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INTRODUCTION

Inorganic arsenic is a metallic element found through-
out the earth’s crust. Human exposure to high levels of
this element is primarily through inhalation of contami-
nated dusts in occupational settings or ingestion of drink-
ing water contaminated with arsenic from naturally oc-
curring sources. Despite limited findings in animal
testing, there is extensive human epidemiologic evidence
that inhaled arsenic causes lung cancer and ingested arse-
nic causes skin cancer. Based on this evidence, the Inter-
national Agency for Research on Cancer has classified
arsenic as an established human carcinogen (1).

In addition to skin cancer, mounting evidence shows
that ingested arsenic is also carcinogenic to various inter-
nal organs. Results from highly exposed populations in
Taiwan and other countries have shown that ingested ar-
senic may cause cancer of the bladder, lung, and kidney,
which are cancers that have a greater impact on mortality
than skin cancer (2—-8). Moreover, these results provide
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evidence that significant cancer risks may be associated
with arsenic exposures at or below the current U.S. drink-
ing water standard of 50 pg/1 (9,10). Because millions of
people throughout the world are currently drinking water
contaminated with arsenic at or above this level, ingested
arsenic may be causing extensive preventable cancer
mortality.

Research that links drinking water arsenic to internal
cancers has not been without controversy (11), and the
use of this research to estimate cancer risks at low doses
and to establish a potentially costly new arsenic drinking
water standard has been hotly debated. After a brief over-
view of the general pharmacokinetics of arsenic, this ar-
ticle reviews the major epidemiologic evidence linking
ingested arsenic to bladder cancer and discusses the con-
troversy surrounding this research. Our present focus is
on bladder cancer because evidence indicates that it has
higher mortality ratios associated with ingested arsenic
than other target organs (2,6). We then review the current
controversy regarding the estimated cancer risks from ar-
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senic exposures at or near the current U.S. drinking water
standard and the potentially large economic and health
implications of lowering this standard. We close this re-
view with a brief discussion about the use of genetic bio-
markers in determining the mechanism of arsenic-
induced carcinogenesis and in low-dose risk assessment.

GENERAL TOXICOLOGY OF ARSENIC

Arsenic exists in several different chemical forms in
the environment, and the particular chemical form of ar-
senic to which one is exposed determines the associated
toxicity. For example, arsenobetaine, an organic form of
arsenic commonly found in shellfish and other seafood,
is easily excreted by humans and is considered essentially
nontoxic. Inorganic arsenic, on other hand, either in the
trivalent or pentavalent state is associated with acute and
chronic toxic effects.

Exposure to inorganic arsenic occurs most commonly
from one of two sources: inhalation from industrial
sources or ingestion of contaminated drinking water. Oc-
cupational exposures have historically been seen in work-
ers exposed to arsenical pesticides or smelter workers ex-
posed to arsenic fumes produced as a byproduct of the
smelting of copper or lead ores. Exposures to high levels
of ingested arsenic are primarily due to drinking water
contamination resulting from the leaching of naturally
occurring arsenic from soils and rock into nearby ground-
water.

Several areas throughout the world have been found
to contain high levels of groundwater arsenic, including
parts of Taiwan, Chile, Japan, China, Argentina, Mexico,
India, Finland, Hungary, and Bangladesh. Several
groundwater supplies in the United States also have high
levels of arsenic, including areas in California, Nevada,
Alaska, and Utah. In fact, it has been estimated that over
300,000 people in the United States have been drinking
water contamninated with arsenic above the current U.S.
drinking water standard (12).

Once ingested, inorganic arsenic is rapidly absorbed
and distributed to various organs. Because this distribu-
tion is rapid, serum arsenic is a poor indicator of exposure
and urinary arsenic levels are more accurate for docu-
menting arsenic intake. Once arsenic is absorbed, it is
metabolized in a two-step methylation process, first to
monomethylarsonic acid (MMA) and then to dimethylar-
sinic acid (DMA). These methylated metabolites are con-
siderably less acutely toxic than inorganic arsenic. Unfor-
tunately, this detoxification mechanism is typically
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incomplete -and approximately 5-25% of inorganic ar-
senic is excreted unmethylated. It is this unmethylated
form, which passes through the urinary tract and is briefly
stored in the bladder, that is thought to be responsible
for the increased rates of bladder cancer seen in exposed
populations.

CONTROVERSY REGARDING THE
TAIWAN STUDIES

The most extensive studies to date on the effects of
ingested arsenic and bladder cancer have been conducted
in populations from the southwest coast of Taiwan. In
the 1920s, residents of this area began using water from
deep artesian wells to avoid the high salinity of shallower
wells. Unfortunately, the artesian wells contained high
levels of arsenic and the use of these wells eventually led
to endemic rates of blackfoot disease (BFD), a unique
peripheral vascular disease caused by arsenic (13). Resi-
dents of this area were also found to have high rates of
the pigmented and hyperkeratotic skin lesions character-
istic of arsenicosis, and studies as early as the 1960s
found high rates of skin cancer among people of the BFD
endemic area (13,14). Eventually, high rates of other can-
cers were found. In fact, at the highest level of exposure
(around 800 pg/1), relative risk estimates for bladder can-
cer mortality of 28.7 for men and 65.4 for women were
reported (Table 1) (6,10).

Despite the large magnitude of these associations, the
presence of clear dose-response trends (15), and the con-
sistency of the findings among several investigations
(7,16-18), the data from Taiwan have been extensively
questioned for the following reasons. First, it was sug-
gested that arsenic may not be the sole cause of these
cancers. Instead, it was postulated that certain fluorescent
humic acidlike substances were responsible for at least
some portion of these effects because these substances
were also found in high levels in the artesian wells and
they could cause a vascular disease similar to BFD
(19,20). A second criticism of the Taiwanese findings
was that they were not supported by toxicologic tests on
animals; despite repeated tests in multiple species at very
high doses, animal testing has generally failed to detect
carcinogenic effects of inorganic arsenic on the bladder
(21). Additionally, the Taiwan findings were criticized
for being primarily based on investigations using eco-
logic study designs in which exposures are based on large
group averages rather than on direct individual exposure
data.
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