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Arsenic is ubiquitously distributed in nature throughout Earth’s crust and thus the major source of exposure to this
metalloid for the general population is naturally polluted drinking water from wells. In East Asia, more than 30 million
people are chronically exposed to arsenic. Interestingly, the manifestations of vascular diseases caused by prolonged ex-
posure to arsenic are consistent with those induced by impaired production of endothelium-derived nitric oxide (NO) .
However, no information has been available on the relation between NO synthesis and chronic arsenic poisoning in hu-
mans. A cross-sectional study in an endemic area of chronic arsenic poisoning in Inner Mongolia and experimental
animal studies indicated that long-term exposure to arsenic by drinking water causes reduction of NO production in en-
dothelial cells. Subsequent examinations with rabbits showed that decreased NO production during arsenic exposure is,
at least in part, due to an ‘‘uncoupling’’ of endothelial NO synthase evoked by decreased levels of (6R)-5,6,7,8-tetra-
hydro-L-biopterin (BH,), a cofactor of the enzyme, leading to endothelial dysfunction. Furthermore, an intervention
study in the area of chronic arsenic poisoning in Inner Mongolia suggested that decreased NO levels and peripheral vas-
cular disease in arsenosis patients can be reversed by exposure cessation. In our cellular experiments, we found that ar-
senic exposure causes adaptive responses against oxidative stress and arsenic cytotoxicity through Nrf2 activation. This
review summarizes the results of our recent studies on a fusion of field and laboratory studies on the chronic arsenic
poisoning and cellular protection against the metalloid.
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Fig. 1. A Strategy for a Fusion of Field and Laboratory Studies in the Investigation of Arsenic
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Fig. 2. Levels of Arsenic and Systemic NO Production in Control (C) and Arsenic-exposed Groups (As)
Systemic NO production was determined by levels of its oxidation products, nitrite/nitrate in serum of subjects examined. Modified from Pi et al.?
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Fig. 3. Initial Response and Adaptation against the Metalloid and Disruption of Adaptation through NO/cGMP Signaling during

Prolonged Exposure of Rabbits to Arsenate

¢GMP, guanosine 3’,5"-cyclic monophosphate; eNOS, endothelial NO synthase; O3, superoxide.
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M, male; F, female. Modified from Pi ef al.!®
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Fig. 5. Cellular Response to Arsenic Through the Nrf2/Keapl System
Nrf2, NF-E2-related factor 2; Keapl, Kelch-like ECH-accosiated protein 1; Ub, ubiquitin.
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Fig. 6. Biotransformation of Arsenic and Protective Role of Nrf2 against Arsenic-induced Cytotoxicity

(A) Proposed pathways of transporters for uptake and efflux of arsenite and enzymes responsible for arsenic excretion into extracellular space in hepatocytes.
iAs3*, inorganic arsenite; As(SG) s, arsenite triglutathione; Cyt19, arsenic methyltransferase; GCL, glutamate cysteine ligase; GSTs, glutathione S-transferases;
GSH, glutathione; AQP9, aquaglyceroporin 9; MRP, multidrug resistance-associated protein. Proteins (orange) are coordinately regulated by Nrf2. (B) Western
blot analysis of the downstream proteins regulated by Nrf2 during exposure of primary mouse hepatocytes to inorganic arsenite. GCLC, GCL catalytic subunit;
GCLM, GCL modifier subunit. (C) MTT assay following exposure of primary mouse hepatocytes to inorganic arsenite. **p<(0.01. Modified from Kumagai and
Sumi.2®
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Fig. 7. Sulforaphane, a Nrf2 Activator, Supresses Cellular Accumulation of Arsenic and Its Cytotoxicity in Primary Mouse Hepato-

cytes

(A) Structure of sulforaphane. (B) Sulforaphane-mediated activation of Nrf2 and up-regulation of the downstream gene products in primary mouse hepato-
cytes. HO-1, heme oxygenase-1. (C) Effect of sulforaphane on arsenic accumulation in the cells. Cells were incubated with either DMSO (0.1%) or sulforaphane (5
uM) for 24 h prior to exposure with 5 uM inorganic arsenite for 24 h. Each value represents the means +S.D. **p<{0.01 vs. DMSO. (D) Effect of sulforaphane on
inorganic arsenite-induced cytotoxicity in the cells. Cells were incubated with either DMSO (Q) or 5 uM sulforaphane (@) for 24 h prior to the exposure to the in-
dicated inorganic arsenite concentrations. Each value represents the means+S.D. **p<{0.01 vs. DMSO. Modified from Kumagai and Sumi.2®
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