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Table 2

Results of the liver micronucleus assay

H. Suzuki et al. / Mutation Research 583 (2005) 133-145

Chemical and No. of Sampling MNHEP (%) Mitotic cell (%)
dose (mg/kg) animals time (days) mean £ 8.D. mean == S.D.
MDA
Lab 1
0 4 5 0.11 % 0.09 0.38 4 0.35
200 4 3 0.14 + 0.11 0.23 £ 0.10
4 4 0.19 £ 0.13 1.35 £ 0.94
4 5 0.16 = 0.09 0.73 & 049
300 4 3 0.10 &+ 0.04 0.19 £ 0.18
3 4 0.08 &+ 0.10 0.43 = 040
4 5 0.10 £ 0.09 0.50 £ 0.19
400 2 3 0.38 £ 0.04* 0.23 £ 0.11
2 4 0.20 £ 0.14 0.28 £ 0.32
3 5 0.18 £ 0.08 0.20 4= 0.13
DEN* 4 5 1.21 &+ 0.08* 0.25 £ 0.12
Lab2
0 4 5 0.00 & 0.00 0.06 £ 0.09
150 4 3 0.00 £ 0.00 0.18 £ 0.12
4 4 0.05 + 0.04 0.20 £ 0.12
4 5 0.03 &+ 0.03 0.00 £+ 0.00
300 3 3 0.10 £ 0.09 0.13 £ 0.13
3 4 0.02 £ 0.03 0.07 £ 0.03
: 4 5 0.08 £ 0.06 0.08 &£ 0.03
DEN* 4 5 0.44 £ 0.20° 0.18 £ 0.09
Kajic acid
Lab1
0 4 5 0.06 £+ 0.03 0.66 + 0.26
1000 4 3 0.06 % 0.06 0.98 £ 043
4 4 0.06 = 0.05 0.85 £ 0.25
4 5 0.08 £ 0.05 1.56 = 0.14
2000 4 3 0.04 £ 0.05 0.44 £ 0.13
4 4 0.08 4 0.05 049 + 035
4 5 0.09 & 0.08 1.04 £ 0.29
DEN* 4 5 0.66 £ 0.13¢ 0.65 & 0.31
Lab 2
0 5 5 0.07 £ 0.06 0.61 £ 0.22
1000 5 3 0.04 £ 0.02 0.50 = 0.23
5 4 0.10 &£ 0.06 0.63 £ 0.17
5 5 0.11 & 0.07 0.93 £+ 0.06
2000 5 3 0.08 & 0.08 0.57 £ 0.21
5 4 0.07 £ 0.03 0.57 & 0.08
5 5 0.05 + 0.04 0.60 == 0.12
DEN* 5 5 1.04 £ 0.16* 0.95 £ 0.08
Quinoline
Lab 1
0 4 5 0.09 & 0.06 0.48 & 0.33
75 4 3 0.16 £ 0.08 0.18 4 0.10
4 4 0.39 & 0.2¢¢ 0.15 £ 0.07
4 5 0.20 £ 0.09° 0.25 £ 027
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Table 2 (Continued)
Chemical and No. of Sampling MNHEP (%) Mitotic cell (%)
dose (mg/kg) animals time (days) mean % S.D. mean+=8.D.
150 4 3 0.58 + 0.46" 0.34 £ 0.21
4 4 0.33 £ 0.09° 039+ 0.15
4 5 0.35 & 0.22° 0.18 &+ 0.16
DEN* 4 5 021 =+ 0.14° 0.48 £ 0.33
Lab2
0 5 5 0.03 £ 0.03 0.44 £ 0.10
75 5 3 0.36 £ 0.10° 0.35 £+ 0.12
5 4 0.22 £ 0.06" 0.33 £ 0.10
5 5 0.12 £ 0.06 0.36 = 0.10
150 5 3 1.22 + 0.09° 0.33 £ 0.06
5 4 0.93 &+ 0.22¢ 042 £ 0.15
5 5 0.61 £ 0.07° 0.23 £ 0.06
DEN* 5 5 0.844£0.12¢ 0.76 £0.10
o-Toluidine
Lab1
0 4 5 0.05 £ 0.06 041 £ 0.09
300 4 3 0.10 & 0.07 0.16 £ 0.20
4 4 0.10 £ 0.09 0.09 £ 0.05
4 5 0.11 £ 0.10 0.40 + 037
600 4 3 0.05 £ 0.06 0.21 £ 0.17
4 4 0.06 £ 0.05 0.08 £ 0.06
4 5 0.01 £ 0.03 0.06 + 0.08
DEN* 4 5 085+ 017 030+ 0.11
Lab2
0 4 5 0.04 £ 0.05 0.59 £ 0.30
300 4 3 0.04 £ 0.07 0.28 £ 0.06
4 4 0.05 £ 0.07 045 £ 0.17
4 5 0.08 + 0.12 0.66 & 036
600 4 3. 0.04 £ 0.08 027 & 0.18
4 4 0.04 £ 0.05 031 £0.14
4 5 0.01 £ 0.03 0.64 £ 0.26
DEN* 4 5 0.68 & 0.15* 0.46 + 0.09
CPDA
Lab 1
0 4 5 0.11 % 0.02 0.34 £+ 0.13
150 4 3 0.11 £ 0.13 0.10 £ 0.07
4 4 0.20 & 0.09 0.18 £+ 0.09
4 5 0.15 & 0.16 0.46 + 042
300 4 3 0.21 £ 0.09 0.01 £ 0.03
4 4 0.21 £ 0.13 0.04 £ 0.03
4 5 023 +0.13 0.09 £ 0.12
DEN* 4 5 0.88 =+ 0.34° 0.25 £ 0.18
Lab2
0 4 5 0.09 & 0.05 0.65 & 0.09
150 4 3 0.05 & 0.00 0.48 £ 0.09
4 4 0.08 4= 0.09 0.36 £ 0.09
4 5 0.06 £ 0.05 0.76 & 0.27
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Table 2 (Continued )
Chemical and No. of Sampling MNHEP (%) Mitotic cell (%)
dose (mg/kg) animals time (days) mean £ 8.D. mean = S.D.
300 4 3 0.06 % 0.08 0.25 £ 0.09
4 4 0.04 + 0.05 0.28 & 0.12
4 5 0.10 £ 0.07 0312020
DEN* 4 5 0.68 £ 0.17 0.34 £ 0.13
DMN
Lab1
0 4 5 0.04 % 0.03 0.66 % 0.30
5 4 3 0.36 % 0.36° 1.03 £ 0.12
4 4 0.35 £ 0.25 0.76 £ 044
4 5 0.33 £ 024 041 £ 027
10 4 3 031 = 0.23¢ 045 £ 027
4 4 0.51 £ 0.33¢ 0.34 £ 0.10
4 5 0.36 & 0.19° 0.86 £ 0.17
DEN* 4 5 1.04 & 033 041 £ 0.18
Lab2
0 4 5 0.05 £ 0.00 0.78 & 0.43
5 4 3 0.15 &+ 0.07 038 £+ 0.23
4 4 0.34 £+ 0.24° 0.55 £ 0.20
4 5 0.36 & 0.26° 0.73 % 027
10 4 3 0.26 % 0.09" 0.55 £ 0.36
4 4 0.51 £ 0.2¢° 0.61 £0.22
4 5 0.46 + 0.09* 0.70 £ 027
DEN* 4 5 0.86 % 0.30° 0.64 & 0.33
DAB
Lab1l
0 4 5 0.03 £ 0.03 0.10 % 0.07
71 4 3 0.19 % 0.08° 0.18 % 0.15
4 4 0.11 £ 0.08" 0.23 £ 0.13
4 5 0.08 £ 0.10 0.44 £+ 0.10
142 4 3 0.35 % 0.08° 021 £ 0.10
4 4 0.16 £ 0.03° 0.11 £ 0.03
4 5 0.14 £ 0.03" 0.13 £0.12
DEN#* 4 5 0.63 £ 027* 0.63 £ 0.18
Lab 2
0 4 5 0.19 £ 0.11 0.19 £ 0.18
120 4 3 0.36 & 0.10° 0.59 £ 0.17
4 4 0.48 % 0.09* 029 £ 0.12
4 5 0.61 £ 0.02* 039 £+ 0.12
240 4 3 0.25 £ 0.06 0.28 £ 0.21
4 4 0.41 £ 0.07" 0.36 £ 0.16
4 5 0.38 £ 0.13% 044 % 0.19
DEN* 3 5 0.95 £ 0.33% 0.15 £ 0.05
DEHP
Lab 1
0 4 5 0.05 % 0.04 0.95 £ 0.19
1000 4 3 0.05 %+ 0.04 0.33 = 0.46
4 4 0.05 £ 0.04 0.20 = 0.08
4 5 0.06 & 0.09 043 £ 0.10
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Table 2 (Continued )
Chemical and No. of Sampling MNHEP (%) Mitotic cell (%)
dose (mg/kg) animals time (days) mean £ S.D. mean = S.D.
2000 4 3 0.04 £ 0.05 0.28 & 049
4 4 0.05 £ 0.04 0.23 4+ 0.10
4 5 0.05 £ 0.06 0.63 £ 034
DEN* 4 5 1.66 £ 0.24° 1.13 £ 0.13
Lab 2
0 4 5 0.08 £ 0.06 0.73 £ 0.36
1000 4 3 0.04 £ 0.05 0.43 £ 0.06
4 4 0.09 £ 0.06 0.65 £ 0.47
4 5 0.06 £ 0.05 0.26 % 0.06
2000 4 3 0.09 £ 0.08 0.23 & 0.16
4 4 0.09 + 0.09 0.15 + 0.06
4 5 0.09 £ 0.09 0.28 & 0.17
DEN* 4 5 0.98 £ 0.52° 041 % 0.16
MMS
Lab1
0 4 5 0.05 £ 0.06 0.56 £ 034
40 4 3 0.08 £ 0.06 0.89 £ 0.30
4 4 0.01 = 0.03 0.66 % 0.21
4 5 0.04 £ 0.05 0.66 £+ 0.40
80 4 3 0.11 £ 0.05 0.60 £ 0.24
4 4 0.11 £ 0.08 0.58 £ 0.40
4 5 0.08 £ 0.05 0.80 & 041
DEN* 4 5 0.88 + 0.12¢ 0.69 £ 042

MDA, 4,4’-methylenedianiline; DEN*, diethyitrosamine (as a positive control, 40mg/kg); CPDA, 4-chlora-o-phenylenediamine; DMN,
dimethylnitrosamine; DAB, p-dimethylaminoazobenzene; DEHP, di (2-ethylhexyl) phthalate; MMS, methylmethanesulfonate.

2 Significantly different from the solvent control (Kastenbaum and Bowman test; P <0.01).

Y Significantly different from the solvent control (Kastenbaum and Bowman test; P <0.05).

laboratories. Deaths occurred at 400 mg/kg of MDA
in sampling groups as follows: two animals on Day
3, two on Day 4, and one on Day 5. Thus, the posi-
tive response in samples harvested on Day 3 was based
on only two animals. At 300 mgrkg of MDA, one an-
imal died on Day 4. MDA was negative at 300 mg/kg
in each sampling day. The other five chemicals were
negative. '

The appearance of mitotic cells was confirmed in all
laboratories with all chemicals.

3.2, Peripheral blood micronucleus assay

Table 3 shows the results of the peripheral blood
micronucleus assay. Kojic acid, o-toluidine, and DAB
were positive in both laboratories, MMS in the one that
tested it. Quinoline was positive in one of the two labo-
ratories. CPDA was significantly cytotoxic, decreasing
the % RET in both laboratories.

4. Discussion

We conducted the liver and peripheral blood mi-
cronucleus assays concurrently in young rats with
nine mutagenic and/or carcinogenic chemicals. Table 4
compares the data generated in this collaboration
with published bone marrow and hepatocarcinogenic-
ity data.

The mean incidence of MINHEPs (%) for 70 rats in
the solvent control groups was 0.07 = 0,06%. This low
incidence suggests the robustness of the assay.

Quinoline, DMN and DAB were positive in the
liver micronucleus assay. The MNHEP (%) induced by
150 mg/kg quinoline tended to decrease with sampling
time in both labs. This may have been due to inhibition
of hepatocyte proliferation, as evidenced by the de-
crease in mitotic cells. The same may be applicable to
DAB at 142 mg/kg. Although a statistically significant
increase in MNHEP (%) was induced by 400 mg/kg
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Table 3
Results of the peripheral blood micronucleus assay
Chemical and dose (mg/kg) No. of animals MNRET (%) mean £ S.D. RET (%) mean = S.D.
MDA
Lab1
0 4 0.06 £ 0.06 140+ 1.3
200 4 0.09 & 0.03 116 £ 1.2¢
400 3 0.15 £ 0.05 144 £33
DEN* 4 0.05 £ 0.04 13.0+ 1.7
CP** 4 0.73 £ 0.10* 9.0 £ 1.0°
Lab2
0 4 0.04 £ 0.03
150 4 0.13 £ 0.03
300 4 0.09 £ 0.08 NT
DEN* 4 0.01 £+ 0.03
Cp** 4 0.93 - 0.42°
Kojic acid
Lab 1
0 4 0.19 £ 0.12 83+1.2
1000 4 0.15 & 0.04 6.2 + 0.4
2000 4 0.70 £ 0.24* 7.1 0.6
DEN* 4 0.16 £ 0.08 76 1.6
Cp** 4 1.43 & 0.24° 6.6 &+ 0.6
Lab2
0 5 0.07 £ 0.05 11,6 £ 0.3
1000 5 0.16 + 0.04° 112 & 0.6
2000 5 0.38 £ 0.04* 11.74£ 0.8
Cp** 5 0.93 £ 0.12* 104 £+ 0.9
Quinoline
Lab 1
0 4 0.13 £ 0.03 42+ 06
75 4 0.11 & 0.06 50£05
150 4 0.10 £ 0.00 4.0+ 09
DEN* 4 0.10 £ 0.07 47+ 02
Cp** 4 1.14 & 0.43° 36405
Lab2
0 5 0.07 £ 0.03 122+ 04
75 5 0.08 £+ 0.00 119+ 0.3
150 5 0.17 + 0.03* 113+ 0.9
CP** 5 0.95 & 0.06° 10,3+ 1.0
o-Toluidine
Lab 1
0 4 0.08 £ 0.06 13.6 £ 0.7
300 4 0.25 £ 0.11° 17.1 £ 2.19
600 4 0.36 + 0.09° 187+ 3.6
DEN* 4 0.08 + 0.06 16.8 £ 3.5
CPp** 4 0.86 £ 0.25° 13.74+£22
Lab 2
[i] 4 0.21 £+ 0.08 11.0£1.5
300 4 0.19 &+ 0.03 13.5+£27
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Table 3 (Continued)

Chemical and dose (mg/kg) No. of animals MNRET (%) mean % S.D. RET (%) mean % S.D.

600 4 0.46 £ 0.11¢ 13.6 + 3.7
CPp#* 4 0.93 £ 0.21° 92+ 0.7
CPDA
Lab 1
0 4 0.05 + 0.06 75424
150 4 0.10 £ 0.07 58+ 14
300 4 0.08 £ 0.06 3.6+ 04¢
DEN* 4 0.05 £ 0.04 68+ 1.0
CpH 4 0.90 + 0.35¢ 64 + 0.8
Lab2
0 4 0.05 £ 0.06 . 120 + 2.2
150 4 0.08 £ 0.03 12.1 + 3.1
300 4 0.13 & 0.06 7.8+ 0.59
DEN* 4 0.03 + 0.03 125+ 13
CP** 4 0.76 £ 0.14° 123 £ 32
DMN
Lab 1
) 4 0.08 £ 0.06 177+ 19
5 4 0.04 £ 0.05 174 4 3.1
10 4 0.15 & 0.08 169 + 2.5
DEN* 4 0.03 £ 0.03 13523
Cpx* 4 1.01 =& 0.49° 12,6 & 1.2¢
Lab2
0 4 0.11 £ 0.09 16.1 £ 3.7
5 4 0.19 & 0.14 156 % 2.1
10 4 0.18 & 0.09 154 + 25
‘DEN* 4 0.25 & 0.07 174 £ 1.7
Cp* 4 0.89 £ 0.19° 15.4 + 32
DAB
Lab 1
] 4 0.03 & 0.05
71 4 0.05 & 0.06 NT
142 4 0.43 %+ 023
CP* 4 0.64 £ 0.13°
Lab2
0 4 0.05 + 0.04 13.6 &+ 2.1
120 4 0.03 =+ 0.03 14.0 = 2.8
240 4 0.25 & 0.13¢ 21.9 & 6.44
Cp 4 0.55 = 0.16 118+ 14
DEHP
Lab 1 .
0 4 0.14 £ 0.09 290+ 25
1000 4 0.18 £ 0.16 21.7 % 1.3¢
2000 4 0.18 = 0.06 223 4 11¢
DEN* 4 0.06 £ 0.05 14.7 £ 2.2¢
Cp** 4 1.23 & 0.34° 13.1 & 2.6¢
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Table 3 (Continted )

MNRET (%) mean % $.D.

Chemical and dose (mg/kg) No. of animals RET (%) mean £ 8.D.
Lab2
0 4 0.16 £ 0.05 231+ 24
1000 4 0.25 £ 0.14 271+ 74
2000 4 0.16 + 0.05 23.1 £ 3.8
DEN* 4 0.19 £ 0.08 219 £33
Cp** 4 1.06 £ 0.13¢ 219+ 22
MMS
Lab 1
4] 4 0.14 £+ 0.10 85 £ 1.0
40 4 2.04 + 0.79° 125+ 4.8
80 4 0.96 £+ 0.57° 3.8 +£0.2°
DEN* 4 0.18 & 0.05 124 £ 1.5°
Cp** 4 1.54 & 1.03° 78418

MDA, 4,4’-methylenedianiline; DEN*, diethylnitrosamine (the first positive control, 40 mg/kg); CP**, cyclophosphamide (the second pos-
itive control, 10 mg/kg); CPDA, 4-chlorc-o-phenylenediamine; DMN, dimethylnitrosamine; DAB, p-dimethylaminoazobenzene; DEHP, di

(2-ethylhexyl) phthalate; MMS, methylmethanesulfonate. NT: not tested.

2 Significantly different from the solvent control (Kastenbaum and Bowman test; P <0.01).
b Significantly different from the solvent control (Kastenbaum and Bowman test; P <0.05).
¢ Significantly different from the solvent contro! (Student ¢-test; P<0.01).
d Significantly different from the solvent control (Student z-test; P<0.05).

MDA in samples harvested 3 days after dosing, the
data were from only two animals. In conjunction with
Lab 2 results, MDA was considered to be negative in
this assay. Quinoline, DMN and DAB, are chemicals
were also positive in the presence of metabolic activa-
tion in in vitro genotoxicity assays [21-23]. Quinoline
and DMN induce hepatocellular carcinoma in mice and
rats [24-26], while DAB induces hepatoceltular car-
cinoma in rats, but not in mice [27]. Four chemicals
that were negative in this study have been reported to
be carcinogenic. MDA and CPDA induce hepatocel-

lular carcinoma in male and female mice [28-30] and
neoplastic nodules in rats [29-31]. o-Toluidine induces
hepatocellular carcinomas and hemangiosarcomas in
mice and multiple organs tumors in rats [32]. DEHP
induces hepatocellular carcinoma in mice and rats {33],
but this chemical, unlike quinoline, DMN, and DAB, is
a peroxisome proliferator, not a genotoxic carcinogen
[34]. So the negative results in this assay are under-
standable. MMS induces carcinomas in the nasal cav-
ity, central nervous system, and injection sites {35], but
did not induce micronuclei in this study. O-Alkylation

Table 4
Micronucleus assay results for nine chemicals in this study compared with results from published bone marrow and hepatocarcinogenicity assays
Chemical MN BM Hepatocarcinogenicity

L PB Mouse Rat Mouse Rat
MDA - - ND +[28,29] +128,29]
Kojic acid - + - [41,50] ND — [42] ND
Quinoline + -+ +(—) [44.45) ND +[25) +[24]
o-Toluidine - + -1 ND +[32] - [32]
CPDA - - +116] +(=)[16] +130,31] +13031]
DMN + - — (+) [46,47] ND +[26] + [26]
MMS - + +[16] +[16] ND - [35]
DAB + + - ND ND +[27]
DEHP - - -1 ND +{33] +1{33]

MN, micronucleus assay; L, liver; PB, peripheral blood; BM, bone marrow micronucleus assay; parentheses show peripheral blood micronucleus

assay. ND, no data found.
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is more efficient than N-alkylation in the formation of
micronuclei[36-38], and considering that MMS causes
primarily N-7-methylguanine formation {39], the neg-
ative results were expected. Regarding P450 levels in
young rats, 1A2, 2A1, 2B1, 2B2, 2E1, 3Al, and 3A2
levels increase with age, and reaching a maximum at
approximately 30 days. Thereafter, the levels are sup-
pressed by growth hormones, and 2C7, 2C11, 2C12,
and 2C22 levelsincrease [40]. Therefore, P450 changes
may have affected the results of the assay. Quinoline,
DMN, and DAB are clearly genotoxic in in vitro only
following metabolic activation [21-23], which makes
them suitable for this assay.

In summary, quinoline, DMN, and DAB, which
are rat hepatocarcinogens, induced liver micronuclei
in this study. MDA, kojic acid [41,42], o-toluidine,
and CPDA, which possess weak or uncertain hepato-
carcinogenic potential in rats, did not, nor did DEHP,
a non-genotoxic rat hepatocarcinogen. All chemicals,
except MMS, were evaluated in two laboratories with
similar results, as noted.

Although we did not statistically analyze the inci-
dence of mitosis, we observed an increase or decrease
for each chemical. The mitotic index reflected only
three time points and did not give any information about
the total number of mitoses. Thus, a correlation be-
tween MNHEP (%) and mitotic index was not always
evident. These results may reflect increased mitotic ac-
tivity or cytotoxic action of test chemicals on dividing
hepatocytes [43].

The mean incidence of MNRETSs (%) for 70 rats in
the solvent control groups was 0.10 £ 0.08%. This low
incidence suggests the robustness of the assay like the
liver assay.

Quinoline at 150mg/kg was positive in the pe-
ripheral blood micronucleus assay only in Lab 2.
Inconsistent results for quinoline have been reported
before: the compound was positive in mouse bone
marrow micronucleus assays [44] and negative in
transgenic mouse peripheral blood micronucleus
assays [45]. Thus, quinoline induces micronuclei in
the liver but may not in hepatopoietic tissue. DMN was
negaiive in peripheral blood micronucleus assay in
rats, but has been reported to be positive in transgenic
mice [46]. Itis also negative in the mouse bone marrow
micronucleus assay [47]. These results may reflect the
fact that N-nitroso chemicals are difficult to evaluate
in bone marrow micronucleus assays [1]. The rate of

N-hydroxylation of DAB is higher in rats than in mice
[48). N-hydroxylation of amino azo dyes generates
mutagenic metabolites [49], which may yield different
results. Although kojic acid and o-toluidine were
positive in this study, they are negative in mouse bone
marrow micronucleus assays {50,51]. The MNRET
(%) for CPDA in Lab 2 tended to increase in a
dose-dependent manner, though it did not reach a
statistically significant level. Because of the MNRET
(%) were not dose-dependent in Lab 1, CPDA was
considered to be negative. Although, CPDA was neg-
ative in this assay, it is positive in mouse bone marrow
assays [16]. Thus, species differences are evident for
kojic acid, o-toluidine and CPDA. The results of MMS,
a direct alkylating agent, were consistent with those
of mouse/rat bone marrow micronucleus assays [ 16].

In the present study, we evaluated known hepa-
tocarcinogenic chemicals for micronucleus-inducing
effects in 4-week-old rats. For some chemicals, our
peripheral blood results differed from those reported
by others, perhaps because younger rats are more sen-
sitive to mutagens [52]. Accordingly, the simultaneous
liver and peripheral blood assay .system may bring
out different result to previously reported one. In this
assay, rodent hepatocarcinogens have been mainly
used. Further evaluation using other organ carcinogens
should be performed to assess this system in future.

As shown with quinoline, DMN, and DAB, the liver
MN assay detected chemicals that required metabolic
activation. Thus, it could be used to confirm positive
responses in in vitro genotoxicity assays. These assays
could expand the information obtained, for example,
in the in vivo/in vitro UDS (unscheduled DNA synthe-
sis) assay or the in vivo single cell gel electrophoresis
(Comet) assay.

In conclusion, this assay system enabled us to si-
multaneously detect hepatocyte and peripheral blood
micronucleus induction in the same animal. We also
obtained information on differences in clastogen sen-
sitivity between rats and mice. More chemicals should
be studied to elucidate the validity and the sensitivity
of this assay system.

Acknowledgment

This article was communicated by the Mammalian
Mutagenicity Study group (MMS) of the Environmen-
tal Mutagen Society of Japan (JEMS).



144 H. Suzuli et al. / Mutation Research 583 (2005) 133-145

References

[1] T. Morita, N. Asano, T. Awogi, Y. Sasaki, S. Sato, H. Shimada,
S. Sutou, T. Suzuki, A. Wakata, T. Sofuni, M. Hayashi, Evalua-
tion of the rodent micronucleus assay in the screening of IARC
carcinogens (Groups 1, 24, and 2B). The summary report of the
6th collaborative study by CSGMT/JEMS-MMS, Mutat. Res.
389 (1997) 3-122.

[2] F.A. Angelosanto, Tissues other than bone marrow that can
be used for cytogenetic analyses, Environ. Mol. Mutagen. 25
(1995) 338-343.

[3] L Cliet, E. Fournier, C. Melcion, A. Cardier, In vivo micronu-
cleus test using mouse hepatocytes, Mutat. Res. 216 (1989)
321-326.

[4] V.S. Zhurkov, L.P. Sycheva, O. Salamatova, LF. Vyskubenko,
E.G. Feldt, N.1. Sherenesheva, Selective induction of micronu-
clei in the rat/mouse colon and liver by 1,2-dimethylhydrazine:
a seven-tissue comparative study, Mutat. Res. 368 (1996)
115-120.

[5] A.D. Tates, I. Neuteboom, M. Hofker, L. den Engelse, A mi-
cronucleus technique for detecting clastogenic effects of mu-
tagens/carcinogens (DEN, DMN) in hepatocytes of rat liver in
vivo, Mutat, Res. 74 (1980) 11-20.

[6] A.D. Tates, L. den Engelse, The role of short-lived lesions in
the induction of micronuclei in rat liver by ethynitrosourea
and methyl methanesulfonate: the importance of experimental
design, Mutat. Res. 210 (1989) 271-279,

[7] L Braithwaite, J. Ashby, A non-invasive micronucleus assay in
the rat liver, Mutat. Res. 203 (1988) 23-32.

[8] J. Ashby, P.A. Lefevre, The rat-liver carcinogen N-
nitrosomorpholine initiates unscheduled DNA synthesis and in-
duces micronuclei in the rat fiver in vivo, Mutat. Res. 225 (1989)
143-147.

[9] S. Sawada, T. Yamanaka, K. Yamatsu, C. Furihata, T. Mat-
sushima, Chromosome aberrations, micronuclei and sister=
chromatid exchanges (SCEs) in rat liver induced in vivo by
hepatocarcinogens including heterocyclic amines, Mutat. Res.
251 (1991) 59-69.

[10] AM. Rossi, M. Romano, L. Zaccaro, R. Pulci, M. Salmona,
DNA synthesis, mitotic index, drug-metabolising systems and
cytogenetic analysis in regenerating rat liver, Mutat. Res. 182
(1987) 75~-82.

[11] L.W. Parton, M.L. Garriott, An evaluation of micronucleus in-
duction in bone marrow and in hepatocytes isolated from col-
lagenase perfused liver or from formalin-fixed liver using four-
week-old rats treated with known clastogens, Environ. Mol.
Mutagen. 29 (1997) 379-385.

{123 H.Suzuki, T. Shirotori, M. Hayashi, A liver micronucleus assay
using young rats exposed to diethylnitrosamine: methodologi-
cal establishment and evaluation, Cytogenet. Genome Res. 104
(2004) 299-303.

[13] G.I1. Sipes, A.J. Gandolfi, Biotransformation of toxicants, in:
M.O. Amdur, J. Doull, C.D. Klassen (Eds.), Casarett and Doull’s
Toxicology, The Basic science of poisons, McGraw-Hill, New
York, 1993, pp. 88-126.

[14) RA. Purner, TE. Gram, RE. Stitzel, The influence of age,
sex and drug treatment on microsomal drug metabolism

in four rat strains, Biochem. Pharmacol. 18 (1969) 1635-
1641.

[15] M. Hayashi, T. Morita, Y. Kodama, T. Sofuni, M. Ishidate Jr.,
The micronucleus assay with mouse peripheral blood reticu-
locytes using acridine orange coated slides, Mutat. Res. 245
(1990) 245-249.

[16] A.Wakata, Y. Miyamae, S. Sato, T. Suzuki, T. Morita, N. Asano,
T. Awogi, K. Kondo, M. Hayashi, Evaluation of the rat micronu-
cleus test with bone marrow and peripheral blood: summary of
the 9th collaborative study by CSGMT/JEMS-MMS, Environ.
Mol. Mutagen. 32 (1998) 84-100. ‘

[17] D. Lorke, A new approach to practical acute toxicity testing,
Arch. Toxicol. 54 (1983) 275-287.

[18] P.I. Countryman, J.A. Heddle, The production of micronuclei
from chromosome aberrations in irradiated cultures of human
lymphocytes, Mutat. Res. 41 (1976) 321-331.

[19] The coliaborative study group for the micronucleus test, mi-
cronuclens test with mouse peripheral blood erythrocytes by
acridine orange supravital staining: the summary report of the
5th collaborative study by the CSGMT/JEMS-MMS, Mutat.
Res. 278 (1992) 83-98.

[20] M.A. Kastenbaum, K.O. Bowman, Tables for determining the
statistical significance of mutation frequencies, Mutat. Res. 9
(1970) 527-549.

[21] M. Ishidate Jr. (Ed.), Data Book of Chromosomal Aberration
Test In Vitro, Revised ed., Elsevier, Amsterdam, 1988.

[22] A.T. Natarajan, A.D. Tates, PP.W. Van Buul, M. Mejjers, N.
De Vogel, Cytogenetic effects of mutagens/carcinogens after
activation in a microsomal system in vitro. Part I: Induction
of chromosome aberrations and sister chromatid exchanges by
diethyInitrosamine (DEN) and dimethylnitrosamine (DMN) in
CHO cells in the presence of rat-liver microsomes, Mutat. Res.
37 (1976) 83-90.

[23} E. Zeiger, B. Anderson, S. Haworth, T. Lawlor, K. Mortelmans,
W. Speck, Salmonella mutagenicity tests. III: Results from the
testing of 255 chemicals, Environ. Mol. Mutagen. 9 (Suppl. 9)
(1987) 1-110.

[24] K. Hirano, Y. Shinohara, H. Tsuda, S. Fukushima, M. Taka-
hashi, N. Ito, Carcinogenic activity of quinoline on rat liver,
Cancer Res. 36 (1976) 329-335.

[25) Y. Shinchara, T. Ogiso, M. Hananouchi, K. Nakanishi, T.
Yoshimura, N. Ito, Effect of various factors on the induction
of liver tumors in animals by quinoline, Gann 68 (1977) 785-
796.

[26] TARC Monographs on the Evaluation of Carcinogenic Risk
to Humans, vol. 17, N-Nitrosodimethylamine, International
Agency for Research on Cancer, Lyon, France, 1978.

[27] IARC Monographs on the Evaluation of Carcinogenic Risk to
Humans, vol. 8, para-Dimethylaminoazobenzene, International
Agency for Research on Cancer, Lyon, France, 1975.

[28] IARC Monographs on the Evaluation of Carcinogenic Risk
to Humans, vol. 39, 4,4'-Methylenedianiline and its Dihy-
drochloride, International Agency for Research on Cancer,
Lyon, France, 1986.

[29] E.K. Weisburger, A.S. Murthy, H.S. Lilja, J.C. Lamb IV, Neo-
plastic response of F344 rats and B6C3F1 mice to the polymer
and dyestuff intermediates 4,4’-methylenebis(V,N-dimethyl)-



H. Suzulki et al. / Mutation Research 583 (2005) 133-145 145

benzenamine,4,4’-oxydianiline,and 4,4’-methylenedianiline, J.
Natl. Cancer Inst. 72 (6) (1984) 1457-1463.

[30] IARC Monographs on the Evaluation of the Carcinogenic
Risk of Chemicals to Humans, vol. 27, 4-Chloro-ortho-
phenylenediamine and  4-Chloro-meta-phenylenediamine,
International Agency for Research on Cancer, Lyon,
1982.

[31] E.K. Weisburger, A.S. Murthy, R.W. Fleischman, M. Hagopian,
Carcinogenicity of 4-chloro-o-phenylenediamine, 4-chloro-m-
phenylenediamine, and 2-chloro-p-phenylenediamine in Fis-
cher 344 rats and B6C3F; mice, Carcinogenesis 1 (1980)
495-499.

[32] IARC Monographs on the Evaluation of the Carcinogenic Risk
of Chemicals to Humans, vol. 77, ortho-Toluidine, International
Agency for Research on Cancer, Lyon, 2000.

{33] IARC Monographs on the Evaluation of the Carcinogenic Risk
of Chemicals to Humans, vol. 29, Some Industrial Chemicals
and Dyestuffs, Intemational Agency for Research on Cancer,
Lyon, 1982.

[34] T. Suga, Hepatocarcinogenesis by peroxisome proliferators, J.
Toxicol. Sci. 29 (1) (2004) 1-12.

[35] IARC Monographs on the Evaluation of the Carcinogenic Risk
of Chemicals to Humans, vol. 71, Methyl-methanesuifonate,
International Agency for Research on Cancer, Lyon,
1987.

[36] A.D. Tates, . Neuteboom, A.H.M. Rotteveel, N. de Vogel,
G.J. Menkveld, L. den Engelse, Persistence of preclastogenic
damage in hepatocytes of rats exposed to ethylnitrosourea, di-
ethylnitrosamine, dimethylnitrosamine and methyl methanesul-
fonate. Correlation with DNA O-alkylation, Carcinogenesis 7
(7)(1986) 1053-1058.

[37] L. DDen Engelse, R.J. De Brij, E. Scherer, B.G. Floot, Persistence
and accummulation of (potential) single-strand breaks in liver
DNA of'rats treated with ethyl methanesulphonate, Cancer Lett.
11 (1980) 199-208.

[38] T. Suzuki, M. Hayashi, X. Wang, K. Yamamoto, T. Ono, B.C.
Myhr, T. Sofuni, A comparison of the genotoxicity of ethylni-
trosourea and ethyl methanesulfonate in /acZ transgenic mice
(Muta™ Mouse), Mutat. Res. 395 (1997) 75-82.

[39] D.T. Beranek, Distribution of methy! and ethyl adducts follow-
ing alkylation with monofunctional alkylating agents, Mutat.
Res. 231 (1990) 11-30.

{401 R. Kato, Y. Yamazoe, Sex-specific cytochrome P450 as a canse
of sex- and species-related differences in drug toxicity, Toxicol.
Lett. 6465 (1992) 661-667.

[41] G.J. Nohynek, D. Kirkland, D. Marzin, H. Toutain, C. Leclere-
Ribaud, H. Jinnai, An assessment of the genotoxicity and hu-
man health risk of topical use of kojic acid [5-hydroxy-2-
(hydroxymethyl)-4 H-pyran-4-one], Food Chem. Toxicol. 42
(2004) 93-105.

[42] N. Fujimoto, H. Watanabe, T. Nakatani, G. Roy, A. Ito, Induc-
tion of thyroid tumors in (C57BL/6N x C3H/N)F; mice by oral
administration of kojic acid, Food Chem. Toxicol. 36 (1998)
697-703.

[43] K. Miiller, P. Kasper, L. Miiller, An assessment of the in
vitro hepatocyte micronuclens assay, Mutat. Res. 292 (1993)
213-224.

{44] M.A. Hamoud, T. Ong, M. Petersen, J. Nath, Effects of quino-
line and 8-hydroxyquinoline on mouse bone marrow erythro-
cytes as measured by the micronucleus assay, Teratogen. Car-
cinogen. Mutagen. 9 (1989) 111-118.

[45) T. Suzuki, Y. Miyata, K. Saeki, Y. Kawazoe, M. Hayashi, T. So-
funi, In vivo mutagenesis by the hepatocarcinogen quinoline in
the lacZ transgenic mouse: evidence for its in vivo genotoxicity,
Mutat, Res. 412 (2) (1998) 161-166.

[46] T. Suzuki, T. Itoh, M. Hayashi, Y. Nishikawa, F. Furukawa,
M. Takahashi, T. Sofuni, Organ variation in the mutagenicity of
dimethylnitrosamine in Big Blue mice, Environ. Mol. Mutagen.
28 (4) (1996) 348-353.

[47] D. Yenssen, C. Ramel, Factors affecting the induction of mi-
cronuclei at low doses of X-rays, MMS and dimethylni-
frosamine in mouse erythroblasts, Mutat. Res. 58 (1) (1978)
51-65.

[48] T. Kimura, M. Kodama, C. Nagata, A correlation of the rate
of N-hydroxylation of aminoazo dyes with their carcinogenic
activity in the rat, Carcinogenesis 3 (12) (1982) 1393-1396.

[49] S. Ohnishi, M. Murata, M. Degawa, S. Kawanishi, Oxidative
DNA damage induced by an N-hydroxy metabolite of car-
cinogenic 4-dimethylaminoazobenzene, Jpn. J. Cancer Res. 92
(2001) 23-29.

[50] M. Nonaka, H. Omura, T. Sofuni, M. Hayashi, Kojic acid did
not induce micronuclei in mouse bone marrow hematopoietic
cells, MMS Commun. 4 (2) (1996) 109-112.

[51] Y. Nakai, K. Hirabayashi, Y. Takahashi, D. Miura, Y. Kasahara,
K. Morita, Y. Izawa, The genetic toxicology of o-toluidine with
special reference to its non-clastogenicity in vivo, MMS Com-
mun. 2 (1994) 99-108.

[52] S.Hamada,K.Nakajima, T. Serikawa, M. Hayashi, The effect of
aging on the results of the rat micronucleus assay, Mutagenesis
18 (3) (2003) 273-275.



Environ. Mutagen Res., 27: 13-20 (2005) FERETH

o B & T B NG RER O R ZE 7 S TN
Z DATBORI~D its H

[

KRV 6 S i A AP SR A 5 T 1588001 R AT X R 1-1841

The rodent micronucleus test

—The hasic research and application to regulatory use —

Makoto Hayashi
Division of Genetics and Mutagenesis, NIHS, 1-18-1, Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

Summary

Genotoxicity is an important consideration in the safety evaluation of chemicals. It is well known that
there are in vitro and in vive assay systems with different endpoints for evaluating chemical genotoxicity.
Bacterial gene mutation test and chromosomal aberrations test using mammalian cultured cells are repre-
sentative examples, It is apparent that there are limitations of in vitro assay systems for chemical safety eval-
uation and risk assessment for human health, and in vivo assay systems are becoming more important from
the viewpoint of weight of evidence. There are several in vivo assay systems that have been developed and
which are based on various endpoints. Among these, the rodent micronucleus test using hematopoietic cells
has been most widely and frequently used to detect induction of chromosomal aberration. 1t is evident that
there are chemicals that gave a positive result in the in vitro ciromosome aberration test but were negative
in the rodent micronucleus test. In such case, as a rule, the in vivo negativity is considered dominant to the
in vitro positivity.

It is important and necessary to reduce use of test animals without any loss of evaluation accuracy. In the
micronucleus test, development of the method using peripheral blood instead of bone marrow cells succeed-
ed in reducing the total number of animals required for chromosomal aberration evaluation in vivo.
Sampling of very small amounts of blood can be done without killing animals, which is one of the most
important advantages of the method; it also permits combining with other assays for different endpoints that
require different optimal sampling times. Based on this development, in vivo multiple endpoint assay sys-
tems will be realized and will lead to further reduction of animal use for the evaluation of chemical genotoxi-
city. In this manuscript, 1 describe the history of development and applications of the peripheral blood
micronucleus assay.

Keywords: genotoxicity assay, rodent micronucleus assay, peripheral blood, acridine orange supravital
staining
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Table 1 Representative genotoxicity assays

Gene mutation

Chromosomal aberration

In vitro Ames assay
MLA

In viva

Metaphase analysis using cultured cells
MLA

Transgenic animal model  Bone marrow metaphase analysis

Erythrocyte micronucleus assay

MULA: mouse lymphoma assay using [.5178Y cells
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Table 2 Parficipants in collaborative study

1. Biological Research Centfer for the Profection of Environment
2. Biomedical Laboratories, Inc.

3. Biosalety Research Center, Foods, Drugs and Pesticides

4. Central Institule for Experimental Animals

5. Chemicals Inspection & Testing Institute

6. Daicel Chemical Industries

Daiichi Pharmaceutical Co., Lid.

8. Food and Drug Safety Center

9. Fuji Photo Filim Co., Lid.

10. Fujisawa Pharmaceutical Co., 1id.

11. Green Cross Co., Lid.

12. Health Sciences Research Institute

13. Institute of Environmental Toxicology
14. Ttoham Ceniral Research Institute

15. Japan Tobacco, Inc.

16. Kaken Pharmaceutical Co., Lid.

17. Kanagawa Prefectural Public Health Laboratories
18. Kissei Pharmaceutical Co., Lid.

19, Kumiai Chemical Industry Co., 14d.
20. National Institute of Hygienic Sciences
21. Nihon Bioresearch Center, Inc.

22. Nihon Noyaku Co., Lid,

23. Nippon Glaxo, Lid.

24. Nippon Shinyaku Co., Ltd.

25. Nitto Denko Corporation

26. Ono Pharmaceutical Co., Lid.

27. Otsuka Pharmaceutical Factory, Inc.
28. Pfizer Pharmaceutical, Inc.

9. Sandoz Pharma, Lid.

0. Sankyo Co., Lid.

. Shionogi & Co., Lid

. Shiseido Toxicological Analytical Research Center

[N

3. Sumitomo Chemical Co., Lid.
. Suntory Co.,, Ltd.

Taiho Pharaceutical Co., Lid.
. Taisho Pharmaceutical Co., Lid.
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Takeda Chemical Industies, Lid.

Tanabe Seiyaku Co., Lid.

. Teijin, Ltd.

. Toyama Institute of Health

41, Toyobo Co., Lid.

42, University of Shizuoka

43, Yamanouchi Pharmaceutical Co., Lid.

44, Yoshitomi Pharmaceutical Industries, Ltd.
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Table 3 List of chemicals tested

Chemical tested

Alkylaling agents
Cyclophosphamide monohydrate
Dimethylnifrosamine
Ethyl methanesulfonate
N-Ethyl-N-nitrosourea
Methyl methanesul{onate
N-Methyl-N"nifro-N-nitrosoguanidine
Triethylenemelamine

Base analogues and related chemical
{-f#+D-arabinofuranosyleytosine
SFluorouracil
6-Mercaptopurine
Methotrexate

Aromatic amines
Z-Acetylaminofluorene
Phenacetin

Polycyclic aromatic hydrocarbons
Benzolalpyrene
7,12-Dimethylbenz{a]anthracenc

Crosslinking agent
Mitomycin C

Inorganic chemicals
Potassium bromate
Potassium chromate (VD)

Spindle poisons
Colchicine
Vincristine sulfate

Miscellaneous chemicals
Benzene
Procarbazine hydrochloride
Urethane
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Summary

The concept of a “biological threshold” is attracting interest as an cvaluation criterion for the mutagenic
activity of DNA-targeting mutagens. In this context, the concept is defined as “a concentration of a chemical
which does not produce any damage through its inability to perform the necessary biochemical reactions,
even though present at the target in finite amoun(”. To clarify whether this criterion is indeed applicable to
DNA-targeting mutagens, we re-evaluated the reverse mutation assay data using DNA repair-deficient bacte-
rial strains, such as 5. typhimurium strains lacking the (% methylguanine DNA methyltransferase genes
(adagr and ogtsp), the nucleotide excision repair gene (#v7B) or the 8-hydroxyguanine DNA glycosylase gene
(mutMs,), and E. coli strains lacking the nucleotide excision repair gene (uvrA4). Mutagenic responses of 20
test chemicals including alkylating and non-alkylating agents were compared between the repair-deficient
and their wild-type strains.

All the alkylating agents, such as MNNG, ENNG, EMS, ENU, DMN and DEN, exhibited more sensible
mutagenic responses in strains YG7108 (dadagy, Aogler) and YG7113 (same as YG7108 but containing the
plasmid pKM101) than in the parental strains TA1535 and TA100 (same as TA1535 but containing the
pKM101), respectively. Upon applying MNNG, YG7108 showed about 2—100 fold increase in the number of
His" revertants above the spontaneous level over the range of 0.00025-0.25 ug/plate, whereas TA1535 did
not show any significant increase in the number of His' revertants over the same dose range. On TA1535,
an increasing tendency of the number of revertants was observed at 0.5 ug/plate or above. This indicates an
approximate 2,000-fold difference at the mutagenic concentration level between the wild-type and the repair-
delicient strains. Other alkylating agents also showed significant differences in mutagenic responses
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between YG7108 and TA15385, or between YG7113 and TA100 respectively, with some variations among test
chemicals. On the other hand, non-alkylating agents, such as 4-NQO, AF-2, 2-NF and MX, did not show any
differences in the dose-response relationships between YG7113 and TA100. When non-alkylating agents,
such as 4-NQO, 2-NF and MX were applied to TA1535 (AuvrB), TA1538 (AwvrB) and WP2uvrA (duvrA),
clearly different mutagenic responses, i.¢. about 30- to 60-fold, were observed between the repair-deficient
and the parental strains (1'A1975, TA1978 and WP2, respectively). 4-NQO showed different mutagenic
responses between YG3002 (AmutMgr) and TA1975 (about 10-fold), though the application of other oxidative
agents such as hydrogen peroxide resulted in less than 10-fold differences. The present results indicate that
the wild-type strains having normal repair capacity show no gene mutation induction at the concentrations at
which gene mutations are clearly induced in the repair-deficient strains through DNA damage. Thus, the
present results suggest the existence of a “biological threshold” below which no mutagenic response is
induced by DNA-targeting mutagenic substances.

Keywords: threshold, biological threshold, DNA-targeting mutagens, DNA repair -dcficient strains, alkylat-

ing agents
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BAEBHCERE/EE LV EWIEZL PN T
T AN SN TE LA, F4EDNA ¥ R
& L nipE, 62 3l se skl DNA SR
EHM e ¥, DNAUAHOBERLHZEAR E~OBRIZ L
THh7mH XN BIEEHNICIRESEE ST L0E LN
PEBEIZ S 23S AN S 1T & TV 5 (Elhajouji
et al,, 1995; 1997). —77, DNA ZE#EHMNE T2 HEIC
EEEAITFELRVEVIFELHIIERRE LTELRE
LTHEY, Y HORENHMICBNTEIOELN
PEEHEZRBIIHDL LV S,
BE &) R o0 ET AR ST
% (Kirsch-Volders et al., 2000) %%, #OrZAEyEEm
B li (biological threshold) &\ 9 2 FAURMB E T
5. THIZDNAZEEEN L T2 HE A DNA L HIEE
W a8adh hds, BROLEZGIZTRRER)
ORBULTE T HETOEWENE T AWEET
ARV ABEA 7= XA MERRBRSEET
B, EVWIERANTHH, MEEHVIERLRRBT
\X Salmonella typhimurium(BL FHVEF S W L0 0
TA1535, TA1537, TAIS38AHVHN B, ThbHEW
Thd X7 L+F FIRRIBEHKIER durB) THY, #
NS DIFEMTH S TAL975, TA1977, TA19781ZH~
LREWE I T HBIUABOE LiZ—RICASNRT
WAHILTHB. Fl, TAFNVEDNARIGZEHT
% O"methylguanine methyltransferase (MGT) % XL
LEBEAMER XN, FoUrktkl ol b RIS
HEBRIZHEARTT IV MU S RZE 2RI LAY
LN T v A (Hakura ef al., 1991; Yamada et al., 1995; 1997,
W, 1999). @ X 5% DNAEBSEAREE N
Wi, £LOBALEREWHORKRER B ISEL
RIS S, 3L b BB OBESICH UMY
FidetadboTdhdoar LEL, 20L& %
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DNARBEEREME BALOBREIEOBENEFDL D
A, Lot ElREOREFEBERLCWa0E L
THAE D LI 128> T & 72 (Sofuni et al,, 2000), DNA®D
LGRS % 15784 2 8-hydroxyguanine (8- OH-G) DNA
glycosylase # RIB¥ 5 Wtk ER S h, WEKLOR
LB 3 5 REMEAIRE BN TH Y (Suzuki et al,,
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