased from Becton, Dickinson and Company (N). USA).

2.2, Animal and treatments

Six-week-old male Hos:HR-1 hairless mice were purchased from Hoshino Lab-~
oratory Animals (Bando, Japan) and used at 7 weeks old. They were individually
housed in TPX synthetic resin cages with bedding, PAPER CLEAN (Japan SLC),
and were maintained on a 12-h light-dark cycle using a white fluorescent lamp
at 21~25°C and 40~75% relative huroidity. Commercial pellets (CE-2; Clea Japan,
Tokyo) and tap water were provided ad fibitum, and animals were acclimated for
at least one week before the experiment, Three mice were assignad to each experi-
mental group.

All test chemicals were dissolved in acetone-olive oil (AOQ, 4:1) just bafore use.
ADO was used as the negative control in this study and was prepared just before use,
A 0.2 mLamount of each dasing formulation was applied to an area of approxirnately
3cm x4cm on the dorsal skin, The concentrations of each chemical were selected
according to the reports of Toyoizumi et al. [16], Nishikawa et al. [19.20) and Mori
etal (8]

Mice were topically administered three times [72, 24 and 3 hours (h) before
sacrifice (only 4NQO group)j or four times (72, 48,24 and 3 h before sacrifice). Mice
treated with 4NQO and MNNG were sacrificed by cervical disiocation 3 h after the
lastadministration. Mice treated with B{a]P were sacrificed by exsanguination after
intraperitoneal administration of peatobarbital sodium 3 h after the last admin-
istration. We used exsanguination as the sacrifice method in the B[a]P group to

' preventcontamination of the blood cells. The animal experiments in this study were
conducted in accordance with the “Guidance for Animal Experiments in Hatano
Research Institute Food and Drug Safety Center".

2.3. Evaluation of skin reaction using the Draize scoring system

Skin reactions of theapplied area were evaluated visually according to the Draize
scoring systern 3 h after the 1st application, and just before and 3 h after the 2nd,
3rd and 4th applications [21].

24, Isolation ofepidermai skdn celis for the combination assay

Epidermal skin cells were isolated according to the method of the skin MN
test {6], with some modifications. First, the dorsal tissue was removed from the
skin and rinsed in cold, Ca?*- and Mg2*-free phosphate-buffered saline (PBS(~)).
The dorsal skin was placed on filter paper and excess PBS(~) was removed with a
paper towel. The dorsal skin, atong with the filter paper, was sliced into approxi-
mately 1-3 mnm wide strips with a razor. The strips were immersed in cold 0.02 wjv¥
EDTA/PBS(-) sofution for 10minutes (min) and then in 0.25wjv¥ trypsin/PBS(~-}
solution overnight at 4°C. The strips were again rinsed in coid PBS(~). The epider-

. mis was peeled from the dermis and transferred to cold 10 mL minimum essential
medium supplemented with 10v/v& bovine serum. The epidermal strips were gently
stirred for approximately 1 h using a rotator at 4°C to prepare a cell suspenpsion,
which was then passed through a 70 pm cell strainet. For the skin comet assay, the
cellnumbers were counted to prepare the cell suspension of about 1.5 x 108 cells/mL
for 40 LL (see Section 2.6). For the skin micranucieus test, the remaining cell sus-
pension was centrifuged at 310 x g, 5 min and the supernatant was removed (see
Section 2.7).

2.5. Isolation of liver cells (hepatocyzes) for the alkaline comet assay

A liver sample was also taken from mice treated with B{a]P. The tissve (approx~
imately 5mm x 5 mm x 5 mm) obtained from the left lateral liver lobe was washed
incold mincing buffer (20 mM Naz EDTA, 10vjv% DMSO in Hanks' Balanced Sajt Solu~
tion, pH 7.5). It was then minced with a pair of fine scissors to release the cells, The
minced cells were suspended in 1 mL cold mincing buffer by gentle pipetting. This

cell suspension was passed through a 35 pm cell strainer to remove lumps and then
placed on ice until needed for comet slide preparation {22].

2.6. Invivo skin and lver comet assay

The alkaline comet assay was performed according to the method of the “Fourth
International Workgroup on Genotoxicity testing: results of the in vivo Comet assay
workgroup” [23] and “International validation of the in vive rodent alkaline comet
assay for detection of genotoxic carcinogens (Draft version 14)” {22}

The slide glasses were coated with 1.0 (w/v¥%) NMP agarose solution the day
before preparation of the specimens for the alkafine cometassay. A40 pLsample was
mixed with 360 pL of 0.5 (w/v%) LMP agarose solution. The 150 uL mixture was lay-
ered on 1.0 (w/v¥%) NMP agarose and coverad with cover glass. This slide was placed
on ice and refrigerated for more than 20 min. Each cover glass was removed from the
slide glass, and the slide was immersed in 150 mL chilled lysing solution (100 mM
Na;EDTA, 2.5 M NaCl, 10mM Trizma base, 1 (vjv%) of Triton-X 100 and 10 (v/v¥)
DMSO, pH 10) overnight at 4°C. After lysis, the slide was washed with chilled water.
The slide was then placed in alkaline electrophoresis buffer for 20 min. Electrophore-
sis was performed at 26V (0.7V/jcm), 0.3 A for 20min at 4°C. After completion of
electrophoresis, the slide was immersed in neutralization buffer for 20 min.The slide
was dehydrated by immersion into absolute ethanol (99.6%) for 10 min. The cells
were stained with 50 pL SYBR Goid (1:10,000 dilution of liquid concentrate}, Slides
were analyzed using a fluorescence microscope (magnification: 200x) equipped
with a digita) camera. For each sampie (tissue), 50 comnets per slide were analyzed,
with two slides scored per sample. The percent of ¥DNA in the tail was reasured
according to the DNA damage degree using computer software {Comet Assay 1V}
Perceptive Instruments). Furthermore, comets with a distinct head and tail due to
highly fragmented DNA wete counted as “hedgehog” comets {15]. The frequency of
hedgehogs was determined per sample based on the visual scoring of 50 cells per
slide.

In comet analyses, the ¥DNA in the tail (average of each animal) in the 4NQO
(0.05-02 wivg), MNNG (0.02-0.1 wjv¥) and Bfa)P (0.2-1w/v%) groups was com-
pared with that in the negative control group (treated with AOQO) by Dunnett’s test
(two-tailed)at 1 and 5% significance fevels. Differences between the average ¥DNA
in the tail value of 2 (w/v¥) B[a]P-treated group and control group was compared
using Student's I-test (two-tailed) when the variances were homogeneous based on
the F test at 1 and 5% significance levels. In hedgehogs analyses, the %hedgehogs
(average of each animal) in the 4NQO (0.05-02 wiv¥), MNNG (0.02-0.1w/v¥) and
B{a]P (0.2-1 w/v¥) groups were compared with that in the negative control group
by Dunnett's test (one-tailed) at 1 and 5% significance levels. Differences between
the average ¥hedgehogs in the 2 (w/v¥) B{a)P-treated group and control group were
compared using Student's t-test(one-tailed)when the varianceswere homogeneous
based on the Ftestat 1 and 5% significance levels.

2.7. Invivo skin micronucleus rest

fsolated epidermal skin cells were incubated in 10mLof 75 raM KCl for 15 minat
37°C, and immediately were fixed with 1.25 mL of cold 1:3 acatic alcohol (Carnoy's
fixative solution). Isolated epidermal skin cells were collected by centrifugation
{310 x g, 5min) and treated with 10 mL of 75 mM KCI hypotonic solution for 15 min
at37°C. Next, 1.25 mLofcold Carnoy’s fixative solution was added to the cell suspen-
sion, and the mixture was agitated. The cell suspension was centrifuged at310x g
for 5 min and the supernatant was removed. Furthermore, 10mL of cold Carnoy's
fixative solution was added to the cel] suspension, which was centrifugedat310xg
for 5min and the supernatant was removed. Again, the cell suspension was fixed
using 10mL of cold Carnoy’s fixative solution, which was centrifuged at 310 x g for
5 min and the superpatantwas removed. The suspension was added to 10 mL of cald
1:99 acetic acid and methanol (fixative solution) was added to the cell suspension.
The supernatant was removed and the epidermal skin cells were re-fixed with the
fixative solution. Two drops of the cell suspension wete placed on a slide glass, which
wasdried atroom temperature and stained with 40 pg/mL acridine orange solution.
Slides were observed using a fluorescence microscope (magnification 400x). For
each sample (tissue), 1000 epidermal skin cells per slide were observed {6], with 2
slides scored per sample. The frequency of micronucleate epidermal skin cells in the
negative control and treated groups was statistically analyzed by the Kastenbaum
and Bowrsan's table {24] at 5% and 1% significance levels.

3. Results

3.1. Skin reaction and genotoxic effects in epidermal skin cells by
3 and 4 4NQO treatments

Table 1 shows the skin reaction in the treated groups. Three
treatments with 4NQO induced slight edema of dorsal skin at 0.1
(wfv%)and severereddening and edema of dorsal skinat 0.2 (w/v¥%)
3h after the final application. Four treatments with 4NQQ induced
slight reddening and edema at 0.05 (w/v%), moderate reddening
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Skin reaction in male HR-[ (halrless) mice by 3 or 4 applications of 4NQO in the combined skin comet assay and skin micronucleus test
Compound  -No. of treatment Concentration (w/v) Animals No. General condition
1stapplication 2nd application 3rd application 4th application
. 3h Pre 3h Pre 3h Pre 3h
4NQU 3 0 1 - - - - -
2 - - - -
3 . - - -
0.05 1 - - - -~ -
2 - - -
3 - - - - -
0.1 1 - - a - -
2 - - ab b h
3 - - ab b
Ovz ‘1 a4 aff‘b aﬂ ‘bi~ at-( lb(- a#(’ 'bé
2 a - ab b at b
3 a ab abt  ab at b
0 1 - - - - - . -
2 - ~— - - .
3 - - - - — - -
0.05 1 - - - - - - ot
2 - - P - -
4 3 - - b - b - ab
0.1 1 a - - arb ab a*tb
2 ab ab b ab ab ab
3 a - - - ab alb ab
0.2 1 ab b ab* b at bt e a*bte a* b ¢
2 a,b b abt b att bt a* b ¢ atb*c
3 ab b ab . b at bt att bt at bt

4-Nitrocuinoline 1-oxide (4NQD).
-, No abnormality.
3, Reddening of dorsal skin (slight: Draize score 1-2 points).
a*, Ederna of dorsal skin {rnoderate: Draize score 3 points).
a*™*, Reddening of dorsat skin (severe: Draize score 4 points).
b, Edema of dorsal skin (slight: Draize score 1-2 points).
b*, Edema of dorsal skin (moderate: Drajze score ¥ points).

- b**, Edema of dorsal skin (severe: Draize score 4 points),
c, Bschar.

and edema at 0.1 (w/v%) and severe reddening and edema at 0.2
(w/v¥). Furthermore, eschar was observed 3 h after the 3rd appli-
cation in the 0.2 (w/v#%) 4NQO-treated group.

Table 2 shows ¥DNAin the tail values, ¥hedgehog and frequency
of MN (%¥MN) by 3 and 4 treatments with 4NQO. Fig. 1 shows a
histogram of the alkaline comet assay, which was obtained from
epidermal sidn cells popled from 3 animals. DNA-damaging poten-
tial and cytotoxicity induced by 3 treatments with 0.2 (w/v%) 4NQO
were detected through significant increases of DNA in the tail and
%hedgehog, while chromosomal damage induced with 0.1 and 0.2
(wjv%) 4NQO was detected through significant increases of ZMN.
DNA-damaging potential induced by 4 treatments with 0.1and 0.2
(wiv%) was detected through a significant increase of ¥DNA in the
. tail. A significant increase of Zhedgehog was induced by 4 treat-
ments with 0.2 (wjv¥) 4NQO, while chromosomal damage induced
by 0.05 and 0.1 (w/v%) was detected through a significant increase
of ZMN,

3.2. Skinreaction and genotoxic eﬁ’ects in epidermal skin cells by
MNNG application :

Table 3 shows the skin reaction in the treated groups. Slight
edema of dorsal sikinwas observed by 0.1 (w/v%) MNNG application.

Table 4 shows the ¥DNA in the tail values, #hedgehog and $MN
by 4 treatments of MNNG. Fig. 2 shows a histogram of the alka-
line comet assay, which was obtained from epidermal skin cells
pooled from 3 animals. DNA-damaging potential induced by 0.05
and 0.1 (w/v%) MNNG application was detected through a signifi-
cantincrease of ¥DNA1n the tail; however, there were nosignificant

increases of %#hedgehog in any dosing group, while there were no
significant increases of ZMN in any dosing group.

3.3. Skin reaction and genotoxic effects in epidermal skin cells by
Bfa]P application

Tables 5 and 6 show the skin reaction with 4 treatments with
Bfa]P. Slight reddening and edema of dorsal skin were observed
with 1 and 2 (wfv#%) B[a]P applications. ’

Tables 7 and 8 show the ¥DNA in the tail values, #¥hedgehog
and %MN by 4 treatments with Bfa]P. Fig. 3 shows a histogram of
treated groups, which was obtained from epidermal cells pooled
from 3 animals. DNA-damaging potential induced by 2 (w/v%)B[a]P
application was detected through a significant increase of ¥DNA in
the tail; however, there were no significant increases of ¥hedgehog
in any dosing group. On the other hand, B[a]P showed significant
increases of ¥MN by applications of 0.5, 1 and 2 (w/v3).

3.4. DNA-damaging potential in liver cells by Bfa]P application

Tables Sand 10 show the ¥DNAin the tail values and #hedgehog
in the B{a]P group. There were no significant increases of XDNA in
the tail and %hedgehog in any dosing group.

4. Discussion

.Animals’ welfare is recently concerned in regulatory testing
using animal experiments and such as, animal number reduction
and animal testing alternatives are required [2,4]. Combined alka-
line comet assay and MN test is often used because simply methed,
and use of its cornbination test also leads to aim to reduce animal
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Table 2 :
DNA-damaging potential, hedgehog frequency and chromosome-damaging potential of epidermal cells by 4NQO apptlication.
No. of Group No. efanimals Skin comet assay Skin micronucleus test
treatment
% DNA in tait Frequency of hedgehogs Observed No. of MN celis
celis
Observed Average (S.0.) Ohserved % of hedgehogs
. cells o[ 100 cells cells
3 Negative control AQO 1 100 7.0(14.6) 100 . 5 . 2000 3
2 100 6.7 (159) 100 [ 2000 1
-3 100 13.0(192) 100 8 2000 1
Total 300 - 300 19 6000 5
Average+5.0. - 80435 - 6315 - 0.08:+0.06
4NQO 1 100 11.7(18.8) 100 14 2000 1
0.05 (w/v¥) 2 100 7.6(13.2) 100 10 2000 2
. 3 100 8.8 (16.5) 100 5 2000 2
Total 300 - 300 26 &000 5
. Average £ S.D. - 94421 - 27+4.5 - 0.08+0.02
4NQO 1 100 18.3(21.6) 100 12 2000 2
Q1 {wiv%) 2 160 18,7 (18.9) 100 11 2000 7
3 100 122 (16.8) 100 17 2000 4
Total - - - 40 6000 13
Average £ S.D. 300 164437 300 13332 - 0.22+0.13
4NQD 1 100 45,1(22.6) 100 25 2000 28
0.2 (w/v¥) 2 100 36.9(26.4) 100 31 2000 10
3 100 309(263) 100 20 2000 13
Total - - - 76 - st
AverageS.D. 300 376+£7.17 300 25355 6000 0.85:£0.48
4 Negative control AGO 1 100 14.9(18.4) 100 10 2000 1
2 100 16.8(19.8) 100 27 2000 0
3 100 163 (182) 100 16 2000 2
Total - - - 53 - 3
AverageS.D. 300 16009 - 300 177486 - 6000 0.054+0.05
4NQO 1 100 25.0(18.1) 100 16 2000 2
0.05 (W/V¥) 2 . 100 203 (17.5) 100 15 2000 9
3 100 23.6 (21.6) 100 15 2000 5
Total - - - 46 6000 16t
Average+S.D. 300 228+23 300 153+0.6 - 0.27£0.18
4NQO 1 100 383(21.4) 100 25 2000 21
0.1 (W/v¥) 2 100 36.1(21.9) 100 16 2000 18
3 100 35.9(243) 100 20 2000 16
Total - - ~ 61 6000 sstt
Average 3 S.D. 300 36.8+15" 300 203445 - 0.9240.13
4NQO 1 100 21.0(23.1) 100 65
0.2 (w/v¥) 2 100 34.8 (26.3) 76 82 Toxicity
3 100 38.4(23.8) 80 63
Total - - - 210
AveragexS.D. 300 31417 256 70.0:10.4%*

. AOO, acetone:olive oil (4:1), 4-nitroquinoline 1-oxide (4NQO).
° Significantly higher than the negative control at 5% level.

* Significantly higher than the negative control at 1% level (Dunnett' s test, two-tailed).

* Significantly higher than the negative contro! at 1% level (Dunnett's test, one-tailed).

1 Significantly different from the negative controf at 5% level.

# Significantly different from the negative control at 1% level (Kastenbaum and Bowman’ table),

numbers. However, there are no reports of combination test (alka-
line comet assay and MN test) using skin. We aimed to explore that
the usefulness of combination test using skin.

The DNA-damaging potential of many genotoxic chemicals
toward various organs (stomach, liver, lung et al.) was eval-
uated using the alkaline comet assay [11,23], Some genotoxic
chemicals showed DNA-damaging potential with the alkaline
comet assay 3h after treatment, while other genotoxic chemi-
cals showed DNA-damaging potential 24 h after treatment [25].
The chromosome-damaging potential of many genotoxic chemi-
cals toward bone marrow [26], liver {27], skin [6,19,20] and testes
{28] was evaluated using the MN test. According to MN test results
using skin [6,19,20}, MMC and methylmethane sulfonate showed
the highest MN 72 h after a single application; furthermore, these
results showed that the sldn MN test could detect the chromosome-
damaging potential of skin carcinogens by 3 applications (72, 48
and 24 h before sacrifice); therefore, we set two application sched-
ules for the combination test, which were determined by reference

to Nishikawa's report [6,19,20]: application 72, 24 and 3 h before
sacrifice; and application 72,48, 24 and 3 h before sacrifice [19,20].
As a result, 4 applications could detect DNA- and chromosome-
damaging potential at a lower concentration; therefore, in the
second experiment, we evaluated two chemicals using 4 applica-
tions. However, skin trritation by the Praize score was stronger with
4 than 3 applications (Table 1, Fig. 1); therefore, with strong irritant
chemicals, 3 applications may be appropriate to avoid cytotoxic
effects on the skin.

We selected a direct mutagen, MNNG [28,30], and an indirect
mutagen, B[a]P [31-33], which are both skin carcinogens {34,33].
The average %DNA in the tail in the MNNG groups was signifi-
cantly higher than in the negative control group and increased
dose dependently (Table 4, Fig. 2). On the other hand, significant
MN induction was not observed (Table 4). Similar positive comet
results were observed in our previous study {16]. According to
Nishikawa's report, significant MN induction was observed in the
skin cells of ICR male mice [ 18], whereas it was not observed in our
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Fig. 1. Distribution of ¥DNA in the tail in the skin comet assay of epidermal cells pooled from 3 animals. A and B show the resuits of 3 and 4 applications using 4NQO,

respectively.

results using Hos:HR-1 mice. The differences between Nishikawa's
report {19] and our results might be related to strain specificity
and mechanical damage by shaving the hair of ICR mice. In the
future, we need to evaluate genotoxicity in ICR mice using the
combination test. Bfa]P is a carcinogen [33] whose carcinogenic
actions are-thought to be initiated by P450 [35]. The average ZDNA
in the tail in the 2 (w/v%) B[a]P group was significantly higher
than in the negative control group (Table 8, Fig. 3). On the other
hand, ¥MN were also significantly higher than in the control group
and increased dose dependently (Tables 7 and 8). Simnilar positive
results were observed in the skin comet assay [16] and skin MN test
to Nishikawa's reports {19,20].

In the present study, we found that the alkaline comet assay
and MN test were nearly sensitive to 4NQO (the MN test was
more sensitive than the alkaline comet assay). In regard to MNNG,
the alkaline comet assay was more sensitive, but Bfa]P was not
(Table 11). These results suggested that each assay had strong and
weak points, A stable DNA adduct such as metabolized B{a]P would
be difficult to detect using the alkaline comnet assay [35,36]; how-
ever, this weak point of the alkaline comet assay could be supported

by the MN test. Also, some studies showed that the alkaline comet
assay detected carcinogens that were negative or equivocal in the
MN test [37,38]; therefore, alkaline comet assay is important to
compensate for the lack of sensitivity of the MN test.

Some reports have indicated that indirect mechanisms related
to cytotoxicity did not affect comet results [5,39,40]. Despite obser-
vations of inflammation and necrosis in the liver, the alkaline comet
assay could not detect these secondary DNA fragmentations [41];
however, the relationship between the skin comet assay and cyto-
toxic effects which can lead to a false-positive comet result is
unknown. Therefore, we have to carefully consider cytotoxicity
when the in vivo skin comet assay is added to repeated dose toxic~
ity studies. In addition, we need to evaluate the effects of irritating
and caustic materials which have no genotoxicity.

Metabolic activity in the liver is higher than in other organs. In
the present study, DNA-damaging potential was not detected in the
liver using this application route (Tables 9 and 10). We confirmed
that it is important to evaluate DNA-damaging potential according
to the administration route. Generally, the genotoxic response is
affected by mouse phylesis and the administration route {36,421

Tahle 3
Skin reaction in male HR-1 (hairless) mice by application of MNNG in the combined skin comet assay and skin micronucleus test.
Compound Concentration (w/v¥) Animals No. General candition
1st application 2nd application 3rd application 4th application
3h Pre 3h Fre 3h Pre 3h
MNNG [\ 1 - - - - - - -
2 - . - - - -
3 - - - - - - -
0.01 1 - - - - - -
2 - - - - - - -
3 - - - - - - -
0.02 1 - - - - - - -
2 - - - - - - -
3 - - - . - - -
0.05 1 - - - - - - -
2 - - - - - - -
3 - - - - - - -
0.1 1 - - - - b b b
2 - - - - b b b
. 3 - - - - b - b
N-Methyl-N--nitro-N-nitrosoguanidine (MNNG).

~. No abnormality.
b, Edema of dorsal skin (slight: Draize score 1-2 points).
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Table 4 :
DNA-damaging patential, hedgehog frequency and chromosome-damaging potential of epiderrmal cefls by MNNG application.
Group No. of animals Skin comet assay Skin micronucleus test
% DNA in tai} Frequency of hedgehogs Ohserved celis No. of MN rells
Qbserved calls Average (S.0.) Ohservad cells % of hedgehogs
af100 cells

Negative control AOQ 1 100 12.0(21.0) . 100 10 2000 1

2 100 16.8 (24.0) 100 11 2000 0

3 100 93{15.1) 100 9 2000 3

Total 300 - 300 30 6000 4

Average=S.0. - 127438 - 10.041.0 - 0.07 %008
MNNG 0.01% 1 100 122(17.1) 100 28 2000 0

2 100 121 (18,6} 100 10 2000 [¥]

3 100 9.3 (15.6) 100 11 000 0

Toral 300 - 300 49 6000 0

Avertage £ S.D. - 11.24:1.7 - 163+ 101 - 0.0040.00
MNNG 0.02% 1 100 21.8(15.5) 100 10 . 2000 3

2 100 17.5(19.1) 100 16 2000 2

3 100 8.8(13.4) 100 4 2000 2

Total - - 300 30 6000 1

Average 8.0, 300 - 16.0+6.6 - 10060 - 0.12::0.03
MNNG 005% 1 100 . 25.1(18.7) 100 10 2000 &

2 100 20.5(16.8) 100 12 ’ 2000 1

3 100 28.2(15.8) 100 9 2000 0

Total 300 - 300 o3 6000 7

AveragezS.D. - 24.6+3.9 : 10315 - 0.124£0.16
MNNG 0 1% 1 100 39.4(163) 100 14 2000 4

2 100 48,0(15.0) 100 17 2000 3

3 100 45.7(13.7) 100 7 2000 4

Total 300 - 300 38 6000 11

Average +5.D. - 443445 " 12.7+5.1 - 0.1840.03

AO0Q, acetone;olive-oil (4:1).

N-Methyl-N'-nitro~-N-nitrosoguanidine (MNNG).
' Significantly higher than the negative control at 5% level (Dunnett’s test).
“ Significantly higher than the negative control at 1% leve} (Dunnett's test).

In particular, the administration route is an important factor that is
well-known to affect the results of in vivo genotoxicity tests [42].
In genotoxicity evaluation of chemijcal products, genotoxic poten-
tial has been evaluated via oral and intraperitoneal administration
routes for this purpose. The onset of toxicity by accidental inges-
tion and oral ingestion can be assumed; however, if the actual high
concentration exposure is assummed, it is thought that the skin has
the highest chemical exposure risk. This means that it is important
to evaluate the genotoxic effects on skin using a single genotoxic-
ity test or combination test using skin, and these genotoxic dates

19
t
=

can offer very productive information for considering the safety of
work exposure. Hence, we must evaluate other chemicals using this
combination method to confirm its usefulness. ’

Lowest effective concentrations of each genotoxicity test using
skin are summarized inTable 11. From these results, we found that
each assay had strong and weak points because of differences in
detection principle of each test; however, these could be compen-
sated for in combination. Also, this combination test can detect a
skin specific response based on chemicals applied to mouse dorsal
skin. Inaddition, it can detect genotoxicity with the same sampling

250 250

r]
3 200 2004 200
“6,
L 150 Cont 150 0.01% 1504 0.02%
4 ntrol MNNG MNNG
5 100 100 1004
2z

560 4 504 50

1
0 ; + ; ° T ¥ T i ¢ i T B T
b 20 40 80 8D 100 [ 20 4B 60 -0 100 0 26 40 60 80 160
%DNAin tail %DNAIn tail %DNAIn tail

“ 250 2
& 200 200
‘G
& 180 0.05% 150 0.01%
2 MNNG MNNG
£ 100 1004
=z

50 504

o i I T T ’ | ] ] f

] 20 40 113 80 100 0 20 40 &0 80 100
%DNAin tail %DNAIn tai}

Fig. 2. Disuibution of % DNA in the tail in the skin comet assay of epidermal celis pooled from 3 animals. These data show the results of the MNNG-treated group.
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Table 5
Skin reaction in male HR-1 (haifless) mice by B[a)P application in the combined skin comet assay and skin micronucleus test.
Compound _ Concentrate (wivk) Animals No. General condition
1svapplication 2nd application 3rd application 4¢h application
3h Pre 3h Pre 3h Pre ih
Blalp Q. 1 - - - - - - -
2 - - - - -
3 - - — - - -
0.2 1 - - - = - - -
2 - - - - - - -
3 - - - - -
0.5 1 - -
2 - - - - - -
3 - - - - - - ~
1 1 - - b b b - b
2 - - - - b Iy -
3 - = - b b b b
Benzo[alpyrene (B[a]P).
-, No abnormality.
b, Edema of docsal skin (slight: Draize score 1-2 points),
Table 6 .
DNA-damaging potential, hedgehog fraquency and chromosome-damaging potential of epidermal celfs by B{alP application.
Group No. of animals Skin comet assay Skin micronucleus test
% DNA in 1ail Frequéncy of hadgehogs Observed cells No. of MN cells
Observed cells Average (S.D.) Observed cells % of hedgehogs
of 100 cells ’
Negative control AQO 1 100 12.0(21.0) 100 10 2000 1
2 100 16.8 (24.0) 100 11 2000 0
3 100 8.3 (15.13 100 9 2000 3
Toral 300 - 300 30 6000 4
Average +S.D - 127438 - . 100£10 - 0.07 £0.08
BlajP 0.2 (w/v) 1 100 10.8(18.0) 100 7 2000 2
2 100 12.1(184) 100 10 2000 3
3 100 13.6 (184) 100 ] 2000 4
Total 300 - 300 26 8000 9
Average+S.D. - 122414 - 8715 - 0.1540.05
Bla]P 0.5 (wWivE) 1 100 2.4(15.1) 100 11 2000 11
2 100 18.3(23.4) 100 6 2000 5
3 100 9.5 (12.9) 100 11 2000 5
Totl 300 - 300 28 5000 214
Average+S.D. - 12.1+£54 - 93429 ~ 035+0.17
Bla)P 1 (Wwiv¥) 1 100 16.4(23.2) _ 100 13 2000 5
2 100 16.4 (18.6) 100 9 2000 16
3 100 .8.4(17.1) 100 13 2000 13
Total 300 - . 300 35 6000 34
Average £8.D, - 14141 - 117423 - 057028

AOOQ, acetone:olive oil (4:1).
Benzolalpyrene (Bfa}P).

i Significantly different from the negative control at 1% level (Kastenbaum and Bowman's table).

Table 7
skin reaction in male HR-1 (hairless) mice by 2 (w/v¥) Bla]P application in the combined skin comet assay and skin micronucleus test.
Cornponund Concentration (WHX) Animals No. General condition
1st application ’ 2n0d application 3rd application 4th applicaticn
3h Pre 3h Pre 3h Pre. 3h
Blalp 0 1 - - - - - - -
2 - - - - - - -
3 - - - - . - -
2 1 - - b ab ab b ab
2 - - - - ab b ab
3 - - b ab ab b ab

Benzofa)pyrene (8[alP).
~. No abuotmality.

a, Reddening of dorsal skin (slight: Draize score 1-2 points).
b, Edema of dovsal skin (slight: Draize score 1--2 points).
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DNA-damaging potential, hedgehog fraquency and chromosome-damaging poteniial of epidermal cells by 2 (w/v%) B{a]P applization.

49

Group No.eofanimals  Skin comet assay Skin micronucteus test
% DNA in tail Erequency of hedgehogs Observedcells  No.of MN cells
Observed cells  Average {S.D. of 100 cells Observed cells ¥ of hedgehogs )
Negative control AOO 1 100 59(14.6} 100 16 2000 1
2 100 11.8(193) 100 11 2000 4]
3 100 9.9(14.6) 100 4 2000 2
Tota} 300 - 300 21 6000 3
Average 3 S.D. - 102+14 - 1034 6.0 - 0.05+0.05
Bla}jP 2 (wiv¥) 1 100° 192 (22.8) 100 10 2000 16
2 . 100 20.7 (24.8) 100 22 2000 g
3 100 19.3(21.5) 100 16 2000 11
Total 300 - 300 48 . 6000 351
Average +S,D. - 18.7+£0.8" - 16.0£6.0 - 0.58+0.20
AOO, acetone:olive ofl (4:1). ’
Benzo{a)pyrene {BjaP).
* Significantly higher than the negative control at 1% level (Student's t-test, two-tailed).
1t Significantly different from the negative control at 1% level (Kastenbaum and Bowrman's table).
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Fig. 3. Distribution of ¥ DNA in the tail in the skin comet assay of epidermal cells pooled from 3 animals. These data show the results of the B{a]P-treated group.

Table 9
DNA-damaging potential and hedgehog frequency of liver cells by B[a]P application.
Group No. of animals Liver comet assay
% DNA In tai) Frequancy of hedgehogs
Obsarved celis Average (5.0.) of 100 calls Observed celis % of hedpehngs
Negalive control ADO 1 100 74011.3) . 100 4
2 100 6.7(11.4) 100 10
3 100 34(4.8) 100 4
Total 300 - 300 18
Average=5.D. - 5.8:42.1 - G.0£3.5
BlajP 0.2 (wivk) 1 100 3.6(7.5) 100 5
2 100 6.2{103) 100 5
3 100 5.5{10.4) 100 11
Total 300 - 300 21
Average =S.D. - 51413 - 70+£35
BlalP 0.5 (w)v¥) 1 100 7.2(10.58) 100 9
2 100 5.6(8.7) 100 7
3 100 3.4(7.1) 100 3
Toial 300 - 300 18
Average £S.D, - 54418 - 63431
BlajP 1 (w/vg) 1 100 5.0(9.0) 100 8
2 100 4.8{7.1) 100 9
3 100 5.9 (5.5) 100 5
Total 300 - 300 22
Avefage==S.D." - 52106 - 73x2.1

AOO, acetone:olive oil (4:1).

Benzo{a]pyrene (Bla]P).
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Table 10
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DNA-damaging potential and hedgehog frequency of fiver cells by 2 (w/v¥) Bla]P application.

Group No. of animals ‘Liver comet assay

%DNA in tail

Frequency of hedgehogs

Observed cells

Average (S.D.5 of 100 cells

Qbserved cells % of hedgehogs
Negative control AOO 1 100 10.2(10.8) 100 10
- 2 100 9.5(11.3) 100 H]
3 1007 49(9.4) 100 ’ 4
Total 300 - 200 22
Average 4 S.D. - 82+29 c- 73431
BfalP 2 (wivg) 1 100 72(10.7) : 100 14
2 100 7.3(9.1}) 100 2
3 100 8.7 (10.5) 100 2
Tatal 300 ~ - 18
Average +:5.D. - 7.7+08 300 6.04£88
AQQ, acetone:olive ail (4:1).
Benzo[a]pyrene (Bfa]P).
Table1i » [9] N. Thein, P. Meller, H. Arntoft, U. Vogel, B. Korsholm, H. Autrup, H. Wallin, A
Lowest effective cancentration (wjv) of each genotoxicity test. strong genotoxic effect in mouse skin of 2 single painting of coal tar in hairless
N X mice and in MutaMouse, Mutat, Res, 468 (2000) 117-124.
Compound No. of treatment Skin comet assay Skin MN test [10] L. Recio, €. Hobbs, W. Caspary, K.L Wirt€ Dose)-response assessment of four
ANQO 3 02% 01% genotoxic chemicals in a combined mouse and rat micronucleus (MN) and
4 01% 0.05% Comet assay protocol, J, Toxicol Sci. 35 (2010) 149-162.
MNNG 4 0.05% S0.1% [11} Y.F. Sasaki, K. Seki!ua}txi, F. lzqmiyama E. Nishidate, A. Sagg, IC Ishida, S. Tsuda.
Blajp 4 o 05% The comet assay wnth. {nultlple Mouse organs: cornparison of comet assay
results and carcinogenicity with 208 chemicals selected [rorn the JARC mono-

time and reduce the number of animals required. Therefore, we
conclude that the combination of the in vivo skin comet assay and

in vivo MN test {s a promising method and more chemicals need to
be evaluated.

Conflict of interest statement
The authors declare that there are no conflicts of interest.
Acknowledgements

The authors would like to thank the Food and Drug Center of
Hatano Research Institute for support.

References

{1] A.M. Holmes, S. Creton, K. Chapman, Working in partnership to advance the
3Rs in toxicity testing, Toxicelogy 267 (2010) 14-19,

[2] E.L. Dahl, R. Curren, B.C. Barnett, Z. Khambatta, K. Reisinger, G, Quedraogo, B.
Faquet, A.C Ginestet. G. Mun. NJ. Hewirt. C. Carr, S. Pfuhler, M. Aarderna,
The recunstructed skin micronucleus assay (RSMN) in EpiDerm™: detailed
protacol and harmonized scoring atlas, Mutat. Res. 720 (2011) 42-52.

[3} S. Pfuliter, M. Feliows, }. van Benthem, R. Corvi, R, Curren, K. Dearfield, P. Fowler,
R. Fratschl, A. Elhajouji, L. Le Hégarat, T. Kasamatsu, H. Kojima, C. Ouédraoga,
A Scott, G. Speit. 1n vitro genotoxicity test approaches with bettrer predictivity:
surnmaty of an IWGT workshop, Mutat, Res. 723 (2011) 101-107.

{4] S. Pfubler, D. Kirkland. P. Kasper, M. Bayashi, P. Vanparys, P. Carntichael, S.
Dertinger, D. Eastmond, A. Elhajouji, C. Krul, A. Rothfuss, G. Schoening, A.
Smith, G. Speit, C. Thomas, ). van Benthem, R Corvi, Reduction of use of
animals in regulatory genotoxicity testing: identification and implementa-
tion opportunities—report from an ECVAM workshop, Mutat. Res. 680 (2008)
3142, .

151 A. Rothfuss, M. Honma, A. Czich, M. Aardema, B. Burlinson, S. Galloway, S.
Hamiada, 2. Kirkland, RH. Heflich, ). Howa, M. Nakajima, M. O'Donovar, U.
Plappert-Helhig, C. Priestley, L. Recio, M. Schuler, Y. Uno, HJ. Marws, Iroprove-
went. of in vivo genotoxicity assessnlent: combination of acute tests and
integration into standard toxicity testing, Mutat. Res. 723 (2011) 108-120.

[6] 7. Nishikawa, M. Haresaku, K. Adachi, M. Masuda, M. Hayashi, Study of a rat
skin in vive micronucleus test: data generated by mitomycin C and methyl
methanesulfonate, Motat. Res, 444 (1999) 159-166.

{7) U.Wirnitzer, N. Gross-Tholl. B. Herbold, E. von Keutz, Photo-chemically induced
DNA effects in the comet assay with epidermal cells of SKH-1 maice alter a single
oral administration of different flucroguinolones and 8-methoexypsoralen in
combination with exposure to UVA, Mutat. Res. 609 (2006) {10,

[8} M. Mori. H. Kobayashi, C. Sugiyama, Y. Katsumura, €. Furihata, Induction of
unscheduled DNA synthesis in hairless mouse epidermis by skin carcinogens.

1. Toxicol. Sci. 24 (1999} 217-226.

graphs and U.S. NTP Carcinogenicity Database, Crit. Rev. Toxicol. 30 (2000)
624-799 (Review). .

{12) M.Struwe, A. Zeller, T. Singer, E. Gocke, Possibility of methodical bias in analysis
ofcometassay studies: Re: DNA damage detected by the alkaline comet assayin
the liver of miice after oral administration of tetrachloroethylere (Mutagenesis,
25,133~138,2010), Mutagenesis 26 (2011) 473-474.

[13} ICH, International Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use (JCH) S2(R1): guidance on
genotoxicity testing ard data interpretation for pharmaceuticals intendad for
human use, 2008,

{14] M. Hayashi, T. Sofuni, M. Ishidate Jt., An application of Acridine Crange fluotes-
cent staining to the micronucieus test, Mistat. Res. 120 (1983) 241-247.

[15] M.Yasui,N. Koyama, T. Koizumi, K. Senda-Murata, Y. Takashima, M. Hayashi, K.
Sugimoto, M. Honma, Live cell imaging of micronucteus formation and devei-
oprment, Mutat. Res. 692 (2010) 12-18.

116] T. Toyoizumi, R Ohta, Y. Nakagawa, Y, Tazura, M. Kuwagata, $. Nogucki, K.
Yarnakage, Use of the in vivo skin comet assay to evaluate the DNA-damaging
potentiai of chemicals applied to the skin, Mutat. Res. 726 (2011) 175-180, .

{17} M.D.McClean, R.D.Rinehart.L. Ngo,E.A Bisen, KT. Kelsey, L. Wiencke, R F. Her-
cick, Urinary 1-hydroxypyrene and polycyelic arornatic hydrocarban exposure
dmong asphalt paving workers, Ann. Occup. Hyg. 48 (2004) 565-5738.

[18} PJ. Tsai, B.Y. Shieh, W}, Lee, S.Q. Lai, Heulth-risk assessment for workers
exposed to polycyclic aromaric hydrocarbons {PAHs) in a carbon black manu-
facturing industry. Sci. Total Environ. 278 (2001) 137-150,

[18] T. Nishikawa, M. Haresaku, A. Fukushima, T. Nakamura, K. Adachi, M. Masuda,
M. Hayashi, Further evaluation of an in vivo micronucleus test on rat and mouse
skin: results with five skin carcinogens, Mutat. Res. 513 (2002)93--102.

[20] T. Nishikawa, T. Nakamura, A. Fukushima, Y. Takagi, Further evaluation of the
skin micronuclens test: results obrained using 10 polycyclic aromatic hydro-
carbons, Mutat. Res. 588 (2005) 58-63.

[21] 1SO 10993: Biologica! Evaluation of Medical Devices-Parr10: Tests for Irritation
and Delayed-type Hypersensitivity (September 1, 2002).

[22] Interpational validation of the in vivo rodent alkaline cornetassay for detection
of genatoxic carcinogens {Draft version 14).

{23} 8. Burlinson. RR. Tice, G. Speit, E. Agurell, S.Y. Brendler-Schwaab, AR, Collins,
P. Escobar, M. Honma, T.S. Kumaravel, M. Nakajima, Y.F. Sasaki, V. Thybaud,
Y. Uno, M. Vasquez, A. Hartmann, In Vivo Comet Assay Workgroup, part of
the Fourth International Workgroup on Genotoxicity Testing, Mutat. Res, 627
(2007)31-35.

[24] M.A. Kastenbanm, K.O, Bowmar, Tables for derermining the statistical signifi-
cance of mutation frequencies, Mutat. Res. 9 (1970) 527-549.

- {25] K Ohsawa, S.Y. Nakagawa, M. Kimura, C. Shimada, §. Tsuda. K. Kabasawa,

S. Kawaguchj, Y.P. Sasaki, Detection of in vivo ‘genotoxicity of endogenously
formed N-nitroso compounds and suppression by ascorbic acid, teas and {ruir
juices, Mutat. Res. 539 (2003) 65~76. .

|26} D.E. Bawen, ].H. Whitwell, L. Liliford, D. Henderson, D. Kidd, S. Mc Garry, G.
Pearce, C Beevers, D). Kirkland, Bvajuation of a muiti-endpoint assay in rats,
cambining the bone-marrow micronucleus test, the Comet assay and the flow-
cytormetric peripheral blood micronucleus test, Mutat, Res. 722 (2011) 7-18.

[27] M. Takasawa, H. Suzuki. I. Ogawa, Y. Shismada, I Kobayasit, Y. Terashima.
H. Matsumoto, K. Oshida, R. Ohta, 1. Imamura, A. Miyazaki, M. Kawabara, S.
Minowa, A. Maeda, M. Hayashi, Evaluation of a liver micronucleus assay in
young rats (V). a study using a double-dosing/single-sarnpling method by
the Collaborative Study Group for the Micronucieus Test (CSCMT){Japanese



