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Abstract: Objectives: The sum of urinary inorganic ar-
senic (iAs), monomethylarsonic acid (MMA), and dimeth-
ylarsinic acid (DMA) concentrations is used for the bio-
logical monitoring of occupational iAs exposure. Al-
though DMA is a major metabolite of iAs, it is an inade-
quate index because high DMA levels are present in
urine after seafood consumption. We estimated the uri-
nary iAs+MMA concentration corresponding to iAs expo-
sure. Methods: We used data from two arsenic specia-
tion analyses of urine samples from 330 Bangladeshi
with oral iAs exposure and 172 Japanese workers with-
out occupational iAs exposure using high-performance
liquid chromatography with inductively coupled plasma
mass spectrometry. Results: iAs, MMA, and DMA, but
not arsenobetaine (AsBe), were detected in the urine of
the Bangladeshi subjects. The correlation between iAs+
MMA+DMA and iAs+MMA was obtained as log (iAs+
MMA) = 1.038 log (iAs+MMA+DMA) — 0.658. Using the
regression formula, the iAs+MMA value was calculated
as 2.15 and 7.5 pg As/I, corresponding to 3 and 10 pg
As/m® of exposures, respectively. In the urine of the
Japanese workers, arsenic was mostly excreted as
AsBe. We used the 95th percentile of iAs+MMA
(12.6 pg As/l) as the background value. The sum of
the calculated and background values can be used
as a biological indicator of iAs exposure. Conclu-
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sion: We propose 14.8 and 20.1 pg As// of urinary
iAs+MMA as the biological indicators of 3 and 10 ug
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Introduction

Arsenic comes from mineral weathering and volcanic
activity and is carried to the sea by groundwater and riv-
ers. Inorganic arsenic (iAs) is found in drinking water,
and an organic arsenic compound in addition to iAs is
found in food. iAs species are metabolized to monometh-
ylarsonic acid (MMA) and subsequently to dimethylars-
inic acid (DMA) in humans". The total concentration of
iAs and its metabolites, MMA and DMA, excreted in
urine has been used for the biological monitoring of occu-
pational iAs exposure by the American Conference of
Governmental Industrial Hygienists (ACGIH) and Deut-
sche Forschungsgemeinschaft (DFG)*”. In addition to
DMA, methylated arsenics such as arsenobetaine (AsBe),
arsenocholine (AsCho), and arsenosugars (AsSugs) are
abundant in seafood products"*. Although AsBe is only
minimally metabolized in mammals”, AsCho and AsSug
are extensively metabolized to AsBe and DMA®”, respec-
tively. Therefore, large amounts of AsBe and DMA and
small amounts of MMA and iAs have been observed in
the urine of seafood consumers without occupational iAs
exposure”'”. In our previous reports, for instance, the me-
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Fig. 1. Result of the regression analysis between x = [inor-
ganic arsenic (iAs) + monomethylarsonic acid
(MMA) + dimethylarsinic acid (DMA)] and y =
[iIAs+MMA], log y = 1.038 log x — 0.658 (r = 0.962,
p <0.0001).

dian urinary concentrations of DMA, AsBe, and total ar-
senic concentration of 172 male workers without arsenic
exposure were 41.1, 74.5, and 132.2 ug As/l, respec-
tively'".

Because DMA is a major metabolite of iAs but is also
excreted in urine after seafood consumption'*'”, the use of
urinary DMA level for the biological monitoring of occu-
pational iAs exposure is inadequate.

Therefore, to provide a possible method for the biologi-
cal monitoring of occupational iAs exposure, we used the
data of two arsenic speciation analyses of urine'""”. We
attempted to use the sum of the urinary levels of iAs and
MMA as an indicator of iAs exposure by using urinary
samples from Bangladeshi who did not eat seafood but
had chronic iAs exposure from drinking water. In addi-
tion, we used the 95th percentile value of urinary levels
obtained from healthy Japanese workers without occupa-
tional iAs exposure as the background level as well as the
DFG definition'®.

Subjects and Methods

Subjects

We used the following two different populations: 1) the
residents of 17 villages in the Pabna District of Bangla-
desh who were chronically exposed to inorganic arsenic
through drinking water; and 2) Japanese male workers
without occupational iAs exposure. The profiles of these
subjects were described in our previous reports'"”’. The
330 Bangladeshi participants (165 men and 165 women)

had a mean age of 38.8+11.0 years (range, 20-77 years),
whereas the 172 Japanese participants were healthy male
workers with a mean age of 46.5+13.6 years (range, 18-
74 years) who had no occupational arsenic exposure for at
least 6 months. Urine samples were collected and stored
as described in our previous reports'"'>’. These studies
were approved by the relevant ethics committees.

Arsenic speciation analysis

A urinary arsenic speciation analysis was performed
using high-performance liquid chromatography (HPLC)
with inductively coupled plasma mass spectrometry. The
details, including the chemicals used, sample preparation,
analytical conditions, and analytical procedure validation,
are described in our previous reports'*'".

Extrapolation of urinary arsenic concentration resulting
from oral exposure to inhalation exposure

The Japanese government ministry defines the sum of
iAs and MMA levels in the urine as the iAs exposure in-
dicator, and its measurement is the second item of the
special health examination of hazardous chemicals'”. The
Japanese Administrative Level is set at 3 ug As/m’ of iAs
exposure'”. An extrapolation is performed under the fol-
lowing assumptions used by ACGIH”: 1) pulmonary ven-
tilation is 10 m*/8 h; 2) absorption is 60%; 3) 60% of the
absorbed dose is recovered in urine; 4) urinary arsenic
concentration remains consistent during the day; and 5)
daily urine output is 1.2 [.

Calculations were performed using the SPSS statistical
package (PASW SPSS Statistic version 18; IBM Japan,
Tokyo, Japan)

Results

In a Bangladeshi study'”’, arsenite (AsIIl), arsenate
(AsV), MMA, and DMA were detected in urine samples,
whereas AsBe, which is excreted as a result of seafood in-
gestion, were not detected. The unidentified arsenic com-
pounds are together termed “others.” The median concen-
trations (95th percentile) of AsIIl, AsV, MMA, DMA,
and others were 16.8 (82.2), 1.8 (9.2), 13.7 (75.4), 88.6
(381.2), and <0.5 (1.9) ug As/I, respectively. DMA was
the most abundant compound, followed by AsIIl, MMA,
AsV, and others.

No significant differences were found in the ratios of
iAs, MMA, and DMA between sexes or among subjects
of different ages. Therefore, we combined the data for
men and women. Fig. 1 presents the scatter plots of x =
iAs+MMA+DMA and y = iAs+MMA on both logarith-
mic coordinates. The regression formula was log y =
1.038 log x — 0.658, whereas the correlation coefficient
(r) was 0.962 (p<0.0001).

In a Japanese study'’, the AsBe concentration was the
highest and more than half the subjects preferred eating
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Fig. 2. The scatter plots of the data obtained from the Japa-
nese workers; x = iAs + MMA + DMA and y =
iAs+MMA on both logarithmic coordinates. The re-
gression formula was log y = 0.725 log x — 0.547
(r=0.698, p <0.0001).

seafood than meat'”’. The median concentrations (95th
percentile) of AslIIl, AsV, MMA, DMA, AsBe, and others
were 1.5 (5.4), <0.5 (1.7), 2.3 (6.2), 41.1 (109.2), 74.5
(243.7), and 4.1 (23.7) pg As/l, respectively. The median
and 95th percentile of the urinary iAs+MMA concentra-
tions were 4.4 and 12.6 pug As/I, respectively. Fig. 2 pre-
sents the scatter plots of the data obtained from the Japa-
nese workers. The regression formula was log y = 0.725
log x —0.547, and the correlation coefficient () was
0.698 (p < 0.0001).

We estimated the sum of the urinary iAs and MMA
concentrations at 3 ug As/m’ of exposure using the as-
sumptions described in the Subjects and Methods section.
A worker absorbs 18 ug of arsenic per day, of which 10.8
pg is excreted in the urine. A urinary concentration of 9
pg As/l is substituted for x in the equation log y = 1.038
log x —0.658. The value of 2.15 pug As/l is obtained as y
(1As+MMA). When we consider the sum of the 95th per-
centile of the Japanese workers’ iAs and MMA concen-
tration of 12.6 ug As/I to be the background level, 14.8 pg
As/l is assumed to be the biological exposure index corre-
sponding to the Japanese Administrative Level of 3 ug
As/m’. Similarly, 20.1 ug As/l is assumed to be 10 pg As/
m’ of iAs exposure.

Discussion
For the biological monitoring of exposure to iAs, the

seafood intake should not interfere with the urinary con-
centrations of iAs metabolites>”. ACGIH and DFG use
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the total concentration of urinary iAs+MMA+DMA, ex-
cluding AsBe, for the biological monitoring of occupa-
tional exposure to iAs™'”, because AsBe is the main arse-
nic compound in fish and shellfish*"*’. ACGIH reported
that the urinary arsenic concentrations in the general
population were approximately 10 pg As/l in European
countries and the United States and approximately 50 ug
As/l in Japan®. DFG defines the Biologische Arbeitsstoff-
Referenzwerte (BARs, biological reference values for
workplace substances) as the background levels present at
a particular time in a reference population of persons of
working age who are not occupationally exposed to the
substances; the BARs are based on the 95th percentile
without taking the effects on health into consideration.
DFG set BARs for As**, As’™*, MMA, and DMA as 0.5,
0.5, 2, and 10 pg As/l, respectively'®. These BARs are
consistent with the 95th percentile of urinary levels ob-
tained from 82 German adults with no occupational expo-
sure'”.

By contrast, the urinary levels of arsenic of the Japa-
nese subjects who were not occupationally exposed to iAs
but were exposed to organic arsenic from food were re-
ported to be much higher than those reported in the Ger-
man data. Mohri et al.” reported that the mean daily in-
take of dietary arsenic was 182 pug As (range, 27-376) for
4 Japanese volunteers. The mean amount of total arsenic
eliminated daily in urine was 148 pg As (range, 50-416)
and composed of 1.4% iAs, 3.5% MMA, and 33.6%
DMA. Yamauchi et al.” reported that the mean urinary
total arsenic level in 56 healthy Japanese volunteers was
129+92.0 pug As/l, composed of 6.7% iAs, 2.2% MMA,
and 26.7% DMA. Urinary arsenic levels in Japanese peo-
ple are almost equal to or higher than 50 pg As/l of iAs+
MMA+DMA®'". The mean concentration of iAs+MMA
in urine reported by Mohri et al. and Yamauchi et al.
were calculated to be 7.3 pg As/day and 11.5 pg As/l, re-
spectively. These values are within the range of the me-
dian and 95th percentile levels (4.4 and 12.6 ug As/I, re-
spectively) reported in our previous results'’.

AsSugs are the major arsenic compounds in sea-
weeds'****". In particular, many studies have reported de-
tecting DMA in urine after consumption of sea-
weed ) AsSugs, the majority of which become
DMA, are broken down in the body and then ex-
creted”*®. Li et al." reported that iAs were detected at
levels below 2% of the total arsenic in fish or shellfish
samples of Chinese seafood. However, they were not de-
tected in algae samples. Buchet et al.” found no statisti-
cally significant difference in the urinary MMA concen-
tration between subjects who regularly consumed seafood
and those who did not. Apostoli er al.*” observed that iAs
and MMA had shorter biological half-lives than DMA.
Thus, it can be concluded that seafood consumption has
only a small effect on the urinary concentrations of iAs
and MMA.
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A simulation study presumed that 25 ug As/g of cre-
atinine as the sum of arsenic metabolites corresponds to
10 ug As/m’ of inhalation exposure”. In this simulation,
the background level was assumed to be zero.

DFG recommends 50 pug As/l as the exposure equiva-
lent for carcinogenic substances at 0.01 mg As/m’ in the
air'”. Because the background level (As’*+As™*+MMA+
DMA) established by DFG is 13 pug As/I, the urinary ex-
cretion from inhalation exposure at 10 ug As/m’ was con-
sidered to be 37 ug As/I.

The Bangladeshi subjects in this study had no interfer-
ence from seafood ingestion; therefore, they were consid-
ered to have a zero background level, and the regression
formula was based on a zero background level.

Under the regression formula log y = 1.038 log x —
0.658, when we use x = 37 ug As/l of urinary iAs+MMA
+DMA corresponding to iAs exposure at 10 ug As/m’,
urinary iAs+MMA level is assigned as y = 9.3 ug As/l.
Using the assumptions by ACGIH as mentioned in the
Methods section, the urinary iAs+MMA level was esti-
mated to be 7.5 ug As/l at 10 pg As/m’ of exposure.
These concentrations were considered to be nearly com-
parable.

We estimated the background level of the subjects ex-
posed to arsenic from seafood but not occupationally ex-
posed to iAs to be 12.6 pug As/I (the 95th percentile of uri-
nary iAs+MMA)'". We propose 14.8 and 20.1 pg As/I of
urinary iAs+MMA for the biological monitoring of 3 and
10 pg As/m’ of iAs exposure, respectively.

This study has two limitations. First, the Bangladeshi
subjects were exposed to iAs not by inhalation but
through drinking water. Farmer and Johnson’ reported
that the ranges in the average urinary arsenic speciation
pattern in workers who occupationally inhaled inorganic
arsenic were 11%-14% Aslll, 1%-6% AsV, 14%-18%
MMA, and 63%-70% DMA. When we compared the uri-
nary analysis results from various populations exposed to
iAs-contaminated water using HPLC separation, the pro-
portions of urinary iAs, MMA, and DMA were 11.4%-
34.0%, 7.5%-26.9%, and 47.7%-78.8%, respectively'”’.
Although a report that used a physiologically based phar-
macodynamic model suggested that the ratio of iAs was
slightly higher in those exposed to arsenic through the
respiratory tract than those exposed orally™, the propor-
tions obtained by workers who inhaled arsenic were simi-
lar to those in Asian people with oral iAs exposure. More-
over, the iAs absorption and excretion rates from repeated
oral exposure was estimated to be approximately 60%™,
and ACGIH extrapolated these rates to estimate urinary
concentration resulting from inhalation exposure”’. Be-
cause the normal range for 24-hour urine volume was re-
ported to be 0.8-2.0°” or 1.0-1.5 I/day™, the excretion vol-
ume of urine set at 1.2 //day under this assumption is al-
most the median of that of healthy adults. Thus, we can
use the data of the Bangladeshi residents who were orally

exposed to arsenic for the Japanese workers who were ex-
posed to arsenic through the respiratory tract.

Second, the biological half-lives of iAs and MMA are
shorter than that of DMA*****, The sampling times of the
sum of iAs, MMA, and DMA were proposed to be at the
end of the workweek by ACGIH and after several shifts
by DFG. Therefore, the urinary sampling time of the sum
of iAs and MMA should be applied to the end of the
workshift.
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