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Abstract

Inorganic arsenic (iAs) is ubiquitous in the environment as arsenite (AsIII) and arsenate (AsV) 

compounds and biotransformation of these toxic chemicals leads to the extraordinary variety of 

organoarsenic species found in nature. Despite classification as a human carcinogen based on data 

from populations exposed through contaminated drinking water, only recently has a need for 

regulatory limits on iAs in food been recognized. The delay was due to the difficulty in risk 

assessment of dietary iAs, which critically relies on speciation analysis providing occurrence data 

for iAs in food – and not simply for total arsenic.

In the present review the state of knowledge regarding arsenic speciation in food and diet is 

evaluated with focus on iAs and human exposure assessment through different dietary approaches 

including duplicate diet studies, market basket surveys, and total diet studies. The analytical 

requirements for obtaining reliable data for iAs in food are discussed and iAs levels in foods and 

beverages are summarized, along with information on other (potentially) toxic co-occurring 

organoarsenic compounds.

Quantitative exposure assessment of iAs in food is addressed, focusing on the need of capturing 

variability and extent of exposure and identifying what dietary items drive very high exposure for 

certain population groups. Finally, gaps and uncertainties are discussed, including effect of 

processing and cooking, and iAs bioavailability.
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1 Introduction

Arsenic is widely distributed in the earth’s crust as elemental arsenic and as the inorganic 

ions arsenite (AsIII) and arsenate (AsV). Inorganic arsenic (iAs), a collective name for 

different naturally occurring chemical species of the two oxyanions, is thus ubiquitous in the 

environment. Dissolved forms of arsenic in water are essentially inorganic, arsenite being 

the dominant species under reducing conditions, and arsenate the most stable species in 

oxygenated environments (WHO, 2001). Since iAs compounds are toxic to biota, 

biotransformation of these toxic chemicals leads to a variety of organoarsenic species, which 

in turn enter biosynthetic pathways leading to the about one hundred compounds found in 

nature (Taylor et al., this issue). Common iAs metabolites produced by mammals (including 

humans) are the pentavalent methylated species MMA (monomethylarsonic acid) and DMA 

(dimethylarsinic acid).1 In the aquatic environment, and especially in marine biota, a 

number of organic arsenocompounds belonging to different chemical classes (e.g. 

arsenosugars, arsenolipids) are found leading to total arsenic levels on the order of 1-100 

μg/g.

Of the organic forms of arsenic, arsenobetaine, which is the major species in fish and most 

seafood, is generally assumed to be of no toxicological concern (FAO/WHO, 2011). DMA – 

and in traces MMA – are present in various foods, including rice, other plant-derived food 

and seafood. In vivo oral studies have shown adverse effects on the urinary bladder, kidneys, 

thyroid, and fetal development for DMA, whereas the gastrointestinal tract is the primary 

target organ of MMA, followed by kidney, thyroid, and reproductive system (US FDA, 

2016). The studies in animals showed a carcinogenic potential for DMA; however the data 

regarding human carcinogenicity are inconclusive, hence IARC classified these methylated 

forms as possibly carcinogenic to humans (Group 2B) (IARC, 2012). Arsenosugars and 

arsenolipids are mainly metabolized in humans to DMA, and limited albeit growing 

information is available regarding their toxicity (Taylor et al., this issue). Along with MMA 

and DMA, these compounds have been proposed to be classified as ‘potentially toxic’ from 

1Monomethylarsonic acid, MMA(V), and dimethylarsinic acid, DMA(V), are found in a range of food of animal origin as products of 
iAs metabolism (the former generally as a minor compound). In vivo, monomethylarsonous acid, MMA(III), and dimethylarsinous 
acid, DMA(III), are labile metabolites of iAs and are highly toxic species of importance to iAs’s mode of toxic action (EFSA et al., 
2009, Cohen et al., 2013). These two trivalent methylated arsenicals are reactive, unstable species and generally do not occur in food. 
In this review, MMA(V) and DMA(V) will be indicated simply as MMA and DMA, respectively.
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a food safety perspective, in contrast to the innocuous arsenobetaine (Feldmann and Krupp, 

2011).

In contrast to organic arsenic, iAs is extremely toxic and current risk assessments of dietary 

exposure to arsenic are entirely based on the inorganic forms. The general population is 

exposed to iAs almost exclusively via the diet, with food being the major contributor to 

intake when arsenic concentrations in water are <10 μg/L (the WHO guideline value for 

drinking water), while drinking water becomes the major source of exposure to iAs when 

water with arsenic concentrations well above 10 μg/L is used for drinking and cooking 

(EFSA, 2009; FAO/WHO, 2011). The IARC has established a causal role for oral exposure 

to iAs on skin, lung, and bladder cancers, and has shown suggestive evidence for liver, 

kidney, and prostate cancers (IARC, 2012). Apart from cancer – and skin lesions (EFSA, 

2009) – a wide range of other adverse health effects such as cardiovascular diseases, 

developmental toxicity, abnormal glucose metabolism, type II diabetes and neurotoxicity are 

likely related to chronic ingestion of iAs (FAO/WHO, 2011). Susceptibility to the toxic 

effects of iAs varies considerably between individuals and populations depending on 

variations in iAs metabolism related to such factors as age, gender, life stage (e.g. pregnancy, 

lactation), nutritional status, and genetic polymorphisms in the regulation of enzymes 

responsible for iAs biotransformation (EFSA, 2009); evidence that the gut microbiota could 

also play a role is emerging (Carlin et al., 2016).

Key epidemiologic evidence for risk assessment of dietary iAs comes from populations 

chronically exposed to high arsenic levels in drinking water (>50 μg/L) in several countries, 

including southwestern Taiwan (Chen et al., 2010), Bangladesh (Kurokawa et al., 2001), 

northern Chile (Smith et al., 1998), and Argentina (Hopenhayn-Rich et al., 1998). Even 

though threshold mechanisms can be postulated for the adverse health effects of iAs (in 

particular, carcinogenicity) (Cohen et al., 2013), owing to existing uncertainties on dose-

response relationships iAs is dealt with as a non-threshold toxicant (EFSA, 2009). As a 

result, exposure levels for iAs with no appreciable health risk, i.e. a tolerable daily or weekly 

intake, cannot be identified. Instead, reference points for health protection are currently 

based on benchmark responses of a given percentage of extra risk from human data. A 

benchmark dose lower confidence limit (BMDL) for 0.5% excess risk of lung cancer has 

been established by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) 

(BMDL0.5 = 3 μg/kg bw/day) (FAO/WHO, 2011), whereas the European Food Safety 

Authority (EFSA) identified a range of BMDL values for 1% excess risk of cancers of the 

lung, skin and bladder, as well as skin lesions (BMDL01 = 0.3-8 μg/kg bw/day) (EFSA, 

2009). Therefore, for risk characterization an assessment of the margins of exposure (MOEs) 

between the identified reference points and the estimated daily dietary exposure to iAs is 

required, since there are no exposure levels associated with the absence of appreciable health 

risk on long-term (lifetime) basis.

Although the EFSA and JECFA assessments are relatively recent, new evidence of adverse 

effects for populations chronically exposed to iAs via drinking water at moderate to low 

levels, such as those resulting from water arsenic concentrations below 50 μg/L, continues to 

emerge (D'Ippoliti et al., 2015; Leonardi et al., 2012; Garcia-Esquinas et al., 2013; Moon et 

al., 2013; Zheng et al., 2013). Such evidence has not fed into a new risk assessment yet. 

Cubadda et al. Page 3

Sci Total Environ. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Evidence also exists of negative impacts on foetal and infant development (Gilbert-Diamond 

et al., 2016; Rahman et al., 2007; Rahman et al., 2009; Raqib et al., 2009; Vahter, 2008) and 

impaired cognitive function in pre-school-aged children (Hamadani et al., 2011), and there is 

a need for further data supporting identification of dose-response relationships and critical 

exposure times (including in utero exposure) for these outcomes.

Despite classification as a human carcinogen following chronic dietary exposure, only 

recently has a need for regulatory limits of iAs in food been recognized in the U.S. and 

Europe, much later than for other toxic dietary elements such as cadmium, lead and 

(methyl)mercury. The delay was due to the difficulty in risk assessment of dietary iAs, 

which critically relies on chemical speciation analysis providing occurrence data for iAs in 

food – and not simply for the sum of inorganic and organic arsenic species (i.e. ‘total 

arsenic’). Accurate assessment of dietary exposure to iAs is challenging since, as mentioned 

earlier, arsenic occurs in food also as various organic species with lower to negligible 

toxicity. In some commodities, especially in fish and seafood, organoarsenic species occur at 

very high levels and thus speciation analysis for the selective determination of iAs is key. 

Considering arsenic in food as being present exclusively as iAs would lead to a considerable 

overestimation of the health risk related to dietary arsenic exposure.

In the last several years, robust analytical methods for selective determination of iAs have 

become widely available and international standards or regulatory limits have been proposed 

for iAs in polished rice (at the Codex Alimentarius level) (FAO/WHO, 2014), and adopted 

for iAs in rice and rice-based products (e.g., at the European Union level) (EU, 2015), 

respectively. In the present review the state of knowledge regarding arsenic speciation in 

food and diet is evaluated with focus on iAs and human exposure assessment through 

different dietary approaches (including duplicate diet studies, market basket surveys, and 

total diet studies). The analytical requirements for obtaining reliable data for iAs in food are 

discussed and iAs levels in foods and beverages are summarized, along with information on 

other (potentially) toxic co-occurring organoarsenic compounds.

Quantitative exposure assessment of iAs in food is addressed, focusing on the need for 

capturing variability and extent of exposure and identifying what dietary items drive very 

high exposure for certain population groups. Finally, gaps and uncertainties are discussed, 

including the effects of processing and cooking, and iAs bioavailability.

2 Common analytical techniques for determination of arsenic species in 

food

The area of analytical methods for iAs has been the subject of recent reviews (Jackson et al., 

2015; Maher et al., 2015; Petursdottir et al., 2015) and will be only briefly summarized here.

Historically, food monitoring and official control targeted total arsenic and thus there is 

much more data for total arsenic than for iAs in foods. Until recently, iAs measurements 

(speciation analysis) were not routine in most laboratories and the necessary instrumentation 

and expertise to perform the analysis were lacking. This landscape is rapidly changing as the 

demand for iAs measurements increases and standard validated methods become available.
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For speciation analysis it is necessary to extract arsenic from the sample without changing 

the chemical speciation. Owing to their different chemical nature, water-soluble arsenic 

species (including iAs) require different extraction strategies than fat-soluble arsenolipids. 

Water, methanol, acid, base and enzymatic extractions have all been used to extract water-

soluble arsenic species from plant and animal tissues (Conklin et al., 2012; Foster et al., 

2007; Kirby and Maher, 2002; Liu et al., 2015; Maher et al., 2012; Nookabkaew et al., 2013; 

Pétursdóttir et al., 2014b; Raab et al., 2005; Sadee et al., 2016). Arsenobetaine, DMA and 

MMA are relatively stable in dilute acids and bases and do not readily decompose to iAs; 

however As(III) and As(V) can readily interconvert. Even though it is generally considered 

that trivalent arsenic compounds are more toxic than the pentavalent forms at least at high 

doses (EFSA, 2009), human risk assessment is based on iAs and does not make distinction 

between the easily interconvertible trivalent and pentavalent inorganic species. Therefore it 

has become common practice to add an oxidant (usually H2O2) (Raber et al., 2012) to 

convert all As(III) to AsV and to express the AsV concentration as iAs. This approach also 

removes the need to quantify As(III) in the presence of other closely eluting arsenic species 

when using anion exchange chromatography coupled to inductively coupled plasma-mass 

spectrometry (ICP-MS). The most common method for species extraction uses dilute (1-2%) 

HNO3 and this has been shown to be an effective extractant for plant (Amaral et al., 2013; 

Huang et al., 2010; Maher et al., 2013) and fish tissue (Petursdottir et al., 2014b), as well as 

a wide variety of other food matrices (Cubadda et al, 2016).

The most widely used analytical technique for arsenic speciation is high performance liquid 

chromatography (HPLC) coupled to ICP-MS or atomic florescence spectroscopy (AFS). For 

iAs and other water-soluble species, the most common chromatographic method employed 

is anion exchange chromatography and a number of different eluents have been used, e.g., 

carbonate, phosphate or malonic acid. For more complex arsenic speciation analyses, such 

as determination of arsenosugars in marine algae, additional chromatographic separations 

such as cation exchange are necessary, whereas arsenolipids in fish oil or fatty fish require 

reversed phase chromatography and molecular mass spectrometry for structural 

identification (Taylor et al., this issue).

For iAs determination in rice – a staple food with relatively high arsenic concentrations – it 

has been shown that the exact analytical method does not unduly influence the quantification 

of iAs and should not be an impediment to regulation (de la Calle et al., 2011). Because only 

quantification of iAs is currently essential from a food safety standpoint, a more pragmatic, 

simple and cost-effective approach is to use hydride generation (HG) techniques coupled to 

atomic absorption spectrophotometry (AAS), AFS, or ICP-MS, which require only adding a 

reducing agent and HCl to effectively target and quantify iAs (Musil et al., 2014; 

Petursdottir et al., 2014a; Rasmussen et al., 2013). Use of HG also results in increased 

sensitivityand separates the analyte from the matrix (Musil et al., 2014). However, operating 

conditions have to be tuned carefully to achieve selective iAs determination and for most 

food matrices the HG-based approaches can only be viewed as screening methods.

A number of inter-laboratory studies have been conducted that included other foodstuffs in 

addition to rice. The quantitation of iAs in seafood remains problematic (Baer et al., 2011; 

Petursdottir et al., 2012; Petursdottir et al, 2014b), likely because iAs is usually a small 
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proportion of total arsenic and extraction efficiencies, species interconversion and other 

methodological issues (e.g., peak tailing from closely eluting arsenic species, and matrix-

induced shifts in retention time and baseline stability) appear to affect the result. In the 

European proficiency test IMEP-112, 74 laboratories - including seven expert in arsenic 

speciation - determined iAs in wheat, spinach and seaweed (Fucus vesiculosus). Of these, 

85% produced satisfactory results for wheat and 60% for spinach, but only 20% for seaweed 

(de la Calle et al., 2012). Similarly a US proficiency test of rice, apple juice and kelp 

involving 41 participating laboratories demonstrated acceptable performance for speciation 

of rice and juice, but not kelp (Briscoe et al., 2016). Some arsenosugars are unstable to acid 

hydrolysis and this might be the cause of extreme over-estimation of As(V) if acid extraction 

is used (Chávez-Capilla et al., 2016).

IMEP-41 was a collaborative trial that aimed to demonstrate the applicability of a 

standardized extraction and analysis procedure to determine iAs in a variety of food matrices 

(Fiamegkos et al., 2016). The extraction used concentrated HCl followed by extraction to 

chloroform and back extraction into water and analysis by HG-AAS. Five expert 

laboratories and 13 other participating laboratories provided results for iAs for seven 

different food types (all Reference Materials, RMs) and in general the results were 

encouraging in that the required accuracy and precision were met, suggesting that this 

relatively simple and cost effective method could be employed by many laboratories to 

achieve acceptable iAs data. However, problems were again encountered with one sample of 

marine origin (mussels) and the use of chloroform solvent as extractant was considered a 

drawback to the method.

The availability of suitable food-based Certified (Standard) Reference Materials (CRM/

SRM) with certified values for speciated arsenic (or even just for iAs) is lagging behind 

demand for speciation analysis. For rice, the US National Institute of Standards and 

Technology (NIST) produces a rice flour 1568b, the EU Joint Research Centre-Institute for 

Reference Materials and Measurements (JRC-IRMM) produces ERM-BC211, and the 

National Metrology Institute of Japan produces NMIJ CRM 7503-a, all having certified 

values for iAs and other species including DMA. As described above, IMEP-112 used NIST 

1570a (spinach leaves) and therefore good consensus values for iAs exist for this CRM. 

Similarly, good consensus values are available for other CRM used in IMEP interlaboratory 

studies (e.g. ERM CE278k mussel tissue, DORM-4 fish protein). NIST intend to issue new 

SRMs or certify existing SRMs for arsenic species, e.g., 2986 (geoduck), 1974 (muscle 

tissue) and 3035 (apple juice). Additionally many existing reference materials from EU 

JRCIRMM, NIST, NRCC, IAEA, and other national and international standard reference 

agencies have been analysed by single and multiple investigators and the relevant data have 

been recently summarized (see table 7 in Maher et al., 2015).

Even though the total arsenic concentration does not provide useful information for risk 

assessment, it may still be worthwhile for regulatory purposes. Since it is relatively easy to 

measure total arsenic compared with iAs, if the former is below the regulatory threshold 

there is no need to perform the more time-consuming speciation analysis. Also, it is very 

informative to compare the total arsenic measurement to the sum of arsenic species from 

speciation analysis, since if the sum of species is much less (or more) than the total arsenic 
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analysis then the speciation analysis should be viewed as questionable. An exception is the 

case where other compounds that need different extractants (e.g., arsenolipids) are present, 

since in this case total arsenic is by definition greater than the sum of iAs and the other 

water-soluble species.

3 Summary of arsenic species levels in foods and beverages

In terrestrial environments, iAs enters the food chain through plant crops, which absorb it 

through their roots according to phytoavailable levels in soils. The nature of the soil parent 

material is a major factor determining the iAs concentration in soils, even though soils are 

enriched in iAs compared with their parent rocks (Mandal and Suzuki, 2002). Apart from 

arsenic levels, soil physicochemical properties are important in determining the fraction of 

the element that is available to plants, such as ability to adsorb iAs and prevent its migration 

in the soil solution (Punshon et al., this issue). Whereas plants grown in arsenic-rich 

environments can take up substantial amounts of iAs in their edible portions (Signes-Pastor 

et al., 2008; Williams et al., 2007), animals metabolize and excrete excess iAs and hence 

foods of animal origin generally do not incorporate sizeable iAs quantities.

In aquatic environments - especially in the marine environment - iAs is taken up by biota at 

the bottom of the food-chain and extensively biotransformed to a wide range of 

organoarsenic metabolites with lower toxicities, which are then found in tissues (Taylor et 

al., this issue). Concentrations of iAs in marine and freshwater fish are normally very low 

(<5 ng/g), although some freshwater fish species have been shown to accumulate higher iAs 

levels if grown in arsenic contaminated waters (Jankong et al., 2007). Shellfish (e.g., 

mussels) and some seaweeds may contain moderate and very high levels of iAs, respectively 

(EFSA, 2009).

Based on available data on dietary intake (see Section 5), the foods that contribute the most 

to iAs exposure are rice and rice derived products, non rice-based cereals and cereal 

products (typically wheat-based), certain vegetables, fruit and fruit juices, shellfish, 

seaweeds, water, and other non-alcoholic and alcoholic beverages (Cubadda et al., 2016; 

EFSA, 2009; Oguri et al., 2014; Wong et al., 2013). Understanding iAs levels and the ratios 

of iAs to total arsenic in each of these food groups is important from a risk assessment 

perspective and to identify potential means for reducing exposure.

These foods can be categorized in two main classes. The first is represented by foods that 

normally have relatively high to very high levels (i.e., tens to thousands of ng/g) of iAs, such 

as rice, most shellfish and seaweeds. Rice is an exception among cereals in terms of iAs 

content owing to the ability of the plant to take up and translocate iAs to the grain, and the 

semiaquatic anaerobic growing environment (paddy field), which favours root uptake of iAs 

(Punshon et al., this issue). Levels of iAs in rice vary widely within and among world 

regions, but values around 100 ng/g are common and 130 ng/g has been recently reported as 

the mean of published data (Lynch et al., 2014). The significance of rice as a source of iAs 

in the diet is the fact that it is the most important grain with regard to human nutrition and 

caloric intake for a large proportion of the world's human population, especially in South 

Asia (Schmidt, 2015). Furthermore, it is the staple food in many areas with endemic 
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arsenicosis in South-East Asia, where iAs levels in rice are further increased due to use of 

contaminated water in food preparation and cooking as well as in crop irrigation (Carbonell-

Barrachina et al., 2009). High levels of iAs have also been found in a number of rice-based 

products such as rice waffles, rice wafers, rice crackers and rice cakes, which can make an 

important contribution to the dietary exposure of children (Carbonell-Barrachina et al., 

2012; Signes-Pastor et al., 2016; Sun et al., 2009; Karagas et al., 2016). In the EU for these 

commodities a maximum limit of 300 ng/g has been set, compared to 200 ng/g for white 

rice; on the other hand, the maximum iAs level for rice specifically destined for production 

of food for infants and young children is 100 ng/g (EU, 2015) and the same limit is under 

consideration in the USA (see FDA, 2016). Crustaceans and, especially, molluscs, may also 

contain substantial amounts of iAs (mean of published data 130 ng/g; Lynch et al., 2014). 

Levels in edible seaweeds can be even higher, on the order of thousands of ng/g in some 

commercial species (EFSA, 2009).

The second class of foods is represented by wheat along with other non rice-based cereal 

grains (and derived products), vegetables and fruit (and derived products), water and 

beverages. In the absence of arsenic environmental contamination, these commodities 

generally have relatively low iAs concentrations (<20 ng/g, and in many cases <10 ng/g for 

solid foods, ≤5 ng/g beverages, and ≤1 μg/L for water)2 but contribute to the dietary 

exposure of iAs owing to their high consumption levels. The most important items in terms 

of iAs intake normally are wheat and other non rice-based cereals, and water (see e.g. EFSA, 

2014). Wheat is the main cereal staple at the basis of the diet in many world regions. Levels 

of iAs in wheat are one order of magnitude lower than in rice (Williams et al., 2007); as an 

example, in a nation-wide study in Italy a mean content of 9 ng/g (dry weight basis) was 

found in wheat grain (Cubadda et al., 2010). However, this staple may attain substantially 

higher concentrations of iAs when grown in arsenic-contaminated soils. For example, the 

average iAs content of wheat grain was 55 ng/g in the presence of higher phytoavailable iAs 

levels in soil (Cubadda et al., 2010), with individual grain samples up to about 400 ng/g 

(Cubadda et al., unpublished results). This sensitivity to growing conditions can be 

particularly important in arsenic-endemic areas, where it is increasingly recognized that 

exposure from food in addition to that from drinking water increases iAs exposure and plays 

a significant role in aggregate exposure (Kile et al., 2007; Signes-Pastor et al., 2008). In such 

exposure scenarios, an accurate estimation of the total dietary intake of iAs, via both water 

and food, is important in order to obtain reliable dose-response data for the observed health 

effects; these data were mainly lacking in early epidemiological studies and had to be 

estimated in order to perform dose-response assessment (EFSA, 2009).

Since the vast majority of arsenic occurrence data in food refer to total arsenic and not to iAs 

specifically, based on an assessment of published data and expert judgment, we have 

estimated the expected proportions of iAs to total arsenic in the food groups that contribute 

the majority of iAs exposure (Figure 1). As suggested by Feldmann and Krupp (2011), the 

remaining species making up the total arsenic content of each food group were categorized 

in two different fractions, i.e. the ‘potentially toxic fraction’, made up of organoarsenicals 

2Mushrooms are often included in the food group ‘vegetables’ in dietary intake studies. Some species can have substantial iAs 
concentrations (see Table S1 for references), but their contribution to exposure is generally minor due to limited consumption levels.
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other than arsenobetaine (e.g., arsenolipids, arsenosugars, methylated species such as 

DMA), and the ‘non-toxic fraction’, i.e., arsenobetaine. These two fractions are not 

toxicologically equivalent and, even though to date it has not been possible to thoroughly 

assess the risks posed by all the different organoarsenic compounds belonging to the 

‘potentially toxic fraction’, it appears sensible to distinguish them in order to highlight 

existing uncertainties related to the unknown toxicity of part of the arsenic species present in 

the food commodities considered.

It should be noted that the proportion of iAs and other arsenic species shown in Figure 1 are 

averages and considerable variability is observed for some items. In particular, in the case of 

rice the proportion of iAs varies between ca. 30% and 90%, with the remaining fraction 

dominated by DMA (EFSA, 2009; Lynch et al., 2014). In the case of vegetables and fruit, 

the iAs content of the edible portion of many individual plant species is averaged. The same 

holds true for seaweeds, where the iAs proportion varies from about 1% in most commercial 

species to >50% in some brown algae, to ≥70% in hijiki (EFSA, 2009). Less variability is 

observed in wheat (taken as the most representative item of the ‘non rice-based cereals and 

cereal products’ group) as well as wheat products such as bread and pasta, where iAs 

generally represents ≥95% of the total arsenic (Cubadda et al., 2010, D’Amato et al., 2011). 

Other ingredients in more complex processed wheat-based products may contribute other 

arsenic species, and 90% appears to be a sound general estimate for the entire category.

Infant food is a special food category that merits attention because it is aimed at a vulnerable 

population. Many products for infants and young children are rice-based. Pre-cooked, milled 

rice is a dominant carbohydrate source for weaning infants up to one year of age, due to the 

bland taste, material properties, low allergen potential and nutritional value (EFSA, 2009). 

For children who suffer from cow's milk allergy or lactose intolerance, rice-based formulas 

or rice drinks are sometimes substituted for infant formula or cow’s milk. A number of 

studies investigated infant food and found that iAs was the dominant arsenic species, 

sometimes with levels of concern in baby rice (Carbonell-Barrachina et al., 2012; Carignan 

et al., 2016; Jackson et al., 2012; Juskelis et al., 2013; Karagas et al., 2016; Meharg et al., 

2008; Signes-Pastor et al., 2016; USFDA, 2016; Vela and Heitkemper, 2004).

Many products popular among older children are also largely rice-based (e.g. breakfast 

cereals, rice crackers). Investigations that have focused on these products and rice products 

targeted at the macrobiotic, vegan, lactose intolerant and gluten-free food market also found 

substantial amounts of iAs in a significant proportion of samples, showing that they 

represent an important exposure source for the relevant population groups (Carbonell-

Barrachina et al., 2012; Signes-Pastor et al., 2016; Sun et al., 2009). Infants with celiac 

disease appear to be a particularly vulnerable subgroup of the population (Munera-Picazo et 

al., 2014).

4 Effect of food processing and preparation

Both processing of raw food into food products and the common practices of food 

preparation and cooking in the household may affect iAs levels in food. As this topic has 

been reviewed previously (e.g., Bundschuh et al., 2012; Del Razo, et al., 2002; Diaz et al., 
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2004), here we focus on key take-home points relevant to processes significantly impacting 

human exposure to iAs and ways to reduce it.

Food processing techniques can have contrasting effects on iAs concentrations. For example, 

milling reduces total and iAs concentrations in cereal grains, as arsenic is enriched in the 

outer layers of the kernel. As such, polishing leads to a substantial decrease in iAs 

concentration in rice and thus white rice contains lower iAs concentrations than the 

corresponding brown rice (Torres-Escribano et al., 2008). On the other hand, this means that 

bran or wholegrain flour and derived products have higher iAs contents, even though 

bioaccessibility of this arsenic compared to the nonwholegrain products has yet to be 

established. Another process that appears to result in higher iAs concentration is parboiling, 

which is done on rice before milling (in the husk); it is likely that the iAs contained in the 

bran is solubilized by hot water and the subsequent steaming transports iAs within the 

endosperm (He et al., 2012).

As far as food preparation and cooking in the household is concerned, the concentration of 

iAs in the food, the concentration of iAs in the cooking medium (if any) and the 

characteristics of the preparation process are key in determining the iAs levels in the final 

product. In fact, cooking may be the most important process affecting both total arsenic 

concentrations and arsenic speciation (Bundschuh et al., 2012).

For foods prepared with water, the concentration of iAs in the water is critical. Preparation 

of dough with water containing higher than background arsenic concentrations detectably 

increases the iAs content of bread (Cubadda et al., 2015). In boiling food, use of water with 

negligible arsenic levels may extract iAs from the food matrix. At the (low) iAs 

concentration normally found in pasta, for instance, boiling with water containing very small 

amounts of arsenic decreases the original levels in the raw food (Cubadda et al., 2003), 

whereas an increase in iAs in the final product is usually observed with water arsenic >2-3 

μg/L (Cubadda et al., unpublished results). Salt addition is also important as it affects 

aspects such as osmotic pressure and the extent of the loss of the water-soluble iAs into 

cooking water.

Most foods prepared with arsenic-contaminated water tend to absorb arsenic from the water 

and thus have higher total arsenic and iAs concentrations than the raw food items. For 

example, arsenic concentrations in prepared soups, beans/pulses (Del Razo et al., 2002), 

breads (Vahter, 1995), rice (Ackerman et al., 2005; Bae et al., 2002; Laparra et al., 2005; 

Torres-Escribano et al., 2008) and vegetables such as corn and cauliflower (Diaz et al., 2004) 

can be much higher than in the raw foods when cooked in arsenic-contaminated water (or 

when compared to similar food items prepared in low-arsenic water). With some exceptions, 

foods that take up more water or are cooked longer appear to absorb more arsenic (Del Razo 

et al., 2002; Laparra et al., 2005), while boiling vegetables in low-arsenic water can indeed 

be a means to decrease the iAs content of the cooked product (reviewed in Bundschuh et al., 

2012).

The most intensive studies of the effects of food preparation have been conducted with rice. 

In particular, procedures for cooking arsenic-rich rice are of special importance in arsenic-
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endemic areas where rice plays a vital role as the main source of energy and protein intake. 

Rinsing rice with water until it runs clear, then boiling the rinsed rice in excess water that is 

discarded after cooking substantially reduces arsenic exposure (Sengupta et al., 2006). Even 

if the water itself is not entirely arsenic-free, this two-step process provides an easily 

realized strategy for reducing arsenic exposure via cooked rice (Carbonell-Barrachina et al., 

2009; Mihucz et al., 2007; Mihucz et al., 2010; Raab et al., 2009; Rahman et al., 2006; 

Sengupta et al., 2006). Steaming also reduces exposure slightly relative to common 

procedures (Raab et al., 2009), while a more complex procedure involving cooking in an off-

the-shelf coffee percolator reduces iAs even more than rinsing and cooking in excess water, 

especially if the perfused water is discarded (Carey et al., 2015).

For foods other than rice, the effects of food processing vary with food item and cooking 

procedure. Some items lose moisture during cooking and thus the concentration of arsenic 

(and iAs) per unit mass increases, including microwaved and fried sea bass (Ersoy et al., 

2006), salted cod and bivalves (Devesa et al., 2001b, Devesa et al., 2001c). On the other 

hand, steaming decreased total arsenic concentrations in cooked mussels, apparently by 

removing some arsenic species (Lai et al., 2004). Although early studies suggested that 

sustained temperatures >150 °C are needed to change arsenic species from organic forms to 

more toxic inorganic forms (van Elteren and Slejkovec, 1997), baking, frying and grilling 

alter speciation of organic arsenocompounds only; this was found in fish (Devesa et al., 

2001a; Hanaoka et al., 2001), but not red algae (Shibata et al., 1990; Wei et al., 2003, 

Almela et al., 2005). Boiling, however, did sometimes reduce iAs in algae (Laparra et al., 

2003; Ichikawa et al., 2006). For the iAs-rich seaweed Hizikia fusiforme, traditional 

washing and soaking effectively reduces iAs content (Laparra et al., 2003; Rose et al., 2007). 

Finally, for preserved food, arsenic losses (solubilization) to the preservation solution have 

also been reported, which may result in a (slight) decrease of iAs levels (EFSA, 2009).

5 Fate of ingested inorganic arsenic and biomarkers of exposure

Several studies in rodents and humans indicate that As(III) and As(V) present in drinking 

water are rapidly and nearly completely (about 95%) absorbed after ingestion (ATSDR, 

2007). In food commodities, iAs is likely to be bound to thiol groups in peptides and 

proteins and it might to be less absorbable compared to soluble inorganic forms in water. 

Therefore the question arises whether the absorption and toxicity of iAs through food is as 

high as through water.

Overall, the absorption of ingested arsenic species is expected to vary depending on the 

solubility of the arsenical compounds (the more water soluble the compound, the greater its 

absorption), the presence of other food constituents and nutrients in the gastrointestinal tract, 

and on the food matrix itself (EFSA, 2009). As an example, Juhasz et al. (2008) 

demonstrated that whereas the bioavailability of iAs in mung beans was almost 100% in a 

swine model, it was only 50% for lettuce and chard, suggesting an influence of the non-

digestible polysaccharide component of the vegetable on gastrointestinal absorption. Using 

the same animal model, the bioavailability of arsenic in cooked Basmati white rice 

containing entirely iAs was 89% (Juhasz et al., 2006). In these experiments, the 

bioavailability of DMA and MMA was found to be much lower.
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He and Zheng (2010) conducted a pilot, preliminary mass balance study with two human 

subjects, in which the amount of speciated arsenic excreted in the urine (see hereunder in 

Section 5 for urinary arsenic excretion) was compared with the amount ingested from rice 

consumption. Taking into account that 24% of the arsenic in rice was iAs and assuming that 

33% of the DMA in rice was absorbed (value from Juhasz et al., 2006), the estimated 

absorption of iAs for each of the two subjects was 66% and 80%, respectively. However, the 

authors noted that actual bioavailability is likely to be somewhat higher, as some of the 

arsenic entering systemic circulation may be eliminated through hair and skin.

Several studies have been conducted on the bioaccessibility of arsenic species from various 

food in vitro (see Yager et al., 2015, for a detailed overview) and those referring specifically 

to iAs are summarized in Table 1. Although these studies are not useful for estimating the 

amount of iAs that enters systemic circulation, they do provide information about the release 

of bound arsenic from food under various conditions and factors that can modulate the 

amount of iAs available for intestinal absorption, such as Fe3+ concentration (Alava et al., 

2013). Overall, these studies indicate that iAs in rice, seaweed and food composites appears 

to be largely solubilized after simulated GI digestion becoming potentially available for 

absorption in the intestine, whereas bioaccessibility was lower for, e.g., berries and clams.

From this appraisal of the literature in the field, it appears that the bioavailability of iAs in 

foods importantly contributing to exposure is high and similar to that from drinking water. 

Up-to-date risk assessments address iAs from both food and water as sources of exposure 

that contribute in a qualitatively identical way (EFSA 2009; FAO/WHO 2011). Nevertheless, 

more research in this area would be welcome, with specific focus on iAs and studies should 

be performed on ready-to-eat food, since preparation and cooking can significantly affect 

bioaccessibility. For instance, cooking seaweeds was found to increase the bioaccessibility 

of iAs in H. fusiforme to levels of concern (Laparra et al., 2003).

Apart from absorption, others aspects of the fate of ingested arsenic in the gastrointestinal 

tract are matter for further research since they may have important implications for human 

health.

One important issue is that of the potential conversion of organic species to iAs. This had 

been generally not believed to occur, but recently demethylation of MMA and DMA has 

been demonstrated in rice during simulated GI digestion (Chávez-Capilla et al., 2016). The 

consequences of such a finding for a staple like rice are substantial and thus in vivo studies 

are needed to find out whether this may happen in the human gut. Interestingly, degradation 

and demethylation of arsenosugars with iAs formation was also observed in the same study, 

but for standard solutions only and not when ingested within the corresponding foodstuff, 

which highlights the relevance of the food matrix in GI processes.

Another relevant topic is the possible interaction of iAs with gut microbiota. Evidence is 

emerging that gut microbiome compositions might play a role in the individual response to 

exposure and that such interaction could affect iAs metabolism and toxicity (Lu et al., 

2014b; Yu et al., 2016). In turn, iAs appears capable of perturbing the gut microbiome and 

its metabolic profile in mice (Lu et al., 2014a).
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Ingested iAs is largely biotransformed and excreted in urine with a short half-time of a few 

days mainly as MMA and DMA, with typical ratios of 10–30% iAs, 10–20% MMA, and 

60–80% DMA (EFSA, 2009). Urinary DMA percentage is regarded as an indicator of 

methylation efficiency and in many studies the primary methylation index, defined as the 

ratio between MMA and iAs concentrations, and secondary methylation index, the ratio 

between DMA and MMA concentrations, are calculated to assess the methylation capacity 

of the first and second methylation step, respectively (Cubadda et al., 2012). Marked inter-

individual variations in iAs metabolism have been observed depending on such factors as 

age, life stage, gender, nutritional status, and genetic polymorphisms in the regulation of 

enzymes responsible for iAs biotransformation (EFSA, 2009; Vahter et al., 1995).

Several studies from Europe, the United States, South America, and southeast Asia have 

indicated a roughly 1:1 ratio between the sum of the concentrations of iAs and related 

metabolites in urine and the concentrations of iAs in water in cases where the As intake from 

water exceeds that from food (FAO/WHO, 2011). However, when levels of As in drinking 

water are lower, the ratio of the sum of urinary iAs and related metabolites in urine to iAs in 

water is higher than 1. The sum of iAs and its methylated metabolites in urine reflects 

exposure from all sources, not only dietary intake, but if the non-dietary sources of exposure 

(e.g. air, cigarette smoke) are negligible it can be used as a helpful biomarker of dietary 

exposure (Hamadani et al., 2011; García-Esquinas et al., 2013; Gilbert-Diamond et al., 

2016; Leonardi et al., 2012; Moon et al., 2013; Rahman et al., 2009; Raqib et al., 2009; 

Vahter et al., 1995; Zheng et al., 2013). The main limitations are that urinary arsenic reflects 

only recent exposure (few days) and is affected by the ingestion of DMA contained in food 

(e.g. rice) (Cascio et al., 2011) or produced in the body as the consequence of the 

metabolism of arsenosugars and arsenolipids present in seaweed and seafood (Lai et al., 

2004; Taylor et al., this issue). In populations consuming significant quantities of these food 

items, the higher dietary intake of DMA or its production as metabolite of organoarsenic 

species limit the usefulness of the speciated urinary arsenic as biomarker of iAs exposure. 

As an alternative, nail arsenic (i.e. total arsenic in nails) can be used as longer-term 

biomarker, since it reflects chronic exposure to iAs over several months and is marginally 

influenced by ingestion of other arsenic species (Cubadda et al., 2015). Hair can also be 

used since, as nails, they accumulate iAs because of their high keratin content containing 

sulfhydryl groups that bind arsenite, but they have some limitations including a greater 

potential for contamination by exogenous iAs (EFSA, 2009; Orloff et al., 2009).

The passage of iAs over the mammary gland is limited and little arsenic is excreted in breast 

milk (Vahter, 2008). This has important consequences since, as long as breast milk is the 

only food, the infant is protected against iAs exposure during the breastfeeding period even 

if the mother’s exposure is significant (Vahter, 2008; Carignan et al. 2015). On the other 

hand, formula prepared from drinking water with moderate arsenic levels may cause 

considerable postnatal iAs exposure (Carignan et al. 2015).

6 Human exposure to dietary inorganic arsenic

Until very recently, the occurrence data for arsenic in food collected in the framework of 

monitoring schemes and official food control across the world regarded total arsenic without 
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differentiating the various arsenic species. In recent years, increasing awareness of the threat 

to human health represented by iAs led national and international bodies to assess human 

exposure to dietary iAs in order to characterize the risks related to the presence of arsenic in 

food. However, due to the paucity of data for iAs, such assessments estimated human dietary 

exposure by (1) assuming that a defined percentage of total arsenic is present as iAs, (2) 

selecting fixed occurrence figures for some commodities, or (3) combining (few) actually 

measured data with estimates based on different assumptions (Arnich et al., 2012; EFSA, 

2009, 2014; FAO/WHO, 2011; Yost et al., 1998, 2004). All three of these approaches have 

significant limitations, mainly because the limited amount of arsenic speciation data for 

most food commodities did not allow researchers to characterize or model ‘typical’ iAs 

concentrations for specific food items or to calculate reliable iAs to total arsenic ratios. In 

addition, a high degree of variability has been observed across regions for both absolute iAs 

concentrations and ratios of iAs to total arsenic in a number of important food items 

contributing to iAs exposure, notably rice. In order to prevent an underestimation of the 

health risk for the population, these exposure assessments often made conservative 

assumptions – which, however, were affected by a consistent degree of uncertainty and 

might have actually led to an overestimation of exposure (EFSA, 2014). Having noted these 

drawbacks, a brief overview of key assessments using these approaches is given below; a 

detailed review is found in FAO/WHO (2011). Our focus is specifically on iAs, since human 

exposure to organic arsenic species from seafood is dealt with in another paper in this issue 

(Taylor et al., this issue). Moreover, a specific, more detailed focus on rice is found in Davis 

et al. (this issue).

Using a small dataset of iAs occurrence values, various assumptions and modeling (Yost et 

al., 1998), and subsequently a more refined approach (Yost et al., 2004) based on a market 

basket survey (Schoof et al., 1999), mean intakes in the range 0.07-0.2 μg/kg bw/day for US 

(all population groups) and 3.2 μg/day for Canadian children aged 1-6 years (equal to 0.21 

μg/kg bw/day assuming a body weight of 15 kg) were estimated. Mean iAs dietary 

exposures approximately within this range for the US general population have been 

estimated by four other studies (Meacher et al., 2002; Meliker et al., 2006; Tsuji et al., 2007; 

Xue et al., 2010), each giving exposure ranges related to the inclusion of different sources of 

iAs. For example, Xue et al. (2010) using probabilistic modeling found a mean iAs exposure 

from food for the general US population of 0.05 μg/kg bw/day, approximately two times 

higher than the mean iAs exposures from drinking water, and a 95th-percentile exposure of 

0.19 μg/kg bw/day. Meliker et al. (2006) reported 95th-percentile exposures of 0.34 μg/kg 

bw/day, with a maximum of 1.80 μg/kg bw/day, from an area in south-east Michigan where 

drinking water was contaminated. In a further study aimed at comparing the contribution of 

food, drinking and cooking water to estimated iAs exposure in several U.S. study 

populations with varying background tap water arsenic levels, Kurzius-Spencer et al. (2014) 

found intakes of 24.5–26.1 μg/day, with approximately 30% of intake from food in subjects 

with tap water arsenic >10 μg/L. In subjects with tap water arsenic ≤10 μg/L, aggregate iAs 

exposure was 9.4–11.8 μg/day, with 54–75% of intake from food, highlighting that the 

majority of iAs exposure is attributable to solid food in subjects with tap water arsenic ≤10 

μg/L.
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In 2009, EFSA estimated the iAs dietary intake in Europe assuming that the proportion of 

iAs varied from 50 to 100% of the total arsenic in food commodities other than fish and 

seafood, with 70% considered as best reflecting an overall average (EFSA, 2009). Fixed 

values for iAs of 30 ng/g in fish and 100 ng/g in seafood were considered realistic for 

calculating human dietary exposure. With these assumptions, the iAs dietary intake across 

19 European countries was estimated to range from 0.13 to 0.56 μg/kg bw/day for average 

consumers, and from 0.37 to 1.22 μg/kg bw/day for 95th percentile consumers. High 

consumers of rice in Europe, such as certain ethnic groups, were estimated to have a daily 

dietary exposure of about 1 μg/kg bw/day, whereas exposures of about 4 μg/kg bw/day were 

estimated for high consumers of algae-based products. The limited available evidence did 

not indicate a different dietary exposure for vegetarians from that of the general population, 

unless they consume a large amount of algae-based products.

In 2014, EFSA refined previous estimates and calculated the mean dietary exposure among 

infants, toddlers and other children to range from 0.20 to 1.37 μg/kg bw/day, while the 95th 

percentile exposure ranged from 0.36 to 2.09 μg/kg bw/day (EFSA, 2014). Mean dietary 

exposure among the adult population in Europe (including adults, elderly and very elderly) 

ranged from 0.09 to 0.38 μg/kg bw/day, and 95th percentile exposure ranged from 0.14 to 

0.64 μg/kg bw/day. For all the age classes except infants and toddlers, the main contributor 

to dietary exposure to iAs was the food group ‘Grain-based processed products (non rice-

based)’, in particular, wheat bread and rolls. Other food groups that were important 

contributors to iAs exposure were rice, milk and dairy products (main contributor in infants 

and toddlers), and drinking water.

The high inherent uncertainty of exposure estimates based on assumptions and modeling 

calls for approaches based on actual (i.e., measured) iAs concentrations as occurrence data. 

Only in a few cases have attempts to actually measure iAs in food been made in national or 

regional surveys aiming to assess dietary exposure at the population level using market-

basket approaches or actual total diet studies; the methodology used in these studies and the 

resulting mean estimated iAs exposures are summarized in Table 2. Overall, the estimated 

iAs mean exposures range from 0.02 to 0.26 μg/kg bw/day, with the exception of the 

Japanese study where the estimated exposure for the adult population is higher (Table 2). 

Given the relevance of food preparation and cooking on iAs levels in food, it is important to 

note that in one market-basket study food items were prepared and/or cooked before analysis 

(Oguri et al., 2014) – as it is done in total diet studies – whereas in the other one they were 

not (Fontcuberta et al., 2011).

A drawback of most of these studies is that results generally suffered from high limits of 

detection for iAs, resulting in substantial percentages of samples (50-90%) with non-

detectable levels, i.e. ‘left-censored data’. This, in turn, resulted in a high uncertainty of 

exposure estimates (e.g., see the wide lower bound-upper bound estimate ranges, when 

computed). In a single study iAs was quantified in all samples (51 food groups) except one 

(the ‘oils and fats’ category) (Cubadda et al. 2016). According to this study, the mean 

exposure of infants and toddlers (< 3 y), children (≥ 3 to < 10 y), and adolescents (≥ 10 to < 

18 y), was 2.8, 2.4, and 1.4 times that of adults, respectively, whereas it was almost identical 

to that of adults for the elderly (≥ 65 y). The 95th percentile exposure of adults was 
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0.249-0.284 μg/kg bw/day, whereas it was 2.4, 1.4, and 0.9 times that value for children, 

adolescents, and the elderly, respectively. The foods contributing the most to iAs dietary 

exposure of the total population were cereals and cereal products (35%, especially rice, 

bread and pasta) and water and other non-alcoholic beverages (26%, especially bottled 

water), followed by vegetables (11%), fruit (7%), crustaceans and molluscs (4%), and 

alcoholic beverages (4%). When data for consumers only were considered, the main 

contributors to the dietary intake were found to be rice and bottled water, followed by fruit 

and fruit juices for infants and toddlers, and by alcoholic beverages and vegetables for 

adults. Compared to this European total diet study, rice makes an even higher contribution to 

total iAs exposure in the Hong Kong total diet study and in the Japanese market-basket 

study, as expected: 45% and 62%, respectively. In the latter study, hijiki is the second major 

contributor (28%) to the estimated mean iAs exposure via the diet (Oguri et al., 2014; Wong 

et al., 2013).

In Table 2, studies addressing individual exposure to iAs as assessed by means of duplicate 

diets in Japan are also summarized (Mohri et al., 1990; Oguri et al., 2012). The mean 

exposures estimated in these studies are within the range of exposures assessed at the 

population level in Japan and in other countries by means of TDS or market basket studies.

Dietary exposures to iAs in arsenic endemic areas are at least one order of magnitude higher 

compared to the background exposures discussed so far. This is especially true for people 

living in rural areas that consume foods produced locally and rely on a single source of 

contaminated groundwater for drinking, irrigating crops and preparing foods. As an 

example, in a rural village of Northern Chile, in which the water used by the population for 

drinking and cooking purposes contained 572 μg/L of arsenic, Diaz et al. (2004) estimated 

iAs mean intake at 1444 μg/day (i.e., 24 μg/kg bw/day, if a body weight of 60 kg is 

assumed). After the water arsenic was reduced to 41 μg/L, the dietary exposure decreased 

ten times and the contribution of water to exposure decreased from 96% to 75% (Diaz et al., 

2004).

Apart from arsenic-endemic areas that clearly represent public health emergencies, current 

mean and high-level dietary exposure estimates in a number of countries show that, for a 

large part of the population, the margins of exposure with the current benchmark dose lower 

confidence limits (BMDLs) from EFSA and JECFA are narrow or even non-existent. 

Therefore, iAs exposure clearly represents a food safety priority worldwide. How to mitigate 

iAs dietary exposure is the subject of another paper in this issue (Nachman et al., this issue).

7 Conclusions

Inorganic arsenic is the critical arsenic species3 for human risk assessment of dietary 

arsenic. It is the dominant arsenic species in food of terrestrial origin, where it represents 

60% (rice) to almost 100% of total arsenic. The food category contributing the most to iAs 

3Here ‘species’ is used as synonymous of ‘form’, in a distinction pointing to inorganic versus organic forms of arsenic. Strictly 
speaking, As(III) and As(V) (i.e., the oxoanions arsenite and arsenate and the related thio-complexes) are the actual chemical species, 
whereas iAs is the sum of the two. However, no distinction between As(III) and As(V) is made in risk assessment, also because they 
are readily interconvertible in the conditions of the human GI tract.
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dietary exposure of the general population is cereals and cereal products, with rice playing a 

dominant role especially where it is a staple diet item. Other commonly reported 

contributors to dietary iAs intake include – besides water –vegetables, fruit, and beverages.

Although arsenic speciation in fish and seafood has attracted a lot of attention because of the 

high total arsenic levels, these commodities are not generally important contributors to iAs 

dietary exposure, except for shellfish and seaweed in the regions where consumption levels 

of these items are appreciable.

Arsenic in drinking water4 is present as iAs. When the arsenic concentration in water is at 

background levels, food is the major contributor to the intake of iAs in the general 

population. When the arsenic concentration in water is high, drinking water tends to become 

the major source of exposure to iAs and the latter may increase to levels that represent a 

major public health concern; this is currently the case for millions of people living around 

the large deltas and along major rivers in poor regions of South and East-Asia where 

geogenic arsenic is an important groundwater contaminant.

Exposure to dietary iAs is higher in younger age groups, due to their greater food 

consumption on a body weight basis and also to specific dietary habits (e.g., higher 

consumption of rice-based products in infants and toddlers). This does not necessarily 

indicate greater risk of adverse health effects to children, because iAs effects are generally a 

result of long term exposure, but those exposed to higher iAs intakes regularly since early 

childhood would be expected to be prone to long-term health effects. For infants that are not 

breastfed, exposure is dependent on the arsenic content in the water used to reconstitute 

infant formulas, whereas substitution of breastmilk with rice-based infant formula 

considerably increases iAs intake. In terms of hazard identification and characterization, 

more information on critical windows of iAs exposure is needed. In particular, this is true for 

prenatal and early life exposure and potential health effects later in life.

Duplicate diet studies and total diet studies with actually measured iAs concentrations are 

the most accurate means to estimate dietary exposure at the individual and population level, 

respectively, but they require robust and sensitive analytical methods for iAs detection in 

complex food matrices. They are also expensive and other approaches - such as modeling, 

also comprising data from human biomonitoring (Cubadda et al., 2012, 2015; Carignan et 

al., 2015) - have been used. For instance, duplicate diets and modeled arsenic were 

compared in a population-based study and the pros and cons of the methods discussed by 

Kurzius-Spencer et al. (2013).

Gaps and uncertainties in exposure assessment of dietary iAs are primarily a result of 

limited data of iAs occurrence in the different food commodities, which is relevant when the 

methods used to estimate exposure do not rely on actually measured iAs concentrations but 

on available databases. Existing data do not allow reliable characterization of either ‘typical’ 

iAs concentrations for specific food items or the fraction of iAs relative to total arsenic. 

From a risk assessment perspective, despite evidence that iAs in foods importantly 

4Drinking water means here whatever type of water used for drinking purposes (including tap water, well-water, natural mineral water, 
and bottled water).

Cubadda et al. Page 17

Sci Total Environ. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contributing to exposure (e.g. rice) is absorbed to a similar degree to that in drinking water, 

limited knowledge exists on iAs bioavailability from a range of other food sources. The fate 

and transformation of iAs and other arsenic species during human digestion appears to be an 

even more crucial knowledge gap, with evidence only recently emerging on, e.g., the 

interaction of iAs with gut microbiome.

Finally, although iAs is clearly the top priority in risk assessment and risk management of 

dietary arsenic, it has to be remarked that a large proportion of organic arsenic in some fish 

and fish products (fish oil) and, especially, in other seafood is represented by compounds 

(primarily arsenolipids and arsenosugars) that are not thoroughly characterized in terms of 

their toxicological properties and potential risks for human health (Taylor et al., this issue). 

Information is also insufficient for methylated arsenicals, especially DMA, which is the 

most abundant species of this group in food.
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Highlights

• Inorganic arsenic is the critical species for risk assessment of dietary 

arsenic

• It dominates in food of terrestrial origin whereas it is a minor species in 

seafood

• The most important contributors to exposure are cereals and cereal 

products

• If contaminated water is consumed, it becomes the major source of 

exposure

• Important organoarsenicals in the diet are not well characterized 

toxicologically
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Figure 1. 
Estimated proportions of iAs and other arsenic species belonging to the ‘potentially toxic 

fraction’ and the ‘non-toxic fraction’ (arsenobetaine) in important contributors to iAs dietary 

exposure (for references see Table S1, Supplementary Material).
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