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SUMMARY: In order to study the genotoxicity of arsenics, we
focused our attention on dimethylarsinic acid (DMAA) which was a
main metabolite of inorganic arsenics in mammals. ICR mice were
orally administered DMAA-Na (1500mg/kg). DNA single-strand breaks
occurred specifically in lung at 12h after administration. An in
vitro experiment indicated that the breaks were not caused -
directly by DMAA but by dimethylarsine, a further metabolite of
DMAA. Furthermore, the dimethylarsine-induced breaks were
diminished by the addition of SOD and catalase, suggesting that
active oxygen produced by dimethylarsine was involved in the
induction of DNA damage. o 1989 academic Press, Inc.

INTRODUCTION: Epidemiological studies have evidenced that
inorganic arsenics are carcinogenic for human subjects,
particularly in lung and skin (1). However, experimental studies
mainly using arsenate and arsenite have not succeeded in realiz-
ing their carcinogenicity, and accordingly its mechanism remains
obscure. It is, on the other hand, well known that these
inorganic arsenics are metabolized to dimethylated and, in some
cases, trimethylated forms in animals (2-8). This metabolic
methylation has thought to be a detoxication pathway, which seems
likely with respect to general and acute toxicity. We presumed,

however, that the methylation might increase the genotoxicity of

1To whom correspondence should be addressed.

Abbreviations: DMAA, dimethylarsinic acid; DMAA-Na, sodium
dimethylarsinic acid; ss-breaks, single-strand breaks; SOD,
superoxide dismutase; ESR, electron spin resonance; NBT,
nitroblue tetrazolium; SDS, sodium dodecylsulfate; EDTA,
ethylenediamine tetraacetic acid; TLC, thin-layer chromatography;
EtOAc, ethylacetate; AcOH, acetic acid; AcONa, sodium acetate;
EtOH, ethanol; MeOH, methanol; n-BuOH, n-butanol.
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inorganic arsenics, and examined in vivo effect of DMAA, a major
metabolite of arsenate and arsenite. Here, we present that the
oral administration of DMAA in mice induced DNA strand breaks
particularly in lung, a target organ for the carcinogenic action

of inorganic arsenics, together with its mechanisms.

MATERIALS AND METHODS: DMAA-Na was obtained from Wako Pure
Chemicals Co., SOD and catalase from Sigma Chemical Co.
Proteinase K was obtained from E.Merck, Darmstadt. Polycarbonate
filters (2.0 and 0.2um pore size, 25mm diameter) for alkaline
elution assay were obtained from Nuclepore Co.

DNA strand breaks in mouse lung: ICR male mice were orally dose
with 1500mg/kg of DMAA-Na. The animals were killed and then the
organs were homogenized with ice-cold 24mM EDTA containing 75mM
NaCl (pH7.5). The homogenates were centrifuged at 200xg for 4min,
and the pellets (nuclear fraction) were resuspended in 24mM EDTA
containing 75mM NaC% (pH7.5). An aliquat (5ml) of diluted nuclear
suspension {ca.2x10” nuclei/ml) was applied on a 2.0um filter.
Alkaline elution assay was carried out as follows. The nuclei
were immediately lysed and digested with a mixture of 2% SDS,
25mM EDTA and 0.1M glycine containing proteinase X (0.5mg/ml).
After 30min, the remaining solution was gently aspirated off, and
the filter was washed with 3ml of 20mM EDTA (pH10.0) and eluted
with a solution containing 20mM EDTA and tetrapropylammonium
hydroxide (pH12.1 or 12.6) at a flow rate of 3ml/h. DNA in the
eluted fraction (3ml) was precipitated by the ice-~cold 95% EtOH
containing 55mM AcOH and 0.15M AcONa. The precipitates, left for
2h at -20°C, were collected on the filter (0.2um). The amount of
DNA on the filter was determined by the fluorometric assay (9).
DNA strand breaks on an jp vitro experiment: The nuclei iscolated
from lung of mice were collected on polycarbonate filter (2.0um)
and lysed and digested with S5SDS and proteinase K in the same
manner as described above. The filter was added to 1004l of DMAA-
Na solution and allowed to stand for 1h for 20°C. In the case of
exposure to dimethylarsine, a solution (1ml) containing 0.1-
0.5mmol DMAA-Na was added to 10ml of 6N HCL, and then 5% sodium
borohydride (5ml) was slowly added. The generated gas containing
dimethylarsine was introduced into an apparatus through a KOH
pellet-trap. DNA was exposed to the gas for 1h at 20°C. After
exposure to DMAA or dimethylarsine, DNA was eluted with 20mM EDTA
(pH12.1) in the same manner described above. In the case of
addition of SOD and catalase, the filters were added to a mixture
(100ul) of SOD (1400U) and catalase (4400U) in 10mM phosphate
buffer containing 0.85% NaCl (pH7.4). Inactived SOD and catalase
were prepared by heating for 15min at 100°C.

Arsenics_in expired air: Five ICR male mice (ca.25g) were orally
administered DMAA-Na at a dose of 1500mg/kg which corresponded to
17.6mg As/25g. The animals were placed in a metabolic cage for
collecting the expired air for 24h. The expired air was trapped
in 5% hydrogen peroxide (100ml). The sample was concentrated by
heating and then digested with a mixture of nitric acid (10ml),
sulfuric acid (3ml) and 60% perchloric acid (5ml). Hydride vapor
generator attached to a flame atomic absorption spectrometer was
used for determination of arsine generated by adding sodium
borohydride. For identification of arsenic trapped in 5% hydrogen
peroxide, TLC was carried out on cellulose plates No.15035
(E.Merck, Darmstadt). Arsenic on the TLC plates was detected by
treatment with iodine.
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RESULTS AND DISCUSSIONS: Figure 1 shows the alkaline elution

profiles of DNA in various tissues after DMAA administration in

mice. In lung {(Fig.la), arsenic-accumulating organ (10), the ss-
breaks of DNA appeared markedly at 12h after administration. The
ss-breaks were then diminished partially at 15h and fully at 24h,
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Fiqure 1. Single-strand breaks (a-d) and alkali-labile sites (e)
of DNA in lung (a,e), liver (b), kidney (c) and spleen(d} of mice
after DMAA administration. The symbols are: control(o); 6h(e);
9h(A); 12h(A); 15h(QO); 18h(M); 24h(Vv) after administration of
DMAA.
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suggesting that the breaks were readily repairable. On the other
hand, in liver, kidney and spleen, which also accumulate arsenics
but less than lung (10-12), the ss-breaks detected at 12h were
much less than in lung (Fig.1b-d). The lung-specific ss-breaks
were also observed in rats, similarly to mice, at 12h after oral
administration of DMAAZ, These results strongly suggest that lung
is a target organ for the induction of DNA damage by DMAA
administration. Alkali-labile sites of pulmonary DNA after DMAA
administration in mice were also determined by eluting at pH12.6.
As shown in Fig.le, the elution patern was similar to that by
eluting at pH12.1 (ss-breaks) at the initial phase (fraction
no.1-6). This pH independence in DNA breaks indicates that
alkali-labile sites were little produced and suggests that the
type of DNA damage induced by DMAA administration is not that by
alkylating agents, which form alkali-labile DNA adducts, but that
by ionizing radiation (13).

In order to reveal whether the pulmonary DNA damage was
induced by DMAA itself or its further metabolites, we analyzed
volatile metabolites of DMAA in the expired air of mice. As is
well known with some microorganisms, DMAA is reduced to
dimethylarsine (14) and, occasionally, further methylated to
trimethylarsine (15,16), both of which are volatile substances
having strong garlic odor. That our experimental animals smelled
garlic-like after DMAA administration with an interval of several
hours suggested the production of these volatile metabolites. In
fact, by trapping the expired arsenics in 5% hydrogen peroxide
which oxidized them to DMAA or trimethylarsine oxide, 0.0032% of
total administered dose of As was recovered within 24h in the
expired air (Table la). A thin-layer chromatographic analysis
indicated that the oxidized form of expired arsenic trapped in 5%
hydrogen peroxide was DMAA, and neither trimethylarsine oxide nor
methanearsonic acid was detected (Table 1b). Because DMAA is not
volatile, the trapped DMAA possibly originated from gaseous
dimethylarsine. Therefore, a major metabolite of DMAA in the
expired air of mice is very likely to be dimethylarsine.

To determine whether DMAA itself or dimethylarsine is
responsible for DNA strand breaks, an in vitro DNA-strand
scission experiment was performed. The nuclei isolated from mouse
lung cells were lysed and digested with SDS and proteinase K,

2unpublished data.
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Table 1 Arsenic excreted in the expired air after DMAA ad-
ministration in mice

(a) Arsenic in expired air

Arsenic (ug As) % dose
Exp. 1 3.79 0.0041
Exp. 2 2.42 0.0026
Exp. 3 2.54 0.0028
Mean(*S.E.) 2.92+0.44 0.0032

(b) Rf values of 5% hydrogen peroxide-trapped arsenic on TLC

EtOAc:AcOH:Water(3:3:1)

Methanearsonic Trimethylar-
acid DMAA sine oxide
Authentic 0.71 0.81 0.89
Sample N.D.* 0.82 N.D.

n-BuOH:AcOH:Water{4:2:1)

Authentic 0.69 0.76 0.81
Sample N.D. 0.74 N.D.

MeQOH:EtOAC:AcOH(10:5:1)

Authentic 0.78 0.82 0.88
Sample N.D. 0.82 N.D.

*N.D., Not detected.

respectively, on polycarbonate filters, and then exposed to DMAA
or gaseous dimethylarsine which was generated by reducing DMAA
with sodium borohydride. As shown in Fig.2, dimethylarsine
induced ss-breaks of DNA (Fig.2a), while DMAA not (Fig.2b). This
strongly suggests that DNA breaks in lung were induced by
dimethylarsine which was metabolically produced from DMAA.

We, then, postulated the participation in the DNA damage of
active oxygen, which is readily produced by the reaction between
dimethylarsine and molecular oxygen. An in vitro experiment
demonstrated that superoxide radical was produced when
dimethylarsine and molecular oxygen coexisted; when dimethyl-
arsine was introduced under air to NBT solution, a detecting
reagent for superoxide radical (17-19), NBT was reduced and its
solution turned to blue colorz. Therefore, we examined the
effects of SOD and catalase on the induction of ss-breaks by
dimethylarsine. Either enzyme suppressed the induction of ss-
breaks (Fig.3a). When both the enzymes were added together, the
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Figure 2. Single-strand breaks of DNA after in vitro exposure to
dimethylarsine (a) and DMAA (b). The symbols are: control(0);
0.immol DMAA(®); 0.2mmol DMAA(A); 0.5mmol DMAA(N).

induction was completely inhibited (Fig.3b), while heat-treated
enzymes showed no inhibition (Fig.3c). This result may indicate

that pulmonary ss-breaks were not directly induced by dimethyl-
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Figure 3. Effect of SOD and/or catalase on DNA strand breaks
induced by dimethylarsine.
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arsine but by active oxygen produced by the reaction of dimethyl-
arsine with molecular oxygen in lung. The production of active
oxygen by this reaction was directly confirmed in an in vitro
system by ESR spectrometry and the cytochrome ¢ method, which
will be reported elsewhere.

Since McBride and Wolfe (14) proposed a metabolic methyla-
tion pathway of inorganic arsenics in microoraganisms, similar
pathways producing DMAA have been evidenced in many species of
organisms including mammals (2~-8). We also observed that DMAA was
a major metabolite from arsenite in rodents?. On the other hand,
epidemiologically indicated human lung carcinogenesis by
inorganic arsenics is not yet evidenced by in vivo experiments
with animals. Under these facts, we considered that the methy-
lated arsenics were worth to be investigated on their
genotoxicity particularly in lung cells. As a result, we found
that lung-specific strand breaks of DNA were occurred by DMAA
administration in mice. It has been proposed that the metabolic
methylation of inorganic arsenics results in the lowering of
their general toxicity. However, the present finding that
dimethylarsine which was metabolically produced in mammals
induced a significant DNA damage suggest that, so far concerning
to their genotoxicity, metabolic methylation may cause arsenics
rather toxic. Furthermore, molecular oxygen was found to be
neccessary for the occurrence of genotoxicity of methylated
arsenics via its conversion to active oxygen. This would explain
the lung-specific DNA breaks by DMAA administration; molecular
oxygen in lung is richer than other organs, e.g., liver, kidney
and spleen. The process mentioned above might account for the

high risk of lung cancer by arsenics.
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