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Abstract Inorganic arsenic (i-As) is a non-threshold
human carcinogen that has been associated with several
adverse health outcomes. Exposure to i-As is of particular
concern among pregnant women, infants and children, as
they are specifically vulnerable to the adverse health effects
of i-As, and in utero and early-life exposure, even low to
moderate levels of i-As, may have a marked effect
throughout the lifespan. Ion chromatography-mass spec-
trometry detection (IC-ICP-MS) was used to analyse uri-
nary arsenic speciation, as an exposure biomarker, in
samples of 4-year-old children with relatively low-level
arsenic exposure living in different regions in Spain
including Asturias, Gipuzkoa, Sabadell and Valencia. The
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profile of arsenic metabolites in urine was also determined
in samples taken during pregnancy (lst trimester) and in
the children from Valencia of 7 years old. The median of
the main arsenic species found in the 4-year-old children
was 9.71 pg/l (arsenobetaine—AsB), 3.97 ng/l (dimethy-
larsinic acid—DMA), 0.44 pg/l (monomethylarsonic
acid—MMA) and 0.35 pg/l (i-As). Statistically significant
differences were found in urinary AsB, MMA and i-As
according to the study regions in the 4-year-old, and also in
DMA among pregnant women and their children. Spear-
man’s correlation coefficient among urinary arsenic
metabolites was calculated, and, in general, a strong
methylation capacity to methylate i-As to MMA was
observed.

Keywords Arsenic speciation - Children - Pregnant
women - Biomarker - Urinary metabolites - Inorganic
arsenic

Introduction

Arsenic (As) is a ubiquitous metalloid that is found in both
inorganic arsenic (i-As) and organic forms, which can
readily cross the placenta leading to foetal exposure
(Concha et al. 1998; Vahter 2009; Davis et al. 2014).
Organic As, including arsenobetaine (AsB), arsenosugars
and arsenolipids, are often found in fish and seafood and
considered relatively non-toxic (Navas-Acien et al. 2011),
while i-As, mainly found as arsenite and arsenate, has been
classified as a group I, non-threshold, human carcinogen
(IARC 2004). Other health effects have also been attributed
to i-As exposure such as neurological, cardiovascular,
respiratory and metabolic diseases. Exposure to i-As is of
particular concern among pregnant women, infants and

@ Springer


http://orcid.org/0000-0003-4898-2480
http://crossmark.crossref.org/dialog/?doi=10.1007/s12403-016-0225-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12403-016-0225-7&amp;domain=pdf

106

A. J. Signes-Pastor et al.

children, as they are specifically vulnerable to the adverse
health effects of i-As, and in utero and early-life exposure,
even low to moderate levels of i-As, may have a marked
effect throughout the lifespan (Farzan et al. 2013; Davis
et al. 2014; Farzan et al. 2015; Gilbert-Diamond et al.
2016; Sanchez et al. 2016). However, further research on
links between dietary factors and biomarkers of As is
required from areas with relatively low-As exposure (Far-
zan et al. 2013; Kordas et al. 2016).

Rice, is by far, the main dietary sources of i-As, when
low i-As drinking water is available (Sohn 2014; Kippler
et al. 2016). The higher levels of i-As in rice compared to
other crops are due to anaerobic paddy field culture, which
renders i-As highly available for rice plant uptake (Meharg
and Zhao 2012). Significantly high levels of i-As have also
been found in rice-based products widely consumed by
infants and young children (Signes-Pastor et al. 2016b),
which have been categorised as a particular sub-population
that is more highly exposed to i-As due to higher food
consumption rates on a body weight basis than adults
(EFSA 2009). Urinary As excretion is a biomarker of the
dietary As exposure and a significant increase in urinary As
levels has been reported for adults, pregnant women,
infants and children after rice consumption (Cascio et al.
2011; Gilbert-Diamond et al. 2011; Davis et al. 2012;
Meharg et al. 2014; Karagas et al. 2016).

In this study, urinary As metabolites were analysed by
ion chromatography with inductively coupled plasma—
mass spectrometric detection (IC-ICP-MS) and their rela-
tionship was evaluated in a study population of 4-year-old
children from Spain living in Asturias, Gipuzkoa, Sabadell
and Valencia (Fig. 1). The differences in As species con-
centration in 4-year-old children’s urine samples due to sex
and living region were explored. Furthermore, As species
and their relationship was studied in urinary samples of
pregnant women—children pairs from Valencia, urinary
samples of which were collected and evaluated in 4- and
7-year-olds. Likewise, the differences in As species

France
1 Asturias
2" Gipuzkoa

3 Sabadell

Portugal

4 Valencia

Fig. 1 Geographical location of the cohorts in Spain included in this
study
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concentrations in urinary samples from pregnant women
and their children of 4 and 7 years old were explored.

Materials and Methods
Study Population

The population included in the study are mother—child
pairs participants in the INMA—INfancia y Medio Ambi-
ente—Environment and Childhood project, a prospective
population-based birth cohort study conducted in several
areas of Spain, www.proyectoinma.org (Guxens et al.
2012). Women were recruited at the beginning of their
pregnancy (2003-2006) and were followed up until deliv-
ery (n = 2625). Their children were enrolled at birth and
were followed up during infancy. In this study, a subset of
100 urinary samples from 4-year-old children were ran-
domly (evenly distributed between boys and girls) selected
from each study area: Asturias, Gipuzkoa, Sabadell and
Valencia. Additionally, urinary samples of the same chil-
dren from the Valencia cohort were selected at 7 years
(n = 100) and paired with urinary samples of their mother
at 1st trimester of pregnancy (n = 100).

Most of the participants in the study here were living in
urban (81 %) and semiurban areas (16 %) and only 3 %
were living in rural locations. 4-year-old children had a
median BMI of 15.99 ranging from 11.52 to 24.99. The
median age of the pregnant women was 31 ranging from 21
to 43 years old and 96 % of them have Spanish nationality.

Sample Preparation

The urine samples were stored at or below —20 °C until
analysed. Urinary samples were centrifuged with a Sorvall
Legend RT at 4500 g and diluted as appropriate before
transferring a 1 ml aliquot to a 2-ml polypropylene vial with
10 pl of analytical grade hydrogen peroxide to convert any
arsenite to arsenate to facilitate subsequent chromatographic
detection. The urine samples were analysed in different bat-
ches including blanks and replicate samples of the certified
reference material (CRM) ClinChek®—Control level I. Uri-
nary samples were normalised for urine dilution using specific
gravity measured with a clinical refractometer. Specific
gravity measurement is suggested to normalise urine dilutions
since urine creatinine may vary with As-related kidney
effects, age and other factors (Carlin et al. 2015).

Chemical Analyses
A Thermo Scientific IC5000 ion chromatography system,

with a Thermo AS7, 2 x 250 mm column and a Thermo
AG7, 2 x 50 mm guard column interfaced with a Thermo
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ICAP Q ICP-MS in collision cell mode was used to
determine As speciation in urinary samples. A linear gra-
dient mobile phase was carried out over 15 min starting at
100 % mobile phase of 20 mM ammonium carbonate and
finishing at 100 % mobile phase of 200 mM ammonium
carbonate. Authentic standards of AsB, DMA, tetrat-
methylarsonium, MMA and i-As were compared with the
resulting chromatogram. DMA concentration series were
used to calibrate the As present under each chromato-
graphic peak.

Statistical Analyses

A descriptive of the different As species was first performed.
A Kruskal-Wallis non-parametric test was used to determine
any significant differences in the As species levels between
groups according to region, sex and population category
(pregnant women, 4- and 7-year-old children). Spearman’s
correlation coefficient (Rho) was determined to evaluate the
relationship among As species logarithm concentration
(logy0), and the LOESS (local regression) method was used
for non-linear regression smoothing. All statistical analyses
and plots were performed using the R Statistical Software (R
Core Team 2014). The limit of detection (LOD) was calcu-
lated as the mean of the blank concentrations plus three times
the standard deviation of the blank concentrations multiplied
by the dilution factor. The %> LOD value was assigned for
statistical analyses of the data when samples were below the
LOD.

Results
CRM Recoveries

The mean £ SE concentration and recovery, calculated
using the mean certified values, of the As species found in
the urine CRM ClinChek®—Control level I, based on
N = 33, were as follows: 5.27 + 0.09 pg/l and 115 £ 2 %
for i-As, 2.44 £ 0.04 pg/l and 97 =2 % for MMA,
9.19 £0.17 pg/l and 94 +2% for DMA and
15.17 & 0.25 pg/l and 90 + 2 % for AsB. The mean and
range concentrations of the As species certified in the urine
CRM ClinChek®—Control level I are as follows: 4.55
(2.73-6.37) pg/l for i-As, 2.50 (1.50-3.50) pg/l for MMA,
9.80 (5.88-13.7) pg/l for DMA and 16.8 (12.6-21.0) pg/l
for AsB. The limit of detection (LOD) for As speciation,
calculated from DMA calibration, was 0.011 pg/l.

4-Year-Old Children

The main arsenic species in urine samples of 4-year-old
children from Spain were AsB, DMA, MMA and i-As. AsB

was predominant with median of 9.71 pg/l and inter-
quartile range (IQR) from 2.58 to 34.92 ng/l followed by
DMA (median: 3.97 pg/l and IQR: 2.06-6.20 pg/l), MMA
(median: 0.44 pg/l and IQR: 0.25-0.69 pg/l) and i-As
(median: 0.35 pg/l and IQR: 0.21-0.56 pg/l). There were
no significant statistical differences in As species concen-
tration between 4-year-old boys and girls. Statistically
significant differences were observed for AsB, MMA and
i-As according to the study area at 4-year-old. Children
living in Gipuzkoa had the lowest i-As concentration with a
median of 0.22 pg/l and IQR from 0.13 to 0.37 pg/l
(p < 0.001), whereas they had the highest concentration of
MMA (median: 0.52 pg/l and IQR: 0.37-0.79 pg/l;
p <0.001) and AsB (median: 16.32 pg/l and IQR:
6.25-54.64 pg/l; p < 0.001). The region of origin did not
affect DMA concentration in the urine samples of 4-year-
old children (p = 0.131) (Table 1).

Spearman correlation between logiy i-As and logjq
MMA concentration in urine samples showed very strong
correlation in Asturias (Rho = 0.809), strong correlation in
Gipuzkoa (Rho = 0.747) and Valencia (Rho = 0.765) and
moderate correlation in Sabadell (Rho = 0.571). A strong
correlation was found between log;( i-As and log;o DMA
in samples from Valencia (Rho = 0.607) compared to the
other regions that had a moderate correlation with a
Spearman coefficient ranging from 0.491 to 0.511. There
was a strong correlation between log;o MMA and log;o
DMA in samples from Asturias (Rho = 0.707), Sabadell
(Rho = 0.651) and Valencia (Rho = 0.666) compared to a
moderate one in Gipuzkoa (Rho = 0.520). A moderate
correlation was found in urine samples from all regions
between log;y AsB and log;) DMA. There were no sig-
nificant correlations in log,y AsB versus log;y i-As and
logio AsB versus log;go MMA in Gipuzkoa, Sabadell and
Valencia; on the contrary, a moderate correlation was
shown between those urinary As metabolites in samples
from Asturias (Fig. 2).

Pregnant Women-Children of 4- and 7-Year-Old
Pairs

DMA concentration was higher in urine samples of preg-
nant women (median: 5.69 pg/l and IQR: 2.93-10.89 pg/l;
p < 0.003) than in the urine samples of their children of 4
and 7 years old. There were no statistically significant
differences in AsB, MMA and i-As concentration in urine
samples between pregnant women and their children of 4
and 7-years old (Table 1). The correlation between log;o
i-As and log;o MMA in 7-year-old children from Valencia
was high (Rho = 0.864), a bit lower when they were
4 years old (Rho = 0.765). The correlation between the
other As species was similar in urine samples from
Valencian children of 4 and 7 years old. A cluster of 6
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Table 1 Arsenic speciation (median [25-75 %ile]) in urinary pregnant women, 4-year-old and 7 year-old children samples from each cohort

study

Category N AsB (pg/l) DMA (pg/l) MMA (ng/) i-As (pg/l)
Children—4 years 400 9.71 (2.58-34.92)* 3.97 (2.06-6.20) 0.44 (0.25-0.69) 0.35 (0.21-0.56)
Girls—4-year-old 200 9.21 (2.44-28.25) 3.82 (1.85-6.13) 0.40 (0.24-0.69) 0.32 (0.21-0.57)
Boys—4-year-old 200 10.51 (2.89-40.41) 4.07 (1.85-6.27) 0.45 (0.25-0.70) 0.37 (0.21-0.56)
P value 0.778 0.376 0.568 0.796
Asturias—4-year—old 100 9.07 (1.68-25.31)° 3.76 (2.19-5.67) 0.35 (0.18-0.60)° 0.38 (0.25-0.54)*
Gipuzkoa—4-year-old 100 16.32 (6.25-54.64)" 4.23 (2.27-8.92) 0.52 (0.37-0.79)* 0.22 (0.13-0.37)°
Sabadell—4-year-old 100 5.72 (1.74-20.49)° 3.73 (1.62-5.45) 0.49 (0.25-0.84)™ 0.39 (0.23-0.65)*
Valencia—4-year-old 100 9.01 (2.43-48.78)™ 4.19 (2.34-6.39) 0.36 (0.22-0.60)° 0.44 (0.28-0.59)*
P-value <0.001 0.131 <0.001 <0.001
4-year-old-valencia 100 9.01 (2.43-48.78) 4.19 (2.34-6.39)° 0.36 (0.22-0.60) 0.44 (0.28-0.59)
7-year-old-valencia 100 6.81 (1.63-27.61) 4.14 (2.57-6.49)° 0.35 (0.22-0.50) 0.40 (0.23-0.57)
Pregnant women-valencia 100 11.96 (4.14-50.34) 5.69 (2.93-10.89)" 0.32 (0.19-0.63) 0.42 (0.27-0.62)

P-value

0.115

0.003

0.594

0.518

A Median (25-75 %ile); values with the same letters were not significantly different at p-value <0.05 for the variable studied

1. Asturias 4-year-old

2. Gipuzkoa 4-year-old

p-value <0.001

Rho = 0.497 Rho = 0.462 Rho=0.417 Rho = 0.576 Rho=0.111 Rho =0.193
Log,, AsB Log,, AsB

Z10 p-value <0.001 P-value = <0.001 P-value = <0.001 10 p-value <0.001 p-value = 0.268 p-value = 0.060

; Rho =0.701 Rho =0.511 = Rho = 0.520 Rho = 0.491
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Fig. 2 Correlation between arsenic species in urinary 4-year-old samples from each cohort study
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maternal urine samples with much higher levels of i-As,
ranging from 8.76 to 12.86 pg/l, was found, which affected
the correlation between log;q i-As and the other As species.
Despite this cluster of urine samples from pregnant women
with higher i-As levels, good correlation was found
between log;q i-As and log;o MMA (Rho = 0.559), which
was higher than that found in the 4- and 7-year-old children
urine samples when that cluster of samples was not
included in the Spearman correlation analysis
(Rho = 0.875). There was a moderate correlation between
log;o MMA and log;, DMA in pregnant women urine
samples (Rho = 0.529). A moderate correlation was also
found between log;y i-As and log;o DMA in pregnant
women urine samples when the cluster of samples with
high levels of i-As was not included in the Spearman
correlation analysis (Rho = 0.475), which was lower than
that found for the 4- and 7-year-old children (Fig. 3).

Discussion

Almost all pregnant women, 4- and 7-year-old children
urinary samples contained detectable (i.e. > LOD) AsB
(99, 100 and 100 %, respectively), MMA (95, 93 and
100 %, respectively), DMA (99, 98 and 100 %, respec-
tively) and i-As (100, 96 and 99 %, respectively). Since
seafood is the main source of AsB and the presence of this
organic As compound in the urine samples suggests that
seafood is in the diet of the pregnant women and children,
the consumption of which has been estimated to be
26.40 kg/person/year in Spain (Magrama 2015). AsB is
excreted unchanged in the urine, while arsenosugars and
arsenolipids, also found in seafood, are metabolised pre-
dominantly to DMA before being excreted (Choi et al.

1. Valencia 7-year-old

2010; Navas-Acien et al. 2011). Each autonomous regional
public health administration in Spain monitors the quality
of drinking water and there are no reported cases of con-
tamination with i-As in the geographical areas where this
study was carried out. Therefore, the i-As levels in drinking
water are assumed to be below the EU regulation—10 pg/l
(The Council of the European Union 1998). It is expected
that i-As exposure comes largely from foodstuffs such as
rice and rice-based products due to their high i-As content
and regular consumption by the Spanish population (Car-
bonell-Barrachina et al. 2012; Food and Authority 2014;
Meharg et al. 2014; Magrama 2015; Signes-Pastor et al.
2016a). The metabolism of i-As in the human body com-
prises a series of reduction and methylation reactions,
resulting in the formation of MMA (10-20 %) and DMA
(60-70 %), which are excreted in urine together with
unchanged i-As (10-30 %) (Vahter 2002). DMA is,
therefore, a metabolite that reflects exposure of both i-As
and organic compounds (Navas-Acien et al. 2011). DMA
may also be excreted in the urine unchanged after rice
consumption because significant levels of DMA have been
reported in rice from certain areas, including rice from
Spain (Meharg et al. 2009; Signes-Pastor et al. 2016a).
Indeed, 90 % of urinary As excretion after a rice diet
containing both i-As and DMA at a 1:1 ratio has been
reported to be DMA (Meharg et al. 2014). In general terms,
biomethylation is considered the major detoxification pro-
cess. However, the intermediate metabolites MMA™ and
DMA™ are highly toxic and considered to be toxic species
of ingested i-As (Bredfeldt et al. 2006; Lopez-Carrillo et al.
2014).

The sum of arsenic species concentration in urine
samples of pregnant women in their 1st trimester of preg-
nancy found here for the Valencia cohort was lower than

2. Valencia pregnant mothers

Rho = 0.481 Rho = 0.270 Rho = 0.248 Rho =0.457 Rho = 0.278 Rho =-0.030
Log,, AsB
210 p-value < 0.001 p-value = 0.004 p-value =0.013 Log;, AsB p-value <0.001 p-value =0.006 p-value = 0.766
Rho = 0.707 Rho = 0.684 Rho = 0.529 Rho =0.249
s, s Log,, DMA Log,, DMA
e e e p-value <0.001 p-value < 0.001 p-value < 0.001 p-value =0.012
Rho = 0.864 Rho = 0.559
Log,, MMA Log,, MMA
p-value < 0.001 s p-value < 0.001
Log,, i-As Log,, i-As

Fig. 3 Correlation between arsenic species in urinary pregnant women and 7-year-old children samples from Valencia
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the total As level reported previously for pregnant women
in their 1st trimester of pregnancy from the Sabadell
cohort, for whom seafood was identified as the main source
of As (Forns et al. 2014, 2014a, 2014b). However, the
urinary arsenic concentration (i-As + MMA + DMA) in
pregnant women, found in this study, was almost double
than that found in the urine of pregnant women in their 2nd
trimester of pregnancy living in the state of New Hamp-
shire in the US (Gilbert-Diamond et al. 2016). DMA
concentration in pregnant women was 1.4-fold higher than
that found in their children’s urinary samples of both 4- and
7-year-olds, which could be justified with a major exposure
to dietary DMA or due to the detoxification process, which
has been associated with a higher methylation capacity for
women in the early stages of pregnancy (Concha et al.
1998; Vahter 2009). The urinary summation of the As
species for 4- and 7-year-old children found in this study
was much higher compared to the median of total As
previously reported for 6- to 9-year-old children and 5- to
17-year-old children (1.17 and 1.72 pg/l, respectively)
living in the Southwest Spain (Huelva, Andalusia)
(Aguilera et al. 2010; Rodriguez-Barranco et al. 2016).
Children aged 5-8 years from Montevideo, Uruguay, with
low-level As exposure from drinking water (median of
0.45 pg/l), had urinary median i-As, MMA and DMA
values of 1.01, 0.95 and 7.9 pg/l, respectively (Kordas
et al. 2016), which are about double the concentration
found in this study. A similar level of urinary i-As to that
found here has been reported for native and immigrant
children aged 2 months—16 years living in Barcelona,
Spain (median 0.4 pg/l) (Pifol et al. 2015). There were no
significant differences in any of the urinary As metabolites
in relation to sex in keeping with previous studies that did
not find sex differences in total urinary As concentration
(Aguilera et al. 2010; Rodriguez-Barranco et al. 2016).
All 4-year-old children cohorts had strong methylation
capacity to methylate i-As to MMA, especially those from
Asturias, Gipuzkoa and Valencia that had 1.35-fold stron-
ger correlation coefficients on average between log;( i-As
and log;o MMA than that for those from Sabadell. The
correlation coefficients between log; i-As and log;o MMA
for 7-year-old children from Valencia were 1.13-fold
higher compared to themselves at 4-year-old, which may
suggest an increase of capacity to methylate i-As to MMA
with age. Indeed, the pregnant women had the highest
correlation coefficient between logq i-As and log;c MMA
when the cluster of samples with high levels of i-As was
not included in the calculations. Although lower capacity
to further methylate MMA to DMA is suggested by the
inferior correlation coefficient between log;o MMA and
log;o DMA compared to the coefficient between log; i-As
and log,;o MMA this is difficult to ascertain as both preg-
nant women and children may have been consuming

@ Springer

seafood, which may affect urinary DMA concentration as
implied with a moderate correlation coefficient found
between log;o AsB and log;o DMA. Children from Asturias
also had a moderate correlation between log;, AsB and
log;o MMA and between log;o AsB and log;, i-As. This
may indicate consumption of seafood products with sig-
nificant i-As concentration such as some species of brown
algae and bivalves (EFSA 2009; Amlund and Sloth 2011).

Conclusions

In this study, it is shown that AsB, DMA, MMA and i-As
are the main As metabolites in urine of pregnant women, 4-
and 7-year-old children living in Spain with low-level As
exposure from drinking water. Although further studies are
required to identify the main dietary sources of As for the
Spanish population, it is expected that seafood and rice
items contribute significantly to organic As and i-As
exposure, respectively. 4-year-old children from Asturias,
Sabadell and Valencia had higher urinary i-As than those
from Gipuzkoa. There were also significant differences in
urinary AsB and DMA among regions. The similar levels
of i-As found in urinary samples of pregnant women and
their children of 4 and 7 years old suggest a long-term
relatively low i-As dietary exposure. Correlation analyses
between urinary As metabolites show a strong ability to
methylate i-As to MMA, especially for pregnant women
and 7-year-old children.
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