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Summary

In this study, we examined the effects of chronic low-level exposure to methylated arsenicals on tolerance to inor-
ganic arsenite in vitro using the normal rat liver cell line TRL 1215. For 20 weeks, cells were exposed to methylat-
ed mammalian metabolites of inorganic arsenicals; monomethylarsonic acid (MMASV; 1.3 mM), dimethylarsinic acid
(DMASV; 700 £ M) or trimethylarsine oxide (TMASVO; 10 mM). These cells acquired tolerance to the acute cyto-
lethality of inorganic arsenite. Cellular arsenic accumulation was less in chronic methylated arsenical-exposed cells
than passage-matched control cells. Long-term exposure to methylated arsenicals increased cellular glutathione S-
transferase (GST) activity and cellular reduced glutathione (GSH) levels, although only chronic exposure to DMAs"
significantly decreased cellular GSH levels. Cellular GSH depletion increased arsenic accumulation and decreased
tolerance to the acute cytolethality of arsenite in these chronic methylated arsenical-exposed cells. These results
indicate that chronic exposure to methylated arsenicals induces tolerance to inorganic arsenite, and that cellular

GSH may play an important role in the induction of this tolerance.

Introduction

Arsenic is a metalloid and is widely distributed in the water, soil and air. Arsenic has been notorious for its toxici-
ty, and it has been reported that arsenic poisoning has occurred in some countries in Asia and the Americas
through the consumption of contaminated well water or food" ?. In the environment, arsenic exists as its inorganic
form, mainly the pentavalent form (arsenate; AsV) and sometimes as its trivalent form (arsenite; Asm)vl' 2
Pentavalent arsenate is easily reduced to trivalent arseniteS), which is then enzymatically methylated in humans and
many experimental animals. A study has shown that monomethylarsonic acid (MMASV) and dimethylarsinic acid
(DMASV) are the major pentavalent organic metabolites in human urine after the exposure to inorganic arsenicals®?,
DMAs" is the ultimate metabolite in humans, while DMAs" is further methylated to trimethylarsine oxide
(TMAsVO) in some rodents (Fig. A

Epidemiological studies provide clear evidence that inorganic arsenicals are a carcinogen to humans, involving the
liver, skin, lung, kidney, and urinary bladder as target sites”?. Inorganic arsenicals also have pronounced acute tox-
icity in humans and experimental animals®?. Because animal models for inorganic arsenic toxicity are limited, and in
some cases, equivocal, in vitro systems have been widely used to define the molecular events associated with inor-
ganic arsenic carcinogenicity and toxicity. This approach has provided useful information on the genotoxic effects
of inorganic arsenicals, on the inorganic arsenicals-induced mutations, on the inorganic arsenicals-induced changes in

the methylation status of DNA, and on the inorganic arsenicals-induced expression of genes involved in the regula-
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tion of cellular growth and proliferationG' . In contrast, there has been little information on the detailed evaluation

and the mechanisms of the toxic effects of methylated arsenicals as the metabolites of inorganic arsenicals in mam-
mals.

Originally, the methylation of inorganic arsenials was accepted to be a detoxification system due to the minimiz-
ing of the acute toxicity as indicated by their increase in the 50 % lethal doses (LDsos) in vivo® and the 50 % lethal
concentrations (LCsps) in vitro®. However, recent evidence increasingly suggests that the methylation of inorganic
arsenicals is not a universally detoxifying event, because it has been often reported that DMAs" has a significant

101D We also recently reported that DMAs' primarily induces

12-15) Tt

genotoxicity or carcinogenicity in vitro and in vivo
apoptosis in mammalian cells in vitro and requires cellular reduced glutathione (GSH) to become cytotoxic
has been reported that methylated arsenicals accumulate during chronic arsenic poisoning in human body'®. On
the other hand, arsenic has been used as therapeutic agents for many years. Recently, inorganic arsenite was
shown to be effective in inducing complete remission in patients with acute promyelocytic leukemia (APL)".
Clinically, multiple high doses of inorganic arsenite by intravenous injection (10 mg/day) for at least 28 consecutive
days are needed to induce complete remission in APL patients'”, so the accumulation of the methylated forms of
arsenic may occur in the patients. It would appear that defining the mechanisms of chronic arsenic poisoning, and
perhaps carcinogenesis, requires further studies on the effects of the chronic exposure to methylated arsenicals.
However, the details on the effects of chronic exposure to DMAs" has not yet been clarified, and much less is
known concerning the in vitro toxic potential or mechanisms of the other pentavalent methylated arsenic metabo-
lites, MMAs" and TMAs"O.

We demonstrated in this study that chronic exposure to low-levels of MMAs", DMAs" and TMAs'O induced tol-

erance to the acute cytolethality of inorganic arsenite using rat liver cells. The liver is a major site of arsenic

methylation and accumulation, and is also a target tissue of arsenic toxicity and carcinogenicity.
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Fig. 1 Primary structure of inorganic and methylated arsenicals

Materials and methods
Chemicals. Monomethylarsonic acid (MMASV) was obtained from Tri Chemical Laboratory Inc. (Yamanashi,
Japan). Sodium arsenite and dimethylarsinic acid (DMASV) were purchased from Wako Pure Chemical Co. (Osaka,

Japan). Trimethylarsine oxide (TMASVO) was synthesized from trimethylarsine using hydrogen peroxide as
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described elsewhere'®.

These arsenicals were recrystallized twice and their purities were > 99.9 % as determined
by gas chromatography-mass spectrometrym‘ Endotoxin contamination of these arsenicals was < 0.0000003 %
(wt/wt) as determined by the endotoxin-specific limulus test (Seikagaku Co., Tokyo, Japan). Reduced glutathione
(GSH) and L-buthionine-(S, R)-sulfoximine (BSO; an inhibitor of y -glutamylcysteine synthetase which decreases cellu-
lar GSH levels) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Cell culture condition. TRL 1215 cell line was generously provided by Dr. Michael P. Waalkes (National Cancer
Institute at National Institute of Environmental Health Sciences, National Institute of Health, NC, USA). TRL 1215
cells are adhesive rat epithelial liver cells originally derived from the liver of 10-day old Fisher F344 rats® and were
cultured in William' s medium E (Sigma) supplemented with 10 % fetal bovine serum, 2 mM glutamine and antibi-
otics (100 U/ml penicillin and 100 mg/ml streptomycin) under a humidified atmosphere of 5 % C02/95 % air at 37C.

Chronic arsenic exposure. TRL 1215 cells were chronically exposed to MMAs" (1.3 mM), DMAs" (700 uM) or
TMAs 0 (10 mM) for 20 weeks in the 25 cm? tissue culture flasks. These concentrations were 1/10 of acute cyto-
toxic concentrations (LCs, values for 48 h in vitro incubation) of these methylated arsenicals in TRL 1215 cells? ™19,
Control cells were incubated with medium alone for 20 weeks.

Assay for acute arsenic cytolethality. Control cells and chronic methylated arsenical-exposed cells were isolated
by trypsinization, washed twice and resuspended in fresh medium. Samples of 1 X 10" cells/100 u1/well were plated
in flat-bottomed 96-well tissue culture plates and allowed to adhere to the plate for 24 h at which time the medium.
was removed and replaced with fresh medium containing inorganic arsenite. Cells were then incubated with arsen-
ite for an additional 48 h. After the incubation, cells were washed twice with warmed phosphate-buffered saline (pH
= 7.4) to remove non-adherent dead cells, and cellular viability was determined by AlamarBlue assay, which is simi-
lar to MTT assay and measured metabolic integritylz). Briefly, after the incubation with arsenite and replacement
with 100 ul fresh media, 10 #1/well AlamarBlue solution (Iwaki Grass Co., Chiba, Japan) was added directly to the
wells, incubated at 37C for 4 h, and the absorbance at 570 nm (reference as 600 nm) was measured by a microplate
reader model 550 (Bio-Rad Laboratories, Hercules, CA, USA). Data are expressed as relative metabolic integrity
using the values from control cells as 100 %.

Arsenic analysis. Control cells and chronic methylated arsenical-exposed cells that were grown in flat-bottomed
75 cm? tissue culture flask (8 X 107 cells/flask) were pre-incubated with or without 25 M BSO for 24 h, and were
further exposed to 5 4 M arsenite for an additional 48 h. After the exposure, the amounts of cellular arsenic in these
cells were analyzed by hydride generation coupled with atomic absorption spectrometry (AAS) using SpestraAA-
220 (Varian Australia Pty Ltd, Mulgrave, Victria, Australia)lg). The results are expressed as ng of the cellular
arsenic contents per mg of cellular protein determined by BCA protein assay (Pierce Co. Rockford, IL, USA) with
bovine serum albumin as a standard, or the cellular arsenic concentrations calculated using the total cell numbers
and the estimated cell density (2.4 X 1079 cm®/cell) with hemacytometer counting chamber®,

Assay for cellular glutathione S-transferase (GST) activity. Cellular GST activity was measured by the
method of Lee et al. (1989) using 1-chloro-24-dinitrobenzene and GSH as substrates?”. Cells were isolated by
trypsinization, rinsed twice with phosphate-buffered saline (pH = 7.4), resuspended in 400 x1 of 100 mM potassium
phosphate buffer (pH = 6.8), and sonicated for 10 s on ice. Cellular debris was removed by centrifugation, and 50 u1
of the supernatant of each cell was then mixed with 850 ul of 100 mM sodium phosphate buffer including 1 mM eth-
ylenediamine tetraacetate (EDTA, pH = 6.5), 50 ul of 20 mM GSH and 50 1 of 20 mM 1-chloro-2,4-dinitrobenzene at
room temperature, and the absorbance at 340 nm was continuously measured for 2 min. Data are expressed as spe-

cific GST activity (nmol/min) per mg of cellular protein determined by BCA protein assay.
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Assay for cellular reduced glutathione (GSH) levels. Cellular GSH levels were measured by the method of

22 Cells were isolated by trypsinization, rinsed twice

Hissin and Hilf (1976) using o-phthaldialdehyde as a substrate
with phosphate-buffered saline (pH = 7.4), and digested in 150 u1 of ice cold 800 mM perchloric acid including 8 mM
EDTA. Cellular debris was removed by centrifugation, and 100 u1 of the supernatant of each cell was then added
into 2 ml of 100 mM sodium phosphate buffer (pH = 8.0) including 5 mM EDTA and 1 mg/ml o-phthaldialdehyde,
and was kept for 15 min at room temperature in the dark. The fluorescence intensity of the sample solutions was
measured at excitation and emission wavelengths of 350 nm and 425 nm, respectively. Aliquots of GSH were used
to construct a standard curve, and the results are expressed as GSH nmol per mg of cellular protein determined by
BCA protein assay.

Statistics. Statistical evaluations in experiments were expressed as the arithmetic mean * SEM and performed

by ANOVA followed by Dunnett’s multiple comparison test or the Student’s t-test as appropriate. A value of p <

0.05 was considered significant in all cases.

Results

Chronic Methylated Arsenic Exposure Induced Tolerance to Acute Inorganic Arsenite Cytolethality
in Rat Liver TRL 1215 Cells

TRL 1215 cells were incubated with MMAs" (1.3 mM), DMAs" (700 uM), TMAs'O (10 mM) or medium alone (con-
trol) for 20 weeks. These concentrations of methylated arsenicals had no effect on viability of TRL 1215 cells after
20 weeks incubation. The cellular arsenic contents in these chronic methylated arsenical-exposed cells were 1354 =
12.0 ng/mg cellular protein (121.8 = 10.8 nM), 41.8 + 25 ng/mg (37.6 £ 2.3 nM) or 543.8 + 122 ng/mg (4894 *= 11.0
nM) when cells were chronically exposed to MMAs", DMAs and TMAs'0, respectively. These chronic methylat-
ed arsenical-exposed cells were further exposed to various concentrations of inorganic arsenite for an additional 48
h, and cell viability was then assessed by AlmarBlue assay. As shown in Fig. 2, these chronic methylated arsenical-
exposed cells acquired tolerance to the acute cytolethality of arsenite. The LCsp values for acute arsenite exposure
were as follows: chronic MMAsv-exposed cells (755 uM) > chronic TMASVO-exposed cells (67.5 uM) >> chronic
DMAsV-exposed cells (19.2 uM) > control cells (184 uM).

We previously reported that cellular GSH depletion enhanced the cytolethality of arsenite'?

. We subsequently
observed the effects of cellular GSH depletion by BSO treatment on the arsenic tolerance induced by chronic expo-
sure to methylated arsenicals. BSO (25 4 M) treatment significantly decreased the tolerance to acute arsenite cyto-

lethality in chronic methylated arsenical-exposed cells (Fig. 2).

Changes in Cellular GST Activity and GSH Levels by Chronic Methylated Arsenic Exposure in Rat
Liver TRL 1215 Cells

Cellular GST activity and GSH levels in chronic methylated arsenical-exposed cells were measured. As shown in
Fig. 3, chronic exposure to MMAs', DMAs' or TMAs'O significantly increased cellular GST activity in TRL 1215
cells. Figure 4 shows the effects of chronic exposure of methylated arsenicals on cellular GSH levels in TRL 1215

cells. MMAs' and TMAs'O markedly increased cellular GSH levels, but chronic DMAs’ exposure decreased them.
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Fig. 2 Acute in vitro cytolethality of arsenite in chronic methylated arsenical-exposed cells. TRL 1215 cells
were incubated with MMAs" (1.3 mM), DMAs" (700 u M), TMAs'O (10 mM) or medium alone (con-
trol) for 20 weeks. After the incubation, these cells were incubated with or without 25 #M BSO for
24 h, and were further exposed to various concentrations of arsenite in the presence or absence of
BSO for an additional 48 h. Cell viability was then assessed. Results are expressed as arithmetic
mean * SEM of three separate experiments performed in triplicate {(n = 9). *p < 0.001 comparison
with control cells, **p < 0.05.
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Fig. 3 Effect of chronic exposure to methylated arsenicals on cellular GST activity in TRL 1215 cells. Cells
were incubated with MMAs' (1.3 mM), DMAs" (700 xM), TMAs'O (10 mM) or medium alone (con-
trol) for 20 weeks, and cellular GST activity were then measured. Results are expressed as arith-
metic mean = SEM of three separate experiments performed in triplicate (n = 9). *p < 0.001 com-
parison with control cells, **p < 0.01, ***p < 0.05.
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Fig. 4 Effect of chronic exposure to methylated arsenicals on cellular GSH levels in TRL 1215 cells. Cells
were incubated with MMAs" (1.3 mM), DMAs" (700 z M), TMAs'O (10 mM) or medium alone (con-
trol) for 20 weeks, and cellular GSH levels were then measured. Results are expressed as arithmetic
mean * SEM of three separate experiments performed in triplicate (n = 9). *p < 0.001 comparison
with control cells.
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Chronic Methylated Arsenic Exposure Decreased Cellular Arsenic Accumulation in Rat Liver TRL
1215 Cells

Chronic methylated arsenical-exposed cells were further incubated with 5 4 M inorganic arsenite for 48 h, and cel-
lular arsenic contents of these cells were then measured by AAS. As shown in Table 1, chronic exposure to
MMAsY, DMAsY or TMAs'O significantly decreased the cellular arsenic accumulation in TRL 1215 cells. When cel-
lular GSH was depleted by BSO treatment, cellular arsenic accumulation in these chronic methylated arsenical-

exposed cells was significantly augmented.

Table 1 Cellular arsenic accumulation in chronic methylated arsenical-exposed cells

Cellular arsenic contents

cells were chronically (ng/mg cellular protein)

exposed to; - + BSO
Medium (control) 591 = 139 2355 = 310t
MMAsY 1.3 mM 195 = 15* 944 = 211**tt
DMAsY 700 uM 191 = 16* 728 £ 60%k* ¥
TMAsYO 10 mM 261 = 14* 1471 = 70%*t

TRL 1215 cells were incubated with MMAsY (1.3 mM), DMAsY (700 M), TMAsVO (10
mM) or medium alone (control) for 20 weeks. After the incubation, these cells were
washed and incubated with or without 25 uM BSO for 24 h, and were further exposed to 5
uM arsenite for an additional 48 h. The cellular arsenic contents were then measured by
AAS. Results are expressed as arithmetic mean = SEM of three separate experiments
performed in triplicate (n = 9).

* p < 0.05 comparison with control cells, ** p < 0.01, *** p < 0.001.

t p < 0001 comparison with the cells which were incubated with same arsenicals or
medium alone for 20 weeks and further exposed to arsenite without BSO, 7 p < 0.01.

Discussion

The present study demonstrates that tolerance to the acute cytolethality of arsenite is induced in mammalian
cells by chronic exposure to non-toxic levels of MMAs', DMAs' and TMAs'O. Rat liver TRL 1215 cells were
exposed to micro- to millimolar levels of methylated arsenicals for 20 weeks, and the cellular arsenic contents of
these cells after exposure was in the nanomolar range. We thus observed the effects of chronic exposure to
nanomolar cellular levels of methylated arsenicals on arsenic sensitivity in rat liver cells. Methylated arsenicals are
formed from inorganic arsenicals by enzymatic methylation in mammalian cells?, and it has been reported that uri-
nary concentrations of methylated arsenicals in chronic arsenic poisoning patients in Inner Mongolia, China were in

the micromolar rangem).

This suggests that the use of nanomolar cellular arsenic concentrations for in vitro experi-
ments may, at least a part, reflect in vivo conditions.

Chronic methylated arsenic exposure induced significant tolerance to the acute toxicity of inorganic arsenite.
Because chronic arsenical-exposed cells had an enhanced ability to excrete cellular arsenic, the arsenic tolerance
induced by chronic exposure to methylated arsenicals appears to be based on increased arsenic efflux. Cellular GSH
may also play a critical role in this chronic methylated arsenical-exposure induced arsenic tolerance. GSH may
decrease the cytolethality of arsenic through several processes, possibly through its role as an antioxidant, through
its role as a co-factor in the enzymatic methylation reaction of arsenic, by directly binding arsenic and thereby

reducing the toxic potential, or through enhanced efflux of an arsenic-GSH conjugationg)

6, 24)

. It has been reported that
In this study, chronic exposure to

MMAs' and TMAs'O increased cellular GST activity and cellular GSH levels. GST catalyzes the formation of
6, 24)

arsenic-GSH conjugates are excreted via some cell membrane transporters

arsenic-GSH conjugates Taken together, these data suggest that chronic exposure to MMAs"' and TMAs'O

might induce a cellular GSH-dependent arsenic excretion mechanism.
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Chronic exposure to DMAs" also increased cellular GST activity, but decreased cellular GSH levels. Chronic
DMAsv-exposed cells maintained their arsenic tolerance to arsenite (Fig. 1) and the ability to excrete cellular arsenic
(Table 1), even when cellular GSH was depleted. Long-term exposure to DMAs" would induce not only cellular
GSH-dependent arsenic excretion pathways but also other arsenic excretion pathways using specific cell membrane
transporters, such as P-glycoproteinzs). Further research is required in order to clarify the molecular mechanisms of
the induction of arsenic tolerance by chronic exposure to DMAs" in mammalian cells.

In conclusion, the present study indicates that chronic exposure to MMASV. DMAs" and TMAs'O induces toler-
ance to acute inorganic arsenic cytolethality in rat liver cells. Chronic exposure to methylated arsenicals appears to
induce GSH-dependent arsenic excretion pathways and other arsenic excretion pathways. This study may have
implications in treating chronic arsenic poisoning and in the long-term chemotherapeutic use of arsenic.
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