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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 *C 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-ox0-2-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 S9 mix. These
compounds may be involved 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
(1, 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 triglycerides 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
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(dGuo)! adducts in model lipid peroxidation reaction mix-
tures containing hemin and methy! 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 Biomecdicals, 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 (rapesced oil + soybean oil) in an
open plastic tube (50 mL) to form a homogeneous emulsion.
Occasionally, deionized water was added to maintain the volume
of cach reaction mixturc. The reaction was continucd 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 CI18 MG, 5 um, 4.6 mm X 250 mm, Shiseido
Fine Chemicals, Japan) connccted 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, lincar gradient of acctonitrile (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 speetrum (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

1 Abbreviations: dGuo, 2'-deoxyguanosine; DHA, docosahexaenoic acid;
EPA, eicosapentaenoic acid; MLA, methyl linoleate; MLN, methyl o-
linolenate; 4-OHE, 4-oxo-2-hexenal; 4-ONE, 4-0x0-2-nonenal.
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JMS-DX303 spectrometer and a JEOL JMS-T100LC. 'H and 1*C
NMR spectra were measured with JEOL JNM-AS00 and JEOL
INM-ECA600 spectrometers, using DMSO-ds as the solvent and
TMS as an internal reference.

X-ray Crystallography. X-ray crystallographic measurcments
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 softwarc package (Molecular Structure Corpora-
tion).

Preparation of 10-Hydroxyl-11-0x0-1,N2-ethano-dGue. 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; clution, 4% acctonitrile
in water), to yield 8.8 mg (27%) of the objective compound.

Synthesis of (F)-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 (12), 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
rcaction 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; clution, first with hexanc and then with hexanc:ethyl
acetate (9:1, v/v)] to yield 13.9 g (71%) of the pale yellow product
of 4-OHE dicthylacctal. 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 cvaporated 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 dricd with anhydrous MgSOs. The ether layer
was concentrated under reduced pressure to obtain 5.7 g (68%) of
4-OHE. Mass (EL), m/z 112. NMR (6CDCl,;, 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-(2-Oxebutyl)-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 mm; 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
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
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, caled for Ci3H3N5Os).

X-ray Crystallographic Analysis of 9-Ethyl-10-(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 choscn for
X-ray crystallography. The crystal data are as follows: empirical
formula, Ci3H;sN5O3; crystal system, monoclinic; lattice parameters,
a = 13996(1) A, b = 7401(1) A, ¢ = 14.643(1) A, g =
114.756(6)°, ¥V = 1377.4(3) A3; Z value, 4; Dieq, 1.32 glem?, u
(CuKo): 7.71 em™!. Of the 4914 reflections that were collected,
2352 were unique. The intensities of three representative reflections
were measurcd after every 150 reflections. No decay correction
was applied. The structure was solved by direct methods (SIR92)
(£3) and was expanded using Fourier techniques (DIRDIF94) (74).
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 —0.17¢7/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.

30 min

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
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Figure 2. UV spectra of dGuo adducts. (A) Adducts 1 (- + +), 2 (- - -),
and 3 (—); (B) adducts 4 (---), 5 (- + ), 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 (A, 249 nin, 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 Ci2H13N504) of adduct 2 showed an increase of 56
mass units (C,0,) 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
TH 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. B¥C and 'H NMR Assignments for Compound 2¢

6C (ppm) OH (ppm) multiplicity J (Hz)
IN
2 151.47
3N
4 147.88, 147.91
S 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
I 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 134,64
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'OH 5.31 brd
5'OH 4.92 brt

2 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 multiple-bond
correlation (HMBC) NMR studies using synthetic 2 (Figures 4
and 3). 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 11-0x0-10-hydroxy compound, and
the possibility of the regioisomer, the 11-hydroxy-10-oxo
compound, should be ruled out.
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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 (243 .and 293.nm) in tl.le UY spectrum (Figgre 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 (16, 17). 5 146.94

The mass spectra of adducts 4 and 5, (M — H)~, m/z 352.1248 3N
and 352.1258 (352.1257 caled for CisH sNsOg), revealed an 4 149.79
increase of 86 mass units (C4sHgO7) from dGuo. In the I'H NMR 5 115.83

: - o 6 153.74
spectrum, the presence of an ethyl group and a hemiaminal N
proton was observed, suggesting that they are 1,N2-cyclic 3 136.83 2.04 s
ethylglyoxal-dGuo adducts. Their UV spectra (Figure 2B-4.5) 9N
are similar to those of methylglyoxal-dGuo adducts (21). They 10 117.67
may be stereoisomers, because their mass, 'H NMR, and UV EN 116.05 7.1 s
spectra (Figure 2B-4,5) are identical. However, the structures v 83.01 6.21 dd 7.6,6.1
of 4 and 5 were not confirmed unambiguously in the present 2’ 39.42 2.23 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, ;(7)23 ggg ggg ig i'i’ 52
360.1}08 (360.1308 caled f01_‘ C1H15Ns0s), which corresponds 5 61.72 351 dd 117 ad
to an increase of 94 mass units (CgHgO) 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 3'0H
ppm), a low field methylene group (4.09 ppm), and an extra S'0H

g i ; . 1 393 4.08 d 8.0
olefinic proton (7.11 ppm) was observed, in addition to the 411 a4 80
signals of the dGuo moiety. The UV spectrum of adduct 6 [Amax o 206.14 ' '
(pH 7), 228 and 282 nm] was similar to that of 1,N2-etheno- 3 34.35 2.57 q 7.3

4" 7.58 0.96 t 73

dGuo [Apax (pH 7), 228 and 283 nm], but different from that of
3,N2-ethenoguanosine [Amax (pH 7), 225 and 258 nm] (22, 23).
The stability of the glycosy! 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 |’—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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Figure 7. 'H—'3C 2D HMBC NMR spectrum of compound 6.

and HMBC, using the synthetic 6 (Table 2 and Figures 6 and
7).

4
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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-ethylguanine 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 6 is presumed to have the same ring
system and substitution pattern as those of 7.

Mutagenic Activity of 4-OHE in Salmonella Strains,
TA100 and TA104. The mutagenicity of 4-OHE was tested at
concentrations of 1.25, 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. BC and 'H NMR Assignments for Compound 7

O0C (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
I 37.8 4.05 q 7.2
2 15.1 1.36 t 7.2
17 39.3 4.09 s
2" 206.1
3” 343 2.57 q 7.2
47 7.5 0.96 t 7.2
Discussion

1t 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 model 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 medium-term liver bioassay measuring
the induction of glutathione S-transferase placental form (GST-
P)-positive foci (27).

The mutagenicity of glyoxylic acid has also been 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 IB) 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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number of spontaneous revertants per plate was subtracted.

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 a-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 a-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 -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
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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[IIl], arsenate; As[V]) and three organic arsenics
(monomethylarsonic acid; MMAA, dimethylarsenic acid; DMAA, trimethylarsine oxide; TMAOQO) 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[III], arsenate[V], organic arsenics, mouse lymphoma Tk assay (MLA), genotoxic risk
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Fig. 1 Inorganic and organic arsenic compounds in marine organisms

EAKPO FEEIXWHO ORERKRET A FI94 714
BEV, BEBAVR I 2 TELIITELT L LHICEHX
nTws (WHO, 2004). F72, vZba&Wid, £4EH
KWK HEPFELTEY, AMRIE - THEWETHE
ThHEEZLNTWES, 27201, HEKAOL ZDOKRE
I L DV BERORVAER e FEaWE LTHEREL
Tw5 (ATSDR, 2000).

200447 A 28 H, EEA&MEHIET (Food Standard
Agency) &, BEO®UV L & (Hijiki) c&EHEe %
(Inorganic arsenic) AYKEIZEFNTWBD L& W) FALH
Blzkox, BRIEHLTOLERZAESRZVWE ) T
L7z (FSA, 2004). WEERICEINE TCeHRLLEWR
ZLEETNTOR I EFESIN TS, I, VLA,
CARGREOREE, ZUTREORBRHE, ALABED
HEE, LESHEINSVI EFMONTWS (Fukui
etal, 1981). TN HEMFP LD ELEWOENE T
EBZ2TELAMCHIZ 2 2 &S, FKEROEH & [
12, " BHROBEVAVAZERLGTZEIZRBOND
Lz,

WEWTIZE TN B e FEAWIE, EFEIEY
EEINTWEEMOEEL R (As[IT]) 72 chl, |
i (As[V]) %, AR RILEMLE ENH 5.
ZLTC, ChooEFRSHEROBAIZL->TELS
ZEdmentwvwad (Fukuietal, 1981). 72, 2hb
v EZILEYOFERIZFONFERBICL o TRESRELS
(ATSDR, 2000). AHFFETIE, 200 EH L ELEY
(As[lIl, As[V]) &, HBHEEWICEZEINTVS
3OO EEeENEY (7 XAF AT ALY Vil
monomethylarsonic acid (MMAA), YV AFNVT I ¥
B . dimethylarsenic acid (DMAA), MV AF N7
¥ % ¥ F | trimethylarsine oxide (TMAO)) (Fig. 1)
OBIZBNFREE I AY V74— Thilk (MLA)
WZEoTEHMLE, T4, Tho bELEYDERE L,
HEEEREOREL, MOoBRFILERTAREDDH
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PALEYEOENSL L L, ERdhr oo E LS
DOEEFEN Y Ry B#EEZ LT,
RERMBIS KU HE

1. ABHRF

HY @+ b7 A (sodium arsenite (As[IIl]) ; Cas.
No. 7784-46-5, MW130) (&, BAE LT %8 vEi—+
b U A (sodium arsenate (As[V]) ; CAS. No. 7778-43
0, MW186) %, FLMiE TSR, HEHAELZH /.
E ) AFINT VY B (monomethylarsonic acid
(MMAA) ; CAS. No. 124-58-3, MW140), Y AF V7
¥ v (dimethylarsenic acid (DMAA) ; CAS. No. 75
60-5, MW138), PURAFATNY YFF L F (trimethy-
larsine oxide {TMAOQ) ; CAS. No. 4964-14-1, MW136)
i, MU IANVTRFBOMEINI%D D DEH W
7.

2. HEREHE

MR 2 R TR RLE L, Z0%0 4885/
BT A MM E LY, MEEEENL TR, B
HE & I#R L 7> (Relative Suspension Growth; RSG). &tk
HED10~20%2 % bigEr kAR L LTRE LR,

3. TYAY V74— Tkidh (MLA)

MLAWE <A 70y 2 VETITY, 70 b a— i
Honma & @ FEICHE - 72 (Honma et al., 1999a). S9 I
FIET T, Mz ABRACIRHEAEL, 8RHO%
B 2 B8WC, TREKREERUOI-DICHMBE 7L
—F 4 vF U7z MREEOEEE LTI EEROH
W HELFE (Relative Survival; RS) &, ALEREE O BERE M &
HEEEL2ZELE (Relative Total Growth; RTG) % H
Wiz, HRECHFELEWICE L T, 24 RFHLEE EH
L7, 24FFfILE 70 b O—)Vid, Honma b D Fik
VZ$€ 57> (Honma et al., 1999b) .
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Fig. 3 Comparison of Tk-mutation frequencies (MF) in 3 h treat-
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4. WREFAIED

MLA @ 5 — % 13 Omori & D#ETIFEIC LY, BHE,
fat s e L7 (Omori et al, 2002). Z O FEE
Dunnetti#Ei12 & 2 BEMENHE & OLMERE, Simpson-
Margolin 12 & 2 ABKFEN 2 EMEREZ BAira Db
B HETH 5.

1. BEBEAR

MM & SR BR AR AR T3 REMALE L, Bk 10 ~
20%DRSG * R TIREZ ARBRIIBIA2EEMEL L
T L7 (data not shown). TOFREL D, As[I:
10 ug/mL; As[V]: 250 ug/mL, MMAA: 3000 pg/mL,
DMAA: 2500 ug/mL, TMAO: 5000 pg/mL # 5 % Al & &
LCEE L7, TMAO 125000 pug/mLiIZBWThiTE A
CHABER R RS Lo A MLADRERT A F7 4~
IZHEvy, 5000 ug/mLEEEHAEE L7

2. 3L EREALR

ML & A MLA R % Fig. 2101 ¢, Eiv
Few o AslIl], As[VHIZARKRAMICHEESE (RS,
RIG) #/RL, ZRIEPCEVWEREROFEIRD L
N7, WEHENIC L ERERHEOHNBERE TH 72
(FEKRH.1%). As[lI]® 5 ug/ml, As[VID 250 ug/mL
TRUMBOISHEORREROFTRI/BRE SN,
MLA TiZ, 2HMEOEZ R (small colony mutant; SC,
large colony mutant; LC) ABIE 3N, ThbvH
LWz Lo THERSNTERAERDSC/LC HITFFICE
PESTHE & DEWVIZEED Sk d o4 (data not shown).
As[I| D& EHED 10 ug/mLTIiERS, RTG & b #HMEA
BY XD EREROF- 3o N e o7z A
TEREEY 2EMEINs ¢ 5 & (Double Mutation
Frequency Dose; DMFD) {3 As[III] T2 0.78 pug/mL,
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As[IIE As[VIIZHAT, FEN72 050 BRED#ER
W2 O,

—7, AeHELEWTH S MMAA, TMAO 335K
BmETEE EREROFRER S ol BT
TMAOC 3R HEL S &L RE o/l b b, BO
THEUEDOENALEWTH B Z ENTFHEN. DMAA
132000 pg/mL O ERE TRAREROMMNR LGN,
HEWICEAZTIIBETH o720 (FEKESYD),
RIGH 1% THh Y, s cilladtiic X 2 IR RIIS &
LEZ OB, 2500 ug/mLTlE, HBUIFET E7D
ERERDF— 5 13BN hoT 500 HKILEYW
DGR BFFEEE O LR % Fig. 31TmR L7z,

DMAA (2l H M DIEIECTdH 5 RTG & RSICK & 2%
RSN, RTGATRSIZHERTE W Z L ikl
FHHEISRETCWVWALI LA TFHREE5.

3. 24 BRI

SHEIFOA e AW IS ERBREIZE T,
L FELAW E LT, BMORAERGEE T RS R
ST kinh, 4RI E ERE L. SR L [H
BiICHERERBrERL, EEHETREL, KR
#iTo7e. BREBOKEE® Fig 4107, &@ToFKE
FALEWIHBEEM R EEER L. —7, £
EEFREICEHL T, MMAAERBE TS - 72705,
DMAA, TMAO iZ#cat# iz R L7z (FEK
#5%), 72770, IhoBERIGD, RTGS5%LNT O
WEHERTTORISTH ), FFERNERETHLDONPD
LAz, 30o0H# e FLEWDORRERFRELD -
e# % Fig. 5 12R L 7=,

e =

1. BEHENTF—-FELTOLRILAY

e BLAEWOR T HEEROB WV As[THNIIE L
Tix, L 0#EEHFEEOHRENH S (Gradecka et al,,
2001). In vitroBZEMEIZBWTIL, As[Iliz—=—4 A
KEREE A RSO LT, EEiins Buei-kafik
WEIRER, kg AT R, T A v PREBTIEBM
%73 (Basu et al, 2001; Gebel, 2001). ¥ 7 A% Wz
in vivo RERTIE, RARRE, IMEOFEPHE SN T
w5 (Gebel, 2001). DX I, FfRL NV DHR
BEBES, DNABGBUIZHRE SN TwEIZL R
PhoF, T—-AAXBTREETHLI DD,
As[IIHE HERERZFHRT S L 9 % mutagen T 7%
, Fefa kL NNV OEE#5 S 23 clastogen TH 5
ERRTWS (Gebel, 2001). MLAZE #EBARSHERED
BEFERERRBRTHY, HERERENL, fEHKL
RVOERE TR TELEIRARY PV EFDREMR
ERMHZTH S (Honma et al., 2001). SHEHOFK 4D
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e CTASIIIIASMLA TH VBT RRERF HE T T
L7zZ &, As[lA Rtk LNV DBRTFRRERY
FlEfI T L2 RBLTWS,. Moore 53 MLAT
As[IIIT & As[VIDORRERFRE L HMEL T3
(Moore et al., 1997). T4 OEE & FEEIC, As[I]iE,
As[VID /10T ORBHECTHVEREREFELZ R
TIEEREL TS,
EReEILAEYWOEEERIZOWTOMEIIE L v
(Gebel, 2001; Kaise et al,, 1996). S HRERL/-3200F
e ZILE% MMAA, DMAA, TMAO I, 4 v 1L
EMHERRIZBY A TN BOELLHEYTDH
b, NMER, £ ORYHICHFENFER STV, i}
ERBORBEDCTH Y, ToFHITER L ZLEWIC
HARTHO TRV, InvivoBRFEERBIIBWT, Zh
LA FRILEYORRERTREIRE L HE SN T
W5 (Noda et al,, 2002). &HOMLATIY, HigeFHE
WCEW3ED P TIRE A, 24 FFHNE L §RARER
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Table 1 Human Exposure/Rodent Potency (HERP) and Human Exposure/Genotoxic Potency (HEGEP)

Compounds Av.era.ge * Genotoxicity
(Major origin) IARC ZZ}Z (;Z;‘ke HERP I(jll\g/l/FgL) 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 24 MILA, ratS9  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[IIT} 1 1.6 - 0.78 2.05 MLA Present study
(Hijiki, cooked)
As[V] 1 44 - 39.5 0.11 MLA Present study
(Hijiki, cooked)
As[HI] 1 107 - 0.78 137.2 MLA Present study
(Tap water and
other natural sources, Max)
* Data from Gold et al. (2002)

HRUEPRDOENT-DIEIDMAADHRTH o7z, 72, 3 ELTLBOTHTHNDLD LB TE S,

i AL BB C o0 MR 1 AR A & DMAA I3 5R Wil
BEERHEEA R 2 EAVRIE E 7z, Kashiwada 5 13
< 7 AZDMAA & AR S %, BRMRCENT
MEICToMBEEROEL, B URHEaEMEOR
IPBEISNRZZ EEMEL Cw5 (Kashiwada et al,,
1998). Z &) BRI IV T Vi EOMBESRE
O¥E5T, BEEICBEEISNAL LS, DMAAILH
AR EROERZHEOI L2 FHEE 5. MLAGH
PSR L o REROREbE N Lz, FthoRi%
WZ X BERERLKRETAHI N TES (Honma et al,,
2001). DMAA OFOFFVRIZFRERERFB ML, =
DL BHESREHROERPBERL T2 LA
vy, TMAO T3H RS & RTGIZEDR 6Lz, 24 K¢
WETTMAO Db ¢ MICRARERFRMEZ R LD,
TMAO b 55Vl HEFROEH ZH > L 2R LT
WAHEDPD L,

Moore 513, MMAA, DMAAIZDWTH MLA % £
L, Wif{be# e d 3000 ug/mLLLFOERE T, g2
REBRFHEMNEZAD T WD (Moore et al., 1997).

MMAA DOFERIITZ A DSHOBREBELRZ2DDTH B
A5, RBARS, FRMLEEETLE, FOWIETKE
S EL/A%Y

INLOFHRP L, BRILEWTH 2 As[III] & As[V]
FEEFEEWETH 20, AReELEHTH L
MMAA, DMAA, TMAO O#{m#ER R VY, o7
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2. BEHEEIAZELTCOLRILEY

LEREEEFBOLESANRBCIIEEERT
D, EEHHELOEVFARIBLITH L7120,
IARC Tld Group I (A2 LTENAMED D) IIHHES
nTwa (IARC, 1987). b FiZF 4 0BEHRICEREW
WY 5. Z07:0KEKRTFOCRREL, FAAY
A7 ETEALHERBILEEL-0BEHSL TS, B
£, KBEKRDOLCFEEEORERREIZ0.01 mg/LTH5H
(WHO, 2004). ZOBEOREIAZEIZI0HTAH60AT
HY, MOBERVPAPEOEED 10 LD E V.
Zhik, BEFERBRTHY, TOFHIPEETH S
ODRLEELWEEESZ 5.

2004 4E 7 A 28 B ERRBAMET (Food Standard
Agency) &, HBEOVUE (Hiik) (&K FILaW
PREIZEINTWAHERBT, ERIIHFLTOLEZE
RABEWE SIS L7z (FSA, 2004). 0L &ICI3iRE
BU-HBREERLELT36~80ug/g D FILEWIE
FNCHEY (BEHES, 2005), KiHEW»SORD 5
WizLy, 2083%NEReFRILEHERES LT
% (As[Il] ; 22%, As[V]; 61%) (Fukui et al., 1981).
% DEIZD L ENGTINDY, BHECEOE
HEIZOUXEEBICE Y. LrL, CLEHAED
FEEE OKEL, k) <, #90% 0 E2HTT
LT ENmLNTwS (IBEHES, 2005). HAADD

-153-



LEDLIAFHHERIL09gTH Y (MHLW, 2004),
RIZ80 ug/g P FErxHLOLEEREL, RLET
HE, 1HH-DH6 ug Ok R BT B RICE
% (As[III] 5 1.6 ug, As[V]; 4.4 ug). WHO S E 7z
EHCEROPTWI (HEWHHAARNERE) L15
ug/kg/week TH LA, THIIHESOkgDAT, 1HH
720107 ug D RIIHEEBT L. DO ENL, BHERA
EHOBEFEU LAV LEZEERWRY, PTWIZHEZ
LI, #oT, NFTUYRADIWREEZ LT
i, VLRI ARELOVAZEEELZ DLW
LEZLND.

HEEFBIIBOW TEIISE T SN R WESAWE DY)
278 E LT, Gold 5% Human Exposure/Rodent
Potency Index; HERPOFIH 2 &M L T35 (Gold et
al, 1990). Zhid, ADVZEOREVPAMERET HIREY
Y OFHFRBEEY, TOYWEIBERELHVI-RENA
HERBIBWTEHYOEHIINARIERITE
(TD50) TEo72bDTHA. it-T, BIENKEITI
BREWITE, BEWNSTZNAEWIEE, HERPD
fEERELRY, ZOVR7EFWEHEINE, W<
DO B % Table 11C/R L7z, HERPEDHENEIL1 %
KL LT, ZRINBVIOE, ATOREDN, B
EEBTOTD 25| ERIITRBELBAL I L ZRIE
LTHY, F/z, HNMREMETHEEEICBT 5580
AVRIDT x>y TRy, L LMD, HERPIE
I3TD50 &ML LT a0, BEERFALRERC
BOTEESFTWEICOWCHEECE 2w, EBRIC
BEMY» SEBRENILEOHERPEREIEA ST
V. ZOBE, BRERFALRRICEDZERN T —
e LT, HzmlERT— 4 2\, HERP L M
Human Exposure/Genotoxic Potency; HEGEP % & 3
BHIEERFLLW., 22T, AVZORFAMER
#TAHATFHIHREZERE (ug/day) %, MLA, 3L <
ZFIICET L BIEFEAERABRIZBVT, 2ORFA
WERBV2HEORRLERFRE L EREITRE
(Double Mutation Frequency Dose; DMFD (ug/mL))
TéElo/2bDTHSL., HEGEPEIZHERP E &2 Y, #
OMEFHEIZEWF L BER LR w, F72, in vitro
RBRETF—% &, NOFHIHEEZEE (ug/day) #HAE
bbb EiE, HAOYEOREBEEORBAI =L L
EHHELIAETHEL, LerLids, ZL0EEENE
YWENDHEGEP %#, HERPERMIZT v F 73562 L
WZXh, MoOBEFEWE L OHGHNI A 2 HIEE
PR 5 2 LA THLEEZOHNS, HEGEP®
I, EEWNLGEZREERB ST A -5 ThHIM
THHHATE, 223, FEAREHABROD20ELE
ML L7-HEGEP O HHWEETH S, HEGEP OEHEHI
 Table 11277 L7z, Z2Tid, MLA, L Lix#Fnht
FEFREOMNEREZ O WTK-1HRZIZ L A Th2REAR

HKEETHODMFD % E8/85 A — % & L THEGEP % &
-ADyAl

HEINZ-VOLEPLER AL B ZEIEEDOF
B 6 As[lINA1.6 ug, As[Vi 44 uyg b BEHTE 5.
FHSE W ASII O HEGEP X 2.05TH Y, T DBE{&HE
M A ZIZY—F v vEh 6O aflatoxin Bl (2.4) %,
EUF-gERahronlqQ (089) LIiZIFRBECTHY, HE
AEEICB W TIRICBL > THIEERO Y A7 28 s ¥
HrixEZ oM. Fi2, KEKREIPLOFEBEICE
W, B 7045 < b @ As[IIT] & BHL L Tw 5 W g
BHY, FNEEELTL, CLELLEBRLS 3
As[II)| DEEHMEY 2713, BHEEFEZRIBICESLT D
DT LrwEEZOLNS,

CDEHIT, HEEERISZITAUREEOS 5 EBE5E
VYA % HEGEP & LTHEIBL, foWH & MRz
T A&, FOUAZFHELR TV, HERP &
HEGEPDfE# @ L, 1AM, BEHFHEI A7 2H
BRI T A S LI THEN ZTFHEEEZ LR
5.

s i

CRLEMOFR T, EEBEEYTH S As[II], As[V]
X, BoricE#EENEWE TSRS, oLEahizizans
BRFEMPLBENE EENRTVREN, Z0OFY
BE, BLUKEKREOMOEMERD LN &2 ERE
T5E, DULEEZANLTERT 2 R {LEWOERE
MBI ZAZFRELBZVWLDEEZLNS.
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A transformation assay using BALB/c¢c 3T3 cells was
conducted on 3-chloro-4-(dichloromethyl)-5-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-tetradecanoylphorbol 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 cells 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 study with MX adds supportive information to
studies showing MX carcinogenicity and fumour 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, MX 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 metabolic activation system.
Therefore, MX is classified as a direct acting mutagen (4-9).
However, conflicting results 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 2 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 Eleciric 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/ml 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 ml 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/l 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,

*To whom correspondence should be addressed. Tel: +81 538 58 3572; Fax: +81 538 58 1368; Email: nakajima@anpyo.or.jp
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3.38, 4.50, 6.00 and 8.00 pg/ml. The culture medium was removed 72 h later,
and the cells were fixed with 10% neutral buffered formalin and stained with
0.1% crystal violet for 30 min. For cytotoxicity testing with the promotion
assay protocol, cells were seeded as above and MEM was replaced with DME/
F12 medium 48 h after seeding. The cells were then treated with 1.68, 2.10,
2.62,3.28, 4.10, 5.12 and 6.40 pg/ml of MX, and fixed and stained 96 h after
cell seeding in the same manner as for the initiation assay cytotoxicity test.
Extractant (1.5 ml) was placed in each well for 10 min and then absorption was
measured with a spectrophotometer set at 580 nm. Cell survival at each dose
was calculated relative to the negative vehicle control group. The MX concen-
tration that inhibited cell growth by 50% (ICsq value) was calculated using the
Probit method and approximately twice the ICsy was selected as the highest
concentration for the cell transformation assays.

Cell transformation assays

In the initiation assay, 1.2 X 10 cells were seeded into 60 mm diameter culture
dishes, 12 dishes per concentration, and control groups. After 24 h incubation,
DMSO as negative control, MX as the initiator (1.64, 2.05, 2.56, 3.20 and
4.00 pg/ml) or MCA as a positive control (0.2 wg/ml) was added. Seventy-two
hours after treatment, MEM was replaced with fresh DME/F12. On the 7th day
after the beginning of treatment, TPA (0.1 pg/ml) or DMSO was added to
cultures as the first promoter treatment. For the second and third promoter
treatments, TPA or DMSO was added on the 11th and 14th day, respectively.

In the promotion assay, MCA (0.2 pg/ml, as the initiator) or DMSO was
added 24 h after seeding 1.2 X 10* cells per dish. On the 4th day, MEM was
replaced with fresh DME/F12. On the 7th day, saline, MX (0.156,0.313, 0.625,
1.25 and 2.50 wg/ml) or TPA (positive control; 0.1 pg/ml) was added to the
culture. MX and TPA were also added on the 11th and 14th day.

The cells were fixed with methanol and stained with 2.5% Giemsa solution
on the 25th day for both assays. The foci that met the following criteria were
counted as transformant: (i) 2 mm or more in diameter, (ii) criss-cross growth
pattern, (iii) layering of cells and (iv) deep basophilic staining.

Tumourigenicity of transformed cells

Six-week-old male BALB/c CR mice were purchased from Japan Sle, Inc.
(Shizuoka, Japan), and were quarantined and acclimated to the testing facility
for 1 week. They were given pelleted diet (MF: Oriental Yeast Co., Ltd) and tap
water ad libitum through the acclimation and assay periods.

At the end of the transformation assay with MX (4.0 pg/ml as initiator and
2.5 pg/ml as promoter; experimental data not shown), cultures were washed
once with Dulbecco’s PBS. Cells were isolated from transformed foci by
trypsinization and mass cultured. An aliquot of 0.2 ml of cell suspension (1 X
106 cells for Experiment 1 and 1.5 X 10° cells for Experiment 2) was injected
subcutaneously into the cervical region of the BALB/c CR mice. In both
experiments, the cells isolated from the transformed foci in the negative control
groups were inoculated into three animals and cells isolated from MX-induced
transformed foci were inoculated into four animals. All animals were examined
2 weeks (Experiment 1) or 3 weeks (Experiment 2) after inoculation.

Metabolic cooperation assay

6-Thioguanine (6-TG) sensitive V79 cells (6-TG®; 4 X 10° cells) and 6-TG
resistant cells (6-TG", 200 cells) were co-cultured to evaluate the inhibition of
metabolic cooperation (5 dishes per concentration). For calculating cytotoxicity
200 V79 [6-TG® or 6-TG'] cells alone were plated (3 dishes per concentration).
Cells were treated with either MX or TPA 4 h after seeding. The 6-TG
(10 pg/ml) was added 15 min after MX or TPA treatment and cells cultured
for an additional 3 days before the medium was replaced with fresh medium
containing only 6-TG; the cells were cultured another 4 days. The cells were
fixed in ethanol and stained with 0.1% crystal violet for 10 min. Colonies with
50 or more cells were counted. These colonies developed from cells that were
either not in GJIC contact with 6-TG? cells or were in contact but then ‘rescued’
by GJIC inhibition from test chemical action. The assay is based on toxicity of
6-TG to 6-TG*V79 cells (HGPRT™), non-toxicity of 6-TG to 6-TG" mutant
V79 cells (HGPRT ™), with toxicity to these latter cells if in GJIC contact with
HGPRT™ cells, which transfer the HGPRT-catalysed toxic 6-TG metabolite via
gap junctions to the HGPRT™ cells. Inhibition of GJIC rescues the contacting
mutant cells to allow their clonal expansion (20).

Statistical analysis
The percentage of dishes with foci and the mean number of foci per dish
were analysed using Fisher’s exact test and the Wilcoxon’s rank sum test,
respectively.

In the metabolic cooperation assay, the number of 6-TG" colonies was
analysed for difference from the negative control group using Dunnett’s test.
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Results

Initiation assay

In the cytotoxicity assay for dose-range finding, a
concentration-dependent decrease in cell survival was observed
with MX treatment (Figure 1). An ICsg value using Probit’s
method was calculated to be 1.92 pg/ml. In the negative con-
trol group (saline initiation—-TPA promotion) the mean number
of transformed foci per dish was 0.50 and the percentage
of dishes with foci was 41.7% (5 of 12 dishes, Table I).
When MX was used as an inifiator at 1.64, 2.05, 2.56, 3.20
and 4.00 pg/ml, and with DMSO post-treatment, no significant
increase in transformation was observed. In the five groups
treated with 1.64—4.00 pwg/ml MX (as initiator) and TPA
(0.1 pg/ml, as promoter) the numbers of foci per dish were

120

Survival (%)

O L 1 L 1 1 1 ]
0.00 142 190 253 338 450 6.00 8.00

MX dose (ug/ml)

Fig. 1. MX dose—response for cell survival (Initiation protocol).

Table 1. Initiating activity of MX in the two-stage transformation assay

Initiator Conc. Survival Promoter Conc. Mean Number of
(ng/ml) (%) (pg/ml) foci/dish dishes with foci

Saline 100.0 DMSO 0.09 1/11 (9.1%)
MX 1.64 73.8 DMSO 0.08 1/12 (8.3%)
2.05 59.2 0.25 2/12 (16.7%)
2.56 33.7 0.00 0/12 (0.0%)
3.20 20.5 0.33 3/12 (25.0%)
4.00 18.8 0.25 3/12 (25.0%)
MCA 02 57.6 DMSO 0.58~ 7/12" (58.3%)
Saline - TPA 0.1 0.50 5/12 (41.7%)
MX 1.64 - TPA 0.1 0.58 6/12 (50.0%)
2.05 - 1.25 8/12 (66.7%)
2.56 - 1.92* 10/12 (83.3%)
3.20 - 1.82" 9/11 (81.8%)
4.00 - 3.64™ 11/11*" (100%)
MCA 02 - TPA 0.1 7.58** 12/12** (100%)

*P < 0.05, P < 0.01, significant difference from control (Wilcoxon’s
rank sum test for mean number of foci and Fisher’s exact test for the
percentage of dishes with foci).

Conc., concentration.
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MX shows initiating and promoting activities in two-stage BALB/c 3T3 cell assay
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Fig. 2. MX dose-response for cell survival (Promotion protocol).

0.58, 1.25, 1.92, 1.82 and 3.64, respectively. A statistically
significant increase (P < 0.05) was observed at MX
>2.56 pg/ml compared with the negative control group. The
number of dishes with foci also increased in a concentration-
dependent manner and foci were observed in all dishes at the
highest concentration (4.00 wg/ml) group. A large number of
foci were induced in the positive control and MCA initiation-
TPA promotion group; the mean number of foci per dish was
7.58, and all dishes contained foci.

Promotion assay

In the cytotoxicity assay, a concentration-dependent decrease
in cell survival with MX treatment was observed (Figure 2).
The ICs5q value was 3.37 pg/ml. The experimental doses for
promotion assay included at least 2 doses expecting to have
>90% cell survival rate. In the negative control group (MCA
initiation—-saline promotion), the mean number of foci per dish
was 0.25 and the percentage of dishes with foci was 25% (3 out
of 12 dishes, Table II). After initiation treatment with DMSO,
cells were treated with MX at 0.156, 0.313, 0.625, 1.25 and
2.50 pg/ml as the promoter. The numbers of foci were 0.00,
0.08, 0.00, 1.10 and 0.90 per dish, respectively, with only the
highest dose eliciting a significant increase in dishes with foci
(Table IT). In the groups treated with MCA (0.2 pg/ml) and MX
at the above five concentrations, the numbers of foci were 0.25,
0.92, 1.33, 3.40 and 6.18 per dish, respectively. A statistically
significant increase (P < 0.05) was observed at concentrations
>0.625 pg/ml compared with the negative control group. The
number of dishes with foci also increased concentration-
dependently, and foci were observed in all dishes of the 1.25
and 2.50 pg/ml groups. The positive control group (MCA
initiation—-TPA promotion) confirmed the effectiveness of
MCA/TPA in this cell transformation assay.

Tumourigenicity assay

Gross examination of the mice necropsied in tumourigenicity
experiments 1 and 2 did not reveal any visible nodules or tissue
masses in any organs of any animals.

Table II. Promoting activity of MX in the two-stage transformation assay

Initiator Conc.  Promoter Conc.  Survival Mean Number of

(pg/ml) (pg/ml) (%) foci/dish dishes with foci
DMSO Saline 100.0 0.08 1/12 (8.3%)
DMSO MX 0.156 98.5 0.00 0/12 (0.0%)
0.313 103.2 0.08 1/12 (8.3%)
0.625 93.3 0.00 0/12 (0.0%)
1.25 90.6 1.10 4/10 (40.0%)
2.50 90.2 0.90** 7/10™ (70.0%)
MCA 02 Saline - 0.25 3/12 (25.0%)
DMSO TPA 0.1 160.8 0.25 3/12 (25.0%)
MCA 02 MX 0.156 - 0.25 3/12 (25.0%)
0.313 - 0.92 5/12 (41.7%)
0.625 - 1.33* 10/12* (83.3%)
1.25 - 3.40*" 10/10™* (100%)
2.50 - 6.18"" 11/11™ (100%)
MCA 02 TPA 0.1 - 2,73 10/11™ (90.9%)

*P < 0.05, P < 0.01, significant difference from control (Wilcoxon rank
sum test for mean number of foci and Fisher’s exact test for the
percentage of dishes with foci).

Conc., concentration.
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Fig. 3. Inhibition of intercellular metabolic cooperation in V79 cells by MX.
For calculation of cell survival, 200 6-TG" cells were cultured (filled circle).
Recovery of 6-TG' cells (open circle) under conditions of metabolic
cooperation (4 X 10° 6-TG® cells and 200 6-TG" cells).

Inhibition of metabolic cooperation assay

The mean number of 6-TG" colonies increased dose-
dependently in the MX-treated groups (Figure 3), indicating
an inhibition of GJIC by MX. This occurred at non-cytotoxic
concentrations. The mean number of 6-TG" colonies at
1.12 pg/ml of MX was 188.4 (=94.2%) compared with 47.6
(=23.8%) in the negative control. In the positive control
(TPA-treated) group the mean number of 6-TG" colonies was
159.4 (=79.7%).

Discussion

From a public health viewpoint it is important to understand the
toxicology of MX. This is particularly evident since long-term
animal studies have shown carcinogenic and tumour promoting
activity of MX (2,3). In the present study, we conducted
transformation assays on MX using BALB/c 3T3 cells to give
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