Arch Toxicol (2015) 89:2219-2227
DOI 10.1007/s00204-015-1627-1

@ CrossMark

REVIEW ARTICLE

High exposure to inorganic arsenic by food: the need for risk

reduction

Ursula Gundert-Remy' - Georg Damm? - Heidi Foth® - Alexius Freyberger® «
Thomas Gebel® - Klaus Golka® - Claudia R6hl’ - Thomas Schupp® -

Klaus-Michael Wollin® - Jan Georg Hengstler®

Received: 31 August 2015 / Accepted: 26 October 2015 / Published online: 19 November 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Arsenic is a human carcinogen that occurs
ubiquitously in soil and water. Based on epidemiological
studies, a benchmark dose (lower/higher bound estimate)
between 0.3 and 8 pg/kg bw/day was estimated to cause
a 1 % increased risk of lung, skin and bladder cancer. A
recently published study by EFSA on dietary exposure to
inorganic arsenic in the European population reported 95th
percentiles (lower bound min to upper bound max) for dif-
ferent age groups in the same range as the benchmark dose.
For toddlers, a highly exposed group, the highest values
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ranged between 0.61 and 2.09 pg arsenic/kg bw/day. For
all other age classes, the margin of exposure is also small.
This scenario calls for regulatory action to reduce arsenic
exposure. One priority measure should be to reduce arse-
nic in food categories that contribute most to exposure. In
the EFSA study the food categories ‘milk and dairy prod-
ucts,” ‘drinking water’ and ‘food for infants’ represent
major sources of inorganic arsenic for infants and also rice
is an important source. Long-term strategies are required to
reduce inorganic arsenic in these food groups. The reduced
consumption of rice and rice products which has been rec-
ommended may be helpful for a minority of individuals
consuming unusually high amounts of rice. However, it
is only of limited value for the general European popula-
tion, because the food categories ‘grain-based processed
products (non rice-based)’ or ‘milk and dairy products’
contribute more to the exposure with inorganic arsenic
than the food category ‘rice.” A balanced regulatory activity
focusing on the most relevant food categories is required.
In conclusion, exposure to inorganic arsenic represents a
risk to the health of the European population, particularly
to young children. Regulatory measures to reduce exposure
are urgently required.

Keywords Arsenic - Risk assessment - Risk
management - Threshold values - Rice - Drinking water -
Regulatory toxicology - Human exposure

Introduction
Arsenic occurs ubiquitously in soil, rocks and water.
In addition, environmental levels of arsenic have been

increased by burning of fossil fuels and mining. Arsenic has
been used in fertilizers, wood preservatives, insecticides
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and herbicides, although generally such products contain-
ing arsenic are heavily restricted or banned in the EU. One
of the largest man-made catastrophes resulted from intake
of drinking water which was contaminated with arsenic
after new installation of supply wells (Golka et al. 2010).
In the 1970s, a WHO-initiated campaign in Bangladesh
switched from open dug wells to ground water as source
of drinking water (Golka et al. 2010; Ahmad 2001; Bae
et al. 2002). The installation of more than 4 million wells
reduced waterborne diseases due to microbiologically con-
taminated water. However, geogenic well-water contamina-
tion with high arsenic concentrations resulted in toxicologi-
cal risks. As a consequence of the WHO initiative, more
than 50 million people in Bangladesh were put at risk of
arsenic-induced diseases (Ahmad 2001; Golka et al. 2010;
Bae et al. 2002; Khan et al. 2003). At least 100,000 people
have been reported to suffer from cancerous skin lesions
caused by arsenic (Golka et al. 2010), and the actual num-
bers may even be much higher. The man-made catastro-
phe led to increased knowledge of the association between
oral arsenic exposure and cancer risk. Arsenic is a human
group I carcinogen that causes skin, kidney, bladder and
lung tumors (IARC 1973, 1980, 2004, 2012). Based on epi-
demiological studies, a benchmark dose between 0.3 and
8 pg/kg body weight/day was estimated to result in a 1 %
increased risk of lung, skin and bladder tumors in humans
(EFSA CONTAM Panel, 2009). Similarly, the Joint FAO/
WHO Expert Committee on Food Additives (WHO 2011a)
calculated that the lower benchmark dose that resulted in
a 0.5 % increased risk of lung cancer was 3.0 pg/kg body
weight/day (range 2—7 pg/kg body weight/day).

Although exposure to arsenic in Europe is much lower
than in Bangladesh, the general population may still be
exposed to critical levels. A recently published compre-
hensive study on dietary exposure to inorganic arsenic in
the European population gives reasons for concern (EFSA
Journal 2014). In this study, mean dietary exposure of arse-
nic to infants, toddlers and ‘other children’ (aged up to
adolescence) ranged from 0.2 to 1.37 pg/kg bw/day. The
95th percentiles were between 0.36 and 2.09 pg/kg bw/day
(EFSA 2014). These body doses result in a small or absent
margin of exposure between exposure of the European pop-
ulation and the benchmark dose for increased risk of car-
cinogenesis. Although dietary exposure seems to represent
the most relevant route in Europe, for some groups in the
population the margin of exposure may also be relatively
small when considering intake of drinking water. In Europe
the parametric value for arsenic in drinking water is 10 pg/l
(Directive 98/83/EC), which corresponds to the provisional
guideline value provided by the WHO (WHO 2011b).
WHO’s guideline value is designated as provisional on the
basis of treatment performance and the level of analytical
achievability. The maximum likelihood estimates under the
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assumption of a mode of action for carcinogenesis with-
out threshold dose and using a linear risk extrapolation
for bladder and lung cancer for populations (in the USA)
exposed to 10 pg of arsenic per litre in drinking water are
12 and 18 per 10,000 population for females and 23 and
14 per 10,000 population for males, respectively (WHO
2011c). This additional cancer risk is higher than usually
accepted for drinking water (1 per 1,000,000). Based on a
daily drinking water consumption of 2 1 by a person weigh-
ing 70 kg, a drinking water concentration of 10 ug/l arsenic
equals 0.3 pg/kg bw/day, which is in the range of the afore-
mentioned 1 % benchmark dose of carcinogenesis.

As a result of the relatively high exposure levels of the
European population reported by EFSA (2014), the Advi-
sory Board of the German Society of Toxicology' analyzed
the potential risk to human health given by the calculated
exposure to arsenic (EFSA 2014).

Toxicological profile and mode of action

Chronic effects of arsenic include skin lesions, neurotox-
icity (including developmental neurotoxicity), cardiovas-
cular diseases, diabetes and cancer. The adverse effect
with the highest relevance for arsenic risk evaluation is
carcinogenicity. Carcinogenic mechanisms of arsenic have
already been comprehensively discussed (Beyersmann and
Hartwig 2008; Tokar et al. 2010; Bustaffa et al. 2014; Sinha
et al. 2013). Briefly, arsenite [more recently also named
arsenate(IIl)] increases the generation of hydrogen per-
oxide and superoxide anions. A further well-documented
mechanism is its interaction with cysteine residues in zinc
finger domains. The formation of complexes with arsen(III)
species leads to substitution of zinc and, consequently, to
changes in structure and loss of protein function (Zhou
et al. 2014). A characteristic of proteins with zinc finger
domains is their ability to interact with nucleic acids; there-
fore, this class of proteins is involved in DNA transcription,
modification and repair. Moreover, arsenic has been shown

! The Advisory Committee of the German Society of Toxicology is
elected by the members of the German Society of Toxicology and
consists of representatives from academia, industry and administra-
tion in order to guarantee a broad range of toxicological competence.
The Advisory Committee presents and justifies its activities to the
members of the German Society of Toxicology, for example at the
yearly plenary meeting. The German Society of Toxicology is the
largest scientific toxicological organization in Europe, with more than
1200 members. In the past 10 years, the Advisory Committee has
already published review articles about nanotoxicology (Gebel et al.
2014), bisphenol A (Hengstler et al. 2011), alternative methods to
animal experiments (Lilienblum et al. 2008) and REACH (Hengstler
et al. 2006). Commentaries to arsenic have not yet been published by
the Advisory Board.
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to deregulate cell proliferation and induce epigenetic altera-
tions such as altered methylation patterns of promoters,
leading to gene expression alterations (review: Bustaffa
et al. 2014) and suppression of P53. Arsenic does not cause
point mutations, but induces micronuclei, chromosomal
aberrations and DNA strand breaks (review: Beyersmann
and Hartwig 2008). It has been shown that carcinogens
and, under certain circumstances, even genotoxic com-
pounds may act by threshold mechanisms (Hengstler et al.
2003). It is possible that arsenic, which is not DNA-reac-
tive and acts by indirect mechanisms (such as reactive oxy-
gen generation and DNA repair inhibition), may work by a
“‘practical/apparent threshold’ mechanism (Bolt et al. 2004).
However, it is not yet entirely clear which of the variety of
mechanisms induced by arsenic prevail in the carcinogenic
process (Beyersmann and Hartwig 2008; WHO 2011c).
Hence, considering the variety of mechanisms, it is difficult
to conclude whether arsenic acts by a threshold mechanism
with the possibility deriving a safe level or whether a safe
level cannot be determined. In this situation, it may be rea-
sonable to accept the no-threshold assumption and use the
conservative ALARA (‘as low as reasonable achievable’)
concept for risk management. This concept will be the
basis of the following paragraphs in this article. It should,
however, be considered that research in future may replace
this paradigm for arsenic by a ‘practical/apparent threshold’
concept.

Human exposure

Food analysis often provides total arsenic levels, which
comprises both inorganic and organic arsenicals. In gen-
eral, inorganic arsenic forms exhibit a far higher degree
of toxicity compared to naturally occurring organic arse-
nic forms. Inorganic arsenic in food and drinking water
occurs as arsenate (iAs") or as arsenite (iAs™). In organ-
isms, the majority of iAs" is converted to iAs™" (Watanabe
and Hirano 2013); therefore, both forms are usually not
differentiated during risk evaluation. By contrast, fish and
seafood contain high amounts of organic forms of arsenic,
such as arsenobetaine and arsenocholine (Watanabe and
Hirano 2013). Among arsenic in organic forms, arsenobe-
taine is most abundant, but various arsenosugars and arse-
nolipids may also occur (Francesconi 2010). Arsenobetaine
is not metabolized in humans and is thus considered to be
of minor toxicological relevance. The potential risk of arse-
nosugars and arsenolipids in seafood is less clear. These
forms are metabolized to dimethylarsinate, which is the
major metabolite generated after intake of inorganic arse-
nic. It is unknown whether toxicologically relevant inter-
mediates appear; however, limited data on arsenosugars
indicate low toxicity. Data on the toxicity of arsenolipids

are lacking (Francesconi 2010). Taken together, a major
fraction of arsenic in seafood does not seem to be toxico-
logically relevant, although there is some scientific concern
and a need for further clarification.

Recently, EFSA has provided data on human exposure
based on 103,773 food samples (including drinking water)
in order to obtain an overview of the chronic dietary expo-
sure to arsenic in Europe and on the main food sources
of exposure (EFSA 2014). From the totality of measure-
ments, 2753 samples refer to inorganic arsenic, while for
the remainder (101,020 samples) the reported total arsenic
was converted by EFSA to inorganic arsenic by applying
appropriate conversion factors. The estimate of dietary
exposure to iAs resulted in the highest value in the younger
population. Across the different surveys, the mean dietary
exposure in the young age groups (infants, toddlers and
other children) ranged from 0.20 to 0.45 pg/kg bw/day for
the minimum to the maximum lower bound estimate and
from 0.47 to 1.37 pg/kg bw/day for the minimum to the
maximum upper bound estimate, with the maximum value
estimated in infants. For the 95th percentile, the minimum
to the maximum lower bound estimate ranged from 0.36
to 1.04 pg/kg bw/day and the minimum to the maximum
upper bound estimate from 0.81 to 2.09 ng/kg bw/day, with
the highest level estimated in toddlers. In the adult popu-
lation, the mean dietary exposure to iAs was in the range
between 0.09 and 0.38 pg/kg bw/day (minimum lower
bound to maximum upper bound), and between 0.14 and
0.64 pg/kg bw/day (minimum lower bound to maximum
upper bound) for the 95th of the dietary exposure.

According to the EFSA report (2014), the main contri-
bution to the dietary exposure to iAs comes from the food
group ‘grain-based processed products’ (non rice-based) in
most of the age groups in the population, with the excep-
tion of infants and toddlers. In all age classes, further
important contributors were rice, milk and dairy products
as well as drinking water (Fig. la—c). In infants and tod-
dlers (Fig. 1a, two upper panels), milk and dairy products
were the main contributors and drinking water was also an
important contributor. Uncertainty comes from the fact that
it is not known how much rice is used in infant food. For
example, three portions (90 g/day) of rice-based infant food
could represent an important source of iAs (1.59-1.96 g/
kg bw/day).

Exposure is mainly driven by the consumption levels and
not because of high concentrations with the exception of
rice which may have remarkably high contents. In particu-
lar ‘grain-based processed products (non rice-based)’ made
a large contribution to the overall exposure to iAs because
of the high consumption. Wheat bread and rolls were the
most dominant contributors to iAs exposure within ‘grain-
based processed products (non rice-based).” The arsenic
concentrations measured in rice and rice products were
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Fig. 1 Main food groups
contributing to mean chronic
dietary exposure of inor-
ganic arsenic in a European
population. The x-axis shows
the percentage contribution.

Information is given separately
for individual age groups (from
EFSA 2014). a Infants and tod-
dlers, b other children, ¢ adults
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high, 95th percentile of the concentration being 250 ug
arsenic per kg for some brown rice species (Table 2). In
general, brown rice contains more arsenic than white rice
because of the relatively high content in the husks. The
high arsenic content is due to the ability of rice roots to
take up arsenic which is in the soil through polluted irri-
gation water and through historic contamination with As-
based pesticides (Abedin et al. 2002a, b). Currently, modi-
fied rice plants with a lower propensity to take up arsenic
represent a cutting-edge topic in plant research (Wang et al.
2015; Li et al. 2014). However, improved alternatives to
currently used rice plants are not yet available.

Necessity of regulatory activities to reduce inorganic
arsenic exposure of the general population

When the mean and 95th percentile dietary exposure pub-
lished by EFSA are compared with benchmark doses of
extra cancer risk, an overlap can be observed between the
mean exposure and the lower confidence limit of the 1 %
benchmark dose (Table 1). The situation is particularly
critical for the younger population; however, the margin of
exposure is also small or even non-existent for all other age
classes. In conclusion, the European population is exposed
to doses of arsenic that can be assumed to contribute to the
background cancer risk.

Because of relatively high concentrations of arsenic in
rice compared to other food sources, it may be tempting to
recommend reduced consumption of rice and rice products
to consumers, as recently suggested by the German Federal
Institute for Risk Assessment (BfR 2015). However, per-
haps the most important finding of the EFSA study (2014)
is that it demonstrated that a reduced consumption of rice
and rice products is of only limited value for the European
population. Therefore, consuming rice and rice-based prod-
ucts ‘in moderation and varying these products with prod-
ucts based on other cereals’ (BfR 2015) is a valid recom-
mendation but will only have a moderate influence on total
arsenic exposure for the average consumer. The reason for
the moderate contribution of rice to overall arsenic expo-
sure is its relatively low contribution to the average total
European diet. Nevertheless, it may be a relevant message
to consumers, currently consuming high amounts of rice
and rice products.

Besides reducing consumption, one further step in
reducing arsenic exposure would be the introduction of
threshold values for food, in which extremely high arsenic
concentrations have been observed. Besides rice, a further
example can be taken from the EFSA study (2014) which
is seaweed, with concentrations of inorganic arsenic up to
448 ng/kg. Likewise, dietary supplements based on algae
were analyzed and found to contain 6134 pg/kg inorganic
arsenic. Even though these food groups contribute little to

overall human exposure, the extreme concentrations seem
to be unjustifiable and such products with high contents of
inorganic arsenic should no longer be allowed on the mar-
ket. It is important that binding threshold values in food
groups are introduced beginning with the food groups con-
tributing most to the exposure.

A particularly difficult challenge is the regulation of
arsenic in rice, which is not of highest priority for the gen-
eral population in Europe. Of course, the situation is differ-
ent in Asian countries. China, where rice contributes more
to total diet, has introduced a threshold value of 150 pg
arsenic/kg rice. However, a consequence of implementation
of this threshold would be that a relatively high fraction of
currently sold brown rice would have to be discarded, con-
sidering their reported arsenic content in the EFSA analy-
sis (Table 2). For scientific reasons, the ALARA principle
should be applied; however, it may be difficult to achieve
a consensus on what should be considered as ‘reasonable’
(‘R’). A transient compromise might be to first introduce
different threshold values for white and red/brown rice if
the 150 pg/kg threshold is unsustainable. However, rice-
based products intended as food for infants and young
children should be strictly regulated because of the already
very high overall exposure of arsenic to children.

Another relevant aspect is the regulation of arsenic in
drinking and mineral water. Mean inorganic arsenic con-
centrations of tap water range between 1.1 and 2.0 pg/l, and
the 95th percentiles were between 5.7 and 5.8 pg/l (EFSA
2014). This is a pleasing achievement considering the
established limit value of 10 pg/l for drinking water. Since
drinking water represents an important contribution to over-
all arsenic exposure (Fig. 1), it should be discussed whether
the 10 pg/l threshold should be reduced. The authors are
aware of regions in Italy where arsenic in drinking water is
relatively high (Cubadda et al. 2015). Notably, an increased
incidence of cancer cases has been observed in this region
(DIEP 2014). Reduction in the threshold would be chal-
lenging in this region at least within a short time (Cubadda
et al. 2015). Therefore, it is important to search for tech-
nical solutions to reduce arsenic in drinking water, which
may be achieved by water pipelines from less contaminated
regions or by filters.

The highest mean occurrence of inorganic arsenic was
found in still mineral waters, with mean estimated concen-
trations of 5.8 pg/l (medium bound). Although 93 % of the
mineral water samples were below the 10 pg/l threshold
(EFSA 2014), some samples were in the range of 200 ug/l,
which increased the mean. For natural mineral waters,
a maximum level of 10 pg/l is stipulated for total arsenic
(tAs) (Directive 2003/40/EC). Clearly, exceeding levels
are not tolerated. Data on the quality of drinking water in
Europe reported by the national authorities for 2008-2010
(http://ec.europa.eu/environment/water/water-drink/pdf/
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Table 1 Comparison of the benchmark dose for 0.5 % (BMDL,5)* and 1 % (BMDL,)® increased cancer risk with arsenic exposure via food

(without drinking water) in the European Union®

Age group Exposure (ug/kg body weight/day)

Benchmark dose (BMDL®) (ug/kg body weight/day)
causing an increased cancer risk by

Mean value (lower bound
min. to upper bound max.)

95th percentile (lower bound 0.5 % 1%
min. to upper bound max.)

Infants (<1 year) 0.24-1.37 0.54-1.664
Toddlers (1-2 years) 0.32-1.17 0.61-2.09
Other children (3-9 years) 0.20-0.87 0.36-1.41
Adolescents (10-17 years) 0.12-0.48 0.23-0.84
Adults (18-64 years) 0.11-0.38 0.18-0.64
Elderly (65-74 years) 0.09-0.34 0.14-0.53
Old >75 years 0.09-0.36 0.16-0.54

2-7 0.3-8

# JECFA (2010) (lung cancer in humans)
® EFSA, CONTAM Panel (2009) (lung cancer in humans)

¢ For genotoxic human carcinogens, a scenario does not warrant immediate regulatory action if the margin between benchmark doses and expo-
sure exceeds a factor of 10,000 (EFSA 2005). It is still discussed controversially, whether arsenic acts as a carcinogen only by non-genotoxic

mechanisms or whether it should be considered a genotoxic carcinogen

4 Upper bound min. as upper bound max. was not given

¢ BMDL: lower 95 % confidence limit for the benchmark dose for 0.5 or 1 % increased incidence of cancer over background

Table 2 Mean content and

X . X Mean inorganic arsenic 95th percentile

95 % percentile of inorganic

rice (in pg/kg) LB MB UB LB MB UB
Rice (unspecified) 79.0 93.6 108.1 150.0 150.0 200
Rice (brown) 150.7 151.9 153.1 250.0 250.0 250.0
Rice (long grain) 77.6 88.1 98.6 170.0 170.0 200.0
Rice (mixed) 128.5 128.5 128.5 - - -
Rice (parboiled) 92.8 105.1 117.4 234.0 234.0 234.0
Rice (red) 162.4 162.4 162.4 - - -
Rice (white) 84.3 88.7 93.0 149.1 150.4 155.4
Rice (wild) 71.5 75.9 80.2 - - -
Total 92.5 101.2 109.9 196.5 196.5 200.0

From: EFSA (2014)

LB (lower bound): Results below the limit of detection (LOD)/limit of quantification (LOQ) were replaced

by zero

MB (medium bound): Results below the LOD were replaced by 50 % of the value reported as the LOD;
results below the LOQ and above the LOD were replaced by 50 % of the value reported as the LOQ

UB (upper bound): Results below the LOD were replaced by the value reported as the LOD; results below
the LOQ and above the LOD were replaced by the value reported as the LOQ

report2014/1_EN_ACT _partl_v3.pdf) showed for large
supplies that the vast majority of member states are in com-
pliance with the requirements for arsenic. Regional ele-
vated arsenic levels in drinking water have been reported,
e.g., by Hungary where non-compliance was mainly
observed in the deep groundwater of the southeastern Great
Plains. Germany’s report (2015) on drinking water quality
for years 2011-2013 shows only marginal deviations from
arsenic’s parametric value in the range of 0.1 % (2011) of

@ Springer

the analyzed samples. In addition, further activities should
be undertaken to reduce substantially the exposure toward
arsenic focusing on the most relevant food categories.
Those activities will require long-term planning, and some
proposals are discussed in the following sections.

The dietary exposure overview of the EFSA (Fig. 1)
offers a basis to develop strategies for efficiently reducing
exposure of the general population to arsenic. Our consid-
erations start with the observation that exposure scenarios
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are complex with many contributing food categories;
hence, rather than a focus on one specific food category,
a balanced reduction in the main sources of exposure
seems to be an efficient strategy. The primary approach
should be to reduce arsenic in the food groups contribut-
ing most to the exposure in a specific age group. For exam-
ple, infants will benefit most from a reduction of arsenic
in milk and dairy products, food for infants and drinking
water (Fig. 1a). Reduced arsenic in ‘grain-based processed
products (non rice-based)’ would be particularly helpful for
adults (Fig. 1c).

A long-term strategy is required to reduce arsenic in
these food groups. This is only feasible by reducing the
arsenic concentration in soil and water where the agri-
cultural products are grown. This would require evalu-
ating concentrations of arsenic in agricultural products
in order to be able to identify specific regions of interest
where measure should be taken to reduce the arsenic load.
Additionally, the most contaminated products should be
identified and measures taken to avoid their consumption.
Because of logistic challenges and high costs, these meas-
ures to reduce arsenic in food will be a long-term and step-
wise process and harmonization of regulating actions will
be challenging.

Risk management discussions

The new EFSA exposure study (Table 1) gives a differenti-
ated overview of current exposure of the general European
population to inorganic arsenic. However, the problem of
the small or even absent margin between arsenic exposure
and carcinogenic doses is not a new fact. Nevertheless,
until now, the authorities have not yet introduced binding
threshold values for the major sources of arsenic.

The authors can understand that the relatively high costs
would be an obstacle to reduction measures that would be
required and that logistic challenges have to be mastered.
Currently, many foods are produced in a way that inher-
ently causes them to contain relatively high arsenic concen-
trations. The most widespread reason for this is that arsenic
in water and soil is taken up by agricultural plants. Agricul-
tural production in which soil and water with high arsenic
concentrations is avoided, or the introduction of agricultural
crops which accumulate less arsenic represent challenging
long-term projects. Unfortunately, rapid improvements will
be logistically difficult and relatively expensive. Long-term
strategies should be established and will be a driving force
for reducing arsenic in foods, for example, by introducing
binding threshold values in food that will be reduced in a
stepwise fashion over several years. It should be considered
that the Commission Regulation (EU) 2015/1006 of 25
June 2015 has taken a step forward in issuing that a limit

value of 0.1 mg/kg for rice destined for the production of
foods for infants and young children will come into force
from January 1, 2016.

Moreover, efforts to inform the consumers should be
increased as there is relatively little awareness in the general
population that current exposure to arsenic is critical. This
may be explained by the fact that arsenic occurs ‘naturally’
in soil as well as water and the knowledge that humans have
been poisoned by arsenic since millennia. The oldest scientif-
ically testified environmental exposure to arsenic is the Tyro-
lean Neolithic mummy, ‘Otzi,” who died between 3359 and
3105 BC (review; Bolt 2012). Hair analysis of ‘Otzi’ demon-
strated high arsenic contents of 44 ug/g hair, which is much
higher than that of contemporary non-exposed reference
populations (0.116-0.141 pg As/g hair). Evidence suggests
that ‘Otzi” was involved in copper working, which involved
high exposure to arsenic (Bolt 2012). Other historical exam-
ples of arsenic exposure include women who used arsenic to
enhance their skin beauty, horses which were given arsenic
to produce a gleaming coat and athletes who used it for dop-
ing. Such examples may have desensitized risk perception.

Nevertheless, the risk to the general population is real.
The authors hope that this commentary helps to draw atten-
tion to the very real health problems caused by arsenic and
bring about scientifically justified additional regulations to
reduce human exposure.
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