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Environmental Context. Health effects associated with inorganic arsenic include various cancers and
increased risk of diabetes. Millions of people in Bangladesh and India are at risk through use of contaminated drinking water.When humans ingest inorganic arsenic, it is rapidly converted to methylated metabolites.
Although this methylation process is largely understood, the metabolism of other arsenicals (e.g. arsenosugars to dimethylarsenic) is very unclear. Connections among pathways for metabolism of various arsenicals
are now being elucidated. Commonalities and differences in these pathways may be important determinants
of the risk associated with exposure to these agents.

Abstract. Elucidating the pathway of inorganic arsenic metabolism shows that some of methylated arsenicals
formed as intermediates and products are reactive and toxic species. Hence, methylated arsenicals likely mediate at
least some of the toxic and carcinogenic effects associated with exposure to arsenic. Trimethylarsonium compounds
and arsenosugars are two other classes of arsenicals to which humans are routinely exposed and there is evidence
that both classes are metabolized to produce methylated arsenicals. Here, we review evidence for production of
methylated metabolism and consider the challenges posed in unraveling a complex web for metabolism of arsenicals
in humans.
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Introduction
Chronic exposure to inorganic arsenic (iAs) is associated
with many adverse health effects, including increased risk
of various cancers, vascular disease, and other effects such
as increased risk of diabetes mellitus.[1] Exposure to high
levels of iAs as a contaminant of drinking water occurs
worldwide with disastrous effects.[2] Tens of millions of
residents of Bangladesh and West Bengal, India, who use
iAs-contaminated water may be the ‘largest poisoning of
a population in history’.[3] Critical factors in assessing the
public health impact of iAs exposure are evaluating dose–
response relations and determining all sources of exposure.
Besides iAs, other significant sources of arsenic exposure
which warrant consideration in estimating dose include
trimethylarsonium compounds (arsenobetaine and arsenocholine) and arsenosugars that are natural constituents of
many organisms used as human food sources. Arsenobetaine,
arsenocholine, and arsenosugars are present at high (ppm)
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levels in foods and are metabolized by humans to produce
some of the methylated metabolites that are also produced
after iAs ingestion. Thus, both unique and common metabolites can be identified for each class of arsenicals (Fig. 1).
This review examines metabolism of iAs, trimethylarsonium
compounds, and arsenosugars with emphasis on identifying
common metabolites. New information about metabolism
of these arsenicals will provide insights into their modes of
action as toxins and carcinogens and poses some interesting
analytical challenges. Meeting these challenges will permit a
more comprehensive understanding of the consequences of
exposure to these arsenicals.
Inorganic Arsenic
The pathway for iAs metabolism involves alternating steps
of reduction of AsV to AsIII and oxidative methylation
of AsIII (Fig. 2). These reactions are enzymatically catalyzed. Glyceraldehyde-3-phosphate dehydrogenase reduces
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arsenate to arsenite in human red blood cells.[4,5] Arsenic(iii)
methyltransferase (AS3MT) catalyzes each subsequent step
in this pathway, producing the products methylarsonic acid
through trimethylarsine (Fig. 2).[6,7] In human uroepithelial cells that neither express AS3MT nor methylate iAs,
heterologous expression of recombinant rat AS3MT confers methylation capacity and modulates cytotoxicity of
arsenicals.[8] Intermediates and products in this pathway differ in reactivity and toxicity. In general, methylated arsenicals
containing AsIII are most reactive, exceeding arsenite in
cytotoxic and genotoxic potency. In addition, two methylated arsenicals containing AsV (dimethylarsinic acid and
trimethylarsine oxide) are complete carcinogens in rats.[9,10]
Hence, the conversion of iAs to methylated metabolites is
an activation process[11] and methylated arsenicals derived
from the metabolism of other arsenicals should be considered in assessing the risk associated with exposure to these
arsenicals.

Trimethyl
arsoniums &
metabolites

Inorganic As
&
metabolites

As sugars
&
metabolites

Fig. 1. Venn diagram for exposure to common and unique metabolites formed from inorganic arsenic, trimethylarsonium compounds, and
arsenosugars. Common metabolites produced from each class of arsenical should be equivalent in terms of overall exposure and contribution
to risk.
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to methylated arsenicals through formation of dimethylarsinoylacetate has been demonstrated in Paenibacillus and
Pseudomonas species derived from Mytilus edulis, a marine
mussel.[15] These results suggest that microorganisms associated with eukaryotes (e.g. microflora of the gastrointestinal
tract) could be critical to metabolism of trimethylarsonium compounds in higher organisms. In vitro conversion
of arsenocholine to arsenobetaine by rat liver was demonstrated decades ago.[16] Arsenobetaine administered orally
or intravenously to rats, mice, or rabbits is rapidly excreted in
urine with little, if any, metabolism.[17] Another study in these
species found arsenocholine was quickly converted to arsenobetaine without conversion to methylated metabolites.[18]
However, the relatively insensitive analytical methods used in
these studies (ion-exchange chromatography and paper electrophoresis) might limit quantitation of methylated metabolites present at low levels in urine. A study of volunteers
who consumed arsenobetaine-rich seafood found high levels of dimethylarsenic in urine using IEC-HG-ICP MS for
speciation.[19] Arsenocholine is converted in vitro to arsenobetaine and methylated metabolites. In cultured primary rat
hepatocytes or assays containing subcellular fractions prepared from rat liver, arsenobetaine aldehyde is the common
intermediate converted to arsenobetaine or to both trimethylarsine oxide and trimethylarsine[20] (Fig. 3). Arsenocholineconverting activity is most enriched in mitochondria; activity
for conversion of trimethylarsine oxide to trimethylarsine is
most enriched in liver homogenate. Choline dehydrogenase
or an equivalent mitochondrial aldehyde dehydrogenase[21]
catalyzes conversion of arsenocholine to arsenobetaine or
trimethylarsine oxide. As noted above, trimethylarsine oxide
is a liver carcinogen in rats.[10] AS3MT catalyzes conversion
of trimethylarsine oxide to trimethylarsine,[7] a volatile genotoxic species.[22] Chickens treated with arsenocholine exhale
a strong garlic-like odor consistent with trimethylarsine
expiration;[23] thus, the chicken orthologue of mammalian
AS3MT gene (J. Li et al., in preparation) may catalyze the
final reductive step in this pathway.
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Arsenosugars are a group of arsenic-containing carbohydrates present in a variety of marine organisms. These
compounds are probably produced by symbiotic microorganisms. Their presence in higher organisms is probably related
to consumption of organisms that contain arsenosugars.[24]
Exposure to arsenic through consumption of arsenosugar-rich
foods can be significant. Typical Japanese diets including 20 to 30 g of seaweed can provide 100 to 500 µg of
arsenic per day.[25] In volunteers consuming arsenosugar-rich
seaweed, urinary dimethylarsenic concentrations increase
sharply within a day of exposure.[26–28] In seaweed-eating
sheep from Orkney Island, Scotland, daily consumption of
arsenic from arsenosugars ranges from 45 to 90 mg. Dimethylarsenic is the major arsenic-containing species in urine
in these sheep.[29,30] Other metabolites identified in urine
of these sheep are dimethylarsinoyl acetate and dimethylarsinothioyl acetate[31] (Fig. 4). (The origin and significance

Fig. 2. Scheme for the conversion of inorganic arsenic to methylated
metabolites. Reactions (1), (3), (5), and (7) convert AsV to AsIII and
Reactions (2), (4), and (6) are oxidation methylation reactions.

Trimethylarsonium Compounds
Origins or functions of trimethylarsonium compounds
(arsenocholine and arsenobetaine), which are found in many
organisms from marine, freshwater, and terrestrial environments, are not well understood. Synthesis of arsenobetaine
from a lyzed cell extract of Pseudomonas species suggests
prokaryotes could produce trimethylarsonium compounds
found in many marine organisms.[12] Arsenobetaine could
be an osmolyte for marine organisms living in hyperosmotic
environments.[13,14] Bacterial degradation of arsenobetaine
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Fig. 3. Scheme for conversion of arsenocholine to arsenobetaine or trimethylated arsenicals. Conversion to arsenobetaine aldehyde intermediate
(Reaction 1) is catalyzed by choline oxidase or equivalent oxidase. Conversion of aldehyde to trimethylarsine oxide (Reaction 2) or to arsenobetaine
(Reaction 3) is probably catalyzed by choline oxidase. Conversion of trimethylarsine oxide to trimethylarsine (Reaction 4) is possibly catalyzed by
arsenic(iii) methyltransferase.
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Fig. 4. Products from in vivo metabolism of arsenosugars in mammals. Urinary metabolites include dimethylarsinoyl acetate/dimethylarsinothioyl
acetate and dimethylarsinic acid.

of thioylated metabolites are considered below.) Because
dimethylarsinic acid is a complete carcinogen in the rat,[9]
its production from arsenosugars could be an important consideration in evaluating the risk associated with consumption
of arsenosugar-rich foods.
The pathway leading from arsenosugars to dimethylarsenic and other methylated metabolites is not well understood. One possibility is that these sugars are degraded
by gastrointestinal microflora, yielding metabolites that are
absorbed by the mammalian host. These metabolites could
undergo additional transformation or be excreted unmodified. The possibility of metabolism in the gastrointestinal
tract was examined by comparing urinary metabolites in
Orkney sheep adapted to a grass diet before consumption

of arsenosugar-rich seaweed with those found in sheep fed
exclusively seaweed.[30] Predominance of dimethylarsenic as
a urinary metabolite in both groups suggests that modifications in gastrointestinal microflora induced by changes in
diet did not influence metabolism of arsenosugars. Preliminary studies using anaerobic microflora of mouse intestinal
caecum found that arsenosugars in seaweed extracts were
degraded to dimethylarsenic (D. J. Thomas, W. R. Cullen,
V. W. Lai, unpublished). Other studies found that anaerobic
microflora of mouse intestinal caecum thioylate arsenosugars (S. D. Conklin, J. T. Creed, D. J. Thomas, in preparation).
Taken together, these results suggest that gastrointestinal
tract microorganisms could play roles in conversion of
arsenosugars to methylated metabolites.
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As shown above, exposure to a diverse group of arsenicals
leads to production of methylated metabolites that have been
implicated as mediators of toxic and carcinogenic effects
of arsenic. Although the pathway for iAs metabolism has
been partially elucidated, less is known about processes
that convert trimethylarsonium compounds and arsenosugars to methylated species. Unravelling these processes will
require use of standard techniques for the study of xenobiotic metabolism in cells and organisms and application of
analytical techniques designed to identify and quantify each
arsenic-containing species. Two specific issues have emerged
in recent years that must be addressed in future analytical
studies. First, as noted above, the oxidation state of arsenic
in various metabolites affects their toxic potency.[11] Thus,
determination of the oxidation state of arsenic would provide insight into metabolic processes underlying conversion
of arsenicals.Although pH-selective hydride-generationAAS
of arsenicals permits quantitation by oxidation state,[32,33]
this labour-intensive method requires sample collection under
conditions that preserve the oxidation state of arsenic. Alternative methods involving solid-phase extraction of biological
samples may improve accuracy of oxidation state determination. Second, identification of thioylated arsenicals such as
dimethylarsinothioyl acetate (Fig. 4) or thioarsenosugars[34]
has raised new analytical challenges and posed new questions about metabolism. For instance, arsinothioyls confound
identification by HPLC, pH-selective HG-ICP-MS, or anionexchange chromatography.[35,36] Formation in vitro or in vivo
of thioylated metabolites by rat liver[37,38] may require
enzymatic generation of hydrogen sulfide.[39] Understanding formation of arsinothioyls and their biological activities
will provide more information about roles of metabolism in
the actions of arsenicals as toxins and carcinogens.
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