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This result may indicate that AA is metabolized to GA
in vivo [38]. Tests that use rat liver S9 for metabolic
activation may not be appropriate for in vitro investiga-
tions of AA genotoxicity and metabolism. Transgenic
cells expressing CYP2E1, however, would be useful for
demonstrating the in vitro genotoxicity of AA [39].

In conclusion, AA is weakly genotoxic, causing chro-
mosome aberrations and a type of genomic instability.
GA, its epoxide metabolite, is highly reactive with DNA.
GA is a strong mutagen, inducing predominantly point
mutations, and it may contribute to human cancers.
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Identification of 4-Oxo-2-hexenal and Other Direct Mutagens
Formed in Model Lipid Peroxidation Reactions as dGuo Adducts
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We searched for mutagens that react with 2’-deoxyguanosine (dGuo) in model systems of lipid
peroxidation. To autoxidation systems of methyl linoleate (model of w-6 fat), methyl a-linolenate (MLN)
(model of w-3 fat), and commercial salad oil, dGuo was added. The reaction mixtures were analyzed by
HPLC. Six adducts were detected, and their structures were determined by 'H and 3C NMR, UV, and
mass spectra and by comparison with synthetic authentic samples. The mutagens that reacted with dGuo
to form these adducts were proposed as glyoxal, glyoxylic acid, ethylglyoxal, and 4-0x0-2-hexenal 4-
OHE). The formation of 8-hydroxy-dGuo, an oxidized product of dGuo, was also detected in the model
reaction mixtures. Among them, glyoxal and glyoxylic acid are known mutagens, while ethylglyoxal
and 4-OHE, produced from MLN, have not been reported as mutagens thus far. We confirmed the
mutagenic activity of 4-OHE with Salmonella strains, TA100 and TA104, without SO mix. These
compounds may be invelved in lipid peroxide-related cancers. :

Introduction

As diet is one of the main causes of human cancer, it is
important to identify mutagens in food to prevent cancer.
Epidemiological studies suggest that a high-fat diet is a risk
factor for various cancers, such as breast and prostate cancer
(4, 2). On the other hand, it is known that an elevated risk of
colon cancer is associated with red meat intake (3), while the
role of total fat and specific fatty acids in colon carcinogenesis
is not clear (4). Brink et al. suggested that a high-intake diet of
polyunsaturated fatty acids is associated with an increased risk
of mutated K-ras colon tumors, based on a cohort study (5).
We have been interested in the mutagens produced by lipid
peroxidation, because foods contain various polyunsaturated
fatty acids and heme iron (Fe), a catalyzer of lipid peroxidation
(6. Lipid peroxidation may occur during the cooking or storage
of foods. After red meat ingestion, heme (ferroprotoporphyrin)
is released by hemoglobin digestion and may enter the colon
(7), while some of the ingested fat may also pass through the
colon as friglycerides or as free fatty acids (8). Therefore,
autoxidation systems of various unsaturated fatty acids with
hemin are interesting models of lipid peroxidation reactions, to
- clarify the combined effect of a high-fat and red meat diet.
Although aldehyde type mutagens, such as malondialdehyde,
acrolein, crotonaldehyde, and 4-hydroxynonenal, have been
identified (9—11), there have been no detailed studies on other
mutagens, particularly those formed from w-3 polyunsaturated
fatty acids. In this report, we describe our identification of four
mutagens, including new mutagens, as 2’-deoxyguanosine

* To whom correspondence should be addressed. Tel: +81-93-691-7469.
Fax: +81-93-601-2199. E-mail: h-kasai@med.uoeh-u.ac.jp.

T Department of Environmental Oncology, UOEH.

* Microbial Chemistry Research Center.

§ Department of Rehabilitation Medicine, UOEH.

10.1021/tx050236m CCC: $33.50

(dGuo)! adducts in model lipid peroxidation reaction mix-
tures containing hemin and methyl linoleate (MLA), methyl
o-linolenate (MLN), and salad oil.

Experimental Procedures

Chemicals. dGuo and hemin were purchased from Sigma
Chemical Co. (St. Louis, MO). MLA (purity > 99%) and MLN
(purity > 99%) were obtained from Fluka (Buchs, Switzerland)
and MP Biomedicals, LLC (Aurora, OH), respectively.

Reaction of dGuo with Products Formed in Lipid Peroxida-
tion Model Systems and Analysis of the Adducts. dGuo (20 mg)
and hemin (2.5 mg) were mixed in 50 mM phosphate buffer (pH
7.4) (10 mL) and were vigorously shaken with 1 mL of MLA,
MLN, or commercial salad oil (rapeseed oil + soybean oil) in an
open plastic tube (50 mL) to form a homogeneous emulsion.
Occasionally, deionized water was added to maintain thé volume
of each reaction mixture. The reaction was continued for 3 days at
room temperature. After centrifugation to separate the oil layer,
100 uL of the aqueous layer was injected into an HPLC column
(CAPCELL PAK C18 MG, 5 um, 4.6 mm x 250 mm, Shiseido
Fine Chemicals, Japan) connected with a photodiode array UV
detector (Hewlett-Packard 1100 HPLC Detection System). Used
were the following linear gradients of acetonitrile concentrations
in 0.1% acetic acid: 0—15 min, linear gradient of acetonitrile (0—
5%); 15—28 min, linear gradient of acetonitrile (5—20%). Adduct
samples for structure determination were isolated by repeated (about
50 times) rounds of HPLC, by injecting 1 mL of the reaction
mixture into a wider column (10 mm x 250 mm).

Spectra Measurements. The mass spectrum (EI) of synthetic
4-OHE was measured on a JEOL JMS-BU20 spectrometer. The
mass spectra (FAB) of the adducts were recorded with a JEOL

! Abbreviations: dGuo, 2’-deoxyguanosine; DHA, docosahexaenoic acid;
EPA, eicosapentaenoic acid; MLA, methyl linoleate; MLN, methyl o-
linolenate; 4-OHE, 4-0x0-2-hexenal; 4-ONE, 4-0x0-2-nonenal.
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JMS-DX303 spectrometer and a JEOL JMS-T100LC. 'H and BC’

NMR spectra were measured with JEOL JNM-A500 and JEOL
JNM-ECA600 spectrometers, using DMSO-ds as the solvent and
TMS as an internal reference.

X-ray Crystallography. X-ray crystallographic measurements
were performed on a Rigaku AFC7R diffractometer, with graphite
monochromated Cu Ko radiation and a rotating anode generator.
Calculations of the measurements were performed using the teXan
crystallographic software package (Molecular Structure Corpora-
tion).

Preparation of 10-Hydroxyl-11-0x0-1,N2-ethanoe-dGuo. dGuo
(27 mg, 0.1 mmol) and glyoxylic acid monohydrate (9 mg, 0.1

mmol) were dissolved in 1 mL of DMSO and incubated at 45 °C -

for 4 days. The reaction mixture was diluted 10-fold with water,
and the major product was purified by repeated rounds of HPLC
(CAPCELL PAK C18, 10 mm x 250 mm,; elution, 4% acctonitrile
in water), to yield 8.8 mg (27%) of the objective compound.

Synthesis of (£)-4-Oxo-2-hexenal(4-OHE). (E)-4-Hydroxy-2-
hexenal diethylacetal (19.7 g, 104 mmol), prepared by the method
of Esterbauer and Weger (/2), was dissolved in dry dichloromethane
(500 mL), and then, activated MnO, (240 g, Aldrich) was added
to the solution. After a 72 h incubation at room temperature, the
reaction mixture was filtered, washed with dichloromethane (500
mL), and concentrated under reduced pressure. The residue was
fractionated by silica gel column chromatograpy {column volume,
450 mL; elution, first with hexane and then with hexane:ethyl
acetate (9:1, v/v)] to yield 13.9 g (71%) of the pale yellow product
of 4-OHE dicthylacetal. It was dissolved in a mixture of 70 mL of
1% citric acid and 30 mL of methanol and was stirred for 24 h at
room temperature. The methanol was evaporated under reduced
pressure, - and - then, - the solution was - saturated with NaCl and
extracted with ether. The ether layer was washed with a saturated
NaCl solution and dried with anhydrous MgSOy. The ether layer
was concentrated under reduced pressure to obtain 5.7 g (68%) of
4-OHE. Mass (EI), m/z 112. NMR (6CDCls, J) 9.79 ppm (d, 6.9
Hz), 6.90 ppm (d, 16.2 Hz), 6.79 ppm (dd, 6.9, 16.2 Hz), 2.74
ppm (q, 7.2 Hz), 1.17 ppm (t, 7.2 Hz).

Preparation of 10-(Z-Oxobutyl)-1,N2-etheno-dGuo. dGuo
(40.9 mg, 0.15 mmol) and 4-OHE (25.8 mg, 0.23 mmol) were
dissolved in 8.2 mL of 50 mM sodium phosphate buffer (pH 7.4)
containing 10% ethanol and incubated for 5 days at room temper-
ature. The major product was purified by repeated rounds of HPLC
(CAPCELL PAK C18, 10 mm x 250 mim; elution, 10% acetonitrile
in water) to yield 28.8 mg (63%) of the objective compound.

Preparation of 9-Ethyl-10-(2-oxobutyl)-1,N2-ethenoguanine.
9-Ethylguanine (30 mg, 0.17 mmol) and 4-OHE (28.2 mg, 0.25
mmotl) were dissolved in 8.2 mL of 50 mM sodium phosphate buffer
(pH 7.4) containing 10% ethanol and incubated for 5 days at room
temperature. The major product was purified by repeated rounds
of HPLC (the same conditions as above) to yield 31.5 mg (57%)
of the objective compound. Mass spectrum (FAB), (M — H)™, m/z
272.1145 (272.1148, calcd for C3H14N50,). ,

X-ray Crystallographic Analysis of 9-Ethyl-16-(2-oxobutyl)-
1,N2-ethenoguanine (7). A colorless plate crystal, with approximate
dimensions of 0.02 mm x 0.13 mm x 0.40 mm, was chosen for
X-ray crystallograply. The crystal data are as follows: empirical
formula, Ci3H 5sN50,; crystal system, monoclinic; lattice parameters,
a = 13.996(1) A, b = 7.401(1) A, ¢ = 14.643(1) A, B8 =
114.756(6)°, V = 1377.4(3) A3; Z value, 4; Deyieg, 1.32 glem?. p
(CuKay: 7.71 cm™1. Of the 4914 reflections that were collected,
2352 were unique. The intensities of three representative reflections
were measured after every 150 reflections. No decay correction
was applied. The structure was solved by direct methods (SIR92)
(13) and was expanded using Fourier techniques (DIRDIF94) (14).
Nonhydrogen atoms were refined anisotropically. Hydrogen atoms

were included but not refined. The final cycle of full matrix least-

squares refinement was based on 2047 observed reflections and
181 variable parameters and was converged with unweighted and
weighted agreement factors of R = 0.082 and Rw = 0.159. The
maximum and minimum peaks on the final difference Fourier map
corresponded to 0.34 and —0.17e/A3, respectively.
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Figure 1. HPLC analyses of dGuo adducts formed by model lipid
peroxidation reactions. (A) dGuo + MLA + hemin, (a) control reaction
of MLA + hemin; (B) dGuo + salad oil -+ hemin, (b) control reaction
of salad oil + hemin (attenuation, 1/2), (dGuo) control reaction of dGuo;
(C) dGuo + MLN + hemin, (c) control reaction of MLN + hemin
(attenuation, 1/2). The peaks labeled with x were also detected in the
control reaction mixtures.

Mutagenicity Test. The bacterial mutagenicity test was carried
out according to the method of Maron and Ames (/5). In our
experiments, we used a longer preincubation time, 60 min, and the
plates were sealed with paraffin film (Parafilm, American National
Can, United States) to prevent the evaporation of 4-OHE.

Results

Identification of Mutagens as dGuo Adducts Formed in
Lipid Peroxidation Model Reactions. The method generally
used to identify lipid peroxide-derived mutagens is to isolate
them by HPLC, based on their mutagenic activity, before their
structure determination. However, in the initial studies, we were
not able to isolate unstable lipid peroxide-derived mutagens by
HPLC. An alternative method to identify unstable mutagens is
to trap them as stable dGuo adducts, because many mutagens
and carcinogens react with DNA and nucleosides, particularly
dGuo (16).

Using this method, the products formed in the model lipid
peroxidation reaction mixtures (MLA -+ hemin, MLN + hemin,
and salad oil -+ hemin), which are models of high-fat and red
meat diets, were reacted with dGuo by vigorous shaking to form
a homogeneous emulsion at a physiological pH (7.4). The
reaction mixture was fractionated by HPLC coupled to a
photodiode array UV detector. Six dGuo adducts, which were
not produced from the control reaction mixtures of dGuo only
or lipid peroxidation only (—dGuo), were detected by HPLC,
as shown in Figure 1.

Adducts 1 and 2 were produced in both the MLA and the
MLN reactions (Figure 1), while adducts 4—6 were detected in
the MLN reaction mixture (Figure 1C). The amounts and the
numbers of different adducts were higher in the MLN reaction
mixture (Figure 1C) than the MLA reaction mixture (Figure

— 183 —



132 Chem. Res. Toxicol., Vol. 19, No. 1, 2006

A
1.0+

Absorbance

250 240 260 280 300 320 340 pm
Wavelength(mm)

Absorbance

Ty P
Wavelength(nm)

Figure 2. UV spectra of dGuo adducts. (A) Adducts 1 (- -
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+), and 6 (—).

1A). Adduct 3 (8-OH-dGuo) was produced with a higher yield
in the MLA reaction (Figure 1A) than in the MLN reaction
(Figure 1C). The salad oil reaction generated an HPLC profile
(Figure 1B) including some adducts also generated in the MLA
(Figure 1A) and MLN reactions (Figure 1C).

Structure Determinations of Adducts. Adduct 1 was easily
identified as glyoxal-dGuo (Figure 3, structure 1), based on its
characteristic UV spectrum (Anax, 249 nm, shoulder at 275 nm)
(Figure 2A-1). This identification was confirmed by a com-
parison with the synthetic compound prepared from glyoxal and
dGuo (18—20). .

The mass spectrum, (M — H)™, m/z 322.0787 (322.0788,
caled for C12H;NsOg) of adduct 2 showed an increase of 56
mass units (C20;) from dGuo. One of the possible structures
was a cyclic adduct formed from glyoxylic acid and dGuo. Thus,
compound 2 was prepared as a major reaction product of
glyoxylic acid and dGuo. The retention time in HPLC and the
'H NMR, UV, and mass spectral data of adduct 2 were identical
to those of the synthetic 2. The 3C and 'H NMR data of

Maekawa et al.

Table 1. 13C and 'H NMR Assignments for Compound 22

3C (ppm) OH (ppm) multiplicity J(Hz)
IN
2 151.47
3N
4 147.88, 147.91
5 120.32, 120.38
6 154.24.
N
8 136.67, 136.70 8.14 s
9N
10 77.61 5.71 d 9.0
5.72 d 9.0
11 171.25
12N
v 83.12 6.17 dd 6.4, 6.0
2 39.84 2.27 dddd 13.4,6.0,3.0,3.0
2.55 br. dd 13.4,6.4
3 70.55 4.35 m
4 87.84 3.83 m
5 61.51 3.52 m
10 OH 7.81 d 9.0
7.83 d 9.0
3’'0H 5.31 brd
5'CH 4.92 brt

@ 1’—5’, numbering of sugar carbons.
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Figure 3. Structures of dGuo adducts formed by model lipid
peroxidation reactions and their causative mutagens.

synthetic 2 are shown in Table 1. The proposed structure 2 was
confirmed by H—!H two-dimensional (2D) correlation spec-
troscopy (COSY) and 'H—13C 2D heteronuclear muitiple-bond
correlation (HMBC) NMR studies using synthetic 2 (Figures 4
and 5). The three-bond correlation between H-10, C-10, N-1,
and C-6 observed in the HMBC spectrum (Figure 5) clearly
shows that adduct 2 is an 11-o0xo0-10-hydroxy compound, and
the possibility of the regioisomer, the 11-hydroxy-10-oxo
compound, should be ruled out.
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Figure 4. 'H—'H 2D COSY NMR spectrum of compound 2.
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Figure 6. 'H—'H 2D COSY NMR spectrum of compound 6.

Adduct 3 was characterized as 8-OH-dGuo, based on its two Table 2. 3C and "H NMR Assignments for Compound 6¢
unique maxima (245 .and 293_nm) in the UV spectrum (Figure 6C (ppm)  OH (ppm)  multiplicity J(Hz)
2A-3) and a comparison of its retention time in HPLC with N
that of authentic 8-OH-dGuo (76, 17). 2 146.94

The mass spectra of adducts 4 and 5, M — H)™, m/z 352.1248 3N
and 352.1258 (352.1257 caled for Cy4H;3NsOs), revealed an 4 149.79
increase of 86 mass units (C4HgO;) from dGuo. In the 'H NMR 2 %;ggi
spectrum, the presence of an ethyl group and a hemiaminal TN )
proton was observed, suggesting that they are 1,N2-cyclic 8 136.83 8.04 s
ethylglyoxal-dGuo adducts. Their UV spectra (Figure 2B-4,5) 9N
are similar to those of methylglyoxal-dGuo adducts (27). They 10 117.67
may be stereoisomers, because their mass, 'H NMR, and UV };.N 116.05 7.1 s
spectra (Figure 2B-4,5) are identical. However, the structures v 83.01 621 dd 7.6,6.1
of 4 and 5 were not confirmed unambiguously in the present 2 39.42 223 ddd 13.1,6.1,3.1
study, because ethylglyoxal was not available. , 2.59 m

The mass spectra of adduct 6 showed a (M —~ H)™ ion at m/z i, ;2;3 §Z§ ggg ig ii’ %g
360.1308 (360.1308 calcd for C;sH;sN50s), which corresponds 5 61.72 351 dad 1.7 44
to an increase of 94 mass units (CsHsO) from dGuo. In the 'H 3.57 dd 11,7: 4.7
NMR spectrum, the presence of an ethyl group (0.96 and 2.57 3OH
ppm), a low field methylene group (4.09 ppm), and an extra S'OH 408 ¢
olefinic proton (7.11 ppm) was observed, in addition to the ! 393 411 d gg
signals of the dGuo moiety. The UV spectrum of adduct 6 [Apax 2 206.14 ’ '

(pH 7), 228 and 282 nm] was similar to that of 1,N2-etheno- 37 3435 2.57 q 73
dGuo [Amax (pH 7), 228 and 283 nm], but different from that of 47 7.58 0.96 t 7.3

3,N2-ethenoguanosine [Amax (pH 7), 225 and 258 nm] (22, 23).
The stability of the glycosyl bond of adduct 6, under conditions
of 0.1% acetic acid (pH 3.2), 37 °C, and 1 h, also ruled out the
possibility of the 3,N2-etheno-dGuo derivative, which is known
to be rapidly hydrolyzed (half-life of 1 h) under conditions of
pH 5.5, 37 °C, and 1 h (24). The structure of adduct 6 was
proposed as a 4-oxo-2-hexenal (4-OHE)-1,N2-cyclic-dGuo

a 1’~5’, numbering of sugar carbons.

adduct (structure 6), based on these spectral data. The 'H NMR
and UV data of compound 6, as well as the retention time in
HPLC, were completely identical to those of the sole reaction
product of dGuo and 4-OHE. The structure of compound 6
was confirmed by extensive NMR experiments, including COSY
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To further confirm its structure, a highly crystalline product,
9-ethyl-10-(2-oxobutyl)-1,N2-ethenoguanine (structure 7), was
prepared from 9-cthylguanine and 4-OHE, under the same
reaction conditions used for the preparation of 10-(2-oxobutyl)-
1,N2-etheno-dGuo (compound 6). Structure 7 was analyzed by
X-ray crystallography (Figure 8). Because the UV spectra and
the low-field '"H NMR data of 6 and 7 (Tables 2 and 3) are
similar, the structure of & is presumed to have the same ring
system and substitution pattern as those of 7.

Mutagenic Activity of 4-OHE in Salmonella Straims,
TA100 and TA104. The mutagenicity of 4-OHE was tested at
concentrations of 125, 2.5, 5, 7.5, and 10 ug/plate. At
concentrations above 10 ug/plate, 4-OHE was quite toxic to
the bacteria. 4-OHE showed mutagenic activity in the TA100
and TA104 strains, without S9 mix (Figure 9A,B, respec-
tively). The specific mutagenic activities of 4-OHE to TA100

Figure 8. Crystal structure of compound 7.

and TA104 were 78 and 67 revertants/ug, calculated from the
data at the concentrations of 10 and 2.5 ug/plate, respectively.
The mutagenicity of 4-OHE is also shown as the mutation
frequency (revertants/ survivals) in Figure 9. 4-OHE caused a
dose-dependent increase in mutation frequency in TA100 and
TA104.
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Table 3. 3C and '"H NMR Assignments for Compound 7

4C (ppm) OH (ppm) multiplicity J (Hz)
IN
2 147.1
3N
4 150.0
5 115.7
6 153.8
N .
8 138.4 7.84 s
9N
10 117.5
11 115.8 7.09 S
12N
v 37.8 405 q 72
2 15.1 1.36 t 72
1 39.3 4.09 s .
2" 206.1
3" 343 2.57 q 72
4" 75 0.96 t 72
Discussion

It is important to identify mutagens in the diet, as a prelude
to cancer prevention. However, few mutagens have been
identified in the human diet. It is difficult to isolate very small
amounts of mutagens by HPLC from a complex mixture of
chemicals, such as food, by monitoring the mutagenic activity
of each fraction. For this purpose, it is more efficient to study
model systems of lipid peroxidation, which may be related to
high-fat and red meat diets.

In our study, the unstable mutagens present in minor amounts
in the complicated mixtures of the mode! reactions were trapped
as dGuo adducts (/6). This method allowed us to identify
mutagens, such as glyoxal, glyoxylic acid, ethylglyoxal, and
4-OHE, in the mixture. Among them, ethylglyoxal and 4-OHE
have not previously been reported as mutagens.

The mutagenicity of glyoxal and methylglyoxal and their
detection in various foods has been reported (25, 26). Although
the tumor promotion activity of glyoxal has been observed in
an MNNG plus NaCl-induced stomach carcinogenesis model,
glyoxal and methylglyoxal do not seem to be carcinogenic in
F344 rat liver, based on a mediurn-term liver bioassay measuring
the induction of glutathione S-transferase placental form (GST-
P)-positive foci (27). ,

The mutagenicity of glyoxylic acid has also beer reported
as a component of an ozonated humic substance (28, 29).
However, its formation by lipid peroxidation has not been
described. Further studies on its detection in unsaturated fatty
acid-containing foods and its carcinogenicity are needed.

We detected 8-OH-dGuo in the dGuo-lipid peroxidation
reaction mixture. This result is compatible with the previous
observation that 8-OH-dGuo is formed from dGuo or in DNA
after a reaction with autoxidized polyunsaturated fatty acids (30,
31). The reason for the higher formation of 8-OH-dGuo in the
MLA reaction as compared to the MLN reaction in the present
study is not clear.

4-OHE may be produced via 16-hydroperoxy compound
formed from MLN, followed by heme Fe-mediated decomposi-
tion, as shown in Scheme 1, by a mechanism similar to that for
the formation of 4-oxo-2-nonenal (4-ONE) from 13-hydro-
peroxy-9,11-octadecadienoic acid (32). The yields of 4-OHE
in the salad oil reaction (Figure 1B) and the MLN reaction
(Figure 1C) from 1 mL of the corresponding oils were estimated
as 12.4 and 25.8 ug, respectively, based on the peak areas of
adduct 6.
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Scheme 1. Mechanism for the Formation of 4-OHE from
MLN
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4-Hydroxy-2-nonenal and 4-ONE have been extensively
studied by many researchers as the lipid peroxidation products
of w-6 fatty acids, such as linoleic acid (32). The structure of
a 4-ONE-dGuo adduct and its detection in liver DNA from
oxidative stress-induced rats have been reported (33, 34). On
the other hand, w-3 fatty acids, such as o-linolenic acid,
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docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA), '

are known as important fatty acids recommended for cancer
prevention, but their lipid peroxidation products, such as
4-hydroxy-2-hexenal (35) and 4-OHE, have not been well-
studied.

The autoxidation reaction mixture (dGuo + MLN - hemin)
produced more kinds and higher amounts of dGuo adducts
(Figure 1C) than the (dGuo + MLA -+ hemin) reaction mixture
(Figure 1A). This is compatible with the fact that the autoxi-
dation rate of unsaturated fatty acids is dependent on the number
of active methylene groups between the two double bonds (36).
Therefore, more mutagens are expected to be produced by
autoxidation, in the order linoleic acid < a-linolenic acid <
DHA < EPA, which have two, three, four, and five active
methylene groups, respectively. The different affinities of these
unsaturated fatty acids for the hemin molecule may also
influence the autoxidation rate. Our data are compatible with
the observation that the mutagenicity of heated cooking oils
correlates with the o-linolenic acid content as reported by Harris
and his collaborators (37). We also detected a considerable
amount of 4-OHE in heat-processed w-3 fat-containing foods,
such as broiled fish and perilla oil, while the amounts of 4-ONE
were much lower than those of 4-OHE (Kawai et al., to be
published elsewhere). In the HPLC profile of the MLA reaction
mixture (Figure 1A), we could not detect an etheno-dGuo type
adduct derived from 4-ONE, even after prolonged elution with
an increasing acetonitrile gradient. However, we cannot rule
out the possiblity that the formation of 4-ONE-dGuo adduct
has not been detected, because it may be present in oil layer in
the model reaction mixtures, due to its hydrophobicity.

In addition to DNA components, 4-OHE may also react with
Arg, His, and Lys residues in proteins, as 4-ONE does (38).
These modifications may exert epigenetic effects, such as
modulation of transcriptional activation (38) or other deleterious
biological phenomena. Finally, it is worth mentioning that
4-OHE has been detected as a major constituent of insect
defensive secretions, which function as nonspecific irritants,
toxins, or olfactory repellents of arthropods (39). Our results
raise the concern that w-3 fats are more toxic than w-6 fats, in
that w-3 fats produce larger amounts of mutagens by lipid
peroxidation, even if w-3 fats themselves in the diet inhibit
carcinogenesis. Further studies on the detection of glyoxylic
acid, ethylglyoxal, and 4-OHE in various foods and on the
carcinogenic activity of 4-OHE are now in progress in our
laboratory.
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In vitro genotoxicity of inorganic and organic arsenics and their genotoxic risk
through food intake

Katsuko Matsuura-Eisaki 2, Hiroko Sakamoto', Toshio Sofuni’, Makoto Hayashi'
and Masamitsu Honma*

! Division of Genetics and Mutagenesis, National Institute of Health Sciences
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan
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Summary

Arsenic compounds contained in sea foods have raised public health concerns, because their chronic
exposure through dietary intake may increase cancer risk. In the present study, we investigated the in vitro
genotoxicity of two inorganic arsenics (arsenite; As{III], arsenate; As[V]) and three organic arsenics
(monomethylarsonic acid; MMAA, dimethylarsenic acid; DMAA, trimethylarsine oxide; TMAQ) using
mouse lymphoma Tk assay (MLA). In the standard MLA with 3 h treatment, exposure to As[III] and As{V]
significantly induced Tk-mutants. The genotoxicity of As[III] was over 50-times greater than that of As{V].
Among organic arsenics, on the other hand, only DMAA showed weak genotoxicity with 3 h treatment at
high doses. In the 24 h treatment MLA, DMAA and TMAO weakly induced Tk-mutants. These results indi-
cate that inorganic arsenics rather than organic arsenics should be considered for genotoxic risk. We dis-
cussed the genotoxic risk of arsenic compounds through dietary intake.

Keywords: arsenite[I11], arsenate[V], organic arsenics, mouse lymphoma Tk assay (MLA), genotoxic risk
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TVvy4 (ATSDR, 2000).

200447 28 H, EEAWEHT (Food Standard
Agency) &, ¥ 00U & (Hijiki) C#EEe #
(Inorganic arsenic) PFREIEIN TS L) ALEE
RICEDE, BRENLTCOLEZERLWEY ICEE
L7z (FSA, 2004). WEAEMICIZINT TFE/LEWH
ZLEETNTVAZEFHESN TS, B2, DL E,
CASREDEER, ZUVREORBRE, hLAED
£, CESHEEIEVIENGSLNTY S Fukui
etal,1981). THOHEMPH, LD LFEILEWOEEEZ T
BRLETELANNVICHZ B 2 L5, AKEADEH L Ak
12, —BTROBVBAVAZZBLTILIZREDOND
Ltz

HEWHICE TN e F LAY, BLFEUIFV
EENTWAEEMioEHLE (AS[I]) 7Z Tk, R
fioEErvE (As[VD) °, ABeEEWLEDH S,
TLTC, TODEREBILBEROEEICL>TELS
ZEDBMHN T 5 (Fukui etal, 1981). F72, Zhb
CFELEMOFEITCOMFERBICL > TRELELD
(ATSDR, 2000). AT, 200 EEL FLEW
(As[II], As[V]) &, HEBMEBEWICIEZLETRTHND
SODHBEEILEW (E/JAF VT NVY VB
monomethylarsonic acid (MMAA), Y AFLT NI ¥
B . dimethylarsenic acid (DMAA), MY AFL T Y
YA F ¥ F ! trimethylarsine oxide (TMAO)) (Fig. 1)
DEEFBEFEEL TR V74 —< TR (MLA)
WX TEHB LA 72, SNECFENEWOBRE L,
BIZFEOEEL, MORGKFISBNTLWHEEDD
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LICFPHD TN S LB, BRPLLDOLELEY
DEEEW A 7 B EEL 7.

RSB LU

1. AR

BYEJ M) w4 (sodium arsenite (As[III]) ; Cas.
No. 7784-46-5, MW130) (&, BIf{barT %8 vm—
P U7 A (sodium arsenate (As[V]) : CAS. No. 7778-43-
0, MW186) 1, FIGHZE T, HEAEELH .
T AF VTNV B (monomethylarsonic acid
(MMAA) ; CAS. No. 124-58-3, MW140), ¥ X FL 7 L
¥ v B (dimethylarsenic acid (DMAA) ; CAS. No. 75-
60-5, MW138), MU RXAF LTI ¥ FF ¥ F (trimethy-
larsine oxide (TMAQ) ; CAS. No. 4964-14-1, MW136)
W, FUTIANBIRAEOME 99.9%D b 0% v
AR

2. AEHeHE

MRz RBRAET— B AL, 20%0 48KH
B AN, MR N L Tk, Btk
B & B L7z (Relative Suspension Growth; RSG). &t
MIBD10~20%C 2 2 BEXBREHEL LTEEL.

3. RYURY YT 4= ThEH (MLA)

MLARS A 7089 2 VIETITY, 7o ba—bik
Honma &5 D FEEICHE - 72 (Honma et al,, 1999a). S9 3k
FETT, MRz RBRAECIREMEL, 8BHOR
HBHEZBWT, TRRARERERBOLDICHRE 7L
=7 AT L7 MRBEEOEEL L TIINBEEROM
HEFHE (Relative Survival; RS) &, MBI O &
HFEFEEEE L7 (Relative Total Growth; RTG) % M
Wi, AReEREAWICEL T, 24 B £l
L7z, 24BMMB D71+ 32— Vid, Honma &0 FiE
\2%€- 7z (Honma et al., 1999b).
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Fig. 2 Cytotoxicity (relative survival; RS, relative total growth; RTG) and Tk-mutation frequency (MF) in MLA treated with
As{III], As[V], MMAA, DMAA, and TMAO for 3 h. In cytotoxicity, closed symbol is RS, and open symbol is RTG.
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Fig. 3 Comparison of Tk-mutation frequencies (MF) in 3 h treat-
ment test treated with As{III]--, As[V]-<>-, MMAA-&,
DMAAH and TMAO»-.

4. WRETRIRRE

MLA @ 57— # i3 Omori > DR EIZ LY, B,
et ¥ E L7 (Omori et al., 2002). O FHEE
Dunnett#F I L A MR L OLEHRE, Simpson-
Margolin{EI2 & 2 FIBKEN hEEEREZHASD
VIHETHB.

5 8

1. HEReHER

fMilee ABRAETIRBALEL, BENED 10~
20DRSCERTIREZARBRICIBUIBREHEE L
TEx®E L7: (data not shown). ZOHREL b, As[HI:
10 ug/mL, As{V]: 250 ug/mL, MMAA: 3000 ug/mL,
DMAA: 2500 ug/mL, TMAOQ: 5000 pg/mL % BREHEE
L TiEZE L7, TMAO i3 5000 Hg/mLiZBWTHiTEA
EHlRBEEZ RS Lo P MLAOREB AL F5 4~
WOy, 5000 ug/mL A mEHEE L.

2. 3ISPAEEER

SIRILELLC & 2 MLA O 8% Fig. 2 I0m+. g v
FILED O As[I], As[VIIZHEEEN I SHMEE (RS,
RTG) ZRL, TNIIHVWEVWERARAEEOFEN DS
Nz, BEMFIICH BRAREREEOHMIFE THo 12
(FEKE1%). As[II}D5 ug/mL, As[VI®D 250 ug/mL
TRUESHEO ISBEORRERZOFRVBE IR,
MLA T, 2fEEOZEMA (small colony mutant; SC,
large colony mutant; LC) ZBIBESh 525, Thbbk
CEMIL > THERSNEREDOSC/LCILITSHICRE
IR E OEVIERED Sk D> 7 (data not shown).
As[NOFEFEHAED 10 ug/mL TIZ RS, RTG & b F ks
BT ELLORRERDT— 71380 eh ol BR
EPREEF2EEMEE 5 HE (Double Mutation
Frequency Dose; DMFD) i As[III]Cid 0.78 pug/mL,
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As[VITIi339.5 ug/mLEFTETE, 202 ERD
As[III]i% As[VIICHART, HENSZ: ) W50 HEEDRE
E#EE .

—%, AReELEYTH S MMAA, TMAO IZRE
BETHE{EREBROBERER S hd ol I
TMAO IZHIEHEE D L RE hd ol h s, B
THEEOERMEEM TH LI LA TREENS. DMAA
132000 pg/mLOBBRE TEAEROBMSR O, #
FEMCEHEILBETH o720 (FEKES%),
RTGA'1%TH Y, EoMlistic X 2 EHRNRIE &
LbEZOND., 2500 ug/mL T, BEMUNET X709
BIREBROF -5 135 ohah otz 520 FELEY
DEKERFREEOILE % Fig. 3I1SR L7,

DMAA IZHIIEE O ETH L RIG L RSICK X &
MR O, RIGATRSICHARTE W Z & iddRv#llasg
JEHENRETVWL I L2 FHEE A,

3. 24 IR FLRR R

SEEOABRLZ LAY IERHALEIIBVT, B8
LRILEWE LT, MOWERERFREZ RS H,
okl linh, 24RMABEEHRL. 3HELELE
FRICHERERBRELERL, REHEEREL, AR
EiTo7 KEBOBRE Y Fig. 4123, &ToH#Ee
FLEYIRABKRENICHEE LR L. —F, £%
ZEFEHCELT, MMAARRHETH - 7298,
DMAA, TMAO IZ#EF#MICIZBE 2R L7 (FEX
#5%). 72720, ThoBERIEd, RIG5%LL T 0
WEETTORIETH ), FFERNLEETHLOND
L%, 320FReRILEMORRERFREED
W% Fig. 51SmR L /-,

- =

1. BR#EN - LCOLRILEY

HECRLEWOPTLHEEOEF W AS[IIIICHEL
T, 2L DBEHEHEOREHH S (Gradecka et al.,
2001). Invitro BfZHMEIZBVTIZ, As[Illizz— 42
HEEMEZRTOICK LT, BEMRZHC - RafR
FAE, WERao AR, a2y PRERCIRBNS
%~ (Basu etal, 2001; Gebel, 2001)., <=7 2 % fvs7=
in vivoRRERTI3, FBERERYE, MOFEIREIRT
W5 (Gebel, 2001). ZDXH1, FEMAEL L DGEN
BIRFMER, DNABBULEZEREShTwBIcLH
b6, T-AARBTEBEETHIEZ DS,
As[IINIREREREZFRT 5 & 9 % mutagen Tl 7z
<, BEAERLANXVOBEEET]I SR I T clastogen TH 5
EENTWD (Gebel, 2001), MLA T #REAELHRO
BIZFEAERERBTHY, HEREREIL, kL
NVOBERFETERBTEDIEIIANRY PV EEOREK
TERMRHFZTHS (Honma et al, 2001). £HOF LD
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Fig. 4 Cytotoxicity (relative survival; RS, relative total growth; RTG) and Tk-mutation frequency (MF) in MLA treated with
As MMAA, DMAA, and TMAO for 24 h. In cytotoxicity, closed symbol is RS, and open symbol is RTG.
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Fig. 5 Comparison of Tk-mutation frequencies (MF) in 24 h treat-
ment test treated with MMAA-&, DMAA-C-, and TMAO~-.

W9 © As[IIII A MLA CHVWBE T RAREERFEEZ T
L2 &z, As[IREAkL Vo EETERERY
FlafEd e RBLTYAS, Moore 5d MLAT
As[III1 & As[VIORREREFEHZHEL TS
(Moore et al., 1997). 4~ QR & FEHRIZ, As[III]iZ,
As[VID /10D T ORBHFETHWREREEFEE 2R
FTIEERELTVA.
FRECEILAMOREER ISV TOHEETE W
(Gebel, 2001; Kaise et al., 1996). S HREEL 723 00F
v Z{L&%WMMAA, DMAA, TMAO &, 8w Fik
EHMPEAACIY AT BT 2BEYTH
b, ANER, HLOEWRICHEEFERSR TS, |
ERBORFEDTHY, FoELITERZLEYI
BTl TR, Invivo BEHERBRICBNT, Th
LERY BILEWORRERSFREIBELRESINT
% (Noda et al., 2002). 5 EIOMLATi:, G H
L&YW 3O CIFELE, 24FFHMIE b RAEE
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Table 1 Human Exposure/Rodent Potency (HERP) and Human Exposure/Genotoxic Potency (HEGEP)

Compounds IARC i\".‘;ra_gf k HERP* DMFD S

. . aily intake
(Major origin) (ug/day)* (ug/mL) HEGEP Cell, Cond.  Ref
Saccharin 3 95000 0.06 12000 7.9 MLA Clive et al., 1979
(Artificial sweetener)
Dimehtylnitrosamine 2A 0.646 0.01 0.07 9.2 MLA, ratS9  McGregor et al.,
Beer) ) 1988
Acrylamide 2A 40 0.01 100 0.4 WTK-1 Unpublished data
(Potato chips et al.)
Aflatoxin B1 1 0.018 0.008 0.0075 2.4 MIA, rat 59 Preisler et al.,,
(Peanut et al.) 2000
AF-2 2B 4.8 0.0002 2.5 1.92 WTK-1 Unpublished data
(Preservative, -1975)
1Q 2A 0.0064 0.00001 7.2 0.89 WTK-1 Unpublished data
(Burnt foods)
Kojic acid 2B 0.2 0.0000005 2500 0.00008 WTK-1, rat S9 Unpublished data
(Miso, soy source)
As{III] 1 1.6 - 0.78 2.05 MILA Present study
(Hijiki, cooked)
As[V] 1 4.4 - 39.5 0.11 MLA Present study
(Hijiki, cooked)
As[1IT] 1 107 - 0.78 137.2 MLA Present study
(Tap water and

other natural sources, Max)

* Data from Gold et al. (2002)

FRUEPRDONZDIIDMAADA TH -7z, 2, 3
Iy AL B BR T O MIRa B B A 5 DMAA 58\ A
MIEHEEHA O Z L AVRME S 17z, Kashiwada 513
<7 AZDMAA  BRERHR SR, BRMRICBNT,
MBI TOMBREROEE, B X R e a5
m2aBEash2 L a®HmELTw5b (Kashiwada et al.,
1998). T k) BRI AN F VR OIS RE
OELET, BREICBHESNLZ NS, DMAAILM
MoREHROEAZE>Z L2 FESES. MLA M
MBI L BRBEORIEN L7, REAORE
WX AERERIRBT A2 CT%x % (Honma et al,,
2001). DMAADFEOFVEETFERERFRME, =
D L) RS EEROEAPERLTHEIDRL LA
vy, TMAOTH RS & RTGIZENR SN/, 24 B
MIETTMAO WS T I RAEEF RS L R L DI,
TMAO b 55Vl S REROERE 2 HOZ L ERLT
WBDhH LIy,

Moore 51%, MMAA, DMAAIZDWT H MLA % EJj
L, Wft& & 3 3000 pug/mL U EOBERET, 5
RERFZREMEZFO TS (Moore et al., 1997).
MMAADERIFEADESRIOKFELELZLLDOTH S
A, REBHESC, FRULZEZEETLE, FOBHSIIKRE
Ciddpve.

CNHODERNS, EBRILAYW Th B As[III] & As[V]
BHEEEEDETH L2, e ELEWTH AL
MMAA, DMAA, TMAO O #{zEH v, Holz
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ELTOHRODTEH DD LKW TE .

2. BEBRHVAZLLCOLRILED

CRIIEREE A RPANRBE IR RT
B, EFEHWELOSRBWAUDITHS»TH B0,
JIARC Tld Group I (A L TEMAMES D) 258
LT3 (IARC, 1987). B HFiZ#K 4+ 0B |ZEREY
CHET D, TOLOKERFOCEREE, BIAY
A7 ETELIZTEBESELOERINTNS, B
£, KEAKFOCZRBRENH]HEIZ0.01 mg/LTHh 5
(WHO, 2004). ZDEEDORI;AFEILI0FAH60 AT
HU, WORBRENAVEOREED 10MELULED F.
i, EEVFEHRERTHY, FOEHIRETHS
TeHDRLEBRVEBELE L 5.

20044E7 A 28 HITEE&BBEMT (Food Standard
Agency) &, BEOVUE (Hijiki) (ZEEC E(LEY
PRELFINTVIHEAT, BERICHLTOLEEZA
NV X ICENE L7 (FSA, 2004). UL X (C13EgE
BXLNBERRBL L T36~80ug/g D ELEYIE
ThThh (BEHS, 2005), KW s OS5
P&y, Z20BUHEHeEMGYERESALTY
% (As[l] ; 22%, As[V]; 61%) (Fukui et al., 1981).
MOZ L OBEWCLENEINELD, BleEDE
FEEUVLEFNEEBICE Y. LIL, DLEGEED
AEERE OKREL, m#) <, 890%0eENHET
HIENHONTYS (BEHD, 2005). HRADD
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LED1HTPHHEEEIZ09gTHY (MHLW, 2004),
iz 80 ug/g P ZEEZEL VU LEZHRAL, ARLLLT

e, 1EHRDH6 ug OEBCEFBRT25M81240

5 (As[II] ; 1.6 ug, As[V}; 4.4 ug). WHO2SED 72
EH e FZFOPTWI (UM AAMERE) 1315
ug/kg/week TH DA, ZAIEHESOkgD AT, 1HH
720107 ug DR RICHHBTE., T ehb, HEA
FHOBEULOVDLEZEZRWERD, PIWIEZEZ
LT liEhv. #oT, NTUVAD L VEEFE LT
hE, DLRCEIAELOYAZEET LI LW
EEz LM,
HEAFBICBOWTERDSSEIToN R OEFAGEDY
A 7 #fli & LT, Gold %id Human Exposure/Rodent
Potency Index; HERPOFIH AR L T b (Gold et
al,, 1990). Zhid, ADFORVAYERETHHREY
) DEHRBEELY, TOYEPEEETHVILREDTA
HRERICBOTHYOLRIIAZFEEZTE
(TD50) TEl-72bDTHD. feoT, MIBEBVKEITN
FREWIE, BENNSTIENEWIELE, HERPD
BIKECRY, FOYRZLBOWEHF SRS, ]
oM OF % Table 11277 L7:. HERPHEOHHEIZ1 %
RELLT, TRhIDENLOE, ATOREN, B
EERTOTDO %SRRI TREETHZ A L2
LTEY, £/, HAMLBETEEEFICBTH5ED
AVAZDT ¥y 7ERT. L LEdYS, HERPE
IXTDS0 # &L LT a0, BHERFAERERIC
BOTEEARTWEIIOVWTRBERTE 2. EBIC
BEYH»SEBNINALFEOHERPEIFFIE I TV S
W, ZOBE, BRERVFAURBIIBRDLIEENT —
& LT, BEEERRT— 5 £, HERP LRI
Human Exposure/Genotoxic Potency; HEGEP # B 7
BT ERBELLV. TITR, ABRZORVAWER
FTH5FHIHRER (ug/day) %, MLA, LK
FHICETHERETERERBRBIIBNT, Z0EIFA
MERBVP2HEORRERFTRE LI ERBITRE
(Double Mutation Frequency Dose; DMFD (ug/mL))
TEj>7:b D TH5H. HEGEPHEIZHERP LB R D, £
DMEIHEITEMFEN BRI w. £72, in vitro
HE7T -5 &, NOFH1HREE (ug/day) ZHAG
s Lk, HArOWEOBEZEEOREEA I =L
FEBELFETHS. LrLeaFs, £ 0&EzHEN
YMEDHEGEP%Z, HERPEWHRICZ v F v 79562 8
2k, MoOBREEEDEEL WA A7 25 5E8E
HETAZEIZIEENTHLEEZ LNSE. HEGEPD
B, EEWREBREGRRR AT A -5 ThHIUIM
THHHTE, 7220, REARERBROD20ELE
WL L/-HEGEP b HEIMWHETH 5. HEGEP O H I
$ Table 127" L7z, 2 2Tid, MLA, b LiEZEhE
FREOCREBE*HFOWITK 1M X 2 Th BRER

REETHODMFD 2 E&2/35 A—4% & L THEGEP % &t
- AUPAS

ABSNZOLEPLEMENS L FE I T
B As[IIIA51.6 ug, As[VIAid4 ug b EHTES.
HMAE WV As[III O HEGEP X205 TH V), Z DEEE
P X7 id ¥ —F v YRS O aflatoxin Bl (2.4) *,
BUF-EH2501Q (0.89) CIZIZFEETHY, HE
AFEICBWCRICEZ o TEEHEEOY 2 7 2 HMs &
HEFEZ LNV, T, KEKREISCOEEEICS
VT, BHI70R5E < b D ASTH #BIL T 5 [ fg it
BhHy, FhsZEL L, DLELHERLD 3
As[I D@ EHMEY A 713, BEEELEEGICE»TD
DTREBEVEEZBND.

SOEHIZ, BEEERICZTLUREDD B EEE
P A2 % HEGEP & L CHE L, oW E & H3AYIC
Nt A &L, FOUAZEHELPTV., HERP &
HEGEPOfE# £ L, BUAME, #EFEHEEIV AR
AMICEMTAZ L IBMOTHENLFELEZLN
A,

& i

L FELEMORT, EREEWTH S A, As[V]
i, o EBEEEMETHE. DLEFRIZIEINSG
EHR e AWV HENEEIN TS, T0FY
BRE, BIOKEKEOMOBNERD L N2 ERE
T5&, DLEREANLTEBITLERILEYOREIEE
IR 7IERELHLVLDEZEZLNS.
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ATSDR; Agency for Toxic Substances and Disease Registry (2000)
Arsenic Toxicity Case Studies in Environmental Medicine.
(http://atsdrl.atsdr.cdc.gov/HEC/CSEM/arsenic/arsenic.pdf)

Basu, A, J. Mahata, S. Gupta and A.K. Giri (2001) Genetic toxicology
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488, 171-194.

Clive, D., K.O. Johnson, J.F. Spector, A.G. Batson and M.M. Brown
(1979) Validation and characterization of the L5178Y/TK*""
mouse lymphoma mutagen assay system, Mutat. Res., 59, 61-108.

FSA; Food Standard Agency (2004) Agency advises against eating
hijiki seaweed. (http://www.food.gov.uk/news/pressre-
leases/2004/jul/hijikipr)

Fukui, S., T. Hirayama, M. Nohara and Y. Sakagami (1981) Studies
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3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone [MX] shows
initiating and promoting activities in a two-stage BALB/c 3T3 cell

transformation assay

Madoka Nakajima'", Sawake Shimada®,
Mihe Nagai®, Fukutaro Mizuhashi®,
Chitose Sugiyama®, Shuichi MasudaZ,
Makoto Hayashi® and Naohide Kinae®

'Genetic Toxicology Group, Biosafety Research Center, Foods, Drugs and
Pesticides, 582-2, Shioshinden, Fukude-cho, Iwata-gun Shizuoka
437-1213, Japan, *Laboratory of Food Hygiene, School of Food and
Nutritional Sciences, COE Program in 21st Century University of
Shizuoka, 52-1, Yada, Shizuoka 422-8526, Japan and Division of
Genetics and Mutagenesis, National Institute of Health Sciences, 1-18-1,
Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

A transformation assay using BALB/c 3T3 cells was
conducted on 3-chloro-4-(dichloromethyl)-S-hydroxy-2(5H)-
furanone (MX) to assess initiation and promotion activities
of MX carcinogenesis. Statistically significant positive
responses were obtained compared with the corresponding
solvent controls in both the initiation assay post-treated
with 12-O-tetradecanoyiphorbe! 13-acetate (TPA) and the
promotion assay pretreated with 3-methylcholanthrene
(MCA). Both TPA and MX inhibited metabolic cooperation
in an assay using co-culture of V79 6-thioguanine (6-TG)
sensitive and insensitive cells. However, cells isolated from
transformed foci in the initiation assay did not induce any
nodules after inoculation to BALB/c mice, the strain of
mouse from which the transformation assay celis were
derived. Although the study was carried out for 2-3 weeks,
this might have been too short to develop nodules under the
conditions of this experiment. This in vitro cell transfor-
mation stody with MX adds supportive information to
studies showing MX carcinogenicity and tumour promoter
activity, and adds mechanistic understanding of the action
of MX.

Introduction

3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone(MX),
an organic chlorinated contaminant commonly found in tap
water as a disinfection by-product (1), induces malignant
tumours in the rat thyroid and mammary glands (2) and
shows promoting activity in the rat stomach (3). Concerning
mutagenicity, M¥X shows positive results in several in vitro
assays, including the bacterial reverse mutation assay (Ames
test) and the cultured cell mutation assay regardless of the
presence of an exogenous wmetabolic activation system.
Therefore, MX is classified as a direct acting mutagen (4--9).
However, conflicting resuits have been reported for MX
activity in in vivo genotoxicity assays (4,5,10-12). We have
also performed several in vivo assays, namely, detection of
8-hydroxy-deoxyguanosine formation, gene mutation assay
using transgenic mice (Muta™Mouse), and the comet assay,
and almost all of the assays gave negative responses
(M. Nakajima, S. Masumori, M. Kikuchi, S. Inagaki, J. Tanaka,

Y. Furuya, M. Hayashi and N. Kinae, manuscript in prepara-
tion). Thus, the genotoxicity findings have not provided a
conclusive mechanism for MX carcinogenicity.

Among the several types of cell transformation assays, we
selected the focus assay using the BALB/c 3T3 established cell
line for the present study because of its good reproducibility
(13) and because the assay has been widely used in the elu-
cidation of carcinogenicity mechanisms. We used A31-1-1
clone, isolated by Kakunaga and Crow (14) and thought to be
sensitive to many chemicals, and employed a protocol with
modified culture medium and shortened exposure period (15).
The modified method can assess the potential initiation and
promotion activities of test chemicals.

Many tumour promoters inhibit gap junctional intercellular
communication (GJIC). For example, phorbol esters such as
the strong promoter 12-O-tetradecanoylphorbol 13-acetate
(TPA) inhibit GJIC in metabolic cooperation assays (16-18).
As such, the metabolic cooperation assay has been widely used
as a tool for detection of promoters and for providing informa-
tion about the mechanism of carcinogenicity. Therefore, we
applied the assay using V79 cells to assess the promoting
potential of MX.

Materials and methods

Test compounds and positive control substance

MX (CAS No. 77439-76-0, purity: 99.2%) was synthesized at the Laboratory of
Food Hygiene, University of Shizuoka according to a modified method (19).
It was dissolved in physiological saline, Japanese Pharmacopoeia {Otsuka
Pharmaceutical Factory, Inc.). 3-Methylcholanthrene (CAS No. 56-49-5;
MCA; Wako Pure Chemical Industries Ltd, Osaka, Japan), the initiator, was
dissolved in dimethylsulfoxide (DMSO; purity: 99.7% or higher: Merck
KGaA, Darmstadt, Germany) and used at a concentration of 0.2 pg/ml. TPA
(CAS No. 16561-29-8; Wako Pure Chemical Industries Ltd), the promoter, was
dissolved in DMSO and used at 0.1 pg/ml.

Preparation of test cells and culture medium

BALB/c 3T3 A31-1-1 cells were supplied by Showa Denko K.K. Cells were
cultured in a CO, incubator (FORMA and SANYO Electric Medica Systems
Co. Ltd) under 5% CO, atmosphere at 37°C. Eagles-MEM liquid medium
(Asahi Techno Glass Corporation, Funabashi, Chiba) supplemented with
10% fetal bovine serum (FBS; Moregate BioTech, Bulimba, Australia) and
60 mg/mi Kanamycin sulfate (Invitrogen Corp., NY) (MEM) was used through-
out the experiment unless otherwise indicated. Low serum concentration
medium (DMEM:F12) used was DMEM:HAM's F-12 liquid medium (Asahi
Techno Glass Corporation) supplemented with 5.2 ml Daigo’s ITES (insulin,
transferrin, ethanolamine, sodium selenite; Wako Pure Chemical Industries
Ltd) per 500 m! and 2% FBS. The 500 ml extracting medium for absorption
measurement was composed of 4.48 g sodium citrate dihydrate, 97.5 ml of
0.1 mol/1 HCI, and 250 ml ethanol made to 500 ml with distilled water. For the
metabolic cooperation assay using V79 cells, the medium used was Eagles-
MEM liquid medium supplemented with 3% fetal bovine serum, 0.1% Eagle's
non-essential amino acids (Invitrogen Corp.), 0.1% pyruvic acid and 0.1%
glutamic acid.

Dose range-finding cytotoxicity test
For cytotoxicity testing with the initiation assay protocol, 1 X 10? cells were
seeded into 24-well plates and treated 24 h later with MX at 1.42, 1,90, 2.53,
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