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Abstract

In humans, early life exposure to inorganic arsenic is associated with adverse health effects. 

Inorganic arsenic in utero or in early postnatal life also produces adverse health effects in offspring 

of pregnant mice that consumed drinking water containing low part per billion levels of inorganic 

arsenic. Because aggregate exposure of pregnant mice to inorganic arsenic from both drinking 

water and food has not been fully evaluated in experimental studies, quantifying arsenic exposure 

of the developing mouse is problematic. Here, we determined levels of total arsenic and arsenic 

species in natural ingredient rodent diets that are composed of many plant and animal-derived 

foodstuffs and in a purified ingredient rodent diet that is composed of a more restricted mixture of 

foodstuffs. In natural ingredient diets, total arsenic levels ranged from ~60 to ~400 parts per 

billion, and in the purified ingredient diet, total arsenic level was 13 parts per billion. Inorganic 

arsenic was the predominant arsenic species in trifluoroacetic acid extracts of each diet. Various 

exposure scenarios were evaluated using information on inorganic arsenic levels in diet and 

drinking water and on daily food and water consumption of pregnant mice. In a scenario in which 

pregnant mice consumed drinking water with 10 parts per billion of inorganic arsenic and a natural 

ingredient diet containing 89 parts per billion of inorganic arsenic, drinking water contributed only 

~20% of inorganic arsenic intake. Quantitation of arsenic species in diets used in studies in which 

drinking water is the nominal source of arsenic exposure provides more accurate dosimetry and 

improves understanding of dose–response relations. Use of purified ingredient diets will minimize 
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the discrepancy between the target dosage level and the actual dosage level attained in utero 
exposure studies designed to evaluate effects of low level exposure to inorganic arsenic.

Graphical Abstract

INTRODUCTION

Epidemiological studies have identified inorganic arsenic (iAs) as a developmental toxicant 

and carcinogen. That is, exposure to iAs during early life can produce adverse health effects 

that may be manifested soon after exposure or later in life.1,2 Evidence of developmental 

toxicity and carcinogenicity of iAs in humans includes increased risk of cancer in later life,
3,4 diminished intrauterine growth and low birth weight,5–9 increased susceptibility to 

infections in early life,10,11 altered development of immune function,12 lower growth rates in 

early childhood,13 and altered maturation of lung function.14,15 In addition, 

neurodevelopmental and behavioral effects have been associated with early life iAs 

exposure.16–21 Notably, these epidemiological studies have examined outcomes in 

populations that used water supplies that typically contained iAs in the range of 10–1000 

parts per billion (ppb, μg As L–1). Scenarios for early life exposure to iAs are likely complex 

for individuals who manifest signs and symptoms attributable to iAs exposure and may 

include both in utero exposure to iAs and its methylated metabolites (derived from maternal 

or fetal metabolism) and postnatal exposure through ingestion and metabolism of iAs.

Studies demonstrating a range of adverse health effects of iAs exposure in developing 

humans have prompted studies of the developmental toxicity and carcinogenicity of iAs in 

animal models. The exemplar of such studies was evaluation of iAs as a transplacental 

carcinogen in the mouse. The adult offspring of mice that were exposed to 42.5 or 85 ppm 

(ppm, mg As L–1) of iAs (as arsenite) in drinking water between gestational days 8 and 18 

have increased tumor incidence in liver, adrenal cortex, ovary, and lung, indicating that a 

limited interval of exposure to iAs in utero was sufficient to increase cancer risk in later life.
22 Studies of effects of exposure restricted to the in utero period have been complemented by 

whole life exposure studies in which exposure of the offspring of iAs-exposed mice 
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continued postnatally. A comparison of tumor production in mice exposed only in utero or 

by whole life treatment found that, although both exposure regimens produced tumors, the 

sites and yields of tumors differed.23 Whole life exposure studies also found that continuous 

pre- and postnatal exposure to lower drinking water concentrations of arsenite (6–24 ppm of 

iAs) produced tumors in male and female mice.24 The tumorigenicity of iAs in a continuous 

exposure scenario has been evaluated at much lower drinking water concentrations.25 Here, 

female mice were exposed to 50–5000 ppb of iAs (as arsenite) in drinking water before and 

during gestation. After delivery, nursing dams and offspring were maintained on drinking 

water containing arsenite at the same level as received during pregnancy. At weaning, 

offspring of treated females continued to receive drinking water with arsenite at the same 

levels used during in utero and preweaning exposure. Whole life exposure to arsenite 

increased tumor occurrence in mice at 104 weeks of age. Significantly increased tumor 

numbers were found in lungs of male mice in the 50 and 500 ppb groups but not in the 5000 

ppb group. In female mice, lung adenoma yield was significantly increased in the 50 ppb 

group. Non-monotonic tumor response rates and concerns about appropriate controls for 

background tumor incidence have prompted discussion of these results.26–28 However, these 

studies strongly suggest that early life exposure to iAs at relatively low levels can have 

adverse health effects.

Other studies illustrate adverse noncancer health effects associated with early life exposure 

to iAs in mice. Adult offspring of female mice that received 50 ppb iAs (as arsenate) 

throughout gestation and through weaning at 23 days of age displayed neurobehavioral 

changes that may be linked to arsenic-induced epigenetic changes in glucocorticoid receptor 

regulation.29–32 In male offspring of mice that received drinking water containing 100 ppb 

iAs (as arsenite) from gestational day 5 to parturition, early life exposure to iAs altered 

metabolic status and exacerbated changes in hepatocellular structure associated with 

consumption of a high fat and carbohydrate diet.33 Offspring of mice exposed to drinking 

water containing 100 ppb iAs (as arsenite) from gestational day 8 until parturition exhibited 

reversible changes in lung structure and function, changes in expression of genes involved in 

mucociliary function and innate immunity, and diminished resistance to influenza A 

infection in early life.34–36 Exposure of pregnant mice to either 10 ppb or 42.5 ppm of iAs in 

drinking water from gestational day 10 until parturition resulted in an earlier age of vaginal 

opening and higher body weight in female offspring and in glucose intolerance, increased 

body weight, and increased body fat in all offspring.37 Compared with untreated females, 

fertility in females exposed to 42.5 ppm iAs was reduced; however, exposure to 10 ppb iAs 

did not affect fertility. Diminished postnatal growth has been reported in mice produced by 

dams that were maintained on drinking water containing 10 ppb of arsenite throughout 

pregnancy.38

Adverse health effects in offspring of mice exposed to relatively low (ppb) levels of iAs in 

drinking water during pregnancy suggest that this model may be appropriate for 

developmental toxicity studies. To date, the dosimetric measure for these studies has been 

the concentration of iAs in the drinking water supplied to pregnant mice; however, drinking 

water is not the only source of iAs in these studies.Food is also a source of iAs that has not 

been systemically evaluated in most studies using the in utero model. Consideration of the 
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relative contribution of drinking water and the food supply is required to determine 

aggregate exposure to iAs in in utero exposure scenarios.

A palatable and nutritionally adequate food supply that meets the nutritional requirements of 

the mouse is a requirement for use of mice in biomedical research.39,40 For most 

experimental studies, mice receive so-called natural ingredient diets that are composed of 

ingredients derived from grains, seeds, and other plant- and animal-derived foodstuffs which 

contain iAs at ppb levels.41–43 Use of a natural ingredient diet in studies that evaluate effects 

of in utero exposure to iAs may be an unquantified source of exposure. Alternatives to 

natural diets are so-called purified ingredient diets that are compounded from readily 

available processed ingredients (e.g., sugar, starch, vegetable oil, casein, vitamin and mineral 

mixes). The use of purified diets has been identified as a strategy that reduces variation in 

composition that is inherent in natural ingredient diets.44 For studies designed to examine 

health outcomes of offspring of pregnant mice that receive ppb levels of iAs in drinking 

water, use of a purified ingredient diet with a low iAs concentration could reduce exposure 

to arsenic. Reducing dietary iAs levels permits better control over dosing regimens, ensuring 

that the amount and form of arsenic used to create the in utero exposure scenario are known 

and quantifiable.

In the work reported here, we have characterized arsenical species present in some natural 

ingredient diets and a purified ingredient diet that could be used in studies of the effects of in 
utero exposure to iAs. Based on estimated intake of food and water by pregnant mice during 

gestation, we have estimated aggregate intake of iAs apportioned between arsenic derived 

from drinking water (the dose) and from food (the diet). This analysis shows that the relative 

contribution of these two sources depends on the rodent diet used and suggests that 

accurately estimating the dose requires attention to both food supply and the dosing 

medium, drinking water, as sources of iAs.

METHODS

Reagents and Standards.

Water (18.2 MΩ cm) provided from a Milli-Q Academic water purification system from 

Millipore GmbH (Vienna, Austria) was used throughout this study. Nitric acid ROTIPURAN 

68%, p.a., further purified in a MLS duoPUR sub-boiling unit (MLS GmbH, Leutkirch, 

Germany), pyridine ROTIPURAN ≥99.5%, p.a., formic acid ROTIPURAN ≥99.5%, p.a., 

aqueous ammonia solution ROTIPURAN, ≥25%, p.a., trifluoroacetic acid (TFA) ≥99.9%, 

and hydrogen peroxide 30% w/w were purchased from Carl Roth GmbH & Co. KG 

(Karlsruhe, Germany). Malonic acid (>99%) was obtained from Sigma-Aldrich (Vienna).

For total arsenic measurements by ICPMS, a single element standard of arsenic (1000 ± 3 

mg As L–1 in 2% nitric acid) was used in conjunction with single element standards of 

germanium (1000 ± 2 mg L–1 in 2% HNO3; 0.5% HF), indium (1000 ± 2 mg L–1 in 2% 

HNO3), and tellurium (1000 ± 2 mg L–1 in 2% HNO3), which served as internal standards; 

all single element standards were obtained from Carl Roth GmbH & Co. KG (Karlsruhe, 

Germany).
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For the determination of arsenic species by HPLC/ICPMS, standard solutions were prepared 

for arsenate (As(V)) from Na2HAsO4∙7H2O, >98% from Merck (Darmstadt, Germany), and 

dimethylarsinate (DMAs), prepared from sodium dimethylarsinate (>98%) purchased from 

Fluka Chemie (Buchs, Switzerland). Methylarsonate (MA) was prepared in-house from 

As2O3 and CH3I (Meyer reaction). In addition, the following standards were prepared from 

previously synthesized in-house arsenic compounds (purity >99% by NMR and HPLC/mass 

spectrometry): arsenobetaine (AB), trimethylarsine oxide (TMAO), arsenocholine (AC), and 

tetrame-thylarsonium ion (TETRA). Finally, standards for the four arsenosugars commonly 

found in marine algae (so-called glycerol-, phosphate-, sulfonate-, and sulfate sugars) were 

prepared from previously isolated compounds or from synthesis.45,46 Structures of arsenic 

species of potential interest in this study are shown in Supplemental Figure S1.

Rodent Diets.

Eleven natural ingredient rodent diets in pelleted form (diets 1–11) and one purified 

ingredient rodent diet in powdered form (diet 12) were obtained from vendors in the United 

States. The purified ingredient diet evaluated here was AIN-93G rodent diet; this diet meets 

nutritional requirements of mice during periods of rapid growth and during pregnancy and 

lactation.44 All diets were stored at –20 °C before processing for analysis.

Sample Preparation.

Samples (8–10 pellets) of diets 1–11 were ground in a Retsch ZM 200 centrifugal mill 

(Retsch GmbH, Haan, Germany) to a particle size of <0.25 mm. Powdered diet samples 

were stored in 50 mL polypropylene tubes (Greiner, Bio-one, Frickenhausen, Germany) at 

4 °C.

Total Arsenic Analysis.

For determination of total arsenic content of diets, samples were analyzed in triplicate. Each 

replicate used about 250 mg (weighed with a precision of 0.1 mg) of a powdered diet sample 

that was weighed directly into a 12 mL quartz tube. After addition of 2 mL of nitric acid and 

2 mL of internal standard (100 μg L–1 Ge, In, Te in 1% nitric acid), samples were transferred 

to a Teflon rack of the Ultraclave microwave system and covered with Teflon caps. 

Microwave digestions were performed with an Ultraclave III (MLS GmbH, Leutkirch, 

Germany) at an argon pressure of 4 × 106 Pa, while samples were heated to 250 °C for 30 

min. After cooling to room temperature, digested samples were transferred to 15 mL 

polypropylene tubes (Greiner, Bio-one, Frickenhausen, Germany) and diluted with water to 

10 mL.

Arsenic concentrations of digestion solutions were determined using an Agilent 7900ce 

ICPMS (Agilent Technologies, Waldbronn, Germany) equipped with a concentric Micro 

Mist nebulizer and a Scott double pass spray chamber. Helium was used as the collision cell 

gas to remove polyatomic interferences, and 74Ge, 115In, and 126Te were used as internal 

standards. The ICPMS response for As was enhanced by addition of 1% CO2 in argon as 

optional gas.47 Quantification was performed by external calibration with a calibration curve 

in the range of 0.01–50 μg As L–1. LOD was 0.002 μg As L–1 in solution equivalent to ca. 

0.1 μg As kg–1 of rodent diet. For matrix matching, standards were prepared in 20% nitric 
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acid with an internal standard providing 20 μg L–1 each of Ge, In, and Te. For analytical 

quality control, standard reference material ERM-BC211 (rice flour) with a certified arsenic 

content of 260 ± 13 μg As kg–1 was used; our obtained value was 265 ± 9 μg As kg–1 (n = 

8).

Sample Extraction.

Extractions of powdered diet samples were performed in triplicate using water or TFA as 

extractant.

Water Extraction.

About 200 mg of each powdered sample was accurately weighed into a 50 mL 

polypropylene tube (Greiner, Bio-one, Frickenhausen, Germany), and 10 mL of water was 

added. Samples were extracted by shaking at room temperature for 60 min in a GFL-1083 

shaking water bath (Gesellschaft fur Labortechnik, Burkwedel, Germany). Extracted 

samples were centrifuged for 15 min at 4700 rcf (relative centrifugal force) in a Rotina 420R 

centrifuge (Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany). Supernates were 

collected and filtered through a PTFE syringe filter (0.2 μm; Bruckner Analysentechnik, 

Linz, Austria). Filtrates were analyzed for arsenic species using HPLC-ICPMS.

TFA Extraction.

About 200 mg of each powdered sample was accurately weighed into a 50 mL 

polypropylene tube, 10 mL of 0.02 M aqueous TFA was added, and samples were extracted 

at 95 °C for 60 min in a GFL-1083 shaking water bath. After cooling to room temperature, 

extracted samples were centrifuged for 15 min at 4700 rcf in a Rotina 420R centrifuge. 

Supernates were collected and filtered through a PTFE syringe filter (0.2 μm; Bruckner 

Analysentechnik, Linz, Austria). Filtrates were analyzed for arsenic species using HPLC-

ICPMS.

Determination of Inorganic Arsenic and Organic Arsenic Species.

HPLC–ICPMS measurements were performed with an Agilent 1100 series HPLC (Agilent 

Technologies, Waldbronn, Germany). PEEK (polyetheretherketone) tubing (Upchurch 

Scientific, Oak Harbor, WA, USA) was used to connect the HPLC column to the ICPMS.

Chromatographic separation of anionic species was performed using a PRP-X100 column 

(150 × 4.6 mm, 5 μm particle size, Hamilton Company, Reno, Nevada, USA) with a mobile 

phase of 5 mmol L–1 malonic acid adjusted to pH 5.6 with aqueous ammonia at a flow rate 

of 1 mL min–1. Column temperature was 40 °C, and the injected sample volume was 20 μL. 

Quantification was done by external calibration against standard arsenic species based on 

peak areas (calibration from 0.05–20 μg As L–1). iAs (sum of arsenite and arsenate) was 

determined by HPLC following oxidation with H2O2. Detection limits for anionic arsenic 

species in solution, based on a S/N ratio of 3, were 0.05–0.07 μg As L–1 which, depending 

on arsenic species, corresponded to about 2–3 μg As kg–1 of rodent diet (see Table 1). 

Spiking experiments were performed with HPLC-ICPMS to confirm the identity of analytes 

in samples. Additionally, presence of the sulfonate arsenosugar, AB, and TMAO was 

confirmed by molecular mass spectrometry (see below).
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Chromatographic separation of cationic species was performed with an Ionospher C5 

column (100 × 3.0 mm, 5 μm particle size, Agilent Technologies, Germany) with a mobile 

phase of 10 mmol L–1 pyridine buffer adjusted to pH 2.8 with formic acid at a flow rate of 1 

mL min–1. Column temperature was 30 °C, and the injected sample volume was 20 μL. 

Quantification was done by external calibration against standard arsenic species based on 

peak areas (calibration from 0.05–20 μg As L–1). Detection limits for cationic arsenic 

species in solution, based on a S/N ratio of 3, were 0.05 to 0.10 μg As L–1 which, depending 

on arsenic species, corresponded to about 2–4 μg As kg–1 of rodent diet (see Table 1). For all 

HPLC-ICPMS analyses, an optional gas (1% CO2 in argon) was introduced through a T-

piece connecting the spray chamber and the torch to enhance the arsenic response. In 

addition to the signal at m/z 75 (75As, 40Ar35Cl), the signal at m/z 77 (40Ar37Cl) was 

monitored to detect possible chloride interference on m/z 75. Quality control for 

chromatographic separations used the standard reference material ERM-BC211 with 

certified contents of DMAs (119 ± 13 μg As kg–1) and iAs (124 ± 11 μg As kg–1); obtained 

values were 131 ± 3 μg As kg–1 for DMAs and 116 ± 4 μg As kg–1 for iAs (n = 3).

HPLC-electrospray mass spectrometry was used to confirm the presence of the sulfonate 

arsenosugar in Diet 1 and of AB and TMAO in diet 10. For the sulfonate arsenosugar, HPLC 

separation was performed with a Dionex Ultimate 3000 series instrument (Thermo Fischer 

Scientific, Erlangen, Germany) on a PRP-X100 column (150 × 4.6 mm, 5 μm particle size) 

at 40 °C using 100 mM NH4CO3 pH 9.5 as the mobile phase at 1 mL min–1; injection 

volume was 20 μL. For AB and TMAO, HPLC separations were performed with IonoSpher 

5C (100 × 3.0 mm; 5 μm); mobile phase, ammonium formate (20 mM incl. 3 % MeOH; pH 

2.6); flow rate, 1.0 mL min–1; column temperature, 30 °C; injection volume, 10 μL. 

Compounds were measured with a high-resolution mass spectrometer (Q-Exactive Hybrid 

Quadrupole-Orbitrap MS from Thermo Fischer Scientific) at a resolution of 70,000 (fwhm) 

under electrospray ionization conditions in positive mode. The HPLC retention time and 

mass spectral data for the arsenicals in the rodent diet exactly matched well data obtained for 

the standards sulfonate arsenosugar (observed m/z 393.01868, Δm 2.1 ppm), AB (m/z 
179.00478, Δm < 0.2 ppm), and TMAO (m/z 136.99432, Δm 0.8 ppm).

Statistical Methods.

Relations between biological variables (e.g., food consumption during pregnancy) or 

chemical components of diets were evaluated with linear regression analysis using 

SigmaPlot 13 (Systat, Inc., San Jose, CA). Appropriateness of use of linear regression 

analysis in the fitting of data was tested by ANOVA procedures that provided an F-statistic 

and an associated P value for these analyses.

RESULTS AND DISCUSSION

Arsenic in Natural Ingredient and Purified Ingredient Rodent Diets.

Table 1 lists total As concentrations in 12 rodent diets, including 11 natural ingredient diets 

and one purified ingredient diet. The lowest total As concentration (13 ng g–1) was found in 

the purified ingredient diet. Total As levels were much higher in natural ingredient diets, 

ranging between ~60 and ~400 ng g–1. Total As levels varied widely among natural 
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ingredient diets: 3 diets contained ~360–405 ng As g–1) and 8 diets contained ~60–140 ng 

g–1. Differences in ingredients used in preparation of natural ingredient diets most likely 

account for this variation in total As levels. As discussed below, identification of arsenic 

species in diets and evaluation of product information sheets provided insights into sources 

for arsenic in natural ingredient diets. Notably, the current analysis did not examine possible 

temporal changes in levels of total or speciated arsenic in natural or purified ingredient diets. 

Changes in sources of foodstuffs used in diet composition could affect the contribution of 

diet to aggregate arsenic exposure.

Arsenic Species in Natural and Purified Ingredient Rodent Diets.

Before undertaking arsenic speciation analyses of rodent diets by HPLC-ICPMS, we 

considered the relative merits of water and aqueous TFA as extraction solvents. Aqueous 

TFA is a very effective extractant for the analysis of arsenic species in terrestrial samples, in 

which iAs predominates,48 but can degrade some organoarsenicals (e.g., arsenosugars) 

present in marine samples. As shown in Table 1 and Supporting Information Table S1, TFA 

extraction of rodent diets gave higher extraction efficiencies (52–79%) for total arsenic than 

did water extraction (24–53%). We did not observe TFA degradation of arsenic species 

except for the two natural ingredient diets (1, 7) that contained some arsenosugars. For 

example, the small amount of arsenosugars present in the water extract (~9 μg kg–1) of diet 1 

was reduced ~3-fold in the TFA extract. Arsenic species data reported here are based on the 

TFA extraction procedure. Another important analytical consideration in speciation analysis 

is column recovery. In our analyses of rodent diets, column recovery was usually >85%. 

Taken together, these two analytical performance values indicate that the sum of arsenic 

species measured by our method accounted for ~45–78% of the total arsenic initially present 

in rodent diets.

For natural ingredient diets, iAs was the predominant arsenical species in the TFA-

extractable fraction. The relation between diet composition and arsenic contents was 

examined using data from product information sheets. On a mass basis, dietary protein 

ranged from 14 to 25% and fat ranged from 4 to 9%. Notably, although there was a strong 

positive correlation (r2 = 0.60, P < 0.005) between dietary % protein and total As 

concentration, dietary % fat and total As concentration were not correlated. On a relative 

basis, corn and wheat products were the three most abundant ingredients in 6 of 11 diets and 

were the four most abundant ingredients in 5 of 11 diets. Barley, oats, and soybean meal 

were also components of some diets. Corn or wheat products may be important iAs sources 

in natural ingredient diets. Corn plants accumulate arsenic from soil, and arsenic in corn 

kernels is primarily inorganic.49 In wheat, highly extractable iAs is concentrated in the bran 

fraction of the grain.50,51 As noted above, there was no association between the level of fat 

in diet and total As level. For 9 of 11 diets, soybean oil was the sole fat source; two diets 

also included porcine fat. Because soybeans and soybean oil have been reported to contain 

only low levels of arsenic,52–55 soybean oil was unlikely to be a significant source of iAs for 

these diets.

Figure 1 shows relative levels of arsenic species present in TFA extracts of natural ingredient 

diets. In all cases, the predominant species was iAs. Di- and trimethylated arsenicals were 
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detected in some diets. Three natural ingredient diets (6, 9, 10) with relatively high levels of 

DMAs, TMAO, and AB were unique because they contained fish meal. Fish meal has been 

reported to contain high levels of AB and can also contain TMAO.56,57 Arsenosugars were 

detected at low levels in two diets, although the dietary source of these compounds is 

unknown.

In contrast to natural ingredient diets, the purified ingredient diet had a much lower total 

arsenic concentration that was mostly accounted for by iAs present in the TFA extract. 

Arsenic in the purified ingredient diet may be derived from cornstarch and casein, the two 

most abundant ingredients. As noted above, iAs can accumulate in corn, and low 

concentrations (<3 ng g–1) have been reported in cow’s milk, the source of casein.58 In 

addition, iAs may be a contaminant of phosphate salts, including potassium phosphate, a 

component of the mineral mix used in AIN-93G rodent diet.59

Estimating in Utero Exposure to Arsenic.

Data we obtained on levels of arsenicals in natural ingredient and purified ingredient rodent 

diets were used to estimate exposure to iAs in an exposure scenario in which pregnant mice 

were maintained with free access to a drinking water that had been modified to contain iAs 

at a desired dosing level and to a natural ingredient or a purified ingredient rodent diet. Thus, 

aggregate daily intake of iAs in these exposure scenarios would be the sum of iAs consumed 

from diet and drinking water.

Pregnancy in mice is a physiological challenge that leads to increased food and water 

consumption, changes in physical activity, and altered thermoregulation.60–63 These 

adaptations support rapid fetal growth and development and prepare pregnant mice for the 

demands of parturition and lactation. Data on daily food and water consumption by pregnant 

C57BL/6J mice were used to develop linear regression equations to describe intake of food 

and water by mice during pregnancy (Figure 2).64,65 These daily estimates of food and water 

intake by pregnant mice were used to calculate intake of iAs from food and water in 

exposure scenarios which are described below. Although nonlinear curve fitting procedures 

might improve the agreement between data and equation, use of simple linear equations to 

describe these data was sufficient to represent the trend for increased food and water intake 

during pregnancy. Indeed, given substantial differences in food and water intake among 

inbred mice strains,66,67 it is likely a more sophisticated analysis of intakes during 

pregnancy would be developed for each mouse strain under evaluation.

Estimated daily intake of iAs from diet and drinking water was examined for two exposure 

scenarios. For these calculations, levels of TFA-extractable iAs in diets were used to 

calculate daily intake of iAs. For a variety of foods, TFA has been shown to be an effective 

extractant.68 However, the relation between extractability by TFA of iAs in some foods and 

bioavailability is not well understood. For example, differences in the TFA-extractability of 

As in several vegetables do not appear to predict bioavailability of As in these foods as 

determined in juvenile swine.69 Here, daily intake of iAs from diet and drinking water was 

estimated in mice that consumed a natural ingredient rodent diet containing 89 ng of iAs g–1 

(diet 9 in Table 1) or a purified ingredient rodent diet containing 10 ng of iAs g–1 (diet 12 in 

Table 1). For these exposure scenarios, pregnant mice had free access to the specified diet 
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and to drinking water that contained 50 ng of iAs g–1. Figure 3 shows estimated daily 

intakes from diet or drinking water for these scenarios and temporal changes in the ratio of 

the amounts of iAs ingested from drinking water and from diet. In the scenario using the 

natural ingredient diet, intake of arsenic from drinking water and from diet was similar 

throughout ingestion, with ratios ranging from ~1.3 to 1.1. Use of a purified ingredient 

rodent diet markedly reduced the contribution of diet to daily iAs intake, resulting in water/

diet ratios ranging from ~11.2 to 9.1.

Contributions of diet and drinking water to cumulative intake of iAs by pregnant mice 

through gestational day 18 were calculated using two natural ingredient rodent diets (diets 5 

and 9) and purified rodent diet (diet 12). For each diet, exposure scenarios included 

ingestion of drinking water that contained 10, 50, or 100 ng of iAs g–1. Figure 4 shows 

absolute contributions of diet and drinking water to iAs intake for these combinations of 

arsenic-containing diets and drinking water supplies. The ratio of iAs intake from drinking 

water and from diet varied markedly among the combinations examined here. For the worst 

case exposure scenario (lowest iAs level in drinking water and highest iAs level in diet), iAs 

ingested from drinking water would account for only ~20% of the cumulative dose. In 

contrast, for exposure scenarios combining the purified ingredient diet with the lowest level 

of iAs in drinking water, iAs ingested from water would account for about 65% of the 

cumulative exposure. In scenarios combining the two higher water dosage levels and the 

purified ingredient diet, more than 90% of iAs exposure would be derived from drinking 

water.

Because a brief period of exposure of a pregnant mouse to low levels of iAs in drinking 

water can produce an array of adverse effects in offspring, it is important to understand the 

dose–response relation between arsenic exposure and adverse effect. Understanding dose–

response relations for iAs requires quantitation of aggregate exposure to this agent from all 

sources. The amendment of drinking water with known concentrations of iAs is a relatively 

easy experimental manipulation, and quantitation of iAs in water is a relatively simple 

analytical procedure. In contrast, quantitation of arsenic species present in food requires 

efficient extraction of these species from a complex matrix and an analytical approach that 

can quantify a diverse array of arsenic-containing species. Although there are limited data on 

the bioavailability of inorganic or methylated arsenic species in the mouse or juvenile swine, 

there is little information on the bioavailability of iAs or other arsenicals present in complex 

food matrices.70,71 Given these factors, the most expedient strategy to reduce the 

confounding influence of diet in iAs exposure is use of a purified ingredient diet instead of a 

natural ingredient diet. Minimizing the contribution of diet to aggregate iAs exposure will 

improve our understanding of dose–response relations underlying the actions of iAs as a 

developmental toxicant or carcinogen.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

iAs inorganic arsenic

ppb parts per billion

ppm parts per million

TFA trifluoroacetic acid

As(V) arsenate

DMAs dimethylarsinate

MA methylarsonate

AB arsenobetaine

TMAO trimethylarsine oxide

AC arsenocholine

TETRA tetramethylarsonium ion

rcf relative centrifugal force

PEEK polyetheretherketone

fwhm full width at half-maximum
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Figure 1. 
Relative levels of TFA-extractable arsenic species in natural ingredient rodent diets. iAs, 

sum of arsenite and arsenate; DMAs, dimethylarsinate acid; TMAO, trimethylarsine oxide; 

AB, arsenobetaine; SO3 sugar, sulfonate arsenosugar; glycerol sugar, glycerol arsenosugar.
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Figure 2. 
Intake of food and water by pregnant mice during gestation; data shown for food and water 

intake by pregnant C57BL/6 mice. For water intake, linear regression analysis evaluated by 

ANOVA yields a F-statistic of 24.8, P < 0.001). For food intake, linear regression analysis 

evaluated by ANOVA yields a F-statistic of 7.6, P < 0.014).
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Figure 3. 
Estimated daily intake of inorganic arsenic from diet and drinking water by pregnant mice 

between day 0 and 18 of gestation. Upper: Pregnant mice with free access to a natural 

ingredient rodent diet containing 89 ng of TFA-extractable iAs per g (diet 9 in Table 1) and 

drinking water containing 50 ng of As per g. Lower: Pregnant mice with free access to a 

purified ingredient rodent diet containing 10 ng of TFA-extractable iAs per g (diet 12 in 

Table 1) and drinking water containing 50 ng of As per g. For each exposure scenario, 

calculated intake of inorganic arsenic based on estimated daily food and water intake shown 
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in Figure 2. The ratio of inorganic arsenic ingested from drinking water and from diet is 

shown for both exposure scenarios.
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Figure 4. 
Cumulative intake of inorganic arsenic by pregnant mice from diet and drinking water. From 

gestational 0–18, pregnant mice have free access to natural ingredient diets (diet 5 or 9 from 

Table 1) or a purified ingredient rodent diet (diet 12 from Table 1) and drinking water that 

contains 10, 50, or 100 ng of inorganic arsenic per g. The purified ingredient diet contains 

10 ng of inorganic arsenic per g. The two natural ingredient rodent diets contain 38 and 89 

ng of inorganic arsenic per g. For each exposure scenario, the ratio of arsenic ingested from 

drinking water and from diet is shown.
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