


individual plays a role in determining such different
responses.

Fatty acids typically found in fish oils were positively
associated with toenail arsenic concentration
In contrast to the relationships with other dietary lipids,
we found that intake of long chain n-3 polyunsaturated
fatty acids, both individually and combined, were posi-
tively associated with toenail arsenic concentrations
(Table 2B). Although magnitudes of effect were small
(resulting in a 3-5% change in predicted toenail arsenic
concentrations) and none of these variables was signifi-
cantly associated with toenail arsenic after correction for
multiple testing, we find these associations noteworthy.
Eicosapentaenoic fatty acid (EPA) and docosahexaenoic
fatty acid (DHA) are found in large quantities in fish oils
[58,59] and docosapentaenoic fatty acid (DPA) is a bio-
chemical intermediary between these forms [60]. Fish
have some of the highest total arsenic concentrations in
food [61,62]. This arsenic is expected to be predomin-
antly in non-toxic organic forms such as arsenobetaine,
which is not metabolized [50] and is excreted from the
body relatively quickly [14]. However, fish also contain
arsenolipids [63-66]; for example, cod-liver oil contains
six arsenolipids immediately alongside long chain n-3
fatty acids [65]. Arsenolipids can be metabolized [64],
which may release arsenic that can circulate and accu-
mulate in toenails. We speculate that the positive asso-
ciations between toenail arsenic concentrations and long
chain n-3 fatty acids may be markers for a true under-
lying relationship between arsenolipids and toenail ar-
senic, a hypothesis supported by the fact that these
associations were not detected when total seafood con-
sumption was included in our adjustment model (Add-
itional File 3). However, further studies are needed to
confirm this relationship.

Alcohol was positively associated with toenail arsenic
Consistent with previous epidemiological [32,67] and
modeling [13] studies, we found strong positive associa-
tions between toenail arsenic concentrations and con-
sumption of ethanol (Figure 1B, Table 2B), which
remained significant after correction for multiple testing
and after adjustment for total seafood consumption. This
finding is also consistent with previous research on other
biomarkers of arsenic exposure [68]. Among individuals
exposed to varying concentrations of arsenic in drinking
water, consumers of one or more alcoholic beverages per
week had significantly higher proportions of inorganic
urinary arsenic species when compared to individuals
who consumed no alcoholic beverages [68]. This finding
could be explained by alcohol’s ability to inhibit methio-
nine synthase, which is important for arsenic meta-
bolism [69]. Impeded metabolism of arsenic could also

explain why toenail arsenic concentration was positively
associated with alcohol consumption. In addition, alco-
holic beverages such as beer and wine may themselves
be a source of arsenic exposure [70], due to contamin-
ation of key ingredients.

Miscellaneous dietary factors were associated with
toenail arsenic
There were three dietary factors that had significant re-
gression coefficients that did not remain significant after
correction for multiple testing: retinol without supple-
ments (negatively associated), beta cryptoxanthin (nega-
tively associated), and manganese without supplements
(positively associated). These relationships were likely a
result of testing 100 dietary factors, since we know of no
scientific reason that these dietary factors would be
related to toenail arsenic.

Potential limitations
Although toenails have limitations as biomarkers [29],
these limitations likely did not affect our results. Orloff
et al. (2009) identified three major problems with nails:
(1) variability in growth rate, and thus the time period
indicated by arsenic concentrations in nail clippings, (2)
external contamination, and (3) inconsistent protocols
for collection and analysis. Because our dietary informa-
tion is averaged across a year, and our toenail clippings
represent ca. 12 months of growth [71], we believe that
the time scales for the predictor and response variables
are matched appropriately. Contamination was mini-
mized by having toenails collected immediately after
bathing and scraping, and by sonicating nails in the la-
boratory prior to analysis [72]. Finally, all nails were ana-
lyzed in the same way, creating internal consistency
within the study, even if we cannot make direct compar-
isons of toenail arsenic concentrations to other pub-
lished studies [29].
Of greater relevance to the generality of our conclu-

sions are the imprecision with which dietary factors were
assessed and the inclusion of cancer patients among the
study participants. First, our estimates of dietary factor
consumption are likely to be less precise than our esti-
mates of toenail arsenic concentration, violating one of
the assumptions of general linear models. For example,
recall bias could have affected the responses to the FFQ,
potentially underestimating consumption of ‘unhealthy’
diet items (e.g., fatty foods) and overestimating con-
sumption of ‘healthy’ items [73]. In addition, both the
rate of intake of food items and the levels of dietary fac-
tors in foods can vary greatly over a one-year period,
making it difficult to precisely estimate consumption of
specific dietary factors. However, these errors would
tend to bias results in favor of not detecting significant
relationships, due to the so-called “errors in variables”
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problem [74]. In addition, while we adjusted for case sta-
tus, many of the participants were cancer cases, which
could affect the generalizability of our finding since it is
plausible that these individuals process arsenic differ-
ently than non-cancer cases.

Conclusion
This study tested the hypothesis that the dietary factors
associated with toenail arsenic concentrations in well-
nourished populations exposed to relatively low levels of
water arsenic would be similar to the dietary factors
associated with urinary arsenic concentrations in mal-
nourished, highly exposed populations. Our findings do
not support this hypothesis. Instead, several dietary
lipids were inversely related to toenail arsenic concentra-
tion in our population, possibly because they inhibit the
absorption of arsenic or its accumulation in toenails.
However, long chain n-3 fatty acids (EPA, DPA, and
DHA) were positively associated with toenail arsenic,
potentially due to the association between these long-
chain n-3 fatty acids and arsenolipids in fish tissue.
Thus, our data suggest an association between dietary
lipids and arsenic concentrations in biologic tissue.

Additional files

Additional file 1: List of all dietary factors analyzed. This table
provides a list of all the dietary factors that were analyzed in this analysis.

Additional file 2: Quartiles of consumption of significant dietary
factors. This table provides summary statistics on the consumption of
significant dietary factors.

Additional file 3: Dietary factors significantly associated (bold) with
toenail arsenic with and without adjustment for seafood
consumption. This table provides a comparison of our presented results
with results that also included adjustment for total seafood consumption.
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