Toxicity and Risk Assessment of Trace Elements

Health Effects and Risk Assessment of Arsenic'+

Charles O. Abernathy,*® David J. Thomas' and Rebecca L. Calderon**

“Office of Science and Technology, U.S. Environmental Protection Agency, Washington, D.C. 20422 and
"Experimental Toxicology Division and **Human Studies Division, National Health and Environmental Effects
Research Laboratory, Office of Research and Development, U.S. Environmental Protection Agency,

Research Triangle Park, NC 27711

ABSTRACT Humans can be exposed to arsenic (As) through the intake of air, food and water. Although food is
usually the major source of As exposure for people, most adverse effects are seen after As exposure from drinking
water. The two main reasons for this situation are that most food arsenicals are organic and have little or no toxicity,
and in many cases, As exposures from drinking water sources are to the more toxic inorganic form and occur at
relatively high doses, e.g., hundreds of micrograms per day. In various parts of the world, As in drinking water is
associated with such effects as gastroenteritis, neurological manifestations, vascular changes, diabetes and cancers
(bladder, lung, liver, kidney and prostate). After reviewing the As database, the U.S. Environmental Protection
Agency promulgated a maximum contaminant level for As in drinking water of 10 pwg/L. J. Nutr. 133: 1536S—-1538S,

20083.
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In this review, we focus on the effects of arsenic (As)*
exposure from drinking water sources. The primary inorganic
As species in water are arsenate [As(V)] and/or arsenite
[As(III)]; their proportions depend on the water’s redox poten-
tial and pH (1). Many As contamination sources are natural.
Concentrations of As in the earth’s crust vary but usually range
from 1.5 to 5 mg of As/kg in igneous and sedimentary rocks. As
is also present in metal ores and minerals (2), and geothermal
wells can be a source of As in surface and ground waters (3).
Anthropogenic sources include pesticides, wood preservatives
and industrial, mining and smelting wastes. As levels in water
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depend on factors such as the level of human activity, distance
from pollution sources and dispersion and fate of the released
As (2). Excluding As exposure from polluted sources, people
are exposed to As in their water, food and air. In the U.S., air
exposure is usually minimal. For most people, the major
exposure source is the diet; total food intake is ~50 ug of As/d
of which ~10 ug of As/d is inorganic (4). However, the organic
As in food and seafood appears to be much less toxic than the
inorganic As forms (4,5). Generally, < 4 ug of As/d comes from
drinking water (4).

Effects on humans

Acute poisoning incidents. Ingestion of toxic quantities of
As usually has effects within 30—60 min, and severe toxicity has
been reported with as little as 1 mg of As;Os (6). The clinical
presentation of acute As poisoning occurs in two distinct forms:
acute paralytic syndrome and acute gastrointestinal syndrome.
Acute paralytic syndrome is characterized by cardiovascular
collapse [secondary to a direct toxic effect; (7)], central ner-
vous depression [caused by vasodilation resulting in hemor-
rhagic necrosis of both white and gray matter; (8)] and death
within hours. Acute gastrointestinal syndrome starts with a
metallic or garliclike taste associated with dry mouth, burning
lips and dysphagia. Violent vomiting may ensue and may
eventually lead to hematemesis (7).

Cardiovascular effects. A Taiwanese study (9) concluded
that a dose-response relationship exists between the As con-
centration in well water and cerebrovascular disease. Another
study (10) found that As was associated with a 1.5-fold increase
in age- and sex-adjusted cases of hypertension; these research-
ers concluded that long-term As exposure may induce
hypertension in humans. A U.S. study in Utah (11) found
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a significant excess of deaths for cardiovascular diseases in-
cluding hypertensive heart disease in males and females and all
other heart disease in females that was associated with As
exposure.

Diabetes mellitus. Lai et al. (12) found a dose-response
relationship between cumulative As exposure and diabetes
mellitus. A similar association was also found in a study in
Bangladesh (13) that used the presence of keratosis as an
indicator of As exposure and showed elevated risks for diabetes
for those exposed to As in their drinking water.

Cancer. Prevalence studies of skin cancer in Taiwan (14)
indicate some degree of dose-response activity between amount
of As exposure and skin cancer and other manifestations
including keratosis and hyperpigmentation. They found that
ascending rates for skin cancer, keratosis and hyperpigmenta-
tion corresponded with As content of well water and identified
a dose-response relationship between As concentration and
blackfoot disease.

Studies in Taiwan (15), Japan (16) and Chile (17) report
significant associations between lung cancer and exposure to As
in drinking water. Two bladder cancer—incidence studies from
Taiwan (18,19) found a higher incidence of bladder cancer
associated with consumption of well water with high As con-
centration. Increased bladder cancer mortality associated with
increased drinking water As concentration was found in a
mortality study in the eastern region of the Cordoba province in
Argentina (20) and in northern Chile (17).

Studies in the U.S. and Belgium have not identified
a positive association between bladder cancer and As ingestion.
Exposures in the U.S. and Belgian studies are lower than in
Taiwan, and therefore the evaluation of an association with
bladder cancer is more difficult. Exposures reported in a case-
control study in Utah (21) ranged from 0.5 to 160 ug of As/L
(average 5.0 ug of As/L). A retrospective cohort study in
Belgium that combined inhaled and ingested exposure to As
(22) reported drinking water exposures that ranged from 20 to
50 ug of As/L.

Role of metabolism of arsenic in its toxicity. Understanding
the biomethylation of As is central to elucidating its action as
a toxin and a carcinogen. In humans as in many other species,
inorganic As is enzymatically converted to the methylated
products methyl arsenic (MAs) and dimethyl arsenic [DMAs
(23)]. Hence, exposure to As results in concurrent exposure
to the parent compound and two unique metabolites. A reac-
tion scheme (24) illustrates that the metabolism of As can be
divided into two distinct but interrelated processes as follows:

AsVOf + 2e — Asmof + CH; — CH}ASVO§7
+2e — CH;As"O3” + CH;
(CH;),As'O; + 2e — (CH;),As"O™ + CH;

Here, As is reduced from As(V) to As(IIl) and then it is
oxidatively methylated (23). Although the reduction of As(V)
to As(IIl) can be accomplished by the concurrent chemical
oxidation of a thiol-containing molecule (e.g., glutathione),
this process is likely enzymatic in mammals. Several enzymes
including purine nucleoside phosphorylase function as As(V)
reductases. The S-adenosylmethionine-dependent methyl-
transferases that catalyze the formation of MAs and DMAs
from As have been characterized. Because arsenicals that
contain As(III) are the preferred substrates for enzymatically
catalyzed methylation, trivalent MAs is an intermediate in the
metabolic pathway and the obligatory substrate for the second
methylation reaction that yields DMAs (23). Both trivalent
MAs and trivalent DMAs are persistent metabolites that can be

identified in the urine of individuals chronically exposed to As
in drinking water (25). These metabolites exceed inorganic As
in potency as cytotoxins (26), genotoxins (27) and enzyme
inhibitors (28). Because the metabolites are more toxic than
the parent compound, the methylation of As should be con-
sidered an activation and not a detoxification process.

Interindividual variability in the metabolism of As may also
affect the consequences of As exposure. Studies in populations
that ingest drinking water that contains As have found that
individuals who develop As skin lesions also excrete more MAs
in their urine than those who do not have lesions (29). The
increased urinary excretion of MAs in these individuals may be
due to differences in the metabolism, disposition or retention
of As or its metabolites. These differences probably reflect
polymorphisms in the genes that encode As(V) reductases and/
or As methyltransferases. Differences in the capacity to form
and retain the metabolites of As could also be affected by host
factors such as age, sex or nutritional status. For example,
selenium nutriture can affect the metabolism and retention of
As (30).

Modes of action. For As, cancer bioassays in lab animals
have been generally negative, and the key events in the cancer
process are unknown. However, several possibilities exist
(31,32). The kinds of genetic alterations that are seen include
inhibition of DNA repair enzymes, changes in DNA methyl-
ation patterns that could affect gene expression and/or repair,
oxidative stress, potentiation of effects of mutations by other
agents and cell proliferative effects. The National Research
Council (NRC) recommends that the study of biomarkers of As
exposure might better characterize the dose-response effects of
As at lower exposure levels. For noncancer effects, inhibition of
cellular respiration in mitochondria by As may be a focal point
of its toxicity. In addition, As causes oxidative stress, which
could also play a role. A greater understanding of the effects
of As on cellular respiration and the subsequent effects on
methylation and oxidative stress is needed (31,32).

Risk characterization. Exposure to As in drinking water is
reported to cause many different human cancer and noncancer
diseases. The NRC (31,32) reviewed the As health-effects
database and concluded that the studies on Taiwan bladder
cancer provide the current best-available data for the risk
assessment of As-induced cancer. The consensus opinion
of the NRC (31) was that the then “current EPA MCL
[ (Environmental Protection Agency Maximum Contaminant
Level)] for arsenic in drinking water of 50 ug/L does not
achieve EPA’s goal for public-health protection and, therefore,
requires downward revision as promptly as possible.” On
January 22, 2001, the EPA promulgated a final As regulation
of 10 ug/L.
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