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nitrite in the presence of ethanol

Minoru Higashimoto', Yoshinobu Akada', Masao Sato', Yoshihide Yamada®,
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Summary

The mutagenicity of 1-methyl-1, 2, 3, 4-tetrahydro-B-carboline-3-carboxylic acid (MTCCA), a
major mutagen precursor in soy sauce, upon treatment with nitrite and ethanol was considerably
reduced by the addition of herbal tea or herb extracts in the reaction mixture when it was treated
with 50 mM nitrite at pH 3, 37 C for 60 min in the presence of 7.5 % ethanol. Among the herbal teas
tested, Banaba and Tencha teas showed strong mutagenicity-reducing activity, and Kakinoha,
Kakidooshi and Yomogi teas, and Tochu and Senna teas also showed moderate and weak
antimutagenicity, respectively, in the Ames Salmonella mutagenicity test. Abundant amounts of
typical polyphenols such as catechins were detected in the highly antimutagenic herbal teas. The
antimutagenicity and the reducing power of herbal teas were positively correlated. Among the herb
extracts tested, Jiou extract showed strong antimutagenicity and Touki extract was mildly
antimutagenic. Oubaku extract showed strong bactericidal activity because of its high content of
alkaloid berberine. Diluted Oubaku extract showed dose-dependent antimutagenicity. These results
suggest that the mutagenicity of MTCCA upon treatment with nitrite in the presence of ethanol is
decreased by mixed fractions containing polyphenols such as catechins, which have strong
reducing power, and other compounds such as derivatives of catechins, which have little reducing
power.

Keywords . antimutagenicity, herb, nitrosation, soy sauce, ethanol

Abbreviations | MTCCA, 1-methyl-1, 2, 3, 4-tetrahydro-S-carboline-3-carboxylic acid ; EC,
(—)-epicatechin ; ECG, (- )-epicatechin gallate ; EGC, (—)-epigallocatechin ; EGCG,

(—)-epigallocatechin gallate ; FIA, flow-injection analysis ; HPLC, high-performance liquid
chromatography.
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Introduction

Carcinogenic N-nitroso compounds are known to be
easily produced under acidic conditions in the stomach
and are suspected to cause stomach cancer (Magee and
Barnes, 1967 ; Hartman, 1982). When various Japanese
foodstuffs were treated with nitrite, soy sauce was found
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to have the highest mutagenicity and is therefore very
important in the relationship between consumption of
Japanese food and the high gastric cancer mortality rate
in Japan (Wakabayashi et al., 1983). Tyramine is a major
mutagen precursor in soy sauce treated with nitrite, and 1-
methyl-1, 2, 3, 4-tetrahydro-f-carboline-3-carboxylic acid
(MTCCA) is a minor one (Ochiai, et al., 1984 ;

Higashimoto et al., 1988) . However, MTCCA becomes the
most potent mutagen precursor in soy sauce when it is
treated with nitrite in the presence of ethanol, while the



Table 1 Recommended medicinal applications of herbs used in Japan

Japanese name English name

Applications®

obesity, liver spots, acne, skin eruption, wart, neuralgia
obesity, constipation, acne, chapping, skin eruption, feeling of cold, arteriosclerosis

hypertension, arteriosclerosis, heart failure, chapping

constipation, piles, skin eruption

constipation, edema, skin trouble, cystitis, urethritis, nephropathy, asthma
pollinosis, allergic disease, asthma

obesity, feeling of cold, hypertension, chapping

feeling of cold, shoulder discomfort, low back pain, abdominal pain

anemia, hematemesis, nephropathy, heart disease, women’s disease

coronary arteriosclerosis, angina pectoris, myocardial infarction, hypertension

loss of vitality, women'’s disease, pain

Banaba banaba leaf " obesity, diabetes
Hatomugi Job’s tears

Juyaku houttuynia herb

Kakidooshi ground ivy edema, obesity, nephropathy
Kakinoha persimon leaf "

Senna senna leaf

Sugina horsetail

Tencha tian cha tea”

Tochu eucommia leaf

Yomogi mugwort

Jiou rehmannia root

Ninjin ginseng

Oubaku phellodendron bark gastritis, enteritis, myalgia
Touki Japanese angerica root

Yokuinin © coix seed same as Hatomugi

* Mitsuhashi (1988), Hotta (1989), Uno (1997).
" named by Yamada Yakken Co., Ltd..

¢ Chinese medicinal name of the seed of Hatomugi (Job’s tears).

mutagenicity induced by nitrite-treated tyramine is
strongly decreased in the presence of ethanol
(Higashimoto et al., 1995, 1996). It is very likely that a
large amount of mutagens may be produced in the
stomach of a person who consumes alcoholic beverages
while eating food cooked with soy sauce, whereas the
results of epidemiological studies have shown that
habitual drinking does not necessarily increase the risk of
stomach cancer (Hirayama, 1977 ; Kato et al., 1990). We
therefore speculated that some anticarcinogens in the diet
(Hayatsu et al., 1993) reduce the mutagenicity produced
by nitrite-treated MTCCA in the presence of ethanol.

It has been shown that green, black and oolong teas
derived from Camellia sinensis inhibit N-nitrosation (Wu
etal.,, 1993 ; Tanaka et al., 1998) and have antimutagenic
and antitumor activities (Jain et al., 1989 ; Hayatsu et al.,
1993 ; Yang and Wang, 1993 ; Weisburger et al., 1996 ;
Chung, 1999). The antimutagenic and anticarcinogenic
activities are mainly due to the actions of polyphenols
such as catechins in the teas (Kuroda and Hara, 1999a,
1999b) . In addition, much attention has been given in
recent years not only to green, black and oolong teas but
also to many kinds of herbal teas for their various health-
promoting effects (Uno, 1997 ; Craig, 1999). We
previously reported that the mutagenicity of MTCCA
treated with nitrite in the presence of ethanol was
decreased by the addition of citrus fruits (Higashimoto et
al., 1998) and by the addition of green, black or oolong
teas (Higashimoto et al., 2000) to the reaction mixture.
We concluded in our previous papers that the main
antimutagens in the citrus fruits and teas are dietary
fibers and polyphenols, respectively. In the present study,
we found that the mutagenicity of nitrite-treated MTCCA
in the presence of ethanol was considerably decreased by

the addition of some herbal teas or herb extracts to the
nitrosation reaction.

Materials and methods

Herbal teas and chemicals

Ten commercial dried herb products prepared from
Banaba (Lagerstroemia speciosa Pers.), Hatomugi (Coix
lacryma-jobi L. var. ma-yuen Stapf), Juyaku (Houttuynia
cordata Thunb.), Kakidooshi (Glechoma hederacea L. var.
grandis Kudo) , Kakinoha (Diospyros kaki Thunb.), Senna
(Cassia angustifolia Vahl.), Sugina (Equisetum arvense
L.), Tencha (Rubus suavissimus S. Lee) , Tochu
(Eucommia ulmoides Oliv.) and Yomogi (Artemsia
princeps Pampan.) were provided by Yamada Yakken Co.,
Ltd. (Osaka, Japan). Loose tea leaves were packed in
commercial tea bags (Tokiwa Industry Co., Ltd., Ehime,
Japan), and teas in bags were used as such. The tea
leaves were weakly boiled for 10 min in one liter of water
per 5 g and then removed. The herbal teas were used for
experiments after cooling.

Herb extracts were prepared from 330 g of each herb
with 2.2 liters of 50 % 1,3-butylene glycol aqueous solution
at room temperature by Yamada Yakken Co., Ltd.. Bottled
herb extracts from Jiou (Rehmannia glutinosa Libosch.),
Ninjin ( Panax ginseng C. A. Meyer) , Oubaku
(Phellodendron amurense Rupr.), Touki (Angelica
acutiloba Kitagawa) and Yokuinin (Coix lacryma-jobi L.
var. ma-yuen Stapf) were used as such.

The 15 herbs used in the present study are all popular
folk medicines in Japan and are used for various
applications (Table 1).

MTCCA (CAS No. 5470-37-1), (—)-epicatechin
(EC ; CAS No. 490-46-0), (—)-epicatechin gallate
(ECG ; CAS No. 1257-08-5), (—)-epigallocatechin

(EGC ; CAS No. 970-74-1) and (- )-epigallocatechin
gallate (EGCG ; CAS No. 989-51-5) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). (+)-
Catechin (CAS No. 154-23-4) was obtained from Tokyo
Kasei Kogyo Co., Ltd. (Tokyo, Japan). Gallic acid (CAS
No. 149-91-7) and berberine chloride (CAS No. 633-65-8)
were obtained from Wako Pure Chemical Industries Ltd.
(Osaka, Japan). The other chemicals were of reagent
grade.

Nitrite treatment
Chemicals were dissolved or suspended in sterilized
water. One milliliter of aqueous solution containing 0.6

mg of MTCCA, 0.15 m! of ethanol and 0- 0.4 m/ of one of

the herbal teas or herb extracts was mixed in a brown
tube with 1 m/ of 0.1 M sodium nitrite and adjusted to pH
3.0 with 6 N HCI and by monitoring using a pH meter
equipped with a small electrode. The reaction mixtures
were incubated at 37 C for 60 min in the dark. Nitrosation
was stopped by the addition of 1 m/ of 0.1 M ammonium
sulfamate to decompose the residual nitrite. All nitrite
treatments were performed in triplicate. Each nitrite-
treated sample was immediately used for the mutation
assay.

Mutation test

The mutation test with Salmonella typhimurium strain
TA100 was conducted in duplicate by the preincubation
procedure of Maron and Ames (1983) in the absence of
S9 mix. A mixture containing 0.1 m/ of a nitrite-treated
sample, 0.5 m/ of buffer solution (pH 7.4) and 0.1 m/ of
an overnight culture of strain TA100 was preincubated at
37 C for 20 min, mixed with 2 m/ of soft agar, and plated
on an agar plate. The His' revertant colonies were
counted after incubation at 37 C for 48 hr. The mutation
was assayed in brown tubes under a yellow lamp in a dark
room. The numbers of spontaneous revertants (118 = 10)
were subtracted from all the data on mutagenicity. A
positive control, 2-(2-furyl)-3- (5-nitro-2-furyl) -acrylamide
(AF-2, 10 ng), generated 431 + 36 His" revertants.

High-performance liquid chromatography

Six catechin monomers (EGCG, EGC, ECG, EC,
catechin and gallic acid) in the herbal teas and herb
extracts were detected by high-performance liquid
chromatography (HPLC). HPLC was performed using a
Shimadzu LC-6A equipped with a UV monitor set usually
at 270 nm. The column oven was maintained at 50 C.
Separation was conducted with a Shim-pack ODS column
(6 mmi.d. x 150 mm) using a mobile phase (1 m//min)
of 10 mM phosphate buffer containing acetonitrile, whose
content was linearly increased from 0 to 30 % over a
period of 45 min.

Reducing power

Polyphenols such as catechins reduce Fe (III) to Fe
(IT), which subsequently reacts with 1,10-phenanthroline
to form a colored complex (Tomas et al., 1993). The
intensity of the absorbance by the colored product,
namely a reducing power, reflects the polyphenol
contents in herbal teas. The reducing power of each of the
herbal teas was determined according to the flow-injection
spectrophotometric method of Tomas et al. Each tea
extract to which 0.01 M iron (III) chloride had been
added was mixed with 0.5 M acetic acid and subsequently
mixed with 0.05 M 1, 10-phenanthroline in the flow-
injection apparatus. The difference between the maximal
absorption (510 nm) and zero absorption (680 nm)
derived from the colored complex iron (II)-1, 10-
phenanthroline was monitored. The data were processed
with a computer system to calculate the corresponding
analytical concentrations. A calibration was constructed
from standards containing gallic acid.

Statistical analysis

The data were analyzed statistically by analysis of
variance. The correlation coefficient was calculated by the
formula of Pearson.

Results

Mutagenicity-reducing activity of herbal teas

The mutagenicity of MTCCA treated with nitrite in the
presence of ethanol was strongly decreased by the
addition of 0.1 - 0.4 ml/ of Banaba or Tencha teas in 2 ml of
the nitrosating reaction mixture as shown in Fig. 1. The
mutagenicity was significantly and dose-dependently
decreased by the addition of Kakinoha, Kakidooshi and
Yomogi teas at almost all the dose levels tested. Tochu and
Senna teas also showed significant antimutagenicity at
high dose levels (0.3 -0.4 ml). The addition of maximum
doses of Banaba, Tencha, Kakinoha, Yomogi, Kakidooshi,
Tochu and Senna teas reduced the levels of mutagenicity
to 3.5, 4.5, 18.3, 36.0, 45.4, 51.1 and 58.7 % of the levels in
the absence of those teas.

Reducing power of herbal teas

The correlation between the reducing power and the
antimutagenicity of the ten herbal teas is shown in Fig. 2.
The antimutagenicity of the tea extracts showed a
significant positive correlation with the reducing power as
awhole (»=0.824,p = 0.01).

Catechin contents in the herbal teas

Six catechin monomers (EGCG, EGC, ECG, EC,
catechin and gallic acid) in the ten herbal teas were
detected by HPLC. Among the herbal teas, Banaba,
Kakidooshi, Kakinoha, Tencha and Yomogi teas, which had
strong antimutagenicity against the nitrite-treated
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Fig.1 Antimutagenicity of herbal teas against the mutagenicity of MTCCA upon treatment with nitrite in the presence of ethanol
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Fig. 2 Correlation between antimutagenicity and reducing power
of herbal teas.
FIA : flow-injection analysis

MTCCA in the presence of ethanol, contained
considerably high levels of the six typical catechins listed
in Table 2. The other herbal teas contained very low levels
of the catechins (data not shown).

Mutagenicity-reducing activity of herb extracts

As shown in Fig. 3, herb extract prepared from Jiou
strongly decreased the mutagenicity of MTCCA treated
with nitrite and ethanol, and Touki extract had mild
antimutagenicity. The strong decrease in the
mutagenicity of nitrite-treated MTCCA in the presence of
Oubaku extract was a false one because Oubaku extract
had strong bactericidal activity. When fivefold-diluted
Oubaku extract was added to the reaction mixture, it
showed dose-responsive antimutagenicity without

Table 2 Catechin contents detected in typical herbal teas (ug/mi)

100 [ Herbaltea EGCG EGC ECG EC catechin gallic acid
§ Banaba 1152 115 1.3 9.9 18.1 2.0
~ Kakidooshi 0.8 19 144 119 4.1 0.2
_..z‘ Kakinoha 710 272 14.8 6.0 44 1.6
0 Tencha 132 145 198 185 102 n.d’
S - Yomogi 77 106 70 nd*® nd? 42
[o)]
8 “ not detected.
g HPLC conditions ; HPLC, Shimadzu LC-6A ; Detector, UV 270
= y=22.5+0.281x, r=0.824 nm ; column, Shim-pack ODS, 6.0 mm i.d. X 150 mm ; mobile
é O phase, 10 mM phosphate containing acetonitrile (linear gradient

o O from 0 to 30 % in 45 min) ; flow rate, 1 m//min.
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Fig. 3 Antimutagenicity of herb extracts against the mutagenicity
of MTCCA upon treatment with nitrite in the presence of

ethanol

—8— Jiou, —%— Ninjin, —8— Oubaku, —=— Touki,
—— Yokuinin

* Bacterial growth in the background culture was found to
be inhibited to a great extent

A 0.1-0.4 ml aliquot of herb extract was mixed in 2 m/ of
the nitrosating reaction mixture
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Fig. 4 Antimutagenicity of fivefold-diluted Oubaku extract against
the mutagenicity of MTCCA treated with nitrite in the
presence of ethanol
A 0.1-0.4 ml aliquot of fivefold-diluted Oubaku extract was
mixed in 2 m/ of the nitrosating reaction mixture

bactericidal activity (Fig. 4). The antimutagenicity of
Oubaku extract was thought to be a result of the high
content (3.15%) of berberine, which had strong
antimutagenicity for MTCCA treated with nitrite in the
presence of ethanol as shown in Fig. 5.

Catechin contents of herb extracts

Catechin monomers were not detected because of the
high contents of unknown ingredients in the Jiou extract.
Touki and the other herb extracts contained less than the
detection limits of catechins.

Discussion

The mutagenicity of MTCCA treated with nitrite in the
presence of ethanol was strongly and dose-dependently
decreased by the addition of some herbal teas to the
reaction mixture. It is reported that the antimutagenicity
of teas is closely related to their polyphenols such as
catechins, namely, reducing components in the teas
(Kada et al., 1985 ; 1989 ; Hayatsu et al., 1993 ; Yang
and Wang, 1993 ; Apostolides et al., 1996) . The
antimutagenicity of the herbal teas used in the present
study was positively correlated with their reducing power
(Fig. 2) as reported previously (Yen and Chen, 1995 ;
Higashimoto et al., 2000). The green tea polyphenol
fraction containing six major catechins (49 % EGCG,
14 % ECG, 11% EGC, 6 % EC, 2 % catechin and 0.3 %
gallic acid) mainly accounts for the antimutagenicity of
green tea (Ho et al., 1994). Although each herb is a
different species of plant, as described above, the five
herbal teas, which showed strong mutagenicity-reducing
activity against MTCCA treated with nitrite in the
presence of ethanol, were also found to contain abundant
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Berberine hidrochloride (mg/2 ml)

Fig. 5 Antimutagenicity of berberine against the mutagenicity of
MTCCA treated with nitrite in the presence of ethanol
A 0.2 - 1.0 mg berberine hydrochloride was mixed in 2 m/
of the nitrosating reaction mixture
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Fig. 6 Correlation of antimutagenicity and the contents of six
catechins in five typical herbal teas

amounts of the six catechins. The antimutagenicity and
the contents of the six catechins in the five herbal teas
were correlated well as shown in Fig. 6, although about
half of the antimutagenicity was associated with another
factor (s). Among the herbal teas, Banaba and Tencha
teas showed strong antimutagenicity. They have been
used as folk medicines for treating obesity and diabetes,
and pollinosis, allergic disease and asthma, respectively
(Table 1) .

All of the herb extracts used in this study are products
from Chinese medicinal plants. Among the herb extracts,
Oubaku and Jiou extracts showed strong antimuta-
genicity. Oubaku is known as a bacteriostatic herb
because it contains a large amount of berberine, an
antibiotic alkaloid. The original Oubaku extract, which



had strong bactericidal activity (Fig. 3), showed dose-
responsive antimutagenicity when it was diluted fivefold
(Fig. 4), while the antimutagenicity was considerably
moderate compared with that of the authentic berberine
hydrochloride (Fig. 5). Oubaku extract is therefore more
suited for natural medicinal or cosmetic use than as a food
ingredient. Catechin monomers in herb extracts could not
determined well by our HPLC system. The antimuta-
genicity of Jiou and Touki extracts may be due to some
polyphenol species such as catechin derivatives and
flavonoids. Further work is needed to clarify the
antimutagens in them.

Tea is one of the most popular beverages consumed
worldwide. Epidemiological studies have indicated that
habitual drinking of green tea may diminish the risk of
stomach cancer (Oguni et al., 1989 ; Fuijiki et al., 1998).
In recent years, various herbal teas, as well as green,
black and oolong teas, have become popular due to their
beneficial health effects such as prevention of allergic
disease, obesity, diabetes, nephrosis and arteriosclerosis
(Table 1). Although there is still a lack of scientific proof
(Winslow and Kroll, 1998 ; Craig,1999), habitual
drinking of herbal teas over a long period of time does
seem to have beneficial health effects. Our results also
suggest that some herbal teas have health-promoting
activity due to their antimutagenic activity in an acidic
environment such as that inside the stomach.
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Establishment of regulatory sciences in the field of mutagenesis research

Toshio Sofuni

Life Science Technology Research Center, Olympus Optical Co., Ltd.
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Summary

“Regulatory sciences” are defined as “sciences to regulate results obtained from basic research fields for
practical use in human society”. Since not all products of basic research will be useful to society, it is
important to be able to select those products which are most likely to be useful Furthermore, while some
products may be profitable, thery may be hazardous to humans if handled in appropriately. Therefore, it is
important to have processes to evaluate the relative merits of accumulated basic research results, even
though such processes may have some limitations. For highly accurate prediction or extrapolation beyond
such results, one majior requirement is an extensive and high quality database that will help generate
“standards (guidelines) for evaluation” with consensus from the regulatory, academic and industry sides.
However, it is difficult to establish such a database in basic research fields and relatively large collaborative
studies with cooperation of the regulators, academic and industry are essential to establish such database.
The achievements in several intra/international collaborative studies on the mouse micronucleus tests, the
chromosomal aberration and micronucleus tests using cultured mammalian cells, and the mouse lymphoma

tk assays, are introduced to demonstrate their usefulness in the regulatory sciences.

Keywords : regulatory sciences, mutagenesis research, in vitro chromosomal aberration test, mouse

lymphoma tk assay, in vitro micronucleus test
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Table 1 Comparison of chromosome aberration induction by 25 compounds
tested by the CHL and CHO systems in culture

Test results

Cell system

Positive Weak positive Equivocal Negative
CHL 14 (56 %) 6 (24%) 2 (8%) 3 (12%)
CHO 11 (44%) 1 4%) 0 13 (52%)

From Sofuni et al. (1990)

40 N,N'-Di-2-naphtyl-p-phenylenediamine

—e— CHL:24+0h
—8—CHO:10+2.5h |
—#—CHO:24+0h _

Aberrant cells (%)

1 1
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Concentration (pug/ml)

Fig. 1 Comparison of two treatment schedules (10 and 24 h
exposure time) in CHO cells without S9 mix
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IV AL D DIZLEE ENTEXLDTH S,

1. HEIAZRAH DL
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Fig. 2 Comparison of two treatment schedules (2 h exposure time
with 10 h recovery time and 6 h exposure time and 18 h
recovery time) in CHO cells with S9 mix
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1312 (48%) WE b, 13 (52%) WE RN L,
PR DR L WA RERIC o 72, S D &) % iR ERES
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BEWAYE 7o, PRI CHO MR % Fl v, ARIROALEE
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BA5, 6 WERLEEE 18 WE [ o0 [n 5 & & 5 )5 i TRtk
L% o7z (Fig. 2). 72721, CHO#MIE TIZREMEX D

Table 2 Discordant results by different test protocol in the CHO cell system

S9 Original Present

No.* mix  protocol  result protocol result Comment
1 - 8 + 4h = 6 + 18h w/+ 24/48h treatment lesse effective
10 - 10 + 2.5h = 10 + 2h T 24h treatment improves response
14 - 10 + 3h = 24/48 + Oh £ Needs longer treatment time than 10h
15 = 10 + 3h = 24/48 + Oh <k Needs longer treatment time than 10h
18 - 10 + 2.5h = 22 +2/48 + Oh - Needs longer treatment time than 10h
21 & 2+ 10h - 2/6 + 18h + Needs later sampling time than 12h
23 * 2+ 10h = 2+22/6+18h + Needs later sampling time than 12h
23 - 8 + 4.5h - 6 + 14h + (w) Needs later sampling time than 12h
25 2+ 10h — 2/6 + 18h + Needs later sampling time than 12h

From Galloway et al. (1997)
* From Sofuni et al. (1990)
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Table 3 Comparison of published chromosome aberration test
results and the mouse lymphoma assay results

Mouse lymphoma Chromosome aberration test

assay Positive Negative Total
Positive 31 (11%) 2 33 (11*)
Equivocal 1 «1%) 0 1 (1%)
Inconclusie 0 3 3
Negative 2 §2%) 1 1% 3 (3%)

Total 34 (14*) 6 (1*) 40 (15*)

From Homma et al. (1999b)
* No. of chemicals confirmed using 24h treatment protocol
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Table 4 Comparison of the in vitro micronucleus test results and published
chromosome aberration test results

Micronucleus

Chromosome aberration test

test Positive Negative No data Total
Positive 36 0 0 36
Weak positive 13 1L 3 17
Negative 6 6 1 13
Total 56 7 4 66

From Matsushima et al. (1999)
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Recombinational DNA repair and maintenance of genomic integrity
mediated by p53

Masamitsu Honma

National Institute of Health Sciences, Division of Genetics and Mutagenesis
1-81-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

Summary

Chromosomal double strand breaks (DSB) occurring in mammalian cells can initiate genomic instability
and their misrepairs result in chromosomal deletion, amplification, or translocation, common findings in
human tumors. The tumor suppressor protein p53 is involved in maintaining genomic stability. We
demonstrate here that the deficiency of wild-type p53 protein may allow unrepaired DSB to initiate
chromosomal instability. The human lymphoblastoid cell line TK6-E6 was established by transfection with
HPV16 E6 cDNA into parental TK6 cells via a retroviral vector. Abrogation of p53 function by E6 resulted in
an increase in the spontaneous mutation frequencies at the heterozygous thymidine kinase (t¢) locus.
Almost all TK-deficient mutants from TK6-E6 cells exhibited loss of heterozygosity (LOH) with the
hemizygous tk allele. LOH analysis with microsatellite loci spanning the long arm of chromosome 17, which
harbors the tk locus, revealed that LOH extended over half of 17q toward the terminal end. Cytogenetic
analysis of LOH mutants by chromosome painting indicated a mosaic of chromosomal aberrations involving
chromosome 17, in which partial chromosome deletions, amplifications and multiple translocations appeared
heterogeneously in a single mutant. We speculate that spontaneous DSB triggers the breakage-fusion-
bridge cycle leading to such multiple chromosome aberrations. In contrast, no chromosomal alterations
were observed in TK-deficient mutants from TK6-20C cells expressing wild-type p53. In wild-type p53 cells,
spontaneous DSB appear to be promptly repaired through recombination between homologous
chromosomes. These results support a model in which p53 protein contributes to the maintenance of
genomic integrity through recombinational repair.

Keywords : p53, genomic instability, double-strand break (DSB), recombinational DNA repair, loss of
heterozygosity (LOH)

&

et ik FIZA U7-DNAD 2 AU K (DSB) 1,
end-rejoining 723 MHFEMIRZ IC X > THEEE N S.
End-rejoining 1< & » T S N7 E 3 et ko 5K

Tl

A D 2001454125 H 2B 2001485 7 H
OHARSTAE R &

XL, bLRREEL L, —F, MREGgRm oM
Bz BEPERE > 20 A1E, BENELEzEbLR W
(Jeggo, 1998). —#MIC, M BEIIHN R ETIEE
BRI Z 2%, BAFEMBRICBVWTIZEATHY,
DSB @ K545 13 i # @ end-rejoining (2 & » THEHE X
HEEZHLNTWD (Weaver et al,, 1995). LA L7%&A°
5, MIZMRENEZEZ 5L, HIEZBEO A
Lo TIEARTHSL LH Il b s, PAMEEETT

AR HARBREE A B4 85 29 K2 BV TIEK S 72 2000 4E ERF 232 B 2 Bl T b 5.
This paper is the lecture of the JEMS Achievement Award (2000) presented at the 29th JEMS annual meeting, 2000.
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Point mutations
and other intragenic

mutations
End-
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th- | &8 ==
DSBs
th-™ Hek+
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Homologous
recombination
&
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Chromosomal
LOH changes
No LOH No structural
changes
Hemizygous peletion or
LOH translocation

Homozygous No structural
LOH change

Fig.1 A general model of recessive mutations in the # locus. The human # gene is located on chromosome 17q and
is heterozygous (tk-/+) in TK6 cells. DSBs occurring within or near the functional t locus are usually

repaired by either of two pathways :

end-rejoining or homologous recombination. End-rejoining brings about

hemizygous LOH, accompanied by interstitial deletions or translocations, while homologous recombination
brings about homozygous LOH, but no apparent changes in chromosome structure. The hemizygous LOH
and homozygous LOH can be distinguished by the quantification of the #&- band.

HHp53E [/ 2o &b, (ZFFGHI
2B B BIENREICEE L E#HEZHoTWD EER
SNTwb (Lane, 1992 ; Levine, 1997). AR TIE#O
2, ZELEY 7 2BV D DSBS SRR fRAT O 7290 D
EFNVRELT, FIVUVFF—Y#EIET (th) 25—
4y bk LA RLE S TR RMIN R O A FIYE 2 4
ML, (FAFMNLIZ BT D HLAME 2 ASHE R A DSB
DBHEICEE 2 %EH 2> Tnwb 2 LaRT (Kb,
1996). # L T, p53 /KB L A EMAL % Al v 72818
T-EREROWED S, ph3IZ X DMz BEHA L7
L WEE N EAL B 2 323 % (Honma et al.,
2000) .

1. EIRZIEEE LOH BIRAZR

et fh ) KB B DSBS & T3 5 7:0
DEFNHRE LTI, & MY C3FRMMTKE O 17
Fgeto R ER FICATF QI CHEAETEF IV 3 —Elt
ZF (th) %% =4 v b & LSO a T 22RAR
W22 TH 5 (Fig.l) (Liber et al., 1989). ki
ETRRERMKE M) 7vtaF 3 Yy (TFD) Kbt
PoZEEpE L THINTE %25, thiEME7 ) VIZDSB
AL, FNhdtendrejoining, b L AZHIFF AR D
Mz lckoTBEIND L, Rtk 7 ) VAL
L7-Z 58K, wwhbwb LOH (loss of heterozygosity) %
DRI RARE S 7259 (Yandell et al., 1986). Z DY
4, end-rejoining 12 & o THET ) WO RIEH A U7z
HIEANIMLOH, MIFMIEZ X o TAELT Vv
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RELC RS AIZAERLOH L %2 %. LOH L pd3 %
Rb 7% & OFFIMEIEIE T CBEB SN ZERD DO TH Y,
ZD% IFHMIBEETORKIIEIDBDEEZEZLONT
X7:. Lo LAds, BTl Mok y
LOH I3 MAAIR 2 \SREKNT 5 2 ARSI LAREN
Tw% (Honma and Little, 1995 ; Moynahan and Jasin,
1997).

U 2 AN B OBRER Z L 63T 2 &1
BB Z A20 Lz, Ziud, MR T/
ALOSFET LM TREDSBOBHEIZHESLTw
BEEZOLNDLY, FFHBEZO N2 D#ER
TACEREREH DL E, TOLEREFENTL720DTDH
% (K1, 1999a). oz ki, FWIEHLEE T O 2Rk
ty MBI ANGILEEL ZE T2 L THEETH
5. A ABZ BRI RRERZ L5 S 20D, 5§
1y PELTHERERIGFAET S EEICHY, B2
v b & LToODSB2AHMEZ 28 U CHUER DL
Bad 25T, SEFEINBAICB T B MEE TR
GOSN A EROBRIIE IO L) BERD S
£ 7L ZDNFAEETH 0, m2RERITRAIZ,
MM 212 X 5 LOH 3D £ R o #RUZH S
THHbDEEZOLND.

LOHIE&RJd L I3 MM 2 DAHIZ, gene
conversion, illegitimate recombination, mitotic non-
disjunction, chromosome duplication 5 ? % 77 = X L |2
FoTHRIDIHIB (Fig. 2). ThHA A=A AIZHMA
k2, thiEBEOBIEY — I — S M THZEICLD 5T

[ Deletion | | Recombination | e lllegitimate _ Non- Non-disjunction,
conversion recombination disjunction duplication
. ’/’ o ap Mo
7

Tk Copy 1 Copy 2 Copy 2 Copy 1 Copy 1 Copy 2 Copy
Number
Chrom. Shorter No Change No Change Translocation Monosomy No Change
Changes Chromosome

Fig.2 A model for the mechanisms that generate LOH. Deletion, homologous recombination, gene conversion,
illegitimate recombination, non-disjunction, and non-disjunction followed by chromosome duplication
contribute to LOH. These mechanisms can be distinguished by molecular and cytogenetic analyses.

Gene conversion Intragenic mutation

Recombination

Fig.3 Spectra of mutations at the tk locus spontaneously
generating in TKG6 cells. Deletion, recombination,
and gene conversion are demonstrated as LOH.

HTHIENTEL., LOHRAED A 5 = X A % FYT
52 ki, & MIZBU 2 A2 AN 720 T
<, MRtz G325 KHFOMHICE 2% B0k
#2515 (Honmaetal., 2001).

Fig. 312 TK6 Al HARFHTE th (T IR AE R D AR
7 PVEIRT . ERDIIRELR D 20 %h3 HGEIRAER T,
D 80% S LOH TdH V), Z DK AHI M 2 125k
KL Tw/z (Honmaetal., 1997a). ZDOZ &g, 1 ZFH
HIMLIZBWTH DSBOBHEIC, Mz A EE %
HEZRIZLTDEIEERTOIDTH D, 72721,
DFERD S HHIZ e MK T O FIRZEIRAE RS Mgk
BEIDH, MIEZICX 2 LOHD A EBIEICKEZ 5T
WhHESWELZ LIFTE RV, FHmRTESTERIZER
BRI ARTIE, MEZICE>TLOHZ &I T
DSBIEL 3 L b thilifa FHNICE LD UEN %R L, ¥ —
Fy bty baX7FCob#HEBEF caiIns

W, HIEZALOHZMI LR TWRTH S Z & & HfE
LTBLYUENH L., LerLed s, BHEETH
5 Rb R p53 Dt M AAMBTO LOHBEER, Z O
BCITBBINELDE—HLTE), ARHRIZ
DSBBEOEF VR TH 5 L FIFIZ, MDA AALE
BICBULEIETEDETFTNVELEZLZILELTES
(Lietal, 1992).

2. p53 KiEHiRRICH T DEICHARE M
DFFA

WAMHE(Z T TH 5 p53 ik b P ABAMBRIC B VTR
O EHELICAERIBIRE I NLER T TH D (Hollstein et
al.,, 1991), Zofk#E e LT, #HELADNAZGEL,
Ml o R, 7R =3 20 E, DNABHOE
HEITHIZEICE V7 ) AOREICES L Twb L E
Z b Twhb (Kastan et al., 1991 ; Ko et al., 1996).
P53 AR T D ZERE RGN~ DOHE % Wi 5 720,
po3 KiHANE, L 3L RMEE v, 22 THLS
TR 28 IR S R HE % pb3 IE R M & Jhiik L 7=,

TK6MEICe hSEa—< 7 A VADEE S /87 %
S TK6-E6flil, BIUORZ ¥ —nAhzEEA L
72 TK6-20Cflilg 2 #37. L7=. E6 % » 237 13 ¥ /E M p53
FUNRTEREL, TARARMICHMT 7%, TK6-E6
A IZPRREMIC pS3 A RIH L 7-Mila & A2 LA TE
% (Yuetal, 1997). FigdZZNZFNOHNkED th (5
TR WS & R L7z, TK6-E6 13489 10 1% 0 F k225K
LRI O LSAEERD H AL, ph3 D RIEIZ X 0 ML
BRI ALEIZDH D, VbW b mutator phenotype % 71k
L7z (Honma et al., 2000).
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Fig.4 Spontaneous mutation frequencies and spectra of the
mutations at the & locus in wild-type p53 cells (TKS,
TK6-20C), p53-deficient cells (TK6-E6), and p53-
mutated cells (WTK-1). The mutations are classified
into 3 types ; intragenic mutation, hemizygous LOH,
and homzygous LOH.

TK6-E6 MlIa TH: U % AL ROFFHEMHS 22T 5
72% th Z 5k D LOH fi##T 217 - 72 (Fig. 4). Fig.3 IR
L72X 91 2ph3 IEH AL TH % TK6 TldE L 24D K
AR ERD LOH 72 5 7-2DI2xf LT, TK6-E6 Tld<

DIFEAERANIMIOHZRLT. 2D LIXTK6-E6
HN TIIAL A Z BIEAE Z 5 2\ /29 DSB O K70
i3 end-rejoining IC L > THEEINLZ EEZRL TV
COLOHDOHMEZ~Y A 7 a7 74 bx—h—2 v
TITHF Ytk Fic~wy ¥ 7 L7 (Fig. 5). pb3 1Ll
fa (TK6) HIEDRIHILOHDITE A LI thi s 112

(cM)

TK6-E6 mutants 80—

60 —|

I eTEDERERRARRREASYREIILERRTILTCAVISSTERA -5

40 —

20—

FRJ5 -4 % interstitial deletion 7*, tk £ ) K¥gE TP
terminal deletion T®» V), HOARDZEA LD I/ MNRE % o
TWaDIZx LT, ps3/KiEfifE (TK6-E6) Dl AL
DEFARIZIL, et fR)IE #7245 terminal deletion 7°
HETwi, F/2, 20X %A#7% LOH I p53 IEH
a"lﬂﬁ’ﬂl ETRTHIELZRILOH E LTBIE SN, D
5, ARHIEZICE > TBEINE XX DSB2S, ps3 K
FHANE T X end-rejoining 12 & » THHE S I, TR,
KEGROAERELZL-5LT0WEILDEEZ LN
FBE, TK6-E6 KD LOHARMKE 7 0y — LARAS »
MEC X DB 5 &, 17 H/REARDOT R, i,
BRSO E RE D — 70— IZEF A 7 L LTHI
gans.
s OBigt %L%VJ‘% PLF® & 9 7% pb3 RAEAMINIZ
Bl 5 EEMALELED A 1 = X L% ET 5 (Fig. 6).
T, Betafk FICB E 2 ARSUIRNIE, ¥ 3 end-
rejoining |28 S, T Ui interstitial deletion % & 72
5¢. 2L T, ZZTBHEINR» 22 KEYWNIE,
DNA##%, MGk oM R 12 L > TBES
ﬂé Z O L ) IZIEHHNE Tl end-rejoining & i 2 15
J: D, FeRIIIERNEEICRIENDEEDEEZERD
. —Ji, pS3 XKML TIE, M BELTE LW
t&b DNA M BB Yetn KL, ZOREL % MRS
B2 H WK A L, chromatid fusion # BT 5. &
i, —BEMICIZIZETH L)Y, HilnHae Lz 5 L]
EHLESLN, MO 2AMYMASALSL. £LTIAD

11.2 TK6-20C mutants
] THRAI
12
D1751290

D17S855
21 | D17S588

0

D17S807
22 D17S789
D17S785
tk
D17S802 UUUU
24
D17S784
25
D178928

Fig.5 Extent of loss of heterozygosity (LOH) in the TK-deficient mutants TK6-E6 and TK6-20C. Ten microsatellite
loci on chromosome 17 that are heteromorphic in TK6 cells were examined. The approximate position of each
locus is mapped on the right of the schematic chromosome 17q. The human #& locus is mapped on 17q23.2.
Open and closed bars represent hemizygous LOH and homozygous LOH mutants, respectively. Length of
bars indicates the extent of LOH. Forty-two hemizygous and 2 homozygous LOH mutants from TK6-E6 and
14 hemizygous and 20 homozygous LOH mutants from TK6-20C were analyzed.
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Fig. 6 A model for mechanisms eliciting DSBs repair in wild-type p53 cells and p53-deficient cells.
DSBs spontaneously arising are primarily repaired by end-rejoining, resulting in interstitial

deletions. After DNA replication, remaining DSBs were promptly repaired by homologous

recombination resulting in homozygous LOH, but no apparent chromosomal changes. In

p53-deficient cells, on the other hand, the DSBs are not subjected to recombinational repair.

Broken chromosomes trigger the breakage-fusion-bridge (BFB) cycle, occasionally

stabilized by the addition of a chromosome fragment with telomere through end-rejoining or

recombination, and then finally lead to a mosaic of variegated chromosome aberrations.

DNA## %% C, 0 chromatid fusionZ#£Z L,
BRI b. ZOHKR % Breakage-fusion-bridge
(BFB) cycle x5 (Coquelle et al., 1997 ; Pipiras et
al, 1998). Tk X5 &5 E 5N LRI LTL
b fusion L 728812 CTld 2 <, fragile site ® X 9 P ELK
WCH WAL TR & 2 2 e P Eh, oG, etk
HIREL, —HIEEcEL %
CORSOZEAIIMY BRI ND T LITHINES

I% asymmetric 12541,
D, &6l

N5, ZLTCZoOHA 7 VBRI, Jlodfufke ol
2 2 % end-rejoining 12 & - T, KIGERH 2T T X 7 A&
RS HIEICEID AN Y ST 5. %m AR
2, etk R4, K, MRS Wo o REE T A 2
RZH7256F. 2o X I, ps3 RIEMIIEA EZMITAR
RETHD, TOENIZ, TAHALPIIBEIRLLV
DSBTH Y, TNHBFBH A 7 VD5 &4E%-7T,
fize DY RBRELGERITIDLEZOLNS.
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3. p53 EEMRICHIF DEITHAFILEM
DA

p53 2 FLANL & L C WTK-141% R L 7. WTK-1
X TK6 & [/ —#iF 2 & O isogenic ML TdH %55, pb3 ik
BfDa FY23TICHREICRRERZ bO720, LR
p53 % U3 IS L EICER L T b, WTK-1#
FaIZBWTD th BT HETTK6 MO 305 Ed oA
SRZEIRAE TR E OB ASA 5 41, mutator phenotype %
AmL7: (Fig. 4). ZREEZHNT5 L, WIK-1MlL T
EANIBLOH 2T TR L, AEMOLOH OB L BN
LCTw/, 202 bH» s WIK-1#H2 Tld TK6-E6 i &
R, MEZBEEIRFIATVWEDLEEZ LN
7= (Fig. 4). LOHZBkO etk % i+ 5 &, #if
R E DN B RAERDOGARINTIEE Z D b DA%
, ZOWHBIIERMRCZO—F VICHEg IR &h
5 WTK-1 Mg CTIZ Al 2 513 2 525, €0 fidelity
AL 720 2 FEHIE (illegitimate) PEDORIRZIZL D,
Ml D Gt fRERAL & DIRE R FERTHDOEEZ LN
(Honma et al., 1997b). %7z, WTK-1 g TIL kA
SrBElC X % aneuploid b SHHEEICBIRE S, AR p53
(AR AABEH O TR 120 ) et RO AR Z b 7256
TTTh L, ARG b BT G
A, FOAROBMEEDLELbDLEEZ 517z (Cross
et al., 1995 ; Fukasawa et al., 1996 ; Honma et al.,
2001).

fa 8

pS3 W X MR L L L LT, 7/ AL
72 DSB O AR F 2 IBH~O 52 ¢35 5. p53 K4
A TIE Z OMFERIRZ 25T AR @ 2 nizo, 15
BaRNT-DSBIZBFBH A 7 V% 4 L CTHikE, K,
BRSO S F & F e tufkiZH 2 7253 (Livingstone
etal, 1992 ; Agapova et al., 1996 ; Mukhopadhyay et al.,
1997). %7z, p53Z RN TIEM A 2 BB L REF
ENTWLHDOD, ZOIEHES DM 72812 Gefo iz
JEAFERT D, TOXHITpS3 DK, b L IFEFIC
& B BARWA G ETEIE SRR D X 9 /NS R
BRI SRORLRXVOKE LT 7 ZBLIZBYS- LT
W5, ZERBEBRIFEBBIIBILY 2Bk EZ D E,
pb3 DL, MM, FEMEEOMBEZ LT, 7/
AHZ LOH RO R R Rt KR O ER 2R L T
WhHbDEEZLNS.

72, CTTRLAEBFBYA 2 VICE DT ) A%
EALBHGUTIEFMILIZB VT, MRS O BRBIA
&7 Al DSBAELLAIZDIRRZ S
WHREMEDSH D, BT X B et koo K Je, dinkE,
B & v o 7o BIERI Qe R R B O XA H = X 8 &2 G
MICHT 22 TE 5 (KM, 1999b).
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Mechanisms for the oxidative stress response and oxidative
mutagenesis in Escherichia coli
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Summary

Bacterial cells employ transcriptional factors which sense elevated levels of oxidative stress and regulate
expression of antioxidant genes. In E. coli, two redox-responsive transcriptional regulators, SoxR and OxyR,
have been well characterized. The SoxR contains iron-sulfur centers to sense superoxide stress or nitric
oxide. The OxyR contains a thiol-sulfide redox-switch to sense peroxide stress. In this review, I present
discussion about the source of oxidative stress in bacteria, oxidative lesions of cellular bio-molecules, the
antioxidant responses and their regulation mechanisms.

Keywords . OxyR, SoxR, disulfide bond, iron-sulfur cluster, transcriptional activator

o — IR, HEALOBAE T, BEOHRFI Z

" BT 5L B2, ZOMEOFIIHE- THIEBES R

Superoxide anion radical (O, ), hydrogen peroxide % Z &127% % ROS D EHE:Z /BRI WIED B 720D
(H,0,), hydroxyl radical (¢OH) 7 & @G 1EEE #FE S F SF PSR A LT &2 MBICIZROS &

il

(reactive oxygen species ; ROS) &, #f& MG s
DBFIFWAPE > THIELD L LI, HIMOBE
BRIERLFEVBAWE O, IR Z EICE-TH
ZOREESHmRE NS, ThHDROSIE, ZOEWVK
ISTEAHZ, R, IRE, & v 237 - & wvo 72K
WG E 5 2, ENVERPHIEEZ I SEZ L, 2%A
ZIILHETHEESELHRBOBKRELLEEZEZ LN
TWh, Fgilt, 6 OERGT-OBLIEGOAK
2 hypochlorous acid (HOCI), nitric oxide radical
(NOe), peroxynitrite (HOONO), nitrosothiol (RSNO)
EDVHGTHWREEDRE I N TV S,

A1 2001455 H9H B 200145 H 24 H
OHARRBTL IG5

At L7z 0, U5 24515 9 5 BER A 2 56 3L
XENTWE, AT, WhYLEILSE L I 5 Bhif
IBEEMZTBY, BWLNXILOROSICHUUL TWAS,
INHDIRE Y AT A1, ROSLXNLVOHINZ R L,
ZHEo TS S L PiHEE TR 2 RAET S &
WOTHARLBR YT FIVINT VAT 7 a yOHMAIZE 5
THI I TS, ARTIEABREICBI) % ROS A b
L A EENxET B BiIs A o MR, €L Ttk
W E 2 EI2onT, REOWEHRED F LA TR
i L7z,

1. B{EA L ADFEER

HEMEDFGA TAZ A NEEBEWZE ST, BILA
F L ANDOBEGEIIRT A2 ETHD. TOMILA b

AR H ARBEEA B2 55 29 MK 43 12 B W TIEER S 7z 2000 4F BEWFZE 38 ) B 2 Bl CH 5.
This paper is the lecture of the JEMS Achievement Award (2000) presented at the 29th JEMS annual meeting, 2000.
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L A DI U A NFIR BRI ) B R D 4B T &
b, LOANEHTHA., L2 LEVPLRERTIE, F
N7 O ARBERICE BEEORICR T/ Y HOBLIZHE
9 ROSOAERIEENIFEEZTIEZ% < (Messner and
Imlay, 1999), % L A&t flavoprotein Td 5 NADH
dehydrogenase 11 7 & @ flavin @ H B L 23 E T, =
N Z DRI T O HE S T~ DET O DI )
DAT v TeHoTWBEDHDDHSH (Gonzalez-
Flecha and Demple, 1995 ; Imlay and Fridovich, 1991).
MBLNTHER T 5 ROSOREREILA M L A DREIR,
HNE N @ 32 e flavoprotein X NADH dehydrogenase 11
DEANT T 7 OB O F&M % LI &k - TR
7:02FEETHS. KBRTIIHERWIZHEIL Tw»
% superoxide dismutase (SOD) »%, T h 6 ®
endogenous source 7*5/E U720, % 107 "M R D 1E
WKHIZ TS, ZOREOREDO, &, FHETELL
NNVOBEETIZHHLOD, 20, 126 L TEwvwigs
P2 R TIEROWEER E13 50 %R 12 Hfl <, Al
B2 b % % R (Gort and Imlay, 1998). — /7,
H,0, % catalase X° peroxidase $i, & %\l glutathione
REWCED 10 ~10 " MBEOREICHZSOA TV
(Gonzalez-Flecha and Demple, 1995). Z ®iJ%1£0, X
DIEE VS, Hy0,12 X MBS SEDBIEA 107 ° M A2
TH % Z & (Imlay, personal communication) %% 2 %
Ltk % MRS 2 12IE T w5 THA .
L LA s, 2hbofiidMizio o,  H,0,
BB LA L2 EIERL T Eidviiew. iz
X, B R EGEATFIOMED 72D, EAFESHT
TH 537 71 7IZH L T redox-cycling agent & 171X
LWHELEET D, COWHIZ, N7 T T OMBENIZ
Iy sAEh, MEANTNADH X NADPH % & i sl
DHBEZECEERNIZEILE N, DWTO0,I2 &1 IR
FWICEIL S, HOoWEIZL 5. OIS
PR, ORETE22ZMD 0, 24EL 5. T4bbZ
DIEALEITCIURIZ L D O, D HERMICAR SN D Z &1
b, TEHMANTE, Ak~ 7r—Yhe
O fHMfa A3 NADPH oxidase % nitric oxide synthase,
myeloperoxidase 7 12X D O, , NOe, HOCIXRZ®D
BSOS EY T H 5 H,0,, *OH, HOONO, RSNO 7 &
EHABRLERLTCWS, ISV IRBHILFETO
ROSIZHZ HNTWA, TNHDOROSDH B, 0, 1&H
HEMAETTENZ T ) TOMBEEZ E#E L ZvwEwvbh
T\w% (Lynch and Fridovich, 1978 ; Nunoshiba et al.,
1993a) 2%, EAMBENIEEEZOT, ERTLHDTIER
WELEZLNTWD. In vitro TENRZENDROS A
NG T ) TR L CESUEN 2R3 2 L R Bk T 2
NOOBEPEMBBIC L 2BMICHML b2 il
WFHERE ST WD 2%, FEIBEIC & D ROS AV 0 5 st/
HEHSTVWEDONE ) NIEHLN TRV,
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2. EFxDFOEER FUREE

Lk X9 BRFEARIC L D & L2 ROSIE, AEg T
ERIBL, SFESFLRLDLIATOHGEEAEL S.
O, FHEHN DR R LD ERER/A + v OME5§ 5
AEEEOE, 5 WiESOD I & D #EIt SN H,0, & % 5.
H,0, H & 3w Tldd 425, oy a3
AL MmenTwsd, L2LErSZ0RKNE R
LA DR 5 D OOV TIEWE ZH 50T
v, HO,3BED Y AT A4 ViEREOF F — V281
L, ZOBERZRIGZEDLLOWEDDH Y, BELEND
—DEENTWD, F/-H,0,iE, O, I2X)@ic3hs
ik A A RO A A+ v & & @ Harber-
Weiss/Fenton FUSIZ & V), fxd SUSTED g5 o OH & 72
D, BlE, RE, ¥ N7 EHEHIL$T % (Farr and
Kogoma, 1991). #l 2 X% & DA + ~» 1E DNAD
phosphodiester # & 12 R TES % W23 % 72, Fenton
BOBASDNALZEETRI S Z 2 H 5, DNAIZ eOHD I
72BN EVZ D, L72A > T, HO0, DEFEAER I 100
Fixfiz b &b vwbitd DNADORILHGICRNT 50
Tl HRwhr %2 51 Twa (Imlay and Linn, 1988 ;
Imlay et al., 1988). %7 T%, 8o0x0G X thymine glycol
L 3L RIS T, DNABRHERERERD
JRAR & 7 5 2 LI BRBRAREOM ST TIE L CHash
TWBIEThbhH. E5IZX 7 LFF FORBLIEETH
% 80x0dGTP (Maki and Sekiguchi, 1992) %> 2-oxodATP
(Inoue et al., 1998) & EHWAREH A I/RT I &b, {F
HEhTws, LaLlZhEEdis, TTTHRELLV
DIx, BEREEZIEERMICS OBEITHT 50, O
BT D (Stadtman, 1993). B TH4ODY AT A~
FRIED thiol 234 53 T Ok A + v % ddz % [4Fe4S] % 4
TOH-44Y (FeS) 75 AY—a&AHTHEEHRL,
0, DENERDRT L, O, OBEEIZX ) Sha e,
ANEPHALSNE 2 EAE I N TS, TNEDOREHEIC
% e, B-dihydroxy acid dehydratase X> 6-phosphogluconate
dehydratase, fumarase, % L Caconitase 7%z &2 1),
in vitro TOAALFN 2 FEERITI 2 T, ML D SOD K
HRBRTINS ORERITEIMET LTn5 Z & bt
SN Tw5b (Gardner and Fridovich, 1991a, 1991b and
1992 ; Flint et al., 1993). Zh 5 D OAGEEALIL,
HICHRIGH2 IS0 E 6T, 2lio8k( +
MR ERES 5. L 72A% 5 T Fenton UG % {2
L, eOHIZ X 24K T O b 22T HHEHRICH &
% (Keyer and Imlay, 1996 ; Liochev and Fridovich,
1994) .

HillEkP~ra 77— % L&, 0,7, NOe, HOC],
$7:H,0,, *OH, HOONO, RSNO 7% &% f: 1 L 8¢ i
LCTwA. NOe (X, cytochrome oxidase ® heme % Cu
WA THZ LX) N2 7 ) 7TONREZHET 2

(Hori et al., 1996 ; Butler et al., 1997) (%>, aconitase
® [4Fe4S] 7 Ay — 2 WHEL TG LI EH 2 &
(Gardner et al., 1997) %%in vitro DEERT/RENT W5,
HOONO (ZNOe & 0, OS2 L > THEL, 0, &k
2Tk @ dehydratase % aconitase @ [4Fe-4S] 7 7 A ¥
— % ¥4 2% (Hausladen and Fridovich, 1994 ; Castro
et al,, 1994 ; Keyer and Imlay, 1997). %7z, H,0,D X
RO Y AT A4 VFRHD thiol % &1t ¥ 5 (Radi et
al., 1991). HOONO X FBEH I ALK TH %
ONOO™ k7 1), DNAIZ b EHEMRLIANE 2 E T 550
Wit % b2k DL H %5 (Beckman et al., 1990 ;
Goldstein et al., 1996). L2*L, Z OGP bIZAEAKRANS
tTiRETLVOTERVR L VbR TWS. RSNO
12 HOONO & thiol & DU, & 5 \WIZEEFRR & OfF
{fE FTHONOe & thiol £ DB & o THEL, thiol DI
b2t d 5. 20X )Ml %2 DHEERGTFITHT 58
IZOWTOHEIXH L OO, TNHIZ L DRE O
WZDOWTIEH L TZR .

3. B{ER bLRICHT DB5EIELE

INSHDOROSICZE B S F SF BT T ORI
LT, KBriEAd < &b, ROSHOHZE: & ROSIC
X o THEU LB S T Oa R EBE L V) BRED
Pk 2 i 2 T b, BlziE, O, HEMETH S
FeSOD (sodB) % Cu/ZnSOD (sodC) (Fridovich,
1995 ; Gort et al., 1999), H,O,ii L £ TH 5
hydroheroxidase II (catalase, katE), ML) DNAH;
DIEEIZE b %S DNA exonuclease 11T (Exolll, xth) ,
DNA polymerase 1 (polA) 7 LI E L% PiflitghE < %
(Farr and Kogoma, 1991 ; Demple and Harrison, 1994).
LALINSLDZ v 82 Bk a—FT58ETDEL
&, I kR 7%l H ORI & T U 5 ROSIZHS
g B LNV THRILTWS., L72d> T, ROSOM
FAPI L~V 8BS U 22855 23l g 5 72 0 DO FEREAT L 22
LRI L. F¥E, KBRTIRROSIZKIGLT, %
COBHBERNZFETLIREL LT, TNETIZO,
B4 PER) THAHE X b SoxRS (Fig. 1) & H,0, TiFE S
% OxyR (Fig. 2) @200 Y AT A0FEH I T
% (Hidalgo and Demple, 1996 ; Nunoshiba, 1996 ;
Zheng and Storz, 2000 ; Pomposiello and Demple,
2001).

SoxRS NI & » T S N5 PiMERICIE, O,
FWEFHTdHH MnSOD (sodA), DNA B HEHE &K
endonuclease IV (nfo), FE{LA PL A FTOIZRINF—
M B fumarase C (fumC) *° aconitase (acnA),
K P A G IR TE D MERF 12 P 4 glucose-6-phosphate
dehydrogenase (zwf) #%&% % (Hidalgo and Demple,
1996 ; Nunoshiba, 1996). % 7z GPT cyclohydrolase & 2
— F¥ 2% ribA#ETH I ORECL ) FESN L EE

+»—>TH 5 (Koh et al.,, 1996). KK Z i
riboflavin A IZHZHDOBER E LTHONTB Y, K
T D ribA RAEKEK X riboflavin BoR P % 73§, il 2 O
o 7%%, 8-0xodGTP % IN/K455#3 % 8-0xodGTPase & 2
— N9 2 85T mutT O KM Z MM § 8L LT
SrEEE I, in vitro, in vivo D FEERIC X D MutT 8-
oxodGTPase /Ny 7 7 v 795 2 EHGEH I TV S
(Kobayashi et al., 1998). & 512, flavodoxin A (fIdA)
(Zheng et al., 1999), ferredoxin-NADPH oxido-reductase
(fpr) (Liochev et al., 1994) 7%%SoxRSIBZIZ & V) i &
NTWABIEDPHMOLENTVIEA, €00, (x5 % bt
WZBIFAHEEIWS TRV, 0, IZHEEZYED [4Fe-
4S] 75 A5 —ORITEREOHIFIZ WD > TV HOTIE
LumtEZOND.

SoxRS G & M fn T DR 2T 5 721 T4
$, P iE T oORHERET 258, HGEi(sro%
BHEHHL, EzRTs0bds. 2, SoORGA
AART DY) Ty —TdhbFur (fur) 1, ZOH
Tdh b (Zheng et al, 1999). Fur lZHIEHNOEKA 4+ >~ &
WAL TR sh, Skotks o387 Bof i & Hii
T5. ThbbMiENOSAF LNV EHIRT 52 L
T, Fenton JIGHIZ & % eOHDAEKZHHI L TWB DT
HHD. TS 287 OmpF @ antisenseRNA T
b micFbZD—2DFl w2 % (Chou et al., 1993).
SoxRSIGETlE micFORH EMAET LT LI2LD
OmpF OFIREMET S, MULKAHEESY v 87 HEa—
R4 5 tolC 15T b SoxRS CTHfi S5 2 & 3t &
NTHDH (Aono et al,, 1998), WINDOLGHDBEH S
12 redox cycling agents ® & 9 % O, %S 2 KW E
DHGAAZHHIL T2 bnEEZHN5. ZoM, =
N E TIZEM D soi (superoxide inducible) #{xf
(Mito et al., 1993) , inaA i fz T~ (Rosner and
Slonczewski, 1994) % L T pqi5 (paraquat-inducible)
(Koh and Roe, 1995) #¥SoxRSIGZ&IZ L i S Tw»
LI EDVHOENTWDH, FNOOBIZTEY DHEREIC
DVTIRVEZHL LTI AV, FITEETIIFFEST
TWRVA, ZOREVHBICHES T ERK
TR PEML A 2 A EE DS A AR O B TR, SoxRS DK 4H
FeD 100555 < b 2 L2 Wil L Tw%  (Nunoshiba,
BeRadefii ) . SoxRSIGH L L Lo+ HFE o #in T 5B
ZRMTAHZ LT, TROHIRAMIE N THIRE O,
ANV ADPLEHHLTWS.

— 7} D OxyRIEZ L, H,0, TiHE SN2 BiHEm O
—HoREMmEH > Twb, FlziE, H0,HERMETH
% hydroheroxidase I (catalase, katG) DA, FELRI 7L
5 F ok v R WAL 55 D& ITHE K T dH % glutathione
reductase (gor) % alkyl hydroperoxide reductase
(ahpCF) (Hidalgo and Demple, 1996), glutaredoxin 1
(grxA) (Tao, 1997), & 5IZSoxRSIZHHlfHIET T2
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Inactive form

A
soxR ? A soxS -
AT

RNAP

Active form

activated by O,/

A A \v NO- signal

soxR soxS
W o

SoxR* RNAP DISD oo @L,
0o @Y.

SoxS RNAP

Fig. 1 The soxRS regulon. The soxRS locus is consist of the
divergently transcribed the soxR and soxS genes. The SoxR
protein (triangles) is constitutively produced and is
activated by exposure with redox-cycling agent or nitric
oxide. The oxidized form (activated form) of SoxR (SoxR*

; triangles with oblique lines) stimulates the transcription
of the soxS gene, whose product (open square) activates
the transcription of genes for protective functions from
superoxide stress. RNAP ; RNA polymerase

Fur (Zheng et al., 1999) 2 DIEFIZHAMI ST 5
% 7z, stationary phase T S, JEFFELNYIZ DNA S
W9 Ay 87 TdhADps (DNA binding protein in
stationary phase) % I— N9 % dpsitifn{ b OxyR Tl
&N Tw5b (Martinez and Kolter, 1997). 2D % > /%
7 B OR S i A ferritin L FPLL TWAH T &5, Dps
FIEFERIICDNACK BT 5 L L b, Ok A +
Y ERNNIAAT, DNADOITEETH «OH D/ & Z
NIZX 2 DNAHEZ I VWTWE0EEZLATWE
(Grant et al., 1998). JZ T, oxyS & MEN % i {s -
2B D5 RNADOFEHPERWZENTEY, ZDoxyS
DIEBIDGEIRERTE I 2 P 5 2 LRI TV D
BOD, FELWEHEIZOWTIZHS 2 TIid v (Altuvia
et al.,, 1997). i, FHNLAHI DI L v OxyRIZHIH &
NLBIRTDARDOD - TETWDEY, ZOEEIWS )
TIERVOT, KETITHET 5.

SoxRSIE%, OxyRIGEIE, 0, % H,0,12 & 2 WE{Li
BHIR LT < i3 ) T <, SoxRSIE, %< oA
H, ARG, NOe Lo EEEF I LT H kYL
3 % (Miller and Sulavik, 1996 ; Nakajima et al.,
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Inactive form

oxyS ~ oxyR
e e ——
f a
RNAP -0
Active form 0o
mRNA
- ==
f ? oxyR
oxy
OxyR* RNAP ”
Xy 6 ahp 3
gor
activated by H202 &grx >
dps
/ (55 B
OxyR* RNAP

Fig. 2 The oxyR regulon. The OxyR protein (open square) is
constitutively produced and oxidized by peroxide. The
oxidized form (activated form) of OxyR (OxyR* ; square
with oblique lines) binds to promoter region of genes and
the oxyS gene, and stimulates their transcription. The gene
products and the oxyS RNA induced by activated OxyR are
involved in protection from peroxide stress. RNAP ; RNA
polymerase

1995 ; Nunoshiba et al., 1993a), %7z, OxyR 3® HOCI
RABRAEE, IEMEER I LT Pi#EIZH < (Dukan
and Touati, 1996 ; Ferrante et al., 1995 ; Hausladen et
al.,, 1996 ; Chen et al., 1998). ZTHLINZ TV T D
SoxRSIEZ & PUAEE R NO e 1239 5 BifHliZ DWW T,
WAEY P OB S BIRZE C, Rl QA DWW TR
T 5.

4. KIFED ROS B DAEHIE

PR KB D 22D ROSIHE, T 7D H SoxRS
I8, OxyRIGE Oz i OB % % Fig. 1 & Fig. 212
RL7z. BIEE, soxR, soxS &\ 2O DR T DFEY
L ER DL, WbhW 5 two-component system (2 & 1)
TEEAHMEN TS, SoxRIEZHK 17kDad ¥ > 787 'H
TN E7 2 DNA ff*A;E'f-— 7 T& 5 helix-turn-helix
(HTH) 2% 1, CAumfizix, CX,CXCX;C &\ ) 5t
WhIZATA4 Y (cys) DI TR —=dHb. TOT 3
JBERCHIE, Tn21 %7 F A 3 NICHAET 2 KU
% 342 18) < mer (mercury resistance) operon ®d+t >
H—TH D GAEHEN T-TH D MerR EFBLL TH Y,

HTHRX cys 7 7 A¥ —DfiEZ L TE&KIIHbIzoT
28% DT 3 /B ?Didentity # 73 (Amabile-Cuevas and
Demple, 1991). MerRTl&, Z®DcysZ 7 A ¥ — /KR
MEEET D ETIHML I N, FiROMEICED S HE
F oG 23 % (Helman et al., 1990 ; Summers,
1992). XN/ SoxR 7 Y87 H ik, $EmAE T RET
Lot E R4 452 & (Hidalgo and Demple, 1994) 7»
Leys 7 FAY =3B EEATHFeST TAY—T,
Wtk v —of#EziH) L Z 2 57z, ZOIREN
B IS REE S T BB RIRD soxR IR 121X, 3K
WCEBRDL Bligts b & (Nunoshiba and Demple,
1994), F7242® cys D\ § L% alanine (2R L TDH,
ZFOERSoxRIFEE LD L &I, O, WEAICL S
soxS DFEEME % U9 (Bradley et al,, 1997) % &4, £

TREYEZ LT 5. SoxR % v /8 7 B2 k% K
L, soxSHEIZTOTaE—%—D-3505 — 10 k%
BHEIHITHABETH, ZD-35¢L —10%&0)@&?‘]

Z N Z 1 RNA polymerase @ ¢ subunit 2538 L T
L,h%@tb@gﬁ%ﬁk®%éﬁt%%%¢éﬁﬁ
THb. TDsoxSTUE—F—D—35% —10 FHIBLORL
NG R T2 LEE LT O E— ¥ —DF NI
L —HLTWE HT, WEHDO A= ZH 191
HETHY, WHED 15~ 17HIET L VRIS DH 5
(Nunoshiba et al., 1992 ; Hidalgo and Demple, 1994).
SoxRIZZDHEKICHEATHIET, TOHBDOLEA
Werh 2R 5B &R T d AW IEED, RNA polymerase
osubunit 2k B 7 UE—¥ —DBBEWIT TV D EHE
WshTwab, F%E, -35L - 10HBMOAN—2%
16 ~ 183 HExf 129 5 2 & TSoxR 7% L IZ soxS 234n 5. &
., 16, 17HIENOY4, SoxRiztr L ARG % fHES
HZENEBMIZIEN & Tw s (Hidalgo and
Demple, 1997).

—7J7, SoxSiZ#13 kDaD ¥ /87 B TRIE ) N K
2 DNAKAEF —7 THHHTHHH D, HiAWEHIK
PiPEIZ M 5 mar (multi-antibiotics resistance) operon
DEEAEHER T-TH % MarAD T I/ BRILHI & 42% D
identity #, /2 KB HOEGAEER L LTLCHS
N5 AraC® CEW# 1007 I/ BEOEY| &4 28% D
identity # & > (Amabile-Cuevas and Demple, 1991 ;
Wu and Weiss, 1991). T 5 20Dl (5 TR {s 1Y
Z M\ 72 in vivo, in vitro D5r T IEIRFE S H Vx5 T
WA R IEATICE D, ITFTOZ E5EH S Tw 3
T 7% bbb SoxR 1Tt v Y —B X W soxS #n T DG AL AE
HfeLTH&, 0, Y7 FNicLifitibsns
soxS AL T B D 7 0 € — & — IR A LTRG24
T 5. RIZTH L TR S N7z SoxS A F i D
Rifiliit fn FREOBARMEN & LTH L) bDTH
% (Nunoshiba et al., 1992 ; Wu and Weiss, 1992 ; Li
and Demple, 1994). T 7, #FED SoxSIZHH D 71

—HIRICHAT A2 THHOEEZIHIT 5
EMD, TNHIDIRED feedback B TH 5 & % 2
5 Cw2 (Nunoshiba et al., 1993b) .

TiE, SoxRITWVHIZIHEAL SN D DA, ﬁﬂ%ﬁ?ﬁ‘f‘o
RS L 72 SoxR T —w k2 e L, CAKunll [2Fe-
28] kv —%dbL, HOZED2ODFed L bITHAL
M (Fe’ —Fe’") THbH. ZDSoxRILsoxS BIET DT
TE—% =2 LCEbD Tl (10015 =5 MHE
1M % 7”73 (Hidalgo and Demple, 1994) ThbbID
SoxR® [2Fe-2S] > % —130, T%HL & HERHD
0,12 & > THESIIEMALE LS. In vitro TZ @ SoxR D
[2Fe-2S] ¥ % —% ~BT&EIL L TR (Fe’ ™ —
Fe'") 129 5L, TomERENEILEbNS (Ding
et al., 1996 ; Gaudu and Weiss, 1996). ¥ 72, #Hix4Mt
TR L 725 07 SoxR Z LA B L 2 &IPS
THIENTEL, Thbb, TDOSoxRIE, [2Fe-2S]
Yy —O—EFOIBAL/FEITIZ X o T, &L/ AT
PR EEINLIZDOTHS. TRRBEHOHMBATO
SoxR® [2Fe-2S] & ¥ & —OFAL/BICIKEIZ VAT E
L4 2% 0 H». In vivoT O BEAL /& L IRE %
Electroparamagnetic Resonance (EPR) % HI\WCi#fL
ToREHE, PSSR T T A R A IEIN @ SoxR @
[2Fe-2S] t v % —1395% Ll A% cRIC (Hidalgo et
al., 1997 ; Gaudu et al., 1997 ; Ding and Demple, 1997),
#ie % redox cycling agents TAULHL9 % &, BELHI %2R
3 (Ding and Demple, 1997). 3 %&b % [2Fe-2S]
5 — Z ZHSoxR DG AL D redox switch THh 5 Z
EANEE N0 TH D (Fig. 3A).

F 72 SoxR DAL T DOEEL /& IE D kinetics b [FIFED
FiETHE SR, Hwizredox cycling agent @ O, e
WX > TEVRLEDLOD, i, KR
L7250 %I121F [2Fe-2S] & v ¥ — 3L 2R L,
RSN TR L TO, HiEZ2 i3 2 & U0 TT
WaERTZEPMERINTWS (Ding and Demple,
1997). Z @ kinetics 1ZZ D F F soxS DO kinetics (2
ELHH&L WLBRT% 2 23 LLNIZ mRNA #2542 456, 105
BAITEE O 100 52 I10#ET 5. S HITHA S T’FT 1%
Tf‘: 20 3 ANIZIZ @8 O L XLz £ 5.

Z O SoxRS It & O IR iRk IC oW, BlfE, k3 h
TWAREIX, SoxRD [2Fe-2S] v ¥ — %W L34
DR L TH. £ L THISEITCIREBIZRELZZD,
WHOFMCTRICRELHFFT 2012, L)l
’Cﬁ)é Z DI d redox cycling agent 280, % WEpE

- THEESN S, LA LIDO0, OHIERIGE
%lﬂﬂ’ﬂl*]@ NADH % NADPH 7 L O i Hl oW % 119 .
L7225 T, SoxR® [2Fe-2S] ¥ % =30, I2& -
THERILEN D DN, Fh e b NADPH & LD,
HHVIIHEIC X > THEMICRIL SN2 D02 HET
LORESTIERL, EBOOHEMEE D SR AR

27




A
@]2+ [ZF@

NADPH/NADP*
0y
NO-

reductase ?

“ [2Fe-2513+[2Fe-2S]3f’

sgSH

/‘jHSSHHSSH; i
H,0, ( '

GSH/
Grx1

S-S S-S S-S S-S

Fig. 3 Mechanisms for SoxR and OxyR activation and deactivation.
A ; Inactive form of SoxR contains reduced form of iron-
sulfur center ([2Fe-2S1°"), whereas its active form
contains oxidized iron-sulfur center ([2Fe-2S]°"). The
iron-sulfur center can be oxidized directly by O, and by
NOe, or indirectly in response to redox imbalance
(NADPH/NADP *). In both cases, the dimer of the SoxR
can bind to the soxS promoter, and only oxidized form of
SoxR dimmer can work as a transcriptional activator. B ;
Each subunit of the OxyR tetramer contains two cystein
residues that form intramolecular disulfide bonds by H,0,,
resulted in its activation for transcriptional factor of the
target genes. The bonds are re-reduced by glutathion
(GSH) or glutaredoxin 1 (Grx1)

PHEIhTWT, BfEFToLIrarerHyRidH
biiTwZwv, F72, NOe 12X 5 SoxROiEHALIX, Z
NETRLZIEBICIDEEbNS. NOo X FEIZ
[2Fe-2S] ¥ % — L )t L, dinitrosyl-iron- thiol
complex 234 U % Z & HYin vitro TEPRIZ X V) il &

in vitro T soxS TR GIHVEALRE IV DD % LT SoxR t
IIZFAETH 5 (Ding and Demple, 2000). F 72 in
vivo TH, KERHIZ~D NOe MLELD 2 47 LINIZ SoxR
D= MEARZ Y, WHE DL L= oyt
SN7z2SoxRIFTHRLPITWA L TEILINIRES Z &%
= b Y WAL E N7z SoxR D DB IR A2 72 H 12 soxS D
MEROMWBMIZKMEINL I EIEREIN TS
(Ding and Demple, 2000). L EOFEENS, Ll L
HNOe IZH T ZINEDOEMEIZOVTIE, NOe 28
[2Fe-2S] > & —IZHG L, ML €5 L HRSh
Tw5b (Fig. 3A).

28

LT SoxR Z #CIRREICE L7z Y, MW OS5t
TLIREZ HEFET 2 DI A P IR FCREL &
SOXRA TN CTH o722 L 2 E 25 L, MINIC
VLl H D SAFTld SoxR % BICIREICHEF T 5 L 02D
% L #Z D Dldreasonable THAH). THIZ LIZMLT
BLURIR WS 2380 5. 3 7% b H KB M 213 NADPH &4
FIZSoxRZHEILTAWEUROHLE VI DTH S
(Kobayashi and Tagawa, 1999). #&&7%2056, 40 &
AHZDENER DY R PR ENE I — Y LEET
DFEEIZIE W2 T, F 72, flavodoxin %
ferredoxin-NADPH oxido-reductase 72 &A% Z OG22 M
HEINnTnwasaZbaEz 5L, ZNODEEILMN SoxR %
BT L720), I OR R R I 2 MR 2 ol <
ETHNIEEHMNTH L. LeLEDS, ThbDEiET
DRIBMEIZBIT 5 SoxRSINED L N )ik, FEFEIRAE
FEIKEOWTNOYE S 2 &1k i%\%ﬂ“(b\&b‘
(Gaudu and Weiss, 2000). Z ORHEHIZOWTIZSHOE
MM P ETH 5.

—J, OxyRIN&E TiZ, SoxRSOME& L IZRL Y,
OxyR D H3+t > H— t’F’iﬁ@Fﬁfﬂiﬁfi%ﬁ@ﬁgﬁt
K& LT <. OxyRIEN K% MiZ HTH motif Z &
34 kDad ¥ Y8 T, T3 /@$EHT£VJ’BLySR7 7
IV LRI N L ERERFOT7 7 I —IZRT 5
(Storz et al., 1990). ¥ L 7> OxyR %, #irh T4k
2L, HICETGRENTEE b B, i’?ﬁﬁ:?ﬂ]%bﬂié &
AR D 2 M5, OxyROEWAL/AIGTEILIZ
OxyR DAL/ ITH 53 5 L # 2 517z (Storz et al.,
1990 ; Tao etal., 1991 ; Tao etal., 1993). F7z, ZDOif
R OxyR ¥ ¥ 287 HiL, FOEsTHo7oE—

¥ —aIIZHE A L, RNA polymerase @ alpha subunit &
HWERETAIETREERETI LGN E R TS
(Tao et al., 1993). Z® % OxyR (21Z 6 i D cys 5L A1F
fEL, 2D H?DCysl99 & Cys208 % DZ L 42D cys
&, in vitro TOAEFEALZ XY alanine ¥ 7213 serine |2
B L CHMGOMRAEITZE TR L, —F Cysl99 &
Cys208 T I S € 5 LB RES AN RS BB T L
(Kullik et al., 1995) %5, 5D cys DEEALASTEEAL
WZHG3 5 EEZ 20N ik, OxyR4eEAKDM 4 D55
%W@CWW9twgwﬁﬁ%’Mﬂéﬂf?xw74
FREZIERT 5 2 &A%, OxyROIGEHALICHETH 5
Z EAVin vivo THEFE X LT % (Zheng et al., 1998 ;
Aslund et al., 1999 ; Tao, 1999). In vivo T® OxyR D
LiZE O TR, H,0, 0B %K 30 B4 11T LR &
%, KRR S H0, Br 214 5 7 MHIBRAL U AN EAE L
Twb. SoxROY;G LBk, ZoO#iRIZ7272H120xyR
D T HREIET OIRGROZEAT T 5 2 LRSI
Tw5 (Tao, 1999) (Fig.3B).

TIEEAER! OxyR D3z Itid W Ze HHMEIC X B D) ?
In vivo & in vitro D FEERIZ X 1) OxyR OUGPEAL /AN TG MEAL

12 glutaredoxin 1/glutathione 23 4-3 % &\ 9 K5 R3¢
5N T 5%, glutaredoxin 1% glutathione reductase % 3
— N9 5 g gorid & b2 OxyRICHETI SN AT T
HY, INLDOREMTIIEILID OxyRDEITLH E D
DOTHERPPICHELZ E2ROOLN TS, L7z2oTZ
NS A feedback 2 b B &% 2 515 (Zheng et al.,
1998). L& L 725 gor & thioredoxin 1% 32— N9 %
trxA O R F 7213 treA & glutathione synthetase &
a— N9 2% gshA D ~HRBEHTIE, H,0, LM% LI
OxyRIEZADFENRA SN S Z L (Aslund et al., 1999)
% EMS, OxyRITH,0, & & b ICHITLA O thiol DR
WCHBUKICIN T 2 DT, H—gIZ X > THRILA
OxyRZBICL 72D, WH OFAELMN CrIcM 2 MR
HEEZLOEELVAIDE LA,

5. XOF U7 D ROS [Cxt T BFEEILZED
EYFNER

Sl L7z 912, N7 F)TIZE 5> THOROS D
i, HERIPEICHES b oEh ) T <, L Aredox
cycling agent R HIEKRL~ 27 07 7 =V EOE AN
POREMICAETLLROSTHAH. LA ->TINDS
DIBFNEINT TN TIZE o THERIFET 27201204 L
WRLONH Lz, FigE, 2D SoxRS X OxyR D+
FUTHAHLELATHRILIWEIILOZI TSN
7TFVTRHARDONoT WD, TR L CHEBREE
HENRDHAH. SoxRIZ O, BER LIS NOe IZL 5T
LIGML SN D 2 & 29 Tl 727%, KBRMEZ <
7077 =YW AEFELILIZLSTH ZOIEDS
FHM XN 25 (Nunoshiba et al,, 1995). ZDFEd KA
sy AL ECHEMfbts i~ 07 77— ATO
NOe EJRIHRFELTE I SH. T HIZSoxRSEKIET 5
Kwiid~27 a7 7 — VRN TOAFRPMES, #I2
SoxRS & % R B2 FF3E 3 5 2 5k (SoxRY) 13HkHL
k%79 (Nunoshiba et al., 1995). THZ &5, KB
W2 & 5 TSoxRSISEM R~ 7 17 7 — TRkt &
LCHEELE®REZ LI EPMA L. —, PAEWE
B B mar operon DG AEHEN T-CTd 5 MarA
X7 I 7 BRL ANV TSoxS & 42% & & b TRy lflitk
ZR L, SoxS T#HME XN PME s 1o K5
MarA THFEEN L. SV 2 1113 SoxRS b2 A% 4
END L THAWHEI I Z RT LI IREDTH
L. TOZEFFERBRICHIEH SN TED, SoxR#kIL,
SoxRS KM S S IZIEHAEMK I Y, ampicillin,
tetracyclin, nalidixic acid, chloramphenicol 72 & 12k} L
THYMEZ 7R (Greenberg et al., 1990 ; Nunoshiba
and Demple, 1994). F 72320, WEHTDH %
menadine $iXPUEZE SR E L HUMEEL, BREL O
YU TR LIETH, soxRS locus & B B ALE I
v TENDLLDONDHY, FRHICOWTHEL ML

E. coli SoxR VALRDELDGCIGCGCLSRSDCPLRNPGD

S. typh SoxR VALRDELDGCIGCGCLSRSDCPLRNPGD

P. aeru SoxR LLLRDQLDGCIGCGCLSLOACPLRNPGD

S. viol SoxR LALRDGLEGCIGCGCLSVRDCPLTNPYD

V. chol SoxR NALKEDLSGCIGCGCLSLESCAIYNPKD

Consensus KAN K *oxox Kok KKK * A xx %

Fig. 4 The sequence comparison of SoxR homologues. The
sequences are for the iron-sulfur center that is implicated in
sensing superoxide, ratio between NADPH/NADP *, or
nitric oxide to activate SoxR. E. coli ; Escherichia coli, S.
typh ; Salmonella typhimurium, P. aeru ; Pseudomonas
aeruginosa, S. viol ; Streptomyces violaceoruber, V. chol ;
Vibrio cholerae

ki, mar operon D) T Lo B —IZREERHE LT
BY, MarAZWBEBEHL Tt wi#miEdbd b
(Greenberg et al., 1991). L7zA%> THIKNT, HbHW»
13 ZF LA SoxRICEFEAE U T SoxR R & 72 o 7285
&, FORMIE~Y a7 7 —VI2h, PiEWEICH
PERL, FERNTOAEGERMAREIC 2 5. BRI,
FIADODBEDHEPOSBONTZFVELTHDPDS
quinolone SAPUA W) B HEPUME % 7= 3 MR A3 45 BE & A1,
ZOMIBOMDPEW R T B KT R 2
%, nalidixic acid, ciprofloxacin, chloramphenicol (23
Pilka /R L, 728 MnSOD EEA MRS N, 56
12, TOKTIEsoxSOEEMNBERL Tz, £2T
PCRIZ & V) soxRit{x ¥ % #ili L T sequence 12 & 1) 2852
EME LR, soxRMD10927%F H D GIZGC—AT D
transition 23 U TH Y, SoxR? 121 H @ glycine %%
aspartic acid IZfE# XN Tw b LiEE Shz. 20121
% H o glycine (X Fe O#i G ETH 5 cys 7 T A ¥ —iL
5] (CIGCGCLSXXXC) WA ET 5 -2 HDGIZH 72
D, TNFETICHSNTVWASHONZ 7)) THIRD
SoxRIRTCIBEAFEEINTVE T I /B THDH (Fig. 4).
ZITIDEESxRENRY =270 —=Y 7 LTH
VEATHOBAKRNTEBIELLEZS, PRED
SoxR D IR % 5. 2 72 (Koutsolioutsou et al., 2001).
NS ORRIZ, SoxRSIBEDHEARNTNZ 7T D~
a7y —INT 5, HDHOIEPUEWEIIHT 5B
ELTHAEL, AT TCwa I ER2RBLTWS
BREEARIRIIZE D 538 T, BB ET 25 0%
B D EARNOEBEEIEL TV 505, FikoHFEEE
83 % & BB IR S 90N 7 70 T AD
W ThDBEPIEERIC O EREL LD LBV D
L LNz,

$EI

i &
ABHO— BN STV E T LROMDbY
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Effects of polymorphism in drug-metabolizing enzymes in the mutagenic
activation of chemicals

Tetsuya Kamataki, Ken-ichi Fujita, Hirotaka Kushida, Yuri Umetsu,
Masami Miyamoto, Noritaka Ariyoshi

Laboratory of Drug Metabolism, Graduate School of Pharmaceutical Sciences,
Hokkaido University, N12W6, Kita-ku, Sapporo 060-0812, Japan

Summary

The role of human cytochrome P450 (CYP)in the metabolic activation of tobacco-related N-nitrosamines
was examined by Salmonella mutation test using genetically engineered Salmonella typhimurium (S.
typhimurium) YG7108 cells expressing CYP2A6 together with human NADPH-cytochrome P450 reductase.
Seven tobacco-related N-nitrosamins, vis. N-nitrosoanabasine, N-nitrosoanatabine, N-nitrosodiethylamine, 4-
(methylnitrosamino)-1-(3-pyridyl) -1-butanone, N-nitrosonornicotine, N-nitrosopiperidine and N-
nitrosopyrrolidine were used. Interestingly, CYP2A6 was responsible for the mutagenic activation of
essentially all tobacco-related N-nitrosamines examined in the present study.

Genetic polymorphism of the CYP2A6 gene appears to be the major factor in the interindividual variability
of cancer susceptibility. We found the deletion of the whole CYP2A6 gene (CYP2A6*4C) as a type of genetic
polymorphism in Japanese, and developed a gene diagnosis method to detect the varliant. Thus, we
evaluated the relationship between CYP246*4C and the susceptibility to lung cancer. The frequency of
CYP2A6*4C was significantly lower in lung cancer patients than in healthy volunteers, suggesting that the
subjects carrying the CYP2A6*4C alleles are resistant to carcinogenesis caused by N-nitrosamines because
of reduced metabolic activation capacity.
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This paper was presented to the symposium I “Responders and nonresponders ; Genetic polymorphism and environmental mutagen

research” at the 29th JEMS annual meeting, 2000.
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OR cDNA 4
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Fig. 1 Structure of co-expression plasmid for human CYP and OR

bbb, FEXLIZINEITIS, CYPIZBIFAEENLS
WoOMEFBEHLTEZ. IhsofRohT, HAA
l2B T CYP2A6 A& T % 58 B KIAT 2 RS AE S
HTEERWZL, CYP2A6IC & 0 & LTI
EHAL S AR, ChASOEEIZBVWTIEE -
72 AL S T, RBAAV A2 PMETF T 5 EHIfFsh
5.

LUTIZ, CYP2A6#{nT % RIT 2@ fn £ R oL
WEOERIFEIEAL L, ZORPA) AT IZBITLER
IZDOWTIHRR 5,

1. N-ZhOV7 I VEOEEFREMEIC
BlFdE ~CYP2A6 DO%EEl

{LFWEOERFEMEAZMRD -00RBRE LT,
Ames (BRI SN TE 72, AmesiABRIZB W T,
LW 2 A IS AL A - O IO & 0 3R
BMU-SOZEMUTIT). La L CYPOREHEEMEICIE
FEANGAET D720, [HKOERHE OB &% WV THS
n7zfERzv b CYPIAMTT A L IENEETH L. £
CTEHODVHE L FCYPZ KIGHICHEMT 58
fli (Iwata et al., 1998) % AmesikERICH WL IVE R T
WHIZ#EM L, & b CYP2A6 & NADPH-CYP #= Gl
(OR) % [AIERICHEHI 5 ¥V £ & 5 BRI YG7108 ¥k %
¥ L7z (Kushida et al., 2000). H V€ 7 K YG7108
RIZTVF VLS NZZDNA LD 7V XV EEBRET 5
BEHEFZTH D ada B L Fogt & 12 KT 570,
N-=1tuv7 I HzatT VEF VAL 3 5 ks
HoOECEMKTH S (Yamada et al., 1995) .

CYP2A6 £ ORDZNZND cDNAZ I 4 D tac 7 1€
— 7O THICHEK L, CYP2A6 8 X U'ORDFHKEFEBL T
SAIFaMgELZ (Fig. 1), MELAEBE TS AIF
L baRLb—3a YEICEDFVERTH
YG7108 BRICEA L7z, HIVELS T H YG7108 KRBT
5 CYP2A6 B X TU"ORDFEHEIX, 1 LH7-D 156
nmol B £ 1179 nmol TH - 72. CYP2A6 D 5EHi# 1L,
v b DOIFIEFI 390 g IZHBLL T A RISHYS L7z, FR
L72CYPB LU OR%Z W72 RIZBWT, CYPD
IRKOBEZIEEILCYP & ORDIEEMNTIZ1LIZBWTA
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Fig. 2 Metabolic activation of NNK by CYP2A6 expressed in the
established S. typhimurium YG7108 cells

5N5 E DA DB A (Taniguchi et al,, 1979). HILE
AT WIZBIT S ORDFEH =L, CYP2A6 ANl %
RYDIHaTHbrEEZOLNZ. TZTHLVELRT
W YG7108 ¥RIZFE B L 72 CYP2A6 28 fil #3614 = 45 %
Bk, CYP2A6 DWMAIN T THDH 7~ ) Y 2 HW»
TR L. FATF A4 v 285 2= 2HEHLLET 5,
Km A1 0.72 uM, Vmax fiiiZ 10.5 nmol/min/nmol CYP
Thol. THHDOfHIE, b MFI vV =200
FAZHEBL L 72 CYP2A6 % I\ THE S M 725 3 & A —3K
L7

B L2 Bk 2 T, S MdhicEEns 2 &t
MHENTWALN-= ba Y7 I yHOERENELICE
\F % CYP2A6 D H & Mrat L7z, BARMIZIEB L 724
VE R T W YG7108 ¥k % v CER MR 2 1TV, N-
= hav7 I VHENCYP2A6IC & 0 i L S N CTIRIRE
Bao=—¥% LASTH2hErEMRET L. Z2iE Mg
W&EFNhAHAN-—buvy7I HELT, N-
nitrosoanabasine (NABS), N-nitrosoanatabine (NATB),
N-nitrosodiethylamine (NDEA), (4-methylnitro-
samino)-1-(3-pyridyl)-1-butanone (NNK), N-
nitrosonornicotine (NNN), N-nitrosopiperidine (NPIP)
B & O° Nnitrosopyrrolidine (NPYR) ZHw7z. —fl&
L CNNK Z#BaE & L CTH =86 06 R % Fig. 2
127”9, NNKIZ CYP2A6 12 & 0 ifPE b & Ui BEAKAE 1Y
HERER o= —H2 LR L7z, CYP2A6IZX %
NNK O PAL 2 B 1T % i A B P i 13 0.451 uM,
CYP2A6 7% )5 pEA: 113 7.61 induced revertants/nmol
NNK/pmol CYP T# -7z (Table 1). NNK D% 55
A1 uM U T ORKEEEL» S S 2 HRE LT, 158

Table 1 MC values for activation of tobacco-related N-nitrosamines by CYP2A6 and mutagen-

producing capacities of CYP2A6

NABS NATB NDEA NNK NNN  NPIP  NPYR
MC* 125 47 0769 0451 213 273 387
Mutagen-produci
ulagen-producing 60751 0164 114 761 28 0537 415
Capacitiy

* . The results were judged as positive when the number of colonies increased linearly with the
concentration of a promutagen and reached a level twice as high as that obtained with a vehicle

alone as a control. MC value of a promutagen was defined as the concentration of the chemical

giving positive result (uM).
b

. Aslope of the increase of revertant colonies against the increase of the amount of promutagen

(nmol) at around MC was calculated. The slope was then divided by pmol CYP present in a

reaction mixture.

ELTTIVF AN L CTRVIEZ %773 YG7108
eV 8, FRARRBRTRIEREWEIZVE
A THOBIANTE b CYP2A6 I X DGt Eh b0
T, AL 7L ERICA G E G AR 3 & < DNA
R EDOAKRESICH G LEREZFER L2 EEZLN
5. CYP2A6 I NNK U DO L2 d_TH7IE 4
FIZHEAETAN-Z b VY7 I vOEMEILICES L
(Table 1).

NS DRI CYP2A6 7S H 2B AR ADY
AT IZERT A ERRIBT 5.

2. CYP2AGEIEFRIELMN AU R T DRAR

FHEHIZINF TS, CYPIZBU B EEN R LT O
REMEBHLTE, ThooffEohT, HAA
I2B W T CYP2A6 HIn T % 522 ICRIRT 2 AL §
HZlEHBWH L7 (Fig. 3) (Nunoya et al, 1998). %
72, Wi L7 CYP2A6 M+ DA RBER
(CYP2A6*4C) OtfnTiEWikziElL, HARAND3~
A% RIEBETHDH T 2P B2 L7z (Miyamoto et
al., 1999). ko X 912, CYP2A6IZ7ziE 2o %
NBHLLON-Zba v 7 3 VYHOEREGEEICHES
T 5. CYP2A6*4C % FxETHT AMKIZB W TIE,
CYP2A6 12 & ) AE#HIIIEHAL S N B 721X 2P N-=
ey T I VHEDSIEM LS N R VD, BUEIC X BN
AD) AR TFTLEEZ BN, ZZ CREREL A
T BN A DB BT CYP2A6 *4C DL DM i A
L TAR O ErERE L. BREEEZAT L5
PEDWiASA B E 39248 X OEH & 423 12D W Tl
L7 (r—=A, avbo—nk b EHE#MsSHE). Ik
¢ &b 0.5 pack/day OB A, 14ELLEFET 72 b 282
gL ER L. TOME, BRBELET L2 ABE
TlIX, CYP2A6*4C DBUEMN XML LB L THEIIA %
Wk ERWZLE (Fig. 4). —Ji, BRIl
ABFEIZBWTIE, CYP2A6*4C DOBE DM ANIxd
LHEEAIFOON o7z (Fig. 5). fetn T, HlidtA
ZHRF I8 LT CYP246*4C OHIE & il 72, fifi

CYP2A6*1B; Gene conversion
to CYP2A7 in 3'-UTR

Exon No. 1 2 3 4 5 678 9‘
S' = 3

CYP2A6*4C (deletion)

Fig. 3 Major CYP2A6 variants found in Japanese

MWABE 3R ZDONRIE, FFLENA (sqec) 104 4,
INHKEATA (smee) 4948 £ OFERF LREATA & I
MMEASA 2394 ThBH. BIRIEWT Eilsqee B LT
smec 2B W TIE, CYP246*4CE, 1B B0 LNk
o7, PEomiAiE, 2 MpicEEFNnAsN-= b
VT I EOLFYE % CYP2A6 25 MANIZBWWT
WAL T A2 L 2mRIET 5. E5ICCYP2A6IZ X - TG
AL SN HMATA, $512 sqee B & U smec DK
W G-5 A RENE R RIE T 5.

a5 a8

v F CYP2A6 &£ ORZHEICHBLT 2PV EAL T W
YG7108 ¥k % HIV 7202812 & ), CYP2A6 3721 2 fi
WCEENDLN-=va Y7 I VHARHIEE LT S
ZEEWHLNILE. HRAD3~4%I13 CYP2A6 D4
KIE (CYP2A6*4C) THhh. HEHOIL, BERELEZH
THMAABEICBWTIX, CYP2A6*4C DHANE Mt
NEHBLTHEBEIAZWI L2 WL D Eod
WasadsE, CYPA6 371X ihic& s N-=
Fav 7T EOLEWE R MENIZB W TEME L
L, MiasA %5 5D E 2 S,

PLEAZETIX, CYP2A6 %L L CARIE - 2SAJR
WEOHALIC G- 2R OWEED TR A Y AT D—
HWERVHELZ ERR L. BRI - BAFEWEOEN
LI BE5-3 % S A3 BE 5% 35 0 1 1k 2 AR I B
HIENTENE, BHPADLFETRDFEIHTE L HE
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72=14.5, P=0.012
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Fig 4 Distribution of CYP2A6 genotype in male smokers

40

35

30

25

20
15
10

5

NONNNNN

Frequency (%)

| n
Control 40
Case 33

0 1 1 1
CYP2A6  ~ Z %
genotype %; ks .

2% 2 )
Odds ratio
* p<0.05 1.00 0.73 0.75

Z b 7
L 8 G

*

b b s o
0.83 0.67 ND

Fig. 5 Distribution of CYP2A6 genotypes in male non-smokers

PASHE 2 5D, FEIZ CYP2A6 DEEHE G % 5l ) hro 8
W HET 2L WREICE Y, N-=ba vy 7 3 o8
WCEDRPAZHHTELEEZ NS,

2EXM

Iwata, H., K. Fujita, H. Kushida, A. Suzuki, Y. Konno, K. Nakamura,
A. Fujino and T. Kamataki (1998) High catalytic activity of
human cytochrome P450 co-expressed with human NADPH-
cytochrome P450 reductase in Escherichia coli, Biochem.
Pharmacol., 55, 1315-1325.

Kushida, H., K. Fujita, A. Suzuki, M. Yamada, T. Nohmi and T.

36

Kamataki (2000) Development of Salmonella tester strain
sensitive to promutagenic N-nitrosamines . expression of
recombinant CYP2A6 and human NADPH-cytochrome P450
redactase in S. typhimurium YG7108, Mutat. Res., 471, 135-143.

Miyamoto, M., Y. Umetsu, H, Dosaka-Akita, Y. Sawamura, J. Yokota,
H. Kunitoh, N. Nemoto, K. Sato, N. Ariyoshi and T. Kamataki
(1999) CYP2A6 gene deletion reduces susceptibility to lung
cancer, Biochem. Biophys. Res. Commun., 261, 658-660.

Nunoya, K., T. Yokoi, K. Kimura, K. Inoue, T. Kodama, M.
Funayama, K, Nagashima, Y. Funae, C. Green, M. Kinoshita and
T. Kamataki (1998) A new deleted allele in the human
cytochrome P450 2A6 (CYP2A6) gene found in individuals

showing poor metabolic capacity to coumarin and (+)-cis-3,5-
dimethyl-2- (3-pyridyl) thiazolidin-4-one hydrochloride (SM-
12502) , Pharmacogenetics, 8, 239-249.

Taniguchi, H, Y. Imai, T. Iyanagi and R. Sato (1979) Interaction
between NADPH-cytochrome P-450 reductase and cytochrome P-
450 in the membrane of phosphatidylcholine vesicles, Biochem.

Biophys. Acta., 550, 341-356.

Yamada, M., T. Sedgwick, T. Sofuni and T. Nohmi (1995)
Construction and characterization of mutants of Salmonella
typhimurium deficient in DNA repair of 0°methylguanine, J.
Bacteriol., 177, 1511-1519.

37




Environ. Mutagen Res., 23 : 39 — 44 (2001)

VYRV AIL

%, FADE 2 BEREEA G L 1L
21 I ¢

fix kR A, e

PV L R A AR
PF D VS ANKFTHE MR, LRC

(3

T 039-1192 75 V& /O 17 AR _E 57 16-1
T 192-8512 HU AR /N E - ALRILIHT 2-3

My consideration on environmental mutagen research :
Perspectives for the 21st century
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Summary

This is a report of the Symposium entitled “My consideration on environmental mutagen research :
Perspectives for the 21st century” which was held at the 29th Annual Meeting of the Japanese
Environmental Mutagen Society on November 16, 2000 in Sendai. Six speakers from different institutes
such as University (Professor Hayatsu), National Institute (Drs Wakabayashi, Hayashi and Nohmi),
Contact Laboratory (Dr. Tanaka) and Pharmaceutical Laboratory (Dr. Shimada) presented their opinions
on environmental mutagen researches, activites, and especially their perspectives on this research field for
the 21st century. The issues presented by these speakers address essential components for establishment of
a strategy of environmental mutagen research in to the 21st century.

Keywords

environmental mutagen research, perspective, 21st century
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This paper was presented to the symposium II “My consideration on environmental mutagen research : Perspectives for the 21st century”

at the 29th JEMS annual meeting, 2000.
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HThHb.
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Preface

The Committee on Mutagenicity of Chemicals in Food, Consumer Products
and the Environment (COM) is an expert advisory committee whose
members are appointed by the Chief Medical Officer for England following
an appointments exercise involving public advertisement. Members serve in
their own capacity as independent experts and observe a published code of
practice including principles relating to the declaration of possible conflicting

interests.

The remit of the committee is to advise the Department of Health, and other
government departments and agencies with an interest in the safety of
chemicals across various sectors, on all aspects of the mutagenicity of
chemicals. The Secretariat is provided by the Department of Health (who
lead) and the Food Standards Agency (FSA). Other government departments
with an interest provide assessors to the Committee; these are specifically
from the Department of Environment, Transport and the Regions (DETR),
Health and Safety Executive (HSE), Pesticides Safety Directorate (PSD — a
MAFF agency responsible for approval of pesticides), Veterinary Medicines
Directorate (VMD - a MAFF agency responsible for the licensing of
veterinary drugs) and the Medicines Control Agency (MCA - a DH agency
responsible for the licensing of human medicines). In addition there are
assessors from the devolved administrations (Scottish Executive, Welsh
Assembly, Northern Ireland Executive).

The role of the COM is advisory. It has no regulatory status, although its
advice may be provided to an agency that does have such a role (eg - HSE for
occupational aspects and the EU new and existing substances regulations,
MCA for human medicines, PSD for pesticides etc). Its remit is to advise on
all aspects of the mutagenicity of chemicals, and this may involve advice on a

specific chemical, and also on testing strategies and research.

In the context of testing strategies the COM first published guidelines for the
testing of chemicals for mutagenicity in 1981. These provided guidance to
the relevant government departments and agencies on best practice for testing
at that time. The need for guidelines to be periodically updated, to reflect
advances in development and validation of methods, was recognised and
revised guidelines were published in 1989. This new guidance continues this
updating process. The strategy outlined is believed to be the most appropriate
given the available methods and recognises the need to avoid use of live
animals where practical and validated alternative methods are available. It is
recognised that, as with the earlier guidelines, it will be some time before this
strategy is reflected in the mandatory, regulatory guidelines of the various




agencies, and it is not, of course, intended that the COM guidance should be
applied retrospectively.

The Committee believes that the approach outlined here will remain valid for
several years and will encourage international recognition of the newer tests
being recommended here for which there are, currently, no internationally
harmonised guidelines.

Introduction

The Committee on Mutagenicity of Chemicals in Food, Consumer Products
and the Environment is an independent expert advisory committee appointed
by the Chief Medical Officer (CMO) for England. The Committee advises
the CMO and, through the CMO, the Government, on all matters related to
the mutagenicity of chemicals. The COM also has a general remit to advise
on important general principles or new scientific discoveries in connection
with mutagenic hazard (the inherent mutagenic property of the substance) or
risk (the likelihood of mutagenic effects occuring after a given exposure) and
to present recommendations for mutagenicity testing. In practice the bulk of
the work of the Committee relates to assessing mutagenic hazard.

The Committee last published guidance on a strategy for the testing of
chemicals for mutagenic potential in 1989 (DH 1989). This provided advice
on the application of methods which may be used to determine the ability of
chemicals to induce point mutations or structural chromosome aberrations
(clastogenicity). Since 1989 there has been a rapid growth in the published
data available in this area and the development of many new methods. Thus,
for example, the US Environmental Protection Agency and the IARC
Genetic Activity Profile (GAP) Database lists results for over 90 different
assay systems (Waters et al 1999). The Committee reaffirms its general
advice published in 1989 that screening for mutagenicity should be based on
a limited number of well validated and informative tests. This view is
consistent with that reached by a meeting of international experts in 1995
convened by the International Programme on Chemical Safety (IPCS) (Ashby
et al 1996). Major changes in the new strategy now being proposed are the
consideration of the detection of the potential hazard of chemicals which may
induce aneuploidy (numerical chromosome aberrations) and the application
of in-vivo assays for tissues other than the bone marrow. It is the objective of
this paper to set out a scientifically valid testing strategy comprising those
methods which are believed to be the most informative and (when possible)
are well validated. There is no discussion of those methods which experience
has shown to have no place in the recommended mutagenicity testing
strategy. Details of methodologies are not given since they are provided in the
OECD test guidelines and in the extensive published literature (eg UKEMS
1989, 1990, 1993, McGregor et al 1999).

In this guidance document the term mutation refers to a permanent change in
the amount or structure of the genetic material of an organism, which may
result in a heritable change in the characteristics of the organism. These
alterations may involve individual genes, blocks of genes, or whole

chromosomes. Mutations involving single genes may be a consequence of
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effects on single DNA bases (point.mutations) or of larger changes, including
deletions and rearrangements of DNA. Changes involving chromosomes as
entities may be numerical or structural. A mutation in the germ cells of
sexually reproducing organisms may be transmitted to the offspring, whereas
a mutation that occurs in somatic cells may be transferred only to descendent
daughter cells. Mutagenic chemicals may present a hazard to health since
exposure to a mutagen carries the risk of inducing germ-line mutations, with
the possibility of inherited disorders, and the risk of somatic mutations
including those leading to cancer.

Modification by chemicals of the segregation of chromosomes during both
mitotic and meiotic cell division can lead to malsegregation and thus to
aneuploidy. This is a type of mutation which involves a change in
chromosome number from the normal diploid or haploid status of a species,
whereas polyploidy represents an increase in chromosome number which is
an exact multiple of the haploid number, eg triploidy (3n) and tetraploidy
(4n). Aneuploidy makes a major contribution to human embryonic loss and
some birth defects such as Down Syndrome (trisomy of chromosome 21).
Chemicals which induce aneuploidy as their predominant mutagenic effect
are termed aneugens. A wide range of chemicals (primarily those which
modify the spindle of the dividing cell) such as colchicine, benomyl,
trichlorphon and griseofulvin have been shown to induce aneupoloidy in test
systems ranging from in-vitro cultured mammalian cells and somatic tissue of
intact animals, to germ cells of rodents (Aardema et al 1998). Currently,
evidence for the carcinogenicity of aneugens is limited. However a large
number of aneugens are inducers of malignant transformation in Syrian
hamster cells in vitro (Gibson ef al 1995, Oshimura and Barrett 1986, Parry
and Sors 1993). Given the association between aneuploidy and heritable
effects in germ cells, and potential carcinogenicity, the Committee concludes
that the testing of chemicals for potential aneugenic activity should be
included in genotoxicity testing strategies. Data from studies of induced
aneuploidy have been used for the classification of chemicals in the EU and
thus the advice provided here is timely.

It is therefore apparent that information on the three levels of mutation,
namely gene, clastogenicity (ie structural chromosome aberrations) and
aneuploidy (ie numerical chromosomal aberrations), is necessary to provide
comprehensive coverage of the mutagenic potential of a chemical. This is also
the case when assessing carcinogenic potential, since all three types of
mutation have been shown to be associated with the activation and expression
of oncogenes, and loss or inactivation of tumour suppressor genes and other

classes of genes implicated in carcinogenesis.

11.

12.

Genotoxic (or genotoxicity) refers to agents which interact with the DNA
and/or the cellular apparatus which regulates the fidelity of the genome, eg
the spindle apparatus, and enzymes such as the topoisomerases. It is a broad
term that includes mutation as well as damage to DNA or the production of
DNA adducts, by the chemical itself or its metabolites. Genotoxic effects
also include unscheduled DNA synthesis (UDS), sister chromatid exchange
(SCE) and mitotic recombination. However the detection of such effects does
not in itself provide direct evidence of inherited mutations. The term
“genotoxic carcinogen” as used by the Committee describes those chemicals
that are carcinogenic and also give positive results in mutagenicity or

genotoxicity tests in vivo.

The Committee reaffirms its view published in 1989 that there is currently no
single validated test that can provide information on all three end-points,
namely gene mutation, clastogenicity and aneuploidy and thus it is necessary
to subject a given substance to several different assays. A range of tests has
been developed which employ a wide variety of organisms, including
bacteria, yeasts and other eukaryotic micro-organisms, and mammalian cells
studied in vitro, as well as whole mammals where effects in either somatic or
germ cells can be measured. A number of different end-points can be used
which may measure genetic changes or indicators for the potential to produce
genetic change. Assays may be classified on the basis of these endpoints (eg
gene mutation, clastogenicity, aneugenicity and tests for DNA damage) and
by consideration of the different phylogenetic levels represented. The
Committee is not aware of any substance giving clear positive results for the
induction of gene mutations which does not also give, under appropriate
conditions, positive results using in-vitro tests for clastogenicity. However the
reverse is not true and there are some clastogens, eg inorganic arsenic
compounds (IARC 1987), which do not give positive results in tests for gene
mutation. In the case of aneugenic chemicals the detection of the induction
of aneuploidy is dependent on the use of methods which allow the
measurement of the malsegregation of chromosomes leading to chromosome

loss and/or non-disjunction.




lll. General principles of testing strategy

13.

14.

15.

The Committee recommends a three-stage testing strategy for the detection of
mutagenic hazard. Initial screening for mutagenic activity at Stage 1 is based
upon three [or two in those cases where little or no human exposure is
expected eg industrial intermediates, some low production volume chemicals]
in-vitro tests. Stage 2 consists of a number of in-vivo tests designed to
investigate whether in-vitro mutagenic activity can be expressed in the whole
animal. These two stages provide information on the mutagenic hazard of a
substance. Stage 3 investigates, when necessary, whether any in-vivo
mutagenic activity observed in Stage 2 can be expressed in the germ cells of
mammals. Some consideration may also be given to assessment of risk of
heritable effects at this stage. There is a clear strategy for planning tests
within each stage and for progressing to the next stage (see Figs 1-3). Clear
statements can be made regarding the in-vitro tests to be used in Stage 1 as
these methods have been well studied. The strategy for Stages 2 and 3 is more
complex, particularly with regard to investigating mutagenicity in target
tissues other than the bone-marrow. Thus, some consideration of the current
status of a number of alternative tests has been included here. Nevertheless,
an overall strategy for Stages 2 and 3 is presented. A short overview of the
rationale supporting the approach recommended by the Committee is given
below, along with some brief comments on matters to consider before
devising a testing strategy for a specific chemical.

It is recommended that the screening studies at Stage 1 should investigate the
mutagenicity of the chemical using in-vitro tests. Few chemicals are active
only in-vivo and, in such cases, this is usually due to limitations in the
exogenous metabolism used in in-vitro test systems (Tweats and Gatehouse
1988, Ashby 1988). The available information confirms the Committee’s view
(expressed in 1989) that it is appropriate to concentrate on a relatively small
number of assays, using validated, sensitive methods particularly chosen to
avoid false negatives.

Under the strategy recommended by the Committee, the use of animals in
mutagenicity testing is primarily required when it is necessary to investigate
whether mutagenic activity detected in vitro is reproduced in vivo. Except in
those cases where high, or moderate and prolonged human exposure is
expected, (eg many human medicines) there is no justification for the routine
use of animals for mutagenicity tests when there is no evidence for activity at
Stage 1. All assays should be designed to provide the best chance of
detecting potential activity, with respect to (a) the exogenous metabolic
activation system; (b) the ability of the compound or its metabolite(s) to reach
the target DNA and/or targets such as the cell division apparatus, and (c) the

16.

17.

18.

ability of the genetic test system to detect the given type of mutational event.
The assays should be carried out to internationally recognised protocols (eg
OECD 1997).

The intrinsic chemical properties of the test substance must be considered
before devising the mutagenicity testing programme. Whether the substance
would be expected to have mutagenic potential can be assessed from its
chemical structure, which may provide structural alerts for mutagenicity. A
composite model structure has been devised indicating substituents or
moieties associated with DNA-reactivity (Ashby and Paton 1993). This is a
valuable tool for initially assessing the potential in-vitro mutagenicity of a

novel chemical.

A number of commercial systems to investigate structure activity
relationships (SAR) have also been developed (Zeiger et al 1996). These
attempt to predict in-vitro mutagenicity by automated analyses of the
statistical correlation between structure and mutagenic activity and/or
programmed rules for prediction based on the available knowledge and expert
judgement. Such systems can be useful when a large number of compounds
require assessment and prioritisation for biological testing. However the
commercial models currently available appear no better for predicting in-vitro
mutagenic activity than an inspection of the chemical structure and the use of

expert judgement.

The physico-chemical properties of the test chemical (for example, pH,
solubility, and stability in solvents/vehicles) and its purity can affect the ease
of conduct and results of tests. For example, the tolerance of cells to acidic
chemicals can be enhanced by neutralisation but this may affect the inherent
reactivity of substances to DNA (Hiramoto et al 1997). Alternatively, low
solubility may limit the feasibility of undertaking some or all of the in-vitro
mutagenicity tests recommended in this strategy. The toxic properties of test
chemicals (such as acute toxicity, or irritancy/corrosivity in contact with skin
or mucous membranes) and their toxicokinetics and metabolism will
influence the choice of route of administration and the highest dose level
achievable in in-vivo mutagenicity tests. Dose selection for in-vivo testing
requires estimation of the maximum tolerated dose and consideration of
tissue-specific effects. The strategy recommended in the following sections
is concerned with investigating mutagenic activity of individual chemicals

and no consideration is given in these guidelines to mixtures.
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Stage 1: In-vitro tests

Introduction

19.  As outlined above, Stage 1 involves screening tests for mutagenic activity
using in-vitro methods and comprises three test-systems. A clearly positive
result in any one of the three tests is sufficient to define the chemical as an in-
vitro mutagen and the need to proceed to Stage 2. It is necessary to obtain
clearly negative results in these tests in order to reach a conclusion that the
chemical has no mutagenic activity. Usually data from all three tests will be
necessary but in the case of those substances where there will be little or no
human exposure, (eg industrial intermediates, some low production volume
chemicals) results from only the first two tests will be necessary. Equivocal
results should be investigated by further testing. If this does not resolve the
situation then in-vivo testing is required (Stage 2). An outline of Stage 1
(initial screening) is given in Figure 1 and a description of the assays

recommended is provided in the following paragraphs.

Discussion of Stage 1 tests

20. The most widely used in-vitro test is the bacterial reverse mutation assay for
gene mutations developed by Ames and his colleagues using Salmonella
typhimurium (Gatehouse et al 1990). The very extensive database available
for this assay justifies its inclusion in any initial testing package. Several
strains of bacteria capable of detecting both base-pair and frame-shift
mutations must be included, the best validated strains being TA1535, TA1537
(or TA97 or TA97a), TA98, TA100. These strains of Salmonella typhimurium
may not detect some oxidising mutagens and cross linking agents and thus
Escherichia coli WP2 (pKM101), WP2uvrA (pPKM101) or Salmonella TA102
should also be used. Testing should be carried out both in the presence and
absence of an appropriate exogenous metabolic activation system. However
both the repair proficient and repair deficient strains of E coli should be used
in those cases where the bacterial assay is the only mutagenicity test being
carried out on a given substance, to ensure that cross linking agents are
detected.

Figure 1. STAGE 1: START by considering
Initial screening. factors relevant to Stage 1
tests such as

physico-chemical
properties of substance/

impurities, SAR

ﬂ)ndertake Stage 1 tests \
1

Bacterial test for gene mutation
2. Test for clastogenicity and for indications of aneugenicity:
i) In-vitro metaphase analysis or
ii) in vitro micronucleus test*.
3. Mammalian cell mutation assay (currently, the preferred choice is the mouse

lymphoma assay) * *

Test 3 is not required for those substances where there will be little or no human

\exposure/‘** /

If NEGATIVE results are obtained
in all Stage 1 screening tests
consider that substance is not

/' If a POSITIVE result is obtained in
any one of the three tests then the:
substance should be considered as
an mutagenic.

in-vitro mutagen. . - Proceed to Stage 2 only where

i human exposure is expected to be

In-vivo testing will required.
high, or moderate and sustained.

If EQUIVOCAL results are obtained
consider further in-vitro testing. If this
dose not resolve the situation then in-

vivo testing is required (Stage 2) .

Consider results and proceed to Stage 2
(see Figure 2):Assessment of mutagenic vessessnasacel
hazard in-vivo

.

Footnotes s 3
*If there are indications of aneugenicity in the metaphase analysis (eg hyperdiploidy, pnlypl()\dy) or positive results in the micronucleus test

there is a need to confirm whether the compound is an aneugen by use of appropriate staining procedures. . o
** A test other than the mouse lymphoma assay may be used provided that it has equivalent biological relevance and equivalents statistica
i ifi is likel be higl derate and
***General guidance only is given. Decisions about whether, for example exposure to a specific substance is likely to be high, or moderate a

. /- > i i ~CH f o o | Va ata.
sustained, would normally be taken by the Regulatory Authority on a case-by-case basis taking account of other relevant dat
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21

22,

23,

24.

The Salmonella assay, whilst being an efficient primary screen for detecting
compounds with inherent potential for inducing gene mutations, does not
detect all compounds with mutagenic potential. Some compounds are
clastogens but do not produce gene mutation in the Salmonella assay (eg
inorganic arsenic compounds. IARC 1987). The second assay should
therefore evaluate the potential of a chemical to produce both clastogenicity
and aneugenicity, and it should use mammalian cells, either cell lines or
primary human cultures such as fibroblasts or lymphocytes. The Committee
notes that a major development since the publication of the previous
guidelines has been the development of novel techniques (such as
chromosomal painting) and methods (ie the in-vitro micronucleus assay) for |
the assessment of potential aneugenicity. It is now feasible to screen

substances for their potential to induce aneuploidy in the initial testing stage.

One approach is the in-vitro cytogenetic assay for clastogenicity using
metaphase analysis. Limited information can be obtained on potential
aneugenicity by recording the incidence of hyperdiploidy, polyploidy and/or
modification of mitotic index etc (Aardema et al 1998). If there are
indicators of aneugenicity (eg induction of polyploidy) then this should be
confirmed using appropriate staining procedures such as FISH (fluorescence
in-situ hybridisation) or chromosome painting to highlight alterations in the
number of copies of selected chromosomes (reviewed by Parry 1996). When
cell lines are employed it is important that only those with a stable
chromosome number are used. Reduced hypotonic treatment may be
necessary to reduce artifactual changes in chromosome number. Only the
detection of hyperploidy (gain in number) should be considered as a clear
indication of induced aneuploidy.

Another procedure for the detection of both aneuploidy and clastogenicity is
use of the in-vitro micronucleus assay. There have been considerable
developments in deriving a suitable protocol for this assay (Doherty et al
1997). The Committee believes that the in-vitro micronucleus test has been
adequately validated, but recognises that it will be some time before an
internationally agreed OECD guideline would be available. The results from
ongoing validation studies that are expected to be available shortly will
facilitate this process.

In the case where the micronucleus test is used then kinetochore or
centromeric staining should be incorporated to identify the nature of any
micronuclei induced (ie to confirm whether the chemical is aneugenic). This
will provide equivalent data to that obtained using the in-vitro metaphase
analysis supplemented by chromosome painting to identify alterations in
chromosome structure and number. A suitable procedure for the use of this

assay to confirm aneugenicity is given in Appendix A.

25.

26.

27,

28.

The Committee reaffirms the view stated in the 1989 guidelines, that a
combination of assays for gene mutation in bacteria and for chromosomal
aberrations (plus aneuploidy) in mammalian cells may not detect a small
proportion of agents with the potential for in-vitro mutagenicity. Thus a third
assay, comprising an additional gene mutation assay in mammalian cells,
should be used, except for compounds for which there is little or no human
exposure. Certain mammalian cell gene mutation protocols that have been
widely employed, particularly some of those involving the use of Chinese
hamster cells, are now considered to be insufficiently sensitive, predominantly
on statistical grounds (UKEMS 1989). Of the available systems, measuring
mutations at the thymidine kinase (k) locus in L5178Y mouse lymphoma cells
has gained broad acceptance and has the advantage of detecting not only gene

mutations but also various sizes of chromosome deletions.

The Committee, therefore, recommends the use of the mouse lymphoma
assay (or an alternative test of equivalent statistical power) as the third in-
vitro test in Stage 1. The use of the mouse lymphoma assay for the detection
of all types of mutational end-point has been the subject of considerable
debate, particularly by the International Conference on Harmonisation of the
Technical Requirements for Registration of Pharmaceuticals for Human Use
(ICH 1997). The ICH considers that the mouse lymphoma assay can be used
on a routine basis as an alternative to clastogenicity tests that employ

metaphase analysis (Miiller er al 1999).

The mouse lymphoma assay identifies substances which induce gene
mutations. In addition, there are some data to justify the use of the mouse
lymphoma assay to identify potential clastogens. In this regard the
Committee considers this assay to be complementary, rather than equivalent
to, metaphase analysis. It is felt that the use of extended treatment times to
detect some clastogens needs further investigation. The Committee believes
that there are insufficient data to assess the ability of the mouse lymphoma
assay to detect potential aneugens. It is the view of the Committee that there
are major advantages in using assays which primarily identify individual
mechanisms of genetic damage, eg point mutations, clastogenicity and

aneugenicity.

The Committee agrees that both the micro-well method and the soft agar
versions of the mouse lymphoma assay are acceptable although it is noted
there are methodological problems which may reduce the reliability of the
latter method (Cole et al 1999). Poor growth conditions, particularly in
Noble agar, can lead to inadequate detection of small colonies. For this, and
other reasons given later in this paragraph, the Committee considers that
appropriate use of positive controls and with colony sizing is an essential
element in the quality control of mouse lymphoma assays (Moore et al 1999).

13
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29,

30.

31.

A bimodal distribution of colony sizes has been demonstrated in the mouse
lymphoma assay. Small colonies grow slowly and have been shown, by
microscopy, to generally contain visible chromosome aberrations. Large
colonies which grow at the normal rate do not generally contain visible
chromosomal changes, although some have been shown, by molecular
analyses, to contain large deletions. In order to show that the assay is
responding adequately, it is necessary to demonstrate that the cells are
capable of producing both types of mutant colonies by the use of appropriate

positive control chemicals.

Artifactual positive results, which do not reflect intrinsic mutagenicity, may
be seen in mammalian cell assays. These effects can, for example, occur with
exposures that involve low pH (Morita 1995) or low or high osmolarity.
(Kalweit er al 1990, Nowak 1990). Variations in the concentrations of
sodium, potassium and chloride ions have also been shown to significantly
influence the outcome of mutagenicity tests in bacteria (Glatt et al 1994).
These effects are not well characterised or understood, but their existence

needs to be recognised.

In line with good scientific practice, the results of each in-vitro assay should
be confirmed in an independent experiment. However, for mammalian cell
assays this may not be necessary if the following rigorous criteria are met:

° there is no doubt as to the quality of the conduct of the test,

B the spacing and range of test substance concentrations leave no chance

of missing a positive response,

° the result is not judged to be equivocal by statistical and biological

criteria.

While it is accepted that there is no absolute requirement to repeat an in-vitro
assay which has demonstrated a clearly positive result, there is a need to
undertake further testing in an independent assay when an equivocal result is
obtained. Further testing when negative results are obtained should be
considered on a case-by-case basis. Where in-vitro screening tests are
repeated in a further independent experiment it is not necessary to carry out
the second study in an identical fashion to the initial experiment. Indeed it
may be preferable to alter certain aspects of the study (eg concentration levels

investigated) so as to obtain more useful data.

All mutagenicity studies should as far as possible be carried out to
internationally accepted protocols. The Committee recognised that there was

currently no such guideline for the in-vitro micronucleus test. It was hoped

such a guideline would be agreed in the next year or two, and that the
validation studies to be reported shortly will facilitate this process. Provided
that the Stage 1 studies outlined in Figure 1 are done to a high standard the
Committee felt there is little to be gained from further in-vitro testing. They
do not recommend the routine use of other in-vitro tests such as assays for
sister chromatid exchange or tests using fungi. If a positive result is obtained in
any one of the in-vitro screening assays cited in Figure 1, there is a need for in-
vivo testing. The Committee recommends that all appropriate tests in Stage 1
should be completed before undertaking any Stage 2 test. It is then necessary
to investigate whether the intrinsic mutagenic properties of the compound
detected in vitro can be expressed in vivo in mammals (ie Stage 2).

Summary Stage 1: In-vitro assays

32.  The Committee’s recommendations for Stage 1 testing are basically similar to
those in the 1989 guidelines, the main change being the need at this stage to
obtain information on aneugenicity in addition to gene mutation and
clastogenicity. As in the earlier guidelines the initial testing is based on a
small number of in-vitro tests conducted to a high standard. For most
chemicals three tests are recommended. In those cases where little or no
human exposure is predicted (eg chemical intermediates, or some low
production volume chemicals) only the first two tests may be appropriate.
Such decisions need to be taken on a case-by-case basis by the appropriate
regulatory agency. When only two tests are considered necessary it is
recommended that these consist of a bacterial assay for gene mutation and an
in-vitro mammalian cell assay for clastogenicity which will also screen for
aneugenicity. The Committee now believes that routine screening for
aneugenicity and clastogenicity is possible using the in-vitro micronucleus
test in interphase cells, with the use of kinetochore or centromeric probes to
identify the nature of any micronuclei induced (whole chromosomes or
fragments). Alternatively, an assay using metaphase analysis and appropriate
staining procedures to highlight alterations in structure and number is
acceptable. The Committee considers that these alternative cytogenetic
approaches provide essentially equivalent information. The third assay
recommended is an additional gene mutation assay in mammalian cells. The
mouse lymphoma assay (or an alternative test of equivalent statistical power)
is recommended. This will also provide additional information on
clastogenicity; there are however insufficient data to assess the ability of this
assay to detect potential aneugens. These three assays, if negative, will
provide sufficient information for the assessment of most chemicals.
However where high, or moderate and prolonged, levels of exposure are
expected (eg most human medicines) an in-vivo assay is recommended to

provide additional reassurance.




16

Stage 2: In-vivo assays in somatic cells

Introduction

(98}
(8}

The second stage of the testing strategy involves an assessment of activity in
vivo in somatic cells (see Figure 2). Stage 2 tests are needed for chemicals
that are positive in any of the Stage 1 tests so as to ascertain whether
mutagenic activity can be expressed in vivo. There are numerous reasons
why activity shown in vitro may not be observed in vivo (for example, lack of
absorption, inability of the active metabolite to reach DNA, rapid detoxication
and elimination). Data from in-vivo experiments are therefore essential
before any definite conclusions can be drawn regarding the potential
mutagenic hazard to humans from chemicals which have given positive

results in one or more in-vitro tests.

34.  In addition, an in-vivo test may detect chemicals that only act in vivo,

36.

although experience has shown that such compounds are rare. Thus data
from one in-vivo test is appropriate when additional reassurance is needed on
the absence of mutagenic potential beyond that provided from the three in-
vitro tests recommended in Figure 1. The Committee recommends that for
chemicals where exposure is expected to be high, or moderate and sustained,

(eg most human medicines) data from at least one in-vivo test are needed.

When considering any testing at Stage 2 it is important that a flexible
approach is adopted. Consideration needs to be given to the nature of the
chemical, the results obtained from initial tests and the available information

on the toxicokinetic and metabolic profile of the chemical.

The primary objective of the in-vivo study is to assess whether the chemical is
an in-vivo somatic cell mutagen. In the animal studies the routes of exposure
should be appropriate to ensure that the substance reaches the target tissue.
Thus routes unlikely to give rise to significant absorption in the test animal
should be avoided.

Figure 2. STAGE 2:
Strategy for in-vivo somatic-cell testing

Before undertaking in-vivo testing review the results of in-vitro screening test (eg the nature
of effects seen), available information on the metabolic profile of the chemical and its structure.
In-vivo testing for mutagenicity in somatic cells is required to ascertain whether mutagenic
activity seen in Stage 1 can be expressed in-vivo and for reassurance for substances where
exposure is expected to be high. or moderate and sustained.*

¥

/ FIRST TEST N\

In most instances this will be an in-vivo micronucleus assay {bone-marrow (rodent) or
peripheral blood (mouse) | or bone marrow assay for clastogenicity. (If evidence of
aneugenicity from Stage 1 use kinetochore or centromeric staining.)

Other tests may be more appropriate, for example for short-lived, reactive in-vitro
mutagens where assays using site of contact tissue(s) should be considered. In such

Qnstances see Table 1. j

If NEGATIVE undertake a further

If POSITIVE consider as in-vivo

somatic cell mutagen. test(s) only if the chemical was

clearly positive in a Stage 1
in-vitro test.

If EQUIVOCAL consider
further testing on a case-by-case basis. This
may involve repeating a bone-marrow (or
mouse peripheral blood) test or undertaking a

test in another tissue.

/” SECOND TEST N\

The choice of assays for mutagenicity testing in tissues other than bone-
marrow is given in Table 1. There is a need to select the most appropriate
test(s), on a case-by-case basis. All relevant factors such as results from
previous tests, and available information on toxicokinetics and metabolism

of the substance, should considered.
e ) [ rae Y

If EQUIVOCAL reflect on all the availavle
information and consider if conclusion can

be reached based on weight of evidence or

if additional testing is required.

099000000000 000000000000000000000060000000000000000008000600000000086008008

Consider as in-vivo somatic cell mutagen Consider all the available information

and potential carcinogen and possible germ with a view to drawing a conclusion that
cell mutagen. Proceed to Stage 3 (see Figure the chemical is not an in-vivo mutagen.
3): Assessment of germ cell mutagenicity

when a risk assessment of heritable effects is

requierd.

*General guidance only is given. Decisions about whether, exposure to a specific substance is likely to be high, or moderate and sustained

exposure would normally be taken by the Regulatory Authoriry on a case-by-case basis taking account of other relevant data.
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37.

38.

39.

40.

Most of the available in-vivo data on the mutagenicity of chemicals have been
obtained from the rodent bone marrow micronucleus test. The bone marrow
is readily accessible to chemicals that are present in the blood and a wide
range of structurally diverse clastogens has been detected using this tissue.
The micronucleus test indirectly detects clastogenicity by measuring
micronuclei in newly formed cells in the bone marrow (or peripheral blood).
It may be used to identify the induction of both structural and numerical
aberrations. Micronuclei containing whole chromosomes (as opposed to
fragments) should be identified by use of kinetochore or centromeric staining
techniques. It should be noted that aneuploidy produced only by
chromosome loss can be measured in the bone marrow micronucleus assay.
Although most data are available from bone marrow assays, the use of
peripheral blood is an alternative approach when mice are used and this is
recognised in the relevant OECD guideline (OECD Test Guideline 474,
1997). The peripheral blood method is not a practical approach in the rat

since the spleen removes micronucleated erythrocytes in this species.

Clastogenicity may be measured by metaphase analysis in bone marrow of
rodents as an alternative approach to the use of the micronucleus test.

The Committee considers that in most instances the bone marrow assay will
be the appropriate initial in-vivo assay, and this should be used unless there is
information to suggest otherwise. Either the bone marrow or peripheral blood
micronucleus test, or a bone marrow metaphase analysis can be used; in both
cases techniques for identification of whole chromosomes are appropriate if
evidence of aneugenicity was found in Stage 1. In a few instances, however,
the bone marrow assay may not be the most appropriate initial assay, for
example with chemicals known to be short-lived reactive mutagens in the
Stage 1 assays. In such cases an assay using the site of contact tissue may be
more appropriate. The decision needs to be taken on a case-by-case basis

having regard to all the relevant information.

A negative result in the first in-vivo assay in somatic cells will provide
sufficient reassurance for compounds that are negative in the three in-vitro
assays in Stage 1, and which are being investigated in-vivo because of
concerns about the extent of human exposure (because they are, for example,
human medicines and involve direct human exposure to relatively high
levels). In addition, a negative result may be sufficient for those compounds
that were equivocal in Stage 1 and for which the in-vivo assay is being
deployed to resolve this question. In the case of chemicals that are positive in
any assay in Stage 1 a negative result in a single tissue will not provide
sufficient data to conclude that the chemical is inactive in somatic cells in-
vivo. A number of compounds that are active in vitro have been shown to

give negative results in the bone marrow micronucleus test, but to give a

41.

42.

43.

44.

positive result on further testing in vivo in another tissue eg using the liver
UDS assay. Examples are dimethylnitrosamine, 2-nitropropane, 2,4-
dinitrotoluene, 3-methyldiaminobenzanthracene and
dimethylaminophenylazobenzthiazole (Tweats, 1994). Thus further in-vivo

data will be needed in somatic cells using different tissue(s).

The nature of the additional testing needed should be considered on a case-
by-case basis taking into account all relevant information. Consideration
needs to be given to the structure of the compound, its metabolism and
toxicokinetics, the results from earlier studies and the availability of relevant
expertise. There are no widely available routine methods for screening for
gene mutagens in vivo in mammals. A number of approaches that may
provide useful data should be considered. In most cases these have not been
developed to a level where there is international agreement on methodologies,
the one exception being the assay for unscheduled DNA synthesis (UDS) in
the liver. Those assays that warrant consideration for further investigation of
compounds negative in the initial in-vivo assay are discussed in the following

paragraphs. A brief outline of these methods is given in Table 1.

The rodent liver UDS assay is an established approach for investigating
genotoxic activity in the liver, and for which there is an OECD Guideline (No
486, OECD 1997); there is also advice from the UKEMS (Kennelly et al
1993). The endpoint measured is indicative of DNA damage and subsequent
repair in liver cells. Since the liver is usually the major site of metabolism of
absorbed compounds this assay is particularly appropriate for investigating

compounds that require metabolic activation to express genotoxic activity.

The comet (single cell gel electrophoresis) assay is a relatively simple
procedure for detecting genotoxicity in any tissue (McGregor and Anderson
1999). The Committee’s earlier concerns (COM Annual Report 1995) about
the distinction between cytotoxic chemicals and genotoxins have now largely
been resolved and much further work has been carried out on the
development and validation of the assay. The method is of particular value in
evaluating directly acting genotoxins at their initial site of action. Other DNA
strand breakage assays may however also be used as alternatives to the comet

assay.

There are commercially available transgenic animal models that have the
potential for measuring gene mutations in vivo in any tissue provided that
sufficient DNA can be isolated. Examples of these models are BigBlue™
and Muta™ Mouse (Schmezer and Eckert 1999). There has been relatively
little published work to date on the validation of these assays and further
work is needed on optimising methodology for particular tissues. Although

the assays are not at the stage when they can be used routinely, they may
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45.

46.

47.

48.

49.

provide valuable information as supplementary tests, in particular in
investigating mutagenic activity in specific tissues which are often the site of
initial contact with the chemical (eg gastrointestinal tract, skin, respiratory

tract).

In addition there are approaches based on measuring DNA adducts using

either 32

P-postlabelling or covalent binding to DNA. These measure
exposure, uptake and reactivity to DNA rather than mutagenicity, but they are
useful in considering mechanisms in vivo, in combination with other data.

These are considered below.

The 3?P-postlabelling assay is a sensitive method for measuring DNA adducts
(which may or may not produce mutations) and it does not require the test
compound to be radiolabelled (Phillips et al 1993). The method is complex
involving numerous steps including digestion of DNA followed by 32P-
labelling of adduct nucleoside 3-monophosphates and detection of labelled
adducts, for example by chromatography and autoradiography. The sensitivity
of the assay may be increased by adduct enrichment techniques which

remove normal nucleotides from the digest before 32

P-labelling. The choice
of enrichment techniques needs justification; knowledge of the type of adduct

produced allows tracking to be more sensitive.

Another method for measuring DNA adducts is to use radiolabelled
compound and measure covalent binding to DNA (Martin ef al 1993). This is
a well established technique, but it does need radiolabelled compounds which
are frequently not available for some chemical types. The significance of low
level binding observed in this assay is often difficult to interpret since some

low level activity measured may not be due to covalent binding to DNA.

Thus, there are a number of approaches that can be used when it is necessary
to follow up negative results in the initial in-vivo somatic cell assay (see Table
1). Identification of the further testing necessary in a specific instance, and
whether adequate data are available, will be helped by asking why activity

seen in vitro was not expressed in vivo.

Other methods of detecting point mutations are at various stages of
development and validation. Such approaches, based mainly on PCR
technology, may be appropriate for specific chemicals and exposures (Huber
et al 1998, Ward et al 1998, Jenkins et al 1999). Their use to provide
supplementary data needs to be considered on a case-by-case basis.

Table 1: In-vivo assays for consideration in Stage 2 other than bone-marrow assays

(These assays may also be applicable to the initial evaluation for effects in germ cell)

Endpoint

OECD

guideline

Main Attributes

Comments

to DNA

A variety of
methods can be
used such as
those involving
radioactive

(eg "C-) or
isotope
measurements
(eg Accelerator
Mass Spectrometry
AMS)

tissues. Some
methods (AMS) are
potentially very
sensitive and can
provide data on DNA
binding at levels of
exposure similar to
low level
environmental
exposures.

Liver UDS Thymidine | Yes Long history of use Limited use in tissues
incorporation and acceptability by | other than liver. Does
outside regulatory authorities | not detect
S phase mutagenicity

resulting from
misrepair and
non-repair.

Comet assay DNA strand |No Can be applied to a May not detect some

(or other DNA  |breaks large range of tissues, | mutagens (such as

strand-breakage including site-of- those producing

assays) contact tissues. bulky adducts).
Relatively simple to Distinction between
undertake provided apoptosis, necrosis
that a single cell and genotoxicity
suspension can be requires expert
obtained. judgement.

Transgenic Point No Can be applied to all | In general less

animal models mutations tissues provided that | sensitive than

sufficient DNA can be | methods measuring
extracted. Method DNA adducts. Need
measures mutations for further work to
rather than interaction | optimise protocols for
with DNA. specific tissues.
32p_postlabelling |DNA adducts | No Can be applied to all | Interpretation of
tissues provided results can be
sufficient DNA can be | complex. Involves
extracted. Can be handling high-
highly sensitive activity 32P.
particularly with bulky
adducts and if
appropriate
enrichment technique
used.
Covalent binding |DNA adducts |No Can be applied to all | Generally need

radiolabelled
compound (but very
small amounts

in the case of AMS).
Interpretation of
results can be
complicated (eg by
non-specific
binding).
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Summary: Stage 2 In-vivo assays in somatic cells

50.  Stage 2 test(s) are required for compounds that are positive or equivocal in
any of the Stage 1 tests to ascertain whether mutagenic activity can be
expressed in vivo. In addition one appropriate in-vivo test is needed for all
compounds where high, or moderate and prolonged, levels of exposure are
expected, for example some human medicines.

51.  Itis important that a flexible approach is adopted for any testing strategy at
this stage. Consideration needs to be given to the nature of the chemical, the
results obtained in the initial tests, and also the available information on the
metabolism of the chemical.

52.  The most appropriate initial test will usually be a bone marrow micronucleus
assay to measure clastogenicity and aneugenicity, unless initial considerations
give an indication to the contrary. Techniques for the assessment of effects on
whole chromosomes are appropriate if evidence of aneugenicity was found in

Stage 1.

53.  If negative results are obtained in the initial in-vivo test, using compounds
that were considered positive in vitro, then additional testing will be required
using other tissue(s) before definite conclusions can be drawn regarding the
absence of activity in vivo. [This will however not be the case if only
equivocal results were obtained in the in-vitro assay, and the in-vivo assay is
being used to resolve its mutagenic potential.] The type of study (or studies)
necessary must be considered on a case-by-case basis having regard to the
chemical structure, its metabolism, the expertise available and results from
earlier tests. The process will be helped by a plausible explanation as to why
activity seen in vitro may not be expressed in the whole animal. A number of
types of study are available and these are listed below; the reasons for the
choice of test in a given situation should be provided.

o Measurement of induction of DNA lesions ie measure of exposure,
uptake and reactivity to DNA

° Comet assay
. 32p_Postlabelling assay

. Covalent binding to DNA

22

° Measurement of the repair of DNA lesions

° Liver UDS

o Measurement of induction of genetic changes
o Transgenic assay for point mutations
o Chromosomal aberrations
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Stage 3: Germ cell assays

Introduction

54.  During the initial stages of investigating the mutagenic hazard posed by a
chemical there is no need to screen for germ cell mutagens. Thus far all
established germ cell mutagens have been shown also to produce positive
results in bone marrow assays and there is no current evidence for germ-cell-
specific mutagens (Shelby 1996). However, the reverse is not true. Not all
somatic cell mutagens can be demonstrated to be germ cell mutagens. Data
on the mutagenic effects in germ cell DNA are needed before any definite
conclusions can be drawn relating to the mutagenic hazard of a chemical
specifically to germ cells. However, no further genotoxicity testing will be
needed for most compounds that are recognised as in-vivo somatic cell
mutagens since they will be assumed to be both potential genotoxic
carcinogens and potential germ cell mutagens. In some cases germ cell
studies will be undertaken for the specific purpose of demonstrating whether
an in-vivo somatic cell mutagen is, or is not, a germ cell mutagen. If it is
important to consider the potential of somatic cell mutagens to affect germ

cells a strategy for testing is outlined in Figure 3.

Figure 3. STAGE 3: Strategy for germ cell testing:

For most compounds that are recognised as in-vivo somatic cell mutagens no further
genotoxicity testing is necessary. This strategy applies only in cases where it is important
to consider the potential of somatic cell mutagens to affect germ cells.

Test mutagenicity/genotoxicity to germ cell from the following.-

Assay for clastogenicity and aneugenicity in mammalian spermatogonial cells,
or spermatocytes, dominant lethal assay or other methods for measuring
mutagenicity or DNA damage.

The choice of test should take into account data from earlier mutagenicity
tests, and the properties of the chemical and its toxicokinetics and

metabolism.
If POSITIVE Chen‘l’ical should be If NEGATIVE consider all the
considered as a germ cell ' available information with a view
mutagen/aneugen. : to drawing the conclusion that the

chemical is not a germ cell
mutagen.

If EQUIVOCAL review all the available
information and consider whether futher

testing is justified or whether a conclusion

can be reached based on weight of

evidence.

In cases where there is strong
justification undertake further studies to
evaluate risk of heritable effects

(see text for discussion).
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Studies to provide information on genotoxicity to
germ cells

55.

56.

57.

When identifying the most appropriate studies consideration should first be
given to the type of genetic effect seen in the earlier studies namely point
mutations, clastogenicity or aneugenicity. This will be important in
identifying the most appropriate study (or studies) in a given instance. In
general, the available methods involve measuring effects in the gonads of
male rodents.

Methods for investigating clastogenicity in mammalian spermatogonial cells
are well established. There is an internationally recognised guideline OECD
No 483 for this approach (OECD 1997). The use of transgenic animals offers
the potential for investigating mutagenic effects in germ cells. Aneugenic and
clastogenic effects may be detected by measuring micronuclei induction in
spermatocytes using appropriate staining methods. Information on the
induction of DNA lesions in germ cell DNA may be obtained from the
methods considered in Stage 2 (**P-postlabelling assays, comet assay, UDS,
covalent binding to DNA).

The dominant lethal assay may also be used to investigate clastogenicity or
aneugenicity in germ cells (Holstrom et al 1993). There is an internationally
recognised guideline, OECD No 478, for this assay (OECD 1984). For this
method the endpoint is the production of embryo-lethal genetic changes
measured as death of the conceptus as a blastoma or soon afterwards.
Dominant lethal mutations are believed to be primarily due to structural or
numerical chromosome aberrations. There are essentially two different
dosing regimes that may be used in this assay. In one case this involves
repeated dosing of the males for a period covering spermatogenesis followed
by mating with untreated females and examining the latter for dominant
lethals after an appropriate period of gestation. In the other regime single
dosing is followed by sequential mating of females. The latter provides
information on the various stages of the germ cell cycle that may be affected
but uses very many more animals and the need for this additional information
is rarely justified.

Quantitative assessment of risk of heritable effects in
future generations

58.

The only methods available to provide data that allow such risk assessments
to be carried out involve investigating effects in subsequent generations bred
from treated animals. The methods available are the mouse heritable

translocation test and the mouse specific locus test. In view of the very large

number of animals that are needed these studies (particularly in the case of

the mouse specific locus test) are not a practical option and should only be
used in exceptional cases. Furthermore neither of these assays has been
carried out in the rat (nor is this possible in the case of the specific locus test).
Currently no methods are available for investigating the induction of

aneuploidy in offspring, following exposure of parental animals.

Summary Stage 3: Germ Cell Assays

59.

60.

61.

The need to investigate effects in germ cells requires careful consideration.
For most chemicals recognised as in-vivo somatic cell mutagens no further
genotoxicity testing is necessary since they will be assumed to be potential
genotoxic carcinogens and potential germ cell mutagens. However, in some
specific cases germ cell studies may be undertaken to demonstrate whether a
somatic cell mutagen is, or is not, not a germ cell mutagen. In those cases
where it is important to obtain conclusive information on effects in germ cells

the following approach should be followed.

Information as to whether the compound is genotoxic in germ cells can be
obtained from a number of assays. These include metaphase analysis of
spermatogonia (for clastogenicity) or micronuclei induction in spermatocytes
(clastogenicity and aneugenicity) and the dominant lethal assay
(clastogenicity and aneugenicity). Alternatively the transgenic animal models
may be used to investigate mutations in germ cells. Information on exposure,
uptake and reactivity to germ cell DNA may be provided by investigating
DNA damage or adduct formation using various approaches (as described for
the Stage 2 studies). Consideration of the types of mutation seen in the initial
tests will be important when deciding on an appropriate assay in a given
instance. None of these assays provide conclusive information as to whether

the effects seen are heritable in future generations.

The only approaches that provide data that allow estimates of risks of
heritable effects are of the mouse specific locus test and the mouse heritable
translocation test. In view of the very large number of animals used, these are

not a practical options and should only be used in exceptional circumstances.
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OVERALL SUMMARY

The strategy being recommended, as in the Committee’s earlier guidance, is based

on three progressive stages.

Stage 1 (initial screening — see Figure 1) is based on in-vitro tests. For most
chemicals three tests are recommended, but for those where little or no human
exposure is expected (eg industrial intermediates, some low production volume
industrial chemicals) two tests may be appropriate, namely a bacterial assay for
gene mutation and an in-vitro mammalian cell assay for clastogenicity and
aneugenicity. The Committee believes that screening for both clastogenicity and
aneugenicity is now possible in the initial (Stage 1) tests. The second test may be
metaphase analysis, with consideration of hyperdiploidy, polyploidy and effects on
mitotic indices as indicators of possible aneugenicity; if these suggest potential
aneugenicity this needs to be confirmed by use of appropriate staining procedures,
such as FISH and chromosome painting. Alternatively an in-vitro micronucleus test
may be used. If a positive result is obtained, kinetochore or centromeric staining
should be employed to ascertain the nature of the micronuclei induced (ie whether
induction is due to clastogenicity or aneugenicity). The third assay is an additional
gene mutation assay in mammalian cells, the mouse lymphoma assay being
recommended. These three assays, if negative, will provide sufficient information
for the assessment of most chemicals. However where high, or moderate and
prolonged, levels of exposure are expected (eg most human medicines) an in-vivo
assay is recommended to provide additional reassurance. Decisions on the extent of
testing appropriate for given exposure levels of specific chemicals need to be taken

by the relevant regulatory authority on a case-by-case basis.

Stage 2 (see Figure 2) involves an assessment of whether genotoxic activity seen in
any of the in-vitro tests can be expressed in somatic cells in vivo. In addition, one
appropriate in-vivo test is needed for all chemicals for which human exposure is
expected to be high, or moderate and prolonged. A flexible approach is needed with
consideration of the nature of the chemical, its metabolism and results obtained in the
initial in-vitro tests. The most appropriate initial test will be a bone marrow
micronucleus assay unless the initial considerations give an indication to the
contrary. Techniques for the assessment of whole chromosomes are appropriate if
there is evidence of aneugenicity. If negative results are obtained in this assay
additional testing in other tissue(s) will be required for all compounds that are
positive in-vitro, to provide adequate reassurance for the absence of activity in-vivo.
The type of study (or studies) needs to be considered on a case-by-case basis having
regard to the available information on the compound including the results from
earlier tests. Studies that may be appropriate include the liver UDS assay, comet
assay, 32P-postlabelling assay, covalent binding to DNA and assays using transgenic

animals; the reasons for the choice of assay in a given situation should be given.

Stage 3 (see Figure 3) consists of assays in germ cells. The need for such studies
requires careful consideration. In most cases chemicals that are recognised as in-
vivo somatic cell mutagens will be assumed to be both potential genotoxic
carcinogens and potential germ cell mutagens, and no further genotoxicity testing is
necessary. However, in some cases germ cell studies may be undertaken to
demonstrate that a somatic cell mutagen is not a germ cell mutagen. Information on
whether a compound is genotoxic in germ cells may be obtained from a number of
assays (eg metaphase analysis in spermatogonia or micronuclei induction in
spermatocytes, the dominant lethal assay and mutation assays in transgenic
animals). Information on the induction of DNA lesions in germ cells may be
obtained using the various approaches listed for phase 2. Consideration of the type
of mutation produced in earlier studies is important when selecting the appropriate
assay in a given instance. None of these assays provide conclusive information as to
whether effects will be seen in future generations, and the only methods on which
risk estimates for the effects can be based are the heritable translocation test and the
mouse specific locus test. These are not practical options in view of the very large
number of animals needed. Currently there are no routine methods available for
investigating the induction of aneuploidy in offspring following exposure of parental

animals.
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APPENDIX A

A suitable procedure for use of the in-vitro micronucleus test for detection of
clastogenicity and aneugenicity

i) Undertake an in-vitro micronucleus assay in which binucleate cells
are produced by treatment with the actin inhibitor Cytochalasin B in

interphase cells of a type with a stable karyotype. Prepare duplicate
cell suspensions.

ii)  Score binucleate cells for the induction of micronuclei: if negative
then consider the test substance as non-clastogenic and non-
aneugenic in this test: if positive consider as potential clastogen or
aneugen.

iii)  If positive in (ii) stain second set of cells for presence of centromeric
DNA or kinetochore proteins. If there is an increase in centromeric
negative micronuclei then the compound is considered a clastogen.
If there is an increase in centromeric positive micronuclei then the
compound is considered an aneugen.

In most cases no further testing will be necessary. However, if the investigation
relates to the identification of thresholds (rather than just identifying the chemical
as an aneugen) then it is advisable that the dose response for the induction of non-
disjunction is determined as aneugenic chemicals may induce non-disjunction at
concentrations lower than those which induce chromosome loss. In these
circumstances a further modification of the suggested in-vitro micronucleus assay
may be undertaken as follows:

Treat a third set of cells with chromosome specific centromere probes.
Analyse the distribution of chromosomes in binucleate cells to quantify the
frequency of chromosome non disjunction where the sum of the signals for

each chromosome equals 4.
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Inhibitory effects of herbal teas and herb extracts on the mutagenicity of 1-methyl-1, 2, 3, 4-tetrahydro-3
carboline-3-carboxylic acid upon treatment with nitrite in the presence of ethanol
--------- Minoru Higashimoto, Yoshinobu Akada, Masao Sato, Yoshihide Yamada, Tomomi Kuwahara and
Yoshinari Ohnishi 1
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