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Abstract

Exposure to arsenic (As), cadmium (Cd), and lead (Pb) may generate oxidative stress, which can be assessed
by 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-0xodG) in urine, a sensitive marker of oxidatively damaged DNA. We
have evaluated oxidative stress induced by chronic mixed exposure to As, Cd, and Pb, as well as the influence of As
metabolism and nutritional status, i.e., levels of ferritin (Ft), selenium (Se), zinc (Zn), and manganese (Mn) and
body weight. 8-OxodG was measured in urine from 212 women in early pregnancy from Matlab, in rural
Bangladesh, using LC-MS/MS. Cd and Pb were analyzed in urine and erythrocytes, and Se, Mn, and Zn were
analyzed in erythrocytes, all by ICPMS. As and As metabolites were analyzed in urine by HPLC-ICPMS. Ferritin
was analyzed in plasma by radioimmunoassay. The median concentration of 8-0xodG was 8.3 nmol/L (adjusted for
specific gravity), range 1.2—43, corresponding to a median of 4.7 ug/g creatinine, range 1.8-32. 8-OxodG was
positively associated with urinary Cd (f = 0.32, p <0.001), urinary As (f = 0.0007, p = 0.001), the fraction of the
monomethylated arsenic metabolite in urine (f = 0.0026, p = 0.004), and plasma Ft (f = 0.20, p <0.001). A joint
effect was seen for urinary Cd and As, but whether this effect was additive or multiplicative was difficult to discern.
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Arsenic (As), cadmium (Cd), and lead (Pb) are among the most commonly encountered toxic metals for



humans after environmental or dietary exposure. Inorganic As exposure often occurs via drinking water, but also via
certain foods, whereas Cd and Pb exposure mainly comes from food. The consequences of long-term exposures may
be extensive, especially for fetuses and young children, who often are particularly susceptible to toxic insult [1] As,
Cd, and Pb are known to generate reactive oxygen species (ROS)' [2]. An excessive rise in ROS production due to
insufficient antioxidant defense or exposure to exogenous pro-oxidants may lead to pathological effects at the
cellular and organ levels. Indeed, As- and Cd-induced ROS have been suggested as a mechanism for carcinogenesis
[3,4]. Mixed exposure to ROS-generating substances may produce additive or multiplicative effects on oxidative
stress levels [5].

One of the major ROS-induced DNA base-modified products, 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-
oxodQ@), is a sensitive marker of oxidatively damaged DNA. Associations with increased urinary 8-oxodG
concentrations have been seen mainly for As [6—12]. Arsenic is metabolized via methylation. A high fraction of the
monomethylated As metabolite methylarsonic acid (MMA) in urine, which is a susceptibility factor for As-induced
toxicity, including carcinogenicity, has been linked to high concentrations of 8-0xodG in urine [7,13,11]. An
association between Cd in urine and 8-oxodG was reported by Ketelslegers et al. [14], but not by De Coster et al.
[15]. There seems to be no information linking Pb exposure with urinary 8-oxodG.

Enzymes involved in antioxidative defense or DNA repair may change the effects of these elements.
Selenium (Se), zinc (Zn), and manganese (Mn) are necessary for the function of a number of antioxidant/DNA
repair enzymes, €.g., Se as a component in glutathione peroxidase that protects against oxidative stress, Zn as a
component in enzymes maintaining DNA integrity, and Mn as a cofactor in the antioxidant enzyme Mn superoxide
dismutase.

We report on a population-based cohort study, evaluating the impact of concurrent As, Cd, and Pb exposure
on 8-0xodG concentrations in early pregnancy, as well as the effects of As metabolism efficiency. This study was
carried out in rural Bangladesh, where the exposure to As in drinking water from tube wells is a major public health
problem and where we have previously shown that pregnant women were exposed to a wide range of As
concentrations in the water [16]. People in the study area are also exposed to Cd, mainly through elevated levels in
rice, the main staple food [17,18], and to some extent also to Pb, also via rice, at least partly (Bergkvist C et al.,
unpublished data in “Assessment of early life lead exposure in rural Bangladesh”, 2010). Because the toxicity of
both As and Cd may be influenced by nutritional status, and malnutrition is prevalent in the area [18,19], we have
also evaluated the effects of As, Cd, and Pb considering nutritional status, as measured by body weight and levels of

Se, Zn, Mn, and Fe (using plasma ferritin as a biomarker of iron status).

<H1>Material and methods
<H2>Study area and population

This population-based cross-sectional study was nested into a large food and micronutrient supplementation
trial (Maternal and Infant Nutrition Interventions of Matlab, or MINIMat) among pregnant women in Matlab, a rural
area 53 km southeast of Dhaka, Bangladesh. In this area, the International Centre for Diarrhoeal Disease Research,

Bangladesh (ICDDR,B) is running a large-scale health and demographic surveillance system that is updated monthly



with the help of community health workers visiting all families in the area. All women living within the coverage
area of ICDDR,B who became pregnant between November 2001 and October 2003 were invited to participate in
the MINIMat. From the 2119 women who were enrolled during January 2002 to December 2002, 500 women were
randomly chosen. In total, 440 of the 500 women donated a urine specimen and 408 provided a blood sample in
early pregnancy (described in [20]). Of the 408 blood samples, 220 were randomly selected for measurements of 8-
0x0dG in the present study. Urine for 8-0xodG, Cd, and As analyses was sampled in gestational week (GW) 8
(range 1-15 weeks) and blood/plasma for Cd, Ft, Mn, Pb, Se, and Zn in GW 14 (range 9-20 weeks). Pb was also
analyzed in urine sampled at the same time as the blood.

Information on age, body weight, and BMI in GW 8, as well as parity and socioeconomic status, was
available. Socioeconomic status was defined in terms of an asset score, relevant for rural settings. The asset score
was generated through principal component analysis [21], standardized in relation to a standard normal distribution

with a mean of 0 and a standard deviation of 1. None of the women were smokers.

<H2>Arsenic analysis

Exposure to inorganic arsenic was assessed by concentrations of As metabolites in urine (U-As) measured as
the sum of inorganic arsenic (iAs) and the main methylated metabolites MMA and dimethylarsinic acid (DMA).
Speciation of As metabolites in urine was performed using high-pressure liquid chromatography online with hydride
generation and inductively coupled plasma mass spectrometry (ICPMS; Agilent 1100 Series System; Agilent
7500ce; Agilent Technologies, Santa Clara, CA, USA) employing adequate quality control [22,23]. To compensate
for variations in dilution of urine, concentrations were adjusted to the mean specific gravity of 1.012 g/ml, measured

by a hand refractometer (Atago, Japan).

<H2>Multielement analyses

Cd and Pb were analyzed in both blood and urine. For Cd, blood is a biomarker for both short-term exposure
(half-life is a couple of months) and long-term retention (half-life is up to several decades), whereas Cd in urine is a
biomarker for long-term retention only. Pb in blood has at least two compartments and reflects a combination of the
exposure during the past months and several years back in time [24]. Because of the relatively young population, the
Cd and Pb in blood probably mainly reflect short-term exposure. Pb in urine is closely associated with the
concentration in blood.

Metals in urine, Cd (U-Cd) and Pb, were measured using ICPMS (Agilent 7500ce; Agilent Technologies)
with a collision/reaction cell system, autosampler (Cetac ASX-510), integrated sample introduction system, and a
MicroMist nebulizer in quartz [17,18]. Concentrations were adjusted to the mean specific gravity (1.012 g/ml).
Fewer individuals (around 170-175 for each element) were analyzed for elements in erythrocytes, because of an
insufficient amount of blood. Erythrocyte element concentrations were measured by ICPMS after digestion using a
microwave-assisted high-temperature/high-pressure acid digestion system (Milestone UltraCLAVE II; EMLS,
Leutkirch, Germany) as described in more detail elsewhere [18]. Reference material analyses for Cd are described in

Kippler et al. [17]. For Pb quality control purposes (Bergkvist C. et al., unpublished data, 2010), two commercial



control materials were analyzed for blood (Seronorm trace elements whole blood L-1, Ref. 201505, Lot MR4206,
and Seronorm trace elements whole blood L-2, Ref. 201605, Lot 0503109) and for urine, Seronorm trace elements
urine, Ref. 201205, Lot NO2525 was used. The mean lead concentrations and standard deviations (mean + SD) in
the control materials were 24.8 = 0.8 pg/L (n = 22; analytical value 27.6 = 1.4 pg/L; Lot MR4206), 366 = 6 pg/L (n
= 22; analytical value 393 + 21 pg/L; Lot 0503109), and 80 + 1.6 ug/L (n = 16; analytical value 91.1 £ 7.0 ng/L; Lot
NO2525). In general, the obtained results showed a good agreement with the analytical values.

Plasma ferritin (P-Ft) was measured using a radioimmunoassay as described previously [17,19].

<H2>8-Oxo0dG analysis

Concentrations of 8-0xodG in urine were measured using liquid chromatography tandem mass spectrometry
(LC-MS/MS), with prior purification using solid-phase extraction [7,25]. Oasis HLB columns, 1 cc, 30 mg (Waters,
Milford, MA, USA), were used for the solid-phase extraction. Analysis of the samples was performed using LC—
MS/MS with electrospray ionization (API 3000; Applied Biosystems, Foster City, CA, USA) coupled to a liquid
chromatography system from Perkin—Elmer (Norwalk, CT, USA). All samples were above the limit of detection (0.5
nmol/L). All data acquisition and processing were performed using the Analyst 1.4.2 software (Applied
Biosystems). The samples were prepared and analyzed in duplicates in two different analytical sample sets on
different days and the interassay coefficient of variance for these was 7%. Also, two internal controls were included
in each run (unadjusted mean concentrations 4.2 and 13.1 nmol/L) and the coefficients of variance for these controls
were 11.5 and 8.9%, respectively. Concentrations were adjusted to the mean specific gravity (1.012 g/ml). To make
comparisons of levels of 8-0xodG in this population with 8-0xodG levels in other studies, the data were also
corrected by urinary creatinine, where the ratio of 8-0xodG (ug/L) to creatinine content (g/L) was evaluated as a
complement to the adjustments for mean specific gravity. Creatinine adjusted values are used only for descriptive
data comparing levels of 8-0xodG with other studies; we have done no other statistical analyses using creatinine

adjusted values. The creatinine levels were analyzed using an enzymatic method described by Mazzachi et al. [26].

<H2>Statistical analysis

To analyze the associations between elements or Ft and 8-0xodG, a univariate analysis was run for each
element/Ft, with natural-log-transformed 8-0xodG as the dependent variable. 8-OxodG, P-Ft, and U-Cd were natural
log transformed to normalize its distribution. For As and its metabolites, Cd, and Pb, two multivariate analyses were
performed: first, an analysis with adjustments for influential covariates (potentially influential covariates were GW,
age, parity, and asset score) and second, a multivariate analysis with adjustments for influential covariates as well as
for markers of nutritional status (B-Zn, B-Se, B-Mn, P-Ft, and the most influential of body weight or body mass
index (BMI)). Covariates were included if they demonstrated a p value of <0.2 in the univariate analyses with 8-
oxodG (natural log transformed) as the dependent variable. Finally, we simultaneously evaluated the impact of the
elements/Ft that were significantly associated with 8-oxodG.

Additionally, when evaluating the effect of U-As on 8-0xodG concentrations, we stratified for %oMMA

(below/above median) to evaluate the U-As effect among different metabolism efficiency strata.



We evaluated the joint effect of the elements two by two (all elements were evaluated in combinations, the
combination of Cd and As is given here as an example) by dichotomizing each element into two groups (above and
below the median concentration). Then, the dichotomized groups were combined for two elements into a variable
with four groups (e.g., group 1, individuals that were below the median for Cd and below the median for As; group
2, below the median for Cd and above the median for As; group 3, above the median for Cd and below the median
for As; group 4, above the median for Cd and above the median for As) and ANOVA was performed. P-Ft was
dichotomized according to the levels for deficiency (<20 pg/L) instead of the median value.

All statistical analyses were performed using SPSS (version 15; SPSS, Chicago, IL, USA).

<H1>Results
<H2>Study participant characteristics

Descriptive data of the women as well as their As metabolite values and biomarker concentrations (in
erythrocytes, plasma, and urine) are shown in Table 1. In total, 212 women had valid 8-oxodG concentrations; there
was not enough urine left in the sample from one woman, and samples from seven women were excluded because
their duplicate samples demonstrated >20% difference in mean values of 8-0xodG, despite reanalysis. The median
8-0x0dG concentration, adjusted to the average specific gravity of 1.012 g/ml, was 8.3 nmol/L (range 1.243
nmol/L), corresponding to 4.7 pg/g creatinine (range 1.8-32 pg/g creatinine).

<H2>Metal exposure, nutrition, and 8-oxodG

U-Cd was strongly associated with 8-0xodG concentrations (Fig. 1, Table 2). There was no effect of B-Cd on
8-0x0dG concentrations (Table 2), despite the fact that U-Cd and B-Cd were strongly correlated (r; = 0.50). Also U-
As (Fig. 2) and %MMA were associated with 8-0xodG concentrations (Table 2), although the effect of %MMA
disappeared when adjustments were made for nutritional factors. No significant associations between 8-oxodG and
Pb in blood or in urine were seen (Table 2).

When evaluating the impact of U-As on 8-0xodG concentrations among different metabolism efficiency
strata, the strongest effect on 8-0xodG was found for individuals within the high %MMA stratum (median %MMA
13%, range 10-22%, median U-As 170 pg/L, range 22—-1216 pg/L), in which the association between U-As and 8-
oxodG was significant, whereas it was nonsignificant in the low %MMA stratum (median %MMA 7.9%, range 0—
10%; median U-As 65 pg/L, range 10-538 pg/L). A difference in the impact of U-As on 8-0xodG for the high and
low %MMA groups was also seen within the same U-As range: among individuals with U-As < 538 pg/L (the range
for low %MMA), the group with higher %MMA demonstrated § = 0.001, p= 0.051, whereas the group with lower
%MMA demonstrated = 0.0001 and p = 0.73.

Among the potential covariates, age ( = 0.01, p=0.11) and GW ( =-0.027, p = 0.13) had p values below
0.2 in the univariate analysis and were included in the multivariate analysis. Among the nutritional factors measured,
body weight (p = 0.07) had a stronger association with 8-oxodG than BMI (p = 0.31). P-Ft was positively associated
with 8-oxodG (Table 2). B-Zn was positively, though weakly, associated with 8-oxodG concentration (p = 0.080),

whereas no clear effects of B-Se or B-Mn were seen.



When simultaneously evaluating the elements/Ft that were associated with 8-oxodG (U-Cd, U-As, and P-Ft),
a statistically significant effect was still seen for all elements/Ft. After adjustments were made for covariates and
nutritional factors, U-Cd (p = 0.32, p <0.001) and P-Ft (B = 0.22, p <0.001) were still strongly associated with 8-
oxodG, whereas the effect of U-As became weaker ( = 0.0004, p = 0.056).

<H2>Effects of combined exposures

The analyses of combinations of elements/Ft in groups of lower and higher concentrations (low/high defined
as relative to median concentrations of all study individuals) showed that the effects of neither U-Cd nor U-As
seemed to be the result of the correlation with each other (Ry = 0.22; Fig. 3, p < 0.001). At these exposure levels, it
was difficult to discern whether the effect was additive or multiplicative (Fig. 3, the median concentrations of 8-
0xodG for each exposure group are given in the figure legend). The median 8-0xodG in the group with high U-As
and high U-Cd was 10.2 nmol/L. If assuming an additive model, the group with higher U-Cd and higher U-As
would have an expected 8-0xodG concentration of 10.2 nmol/L (6.5 + (7.7 — 6.5) + (9.6 — 6.5) = 10.8). If assuming
a multiplicative model, the group with higher U-Cd and higher U-As would have an 8-0xodG concentration of 10.2
nmol/L (6.5 x (7.7/6.5) x (9.6/6.5) = 11.4).

The influence of age was further investigated, because both age (weakly) and Cd (strongly) were associated
with 8-0xodG concentration and Cd and age were correlated as well. Age was divided into four groups (<20, 20-25,
25-30, and >30 years). Univariate analyses were performed between U-Cd and 8-0xodG, age and 8-0xodG, and age
and U-Cd, within each age stratum. The association between U-Cd and 8-oxodG was strongly significant in all age
groups (p values ranged between <0.001 and 0.008 and B ranged between 0.26 and 0.32), whereas neither the
association between age and 8-0xodG nor that between age and U-Cd was significant in any of the age groups.

In the analyses of other element/Ft combinations than the ones mentioned above (all combinations were

tested), no statistically significant results were found.

<H1>Discussion

Chronic exposure to As and, in particular, Cd strongly increased urinary 8-oxodG concentrations in a dose-
dependent manner in the rural Bangladeshi women studied. We observed no effect of Pb exposure; however, the
exposure to Pb was fairly modest. Consistent with previous reports, P-Ft (a biomarker of Fe status) was positively
associated with increased concentration of 8-0xodG. Inefficient methylation of As, as measured by a high fraction of
MMA in urine, seemed to be a susceptibility factor for As-induced 8-oxodG.

One of the major strengths of this study is that samples were obtained reflecting wide ranges of Cd and As
exposure, as well as the variation in nutritional status; about one-third of the women had a BMI below 18.5 kg/m”.
Furthermore, this female population is homogeneous for several factors that may potentially influence 8-oxodG
concentrations, i.e., there were no smokers [27], no alcohol consumption, and minor exposure to pollution from
automobile exhaust and industries. The biomarkers studied in blood and urine are considered relevant biomarkers
for exposure to As, Cd, and Pb, as well as for Se, Mn, Fe, and Zn status. There was a difference in sampling time of

urine analyzed for Cd, As, and 8-0xodG (week 8) and sampling of blood and urine analyzed for the other elements



(week 14), although the time periods overlapped. This does not represent a problem because the concentrations of
Cd and Pb in blood cells have a half-life of a couple of months, longer in subjects who have a long-term exposure.
Hence, the blood levels should not be markedly affected by a difference in sampling time of 5-6 weeks in subjects
with exposure via drinking water and food, which is likely to be fairly stable.

U-Cd showed the strongest association with 8-oxodG, with a clear dose—effect relationship. B-Cd and U-Cd
were strongly positively correlated, but no similar association between B-Cd and 8-oxodG was found. The probable
reason for this is that oxidatively damaged DNA is an effect of long-term Cd retention, as reflected by U-Cd, rather
than short-term exposure, which is mainly reflected by B-Cd. The induction of oxidative stress by Cd can be
interpreted by its inhibitory effects on antioxidant enzymes such as catalase and superoxide dismutase or depletion
of glutathione (reviewed in Beyersmann and Hartwig [2] and Joseph [28]).

Despite the wide range of As exposure, with U-As concentrations up to 1200 pg/L, and the known pro-
oxidative effects of As, the association of 8-0xodG with U-As was weaker than that with the moderate Cd exposure.
8-Ox0dG may not be as sensitive a biomarker for As-induced oxidative stress as it is for Cd-induced oxidative
stress. We have previously demonstrated that the efficiency of As metabolism via methylation influences the urinary
concentrations of 8-0xodG in Andean Argentinean women [7]. The positive association between 8-0xodG and
%MMA in urine in both studies provides further supporting evidence that a low capacity for arsenic methylation to
DMA via one-carbon metabolism is associated with an increased risk of oxidative damage, which in turn may lead
to malignant transformation [29-31] and other toxic effects, e.g., preeclampsia and negative pregnancy outcomes
[32]. The diminished effect of % MMA after adjustments for nutritional factors is probably due to a reduced number
of individuals with data on essential elements, excluding a large number of individuals with higher fraction of
MMA. The percentage of MMA formed is largely influenced by genetic factors, in particular AS3MT
polymorphisms [23,33-35]. The results for the combination of Cd and As exposure were not conclusive for
determination of an additive or multiplicative effect on 8-oxodG levels.

It is rather unexpected that Pb, which can generate free radicals by itself and inhibit DNA damage repair [2],
was not associated with urinary 8-oxodG. However, the Pb concentrations were fairly low in this population, and 8-
oxodG may not be a sensitive marker of Pb-related oxidative stress.

P-Ft was clearly positively associated with 8-0xodG, consistent with the findings of previous studies [36,37].
P-Ft reflects the levels of ferritin in the liver that regulate the uptake of iron in the intestine [38]. Iron can cause
oxidative stress by generating hydroxyl radicals via Fenton chemistry, which can oxidize lipids, proteins, and DNA.

The 8-0x0dG concentrations can vary because of the analysis methods used; ELISA especially has been
shown to overestimate 8-0xodG levels, whereas mass spectrometric techniques seem to be more robust [39,40]. The
8-0x0dG concentrations determined were twice as high in this study compared to our previous study population
from the Andes part of Argentina, employing the same LC-MS/MS method for analysis [7]. In the Andes, the
population studied had a higher average exposure to As, lived at a high altitude (3800 m above sea level), and had a
low consumption of fruit and vegetables, all factors that have been associated with higher oxidative stress [41-43].
However, the lower levels of 8-0xodG in the Andean population may depend on a more efficient metabolism of As

in the population from Argentina [44], with lower %MMA in urine than in this study, or on genetic factors [23].



Furthermore, the women from Argentina were not pregnant, which probably reduces the oxidative stress levels.
Pregnancy induces a state of oxidative stress, as a result of increased metabolic activity in the placental
mitochondria [45]. There is a physiological increase in the production of ROS as early as the first trimester [46,47].
In this study, we could not decipher the effects of pregnancy, because all the women were pregnant.

The results from this study demonstrate that among these malnourished women with low antioxidant levels
[19] there is a background of oxidative stress, partly from iron exposure. The combined chronic high-level exposure
to several toxic metals in this population may result in a too-high body burden of oxidative stress with subsequent
adverse toxic effects. Although it is evident that different environmental exposures result in increased levels of 8-
oxodG [48], the relationship between urinary 8-oxodG and future health risks, such as cancer or adverse pregnancy
outcomes, is not well characterized. A Danish prospective study on urinary 8-0xodG and lung cancer indicated a
higher risk for cancer among nonsmokers with higher urinary 8-oxodG excretion. However, this was based on few

individuals [49].

<H1>Conclusion

The strong positive association between U-Cd and urinary 8-0xodG suggests specific mechanisms for Cd-
induced oxidatively damaged DNA. The influence of As exposure and Ft concentrations on 8-0xodG concentrations
were verified in this study. The clinical effects of the increased body burden of oxidatively damaged DNA requires

further investigation in this population of pregnant women.
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Fig. 1. Scatterplot of the association between urinary cadmium (natural log transformed) and concentration of 8-
oxodG (natural log transformed).

Fig. 2. Scatterplot of the association between total urinary arsenic and concentration of 8-0xodG (natural log
transformed).

Fig. 3. Boxplots depicting 8-oxodG (natural log transformed) for the combination groups of U-Cd (urinary
cadmium) and U-As (total urinary arsenic). The median untransformed 8-oxodG values for each combination group

were the following (from the left): 6.5, 7.7, 9.6, and 10.2 nmol/L.
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Table 1

Descriptive information on the women® studied including concentrations of elements in urine (U), erythrocytes (B),

and plasma (P)

Variable N Median 10th/90th percentile
U-Cd (ug/L)° 212 0.58 0.23-1.5
B-Cd (ng/kg) 175 1.2 0.64-2.4
U-Pb (ug/L) 179 3.6 1.9-7.3
B-Pb (ug/kg) 175 79 48-150
U-As (ug/L)° 211 100 17-380
iAs (%) 211 14 7.3-23
MMA (%) 211 10 5.2-16
DMA (%) 211 75 62-85
Age (years) 212 27 19-35
Parity 212 1 0-3
Height (cm) 212 150 140-160
GW (week) 211 8.1 5.6-11
BMI (kg/m?) 210 19 17-23
Weight (kg) 210 44 37-53
B-Se (ng/kg) 175 200 160-250
B-Zn (pg/kg) 175 9,700 7,800-120,000
P-Ft (ug/L) 168 28 11-66
B-Mn (pg/kg) 175 22 16-33
8-0x0dG (ug/L)" 212 8.2 3.9-16

*Only individuals with valid 8-0xodG data are included.
®Adjusted for specific weight (1.012).
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