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Abstract
Purpose—The objective of this analysis was to evaluate the effects of dietary B vitamin intakes
on creatinine-adjusted urinary total arsenic concentration among individuals participating in the
Health Effects of Arsenic Longitudinal Study (HEALS) cohort in Araihazar, Bangladesh. Arsenic
exposure is a major public health problem in Bangladesh, where nearly 77 million people have
been chronically exposed to arsenic through the consumption of naturally contaminated
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groundwater. Dietary factors influencing the metabolism of ingested arsenic may potentially be
important modifiers of the health effects of arsenic in this population.

Methods—Daily average B vitamin intakes from a validated food frequency questionnaire and
laboratory data on drinking water and urinary arsenic concentrations among 9,833 HEALS cohort
participants were utilized. Statistical analyses were conducted using generalized estimating
equations incorporating knotted spline linear regression.

Results—Increasing dietary intakes of thiamin, niacin, pantothenic acid, and pyridoxine were
found to significantly increase urinary total arsenic excretion, adjusted for daily arsenic intake
from drinking water and other potential confounders.

Conclusions—These results suggest that higher intakes of certain B vitamins may enhance the
excretion of arsenic from the body. This study offers new insights into modifiable dietary factors
that relate to arsenic excretion and thus provides potential avenues for the prevention of arsenic-
related health effects.
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Introduction
Arsenic exposure is a major public health problem in Bangladesh, where nearly 77 million
people have been chronically exposed to arsenic through the consumption of groundwater.
Beginning in the 1970s, hand-pumped wells were installed in Bangladesh to provide the
population with a source of pathogen-free groundwater for consumption. Since then, the
number of wells, which serve as the population’s primary source of drinking water, has
exponentially increased. Unfortunately, the groundwater in Bangladesh is naturally
contaminated with high levels of arsenic, a phenomenon discovered only after the
population had already accrued decades of exposure and an epidemic of classical arsenical
skin lesions occurred [1, 2].

Many of the human health effects of arsenic have been established based on epidemiologic
studies, which have demonstrated a significant association between the consumption of
arsenic through drinking water and cancers of the skin, lung, bladder, liver, and kidney [3–
7], neurological disease [8], cardiovascular disease [9], as well as other non-malignant
diseases [10, 11].

Urinary total arsenic concentration is a commonly employed biomarker of arsenic exposure
in epidemiologic research. The linear relationship between urinary total arsenic and water
arsenic concentrations has been previously determined [12–15]. Urinary total arsenic
concentration represents the amount of ingested arsenic that is absorbed and excreted [16].
There is known interindividual variability in the amount of arsenic excreted. B vitamins
have been associated with increased arsenic excretion through various mechanisms,
including methylation capacity [17, 18]; therefore, this study was designed to determine the
extent to which dietary intake of these essential nutrients may be associated with increased
arsenic excretion.

The one-carbon metabolism pathway is hypothesized to be involved in the metabolism of
arsenic through methylation of inorganic arsenic [19]. Several B vitamins—including folate
(vitamin B9), pyridoxine (vitamin B6), cobalamin (vitamin B12), and riboflavin (vitamin
B2)—play a key role in one-carbon metabolism [20, 21]. The functions of thiamin (vitamin
B1), niacin (vitamin B3), and pantothenic acid (vitamin B5) have been less widely examined
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in relation to arsenic metabolism but have been previously shown to have marginal
associations with urinary arsenic species [22].

Given the public health implications for a highly arsenic-exposed population, the present
study focused on potentially modifiable dietary factors that may relate to arsenic excretion.
The objective of this analysis was to evaluate whether dietary intake of B vitamins is
associated with creatinine-adjusted urinary total arsenic concentration among individuals
participating in the Health Effects of Arsenic Longitudinal Study (HEALS). HEALS
provides us an invaluable opportunity to assess this relationship with individual-level data
on both arsenic exposure (daily arsenic intake based on water arsenic concentration and
amount of water consumed) and arsenic excretion (creatinine-adjusted urinary total arsenic
concentration) in a large study sample.

Subjects and methods
HEALS is an ongoing, population-based cohort study in Araihazar, Bangladesh, aiming to
examine both the short-and long-term health effects of arsenic exposure. The selection of
cohort participants, study design, and methods have been described in detail elsewhere and
are briefly summarized here [23].

Study sample
The cohort participants are residents of three unions (administrative units) of Araihazar,
Bangladesh—a well-defined 25-km2 rural area east of the capital city, Dhaka. Prior to
subject recruitment, all wells in the area (n = 5,966) were tested for their arsenic
concentration as part of a pre-cohort survey. A complete enumeration of the study area
population (n = 65,876) was also conducted as part of this survey. Individuals were eligible
for participation if they were married, living in their current bari (a cluster of household
dwellings occupied by members of the extended family) for at least 3 years, and aged
between 18 and 75. Between 2000 and 2002, a total of 11,746 men and women were
enrolled into the cohort (with a response rate of 97.5%) and completed a detailed interview,
including a semi-quantitative food frequency questionnaire (FFQ). The participants also
underwent a detailed clinical examination by trained physicians and provided blood and
urine samples. Study physicians and participants were unaware of the arsenic concentration
in the drinking water at the time of the recruitment and data/sample collection.

For the purposes of this analysis, participants with incomplete FFQ data or implausible FFQ
data—caloric intake less than 500 or more than 3,500 kcal/day—were excluded (n = 735).
Individuals with missing data on urinary total arsenic concentration (n = 298) or water
arsenic intake (n = 16) were excluded. Additionally, participants with the presence of
arsenical skin lesions at enrollment (or missing skin lesion assessments) were also excluded
(n = 864), since there is evidence that the presence of skin lesions may alter the urinary
arsenic excretion profile [24]. The resulting sample size for this analysis was 9,833.

The study protocol was approved by the Institutional Review Boards of The University of
Chicago, Columbia University, and the Bangladesh Medical Research Council. Informed
consent was obtained from all participants prior to the interview.

Urinary total arsenic concentration
Spot urine samples were collected in 50-ml acid-washed tubes during the interview and kept
in portable coolers with ice packs until storage at −20 °C at the end of the day. All samples
were kept frozen until shipment on dry ice to the Trace Metal Facility Core Laboratory at
Columbia University. Urinary total arsenic concentration was analyzed by graphite furnace
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atomic absorption spectrometry according to the method of Nixon et al. [25], with a
detection limit of 2 μg/L. Urinary creatinine was measured by a colorimetric Sigma
Diagnostics Kit (Sigma, St. Louis, MO), and creatinine-adjusted urinary total arsenic
concentration was subsequently expressed as micrograms per gram creatinine. Quality
assurance was taken by participation in an inter-laboratory program for urinary arsenic with
the Institut de Sante Publique du Quebec. The interclass correlation coefficient for urinary
total arsenic over the study period (2000–2002) showed excellent agreement with the control
target values. The average intraassay coefficient of variation (CV) and interassay CV for the
control urines run daily for this period were 5.9 and 3.5%, respectively.

Dietary B vitamins intake
Dietary intake was assessed with an interviewer-administered FFQ, which recorded how
often on average each of a comprehensive list of 39 culturally appropriate potential food
items was consumed in the previous year and the usual amount consumed per meal. Briefly,
participants were asked how many months of the year, how many days per week, and how
many times per day they consumed each food item. They were also asked the usual portion
size (measured as spoonfuls, cupfuls, or bowlfuls), with locally used serving items available
for reference. The frequency of intake was multiplied by usual portion size to obtain average
grams per day for each food item. Detailed information on this semi-quantitative FFQ,
developed and validated in this target population, is described elsewhere [26]. Average daily
nutrient intake was estimated based on the United States Department of Agriculture (USDA)
Nutrient Database for Standard Reference [27] and an Indian food nutrient database [28].
Since the Indian food nutrient database did not contain all the nutrients of interest, USDA-
derived values were used and presented here. For nutrients that were available from both
sources, analyses were also conducted using the Indian-derived values, and since results
were not appreciably different they were not shown. Average daily intakes of thiamin,
niacin, pantothenic acid, pyridoxine, cobalamin, and folate were evaluated in the present
analysis. For the purpose of this analysis, nutrient intake was divided by body weight and
expressed as daily unit intake of nutrient per kg.

Covariate assessment
Sociodemographic factors included sex, age in years, years of education, and television
ownership (a measure of socioeconomic status). Smoking history was also obtained.

Well water was analyzed for arsenic concentration by graphite furnace atomic absorption
spectrometry, with a detection limit of 5 μg/L [29]. Water samples found to have <5 μg/L of
arsenic were subsequently reanalyzed by inductively coupled plasma-mass spectrometry
(ICP-MS), with a detection limit of 0.1 μg/L [30]. Exposure to arsenic through drinking
water was assessed based on well water arsenic concentration, well usage history, and water
consumption patterns. Daily arsenic intake (μg/kg/day) was calculated by multiplying (well
water arsenic concentration of the current well) × (1/body weight) × (self-reported daily
amount of water consumed from that well). If participants drank from a secondary well in
addition to their primary well, information was also collected on that well and was included
in the daily arsenic intake computation.

Statistical analyses
Participants were categorized into quartiles of nutrient intake according to the distribution
among the total sample eligible for analysis (n = 9,833). The lowest quartile was used as the
reference category.
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Based on the empirical dose–response relationship between the logarithm of creatinine-
adjusted urinary total arsenic concentration and the logarithm of daily arsenic intake (Fig. 1),
we fit a linear spline regression model with knots specified at −2 and +2 taking the form:

where Y is the logarithm of creatinine-adjusted urinary total arsenic concentration, b0 is the
intercept, b1 is the slope representing the overall effect of the logarithm of daily arsenic
intake, b2 is the additional effect for the range −2 to 2 of the daily arsenic intake slope, b3 is
the additional effect for the range greater than 2 of the daily arsenic intake slope, and b4 –
b6 are the effects for nutrient intakes coded as dummy variables with the lowest quartile as
the reference category. Additional covariates were added as potential confounders.

Generalized estimating equations (GEE), clustered on primary drinking well, were used to
estimate regression coefficients and 95% confidence intervals of log-transformed creatinine-
adjusted urinary total arsenic concentration by quartile of nutrient intake. These estimates
were adjusted for logarithm daily arsenic intake (linear spline with knots at −2, +2), daily
total water consumption (ml/day), sex, age (y), total energy (kcal/day), formal education
attainment (yes, no), education (y), TV ownership (yes, no), and smoking status (never vs.
former, never vs. current). The percent increase of creatinine-adjusted urinary total arsenic
concentration in each quartile of dietary intake was presented by exponentiating regression
coefficients. To test for linear trend across quartiles of nutrient intake, an ordinal variable
coded for nutrient intake quartiles was included in the regression model and the associated P
value for the coefficient was interpreted as the P value for trend.

Statistical analyses were performed using the Statistical Analysis System, including the
procedure GENMOD for GEE analyses, release 9.1.3 (SAS Institute, Inc., Cary, North
Carolina).

Results
Participant characteristics are shown in Table 1. There were 9,833 individuals from the
HEALS cohort included in this study who did not have evidence of arsenical skin lesions.
The study sample was predominantly female, aged 18–40, of low socioeconomic status (no
formal education or television ownership), and never smokers. The median (± interquartile
range) concentration of well water arsenic was 57.0 ± 131.0 μg/L. The median daily arsenic
intake was 3.2 ± 7.7 μg/kg/day, median creatinine-adjusted urinary total arsenic was 194.0 ±
239.0 μg/g, and median energy intake was 2,200.1 ± 786.8 kcal/day.

The distributions of nutrients, creatinine-adjusted urinary total arsenic concentration and
daily arsenic intake are shown in Table 2 by quartile of nutrient intake. Increasing quartiles
(Q1 lowest intakes) of nutrient intakes for thiamin, niacin, pantothenic acid, pyridoxine,
cobalamin, and folate were associated with a significant increasing trend in creatinine-
adjusted urinary total arsenic concentration. Except for cobalamin, increased intake of all B
vitamins was associated with increased daily arsenic intake; increased intake of cobalamin
was associated with significant decreased daily arsenic intake. Table 3 shows the Pearson
correlation coefficients for each pair of nutrients, which ranged from 0.15 to 0.98. These
results suggest that a moderate range of the variability in dietary intakes of B vitamins can
be explained by food items in which these nutrients occur together.

Based on evidence of a nonlinear dose–response relationship of the logarithms of creatinine-
adjusted urinary total arsenic to daily arsenic intake (Fig. 1), daily arsenic intake was
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modeled using a linear spline. The slopes of the segments are shown in Table 4. For
example, for the slope between −2 and +2, the coefficient of 0.3356 means that a difference
between 2 subjects of 10% in daily arsenic intake is associated with a mean difference of
3.356% in creatinine-adjusted urinary arsenic concentration. The relationship between
creatinine-adjusted urinary total arsenic and well water arsenic concentration was also
examined and the shape of the dose–response relationship between the logarithms of both
continuous measures was not appreciably different than that with daily arsenic intake
(analyses not shown).

The associations between nutrient intakes and creatinine-adjusted urinary total arsenic
concentration are shown in Table 5. After adjustment for potential confounders, thiamin (P
for trend = 0.017), niacin (P for trend = 0.001), pantothenic acid (P for trend = 0.055) and
pyridoxine (P for trend = 0.015) were associated with increased creatinine-adjusted urinary
total arsenic concentration. Significant associations were not observed for dietary riboflavin,
cobalamin, or folate.

Discussion
In this cross-sectional analysis, there was an overall difference in creatinine-adjusted urinary
total arsenic concentration with increased nutrient intakes of thiamin, niacin, pantothenic
acid, and pyridoxine. These findings are consistent with our hypothesis that for a given level
of water arsenic intake, higher intakes of B vitamins enhance elimination of arsenic, as
measured by increased urinary total arsenic concentration. Thus, individuals with lower
intakes of certain B vitamins may have higher retention or increased tissue storage of
arsenic, which may increase their risk of arsenic-related disease.

The findings from this analysis further support previous research from this cohort showing
that for a given level of arsenic exposure, increased intakes of pyridoxine significantly and
thiamin marginally were associated with a lower prevalence of arsenical skin lesions [31].
Together, these results suggest that increased retention of arsenic may play a role in
carcinogenesis risk.

Dietary folate, cobalamin, and riboflavin were not associated with creatinine-adjusted
urinary total arsenic concentration, after adjustment for important predictors and
confounders. These nutrients are known to be important cofactors in one-carbon
metabolism, which plays a role in the detoxification of arsenic through methylation. It has
been demonstrated that dimethyl arsenic (DMA) is more readily eliminated than inorganic
arsenic and monomethyl arsenic (MMA), signifying that individuals with a better
methylation capacity would have higher urinary total arsenic concentrations because a larger
proportion of the ingested inorganic arsenic would be methylated and excreted [32].
Although in a previous analysis of urinary arsenic species among a subset of the HEALS
cohort, no association of dietary folate with urinary arsenic species was observed, and only
marginal associations with riboflavin and cobalamin were detected [22]. Conversely, a 12-
week folate supplementation intervention in a subset of HEALS participants with low
plasma concentrations of folate showed a significant reduction in blood MMA and total
arsenic concentration and an increase in urinary DMA [33]. Additionally, this intervention
was shown to decrease the proportion of arsenic excreted as MMA and inorganic arsenic but
no treatment effect was seen on urinary total arsenic concentration subsequent to the 12-
week intervention—although urinary total arsenic concentration was not a primary analytic
endpoint of this intervention [34]. While an effect of folate was seen on urinary arsenic
metabolites, it is possible that the effect on total urinary arsenic concentration was missed
due to interval of urine collection [34]. A possible explanation for the null findings with
respect to dietary folate in this study is that the FFQ measure may be an over-estimate of
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folate since foods are typically prepared by prolonged cooking in this population, thus
degrading the amount of folate [35]. Additionally, it is possible that there is not enough
meaningful variability of these nutrients within our study population to detect their
biological effect on arsenic metabolism. While we see a reasonable range in the distribution
of FFQ-derived nutrient values, the underlying distribution of actual nutritional status may
not be as variable due to measurement error in the FFQ instrument, which performs well to
rank participants but not to quantify the actual nutritional intake. Alternatively, individuals
may have been sufficiently nourished for particular nutrients resulting in our inability to
detect their biological effect.

There are several strengths of this study. First, we used a validated FFQ. Our study
instrument contains the food items most commonly consumed by our study population based
on comparison with food diaries in this population [26] and captures the major variability in
diet. While the actual nutrient intakes may not be accurately estimated by the FFQ within
our study population, it is likely that it does rank participants reasonably well into quartiles
of nutrient intakes. Second, arsenic exposure has been measured at the individual-level
based on concentrations in the well water and urine. In addition to arsenic concentration in
the water, we were able to construct a measure of daily arsenic intake by integrating
information on the amount of water consumed per day, as well as exposure from major
secondary sources of well water. Third, because we do not expect nutritional effects to be
particularly large, the large sample size enhances our ability to detect associations.

A limitation of this study is that the FFQ measures average diet; the actual nutritional status
of the individual at the time of interview and urine sample collection may have varied from
the reported average diet due to seasonal variability or fluctuations in household income.
While this is a potential source of misclassification, our FFQ validation study found that
seasonal variability in the reported intake of B vitamins showed the least variability [26].
Therefore, measurement error due to seasonality for these particular nutrients may be
minimal. Another possible limitation of this study is that the contribution of arsenic intake
from food, including water for food preparation, has not been measured. We have
comprehensively captured arsenic intake through drinking water; however, dietary intake of
arsenic is much more complex and has not been measured in our study population. In order
for dietary arsenic intake to bias the associations observed in this analysis, food items rich in
certain B vitamins would have to systematically also contain higher arsenic concentrations.
We deem this to be an unlikely bias operating in this analysis. In fact, in a separate analysis,
we have evaluated intake of rice, the most abundant and highest water-containing food item
in the Bangladeshi diet and found that it is unrelated to urinary arsenic after holding water
arsenic constant (unpublished data).

Possible directions of future research include investigations with dietary intake measured
based on biochemical indicators, which would allow for the interpretation of the nutrient
doses critical to arsenic metabolism. Additionally, assessment in contexts where B vitamins
are given as nutritional interventions in arsenic-exposed populations could also help to
further elucidate their role in arsenic metabolism and prevention of adverse health effects.

In conclusion, we found that intakes of thiamin, niacin, pantothenic acid, and pyridoxine
were associated with increased creatinine-adjusted urinary total arsenic concentration,
adjusted for daily arsenic intake from drinking water and other potential confounders. This
study highlights the importance of further clarifying the role of diet in arsenic toxicity and
for possible promotion of dietary interventions in arsenic-exposed populations.
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Fig. 1.
Scatterplot of logarithms of creatinine-adjusted urinary total arsenic versus daily arsenic
intake with individual values plotted as gray points and cubic smoothing spline indicated in
black line. The vertical lines at −2 and +2 indicate location of knots for linear spline
regression model used in subsequent analyses
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Table 1

Selected characteristics of the HEALS study sample

Characteristic Study sample (N = 9,833)

N %

Sex

 Male 3,873 39.4

 Female 5,960 60.6

Age (years)

 18–30 3,200 32.5

 31–40 3,546 36.1

 41–50 2,205 22.4

 51–75 882 9.0

Education (years)

 0 4,310 43.8

 1–5 2,927 29.8

 6+ 2,591 26.4

TV ownership

 Yes 3,463 35.2

 No 6,370 64.8

Cigarette smoking

 Never 6,619 67.3

 Former 581 5.9

 Current 2,633 26.8

Mean (SD) Median (IQR)

Well water arsenic (μg/L) 96.1 (109.8) 57.0 (131.0)

Daily arsenic intake (μg/kg/day) 6.0 (7.8) 3.2 (7.7)

Creatinine-adjusted urinary total arsenic (μg/g) 273.4 (306.2) 194.0 (239.0)

Energy intake (kcal/day) 2,229.4 (532.1) 2,200.1 (786.8)

a
SD, standard deviation

b
IQR, interquartile range
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Table 4

Slopes between log water arsenic intake and log creatinine-adjusted urinary total arsenic concentration from
GEE analysis

Segment Multivariate estimatea

β coefficient 95% CI

<−2 0.0232 −0.0069, 0.0534

−2 to +2 0.3356 0.3220, 0.3491

>+2 0.4888 0.4366, 0.5411

a
Adjusted for water total, sex, age, total energy, formal education, education years, TV ownership, and smoking status (never vs. former, never vs.

current)
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Table 5

Associations between nutrient intake and log creatinine-adjusted urinary total arsenic concentration from GEE
analysis

Nutrient Multivariate estimatea

% increase in urinary total arsenic concentration 95% CI

Thiamin

 Q1 Reference

 Q2 3.8 0.6, 7.0

 Q3 4.4 0.8, 8.1

 Q4 5.8 1.3, 10.5

P for trendb 0.017

Riboflavin

 Q1 Reference

 Q2 1.1 −1.7, 4.0

 Q3 −1.4 −4.4, 1.7

 Q4 −1.2 −4.5, 2.3

P for trend 0.27

Niacin

 Q1 Reference

 Q2 3.3 0.04, 6.6

 Q3 5.7 1.9, 9.6

 Q4 7.8 3.0, 12.9

P for trend 0.001

Pantothenic acid

 Q1 Reference

 Q2 3.2 0.05, 6.5

 Q3 3.3 −0.2, 6.8

 Q4 4.6 0.4, 9.1

P for trend 0.055

Pyridoxine

 Q1 Reference

 Q2 3.6 0.4, 6.9

 Q3 3.5 −0.02, 7.1

 Q4 6.0 1.6, 10.5

P for trend 0.015

Cobalamin

 Q1 Reference

 Q2 −0.3 −3.1, 2.6

 Q3 −0.7 −3.8, 2.3

 Q4 −1.2 −4.4, 2.0

P for trend 0.42

Folate
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Nutrient Multivariate estimatea

% increase in urinary total arsenic concentration 95% CI

 Q1 Reference

 Q2 −0.9 −3.7, 1.9

 Q3 −0.8 −3.7, 2.1

 Q4 −1.6 −4.8, 1.7

P for trend 0.39

a
Adjusted for logarithm daily arsenic dose (linear spline with knots at −2, +2), water total, sex, age, total energy, formal education, education

years, TV ownership, and smoking status (never vs. former, never vs. current)

b
P for trend calculated from linear regression coefficient based on the ordinal value for each quartile
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