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Abstract

" The recent finding that acrylamide (AA), a polent carcinogen, is formed in foods during cooking raises human health concems. In
the present study, we investigated the genotoxicity of AA and its metabolite glycidamide (GA) in human lymphoblastoid TK6 cells
examining three endpoints: DNA damage (coinet assay), clastogenesis (micronucleus test) and gene mutation (thymidine kinase
(TK) assay). In a 4 h treatment without metabolic activation, AA was mildly genotoxic in the micronucleus and TK assays at high
concentrations (>10mM), whereas GA was significantly and concentration-dependently genotoxic at all endpoints at >0.5 mM.
Molecular analysis of the 7K mutants revealed that AA predominantly induced loss of heterozygosity (LOH) mutation like sponta-
neous one while GA-induced primarily point mutations. These results indicate that the genotoxic characteristics of AA and GA were
distinctly different: AA was clastogenic and GA was mutagenic. The cytotoxicity and genotoxicity of AA were not enhanced by
metabolic activation (rat liver S9), implying that the rat liver S9 did not activate AA. We discuss the in vitro and in vivo genotoxicity
of AA and GA. ‘
© 2005 Elsevier B.V. All rights reserved.

Keywords: Acrylamide; Gycidamide; Genotoxicity; TK mutation; Metabolic activation

1. Imtroduction and grouts. Because it had been believed that humans
, are rarely exposed to AA under ordinary circumstances,
Acrylamide (AA) is a synthetic chemical that has concern was centered only on occupational exposure [1].
been produced since the early 1950s. Because AA poly- In 2000, however, Tarcke et al. [2] reported that AA was
merizes easily to an adhesive gel, it has been widely unexpectedly discovered in cooking foods. It forms dur-
used in industry for water flocculation, soil coagulation ing frying and baking principally by a Maillard reaction

between asparagine residues and glucose [3,4]. This find-
ing raises concerns about the health risks of AA for the

* Corresponding author. Tel.: +81 3 3700 1141x434; general population [5]. . .
fax: +81 3 3700 2348, According to toxicological studies, AA is neuro-

E-mail address: honma@nihs.go jp (M. Honma). toxic for animals and human [6,7], and the International
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Agency for Research on Cancer classifies it as 2A, a
probable human carcinogen [1]. AA is also genotoxic
in somatic and germinal cells in in vitro and in vivo
[8]. In vivo examination [8] AA is metabolized to the
cpoxide derivative glycidamide (GA), presumably by
cytochrome P4502E1 (CYP2E1) [9]. GA may be more
toxic than AA because it reacts quickly with DNA and
other biological macromolecules, and it is positive in
most genotoxicity tests [8]. AA, on the other hand,
is inactive in bacterial and some in vitro mammalian
gene mutation assays, but it induces sister chromatid
exchanges and chromosome aberrations in vitro and in
vivo [8]. AA may have indirect genotoxic mechanisms,
such as protein binding, spindle disturbance or hormonal
imbalance, which could lead to tumors [10,11]. Thus, the
genotoxic mechanism of AA is unclcar.

In the present study, we used human lymphoblatoid
TKG6 cells to investigate the genotoxicity of AA and GA
and its mechanisms. TK6 cells are widely used for the
thymidine kinase (7K) gene mutation assay and can also
be used in the in vitro micronucleus (MN) and comet
(COM) assays. The TK gene mutation assay detects a
wide range of genetic damage, including gene mutations,
large-scale chromosomal delctions, recombination and
aneuploidy [12], while other mammalian gene mutation
assays, such as the HPRT and transgenic LacZ and Lacl
gene assays, detect only point mutations and small dele-
tions [13]. Most of the genetic changes observed in TK
mutants occur in human tumors and are presumably rel-
evant to carcinogenesis. Molecular analysis of the TK
mutants induced by AA or GA can help elucidate their
genotoxic mechanisms. In addition, because it uses a
human cell line, the 7K assay is appropriate for human
hazard evaluation.

2. Materials and methods
2.1. Cell culture, chemicals and treatment

The TK6 human lymphoblastoid cell line has been
described previously [14]. The cells were grown in RPMI1640
medium (Gibco-BRL, Life technology Inc., Grand Island,
NY) supplemented with 10% heat-inactivated horse serum
(JRH Biosciences, Lenexa, KS), 200 p.g/ml sodivm pyruvate,
100 U/ml penicillin and 100 p.g/ml streptomycin and main-
tained at 10° to 10° cells/ml at 37°C in a 5% CO, atmosphere
with 100% humidity.

AA (CAS#79-06-1) and GA (CAS # 5694-00-8) were pur-
chased from Wako Pure Chemical Co. (Tokyo). We dissolved
them in phosphate-buffered saline just before use. N-di-N-
butylnitrosamine (DBN) (CAS # 924-16-3) was purchased
from Tokyo Kasei Kogyo Co. Ltd. (Tokyo) and dissolved in
DMSO for use. Post-mitochondrial supernatant fractions of
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liver homogenate (S9) were purchased from Kikkoman Co.
Ltd. (Noda, Chiba, Japan), which were prepared from the
liver of phenobarbital- and 5,6-benzoflavone-treated SD rats.
We prepared a 10 ml S9 mix with 4ml S9 fraction and 2mi
each of 180 mg/ml glucose-6-phosphate, 25 mg/ml NADP and
[50mM KCI.

We treated 20ml aliquots of cell suspensions
(5.0 x 10°cells/ml) at 37°C for 4h with serially diluted
AA or GA, washed them once, re-suspended them in fresh
medium, and cultured them in new flasks for the MN and 7K
assays or diluted and plated them for survival measurement
(PE0). We treated the cultures with AA both in the absence
and presence of 5% S9 mix.

2.2. Comet assay

Afier treating the cells for 4h with AA or GA, we pre-
pared slides for alkaline COM assay as previously reported
[15]. Briefly, the cells were suspended in 0.5% agarose-LGT
(Nakalai Tesque Inc., Kyoto, Japan), quickly layered on a slide
(Matsunami Glass Ind. Ltd., Osaka, Japan) coated with 1%
agarose GP-42 (Nakalai Tesque Inc.), and covered with 0.5%
agarose-LGT. We immersed the slide in alkaline lysing solution
(pH 13) for 1 b, electrophoresed it for 15 min after the unwind-
ing treatment, fixed the cells with 70% ethanol, and stained
them with SYBER green (Molecular Probes, Eugene, OR)
according to the manufacturer’s recommendation. We observed
the cells by an Olympus model BX 50 fluorescence microscope.
At least 50 cells were captured by CCD camera, and the tail
length of the comet image was measured. We statistically ana-
lyzed the difference between the non-treated and treated plates
with the Dunnett’s test after one-way ANOVA [16].

2.3. Micronuclei test

Forty-eight hours after treatment, we prepared the MN test
samples as previously reported [ 17]. Briefly, approximately 10
cells suspended in hypotonic KCl solution were incubated for
10 min at room temperature, fixed twice with ice-cold glacial
acetic acid in methanol (1:3), and resuspended in methanol
containing 1% acetic acid. We placed a drop of the suspen-
sion on a clean glass slide and allowed it to air-dry. We
stained the cells with 40 pg/ml acridine orange solution and
immediately observed them by Olympus model BX50 fluo-
rescence microscope. At least, 1000 intact interphase cells for
each treatment were examined, and the cells containing MN
were scored. The MN frequencies between non-treated and
treated cells were statistically analyzed by Fisher’s exact test,
The concentration-response relationship was evaluated by the
Cochran—Armitage trend test [18].

2.4. TK gene mutation assay

The TK6 cell cultures were maintained for 3 days after
treatment to permit expression of the TX deficient phenotype.
To isolate the TK deficient mutants, we seeded cells from each
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cultyre into 96-microwell plates at 40,000 cells/well in the pres-
ence of 3.0 pg/ml trifluorothymidine (TFT). We also plated
them at 1.6 cells/well in the absence of TFT for the determina-
tion of plating efficiency (PE3). All plates were incubated at
37°Cin 5% CO, in a humidified incubator. The TK assay pro-
duces two distinct phenotypic classes of TK mutants: normally
growing (NG) mutants had the same doubling time (13~17h)
as the wild type cells, and slowly growing (SG) mutants had
a doubling time of >21 h. The difference is thought to be due
to a pulative gene near the TK gene. NG mutants result mainly
from intragenic mutations, such as point mutations and small
deletions, while SG mutants result from gross genetic changes
extending beyond the TK gene [ 19]. We scored for the colonies
in the PE plates and for the colonies for normal-growing TK
mutants in the TFT plates at 14th day after plating. We then re-
fed the plates containing TFT with fresh TFT, incubated them
for an additional 14 days, and scored them for slow-growing TK
mutants. Mutation frequencies were calculated accordingto the
Poisson distribution [20]. The data were statistically analyzed
by Omori’s method, which consists of a modified Dunnett’s
procedure for identifying clear negative, 2 Simpson—Margolin
procedure for detecting downturn data, and a trend test (o eval-
uate the dose-dependency [21].

2.5. Molecular analysis of TK mutants

Genomic DNA was extracted from 7K mutant cells and
used as a template for the polymerase chain reaction (PCR).
We analyzed for loss of heterozygosity (LOH) at the human 7K
gene by PCR products as described previously [22]. A set of
primers was used to each amplify the parts of exons 4 and 7 of
the TK gene that contains frameshift mutations. Another primer

set for amplifying parts of the 3-globin were also prepared. We
used quantitative-multiple PCR to co-amplify the three regions
and to identify and quantify the PCR products. We analyzed
them with an ABI310 genetic analyzer (PE Biosystems, Chiba,
Japan), and classified the mutants into “none LOH”, “hemizy -
gous LOH” or “homozygous LOH”. To determine the extent of
LOH, we analyzed 10 microsatellite loci on chromosome 17q
by PCR-based LOH analysis described previously [22]. The
results were processed by GenoTyper™ software (PE Biosys-
tems) according to the manufacturer’s guidelines.

3. Results

3.1. Cytotoxic and genotoxic responses to AA and
CA

Fig. la shows the effect of AA on relative sur-
vival (RS), mutation frequency (7K assay) and num-
ber of micronucleated cells per 1000 cells examined.
AA was concentration-dependently cytotoxic, permit-
ting about 20% RS at the maximum concentration
(14 mM), while its genotoxicity and clastogenicity were
weak. We repeated the experiment because of the weak
genotoxicity, AA showed negative in the first 7K assay,
but positive in the second statistically. In MN test, both
cxperiments showed statistically positive. GA, in con-
trast, was significantly genotoxic even at concentrationg
that were not severely cytotoxic (Fig. 1b). At the max-
imum concentration (2.4 mM), GA induced 7K muta-
tion frequencies that were about 20 times and MN fre-
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Fig. 1. Cytotoxic (relative survival, RS), genotoxic responses (TK assay and MN test) of TK6 cells treated with AA (a) or GA (b) for 4 h without
metabolic activation. The AA experiment was repeated to confirm the result because of the weak genotoxicity. Closed and open symbols are first
and sccond experiment, respectively. Asterisk (¥) statistically significant exporiments in both pair-wisc comparison and trend test (P <0.05).
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Table 1
Cytotoxic and mutational responses to AA and GA, and the results of LOH analysis of normally growing (NG) and slowly growing (SG) TK-mutants
Treatment Cytotoxic and mutational response LOH analysis at TK genc
RS (") MF (x1076) % SG No. None LOH Hemi-LOH Homo-LOH

Vehicle [16) 100 2.19 56 56

NG mutants 19 14(74) 3(16) 2(11)

SG mutants 37 0(0) 9(24) 28(76)
AA (14mM, 4h) 40 18.9 54 48

NG mutants 22 11(50) 11(50) 0(0)

SG mutants 26 0(0) 13(50) 13(50)
GA (2.2mM, 4 h) 12 55.5 36 44

NG mutants 28 26(93) 20N 0(0)

SG mutants 16 0(0) 6(38) 10(62)

quencies at about four times the spontaneous level. We
detected two distinct phenotypic classes of 7K mutants
in TK assay: NG and SG mutants. AA did not affect
the proportion of SG mutants, while GA treatment low-
ered it (Table 1). This implies that GA induced pri-
marily point muiations. In the COM assay, even al
the highest concentration, AA did not induce DNA
damage, while GA did so strongly starting at 0.6 mM
(Fig. 2).

3.2. Molecular analysis of TK mutants

The TK mutants were independently isolated from
the cells treated with 14 mM AA or 2.2 mM GA for 4 h.
Table 1 shows the cytotoxicity (RS) and TK mutation fre-
quency (MF) and proportion of SG mutants (% SG) by
the treatment. Genomic DNA extracted from the mutants
was subjccted by the PCR-bascd LOH analysis to clas-
sify the mutants into three types: non-LOH, hemizygous
LOH (hemi-LOH) and homozygous LOH (homo-LOH).
In general, hemi-LOH is resulted by deletion and homo-
LOH is by inter-allelic homologous recombination [13].
We analyzed 48 AA-induced and 44 GA-induced TK

mutants and compared them to those of spontancously
occurring 1K mutants described previously [16]. The
fraction of hemi-LOH in A A-induced mutants, in which
50% cach of NG and SG mutants exhibited hemi-LOH,
was higher than in spontaneous mutants, indicating that
AA-induced primarily deletions. GA, on the other hand,
induced primarily NG mutants, and most (93%) of them
were the non-LOH type, which is presumably generated
by point and other small intragenic mutations. Among
16 GA-induced SG mutants, the percentages that were
hemi-LOH (38%) and homo-LOH (62%) were similar
to those observed in spontancous SG mutants. Fig. 3
shows the mutation spectra of 7K mutants found among
trealed and untreated TK6 cells. GA and ethyl methane
sulfonate, an alkylating agent, produce similar spectra,
as do AA and X-radiation.

Fig. 4 shows the distribution of LOH in AA-induced
(rn=37), GA-induced (n=17) and spontaneous (n=29)
LOH mutants. Because the majority of GA-induced
mutants were the non-LOH type, we were able to map
only 17 GA-induced LOH mutants. As a particular char-
acteristic of AA-induced LOH mutants, we frequently
observed small deletions limited to the 7K locus. The
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Fig. 2. COM assay results in TK6 cells treated with AA or GA for 4 h without metabolic activation. Asterisk (*) statistically significant in the

Dunnett’s tests (P <0.05).
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Fig. 3. Frequency and spectra of TK mutations in spontaneous and
X-ray-induced (2 Gy), EMS-induced (150 pM, 4h), AA-induced
(14 mM, 4 h) and GA-induced (2.2 mM, 4 h) TK mutants in TK6 cells.
The fraction of each mutational event was calculated by considering
the ratio of normally growing (NG) and slowly growing (SG) mutants
and the results of molecular analysis (Table 1). The data of sponta-
neous, X-ray-induced and EMS-induced mutation spectra were taken
from our previous paper [13].

distribution of LOH in GA-induced and spontaneous
LOH mutants was similar.

3.3. Cytotoxicity and genotoxicity of AA under
metabolic activation

Rat liver S9 mix did not influence the cytotoxicity
or genotoxicity of AA but it did enhance the activity of
DBN, the positive control chemical (Fig. 5).

155
4. Discussion

A large number of studies about the in vitro geno-
toxicity of AA have been reported [8]. AA has consis-
tently been negative in bacterial gene mutation assay
in both the presence and absence of metabolic activa-
tion [23-25] but positive in chromosome aberration and
sister chromatid exchange tests in Chinese hamster cell
lines [24-26]. In mammalian cell assays, AA induces
Tk -but not Hprt gene mutations [24,25,27,28], and is
negative in the COM assay even at high concentrations
[27]. Thesc results suggest that AA is clastogenic with-
out directly damaging DNA. GA, on the other hand, is
positive in most in vilro genotoxicity tests and is recog-
nized as a mutagen [8,27,29]. In the present study, the
higher concentrations of AA were positive in the MN
and TK assay but negative in the comet assay. According
to the in vitro genotoxicity test guideline, however, AA
may be negative [30], because the guideline suggests that
the maximum concentration should be 10 mM. Because
the genotoxic responses at higher concentrations were
reproducible, AA may be genotoxic, but its effect is very
weak. GA, in contrast, was positive in all the assays, even
under conditions of low cytotoxicity. These results are
consistent with the reports described above.

The mammalian TK gene mutation assay can detect a
wide range of genetic changes, including point muta-
tions, small deletions, large-scale chromosomal dele-
tions, inter-allelic recombination and aneuploidy, while

AA (14 mM) induced
 Mutants

GA (2.2 M) induced
Mutanis

THRA
i pi7ei2s0

D175855
Di78588

"““ 1l “Illr |

Fig. 4. The extent of LOH in spontaneous, AA-induced and GA-induced LOH mutants from TK6 cells, We examined 10 microsatellite loci on
chromosome 17q that are heterozygous in TK6 cells, The human TK locus maps to 17q23.2. Open and closed bars represent homo-LOH and
hemi-LOH, respectively. The length of the bar indicates the extent of the LOH. We analyzed 29 spontaneous mutants (10 NG and 19 SG mutants),
37 AA-induced mutants (11 NG and 26 SG) and 17 GA-induced mutants (2 NG and 15 SG). The data on spontaneous mutants were taken from our

previous paper [13].
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Fig. 5. Cytotoxicity (RS) and MN induction in TK6 cells treated with AA or DBN for 4 h in the presence (open symbol) or absence (closed symbol)
of rat liver S9. Asterisk (*) statistically significant experiments in both pair-wise comparison and trend test (P < 0.05).

the bacterial and mammalian HPRT gene mutation
assays detect only point mutations and small intragenic
deletions [13]. AA was positive only in the 7K muta-
tion assay, suggesting that AA causes predominantly
large-scale chromosomal changes. Our molecular anal-
ysis of the TK mutants supported this hypothesis. The
majority of the AA-induced TK mutants showed hemi-
LOH, which is the result of a deletion, although the
other types were also induced (Fig. 3). Deletions are
thought to result from the repair of double strand breaks
by non-homlogous end-joining [13]. Radiation-induced
double strand breaks are repaired by non-homlogous
end-joining, which leads to hemi-LOH. LOH-mapping
analysis, however, revealed that AA frequently induces
intermediate-sized deletions (100-3000kb); the dele-
tions encompass exons 4 and 7 of the 7K locus but do
not extend to the microsatellites loci of the vicinity. This
type of deletion is rarely observed in radiation-inducing
TK mutants [13]. Because the COM assay indicated
that AA did not induce DNA damage, the deletion may
not be caused by DNA damage directly. Mechanisms
associated with global genomic instability should also
be considered [10] because the LOH patterns, except
for the intermediate-sized deletions, are generally sim-
ilar to those observed in spontaneous mutants. Most
GA-induced TK mutants, on the other hand, were the
non-LOH type, as were most spontaneous ones, strongly
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supporling the positive results in bacterial gene mutation
assay [29]. In contrastto AA, GA is a mutagen, inducing
primarily point mutations.

AA is known to be metabolized to GA by CYP2E!
[9]. GA, an epoxide, forms adducts directly with
DNA and protein, causing cytotoxicity and genotoxic-
ity. GA forms mainly N7-(2-carbamoyl-2-hydroxyethyl)
guanine and N3-(2-carbamoyl-2-hydroxyethyl) adenine
and reacts with hemoglobin and cytoskeletal proteins
[31-33]. Rat 89, however, did not affect AA cytotoxicity
or genotoxicity, although it did enhance the cytotoxicity
and genotoxicity of DBN, which is also metabolized by
CYP2EL. This suggests that rat S9 does not work for
activating AA. AA and GA are detoxified through glu-
tathione conjugation, and GA is also detoxified by epoxy
hydrolase (EH), which catalyzes the hydrolysis of GA to
dihidroxy propionamide [34,35]. Other in vitro studies
also failed to demonstrate the enhancement of AA geno-
toxicity by rat 89 [36,37]. Our results do not mean that
AA is always detoxified rather than activated because
DNA adducts are found in mice and rats given oral AA,
and the genotoxicity of AA is consistently observed in
in vivo studies [8,31,36,37]. Recently, Manjanatha et al.
demonstrated in transgenic Big Blue™ mice that AA as
well as GA induces endogenous Hprt and transgenic cl!
mutation at same level, and both chemicals cause pre-
dominantly base substitutions and frameshift mutations.



N. Koyama et al. / Mutation Research 603 (2006) 151-158

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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In vitro genotoxicity of inorganic and organic arsenics and their genotoxic risk
through food intake
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! Division of Genetics and Mutagenesis, National Institute of Health Sciences
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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[lI1], 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[IT] was aver 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 genotuxic risk. We dis-
cussed the genotoxic risk of arsenic compounds through dietary intake.

Keywords: arsenite[II1], 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

HAF O FBEIIWHO DMK KEFL FF L 712
PEVS, BBANRIETELEITELTE L GRS
hTv % (WHO, 2004). *7:, vHELadmid, £4N
HMEBFEELTSEY, AMFIZE > THEBLATE
ThoEEZLATWS, LFL, EEROLEOKET
FERBEC L D FEROBVEReRILEY L LTHEEL
Tw2% (ATSDR, 2000).

20044 7R 28 H, HEAEBERT (Food Standard
Agency) ¥, #BE OV L & (Hijiki) wEBe ¥
(Inorganic arsenic) ASKEIZHEITNTWS &) /AR
RIEETE, ERIHLTVLE2ENAWE ) KEIE
L7z (FSA, 2004). #E¥ERIZIZINT CeBELEWS
ZLAENTCVHILFREShTYS. i, OLE,
ARG EDOBER, AULRLORBE, AL htD
B, eEEHENFVILIMSN TS (Fukui
etal, 1981)., ZHOAAF,ALOLELAYOENET
EDLIFBEUANMZENZ B Z LA, REARDEH L R
2, ~HHROBRPAVAIEZRLTILIZRLOND
Litiavy,

BEDHICEINS e FEWIZIE, BDEEIBV
LEhTVWR =Moo R (As[lI) Z#UThl, &
iDEHLFE (As[VD) =, FReFECEDLLLVH S,
ZLTC, ThonFBREEYOBRBICL > TELS
cE&HFmeonTyvd (Fukuietal, 1981). ¥, ohd
LHEILEWOBERIEOMERRIZL > TRE(RRS
(ATSDR, 2000). FWETIX, 22o00EHKLFILEY
(As[IlI], As[V]) &, HBMBEWIIZEINTVS
IDDEBREEILEW (FE7XAF VT VY VEE:
monomethylarsonic acid (MMAA), YXFL TNV Y
B . dimethylarsenic acid (DMAA), MU AFVTILY
¥ A% ¥ V! trimethylarsine oxide (TMAQ)) (Fig.1)
ORIZFEMFRMEL YR Y V7 3+ —< TRRER (MLA)
WKLo CTFMiiLA. 4, ChoeEapoBNEL,
BirHHoBREz, HoERPH LSBT 2TEREDSH

E
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HILEYEOFR L EHBL, BRSSP SOLHELEY
OBEERY 2y FEELL.
EBRMEB RURE

1. ABBE

FEERF b A (sodium arsenite (As[III]) ; Cas.
No. 7784-46-5, MW130) I, BIRALFIER, vE—J
;YUY A (sodium arsenate (As[V]) ; CAS. No. 7778-43-
0, MW186) i, FEMEBEILREM, HERELAWV/-.
B AFNT NV 2B (monomethylarsonic acid
(MMAA) ; CAS. No. 124-58-3, MW140), Y AF VTNV
v v (dimethylarsenic acid (DMAA) : CAS. No. 75-
60-5, MW138), rUAFNTIVY ¥4+ %Y F (trimethy-
larsine oxide (TMAO) ; CAS. No. 4964-14-1, MW136)
B, MU IANVFRIROMBEINI%D L D2V
7z,

2. ARBERR

Ml ABM A C—ERNELEL, ZO%O 8
BT AR tEE, MR L Tk, B
FE & Il L7z (Relative Suspension Growth; RSG). Rk
WBOI0~20%2 02 BEEREEHRL LTEREL..

3. ®YAY 74— Tk (MLA)

MLAR= A 70y = VIETiTw, 70 ba—-iik
Honma & O FEEIZHE- - (Honma et al,, 1999a). S93k
FETT, MiazRBRETIHAMEL, 48RO
ARMz BT, TRRNERBHODICHRE 7L
—F A 7L HREEOEEE L CIRAERKON
SHAEFHE (Relative Survival; RS) &, MLERE OB L
HFELEE LB (Relative Total Growth; RTG) #
Wiz, AREHRMLEHIBELCIE, 24BBOEEEE
L7, 24FfA®o 7o h a3—)id, Honma &0 FHiEk
1267 (Honma et al., 1999b) .
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Fig. 3 Comparison of Tk-mulation frequencies (MF) in 3h treat-
ment test treated with As[ITl]-e, As[V]<-, MMAA&,
DMAA-7, and TMAO»-.

4. B

MLA ®5— # 12 Omori 5 OFEEETEIC L D, B4,
a2 ¥ LA (Omori et al., 2002). ZoFiEE
Dunnett {12 & 2 B IR & o L8R E, Simpson-
Margolin {52 X 2 F RIKGW L HMERE T MUAED
Wk CHB.

& R

1. MR el

A % WEBRIRAR T IR I L, BT 10 ~
20% D RSG R RTIBELZARRIIBITLIRENEL L
Tk L7 (data not shown)., T ORERE 1, As{II:
10 pg/mL, As[V]: 250 ug/mL, MMAA: 3000 ug/mL,
DMAA: 2500 pg/mL, TMAO: 5000 ug/mL % &5 M i &
LT L7z, TMAOIX5000 ug/mLIZEBWTHIZL A
CHRHEEE RS B A MLAOMEBRT 4 K94~
(2HEVy, 5000 ug/mL % e L LA,

2, 3 HARARER

SMFMALELC & 5 MLADE R % Fig. 212053, ik
FLEY D As(IDN], As(VIIZHBRENIHELE (RS,
RTG) #ir L, ZHRICHOEWRRAEROBERIGED S
N7z HEMFWMICD RREREEOMINIBERTHo 72
(HEAKHE1%). As[II]® 5 ug/mL, As[V]® 250 ug/mL
TSRO ISHEORREROBERLBR s,
MLA Cid, 2RO E LRI (small colony mutant; SC,
large colony mutant; LC) P25, Thbe#
LWL o THERSINAEREOSC/LCRITFF IR
PEXHIR L OIS S k) o 72 (data not shown).
As[IN OB AR 10 ug/mLTIXRS, RTG & & #fEat
BT ERLDRREROF— 238 5hidh o7 B
BERJFELZ2/FHMMSE5E (Double Mutation
Frequency Dose; DMFD) & As[III] Tl 0.78 ug/mL,
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As[VICI339.5 ug/mL LRI C&. T thbn
As[HIHZ AS[VIIZHRT, MEY /2 D& 50 EREDEE
H e o,

—J)i, BHeHZLEWTHDHMMAA, TMAO ILikER
BETEAEREROFRE RS Do, B
TMAO MMM D R E Do Eh b, B
THUDENLEWTH B 2 EAFEENT. DMAA
132000 pg/mLO BB CRATROBNNR O,
FHEEICRERICBE TH o (FEAKESS),

- RIGA$1%TH Y, ORI X5 IEF RN L

bEZBND. 2500 ug/mLClE, FEUNETELD
BRERDF— Y BB LN Lol 5200 EILAY
DERELFRFE O E Fig. 31K L 7.

DMAA IZHa 7 FERECH B RTG & RIS & 7238
AR SR RTG ARSI TR & &3Vl 38
FHHE R ETWA I L2 THREES,

3. 24 NFRPLINRER

IMMOABRC HILAWITERMLEIZ BT,
CHELAMEB LT, MORRERSRIE 2R S 2 h
ofel b, 4B A YIE L 7. 3L &
BelcRRBeRBREENL, Relifrikal, KRR
BP0l AREOMEE Fig. 4I1IRY. & ToHEE
FLEPI BRIl EE L R L. —7, Bk
ERBREICH L T, MMAAKREBETH - 22,
DMAA, TMAO SR FMIc BT L R L (FEA
#5%). 7272L, SheBEEMIGDL, RTG 5% T DR
WHE P TORINTH Y, RN LABETHLOND
Lz, 300 RSO RMNERFEHED
L% Fig 512w L 7.

= =

L BEBENAY—-FE L TOeRILEY

ERCHEEAYOPTCHIFLOB AT L
Tk, ZL nEEHEOMRELDH S (Gradecka et al,,
2001). In vitro BInEMEICB VT, As[HIliZz—24 A
HERBHLRTOICH LT, ¥R Fviftik R
TRER, Wik RIRRER, 2 A v MRETIZBN
%7 (Basuetal, 2001; Gebel, 2001). =7 A%
in vivo BB T, BBERE, MOBREIMRE I T
W3 (Gebel, 2001). TO X9z, FBEL AL DHN
BIZFEN R, DNABHUIZHBEE SN TV SIZLHh
Phod, A ARBCEREBEECTHILEI LMD,
As[MINIFRARTEREZFEHT 5 X 9 % mutagen TIZ 2
<, Bk XN ofGEE] &4 2 ¥ clastogen TH 2
LEN TV S (Gebel, 2001). MLAZH YR o
BIETRRAERMEBRTH Y, HEREEN L, KAkl
NVOERETERBTELIRMA~RY bV EHFORHK
ZEREIUARTHS (Honma et al,, 2001)., SlElofF 41 D
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Fig. 4 Cyintoxicity (relative survival; RS, relative total growth; RTG) and Tk-mutation frequency (MF) in MI.A treated with
As MMAA, DMAA, and TMAO for 24 h. In cytotoxicity, closed symbol is RS, and open symbol is RTG.
1000 BFFE-C As[ITI] A5 MLA CHi 815 R E RS 47
L2 ki3, As[lAEe@EL NV ORIETRARERZ
800 BlERIT I L &#mELTYS, Moore 5% MLAT
As[IIITE As[VIDRRERFREZHEL TV S
£ 600 (Moore et al., 1997). 4 DR & iz, As[llit,
X As[VID 1/10 T ORBRME THWERERFREMEZ R
S 400 FTIEEMEL TS,
Higv LA oREEL I OWToORMEIZE L v
200 | D)j)] (Gebel, 2001; Kaise et al., 1996). S RIRABKRL/=3>0F
By £aY MMAA, DMAA, TMAO X, v 1L
0 BB EARICWY AT BOoELLRBEWTH
10 100 1000 0000 B, AKR, % ORMPIEEAHESITYS.,

Fig. 5 Comparison of Tk-mutation frequencies (MF) in 24 h treat-

concentration (ug/mL)

ERBORBEDTH ), ZoEHIEEe LW
HARTIED THENY. Invivo BIEHEREBRIZBWT, Zh
LA ELAWORERERBREREBHLBE ST

ment test treated with MMAA-&, DMAA-C-, and TMAO-4-.

w5 (Noda et al, 2002). 4EMLA T, Fhk#
LA 3O T 3 MR, 24 R RIAI L b RIRER
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Table 1 Human Exposure/Rodent Potency (HERP) and Human Exposure/Genotoxic Potency (HEGEP)

Compounds 1ARC :V'(lfra'g: k HERP* DMFD S

. .. aily intake iy .
(Major origin) (ug/dy)* (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, rat 89  McGregor et al.,
(Beer) 1988
Acrylamide 2A 40 0.01 100 04 WTK:1 Unpublished data
(Potato chips etal.)
Aflatoxin Bl 1 0.018 0.008 0.0075 24 MLA, rat 89  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[111] 1 1.6 - 0.78 2.05 MLA Present study
(Hijiki, cooked)
As[V] 1 4.4 - 395 0.11 MLA Present study
(Hijiki, cooked)
As[Il] 1 107 - 0.78 1372 MLA Present study
(Tap water and

other natural sources, Max)

* Data from Gold et al, (2002)

FRUEDRD LN DIEDMAADARTH 7. F72, 3
I L TR B R T O MR F 1 BB D & DMAA 13 v #l R
SETHMREVERE % 3o = L ASRIE S iz, Kashiwada 51
¥ 9 AT DMAA # BERERI G-, BRMBICBWT,
MEcoMBEBOEILE, BLURKEEFAROHY
MPBEEIRAET LEFRE LTS (Kashiwada et al.,
1998). T L) BRIV F VR EOMBLNE
DF5T, BEECHZEINL Z 25, DMAAIZH
MORABEROERZHE- I L ETREEL, MLA KM
FAAHBIZL ZREEORBILE A LT, READORE
WIXHRRERBLIBRMT AIEMNTE S (Honma et al.,
2001). DMAADRFOFVRIEFRAZTREHMEI,
D& RHERSREROERNERLTVLIONb LA
v, TMAOTHRSERTGIZEMR BN, 24F5H
WHETTMAO B h T P ICRRERBREL T LD,
TMAO b WA REBROER 2 FHEOI L E2RLT
WEOHhH LAk,

Moore 51X, MMAA, DMAAIZ2WTh MLA % 3l
L, WALED & % 3000 pug/mLEL EDEIREET, FgWnge
RERBREMELRD TS (Moore et al., 1997).
MMAADHERERA DGROFKERERLLDIDTHS
», HEBHESC, FRUELZEETLE, FOBIITKRE
g ES- 3NN

INHDERDP S, EBRILEWTh 2 A & As[V]
BEEEUHDETH LY, EReFELEWTHS
MMAA, DMAA, TMAO OBEHEIE VD, Hol

-
—
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ELTHHEDTHNLDOLHMTE 5.

2. BEHEYVRAZELTORILED

LEREEREEAVCAERFAMRBRCIIBREERT
A, BEMMEIr SEFAUF AL THBED,
JARC CiX Group I (AIZH LTHEISAMES D) ITHHE
NTwa (IARC, 1987), R EEIR* ORERICEEN
CHET S, Z0:0KEKRPDOCRRERX, BIFAY
A2 e TELETERLEELDERINTHES, B
TE, AEBAPOLEBENORKEX0.01 mg/LTH 5
(WHO, 2004), COBEDENAFTIZIOHNAF60AT
B0, HOBEREFADEAOEED I0FLL LD FE .
Zhid, CEFHKMARTHY, 20TRVRAETH S
DRt EBEVEELELS.

200447 A 28 HICKEREHIET (Food Standard
Agency) i3, HBEOUUE (Hijiki) CEHCRLEY
PREBIZEThTWZ2HEMT, BREMNLTOLEEZAR
NEWVWESIZEI L2 (FSA, 2004). DL EICIEESRE
BULDBeHERLLTI6~30ug/g D FILEMHME
INTHEY BREMS, 2005), KMBEHSOETT
Wiz D, Z083% e ELEWLRES L TY
% (As{ll] ; 22%, As[V]; 61%) (Fukui et al,, 1981).
e  DIFEMIZOLEFEINLD, ERCEDOE
HEBROLEPEABIZE Y. LrL, GLEEED
IR (KREL, M) T, #90%0 e BT
ZILldMmbhTnb (BEEG, 2005). BARADD



LLEDOINEHHEERIZ09 g TH Y (MHLW, 2004),
RIZ80 ug/g D eHZEEEL UL E WAL, ALAET
L, 1HL=0¥6ug DEReRLRRMT LB
5 (Asllll}; 1.6 ug, As[V]; 4.4 ug). WHOATED /2
MHEe FKOPTWIL (Y E T HE B HERE) 1315
ug/kg/week THHD, ZHIIEESOkgMAT, 1Y
220107 ug DEFEICHYETH, T Ehb, BERA
FHOBBULIOVLEFESRVRD, PTWIZEL
BT LBV, #oT, NI Y ADLWEEFELANT
N, DL AHELOYVAZIEBBT B Li%hwn
LEZOLND,
BEAGIZBWTHISET b wEEAYED)
AZ§HMEL LT, Gold % {3 Human Exposure/Rodent
Potency Index; HERP ORI 2P L TV 4 (Gold et
al, 1990). Zhid, AP ZORVAMERET LHEY
LODEHRBR Y, TOPEASEERE BV REBA
HERBIIBVWTHYWOERIITAZFERITE
(TD50) THl-72dDTH5H. $#EoT, BZNWKRETR
EAEWITYE, BHEIWVNSTRIENSIWIEY, HERP®
T REL LD, ZOVR7bEVEHBENS,. WL
DDFI% Table 1127 L7:. HERPEOHEWNEIX 1%
EMELT, ThINVBVLOIE, ATORED, B
EERTOHOTD0 25| 3R TRBEZBAL LR
LTHY, 7, AW LEEZEEEBICE 5N
AVRIDZ »* v 7Ry, L L%%S, HERPHE
IZTD50 % #:BEL LTWA LD, FHERIAERERIC
BOWTESEERTWEICOWTIZEHATE v, FEBIIZ
WEYH»LEANENS e EOHERPHIZEIE STV
Vi, COBE, WHREEVPAMBRRBRICEDLS ERNT—
yE LT, BIEENRRT— ¥ 24V, HERP & [Hkic
Human Exposure/Genotoxic Potency; HEGEP # & §
HILEFRELLV, SITR, AVEORFADWER
By ATHIHRER (ug/day) %, MLA, L <
FHIZETHBETRAERRRIZB VT, Z20ORFA
WEBREN2HENORRERBRERFIBEITIRE
(Double Mutation Frequency Dose; DMFD (ug/mlL))
TEHo/2bDTHAH. HEGEPfHIZHERP L B2 ), %
DOFEIHEIZEYFN L ER L F 22w, $£72, in vitro
HREAF— 4L, A\OEH1IAREE (ug/day) 2HAE
sz kiR, B40PEOBEGERORHEA =X A
ML FETHS. L Lads, £ oldEES
WENDHEGEP %, HERPLR#IITFI V¥ /T52 L
W), thoBREFEEDELOHNNI RS 2H5BE
BT LI EICEENTHALEZHLNL, HEGEP®
BEICIE, BENLZEEERRBRNT X -5 THLIEN
THLRMATE, L2, ROARERRO DML E
X L/Z-HEGEP b HE Wik TH 5. HEGEP D
% Table 11278 L7z, S ZCi, MLA, L xFht
FEEOKRHREZHFOWTK 18I L 5 TR ERER

RETODMFD % ER/%5 A —#% & L CHEGEP % &
wL

RBEINZOLEPLBERSI NS EMCHERITEOFH
H 5 As[I]A1.6 ug, As[VIA44 pg L BINTE B,
FMAEV As[lI}» HEGEP 12 2.05Th h, = 0MiEHE

MR —F v 2N LD aflatoxin Bl (2.4) %,

E-ER2501Q (0.89) LiZIZFABETHY, HE
EFIBWTRICBRIL- TRESEOY X 7 23+
HlZFizonw, £, KEREPSHEERICS
WT, B 7053 < b D As[III] % HEUL C v B W REH:
Bhh, TheERLTH, CLEA»GERLY 5
As{NOBIZEMEY A 214, BELSEZERICEDT
DTREVWEELOLNS,

COLIE, HEEBRICZT AWk H 2 8I5E
Y A2 %HEGEPL LCHEHL, oy L B
it rI &, F0 A 2HE LTV, HERP X
HEGEP D% ER L, BAAM, BEFEEYAZEH
BMICEFMT A L IO THENLZFELEION
5.

RN
eEEHOF T, ERILENTH S AT, As[V]
12, WoricBirENMETHS. DLEPIZRIADL
ERCRILAYP BN TTATVEY, ZOFEY
BRE, B3IUKEKENMOBMERAD L XN 2FR

ThHE, CLERZANLTERT L LAY ORIGE
YA ZIEKREL ZVWHDEELILND,
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