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Fig. 1. Proposed metabolic pathway: Monomethylarsonic acid (V) is
first reduced to MMA (III), followed by further methylation to di-
methylarsinic acid (V) and possible reduction to DMA (III). Gluta-
thione (GSH) and other thiols serve as reducing agents, and S-aden-
osylmethionine (SAM) is the main methyl donor, which is converted
to S-adenosylhomocysteine (SAH).

In British Columbia, we were concerned primarily with
MSMA exposure to woodpeckers and other cavity nesting for-
est birds that feed on the mountain pine beetle. Woodpeckers
can have winter diets of up to 99% beetle adults and larvae
[17], with three-toed (Picoides tridactylus) and hairy (P. vil-
losus) woodpeckers ingesting many thousands of beetles and
larvae per day [18]. In areas where mountain pine beetle out-
breaks occur, woodpeckers locally increase in number [17,18],
which suggests that they are attracted to areas of high beetle
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Table 2. Comparison of mass change and hematological parameters in zebra finches dosed with monomethylarsonic acid for 14 d. Values are
expressed as the mean � standard error, and sample size is stated in parentheses. Significant values are italicized. Different letters indicate

significant difference at p � 0.05

Dosage group
(�g/g)

Mean body mass

Day 1 (g) Day 14 (g)
Mean change in
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last dose may have yielded slightly lower tissue residue con-
centrations than if we had samples 6 or 12 h post dose. Zebra
finches may have had time to metabolize and excrete much of
the last dose by the time we collected tissues.

Monomethylarsonic acid is the predominant form of arsenic
found in the plasma and feces of zebra finches dosed with
MMA (V), while the tissues had much higher levels of DMA
(V). The minimal excretion of DMA (V) following MMA (V)
administration is in accord with related studies. The hamster
[4] and human [31] excrete primarily MMA (V) following
MMA (V) administration. It has been suggested that this lack
of methylation to DMA (V) in vivo may be due to the rapid
elimination of MMA (V) in urine, or the low uptake into tissues
with high methylating capacities [27]. Monomethylarsonic
acid may not have time to undergo methylation to DMA (V),
and that this methylation may not occur as quickly as meth-
ylation from arsenite to MMA (V) [27]. If the zebra finches
are indeed absorbing the MMA (V), this may hold true for the
present study, since large amounts of MMA (V) were excreted
after only one dose (Fig. 3) A large portion of the arsenic taken
up by the liver and kidney was methylated, as these tissues
contained primarily DMA (V) (83 and 61% respectively). This
is to be expected as these organs, especially the liver, are where
most metabolism of orally ingested toxins takes place. Arsenic
is metabolized in the liver by methyltransferases, and there are
differences in these enzymes between animal species [32].
Zebra finches showed the ability to methylate MMA (V) to
DMA (V), as DMA (V) was the predominant arsenic species
in the liver and kidney. Similarly, the rat, rabbit, hamster, and
pigeon all have methyltransferases in the liver [33–36]. In
contrast, the guinea pig, marmoset monkey, squirrel monkey,
and tamarin lack these enzymes and are unable to methylate
arsenite or MMA (V) [36].

Assessment of the toxicity of MSMA to zebra finches is
limited by our inability to distinguish between oxidation states.
Elucidation of valency is important, as this drives the toxicity
of arsenic species. Generally, trivalent arsenicals are more cy-
totoxic than pentavalent arsenicals. Trivalent inorganic arsenic,
As (III), is more acutely toxic than pentavalent inorganic ar-
senic, As (V) [6,7], with MMA (III) the most toxic methylated
arsenical species [7,8]. Based on the postulated metabolic path-
way, MMA (V) would first be reduced to its trivalent analog
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