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REVIEW ARTICLE

Dose-response for assessing the cancer risk of inorganic arsenic in drinking
water: the scientific basis for use of a threshold approach

Joyce S. Tsujia, Ellen T. Changb, P. Robinan Gentryc, Harvey J. Clewelld, Paolo Boffettae and Samuel M. Cohenf
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NY, USA; fHavlik-Wall Professor of Oncology, Department of Pathology and Microbiology and the Fred and Pamela Buffett Cancer Center,
University of Nebraska Medical Center, Omaha, NE, USA

ABSTRACT
The biologic effects of inorganic arsenic predominantly involve reaction of the trivalent forms with sulf-
hydryl groups in critical proteins in target cells, potentially leading to various toxicologic events includ-
ing cancer. This mode of action is a threshold process, requiring sufficient concentrations of trivalent
arsenic to disrupt normal cellular function. Nevertheless, cancer risk assessments for inorganic arsenic
have traditionally utilized various dose-response models that extrapolate risks from high doses assum-
ing low-dose linearity without a threshold. We present here an approach for a cancer risk assessment
for inorganic arsenic in drinking water that involves considerations of this threshold process. Extensive
investigations in mode of action analysis, in vitro studies (>0.1 mM), and in animal studies (>2mg/L in
drinking water or 2mg/kg of diet), collectively indicate a threshold basis for inorganic arsenic-related
cancers. These studies support a threshold for the effects of arsenic in humans of 50–100mg/L in drink-
ing water (about 65mg/L). We then evaluate the epidemiology of cancers of the urinary bladder, lung,
and skin and non-cancer skin changes for consistency with this calculated value, focusing on studies
involving low-level exposures to inorganic arsenic primarily in drinking water (approximately <150mg/L).
Based on the relevant epidemiological studies with individual-level data, a threshold level for inor-
ganic arsenic in the drinking water for these cancers is estimated to be around 100mg/L, with strong
evidence that it is between 50 and 150 mg/L, consistent with the value calculated based on mechanis-
tic, in vitro and in vivo investigations. This evaluation provides an alternative mode of action-based
approach for assessing health-protective levels for oral arsenic exposure based on the collective in
vitro, in vivo, and human evidence rather than the use of a linear low-dose extrapolation based on
default assumptions and theories.
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1. Introduction

Inorganic arsenic is a naturally occurring element present in
the earth’s crust and occurs in soil and water by various
processes. Ultimately, some inorganic arsenic enters into the
food chain in both plants and animals (Cullen 2008; Cullen
and Reimer 2017). The inorganic form is metabolized by vari-
ous organisms to a variety of organic metabolites, and thiola-
tion can occur by chemical reaction with hydrogen sulfide.
Inorganic arsenic has long been known to be associated with
a variety of toxicities, both acute and chronic. Among the
chronic effects that have been noted, the earliest and most
well-known are the effects on skin, including hyperkeratosis
and hypo- and hyperpigmentation, most notably arising on
the palms and soles in contrast to similar lesions occurring in
sun-exposed areas of the body secondary to ultraviolet radi-
ation (Cullen 2008; Cullen and Reimer 2017). These skin
changes are known as either arsenicosis or arseniasis. These
benign lesions occurred following ingestion of a variety of
solutions that had been developed over time as possible
therapies (Fowler’s solution, Gay’s solution), but an associ-
ation of these lesions with the evolution of skin cancer was
first noted by Jonathan Hutchinson in 1887 (Cullen 2008). He
reported five cases of cancer arising from these skin kerato-
ses. These skin changes and skin cancer have been docu-
mented following a variety of arsenical therapeutic
exposures, including the anti-syphilitic arsenical drugs devel-
oped by Ehrlich in the early 20th century.

Subsequently, the relationship of these skin changes,
including cancer, to high levels of inorganic arsenic in the

drinking water was documented in a variety of studies. The
relationship was particularly well-documented in populations
in Taiwan (Tseng et al. 1968; Cheng et al. 1988). However, it
was not until 1985 that detailed epidemiologic evaluations of
these populations showed that internal cancers were possibly
related to inorganic arsenic exposure in the drinking water
(Chen et al. 1985, 1986, 1988; Chen et al. 2016). Most notable
was the relationship with urinary bladder cancer, which has
subsequently been documented in a wide variety of popula-
tions, particularly in Asia and in Latin America (NRC 1999,
2001). Exposure to inorganic arsenic (mostly as arsenic triox-
ide) in various occupational settings, particularly in the mining
industry, was first associated with an increased incidence of
lung cancer in 1974 (Ott et al. 1974), although previous studies
had suggested a relationship (IARC 1973). An increased risk of
lung cancer related to a high level of inorganic arsenic in the
drinking water has also been documented beginning with the
studies in southwest Taiwan (Chen et al. 1985). Thus, it is now
well-accepted that exposure to high levels of inorganic arsenic
in the drinking water, and high levels of arsenicals in various
therapeutic modalities and in various occupations, are associ-
ated with an increased risk of various types of cancers, most
notably, skin, urinary bladder, and lung (IARC 1980, 2009).

Some studies suggest a relationship between inorganic
arsenic exposure and cancers of the kidney, liver, and pros-
tate, but these associations, if any, are much less well docu-
mented, and may be confounded by other factors (e.g.
hepatitis for liver cancer). However, a study by Ferreccio et al.
(2013) in a Chilean population demonstrated that the
increased risk of kidney cancer was related to an increased
risk of kidney pelvis urothelial carcinomas, not renal cell car-
cinomas. These urothelial tumors arise from the same epithe-
lium that extends from the kidney pelvis to the ureters to
the urinary bladder, and they are likely the result of similar
processes as those leading to the increased incidence of urin-
ary bladder tumors in populations exposed to high levels of
inorganic arsenic in the drinking water.

The relationship of inorganic arsenic in the drinking water
to various cancers is well-documented at high exposure lev-
els, generally >200 mg/L (ppb), but the risk at lower expo-
sures is less clear. Nevertheless, the epidemiologic evidence
has strongly suggested a threshold for the relationship
between inorganic arsenic exposure and cancer (Abernathy
et al. 1996; Mink et al. 2008; Cohen et al. 2013; Tsuji,
Alexander et al. 2014; Lamm et al. 2015; Zhou and Xi 2018),
and the various chemical and biological effects of inorganic
arsenic in biological systems support the possibility of a
threshold (Snow et al. 2005; Gentry et al. 2010, Gentry,
Clewell et al. 2014; Gentry, Yager et al. 2014; Cohen et al.
2013). A threshold for the epidemiologic findings for lung
cancer and inhalation exposure to inorganic arsenic has also
been described by Lewis et al. 2015, and supported by a
mode of action evaluation. Despite these observations and
mechanistic underpinnings, the cancer risk assessment for
inorganic arsenic in the drinking water has usually involved a
linear, non-threshold dose-response, indicating risks in excess
of regulatory guidelines even for drinking water exposures of
10 mg/L and lower (USEPA 1995, 2006, 2008, 2010; NRC 2001;
JECFA 2011; FDA 2016)
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In 1973, the International Agency for Research on Cancer
Monograph Program evaluated inorganic arsenic and classi-
fied it as a known human carcinogen based mostly on reports
of epidemiology studies related to skin cancer and a few
reports suggesting a relationship occupationally to lung can-
cer (IARC 1973). At that time, there was little in the literature
regarding animal studies, and very little was known about the
mechanisms involved in inorganic arsenic carcinogenesis,
although numerous hypotheses had been suggested.

In the 1980s, the United States Environmental Protection
Agency (USEPA) reviewed the carcinogenicity of inorganic
arsenic and developed a cancer slope factor for risk assess-
ment of ingested arsenic based on linear extrapolation of skin
cancer risk at high doses (mid-points of three dose groups:
170, 470, 800mg/L) in an area of southwestern Taiwan with
elevated arsenic levels in well water (USEPA 1984, 1988).
USEPA subsequently reevaluated the 1975 inorganic arsenic
drinking water standard, and in 2001 made a determination
of a Maximum Contaminant Level (MCL) of 10 mg/L in the
drinking water (66 CRF 6975) using a low-dose linear, non-
threshold extrapolation model based primarily on the studies
from southwestern Taiwan (NRC 1999, 2001). In 2010, a
revised evaluation was presented by the USEPA suggesting an
even steeper dose-response slope for cancer risk, but this
assessment was subsequently withdrawn and has not been
finalized (USEPA 2010). At present, the MCL for inorganic
arsenic in the drinking water in the United States (U.S.)
remains at 10 mg/L. A recent evaluation by Lynch et al. (2017a,
2017b) calculated a somewhat lower risk assessment than
proposed by USEPA in 2010, based on meta-regression ana-
lysis of epidemiological studies of lung and bladder cancer.
Although the analysis performed by Lynch et al. (2017a,
2017b) was ultimately based on a low-dose linear, non-thresh-
old regression model, they noted that the association at low
doses was largely determined by the relationship at high
doses and detailed the evidence for a possible non-linear
threshold approach to the risk assessment for inorganic
arsenic (Cohen 2018a).

The intent of our study is to examine the mode of action
basis for a threshold for oral exposure to inorganic arsenic
leading to an increased risk of cancer, followed by the evi-
dence from in vitro and in vivo animal studies regarding
potential tissue concentration and dose around which such a
threshold might occur. An estimated value for a threshold for
inorganic arsenic in the drinking water is calculated based on
extensive mechanistic, in vitro and in vivo investigations. We
then evaluate the consistency of this threshold with the epi-
demiology literature by focusing on low-level arsenic expos-
ure studies, e.g. drinking water exposures less than
approximately 150 mg/L, and the risk of cancers of the lung,
urinary bladder, and skin (with some consideration of evi-
dence from skin arsenicosis).

2. Mode of action

The underlying basis for any assessment of the shape of the
dose-response for cancer risk at low doses must first consider
the mode of action for carcinogenesis. A number of publica-
tions have previously reviewed the mode of action of

inorganic arsenic (Kitchin and Wallace 2008a; Gentry et al.
2010; Gentry, Yager et al. 2014; Gentry, Clewell et al. 2014;
Kitchin and Conolly 2010; Cohen et al. 2013; Lynch et al.
2017a). These sources and the literature cited were reviewed,
along with subsequently published literature.

2.1. Metabolism and kinetics

The understanding of mode of action is of fundamental
importance for any biological effect of inorganic arsenic and
first requires an evaluation of its chemistry, metabolism, and
kinetics. Inorganic arsenic exists in the environment predom-
inantly as the þ5 (arsenate) and þ3 (arsenite) oxidation
states. In addition, a variety of organic arsenicals exist in the
environment, including methylated arsenicals (monomethyl
arsonic acid, MMAV, dimethyl arsinic acid, DMAV), a variety of
arsenosugars and arsenolipids, and arsenobetaine and arsen-
ocholine (Cullen 2008; Thomas 2015). Arsenobetaine and
arsenocholine are considered biologically inactive and are
minimally metabolized to DMAV (Thomas 2015).
Arsenocholine can be metabolically converted to arsenobe-
taine (Marafante et al. 1984; Thomas 2015). Evidence for
arsenobetaine being metabolized to a limited extent to
DMAV and other metabolites has been reported in some spe-
cies, but the evidence for humans is limited and contradict-
ory (Thomas 2015). Furthermore, the metabolism in
mammals appears to occur via gastrointestinal flora, not
mammalian enzymes (Thomas 2015). The other forms of
arsenic have the potential to be metabolized when exposure
occurs in mammalian systems (Thomas 2015).

In oxygen-rich environments, inorganic arsenic is present
primarily as arsenate (þ5), which is the most common form
present in drinking water (Cullen 2008; El-Masri and Kenyon
2008; Thomas 2015). Arsenite (þ3) can also be present in the
environment, particularly under anaerobic conditions. After
exposure through drinking water or diet, arsenate is rapidly
transported across the gastrointestinal tract, although some
can be reduced in the gastrointestinal tract before absorption
(Thomas 2010, 2015). Once absorbed, much of the arsenate
is reduced to arsenite by several enzymes present in liver
and other tissues, including the blood. It then undergoes oxi-
dative methylation (Figure 1) to the monomethyl form,
MMAV, which is then reduced to monomethylarsonous acid
(MMAIII) and again oxidatively methylated to the dimethyl
form (DMAV). DMAV can also be reduced to dimethylarsonic
acid (DMAIII) and then further methylated to the trimethyl
arsenic oxide (TMAVO) (Le et al. 2000; Cullen 2008; Thomas
2015). Methylation is primarily performed in mammalian sys-
tems by the enzyme arsenic (þ3 oxidation state) methyltrans-
ferase (As3mt) (Chen, Arnold et al. 2011; Thomas 2015). The
methylated forms and non-methylated inorganic arsenic are
excreted predominantly in the urine (El-Masri and Kenyon
2008; Kenyon et al. 2008; El-Masri et al. 2018).

There are species differences in arsenic metabolism
(Drobna, Walton, Paul et al. 2010; Thomas 2015) and interin-
dividual differences (Drobna et al. 2004). DMAV is metabo-
lized to TMAVO in rodents to an appreciable extent,
particularly in rats. In contrast, DMAV is a poor substrate for
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the human enzyme As3mt, consequently, little TMAVO is pre-
sent in human urine unless one is exposed to very high lev-
els of inorganic arsenic. Under most circumstances, TMAVO is
not detectable in human urine (Lu et al. 2003; Thomas 2015).

Transport of arsenicals is also dependent on oxidative
state and whether they are in inorganic or organic form
(Drobna, Walton, Harmon et al. 2010; Cohen et al. 2013;
El-Masri et al. 2018). Arsenate can be transported by a num-
ber of transporters in various tissues, primarily by those
involved in phosphate transport. In contrast, arsenite is read-
ily transported by a variety of transporters in various cell sys-
tems, as are the trivalent methylated forms of arsenic. The
pentavalent methylated forms of arsenic are poorly trans-
ported across cell membranes.

During the past decade, thiolated arsenicals have been
identified, with one or more of the oxygens present in the
various arsenicals replaced by a sulfur atom (Pinyayev et al.
2011). Thiolated arsenicals predominantly form non-enzymati-
cally (chemically) by reaction of arsenicals with hydrogen sul-
fide (H2S) in the gastrointestinal tract (Pinyayev et al. 2011;
Rehman and Naranmandura 2012; Thomas 2015). The micro-
biome of the gastrointestinal tract can influence arsenic
metabolism, quite possibly by affecting sulfur-forming bacter-
ial composition. Furthermore, arsenicals can influence the
microbiome (Lu et al. 2013, 2014; Coryell et al. 2018). For rea-
sons that are unclear thiolated arsenicals whether pentava-
lent or trivalent are readily transported across cell
membranes. However, once inside the cell, it appears that
the thiolated forms are rapidly reduced to the trivalent oxy-
genated forms, which are toxic (Suzuki et al. 2010; Rehman
and Naranmandura 2012; see below).

Arsenosugars from ingested foods appear to be metabo-
lized primarily to dimethylarsinic acid (DMAV) and excreted in
the urine (Thomas 2015; Thomas and Bradham 2016) (Figure
2). Arsenolipids can also be metabolized to DMAV and
excreted in the urine (Thomas and Bradham 2016). This can
add significant confounding to assessments of human expo-
sures of inorganic arsenic based on urinary levels of DMA1.

This could be the explanation as to why DMA in the urine
has been found to be predominantly from inorganic arsenic
in the drinking water in populations exposed to high levels
of inorganic arsenic (the levels are unclear, but clearly above
10 mg/L), whereas much of the urinary DMA at lower expo-
sures of inorganic arsenic in the drinking water is derived
from other sources of DMA, primarily dietary, such as DMAV,
and especially arsenosugars and arsenolipids (Aylward et al.
2014; Thomas 2015; El-Masri et al. 2018).

Several variables can alter the metabolism and kinetics of
inorganic arsenic and arsenicals in general, which could read-
ily influence potential susceptibility to toxicity of exposure to
arsenicals. A major factor is nucleotide polymorphisms in
As3mt, which can influence the ability of the enzyme to
metabolize inorganic arsenic to methylated forms (Fu et al.
2014; Li et al. 2017). This effect in its extreme occurs in the
As3mt knockout mouse model developed by David Thomas
and his colleagues at the USEPA (Drobna et al. 2009). In the
knockout mice, inorganic arsenic is not methylated so the
inorganic arsenic is retained longer in the knockout mouse
than in the wild type mouse, leading to greater toxicity
(Drobna et al. 2009; Hughes et al. 2010; Chen, Arnold et al.
2011; Yokohira et al. 2011). This is strong evidence that over-
all, methylation is a detoxifying process for inorganic arsenic.
However, as described below, the intermediate trivalent
methylated metabolites are also highly toxic, more than the
inorganic trivalent arsenic itself (Petrick et al. 2000; Styblo
et al. 2000; Cohen et al. 2002), such that less efficient metab-
olism results in more exposure to more toxic intermediates.

Other variables that contribute to differences in suscepti-
bility to toxicity of inorganic arsenic include the available
methylation capacity of an individual. This is predominantly
influenced by dietary folate levels, but other aspects also can
contribute (Gamble et al. 2005, 2006). Under certain rare cir-
cumstances, disorders of folate metabolism can influence
this. However, such uncommon disorders have serious health
consequences by themselves and are not considered in
assessing risks associated with arsenic exposure in drinking

Figure 1. Metabolism of inorganic arsenic through progressive reductions and
then oxidative methylations. The trivalent forms can react with sulfhydryl
groups producing biologic effects. Although formation of TMAVO readily occurs
in rodents, its formation is limited in humans unless exposed to very high (toxic)
levels of inorganic arsenic.

Figure 2. Dimethylarsinic acid (DMAV) can be derived from numerous starting
arsenicals. The DMAV is excreted predominantly in the urine. At high exposures
of inorganic arsenic in the drinking water, most of the urinary DMAV is derived
from the inorganic arsenic. However, at low exposure levels in the drinking
water, these other sources of DMAV, primarily from food sources, will
predominate.
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water, given that they are not representative of the general
population (Fraser et al. 2016).

2.2. Reaction with sulfhydryl moieties

The biologic effects of inorganic arsenic result predominantly
from the chemical interaction of trivalent arsenicals with sulf-
hydryl groups, mainly in critical proteins in tissues (Kitchin
and Wallace 2005, 2006, 2008b; Cohen et al. 2013) (Figure 3).
Reaction with smaller thiolated chemicals, such as glutathi-
one, also can lead to toxicity, although there is an ample
reserve of glutathione in most cells, considerably higher than
the amounts that interact with trivalent arsenicals, even with
high exposures. Glutathione is present in most cells at levels
of 1–2mM, and up to 10mM in some cells such as hepato-
cytes (Forman et al. 2009). This contrasts with trivalent arsen-
ical concentrations of less than 10 mM, even with significant
toxicity. Arsenate itself, when the concentration is high, also
can have effects on cells related to its substitution for phos-
phate, particularly in the process of oxidative phosphoryl-
ation (Aposhian 1997; Cullen 2008). This may be a major
contributor to the acute toxicity of exposure to inorganic
arsenic, although its relevance to the chronic effects of inor-
ganic arsenic, such as cancer, is less likely.

The reaction of trivalent arsenicals with sulfhydryl groups
produces a carbon-arsenic bond that is generally thermo-
dynamically stable. Thus, the reaction with many proteins
produces essentially an irreversible binding to that sulfhydryl
group (Lu et al. 2004, 2007; Kitchin and Wallace
2006, 2008b).

To examine the biologic effects of the reaction between
trivalent arsenicals and sulfhydryl groups, extensive investiga-
tion of the reaction of trivalent arsenicals with a cysteine pre-
sent in the alpha chain of rat hemoglobin has been
conducted (Lu et al. 2007). There is a free cysteine in rat
hemoglobin that is not present in the hemoglobin of most
other species, including humans. In the rat, this interaction
with hemoglobin results in accumulation of arsenic in red
blood cells, which essentially has the half-life of the red
blood cells themselves (Aposhian 1997). Interestingly all triva-
lent arsenicals whether arsenite, MMAIII, or DMAIII, reacted in
vitro with this cysteine in purified rat hemoglobin. In contrast,
when the rat was orally exposed to inorganic arsenic, MMAV,
or DMAV, the only form of arsenic detected bound to rat
hemoglobin was DMAIII (Lu et al. 2004, 2007). This is but one
example of the precaution that must be exercised in extrapo-
lating from in vitro to in vivo systems.

Nevertheless, the species difference in binding to hemo-
globin exemplifies an important issue in extrapolating toxic-
ities between species. Available sulfhydryl groups are present
in a variety of proteins, especially zinc finger proteins and
others that are important in the regulation of various cell
processes, and the available free sulfhydryl groups present in
these proteins can vary significantly between species (Kitchin
and Wallace 2005, 2006, 2008b). Furthermore, which proteins
are available will differ within tissues, likely serving as the
basis for differences in tissue specificity following exposure
to high levels of inorganic arsenic and other arsenicals.

To understand the biologic effects of inorganic arsenic
and other arsenicals, it is essential to take into account these
differences in metabolic capacity and kinetics, especially the
availability of sulfhydryl groups in critical proteins in specific
tissues, which can vary between species.

2.3. Trivalent arsenicals and toxicity

As indicated above, inorganic arsenic is methylated to the
mono and dimethyl forms (and trimethyl in rodents), that
serves primarily as a detoxifying process leading to excretion
of the substances predominantly in the urine. However, as
part of this process, trivalent forms of arsenic, including
MMAIII and DMAIII, are formed (Le et al. 2000; Cullen 2008).
The actual enzymatic process remains unclear, but increas-
ingly it appears to involve a non-oxidative model with
methylation steps occurring with arsenic bound to the
enzyme, without the involvement of glutathione
(Packianathan et al. 2018). This is also supported by the
observations by Thomas (2015) that the process is not influ-
enced by glutathione concentrations. In various in vitro sys-
tems, these methylated trivalent species are more toxic than
inorganic trivalent arsenic (Petrick et al. 2000; Styblo et al.
2000; Thomas et al. 2001; Cohen et al. 2002). Trivalent

Figure 3. Inorganic arsenic can be metabolized to thioarsenicals and methy-
lated arsenicals. Ultimately trivalent arsenicals are generated inside the cell that
can react with sulfhydryl groups. Reaction with critical cellular proteins will pro-
duce biologic effects. These effects are all non-cancerous. However, the cytotox-
icity produced in epithelial cells, such as skin, lung, and urinary bladder, will
lead to regenerative cell proliferation. If prolonged, this ultimately leads to an
increased risk of these cancers.
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inorganic arsenic itself is highly toxic to cells, however, the
trivalent methylated forms are usually 2 to 5 times more
toxic than inorganic arsenic depending on the cell system. To
estimate the overall toxicity of arsenicals, the amount of total
trivalent arsenic available in cells is critical, along with which
proteins they are able to interact. Differences that might
occur between in vitro and in vivo exposures need to be
addressed. A small part of this pool of trivalent arsenicals
could be derived from the intracellular uptake of thiolated
arsenicals, whether trivalent or pentavalent, since they are
converted rapidly to the trivalent oxygenated forms (Suzuki
et al. 2010; Pinyayev et al. 2011). The concentration for cyto-
toxicity of the trivalent arsenicals in various in vitro systems
varies from 0.1 to 10 mM (Gentry et al. 2010). In contrast, the
pentavalent methylated arsenicals (MMAV, DMAV, TMAVO) are
cytotoxic at millimolar concentrations in vitro (Cohen et al.
2002; Dodmane, Arnold, Muirhead et al. 2014), concentrations
that are not attainable in vivo.

A key to understanding the basis for a threshold for inor-
ganic arsenic carcinogenicity on the biologic effects of arseni-
cals is the reaction with sulfhydryl groups. Small molecules,
such as glutathione, are present in ample reserve in cells, so
it is unlikely that they will be depleted to a significant extent,
even with relatively high exposures to inorganic arsenic. To
maintain cellular and tissue homeostasis, proteins are con-
tinuously turning over but vary in their half-lives. Structural
proteins such as collagen tend to turn over slowly, with a
half-life of years. In contrast, regulatory proteins such as tran-
scription factors, enzymes related to DNA synthesis and
repair, and proteins involved in numerous cell functions,
have half-lives of minutes to hours (Doherty et al. 2009;
Bojkowska et al. 2011; Hinkson and Elias 2011). Since regula-
tory proteins are of particular interest regarding carcinogenic
mechanisms, the rapid turnover will assure the presence of
functional protein until adequate amounts of trivalent arseni-
cals have reacted with them to actually deplete their levels
below critical functional levels. Once these levels have been
superseded, a biologic response such as the various arsenic
associated toxicities will occur.

An indication of the capacity of proteins to handle arsenic
binding is illustrated by the reaction of trivalent arsenicals to
rat hemoglobin ( Lu et al. 2004, 2007). Rat hemoglobin has
an unique cysteine in the alpha chain to which trivalent
arsenicals can bind. The bound arsenic on the hemoglobin is
retained for the life of the red blood cells in which it occurs
(30–90 days). Even though a relatively large amount of
arsenic can be bound to the hemoglobin, there is no effect
on the overall functioning of the red cells since there are
many times more hemoglobin molecules available that will
not have the arsenic bound and new hemoglobin is con-
stantly being synthesized.

Based on the extensive reviews of Gentry et al. (2010);
Gentry, Clewell et al. (2014) and Gentry, Yager et al. (2014),
the critical concentration for trivalent arsenicals to cause bio-
logical effects based on in vitro studies is >0.1mM. This is a
highly conservative estimate since in vivo it is likely that with
various protective mechanisms, such as metabolism and cell
protection processes such as mucin, glycosaminoglycans, cell
junctions, etc., a higher concentration is required to produce

a biologic effect. Nevertheless, >0.1mM is a reasonable esti-
mate for the cellular concentration required for obtaining a
biologic effect such as the various toxicities.

It has become apparent that the exogenous exposure to
inorganic arsenic leads to biologic effects in humans at
exposure levels lower than that appears to be necessary for
animal systems, particularly with respect to carcinogenicity.
Thus, increased incidences of cancer are detectable at drink-
ing water levels above �100 mg/L, whereas in the animals a
biologic response is generally obtained only at exposure lev-
els of mg/L. This appears predominantly to be due to differ-
ences in toxicokinetics between the animal species, rather
than being related to the susceptibility of human cells versus
animal cells (Clewell et al. 2007; El-Masri and Kenyon 2008;
Kenyon et al. 2008; Dodmane et al. 2013; El-Masri et al.
2018). The cytotoxicity of various trivalent arsenicals in rat
and/or mouse cells is similar to human cells of the same tis-
sues. In these in vitro systems, the biologic responses occur
at similar concentrations of the trivalent arsenicals, usually
within two- to four-fold differences, but always less than ten-
fold among species (Dodmane et al. 2013). If anything, the
human cells tend to be less susceptible to the biologic
effects of the trivalent arsenicals in these in vitro systems
when they are compared to rat or mouse cells. This has been
true for established cell lines and for primary human cells
(Gentry et al. 2010; Yager et al. 2013).

2.4. Mode of action for arsenical carcinogenesis

Several modes of action have been suggested to explain the
carcinogenicity of arsenicals, including direct genotoxicity (i.e.
DNA reactivity), indirect genotoxicity (i.e. non-DNA reactivity),
oxidative stress, epigenetic changes, and cytotoxicity with
regenerative proliferation.

2.4.1. Reaction with DNA
The only mode of action that is compatible with a linear
extrapolation without a threshold is direct genotoxicity
involving direct interaction of the chemical with DNA, leading
to adduct formation, mutation, and ultimately carcinogenicity
(Cohen and Arnold 2011). Chemicals of this type include the
polycyclic aromatic hydrocarbons, aromatic amines, N-nitros-
amines, aflatoxins, and others. However, Nesnow et al. (2002)
clearly demonstrated that arsenicals do not react directly
with DNA, and based on chemical principles, such a reaction
is highly unlikely. Some investigators have suggested that
there is free radical formation by arsenicals, but this occurs
only under extreme conditions with high concentrations and
specific biologic circumstances (Nesnow et al. 2002; Lantz
and Hays 2006), none of which are likely to occur in viable
mammalian organisms.

2.4.2. Indirect genotoxicity
It is well accepted that indirect mechanisms of damage to
DNA that occur by interactions with targets or processes
other than DNA are expected to show nonlinear, threshold
dose responses (Kirkland and M€uller 2000; MacGregor et al.
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2015). There is evidence that indirect genotoxicity can occur
by a variety of means, and there is evidence that such effects
could occur in mammalian cellular systems exposed to triva-
lent arsenicals. However, these involve interaction with pro-
teins and will have a threshold effect. The two most plausible
indirect processes that could lead to indirect genotoxicity are
inhibition of DNA repair and interaction with the proteins
involved in the formation of the mitotic spindle, i.e. tubulin
(Cohen et al. 2013). Interaction with a variety of DNA repair
enzymes has been demonstrated (Kitchin and Wallace 2008b;
Andrew et al. 2009; Ebert et al. 2011; Zhou et al. 2011; Faita
et al. 2013), although these studies involved predominantly
in vitro systems and especially involved purified enzymes.
The role that DNA repair and mitotic-spindle interference
play as causal events in arsenical carcinogenesis are not
established. Nevertheless, given that these effects involve
interactions with proteins, a threshold effect is expected, as
described above. Furthermore, it is unclear if these effects
would occur at concentrations attained in vivo that would
not be overtly toxic to humans.

Likewise, interactions with tubulin will certainly have a
threshold effect (Kitchin and Wallace 2008b). If this actually
occurs at high enough exposure levels, it is likely to result in
cell death. However, in whole tissues and in intact organisms
there is no evidence that such a reaction with tubulin with
consequent inhibition of the formation of the mitotic spindle
actually occurs. A number of substances are known to inter-
act with the mitotic spindle, such as colchicine, but the result
of such an interaction is metaphase arrest (Garland 1978).
Colchicine is the substance used in cytogenetic evaluations
and in the assessment of various indirect genotoxicity param-
eters. There is no evidence in animal studies or in humans
that this actually leads to a carcinogenic effect. Colchicine is
widely used in human medicine in the treatment of gout
(Chen and Schumacher 2008), with no evidence of a carcino-
genic effect.

Thus, although there is a possibility for indirect genotoxic-
ity, if it does occur it will only be at very high concentrations.
Such concentrations are higher than those that would be
attained systemically in animals or humans. Therefore, it is
unlikely that this is the basis for the carcinogenicity of arseni-
cals either in animals or in humans, particularly at
lower doses.

A variety of in vitro and in vivo studies have demonstrated
genotoxicity using primarily assays involving micronucleus
formation or chromosomal aberrations (Kligerman et al. 2003;
Kligerman and Tennant 2007). Studies evaluating direct muta-
genesis such as the Ames assay, have generally been nega-
tive, particularly those done under guidelines currently in
place (Nesnow et al. 2002; Kligerman and Tennant 2007;
OECD 2015; EFSA Scientific Committee 2017). A recent in vivo
assay in gpt delta transgenic mice showed a suggestion of a
positive response in liver to arsenite in the drinking water
(Takumi et al. 2014). This isolated finding is inconsistent with
the lack of mutagenicity observed in a variety of assays and
with the lack of DNA reactivity of arsenicals. The dose used
was 85 ppm arsenite which can produce liver toxicity in some
mouse strains (Yokohira et al. 2011). No evaluation for liver
toxicity was performed in this study. A major difficulty in

interpreting these genotoxicity assays, particularly those in
vitro are the high concentrations that are needed to obtain a
positive result. In general, these are well above the 10 mM
concentration that is lethal to cells in vitro. A difficulty in
interpreting the in vitro assays is that the assessment of cyto-
toxicity may be performed only after a few hours of exposure
whereas cell death may not be evident for 3 to 5 days of
exposure. Nevertheless, the cytotoxic process has already
begun and is likely the basis for the genotoxicity (Styblo
et al. 2000; Dodmane et al. 2013). These high concentrations
also suggest the potential for interaction with critical pro-
teins, such as DNA repair enzymes and tubulin, that could
produce indirect genotoxic effects, but that has not been
adequately evaluated.

2.4.3. Evaluation of genotoxicity in humans
In vivo assessment of indirect genotoxicity has also been
evaluated, both in animal models and in humans. In animal
models, the exposure levels are always high (Kligerman and
Tennant, 2007). In humans, the major endpoint that has been
utilized to evaluate genotoxicity has been micronucleus for-
mation, particularly evaluating urothelial cells that have been
exfoliated in the urine. These studies in humans have numer-
ous shortcomings which have been previously described
(Cohen, Chowdhury et al. 2016).

A major shortcoming of these human studies has been
the lack of a clear dose response, despite large increases in
exposure. As an example, in a study by Basu et al. (2004) in
which they evaluated exfoliated urothelial cells, buccal
mucosa squamous cells, and blood lymphocytes from popu-
lations exposed to various drinking water levels of inorganic
arsenic, there was little or no variability in the number of
micronuclei per 1000 cells at different exposure levels. Three
groups with exposure levels of 50–150, 151–250, or >250mg/L
inorganic arsenic in the drinking water were evaluated. In
urothelial cells, the number of micronuclei per 1000 cells was
6.30, 6.48, and 6.98, respectively; in buccal cells, it was 5.75,
5.78, and 5.90; and in blood lymphocytes, it was 9.01, 9.39,
and 9.42. Standard errors were not presented in the publica-
tion and no group with low drinking water exposures
(<10 mg/L) was evaluated. None of these changes were statis-
tically significant.

Furthermore, the assessment of inorganic arsenic exposure
has been limited. Either drinking water levels or measure-
ment of urinary arsenic was used, with all of the shortcom-
ings described below for the epidemiologic studies.
Frequently, total arsenic rather than speciated arsenic in
urine has been measured, which is particularly difficult to
interpret and can be greatly influenced by organic arsenic
forms from the diet. Even speciated urinary arsenic measures
may also be influenced by DMA or by DMA precursors in the
diet. Furthermore, the evaluation of urinary arsenic levels has
been performed at a single point in time, with no control for
time of day or any follow-up. Although some have suggested
that urinary arsenic levels are reasonably stable, other studies
have shown that they are highly variable, not only from day
to day but even during the same day. Variation over spans of
months and years is likely to be considerable (Wang et al.
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2016). In addition, the populations that are being compared
are at different locations with a large number of confounding
factors, including wide variation in the nutritional status of
the individuals. This is particularly important regarding folate
and other influences on methylation status (Gamble et al.
2005, 2006).

A further confounding factor is exposure to tobacco prod-
ucts. This is generally evaluated by self or third-party report-
ing, without verification of nicotine exposure, such as by
measurement of cotinine in the urine. Furthermore, tobacco
exposure may only be an assessment of cigarette smoking
whereas many of the populations, such as in West Bengal
and Bangladesh, have considerable oral tobacco exposure
through betel quid, which could further confound the find-
ings. Betel quid contains substantial amounts of nicotine.
Recent studies have shown that nicotine orally administered
to mice and rats produces a similar cytotoxic and regenera-
tive proliferative effect on the urinary bladder urothelium as
inorganic arsenic (Dodmane, Arnold, Pennington et al. 2014;
Suzuki et al. 2018).

Other variables that are not adequately taken into account
in the assessment of micronuclei in urothelial cells include
the fact that the cells that are exfoliated are dead and
have undergone considerable autolysis in the urine. In add-
ition, some of the micronuclei that have been counted in
individuals exposed to high levels of inorganic arsenic could
be intracytoplasmic inclusions. These inclusions have been
demonstrated in mice exposed to inorganic arsenic and in
exfoliated human urothelial cells from patients that had
been treated with extremely high doses of arsenic trioxide
for the treatment of promyelocytic leukemia (PML) (Wedel
et al. 2013; Dodmane, Arnold, Muirhead et al. 2014). In
mice and in humans, it appears that these inclusions contain
inorganic arsenic and serve as a reservoir for binding inor-
ganic arsenic so that it cannot induce toxicity in the cells, a
means of handling excess inorganic arsenic by these cells.
This was particularly well demonstrated in the As3mt knock-
out mice administered inorganic arsenic (Dodmane, Arnold,
Muirhead et al. 2014). Furthermore, these inclusions are not
found in rat urothelium (Dodmane, Arnold, Muirhead et al.
2014), and rats do not have evidence of DNA damage or
micronuclei in the urothelium following oral administration
of arsenate or DMAV in drinking water (Wang et al. 2009).
Overall, given the significant limitations of the studies in
humans, it is unlikely that the inorganic arsenic is acting as
a clastogen.

2.4.4. Epigenetics and oxidative stress
Epigenetics has also been suggested as a mode of action for
arsenic carcinogenicity (Smeester et al. 2011; Rager et al.
2017). However, the causal linkage and relationship of epi-
genetic mechanisms with arsenical carcinogenicity is poorly
defined, and does not take into account that exposures to
other environmental toxicants or dietary intake of food will
lead to changes in the methylation pattern of DNA or the
histone acetylation pattern, as protein expressions will be
turned on and off to handle even normal metabolic and cel-
lular processes (Goodman et al. 2010). To be related to

carcinogenicity, it would have to be demonstrated that the
epigenetic changes were irreversible, and this has not been
adequately addressed. For the most part, epigenetics serves
as a marker for biologic processes happening at a given time
and does not provide an explanation for long term effects
such as carcinogenicity.

Another mode of action that has been suggested is DNA
damage secondary to oxidative stress (Kitchin and Wallace
2008a; Kitchin and Conolly 2010). This should be distin-
guished from activation of oxidation pathways detected by
genomic assays, which is not necessarily indicative of DNA
damage. Although oxidative stress and toxicity have been
demonstrated repeatedly in various in vitro systems, these
have generally not been validated in vivo exposures. In vari-
ous in vitro studies, the exposures can readily produce oxida-
tive stress, particularly at concentrations that are cytotoxic
(Wei et al. 2005; Kitchin and Wallace 2008a; Kitchin and
Conolly 2010). Most of the in vitro studies reporting oxidative
stress as a factor have been performed at concentrations of
arsenic above 10 mM, which, as described below, is lethal to
cells. It is also higher than systemic or urinary concentrations
attainable in animals or humans. Any oxidative damage likely
would be a consequence of the toxicity rather than the
cause. Co-administration of arsenic with various antioxidants
in vitro inhibits the process, although this could be simply
due to chemical interaction with the arsenical directly in
some cases. Administration of such antioxidants has not
blocked various biologic effects when evaluated in the in
vivo setting (Wei et al. 2005; Suzuki et al. 2009). In the review
of DMA by the USEPA Office of Pesticides Programs (OPP), it
was concluded that the mode of action was sustained cyto-
toxicity and regenerative cell proliferation rather than react-
ive oxygen species (ROS)-induced DNA damage (USEPA
2006), consistent with the conclusions of the USEPA Science
Advisory Board (USEPA 2007).

2.5. Cytotoxicity and regenerative proliferation

The most likely mode of action based on considerable evi-
dence available is cytotoxicity with consequent regenerative
proliferation (Cohen et al. 2013). This has been demonstrated
specifically in the DMAV rat bladder cancer model, and it was
accepted by the USEPA in its review of the DMAV pesticide
registration (USEPA 2006) and by the USEPA SAB in its review
(USEPA 2007). Evidence supporting this mode of action has
been demonstrated for inorganic arsenic in a variety of ani-
mal models, in vitro systems, and in humans.

2.5.1. DMA-Induced urinary bladder cancer in rats
The most extensively investigated model for cytotoxicity and
regenerative proliferation regarding arsenical carcinogenesis
is the DMAV bladder cancer model in rats. This has been
reviewed extensively (Cohen et al. 2006) and was accepted
by the USEPA in its review of the DMAV pesticide registration
in 2006 (USEPA 2006). It has been used as a model chemical
for international and governmental training programs on
applications of the mode of action/human relevance frame-
work originally developed by a committee of the
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International Life Sciences Institute (ILSI) Risk Science
Institute sponsored by the USEPA and Health Canada
(Sonich-Mullin et al. 2001; Meek et al. 2003; Seed et al. 2005).
This framework was extended internationally by the
International Programme on Chemical Safety (IPCS) (Boobis
et al. 2006, 2008) and has been widely used for evaluation of
mode of action analyses of animal models and extrapolation
to human relevance.

In the DMAv model, as described below, an increased inci-
dence of urinary bladder tumors occurs in rats when it is
administered in the drinking water or in the diet, but does
not produce an effect in mice in a two-year bioassay. Based
on extensive investigations, the mode of action was deter-
mined to be cytotoxicity with regenerative proliferation
(Cohen et al. 2006). The key events were reduction of DMAV

to DMAIII with excretion and concentration in the urine. This
led to superficial cytotoxicity of the urothelium with regen-
erative proliferation and ultimately an increased incidence of
tumors. Cytotoxicity and proliferation were increased at diet-
ary doses as low as 10mg/kg (10 ppm) of diet, with negative
results at 2mg/kg of diet. Urinary concentrations of DMAIII

were >1 mM after treatment for 1 day with 100mg/kg DMAV

in the diet and �5 mM after treatment for 10weeks (Cohen
et al. 2002). After treatment for 25weeks, the urinary concen-
tration of DMAIII decreased to around 1.0mM. In vitro investi-
gations demonstrated that DMAIII was cytotoxic to
immortalized rat (MYP3) and human (1T1) urothelial cells
(Cohen et al. 2002; Dodmane et al. 2013) at a concentration
similar to that resulting in cytotoxicity and other alterations
in biologic parameters investigated in vitro in a variety of cell
systems (Gentry et al. 2010; Gentry, Clewell et al. 2014;
Gentry, Yager et al. 2014). There was a clear threshold
response by assessment of the morphologic endpoints and
based on the urinary concentration of the reactive metabol-
ite, DMAIII.

Cytotoxicity with regenerative proliferation has been iden-
tified as the mode of action for numerous chemicals involv-
ing numerous target tissues, including liver (Meek et al.
2003), kidney (Lock and Hard 2004), forestomach (Proctor
et al. 2018), small intestine (Haney 2015; Thompson et al.
2017), urinary bladder (Cohen 2018b), and others.
Cytotoxicity is a well-accepted mode of action of toxicity
with a threshold response that can then be used for estimat-
ing risk to humans. In the case of treatment with DMAV, as
in many others, the cytotoxicity if prolonged, can lead to
an increased risk of cancer. However, if the exposure is
below the level that produces the cytotoxicity, then no
cytotoxicity will occur and no tumors (Andersen et al. 2000).

2.5.2. Inorganic arsenicals and cytotoxicity
For inorganic arsenic, whether arsenate or arsenite, a similar
cytotoxic response, and consequent regenerative proliferation
are seen in the urinary bladder of rats and mice (Simeonova
et al. 2000; Cohen et al. 2013; Arnold et al. 2014). However,
in contrast to DMAV, prolonged administration of inorganic
arsenic to rats and mice does not appear to produce a statis-
tically significant increased incidence of urothelial tumors
(see Section 4). This may be related to the attenuation of the

hyperplastic response as the animal’s age; the hyperplasia is
minimal to absent after the age of 26weeks (Arnold et al.
2014). Why the attenuation occurs has not been determined,
but is likely related to toxicokinetic considerations.

In vitro evaluations of exposure to inorganic arsenic in rat
urothelial cells produced a cytotoxic and regenerative effect
similar to that observed in vivo (Cohen et al. 2013).
Furthermore, the evaluation of the urothelium in the animals
exposed to inorganic arsenic utilizing genomic analyses
showed an initial change corresponding to cytotoxicity (at
2weeks of administration) with later genomic changes indica-
tive of a proliferative response (12weeks of exposure)
(Clewell et al. 2011). These transcriptomic findings corres-
pond to the morphologic changes and immunohistochemical
evaluation of proliferation in the bladder urothelium (Arnold
et al. 2014).

A similar response was also seen utilizing primary urothe-
lial cells from patients, with a mixture of various arsenicals
leading to similar transcriptomic changes as observed in vivo
(Yager et al. 2013). Primary human urothelial cells had a vari-
ation in response of only approximately three-fold, which is
potentially useful information in the extrapolation to a quan-
titative assessment in humans. Again, one has to keep in
mind that the in vitro changes will be conservative compared
to in vivo since the cells in vitro will not have the normal pro-
tective processes present in a fully differentiated tissue such
as the urothelium in the urinary bladder. In vitro systems
have several aspects that need to be considered when
extrapolating to in vivo systems. One important consideration
is the loss of chemical metabolizing capabilities in the in vitro
systems. A second consideration is the lack of full differenti-
ation of cells in vitro. The in vitro epithelial systems frequently
lack the protective barriers of the fully differentiated tissues
in vivo, such as cell junctions, membrane protections (e.g.
uroplakins in the urothelium), blockage of cell transport, pro-
duction of protective materials (e.g. mucins, proteoglycans,
glycosaminoglycans, etc.) as well as interactions with other
cell types and products (e.g. inflammatory cells, cytokines,
growth factors and inhibitors). Furthermore, established cell
lines have abnormalities that allow them to grow indefinitely
that do not occur in vivo. Such changes include abnormalities
in p53, which influences DNA repair and cell growth, as well
as alterations in other proteins involved in cell growth and
proliferation. Thus, the in vitro studies will likely overestimate
the risk to humans.

Investigations in other cell types produced similar results
as in urothelial cells (Petrick et al. 2000; Styblo et al. 2000;
Thomas et al. 2001; Vega et al. 2001; Dodmane et al. 2013).
However, in vivo models to evaluate the in vitro findings
with these other cell types, including bronchial epithelial
cells and skin keratinocytes, are not available. Nevertheless,
the concentrations of the various trivalent arsenicals
required to produce cytotoxicity in vitro were similar
across the different tissue types, and the transcriptomic
response was similar in all three cell types (Dodmane et al.
2013). These studies involved established cell lines for uro-
thelium and keratinocytes and primary cells for bron-
chial epithelium.
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2.5.3. Cytotoxicity and carcinogenesis in humans
As described above, there is evidence in humans that cyto-
toxicity with consequent regenerative proliferation is the
mode of action involved with arsenic-related tumors. The rea-
son for the urothelium being a target for inorganic arsenic
carcinogenesis is apparently based on the concentration and
excretion of the trivalent forms in the urine. The reason that
the skin and lung are also targets is likely related to high
concentrations of sulfhydryl-containing proteins in skin kera-
tin and in lung surfactant (Kishore et al. 2006) for binding tri-
valent arsenicals in blood. Lung cancer that arises from oral
exposure may also differ in other ways than airborne delivery
to the lung with occupational exposure by inhalation. An
evaluation of lung cancer cases in cancer registry data for
the arseniasis-endemic area of southwest Taiwan revealed
that squamous cell carcinoma (but not adenocarcinoma or
small cell carcinoma) was associated with arsenic exposure in
drinking water, most prevalently at concentrations in excess
of 640 mg/L in contrast to the greater prevalence of adenocar-
cinomas in historical copper smelter workers (Kuo et al.
2017). Although animal models similar to that for bladder
cancer are lacking for lung and skin cancer from oral expos-
ure to arsenic, in vitro data indicate the similar sensitivity to
arsenic of bronchial epithelial cells, keratinocytes, and blad-
der epithelial cells.

Cytotoxicity with consequent regenerative proliferation is
most clearly demonstrated in the skin, with the precancerous
changes defined as hyperkeratosis and increased epidermal
proliferation as the response to toxicity of the epidermis
(Cohen et al. 2013). This is associated with increased prolifer-
ation, and eventually decreased differentiation of the epider-
mis as the lesion evolves toward actinic keratosis with
dysplasia, carcinoma in situ, and eventually squamous or basal
cell carcinoma. Interestingly, melanoma, another skin malig-
nancy, does not appear to be increased with arsenic exposure,
perhaps because it arises from melanocytes rather than kerati-
nocytes and has a different molecular basis than squamous
and basal cell carcinomas (Shain and Bastian 2016).

Likewise, epidemiologic investigations suggest that inflam-
matory changes in the lung (indicative of cytotoxicity), such
as bronchitis (Mazumder 2007) and bronchiectasis
(Mazumder et al. 2005; Mazumder 2007) are increased in
response to exposure to high levels of inorganic arsenic in
the drinking water, but this has not been investigated to the
same extent as the skin arseniasis changes (Cohen et al.
2013). For the urinary bladder, there are no noninvasive tech-
niques that can evaluate the precursor changes in the blad-
der, so this cannot be directly investigated in the human
urothelium. However, in an industrial accident with exposures
to extremely high levels of inorganic arsenic, resulting in a
high mortality rate, several of the individuals developed
hematuria, a clear sign of urothelial toxicity (Xu et al. 2008).
The superficial urothelial toxicity observed in rats and mice
administered inorganic arsenic is not detectable clinically
in humans.

An important consideration in this mode of action is that
it is a clear threshold event, requires prolonged exposure
with a long latency period, and has been well documented

in several human populations and with all three tumor sites
related to high exposures of arsenicals. Most importantly,
inorganic arsenic is not acting as a carcinogen directly on the
target tissue but is producing toxicity, which is a non-cancer-
ous endpoint (Cohen et al. 2013). However, under these cir-
cumstances and in tissues with prolonged exposure, this
cytotoxicity, and regenerative proliferation evolves into an
increased risk of cancer (Figure 3). Based on these considera-
tions, the risk assessment for inorganic arsenic effects on can-
cer and non-cancer endpoints can be evaluated the same,
both involving thresholds.

Identification of this threshold for cytotoxicity leading to
carcinogenicity requires an estimate of the amount of expos-
ure from exogenous sources that will yield concentrations
greater than 0.1mM of trivalent arsenicals in the target tis-
sues. This is most readily measurable for the urinary bladder
urothelium, since urine is the medium through which the
exposure occurs that leads to the cytotoxicity, and several
studies have measured urinary arsenic concentrations and
arsenic drinking water concentrations. Based on calculations
described in Cohen et al. (2013) and below, the estimated
ingestion of inorganic arsenic in the drinking water, that will
produce trivalent arsenicals concentrated and excreted in the
urine at levels >0.1 mM is �50–100mg/L.

3. Evidence of dose-response from in vitro
investigations

Studies conducted in vitro provide important information on
the likely tissue concentrations for the effects of inorganic
arsenic in humans at environmentally relevant drinking water
concentrations. These in vitro dose response results can be
used together with the results from epidemiology studies to
provide evidence regarding concentrations that are likely to
be below the threshold for inorganic arsenic carcinogenicity.
The use of in vitro data for this purpose as supported by evi-
dence in vivo is consistent with the recommendation of the
National Research Council (NRC 2013) that mode of action
data for inorganic arsenic should be used to inform the
shape of the dose-response curve in the low-concentra-
tion region.

Gentry et al. (2010) reported the results of a comprehen-
sive literature review focused on the evaluation and integra-
tion of gene or protein expression changes following
exposures to inorganic arsenic compounds over a range of
concentrations. The in vivo and in vitro data identified for the
Gentry et al. (2010) review were organized by dose/concen-
trations, species, tissue and cell type (primary, immortalized,
tumor-derived), with the results also organized by functional
category (i.e. oxidative stress signaling, proteotoxicity signal-
ing, inflammatory signaling, cell cycle checkpoint control,
DNA repair activities, and cell survival or cell death signaling).
For each gene or protein expression change, the lowest con-
centration associated with a significant change was identi-
fied, and then a comparison of the changes by functional
category and dose was conducted. In reviewing the available
data for the different cell types, Gentry et al. (2010) noted
that a striking observation was the consistency in response,
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not only across cell lines (primary and immortalized) but also
across different tissue types and species.

The results from studies with primary cells reported by
Gentry et al. (2010), the combined concentration-response
information (at concentrations ranging from 0.005 to up to
100mM) provided clear evidence of concentration depend-
ence of arsenic effects on the expression of various genes.
Responses at concentrations �0.1 mM inorganic arsenic indi-
cated adaptive responses, while those studies in which expo-
sures were between 0.1 and 10 mM resulted in potentially
toxic responses in cellular control pathways associated with
response to stress (to be distinguished from oxidative dam-
age to DNA), proteotoxicity, inflammation, and proliferative
signaling (Table 1). The results also suggested that the mode
of action was arsenic-induced included inhibition of DNA

repair processes in the cell, as had been previously suggested
(Snow et al. 2005). The authors concluded that the gene
changes observed across different mammalian cells and cells
from different organs were consistent with a transition from
one of adaptation in response to arsenic exposure at low
concentrations to gene expression changes that reflect
frankly toxic effects at higher concentrations, supporting a
dose-dependent transition or nonlinear dose-response rela-
tionship with increasing exposures to arsenic.

To update the Gentry et al. (2010) review, a search was
conducted for in vitro studies reported with inorganic arsenic
or its metabolites published since the Gentry et al. (2010)
comprehensive review was conducted, in order to identify
any new in vitro studies that evaluated gene or protein
expression changes in human bladder, lung or skin primary

Table 1. Dose-response for the in vitro effects of arsenic in primary cells.
Signaling  Pathway 0.01 μM1 0.1 μM4 1.0 μM7 10 μM16 100 μM21 

Oxida�ve Stress 

Trx 
Reductase2

SOD 12 

NQO12 

HO-18

TPX-119

AP-1*6

MT-122

MT-222

Inflamma�on COX-22   IL-817

Proteotoxicity HSP-323  HSP-3210 HSP-7518 HSP-6022

HSP-2710

Prolifera�on FGFR42 Fos*3

Myc*3

VEGF11

p70*12

Myc13

ERK14

JNK319

Jun10 Jun10

DNA Repair DDB22 MSH5 
APEX

AP-16 GADD15318 GADD15323

Cell Cycle Control p532 p53**5 p53**15 p3819

p21**15

MDM-2**15p212 

CDC25B2
p532

Apoptosis 

p532

ERG-12

p1052

p652

p53**5

NF-kB*6

p53**15

AP-1*6

SRC*20

p532

Updated from Gentry et al. 2010.
Gene Expression: � Decreases □ Increases.�Protein.��Notation for fibroblasts.
NOTE: Empty cells do not indicate a lack of studies conducted at that concentration range; rather, they indi-
cate no significant changes in up or down-regulation of genes or proteins evaluated. Studies are catego-
rized into specific concentrations. The actual range of concentrations is provided in footnotes.

1Administration of 0.005 to 0.01lM included.
2(Hamadeh et al. 2002).
3(Parrish et al. 1999).
4Administration of 0.1 to 0.5lM included.
5(Vogt and Rossman 2001).
6(Liao et al. 2004).
7Administration of 1.0 to 2.5lM included.
8(Sturlan et al. 2003).
9(Hirano et al. 2003).
10(Wijeweera et al. 2001).
11(Kao et al. 2003).
12(Wang and Proud 1997).
13(Shimizu et al. 1998).
14(Lau et al. 2004).
15(Yih and Lee 2000).
16Administration of 6 to 13lM included.
17(Jaspers et al. 1999).
18(Rea et al. 2003).
19(Namgung and Xia 2001).
20(Barchowsky et al. 1999).
21Administration of 30 to 100lM included.
22(Garrett et al. 2001).
23(Mengesdorf et al. 2002).
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cells as a function of arsenic concentration. Keywords consid-
ered included: in vitro, arsenic, arsenite, arsenate, dimethylar-
sinous acid, dimethylarsonic acid, DMA, monomethylarsonous
acid, monomethylarsonic acid, and MMA. Over 1000 articles
were identified using combinations of the keywords.

As differences in response between primary, immortal-
ized and cancer-derived cells have been reported, the
screen of the available titles and abstracts was focused on
identifying concentration-response studies conducted in pri-
mary or immortalized primary cells from the human blad-
der, lung or skin, which would be most appropriate for in
vitro to in vivo extrapolation to estimate a potential thresh-
old or transition concentration. A review of the available
titles and abstracts indicated �30 in vitro studies con-
ducted in human primary cells or immortalized primary cell
lines (Supplementary material).

Overall, the results from these newer studies were consist-
ent with the conclusions reached previously by Gentry et al.
(2010). Unfortunately, all but three studies only investigated
single concentrations within the range of those reviewed by
Gentry et al. (2010) (0.05 to 100 mM), so they were not
informative for characterizing the dose-response for cellular
responses. One study compared global gene expression pro-
files of normal human epithelial keratinocytes exposed to
arsenite, MMAIII or DMAIII at four concentrations (0.1, 1.0, 1.5,
and 5 mM) for 24 h (Bailey et al. 2010). Unfortunately, this
study did not include dose-response modeling of the gen-
omic responses, but no differentially expressed transcripts
were observed following arsenite or DMAIII exposures at
0.1mM and responses to MMAIII at 0.1 mM were limited to
anti-apoptotic signaling, cell-cell communication, and
cell morphology.

The search also identified two studies that conducted
exposures at multiple concentrations in primary human blad-
der urothelial cells (Yager et al. 2013) and lung cells
(Efremenko et al. 2015) and performed benchmark dose ana-
lysis to identify a No Observed Transcriptional Effect Level
(NOTEL). The Yager et al. (2013) study was conducted to
assess the genomic response in human primary urothelial
cells from multiple individuals (n¼ 15) in which the cells
were treated in vitro with mixtures of arsenite and its methy-
lated metabolites (trivalent or pentavalent, total arsenic con-
centrations ranging from 0.06 to 18 mM) that were based on
the proportion of arsenic and its metabolites reported in the
urine of humans ingesting arsenic in drinking water. This
study is unique in that the cells were exposed to a mixture
of inorganic arsenic and methylated metabolites comparable
to the in vivo situation, making direct comparisons between

in vitro and in vivo exposures easier. All other studies in the
published literature focused on exposures to arsenite or sin-
gle metabolites.

Following incubation of the cells for 24 h with the mixture
of arsenite and its metabolites, the observed genomic
responses were consistent with the integrated in vitro data
reported previously by Gentry et al. (2010). A number of
genes were identified that demonstrated a similar dose-
response across subjects, including genes related to oxidative
stress signaling (heme oxygenase-1 (HMOX1), thioredoxin
reductase (TXNRD1), thioredoxin (TXN), metallothionine regu-
lation (MT1E), protein folding (FKBP5), DNA damage sensing
(DDB2), cell adhesion and growth regulation (LGALS8) and
immune response (THBD)). Benchmark dose analyses on
these gene expressions result in primary human bladder cells
identified benchmark dose lower confidence limits (BMDLs)
for the changes in these genes in the range of 0.09–0.58 mM
for total arsenic in the trivalent arsenical mixtures (Table 2).
BMDLs for the mixtures of arsenite and its pentavalent
metabolites ranged from 0.35–1.7mM (not shown).
Benchmark doses (BMDs) and BMDLs only varied by an
approximate factor of three across individuals, suggesting
that the default factor of 3 typically used in human health
risk assessments for interhuman variability in pharmaco-
dynamics (IPCS 2005; USEPA 1994) would be
adequately protective.

In addition to the benchmark dose analysis, Yager et al.
(2013) conducted an alternative statistical method for ana-
lysis, the no statistical significance of trend method
(NOSTASOT), which confirmed that NOTELs ranged from 0.18
to 1.8mM total arsenic concentration for these same genes.
This study provides strong evidence for a dose-dependent
transition in response in the range of 0.1–1.0 mM. This study
was the first to examine gene expression changes in primary
urothelial cells from multiple human subjects and provided
evidence for no observed transcriptomic effect levels in nor-
mal human cells exposed to biologically plausible concentra-
tions of arsenic mixtures.

The Efremenko et al. (2015) study was conducted as a
complementary experiment to the Yager et al. (2013) study;
the concentrations used in Efremenko et al. (2015) were the
same as those in the human urothelial study (Yager et al.
2013). In addition to the arsenical trivalent mixture exposures,
exposures to arsenic trioxide were also performed to com-
pare responses for exposures of lung epithelial cells at the
apical membrane from inhalation and exposures at the basal
membrane from oral exposure. Similar analyses of the gene
expression results were conducted as those in the Yager

Table 2. Benchmark dose ranges for genes with a statistically significant dose-response trend in primary urothelial cells from most subjects after treatment with
arsenite, MMAIII, and DMAIII (trivalent) mixtures.

Gene Name Description Number of subjects expressing the gene/total subjects BMD range (mM) BMDL range (mM)

HMOX1 Oxidative stress response 10/10 0.13–0.50 0.09–0.33
FKBP5 Protein folding 9/10 0.36–0.92 0.24–0.58
TXNRD1 Thioredoxin reductase 9/10 0.32–0.75 0.21–0.48
MT1E Metallothionine regulation 8/10 0.24–0.77 0.16–0.49
DDB2 DNA damage sensing 8/10 0.30–0.88 0.20–0.56
TXN Thioredoxin 8/10 0.26–0.76 0.17–0.48
LGALS8 Cell adhesion, growth regulation 8/10 0.16–0.92 0.11–0.58
THBD Immune response 8/10 0.32–0.90 0.20–0.57
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et al. (2013) study for urothelial cells, focusing on those
genes expressed most in common among cells from three
individuals. Benchmark dose analysis confirmed similarity in
the concentration-response relationship between lung and
bladder epithelial cells, with comparable benchmark dose
estimates across tissue types for the trivalent mixtures, as
well as comparable benchmark dose estimates following
exposures of lung cells to either the trivalent mixture or
arsenic trioxide. The consistency of the genomic responses in
human primary cells from two different tissues (bladder and
lung) and for two different trivalent arsenic exposures (arsen-
ite and its trivalent metabolites vs. arsenite alone) supports
the usefulness of this data to characterize the dose response
for the cellular effects of trivalent inorganic arsenic.

Because the cells in both Efremenko et al. (2015) and
Yager et al. (2013) studies were treated with arsenic mix-
tures for 24 h, whereas humans are exposed to arsenic in
drinking water throughout their lifetime, it is reasonable to
question whether the dose-response for gene expression
changes observed following short-term exposure are indica-
tive of the dose-response for potential responses following
chronic exposure. Thomas, Philbert et al. (2013) and
Thomas, Wesselkamper et al. (2013) conducted studies with
a number of compounds to evaluate this question and con-
cluded that the dose-response for genomic alterations in
short-term studies provides a conservative predictor of both
cancer and noncancer outcomes in lifetime bioassays. In the
case of arsenite, a study conducted in which mice were
exposed to concentrations of arsenate in drinking water
ranging from 0.2 to 50 ppm for 1 or 12weeks of exposure
(Clewell et al. 2011) demonstrated that benchmark doses
for cellular responses did not decrease between 1 and
12weeks of exposure.

A study conducted by Dodmane et al. (2013) investigated
gene expression changes in three human cell types (urothe-
lial (1T1), keratinocyte (HEK001) and bronchial epithelial (HBE)
cells) corresponding to the target organs for inorganic
arsenic-induced cancer following administration of arsenite,
MMAIII and DMAIII at cytotoxic concentrations (1.6 to 10 mM)
for 24 h. While the specific gene changes observed across the
arsenicals differed, the changes appeared to be related to
similar pathways (NRF2-mediated stress response, interferon,
p53, cell cycle regulation, and lipid peroxidation). Overall, the
results demonstrated that cytotoxicity from the trivalent
arsenicals occurs at similar concentrations and provided evi-
dence of similar responses across the different cell types cor-
responding to the target organs for inorganic arsenic-
induced cancer.

3.1. In vitro to in vivo extrapolation

Gentry, Yager et al. (2014) conducted an in vitro to in vivo
extrapolation to estimate an acceptable drinking water con-
centration based on the BMDLs for genomic changes in
human bladder cells reported by Yager et al. (2013) (Table 2).
They determined that since the mixture ratio used in the
Yager et al. (2013) study in vitro was selected to be equiva-
lent to those present in the urine in vivo, only a simple

conversion of the micromolar concentrations by the molecu-
lar weight of arsenic was needed to estimate an “equivalent”
in vivo urine concentration. Based on the range of bench-
mark doses reported in vitro in Yager et al. (2013) (0.09 to
0.58mM – trivalent mixture; 0.37 to 1.7 mM – pentavalent mix-
ture), Gentry, Yager et al. (2014) calculated in vivo
“equivalent” urine concentrations for the PODs of 6.5 to
43.5mg/L for the trivalent mixture and 26.25 to 127.5 mg/L for
the pentavalent mixture. Using data on the ratio of trivalent
and pentavalent arsenic in urine (Mandal et al. 2001), they
then combined these results to obtain an estimated range of
BMDLs for inorganic arsenic and its methylated metabolites
in urine of 21–104mg/L.

The in vitro to in vivo extrapolation approach used in
Gentry, Yager et al. (2014) was based on the BMDLs for the
most sensitive genomic responses in cells exposed in vitro.
However, the lowest genomic responses, even in repeated
dose in vivo studies, have been shown to occur at some-
what lower concentrations than those associated with
chronic toxicity or carcinogenicity (Thomas, Philbert et al.
2013; Thomas, Wesselkamper et al. 2013). Moreover, cells in
culture are likely to be more sensitive to stress than in their
natural in vivo setting. In a critical review on the carcino-
genicity of inorganic arsenic, Cohen et al. (2013) noted
there are limitations that should be considered when
extrapolating from such in vitro data to predict in vivo
responses. Focusing on the in vitro evidence for skin, urinary
bladder and lung cancer, Cohen et al. (2013) noted that cell
systems such as urothelium, epidermis, and bronchus are
likely to be more sensitive in vitro than in vivo, since the
fully differentiated epithelium has numerous protective bar-
riers that are not present in cell culture. Thus, the use of
the BMDL for the most sensitive genomic response in cells
exposed in vitro as a point of departure in a risk assessment
would be overly conservative.

When interpreting genomic data it is also important to
keep in mind that the cellular control network involves a
high level of interaction and redundancy to respond robustly
to stressors (Zhang, Bhattacharya et al. 2014). A limited cellu-
lar response is typically required to maintain homeostasis or
adapt to the stress at low concentrations of chemical stress,
but as the concentration increases, it becomes necessary for
the cell to recruit additional network control elements and
pathways to avoid toxicity. In the case of trivalent arsenic, it
has been noted that at low concentrations on the order of
0.1mM, the effects of arsenic appear to be adaptive, while
concentrations above 1 mM are clearly cytotoxic (Snow et al.
2005, Gentry et al. 2010). Until recently it has not been pos-
sible to determine where in this range of concentrations the
transition from adaptation to toxicity occurs; however, the
genomic dose-response results reported in Yager et al. (2013)
now make it possible to estimate the location of this concen-
tration-dependent transition. As shown in Table 3, the lowest
BMDLs, around 0.1 mM, are for alterations in genes associated
with oxidative stress signaling (HMOX1, MT1E, TXN) and cell
adhesion/growth regulation (LGALS8). These low concentra-
tion effects of trivalent arsenic represent a protective
response that allows the cell to prevent possible stress
(Snow et al. 2005). Apart then from these protective
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responses, the lowest BMDLs for the genes in Table 2 are
above 0.2 mM.

Cohen et al. (2013) determined that the trivalent arsenic
species (arseniteþMMAIIIþDMAIII) represent �23% of the
total arsenic in urine based on the most conservative analytic
method (i.e. the estimate of the highest percentage of triva-
lent forms), described by Styblo and colleagues (Currier et al.
2011). Adjusting the BMDL of 0.2mM (15 mg/L) from the Yager
et al. (2013) study by this ratio results in a genomic BMDL of
15/0.23¼ 65 mg/L total arsenic species (inorganic arsenic,
MMA, DMA) in urine.

The literature search conducted as part of the Gentry,
Yager et al. (2014) study identified multiple studies con-
ducted in various areas in Mexico and in Canada with a
wide range of exposures to arsenic concentrations in drink-
ing water (Del Razo et al. 1997, 2011; Valenzuela et al.
2005). The data from these studies suggested a range of
drinking water to urine total arsenic species (inorganic
arsenic, MMA, DMA) concentration ratios ranging from 0.33
to 2.1. A recent study conducted in Taiwan (Hsu et al.
2017) suggests similar ratios ranging from 0.68 to 2.25.
These data support the use of an average factor of 1 for
converting arsenic urinary concentrations into arsenic con-
centrations in drinking water. The range of variability in the
observed drinking water:urine ratios also provides informa-
tion on the interhuman variability in toxicokinetics (or diet-
ary sources of arsenic): the range of approximately 6-fold in
these studies (from a low of 0.33 to a high of 2.1, with an
average of about 1.0) is consistent with the default factor
of 3 typically used in human health risk assessments for
interhuman variability (from an average individual to a sen-
sitive individual) in toxicokinetics (USEPA 1994; IPCS 2005).
That is, water:urine ratio of 0.33, which would suggest a
sensitive individual from the viewpoint of toxicokinetics is
3-fold below the average value of 1.0.

In summary, the overall in vitro evidence for the cellular
effects of trivalent arsenic demonstrates a change from
adaptive to potentially adverse effects between 0.1 and
1.0mM (Gentry et al. 2010). Based on the BMDLs calculated
for cellular effects of trivalent arsenic mixtures representa-
tive of human internal exposures (Yager et al. 2013), the
threshold for potentially adverse cellular effects from expos-
ure to inorganic arsenic in drinking water is likely to occur
at urinary concentrations of trivalent arsenic above 0.2 mM,
which corresponds to drinking water total arsenic concen-
trations above 65 mg/L. Concentrations below this level are
unlikely to result in adverse cellular effects, even after
chronic exposure.

This conclusion is further supported by the results of a
recent study on changes in genome-wide DNA methylation,
microRNA expression, mRNA expression, and protein expres-
sion levels in cord blood from pregnant women exposed to
varying levels of inorganic arsenic in drinking water (Rager
et al. 2017). Benchmark dose modeling was conducted on a
robust measure informed by multiple -omic profiles using
weighted gene co-expression analysis. Benchmark dose mod-
eling of this integrated measure resulted in a BMD(BMDL) of
58(45) lg/L speciated arsenic in urine.

4. Animal models of inorganic arsenic
carcinogenesis

One of the major difficulties in furthering our understanding
of the mode of action for inorganic carcinogenesis has been
the lack of a reliable animal model for any of the target sites,
including skin, urinary bladder, and lung. Part of this difficulty
is the lack of a complete, standard 2-year bioassay in rats or
mice conducted under Good Laboratory Practices (GLP). A
summary of the evaluation of inorganic arsenic and other
arsenicals in animal models was extensively reviewed by
Tokar, Benbrahim-Tallaa et al. (2010) and Cohen et al. (2013).
A search by PubMed and by Google for carcinogenicity stud-
ies since 2012 was performed using arsenic plus mice, arsenic
plus rat, and arsenic plus carcinogenicity as search terms,
and these yielded 200 publications. Most of these involved
assays for genotoxicity, metabolism, metabolic effects, in vitro
studies and reviews and included several redundancies.
Seven studies were identified from these 200 publications
that involved long-term bioassays on arsenicals alone or fol-
lowing DNA-reactive carcinogens and are included in the
various studies described in the following sections.

4.1. Transplacental carcinogenesis model in mice

The closest to an animal model of inorganic arsenic carcino-
genesis is the two-generation model originally developed by
Waalkes and his colleagues (Waalkes et al. 2003). This model
involves the administration of inorganic arsenic in the drink-
ing water to mice in utero (gestation days 8 to 18) at concen-
trations of 42.5 and 85mg/L (ppm) and then following the
animals for their lifetime. Under these circumstances, there
was an increased incidence of lung tumors and a slight
increase of other tumors. However, using this model, subse-
quent studies by these investigators have only been able to
confirm the increased incidence of lung tumors (Waalkes
et al. 2004; Waalkes, Liu, Ward and Diwan 2006; Waalkes, Liu,
Ward; Powell et al. 2006). In addition, studies by another
laboratory using this model (Nohara et al. 2012; Takumi et al.
2015) have not confirmed the findings of lung tumors;
instead, they observed increased incidences of liver tumors.

In more recent studies, Waalkes et al. (2014) and Tokar
et al. (2011) administered inorganic arsenic as sodium arsen-
ite in the drinking water before pregnancy, during pregnancy
and lactation, and then continuing for the lifetime of the ani-
mals, up to two years. Under these circumstances, they again
obtained an increased incidence of lung tumors (bronchiolo-
alveolar tumors), although the dose-response was inconsist-
ent. Increased lung tumor incidences were observed at 500
and 24 000 mg/L drinking water concentrations in males and
at 50, 12 000 and 24 000 mg/L in females, with negative
results at 5000, 6000 and 12 000 mg/L in males and at 500,
5000, and 6000 mg/L in females. These authors claimed that
the incidence was increased even at low doses (50mg/L).

However, such conclusions, including at the low dose,
were based on statistical significance at p< 0.05, and are
likely false positives (Cohen et al. 2014, 2015; Burgoon and
Druwe 2016; Cohen, Arnold et al. 2016). As described by
Haseman (1983), p values of <0.01 instead of 0.05 should be
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used for common tumors (defined as tumors with a back-
ground incidence of >1%) because of the marked variability
of incidences in controls. This variability was evident in the
incidence of tumors in controls observed by Waalkes and col-
leagues in their various studies, which overlapped with the
incidences in treated mice in the Tokar et al. (2012) and
Waalkes et al. (2014) studies (Cohen et al. 2014, 2015; Cohen,
Arnold et al. 2016). A similar rule of using p values of <0.01
instead of 0.05 has been adopted by the International
Commission on Harmonization (FDA 2001) for regulation of
pharmaceuticals and is also included in the Organization of
Economic Co-operation and Development (OECD 2010)
Guidelines. With consideration of p< 0.01 for significance,
the only statistically significant incidences were present at
the highest doses evaluated by Waalkes and his associates
(e.g. 12 000 to 24 000 mg/L; Cohen et al. 2014, 2015, Cohen,
Arnold et al. 2016 ). Overall, the experiments by Waalkes and
his colleagues suggest that inorganic arsenic administered in
utero leads to an increased incidence of lung tumors, but
only at high concentrations. Extrapolation of these findings
to humans is problematic not only because of the difficulties
with respect to dose-response observed in these studies and
the difficulties of replication in other laboratories, but also
because of the differences between lung carcinogenesis and
lung tumors in mice compared to humans (Nikitin et al.
2004; Strupp et al. 2016; Yamada et al. 2017). The various
other tumors observed by Waalkes and colleagues in some
of their studies, including benign ovarian tumors, liver
tumors, and adrenal cortical adenomas, have not generally
been replicated in other studies or the incidences are not
statistically significant, particularly utilizing the Haseman rule.
An earlier study by Waalkes et al. (2000) involving intraven-
ous administration of arsenate to dams produced increased
proliferative lesions of the ovary and liver, but no significant
increased incidences of neoplasms. An overall critique of this
transplacental model is described in Garry et al. (2015).

The various experiments involving transplacental studies
in mice involved administration of sodium arsenite during
pregnancy followed by observation for the rest of the ani-
mals’ life. Other studies have used this same model in mice
involving transplacental exposure to sodium arsenite fol-
lowed by administration of various compounds to the off-
spring, including 12-O-tetradecanoyl phorbol-13-acetate (TPA)
(Waalkes et al. 2004, 2008), diethylstilbestrol (DES) (Waalkes,
Liu, Ward and Diwan 2006, Waalkes, Liu, Ward, Powell et al.
2006), or tamoxifen (TAM) (Waalkes, Liu, Ward and Diwan
2006). The use of TPA was an attempt to enhance the pro-
duction of skin tumors since TPA is considered a potent pro-
motor of skin carcinogenesis in mice. The experiment with
TPA after transplacental administration of arsenic produced a
slight increase in liver tumor incidences and lung adenomas,
but the dose response was not indicative of an effect by
TPA. In contrast, administration with DES following transpla-
cental administration of arsenic produced increased uterine
and vaginal carcinomas, urinary bladder hyperplasia and urin-
ary bladder proliferative lesions (hyperplasia plus tumors) in
addition to liver tumors in female offspring. Although the
incidences of some of these tumors, such as the urinary blad-
der lesions, were not statistically significant, their rarity and

the presence of pre-neoplastic hyperplasia suggested that
the tumors were actually a treatment-related effect. A similar
response was seen with the other estrogen-related com-
pound, TAM.

In summary, these various studies with this transplacental
model supported the hypothesis that transplacental exposure
to sodium arsenite increased susceptibility to tumorigenesis,
but only at high dose levels (e.g. 12 000 to 24 000 mg/L).
Nevertheless, a large number of epidemiological evaluations
have been conducted on populations exposed to high con-
centrations of inorganic arsenic in drinking water throughout
their lifetime for multiple generations. Therefore, to the
extent there is early life sensitivity to carcinogenicity, this
would be included in these studies as well as in studies that
examine the highest risks for various exposure metrics includ-
ing, average, cumulative, or highest exposures at various ear-
lier life stages (e.g. various lag times).

4.2. Other animal models of inorganic arsenic
carcinogenesis

To evaluate tumor promotion in skin carcinogenesis, adminis-
tration of sodium arsenite to Tg.AC homozygous mice, which
are considered genetically initiated, also was evaluated.
Sodium arsenite by itself did not enhance the tumorigenicity
in this model (Germolec et al. 1998). Likewise, administration
to Crl:SKl-hrBR (hairless) mice in combination with UV radi-
ation did not produce an effect by arsenite (Rossman et al.
2001) other than a slight increase in numbers of tumors, but
not incidences. A recent study utilizing an initiation-promo-
tion protocol administering arsenite in drinking water at 2,
20, or 200mg AsIII/L to Sencar mice gave variable results on
tumor number but not incidences, increasing or decreasing
numbers depending on time of observation (Palmieri and
Molinari, 2015). No studies have produced consistent changes
in mouse skin models.

A lifelong study in rats using a protocol developed at the
Ramazzini Institute yielded a variety of tumors, including a
single urinary bladder tumor (Soffritti et al. 2006). However,
these were not statistically significant. Furthermore, these
studies have been questioned because all animals were
infected and developed pneumonia, the pathology was not
peer-reviewed, it was not a standard protocol, and was not
conducted according to GLP (NTP 2011; Gift et al. 2013).

Administration of arsenate in drinking water to mice pro-
duced an overall increased incidence of tumors but no sig-
nificant increase in any particular tumor (Ng et al. 1999). This
type of analysis is generally not accepted as a valid assess-
ment of carcinogenesis based on statistical and bio-
logic principles.

A variety of other studies have evaluated the potential
carcinogenicity of inorganic arsenic but used non-oral routes
of administration, as well as other species besides mice.
Intratracheal administration of calcium arsenate led to a
slight increase in lung adenomas in hamsters (Yamamoto
et al. 1987), but this experimental model has limitations with
regard to its relevance to humans because of the marked
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inflammatory reaction that accompanies the intratracheal
administration (Driscoll et al. 2000).

Administration of sodium arsenite after a known carcino-
gen has also been examined in various model systems such
as administration of sodium arsenite in the drinking water
after diethylnitrosamine (DEN) administration, but this did
not lead to a significant increase of tumor incidences
(Shirachi et al. 1983). Administration of arsenite or DMAV in
the drinking water concurrently with BBN slightly increased
urothelial dysplasia, but without statistical significance as the
BBN treatment alone produced urothelial alterations in 100%
of the mice (Dai et al. 2017). Furthermore, there were only
ten mice per group. DMAV or arsenite alone produced no
effects on the bladder urothelium.

In a colon cancer model in mice, arsenite administered
after pretreatment with azoxymethane and dextran sodium
sulfate (AOM/DDS) had no significant effect on tumor inci-
dence but increased tumor number and size (Wang et al.
2012). The dose of arsenite was 58mg/L in drinking water.
This model has wide variability in response to AOM/DDS
without other treatments, raising concerns about the rela-
tionship to arsenic treatment. Arsenical treatments of mice
without pretreatment with AOM/DDS has not been reported
in any studies to affect the intestines.

In summary, inorganic arsenic has not produced a signifi-
cant incidence of tumors in a variety of models other than in
the transplacental model developed by Waalkes and associ-
ates. However, in the Waalkes model, the tumor incidence is
increased significantly only at high concentrations, and there
is some question with respect to the reproducibility of this
model and comparison of the tumor incidences with histor-
ical controls. In contrast, arsenite administered in drinking
water or diet increased the incidence of urothelial hyperpla-
sia of the urinary bladder in mice and rats, but this does not
appear to evolve into tumors even in long term studies
(Simeonova et al. 2000: Suzuki et al. 2008; Arnold et al. 2014).

4.3. Animal models of carcinogenesis by methylated and
other arsenicals

Other arsenicals have also been evaluated in animal models.
The most noteworthy of these is the administration of DMAV

in either the diet (a GLP two-year study) or drinking water to
rats leading to the induction of urinary bladder urothelial
tumors, including invasive carcinomas (Wei et al. 1999;
Arnold et al. 2006). In contrast, administration of DMAV to
mice was without a tumorigenic effect (a GLP two year study)
(Arnold et al. 2006). The dose-response with DMAV in rats
was noteworthy for its positive results only at high doses. In
the diet (Arnold et al. 2006), tumors were increased at con-
centrations of 40 and 100ppm, whereas there was some evi-
dence of hyperplasia at 10 ppm but was completely negative
at 2 ppm. In the drinking water (Wei et al. 1999), bladder
tumors were induced at concentrations of 50 and 200ppm
but was negative at 12 ppm in a 2-year bioassay. These stud-
ies are discussed in greater detail in the section mode
of action.

Administration of DMAV after prior treatment with the
urinary bladder DNA reactive carcinogen N-(4-hydroxybutyl)-
N-butylnitrosamine (BBN) also produced an increased inci-
dence of bladder tumors due to DMAV at concentrations of
10 ppm and higher (Wanibuchi et al. 1996). In a protocol
involving administration of 5 DNA reactive carcinogens to
"initiate" a number of organ systems, there was some evi-
dence DMAV induced an increase not only in urinary bladder
tumors (BBN was one of the 5 administered DNA reactive
chemicals) but also increased tumor incidences in kidney,
liver, and thyroid (Yamamoto et al. 1995). DMAV was adminis-
tered in the drinking water at various concentrations, with
increased tumor incidences at 400 ppm. However, this proto-
col produces a wide variation in tumor incidences with the 5
DNA reactive chemicals alone, so it is difficult to determine if
subsequent treatment with DMAV increased tumor incidences
above background. However, given these studies with DMA
alone and after treatment with DNA reactive carcinogens, it
is clear that DMAV is a urinary bladder carcinogen in the rat,
although not in the mouse in full 2-year bioassays performed
under GLP conditions. The tumors with DMA in rats were
observed primarily in female rats and not in male rats.

In contrast, MMAV was negative in GLP studies in rats and
in mice (Arnold et al. 2003). There is one report with regard
to trimethylarsinic acid in rats with a suggestion of an
increased incidence of liver adenomas, but the background
incidence of these tumors suggests that this may have been
within historical controls and not due to the treatment (Shen
et al. 2003).

Some of these arsenicals have also been administered in
specific mouse models to evaluate specific effects, but many
of these suffer from difficulties in interpretation as described
in Cohen et al. (2006, 2013). These include studies of DMAV

in K6/ODC mice in an attempt to evaluate skin tumor promo-
tion (Morikawa et al. 2000). However, the results were
equivocal and difficult to interpret and were considered
negative by the authors. Another study involving administra-
tion of inorganic arsenate to two different strains of mice
reported an increase in total numbers of tumors but not at
any particular site (Ng et al. 1999), and the increase was not
considered treatment-related. Administration of DMAV to
Ogg1-/- mice (deficient in base excision repair of 8-oxogua-
nine, a mutagenic byproduct from oxidative stress) was pur-
ported to increase the lung tumor incidence (Kinoshita et al.
2007). However, the control mice in the study had an inci-
dence considerably lower than historical controls reported in
other publications, and it is likely that the effect was not due
to the DMAV treatment but due to the reduced number of
tumors in the controls (Cohen et al. 2006). This is particularly
likely since DMA did not produce tumors by itself in mice in
a 2-year bioassay. Administration of DMAV in drinking water
at 0, 50, and 200 ppm to heterozygous p53 (±) knockout
mice showed a slight increase in lymphoma incidence (Salim
et al. 2003). However, this model has a very high spontan-
eous incidence of lymphoma with considerable variability, so
it is unlikely that these results were treatment-related
(Donehower et al. 1992; Storer et al. 2001). Administration of
arsenate or DMAV in the drinking water to A/J male mice has
produced a statistically significant increased number of lung
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tumors (Hayashi et al. 1998; Cui et al. 2006), but this is a
strain of mice that has essentially a 100% incidence of lung
tumors, and the number of tumors per mouse is highly vari-
able, even in untreated mice. It is unlikely that this is actually
a true treatment effect with either arsenate or DMAV, as
there are numerous difficulties with this model (Nikitin et al.
2004). Likewise, administration of DMAV after pretreatment
with 4-nitroquinoline 1-oxide to mice increased the number
of lung tumors but not the incidence (Yamanaka et al. 1996).
This model has many of the same issues as the A/J mouse
model, with a high and variable background incidence of
lung tumors. Application of DMAV orally to hairless mice
resulted in an increased number of skin tumors, either in
combination with UV radiation or after UV radiation or dime-
thylbenz(a)anthracene (DMBA) administered to the skin
(Yamanaka et al. 2001). Findings regarding DMAV or inorganic
arsenic in mouse skin tumors models have been inconsistent,
but by itself, inorganic arsenic does not appear to induce
skin tumors.

The administration of MMAIII to mice utilizing the transpla-
cental protocol used for evaluation of inorganic arsenic
showed an increase in ovarian and adrenal tumors in the
females and an increase in liver, lung, and testicular tumors in
males (Tokar et al. 2012). A difficulty in evaluating this study
is the instability of MMAIII in aqueous solutions (the chemical
was administered in the drinking water) without verification
of the quantitative levels in the drinking water at various
times during the experiment. Nevertheless, this was again at
high concentrations, 12.5 or 25 ppm in the drinking water.

In a medium-term assay, administration of diphenylarsine,
a chemical warfare neurotoxicant, to rats at 12.5, 25, or
50 ppm in the drinking water following pretreatment with
diethylnitrosamine (DEN) showed a slight effect on liver foci
numbers and size at the highest dose (Wei et al. 2013).
Diphenylarsine without DEN pretreatment had no effect on
liver foci numbers or area.

Lastly, administration of gallium arsenide produced an
increased incidence of lung tumors in female rats in an inhal-
ation study, but not in male rats or male or female mice (NTP
2000). However, this was likely due to the particulate matter
of the gallium arsenide that produced a marked inflammatory
reaction similar to that seen with other particulates and was
not due to the chemical itself (Bomhard et al. 2013).

4.4. Summary of animal studies

In summary, inorganic arsenic has only been positive in ani-
mal assays when administered to pregnant mouse dams with
long term follow-up of the pups, taking into consideration
historical controls and statistical analyses (Cohen et al. 2014,
2015; Cohen, Arnold et al. 2016). Although there remain con-
cerns about this model, it has produced positive results,
albeit at high concentrations (at least 12,000mg/L in the
drinking water). DMAV has reproducibly induced urinary blad-
der urothelial tumors when administered at high concentra-
tions in drinking water or diet. An increase in urothelial
tumors was observed at 50 ppm in drinking water and
40ppm in the diet. An increased incidence of urinary bladder
tumors was produced when DMAV was administered at

10 ppm in drinking water after pretreatment with BBN, and
increased hyperplasia was produced by DMAV at 10 ppm of
the diet but not at 2 ppm. As discussed above, these thresh-
olds for DMAV correspond to oral doses that produce a urin-
ary concentration of >0.1 mM dimethylarsinous acid (DMAIII),
the threshold concentration for biologic effects of trivalent
arsenicals in vitro (Gentry et al. 2010). The threshold for inor-
ganic arsenicals appears to be higher than the threshold for
tumorigenic effects of DMAV.

5. Epidemiology

5.1. Study selection criteria

Our review and evaluation of epidemiological studies builds
upon previous efforts by Lynch et al. (2017a), who conducted
literature searches and systematically reviewed studies of all
cancer endpoints initially, followed by more refined assess-
ments of the quality of epidemiological studies on lung and
bladder, the endpoints with the most robust evidence for
assessing dose-response associations. Our search also consid-
ered the literature reviews conducted as the basis for recent
meta-analyses of low-level arsenic exposure in association
with risk of bladder cancer (Tsuji, Alexander et al. 2014), the
meta-regression analysis of arsenic exposure and risk of lung
cancer (Lamm et al. 2015), and the review of skin lesions and
skin cancer (Karagas et al. 2015).

In addition to including skin cancer studies, along with
studies of bladder and lung cancer, we focused our efforts
on studies of low-level arsenic exposure, defined initially as
arsenic water concentrations (or equivalent dose) of less than
approximately 150mg/L, but recognizing that differences in
water intake and nutrition among populations may affect the
actual external and internal arsenic dose.

Inclusion/exclusion criteria for initial study consideration
and subsequent selection of studies for dose-response evalu-
ation were based in part on criteria of Lynch et al. (2017a)
and others (e.g. Tsuji, Alexander et al. 2014; Lamm et al.
2015). These criteria were also used for study identification
and assessment of study quality.

The initial selection criteria were as follows:

1. Peer-reviewed original epidemiological studies of clinic-
ally verified bladder, lung, or non-melanoma skin cancer
in relation to inorganic arsenic exposure;

2. Individual-level exposure and outcome data;
3. Quantitative estimates of relative risk (e.g. hazard ratios or

odds ratios) and their variability (e.g. 95% confidence inter-
vals, CI), with reported number of cancer cases and non-
cases or person-time at risk for each exposure category; and

4. Assessment of low-level exposure (approximately
<150 mg/L or equivalent dose).

Further study evaluation for relevance in dose-response
assessment at low doses was based on the following eligibil-
ity criteria:

1. More than two dose groups in the low-level range, with
reported numeric boundaries;
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2. Incidence (not mortality) for bladder and skin cancers
(lung cancer has a higher mortality rate than bladder
and non-melanoma skin cancers, so risks based on mor-
tality for lung cancer are comparable to those based
on incidence);

3. Individual-level adjustment for smoking in bladder and
lung cancer studies;

4. Longest follow-up (cohort) or largest sample size (case-
control) if multiple studies were available from the same
study population; and

5. Arsenic concentration in water or means of converting
to water exposure concentration.

The last criterion was based on assessing whether add-
itional studies might update the low-level studies considered
in the primary analysis of Lynch et al. (2017a), which mod-
eled studies reporting cancer risks in association with expos-
ure to arsenic in water, the most commonly used exposure
metric in epidemiological studies.

As an additional line of evidence in examining the dose-
response for low-level arsenic exposure in relation to lung
and bladder cancer risks, we also evaluated studies that
reported associations in never smokers, because of the high
potential for effect modification and/or residual confounding
from incomplete adjustment for intensity and duration of
smoking. For the analysis of never smokers, we did not
restrict the exposure metric to arsenic water concentration
and also included cumulative dose (e.g. mg or mg/L-years) or
arsenic biomarkers.

5.2. Literature search

A literature search was conducted in PubMed, the National
Library of Medicine’s database of citations for biomedical lit-
erature, to identify articles published from 2016 (prior to the
June 2016 cutoff of Lynch et al. 2017a, 2017b; with some
overlap in case of missed studies) to May 2018 using the
search terms “arsenic” or synonyms (e.g. 7440–38-2, 75–60-5,
monomethylarsenic, dimethylarsenic, monomethylarsonic,
monomethylarsonous, dimethylarsinic, dimethylarsinous, or
arsenate) and “cancer” or synonyms (e.g. carcinoma, malig-
nant, malignancy, neoplasm, neoplasia, neoplastic, nonmela-
noma, non-melanoma, mortality, or cohort), with restriction
of some keywords to titles and abstracts. A secondary search
was also conducted using the search terms “arsenic” and
“skin lesions” to identify publications on arsenic and nonma-
lignant skin lesions published since the July 2014 cutoff of
Karagas et al. (2015). Review papers were not considered for
the purpose of dose-response evaluations but were consid-
ered for additional insights on studies and any publications
that may have been missed by the literature search. We also
examined the reference lists of identified articles to identify
any additional relevant publications.

This literature search for arsenic and cancer resulted in
178 studies, and the search for arsenic and skin lesions
resulted in 85 studies. The abstracts of all identified studies
were initially reviewed for relevance. After exclusion of ani-
mal and in vitro studies, exposure assessments, risk

assessments, case reports and case series, studies of occupa-
tional or therapeutic arsenic exposure, studies of other health
endpoints not considered here, editorials or commentaries,
and other irrelevant studies (but counting review articles that
were examined but not considered eligible for inclusion), 25
studies for arsenic and cancer remained for full-text review
for eligibility. A full-text review of 15 studies was conducted
for information on arsenic exposure and skin lesions.

After the 25 studies for cancer were screened for the ini-
tial study selection criteria, 16 studies were excluded because
they did not report original epidemiological study results, did
not evaluate skin, bladder, or lung cancer, did not report
quantitative estimates of relative risk between arsenic expos-
ure and cancer, or were ecological in design (i.e. lacked indi-
vidual-level exposure and outcome data). The remaining nine
studies, which were not assessed by Lynch et al. (2017a), met
the initial study selection criteria, and are summarized in
Supplemental Table 1 (design) and Supplemental Table 2
(results). All 25 full-text articles reviewed, along with reasons
for exclusion or inclusion, are listed in Supplemental Table 3.
We also considered whether epidemiological studies identi-
fied by Lynch et al. (2017a) in their literature search, but not
included in their dose-response assessment, could contribute
relevant information to the dose-response evaluation.

5.3. Exposure metric

Epidemiological studies of environmental arsenic exposure
and cancer have used various measures of exposure includ-
ing arsenic exposure media concentration (e.g. in water, soil,
or air); biomarkers in human fluids and tissues (e.g. in urine,
hair, or nails); and arsenic dose based on reported drinking
water consumption rates and water concentration. Each of
these measures comes with various uncertainties that need
to be considered in the evaluation of the evidence.

5.3.1. Arsenic concentration in exposure media
Water concentration is the most commonly used exposure
metric in epidemiological studies, likely because of the rela-
tive ease of data collection, availability of historical records,
and ability to associate water levels with individual residential
and workplace locations. Water is also the primary source of
elevated arsenic exposures for most human populations
because of its widespread natural occurrence. A key uncer-
tainty with this measure is the availability of historical data
for past water exposures. Although untreated well water con-
centrations may be relatively stable over time (Steinmaus
et al. 2005), participant changes in residential location or
water source, or changes in concentration with installation of
water treatment will affect exposures. Some studies
attempted to obtain or estimate previous water exposure
data (e.g. Meliker et al. 2010; Dauphine et al. 2013; Steinmaus
et al. 2013; Baris et al. 2016), whereas others used only recent
well water data (Chen et al. 2010a, 2010b). Mitigating factors
in the case of Chen et al. (2010a, 2010b), a study based in
northeastern Taiwan, are that the water source was not
treated and the population was relatively isolated and stable.
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More than half lived at the same location since birth and
most of those who moved did so only once.

At lower exposure levels, inorganic arsenic in food
becomes an important contributor to exposure, but it is
more difficult to quantify because of the variable amounts in
the diet, depending on the type of food, differences in grow-
ing conditions and food preparation methods (particularly if
arsenic-contaminated water is also used for growing and
cooking rice or other crops), and individual diet composition
(Tsuji et al. 2007; Tsuji, Perez et al. 2014; Xue et al. 2010).
Few data are available to characterize inorganic arsenic sep-
arately from organic forms in the diet, particularly for individ-
uals. The contribution of inorganic arsenic in food for the
U.S. population, even for upper bound exposures, would be
less than exposure to drinking water at 2 L/day at 10 mg/L
(Tsuji et al. 2007; Xue et al. 2010). Thus, arsenic from food is
expected to be a lesser source of exposure than contami-
nated drinking water.

Arsenic in soil can also be a source of exposure, but
greatly elevated soil concentrations are required to elevate
exposure in excess of dietary arsenic (Tsuji et al. 2005, 2007),
likely because of relatively low bioavailability (Diamond et al.
2016) and small amounts of daily soil intake (Stanek et al.
2001). Accordingly, biomonitoring in young children at a
smelter site indicated no increases in inorganic arsenic expos-
ure over background levels from the diet and water until
residential soil arsenic concentrations were in excess of
300 ppm (Hwang et al. 1997a). Epidemiological studies of
cancer and other health outcomes in relation to arsenic in
soil in residential populations typically have poor assessment
of individual-level exposures; therefore, these studies were
not eligible for inclusion. The most rigorously conducted
case-control study (Frost et al. 1987) and retrospective cohort
study (Tollestrup et al. 2003) of residential populations with
historical exposure to arsenic from both air emissions and
elevated levels in soil and dust from a copper smelter (as
high as >1000 ppm arsenic in soil) did not find significantly
elevated risks of lung or bladder cancer mortality.

Arsenic in the air also does not contribute measurably to
arsenic exposure except in the presence of unusually high
industrial emissions sources (as for the population studied by
Frost et al. 1987 and Tollestrup et al. 2003). Residential
exposure scenarios involving airborne arsenic in resuspended
dust from soil results in only a fraction of arsenic exposure
from incidental soil ingestion (USEPA 2018). Inhalation expos-
ure to arsenic is assessed separately from the oral route and
is based on studies in historical smelter workers (Erraguntla
et al. 2012; Lewis et al. 2015).

5.3.2. Arsenic concentration in biomarkers
Biomarkers such as arsenic in urine, blood, hair, or toenails
have also been used to assess arsenic exposure (ATSDR
2007). Arsenic in urine, followed by toenails, has been the
most frequently used biomarker in epidemiological studies.
Urinary arsenic concentrations “speciated” for inorganic
arsenic and its methylated metabolites are considered to
best represent inorganic arsenic exposure, rather than total
urinary arsenic, which may also include a number of less

toxic dietary organic forms (ATSDR 2007). As noted above,
ingested inorganic arsenic (the more toxic form) is metabo-
lized in a series of oxidation/reduction reactions to MMA, fol-
lowed by DMA, which is the primary form in urine with
environmental exposures (Cohen et al. 2013). More rapid and
extensive metabolism to DMAV and excretion in urine
thereby reduces internal exposure to the more cytotoxic tri-
valent arsenic forms. Studies that report speciated (i.e. sum
of inorganic arsenic MMA and DMA) arsenic levels rather
than total blood or urinary arsenic levels are preferred for
greater exposure specificity to inorganic arsenic. Exposures to
less toxic DMA and organic precursor compounds of DMA in
various foods, however, complicate assessment of speciated
arsenic levels in biomarkers of inorganic arsenic exposure
(Schoof et al. 1999; Choi et al. 2010; Cascio et al. 2011;
Aylward et al. 2014; Nearing et al. 2014; Tsuji et al. 2015;
Taylor et al. 2017).

Urinary arsenic is a short-term measure of exposure, with
up to 85% of an inorganic arsenic dose excreted in 1–3 days
(ATSDR 2007). Arsenic in blood reflects even more recent
exposure, within hours of intake (ATSDR 2007). In epidemio-
logical studies, both are typically sampled at only one point
in time. In populations with consistent dietary and water
sources and consistent consumption rates over time, these
transient biomarkers may be reflective of longer-term expos-
ure, particularly for first-morning void urine samples (Hwang
et al. 1997b). Blood samples can vary depending on variation
in arsenic intake over a day and are usually not speciated.
Similarly, for convenience, particularly with large study popu-
lations, most urine samples are spot samples taken at one
time over a day rather than a 24-h urine sample or standar-
dized first-morning void sample. Spot urine samples are par-
ticularly uncertain because of greater variation in sample
hydration state.

Creatinine in urine is typically used to adjust for hydration
state of arsenic in spot urine samples; however, creatinine
adjustment can introduce variation because of differences in
creatinine excretion rates depending on gender, age, dietary
intake of protein/malnutrition, or disease states (Barr et al.
2005). In a population in Bangladesh, low urinary creatinine
was associated with malnutrition, which also increased sus-
ceptibility to adverse health effects, including those associ-
ated with arsenic (Pilsner et al. 2009). Low muscle mass and
decreased creatinine excretion also occur in the early stages
of chronic kidney disease, prompting caution regarding over-
estimation of urinary analyte concentrations if adjusted using
urinary creatinine (Tynkevich et al. 2014). Chronic kidney dis-
ease has been associated with various other diseases such as
hypothyroid, diabetes, cardiovascular disease and cancer,
including urinary tract cancers (Wong et al. 2016), and pos-
sibly lung and non-melanoma skin cancer through associa-
tions with smoking in the former and from evidence in
kidney transplant patients in the latter (Stengel 2010).
Creatinine adjustment of urinary arsenic levels for individuals
with low creatinine in urine could, therefore, accentuate an
association between arsenic exposure and adverse health
effects. Because of these issues, epidemiological studies using
urinary arsenic were considered with caution in
this assessment.
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Arsenic in hair and toenails reflect exposure over the
weeks of hair or nail growth and are reported to contain
mostly inorganic arsenic and much less organic arsenic than
urine (Button et al. 2009); however, these findings may be
affected by external contamination of hair and nails by inor-
ganic arsenic in soil/dust or water, even after sample cleaning
(Hindmarsh and McCurdy 1986; Tsuji et al. 2005; Button et al.
2009). In addition, information to relate these measures to a
daily dose or to other common dose measures, such as water
arsenic exposure concentration, often are not provided.

Biomarker studies were not included in the modeling by
Lynch et al. (2017a) in their primary dose-response analysis
because most otherwise eligible epidemiological studies used
arsenic in drinking water as their dose metric. We additionally
considered the bladder cancer results of Karagas et al. (2004),
because this research group published a quantitative rela-
tionship of arsenic in toenails with arsenic drinking water
concentration that allowed conversion between exposure
metrics for this population (Karagas et al. 2000).

5.3.3. Calculated arsenic dose
In addition to the concentration of arsenic in an exposure
matrix (e.g. water, urine, toenails, food), some epidemio-
logical studies of arsenic and cancer have examined associa-
tions with a calculated arsenic dose (reported water intake
multiplied by water concentration) instead of an exposure
matrix concentration. Although this metric may provide more
accurate individual information on arsenic exposure, it is sub-
ject to uncertainty in recall for historical intake decades ago
and potential bias in case-control studies, whereby cases may
have biased recall of drinking more water. Incorporating sur-
vey information on drinking water intake may also introduce
additional uncertainty due to the reliance on multiple self-
reported variables or unverified assumptions.

Comparisons among studies from different countries may
also be affected by differences in water intake rates. For
example, populations with fewer sources of fluids other than
the elevated-arsenic water source or with cooking practices
that include more water (e.g. cooking rice in Taiwan or dishes
with excess water in Bangladesh and West Bengal) will have
greater water intake than for tap water consumption in the
U.S. (Tsuji, Perez et al. 2014; Lynch et al. 2017a).

Studies have also examined associations with either
arsenic dose or arsenic exposure matrix concentrations based
on average daily exposure, highest lifetime daily exposure,
highest 5-year daily exposure, cumulative exposure (e.g. total
mg arsenic or mg/L multiplied by years of exposure), or
exposure lagged for various time periods from diagnosis up
to 40 years or more prior. However, biological guidance is
uncertain as to which exposure metric is most plausibly
linked to cancer development. The practice of testing mul-
tiple exposure metrics is prone to model selection bias, by
which the metric with the strongest statistical association
with cancer risk is emphasized as the “correct” one, resulting
in positive findings due to multiple comparisons.

Dose calculations are also complicated by exposure to
large changes in arsenic drinking water concentrations, either
from moving between locations or water sources with

changes in arsenic concentrations from installation of water
treatment plants. Several towns in northern Chile had widely
varying drinking water concentrations with high concentra-
tions during historical periods of high arsenic exposure prior
to 1971 (e.g. 860 mg/L in two towns, 250 mg/L in two towns)
and between 1971 and 1977 (636 mg/L in two towns with
250 mg/L previously, 287 mg/L in another town) (Steinmaus
et al. 2013). Except for one town with 600 mg/L continuously
over time, water treatment led to a decrease in arsenic water
concentrations over the following decades. Seven other
towns have had stable arsenic concentrations of 1 to 60mg/L
since at least 1930. Relating average exposure metrics for
studies of this population (Smith et al. 2009; Ferreccio et al.
2013; Steinmaus et al. 2013) to other populations is thus par-
ticularly difficult because of large variation in potential expos-
ure for the study population. Some participants in the study
of skin cancer in Hungary, Romania, and Slovakia (Leonardi
et al. 2012) also had high historical exposures (up to 250 to
400 mg/L) before water treatment interventions in the mid-
1980s to 1990s. Studies of populations in Hanford, California,
and Fallon, Nevada had longer durations of exposure to ele-
vated arsenic levels in public supplies (most around 100 mg/L)
before water treatment in 2004 (Dauphine et al. 2013).

An average exposure that includes periods of high expos-
ure is unlikely to be equivalent toxicologically to an average
exposure involving more constant arsenic water concentra-
tions. In such populations, lagged exposure may be more
etiologically relevant to cancer risk than average lifetime
exposure; however, USEPA cancer risk assessments for chemi-
cals are based on the assumption of a relatively constant
average dose over much of a lifetime.

5.4. Consideration of confounding factors and effect
modifiers among studies

Tobacco use (including smoking and betel nut use) and soci-
oeconomic status are established risk factors for bladder and
lung cancers, and possibly for non-melanoma skin cancer.
Sunlight exposure, particularly in fair-skinned populations, is
a major risk factor for skin cancer. Poor diet and nutrition
have various effects on arsenic metabolism and biologic
effects, and thus may play a role in the development of lung,
bladder, and skin cancers and nonmalignant skin lesions
(Hsueh et al. 1995; Mazumder et al. 1998; Gamble et al.
2005). All of these risk factors could confound or modify the
association between arsenic exposure and risk of these can-
cers. For example, more rural populations may be more likely
to have occupations and lifestyles involving more sunlight
exposure, as well as more arsenic exposure from use of pri-
vate well water. Tobacco use may reduce folate status and
affect general methylation capacity, including for arsenic
(Tsuji, Perez et al. 2014).

Malnutrition may increase internal exposure to the more
toxic arsenic intermediate forms for impoverished popula-
tions in Bangladesh, West Bengal, and southwestern Taiwan
(Hsueh et al. 1995; Mazumder et al. 1998; Chen et al. 2001;
Gamble et al. 2005, 2006; Pilsner et al. 2009; Tsuji, Perez et al.
2014). Folate deficiency affects one-carbon metabolism,
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which is required for methylation reactions for proper
growth, maintenance, expression and repair of DNA, and
many other essential functions throughout the body. Pilsner
et al. (2009) noted that increased DNA methylation with
greater arsenic exposure may be an adaptive response
because decreased methylation of leukocyte DNA was found
to be associated with increased risk of skin lesions. Low fol-
ate status is a risk factor for cardiovascular disease (summar-
ized by Tsuji, Perez et al. 2014) and may also be an
independent risk factor for skin cancer (Williams et al. 2012),
bladder cancer (Schabath et al. 2005; Hu et al. 2016, He and
Shui 2014), and possibly lung cancer (Durda et al. 2017;
Fanidi et al. 2018), although evidence for lung cancer, espe-
cially in women, is not conclusive (e.g. Zhang, Zhou,
et al. 2014).

A meta-analysis of randomized controlled trials reported
that folic acid supplementation did not affect the risk of can-
cer, except for reduced risk of melanoma (Qin et al. 2013);
however, the results may differ in a more folate-deficient
population. Low folate status may also impair proper methy-
lation and metabolism of arsenic to less toxic DMAV (Tsuji,
Perez et al. 2014). Other nutrients of importance for arsenic
detoxification may include protein status (methionine), other
B vitamins, selenium, and beta-carotene (Hsueh et al. 1997;
Pierce et al. 2011; Tsuji, Perez et al. 2014). These potential
effect modifiers are of particular importance for consideration
when attempting to generalize to the U.S. from studies con-
ducted in foreign countries with poor nutrition and lack of
food/nutrient preservation (e.g. refrigeration) or staple food
fortification.

At the same drinking water exposure concentrations, pop-
ulations may differ in the intake of water from direct drinking
water and from cooking and in body weight, thereby affect-
ing the arsenic dose per body weight. Populations may also
differ in the amount of inorganic arsenic in their food,
depending on their diet, and use of contaminated well water
to grow crops. Lynch et al. (2017a) adjusted the data from
different studies to a standard drinking water intake and
body weight. We considered these adjustments and whether
differences among populations would affect interpretations
of the results of the studies evaluated.

5.5. Study selection results

Given the recent literature review by Lynch et al. (2017a), few
additional studies were identified as eligible for dose-
response assessment. Of the nine recent studies (six on blad-
der cancer, one on lung and bladder cancer, one on lung
cancer, one on skin cancer) that met the initial study selec-
tion criteria (Supplemental Tables 1 and 2), only three (Hsu
et al. 2017; Koutros, Lenz et al. 2018, Koutros, Baris et al.
2018) met the eligibility criteria for consideration in the dose-
response evaluation. However, all three studies were con-
ducted to evaluate heterogeneity across subgroups of study
populations that were analyzed in previous studies included
in the Lynch et al. (2017a) dose-response assessment (Chen
et al. 2010b [lung]; Baris et al. 2016 [bladder]). That is, these
three studies were focused on evaluating whether the

association between arsenic exposure and bladder or lung
cancer risk varies by methylation capacity or various polymor-
phisms related to arsenic methylation, DNA methylation, or
DNA repair/tumor suppressor genes. Therefore, the three
new studies were considered to provide supplemental infor-
mation on potential modifiers of the dose-response relation-
ship, but they were not used as primary sources. We also
note below a few other studies that were initially considered
and why they were excluded, as well as other studies that
were worthy of consideration even though they were
excluded by Lynch et al. (2017a).

5.5.1. Bladder and lung cancer studies that met eligibil-
ity criteria
Koutros, Lenz et al. (2018) is a stratified analysis of a subset
of the population-based case-control study of a New England
population (Baris et al. 2016) that focuses on heterogeneity
in the arsenic-bladder cancer association by tumor suppres-
sor immunophenotype, finding an association with cumula-
tive arsenic exposure in cases whose tumors had positive
gene expression of either p16 or Rb, but not in those with
p16- and Rb-negative tumors. Baris et al. (2016) reported stat-
istically increased bladder cancer risk, with a positive expos-
ure-response trend, with average daily arsenic intake or
cumulative intake lagged 40 years, but not when unlagged
or for arsenic concentration in well water (either lagged or
unlagged). Arsenic intake was calculated by multiplying
arsenic water concentration by drinking water intake. The
statistically significant positive trend between drinking water
intake from all sources and bladder cancer risk (i.e. greater
water intake in cases than in controls) may thus be respon-
sible for the apparent dose-response trend with calculated
arsenic intake, but not with arsenic water concentration,
especially given the small differences in arsenic concentra-
tions among the dose groups.

In another stratified analysis, Koutros, Baris et al. (2018)
examined the effect of potential modifying factors on the
previously reported association between bladder cancer risk
and cumulative lifetime arsenic intake (mg) by Baris et al.
(2016). This study focused on factors and individual charac-
teristics that might affect arsenic metabolism, including age,
sex, smoking status, body mass index (BMI), alcohol con-
sumption, and folate intake. Although none of these factors
were found to be statistically significant effect modifiers of
the association between cumulative arsenic exposure and
bladder cancer, with or without a 40-year lag, higher odds
ratios were observed for current and former smokers com-
pared to never smokers. Unexpectedly, higher cumulative
arsenic exposure showed a stronger positive association with
bladder cancer risk among those who were folate sufficient
than among those with folate insufficiency, and 40-year
lagged higher cumulative arsenic exposure was significantly
associated with bladder cancer risk among alcohol non-
drinkers, but not among drinkers. We used the results in
never smokers from Koutros, Baris et al. (2018) in our evalu-
ation of dose-response in never smokers.

Hsu et al. (2017) is an updated analysis of a subset of par-
ticipants in the Chen et al. (2010b) northeastern Taiwan
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population-based prospective cohort study of lung cancer.
Hsu et al. (2017) restricted their analysis to the 19% of the
cohort with speciated urinary arsenic levels, and categorized
subjects by methylation capacity based on the ratio of MMA
to As or DMA to MMA in urine. Hsu et al. (2017) reported a
positive dose-response trend for lung cancer risk with drink-
ing water arsenic concentration in the <100 mg/L range
among those with low but not high methylation capacity.
However, low folate status in Taiwan (Chen, Pan et al. 2011)
may reduce methylation capacity and result in higher internal
exposure to trivalent arsenic forms. As noted above, low fol-
ate may also be an independent risk factor for lung cancer,
particularly for men, and lower folate status in this popula-
tion, combined with effects on methylation, could enhance
associations between arsenic exposure and cancer risk. Such
effects would not be relevant for populations with folic acid
fortification, such as in the U.S.

5.5.2 Recent bladder and lung cancer studies that were
excluded after review
Huang et al. (2018) (and the earlier study by Huang et al.
2016, both of which were excluded from dose-response
assessment because water arsenic concentrations were not
measured and could not be derived) conducted a hospital-
based study in bladder cancer patients in Taipei City, Taiwan.
They reported associations of bladder cancer and upper tract
urothelial carcinoma (UTUC) with speciated arsenic in spot
urine samples. Participants had no known elevated arsenic
exposure (average of 0.7 mg/L in municipal water); therefore,
arsenic exposure was dominated by the diet. Conversion of
the speciated urinary arsenic concentration to an inorganic
arsenic dose is uncertain because of the contribution of DMA
from the diet and adjustment for creatinine (see Section
5.3.2). Multivariate models were also adjusted for age, sex,
education, smoking, alcohol, tea, coffee, pesticide contact,
diabetes, hypertension, and urinary calculus for UTUC only,
but not kidney function which could have affected the cre-
atinine-adjusted arsenic concentrations. A related study by
Lin et al. (2018) used the same data but did not include the
UTUC cases. Another hospital-based case-control study in
Taiwan by Chang et al. (2016) reported a higher risk of uro-
thelial carcinoma was associated with higher urinary levels of
total arsenic and four other metals. Arsenic in urine was not
speciated and no data were presented on environmental
exposures. Given the uncertainty in the exposure assessment,
none of these studies provides clear evidence on the associ-
ation between inorganic arsenic exposure and risk of bladder
cancer/UTUC.

The study by de la Rosa et al. (2017) on bladder and lung
cancer in northern Chile was eliminated from further consid-
eration in our evaluation because exposures were to arsenic
drinking water concentrations >200 mg/L.

5.5.3 Other notable bladder and lung cancer studies
Other notable papers many of which were previously
reviewed by Lynch et al. (2017a), but not necessarily included
in their dose-response assessment, are deserving of comment

regarding their evidence on low-level arsenic exposures in
association with cancer risk.

Steinmaus et al. (2003) conducted a population-based
case-control study of bladder cancer in areas of Nevada and
California with elevated arsenic in well water. The dose
groups were divided such that those with drinking water
exposures to 10 mg/L or less would largely be in the lowest
dose group (<10 mg/day) and those exposed to >50mg/L
would be the highest dose group (>80 mg/d), assuming 2L/
day drinking water intake. Various odds ratios were calcu-
lated (adjusted for age, gender, education, smoking, occupa-
tion, and income) for the three dose groups, including a
number of measures of average or cumulative exposure and
time window analyses. None of the odds ratios for all partici-
pants were statistically significantly different from the null.
Risks were statistically significantly increased in smokers for
the highest dose group for the highest 1-year, 5-year, or 20-
year of exposure, but risks were non-statistically significantly
decreased in the highest dose group for never smokers. Time
window analyses showed statistically significant increases in
the highest dose group for smokers for 51 to 60 years and
for 61–70 years before diagnosis but not for earlier periods or
for 71–80 years. This study was used in the evaluation of the
dose-response at low-level exposures in never smokers.

Karagas et al. (2004) investigated an association of bladder
cancer with toenail arsenic concentration in a New
Hampshire population-based case-control study with water
arsenic concentrations of <0.01 to 180 mg/L (Karagas et al.
2002). This study could have been included in the dose-
response modeling of Lynch et al. (2017a) by conversion of
the toenail results to water concentration, based on Karagas
et al. (2000) (see Supplemental Information 2). A borderline
significant elevated odds ratio was reported for the highest
exposure category compared to the lowest (2.17, 95% CI:
0.92� 5.11) in smokers, whereas no association was apparent
in never smokers.

Baastrup et al. (2008) is a prospective population-based
cohort study in Denmark that assessed drinking water arsenic
levels in association with various cancers including lung,
bladder, and skin. The results (reported as incidence rate
ratios per 1 mg/L time-weighted average water arsenic con-
centration or per 5mg cumulative arsenic exposure) were
modeled with arsenic exposure metrics only as continuous
variables, thereby assuming a linear, non-threshold dose-
response trend. Overall, no association was found between
specific cancers examined and time-weighted average arsenic
exposure (range: 0.05 to 25.3 mg/L; median: 0.7 mg/L) or
cumulative arsenic exposure, with the exception non-melan-
oma skin cancer, for which statistically significant inverse
associations were reported with both exposure metrics.

Steinmaus, Ferreccio, Yuan et al. (2014) reported elevated
lung cancer risks in association with greater intake of drink-
ing water arsenic concentrations <100 mg/L, based on 92
lung cancer cases and 288 population-based controls from
towns in northern Chile. The study population was likely a
subset of a study involving a wider range of exposures
(Steinmaus et al. 2013). Cumulative, lifetime average, peak,
and recent exposures (within 40 years) to arsenic were not
significantly associated with lung cancer risk. However,
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significantly increased risks were reported for the top tertile
of the highest single year of arsenic exposure lagged by 40
or more years: odds ratios (adjusted for age, sex, and smok-
ing intensity) of 1.00, 1.43 (90% confidence interval [CI]:
0.82� 2.52), and 2.01 (90% CI: 1.14� 3.52) for tertiles with
mean arsenic water concentrations of 6.5, 23.0, and 58.6mg/L,
respectively (p for trend ¼0.02). Odds ratios were higher for
subjects younger than 65 years old (1.62 [90% CI: 0.67� 3.90]
and 3.41 [90% CI: 1.51� 7.70]), indicating possible increased
susceptibility to early-life exposure. Use of 90% CIs rather
than 95% CIs was justified by an a priori assumption that
arsenic increases lung cancer risk, although 95% instead of
90% CIs were reported for odds ratios in relation to smoking
by Steinmaus, Ferreccio, Yuan et al. (2014), and for cancer
risks at higher arsenic exposure in Steinmaus et al. (2013).
The authors also acknowledged that increased risks have
been shown at arsenic water concentrations >100mg/L,
whereas they are “less well understood” at lower concentra-
tions. An important limitation of this study that could have
affected the results was the high potential for differential
exposure misclassification between cases and controls.
Arsenic intake (mg/day) was the exposure measure for sub-
jects who could be interviewed regarding their current and
past water intake. Such information was obtained for 93% of
the controls but only 46% of the cases, many of whom were
deceased. For deceased subjects, their arsenic water concen-
tration was used as the exposure measure instead of arsenic
intake. Classification of exposure based on arsenic water con-
centration resulted in the inclusion of more subjects (both
cases and controls) in the highest dose group than when
exposure was classified based on arsenic intake (supplemen-
tal information of Steinmaus, Ferreccio, Yuan et al. 2014).
Thus, the finding of higher exposure for cases versus controls
may have been the result of inclusion of more cases than
controls in the highest dose group because exposure was
based on arsenic water concentration for 54% of cases but
only 7% of controls.

D’lppoliti et al. (2015) investigated lung cancer mortality
and arsenic exposure in a large, administrative cohort study
using population-based registries in central Italy. This study
was clearly an outlier in the modeling of Lynch et al. (2017a),
showing a steep dose-response association at relatively low
exposures (dose groups of 2, 6, 12, mg/L). The quality of this
study was rated as low based on not meeting criteria for
adequate adjustment for smoking, exposure measurement,
assay accuracy, and adjustment for confounders (Lynch et al.
2017a). Lack of individual-level adjustment for smoking in the
evaluation of lung cancer resulted in our exclusion of this
study for consideration of dose-response assessment.

Lamm et al. (2018), Mendez et al. (2017), Ferdosi et al.
(2016), and Lamm et al. (2004) are large ecological studies of
lung and/or bladder cancer incidence or mortality in relation
to county-level arsenic levels in U.S. drinking water supplies.
Although they did not meet our inclusion criteria for assess-
ing individual-level arsenic exposure and adjustment for
smoking, these studies are notable for their focus on large
U.S. populations. The combined meta-regression analysis of
Lamm et al. (2015) also noted little difference in dose-

response across studies of drinking water arsenic exposure
and lung cancer risk, including ecological studies.

With the exception of Mendez et al. (2017), these studies
did not show significantly increased risks of lung or bladder
cancer in populations with higher arsenic water concentra-
tions. Unlike the two earlier ecological studies (Lamm et al.
2004; Ferdosi et al. 2016), Mendez et al. (2017) examined can-
cer incidence rather than mortality, and had access to data
from some states and one USEPA region that at the time
were not available to Lamm et al. (2018); they analyzed
mean rather than median water concentrations by county
(although Lamm et al. [2004] also showed results based on
mean arsenic levels); and they included counties with as low
as 10% use of groundwater water supplies. Mendez et al.
(2017) reported a statistically significant positive log-linear
association between mean county-level water arsenic concen-
tration (up to 157.7 mg/L) and lung cancer incidence in
women and bladder cancer incidence in men and women,
adjusting for county-level confounders.

Lamm et al. (2018) investigated lung cancer incidence in
association with median (mostly based on 1 or 2 wells)
county groundwater arsenic concentrations <50 mg/L, focus-
ing on counties that had �80% population dependency on
groundwater supplies. For men, women, and both genders
combined, lung cancer incidence was statistically significantly
lower in counties with median arsenic water concentrations
of 10–50 mg/L compared to those with undetectable arsenic
in the water, adjusting for county-level confounders.
Negative associations, which were statistically significant
among men and both genders combined, also were detected
in the full analysis of all counties, regardless of groundwater
dependency. Differences in results between this study and
that of Mendez et al. (2017) may be related to the restriction
by Lamm et al. (2018) to counties with lower drinking water
arsenic levels, additional non-publicly-available data in
Mendez et al. (2017), differences in adjustment for county-
level confounders, several of which were strongly associated
with cancer risk, or 80% restriction to groundwater supplies
by Lamm et al. (2018) (although their analysis without this
restriction had similar results).

Zhang et al. (2016) conducted a large pooled prospective
cohort study of rice consumption and cancer risk that
included over 200,000U.S. participants, detailed examination
and adjustment for a large number of potential covariates/
effect modifiers, and follow up of all reported cancers with
medical records. Despite a large number of comparisons
(including white or brown rice which has more arsenic), asso-
ciations were null for total cancers and specific cancer sites
including lung, bladder, kidney, prostate, breast, colon and
rectum, and melanoma. Null associations were also reported
when restricting the analysis to those of European Americans
or nonsmokers. Nachman et al. (2018) cite the borderline
statistical significance for highest consumption group of total
rice intake and bladder cancer (RR of 1.32; 95% CI:
0.99� 1.76; p¼ 0.09) as evidence of a causal effect of rice
consumption (and arsenic) on bladder cancer. However, a
statistically significant association was not reported for brown
rice consumption, which has higher levels of inorganic
arsenic than white rice (FDA 2013a). Moreover, relative risks
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for total rice consumption and lung cancer were uniformly
less than 1.0 (not statistically significantly), indicating little
support for arsenic as a causal agent.

5.5.4. Skin cancer studies
Fewer epidemiological studies have quantified the associ-
ation between arsenic exposure and skin cancer, compared
with lung and bladder cancers. Even considering the non-
ecological studies, many of these studies, including the one
recent study that met our initial inclusion criteria but not our
final eligibility criteria (Kim et al. 2017), have major limitations
for assessing a causal relationship between skin cancer and
arsenic exposure at low doses. Kim et al. (2017) conducted a
hospital-based case-control study of non-melanoma skin can-
cer and speciated urinary arsenic levels in a province of
southeastern Korea with low arsenic levels <0.5 mg/L in water
supplies. As noted above, speciated urinary arsenic levels are
short-term measures of inorganic arsenic exposure that are
compromised by the contribution of DMA from consumption
of rice, seaweed, and seafood in Asian populations. Other
studies considered for dose-response assessment are
described briefly below.

Leonardi et al. (2012) is a large, hospital-based case-con-
trol study of basal cell carcinoma (BCC) in patients who had
lived at least one year in areas of Hungary, Romania, and
Slovakia with elevated arsenic in groundwater. No mention
was made of squamous cell carcinoma (SCC). Associations
with average lifetime water arsenic concentration, peak daily
exposure (in mg/day), and cumulative dose (in g) all showed
statistically significant trends over the quintile dose groups,
with statistically significant or borderline significant associa-
tions with the two highest exposure groups (7.10 to 19.43
and 19.54 to 167.29 mg/L). The median lifetime average water
concentration was 1.2 mg/L (interquartile range: 0.7 to
13.8mg/L), 60% of the population had a lifetime average of
<7 mg/L. Nevertheless, historical exposures were considerably
higher before interventions beginning in the 1980s. Drinking
water derived from the alluvial basin on the Hungarian-
Rumanian border or the aquifer in central Slovakia may have
had concentrations up to 400 and 250mg/L, respectively
(Hough et al. 2010). In the examples presented, four locations
with arsenic concentrations between 150 and 250 mg/L
declined to below 100 mg/L between 1984 and 1995 (Hough
et al. 2010). Historical arsenic water concentrations thus could
have exceeded the low-dose range under consideration for
some participants especially in the higher exposure catego-
ries, and their average drinking water concentrations are not
necessarily representative of low-level exposure.

Lamm et al. (2007) conducted a cross-sectional investiga-
tion of clinically determined BCC and squamous cell carcin-
oma (SCC), as well as nonmalignant skin changes, in
association with arsenic concentrations in well water among
nearly all residents (3179 out of 3229) of three villages in
Inner Mongolia. All participants included in the analysis had
information on well-use history and diagnostic data on der-
matological diseases (hyperkeratosis, dyspigmentation, and
skin cancer) from a clinical survey. Although arsenic concen-
trations in well water were as high as 2000 mg/L, 69% of the

participants had the highest arsenic concentration (for a min-
imum of 1 year) that was less than 100mg/L. Only eight skin
cancer cases were reported, all of whom had the highest
arsenic well water concentration >150 mg/L. The study did
not assess sun exposure but noted that skin cancer occurred
only in people with skin keratoses or pigmentation changes
in non-sun-exposed areas of the body, so the skin cancers
were likely related to arsenic exposure. Those with any
potential arsenic-related skin changes were 6.3% of the
study population.

Karagas et al. (2001a) conducted a population-based case
control study of BCC and SCC in relation to arsenic toenail
concentration in New Hampshire, using a design similar to
that of Karagas et al. (2004). Odds ratios, adjusted for age
and gender, were elevated in the highest exposure category,
but not statistically significantly so. Based on the correlation
between toenail arsenic concentration and drinking water
arsenic concentration in this population (Figure 1 of Karagas
et al. 2000), the highest exposure category included well
water exposures around 100 mg/L and higher. Other factors
evaluated as potential confounders but not found to affect
the association included education, smoking, skin reaction to
sun, radiation exposure, and type of water supply. Amount of
sun exposure and occupation were apparently not consid-
ered as confounders. Not adjusting for these factors could
have biased odds ratios upward, since higher arsenic expo-
sures in New England are associated with the use of private
wells, which are more common in rural areas where people
may have more sun exposure from outdoor activities or
occupations.

Applebaum et al. (2007) subsequently examined the influ-
ence of polymorphisms of certain DNA repair genes and
found some suggestion of possibly higher risk of BCC and
SCC at higher toenail arsenic concentrations (grouped as< or
>0.286 mg/g) with certain variants. However, the 95% CIs for
nearly all associations included 1.0, and only one statistically
significant interaction was found (between a polymorphism
in the XPD gene and arsenic in relation to SCC risk).

A separate study of this New Hampshire population
reported that glucocorticoid use, and presumably immune
modulation, was associated with an increased risk of SCC
(adjusted odds ratio ¼2.31; 95% CI: 1.27� 4.18) and less so
for BCC (adjusted odds ratio ¼1.49; 95% CI: 0.90� 2.47)
(Karagas et al. 2001b). Presumably, no interaction was found
with arsenic exposure because glucocorticoid use was not
mentioned in the studies of arsenic (or rice) exposure and
skin or bladder cancer in this population (Karagas et al.
2001a; 2004; Gilbert-Diamond et al. 2013; Gossai et al. 2017).
The lack of an effect of glucocorticoid use on arsenic-related
cancer risk does not support immune dysregulation as an
important factor in the mode of action for arsenic-related car-
cinogenesis at low exposures.

Gilbert-Diamond et al. (2013) examined associations of
SCC with speciated urinary arsenic and individual arsenic spe-
cies in a population based case control study in New
Hampshire (conducted in 2003–2009 rather than 1993–1996
in Karagas et al. 2001a). The study noted a greater tendency
toward associations of arsenic exposure with SCC than with
BCC. Water arsenic concentrations for most of the study
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population were low: the median was 0.33 (interquartile
range: 0.14� 1.11) mg/L for cases and 0.31 (interquartile
range: 0.12� 0.94) mg/L for controls. Most of the arsenic
exposure was thus from the diet, which was likely con-
founded by organic arsenic forms, especially DMA and
organic precursor compounds. People who ate fish within
two days of urine collection were excluded, but those who
ate rice (22%) were included. Eating rice (which has DMA as
well as inorganic As) was associated with higher DMA in
urine, although results of a secondary analysis excluding the
rice consumers were reported to be generally consistent with
the main analysis. The analysis was adjusted for sex, age,
BMI, education, smoking status, skin reaction to sun (but not
occupation or extent of sun exposure), and urinary creatinine
concentration. Associations of SCC with total speciated
arsenic or individual arsenic species were statistically signifi-
cant after natural logarithmic transformation, except for inor-
ganic arsenic. Analyses based on tertiles of urinary arsenic
data showed statistically significantly elevated risks for the
third tertile for mainly MMA in urine. Duration of consuming
current water source (< or >17 years) did not seem to mod-
ify these associations; and paradoxically, odds ratios tended
to be stronger in those with shorter duration of exposure. As
noted above, the short-term nature of urinary arsenic, which
was measured after SCC diagnosis and corrected for urinary
creatinine, adds to the uncertainty and low reliability of these
measurements for characterizing inorganic arsenic exposure
as the causal agent in development of SCC.

In a cross-sectional study, Knobeloch et al. (2006) eval-
uated 19 townships in Wisconsin that had elevated arsenic in
well water. The mean water arsenic concentration was
12.0mg/L (standard deviation: 91.2mg/L; maximum: 3,100mg/L;
20% of samples �10 mg/L). Skin cancer was self-reported by
questionnaire, with no information on the type of skin cancer
(i.e. without exclusion of melanoma) and no diagnostic con-
firmation; additionally, no information was considered on sun
exposure, skin response to sunlight, pigmentation, or occupa-
tion. Thus, the results of this study are of questionable valid-
ity. Increased skin cancer risk with greater arsenic exposure
was statistically significant only among smokers aged 65 years
or older.

Baastrup et al. (2008), as noted above, is a Danish pro-
spective cohort study that found a statistically significant
inverse association between time-weighted average arsenic
exposure (0.05 to 25.3mg/L) and risk of non-melanoma skin
cancer. The data presented in this study, which assume a lin-
ear trend based on the modeling of arsenic exposure only as
a continuous variable, could not be used in quantitative
dose-response modeling.

Hsueh et al. (1997) is a prospective cohort study of a popu-
lation in three villages with high arsenic-related disease rates
in the arseniasis-endemic area of southwestern Taiwan. Unlike
the larger ecological studies of this area (e.g. Morales et al.
2000), Hsueh et al. (1997) tracked villages where individuals
lived and tied individual exposures to individual outcomes.
Use of village average well-water arsenic concentrations could
have resulted in some exposure misclassification for individu-
als who lived in villages with multiple wells with a large differ-
ence in arsenic water concentrations (NRC 1999). This study is

not informative of risks at low-level exposures because of the
high doses included in the arsenic exposure groups (e.g.
water concentrations of 0, 0� 700, >710 mg/L). The significant
inverse associations of skin cancer risk with higher serum
beta-carotene levels and greater percentages of MMA and
lower percentages of DMA in urine of cases, likewise involve
these high exposures and the impoverished conditions of
this population.

Gossai et al. (2017) conducted a population-based case-
control study of the New Hampshire Skin Cancer Study
Population to investigate the association of rice intake (based
on a questionnaire of food frequency over the past year)
with non-melanoma skin cancer. An odds ratio of 1.5 (95%
CI: 1.1� 2.0) was reported for SCC for any rice consumption
compared to those reporting no rice consumption and
appeared to be based largely on those with arsenic drinking
water concentrations <1 mg/L. However, a clear dose
response for SCC risk was not observed with greater amounts
of rice intake.

5.5.5. Nonmalignant skin lesion studies
Because of the few studies that have examined associations
with skin cancer, we also reviewed evidence from studies of
arsenic exposure and nonmalignant skin lesions. Skin lesions
are an obvious and prevalent sign in populations exposed to
elevated arsenic levels in drinking water that also experience
other health effects including skin, bladder, and lung cancer
(Karagas et al. 2015). Skin lesions including hyper- or hypo-
pigmentation and hyperkeratosis occur after a shorter latency
than skin cancer, and some skin lesions are thought to
involve pre-malignant changes that can lead to skin cancer
(NRC 1999; Tsuji et al. 2004; Seow et al. 2012; Cohen et al.
2013). Case-control, cohort, and cross-sectional studies of skin
lesions with individual assessments of arsenic exposure
(including some with exposures <150 mg/L) reviewed by
Karagas et al. (2015), as well as more recent publications,
were predominantly conducted in Inner Mongolia, West
Bengal, Bangladesh, and Pakistan. Overall, statistically signifi-
cant increases in skin lesions generally occur at arsenic water
exposure concentrations >50 mg/L or >100 mg/L, although
some studies show a positive trend in risk beginning at
drinking water arsenic concentrations as low as >5 mg/L.
Such associations may be affected by exposure measurement
error, as well as variation in the diagnosis of arsenic-related
skin lesions. The influence of these uncertainties—in particu-
lar, the importance of assessing lifetime drinking water
arsenic exposure and reevaluating the presence of skin
lesions over time in relation to changing arsenic exposure
levels—is illustrated by the series of detailed studies in the
West Bengal population.

A cross-sectional study of 7683 participants in West
Bengal in 1995–1996 noted that hyperkeratosis and hyperpig-
mentation of the skin were rare at arsenic drinking water lev-
els <50 mg/L (measured in the primary current drinking water
source), infrequent at 50 to 100 mg/L, and more common
with water concentrations above this level (up to 3400 mg/L;
Mazumder et al. 1998). A higher prevalence of skin lesions
(especially keratoses) was observed in those with low body
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weight, suggesting a role of malnutrition. A follow-up case-
control study conducted in 1998–2000 in West Bengal
selected cases (those with skin lesions diagnosed previously;
N¼ 192) and controls (those without skin lesions diagnosed
previously; N¼ 213) from those in the earlier cross-sectional
survey whose primary drinking water source contained
<500 mg/L arsenic (Haque et al. 2003). Cases and controls
had similar sociodemographics and body mass index. This
study investigated participants’ drinking water exposure his-
tory for at least the prior 20 years. Skin lesions were exam-
ined by a physician, as before, and were also photographed
for subsequent consensus review by four physicians to con-
firm whether skin lesions were likely to be related to
arsenic exposure.

Observations from Haque et al. (2003) and Lamm et al.
(2007) (see above) indicate the importance of obtaining a
complete drinking water history and diagnosing skin lesions
related to arsenic exposure. The occurrence of skin lesions
was associated with past peak arsenic exposures, indicating
that current or average exposures may be misleading when
used to characterize risk of skin lesions. In Haque et al.
(2003), 25 of the controls lacked skin lesions in 1995–1996
but had skin lesions in 1998–2000. The drinking water history
of these individuals revealed “high” past arsenic exposures
(average peak of 253 mg/L; prior 5-year average of 140 mg/L).
Conversely, of the 192 cases diagnosed in 1995–1996, 72 no
longer had arsenic-related skin lesions in 1998–2000, includ-
ing 57 who had consumed water with an arsenic concentra-
tion <50mg/L in the intervening period. Thus, skin lesions
appear to have resolved with low recent exposure, although
misdiagnoses may also have occurred. The average latency
for the observation of skin lesions in this study was 23 years
(range 10–42) from first exposure to an arsenic water concen-
tration >100 mg/L, and 19 years (range 3–42) from each case’s
first exposure to their peak concentration, which ranged from
115 to 1,113mg/L). The average peak drinking water arsenic
concentration was 325 mg/L in cases and 180 mg/L in controls.
All confirmed skin lesion cases in 1998–2000 had consumed
water with an arsenic concentration >100 mg/L at some point
in their life.

A recent cross-sectional study examined 398 children and
adults who had lived for at least the past 5 years in 6 previ-
ously unstudied villages in Pakistan with a wide range in well
water arsenic levels (<1 to 3090 mg/L) (Rasheed et al. 2018).
The authors reported that the prevalence of arsenic-related
skin lesions was 0.68%, 13.82%, and 60% in associations with
current water arsenic concentrations of 10–50, 50–100, and
>100 mg/L, respectively. Skin lesions were more prevalent for
older participants (age >16 years), men versus women, inten-
sive versus non-intensive laborers, and those with higher
body mass (likely related to age and sex), higher water
intake, or less efficient methylation capacity (indicated by
higher percentage of MMA or inorganic arsenic and lower
percentage of DMA in urine). Because a complete exposure
history was not reported, the one case of skin lesions in the
current 10–50 mg/L group could not reliably be attributed to
this exposure level. Similarly, past exposures more than
5 years previously for cases in the 50–100 and >100 mg/L
groups were unknown.

A nested case-control study of 876 incident skin lesion
cases and individually matched controls from a prospective
cohort study in Bangladesh also reported statistically signifi-
cant increases in skin lesions with higher arsenic well water
concentrations, beginning with the 10� 50 mg/L exposure
group (compared to <10 mg/L) and extending to the
highest exposure group (>200 mg/L) with a monotonic posi-
tive trend (Niedzwiecki et al. 2018). Past drinking water con-
centrations were not mentioned. This study also reported an
increased risk of skin lesions in association with increased
serum homocysteine (an indicator of impaired one-carbon
metabolism from deficiency of folate and other nutrients),
whereas risks were decreased for greater percentage of DMA
in urine.

5.6. Assessment of dose-response

5.6.1. Bladder and lung cancer
Our updated analysis found very few informative low-dose
epidemiological studies that would add studies to the dose-
response modeling of bladder and lung cancer conducted by
Lynch et al. (2017a). Lynch et al. (2017a) reported that
sequential elimination of highest doses showed a trend
toward an increasing slope and widening of the confidence
intervals of the meta-regression analysis (see Supplemental
information from Lynch et al. 2017a). We reexamined the
data for the studies considered by Lynch et al. (2017a) by
focusing on data at lower doses (i.e. <200mg/L). Compared
to studies with low-level arsenic exposure evaluated by
Lynch et al. (2017a), the earlier meta-regression analysis for
lung cancer (non-ecological studies of Lamm et al. 2015), and
meta-analysis of bladder cancer (Tsuji, Alexander et al. 2014),
studies included in our low-level dose-response evaluation of
bladder and lung cancer were most similar to those selected
by Lynch et al. (2017a) given similar study selection criteria,
the recent publication, and focus on both bladder and lung
cancer (Table 3).

Three studies in Lynch et al. (2017a) were excluded
because they involved only high-dose risk comparisons for
bladder cancer (Huang et al. 2008; Wang, Yeh et al. 2009)
and bladder and lung cancer (Chiou et al. 1995). These stud-
ies from the southwestern Taiwan arseniasis-endemic area
involved a malnourished population with increased suscepti-
bility for arsenic-related health risks (Chen et al. 2001), and
also used median village well water arsenic concentrations,
which would underestimate potential exposure in some vil-
lages (e.g. median of 30 mg/L for a range in concentrations of
10 to 770 mg/L within a village; NRC 1999).

For lung cancer, we also eliminated D’Ippoliti et al. (2015)
and the results exclusively among smokers from Mostafa
et al. (2008) because of concerns regarding residual con-
founding or interactions with smoking. Lynch et al. (2017a)
also excluded D’Ippoliti from their meta-regression analysis
because this study did not adjust for smoking in the statis-
tical analysis. We included the results of only male non-
smokers from Mostafa et al. (2008) because this study
stratified by smoking for men, but did not present stratified
data for women or smoking-adjusted data for the overall
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study population. For bladder cancer, we added the study of
Karagas et al. (2004) by converting the arsenic toenail con-
centrations to water concentrations based on data presented
in Karagas et al. (2000) (see Supplemental Information 2 for
conversion). For the other studies, with the exception of
Chen et al. (2010a), we used the arsenic dose and cancer risk
data for bladder and lung cancer presented by Lynch et al.
(2017a) (truncated to the low dose range <200 mg/L). For
Chen et al. (2010a) we selected the results based on all urin-
ary cancers instead of only urothelial cancers. This selection
is consistent with the association between arsenic exposure
and all urinary tract cancers, even though the other studies
reviewed focused on urothelial cancer or “bladder” cancer.
However, including the other urinary cancers likely has little
effect on the results because urothelial carcinomas are the
predominant cancer type (Chen et al. 2010a).

Lynch et al. (2017a) estimated midpoint arsenic water
exposure concentrations of the dose groups, adjusted to
account for differences in water consumption rates and body
weight in some foreign populations as compared to the
U.S. For consistency with calculations of USEPA cancer risk
assessments, they also selected results for lifetime average
risk estimates from studies or the most similar measure avail-
able. To estimate midpoint exposures for open-ended lowest
or highest dose groups presented as less than or greater
than a value, Lynch et al. (2017a) assumed the midpoint
between 0 and the lowest value or the midpoint between
the highest value and two times the highest value,
respectively.

Adjustment for differences in water consumption rates
was based on study/population-specific values that were
available for most populations, except for northeastern
Taiwan (Chen et al. 2010a,b) and Bangladesh (Mostafa et al.
2008; Mostafa and Cherry 2015), for which Lynch et al.
(2017a) assumed default water consumption rates of 2.75 L/
day and 3 L/day, respectively. Although some data, particu-
larly for Bangladesh, indicate that combined direct drinking
and cooking water intakes maybe 1.5 to 2 times higher than
the assumed intake rates (Tsuji, Perez et al. 2014), we used
the assumptions of Lynch et al. (2017a) for Taiwan and
Bangladesh to facilitate comparisons with their earlier work.
Underestimation of drinking water intake rates is conservative
and will tend to overestimate risk per dose or cancer
potency. Adjustment for differences in body weight assumed
a population average of 70 kg for non-Asian populations,
50 kg for Taiwan, and 60 kg for Bangladesh (Lynch et al.
2017a). As noted by Lynch et al. (2017a) a sensitivity analysis
omitting these adjustments tended to overestimate the slope
of the dose-response relationship because of underestimation
of dose per body weight in the Asian populations who have
higher water intake rates and lower body weights
on average.

We reviewed the water intake rates selected for the stud-
ies included by Lynch et al. (2017a) and made a few changes
to improve overall consistency with the results reported in
certain studies (Bates et al. 2004; Meliker et al. 2010; Baris
et al. 2016). For example, Lynch et al. (2017a) apparently
assumed a default water consumption rate of 1.2 L/day for
some U.S. studies (Meliker et al. 2010; Baris et al. 2016). In

general, when reported, we selected mean or median water
intake rates for the control group and averaged rates
reported at different time periods.

The study reported dose groups, drinking water
intake assumptions, adjusted midpoint arsenic water concen-
trations, and relative risks and case numbers for each
included study for the current dose-response evaluation are
summarized in Table 4 for bladder cancer and Table 5 for
lung cancer.

The dose-response for the bladder cancer studies in the
low-dose range shows considerable variability with an overall
lack of dose-response (Figure 4(a,b)). One outlier is the statis-
tically significant increased risk (RR¼ 1.52; 95% CI:
1.08� 2.14) at 53 mg/L, compared with the reference group
of 8.75mg/L, in the Bangladesh population studied by
Mostafa and Cherry (2015). However, the next highest expos-
ure group in this study, at 131mg/L, had a nearly null RR of
1.07 (95% CI: 0.73� 1.57) as did the next highest dose group
(262.5 mg/L) above the low-level range with RR of 0.99 (95%
CI: 0.69� 1.41). At the higher end of the low exposure range
(Figure 4(b)), a statistically significant increased risk of blad-
der cancer was reported in the northern Chile population for
the 80 to 197 mg/L (125 mg/L midpoint) average lifetime
exposure group (odds ratio of 2.62, 95% CI: 1.53� 4.50;
Steinmaus et al. 2013). However, participants with average
lifetime exposures in this range may have experienced higher
exposures considerably above 100 mg/L in the past because
of greatly elevated arsenic water concentrations in some
Chilean towns before installation of water treatment (i.e. prior
to 1971 or 1971–1977). Risks were lower and not statistically
significant (odds ratio of 1.36; 95% CI: 0.78� 2.37) for lifetime
average arsenic concentration of 11 to 90 mg/L before 1971
(Steinmaus et al. 2013).

The lung cancer data likewise indicate a lack of dose-
response below 60 to 100mg/L arsenic in drinking water
(Figure 5), with statistically non-significant relative risks near
1.0. Although each of the available studies has only one dose
group below 100 mg/L to compare with the reference group
(all below 12 mg/L), the relative risks are both above and
below 1.0, indicating that attenuation from exposure mis-
classification cannot explain the lack of a positive dose
response. Two studies show a significantly increased risk in
their top exposure group with a midpoint concentration of
about 120 mg/L and upper-end limits around 200 mg/L (Table
5). Both studies are of the northern Chile population
(Smith et al. 2009; Steinmaus et al. 2013). As for bladder can-
cer, lifetime average exposure in the larger study (Steinmaus
et al. 2013) involving longer follow-up (diagnosis in
2007–2010 versus 1994–1996 in Smith et al. 2009) likely
underestimates the impact of higher past exposures. For life-
time average exposure of 11 to 90mg/L before 1971, lung
cancer risks were not statistically significantly elevated (odds
ratio of 1.27; 95% CI: 0.81� 1.98). The earlier results pre-
sented by the smaller study by Smith et al. (2009) were
based on average exposure concentration from 1958 to 1970.
However, even for average exposures during this period of
higher arsenic water concentrations for some towns, migra-
tion among towns could have resulted in higher (or lower)
past exposures than reflected by the average concentration
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during this period, with those in the higher exposure cat-
egory (60 to 199 mg/L) being more likely to have consumed
some water in the towns with exposures in excess of the
low-level range.

Limitations of our presentation of dose-response data in
Figures 4 and 5 are the inability to include evidence from
studies that used arsenic exposure metrics other than drink-
ing water concentration, and the potential for residual con-
founding from incomplete adjustment for tobacco use.
Additional insight can thus be obtained by examination of
the dose-response associations in never smokers. For this
analysis, we considered other dose metrics in addition to
arsenic drinking water concentration from the available
studies that reported data in the low-level range of expos-
ure for never smokers. Studies included for this analysis
were all that met the inclusion criteria, with the exception
of the restriction to studies reporting exposure as arsenic
concentration in water. For completeness, Table 6 presents
the never smoker results for the different types of dose
metrics reported in the studies. The forest plot of findings
for never smokers in Figure 6 illustrates representative
results for each study (see footnotes of Table 6 for details
on selection of results from studies with multiple exposure
metrics). The results for Dauphine et al. (2013) could not be
included because of the lack of quantitative precise odds
ratio estimates (see Table 6).

Compared to the results of models that included smokers
and nonsmokers with adjustment for smoking (e.g. nearly all
of the studies in Tables 4 and 5, Figures 4 and 5), even less
of a dose-response pattern is apparent at low doses for
never smokers. One exception is reported by Ferreccio et al.
(2013) for bladder cancer, but not for lung cancer (Table 6).
In the 11 to 91mg/L (lifetime average before 1971) dose
group, the bladder cancer risk was nearly statistically signifi-
cantly increased with a higher odds ratio among never smok-
ers (2.66; 95% CI: 0.91� 7.83) than among smokers and
never smokers combined as presented by Steinmaus et al.
(2013) (1.36; 95% CI: 0.78� 2.37). Overall, however, for studies
that reported associations between arsenic exposure and
bladder and lung cancer in never smokers (Table 6, Figure 6),
few statistically significant associations and inconsistent dose-
response patterns are apparent in the low dose range of
exposure (i.e. approximately <100–150 mg/L) or even when
comparing this low dose range to the next higher
dose group. In fact, a number of relative risk estimates
(mostly odds ratios from case-control studies) are less than 1.
As noted above, the occurrence of such associations in the
negative direction, suggests that regression toward the null
is not the sole explanation for the lack of a statistically sig-
nificant positive association between low-level arsenic expos-
ure and risk of lung or bladder cancer among never
smokers. Quite the opposite, exposure misclassification
among groups will, in fact, produce more of a monotonically
increasing apparent dose-response relationship, even when
the underlying data are threshold in nature (Crump 2006;
Rhomberg et al. 2011). The evidence from results in never
smokers thus supports a lack of dose-response in the low
dose region.Ta
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Figure 5. Relative risks (95% confidence intervals) of lung cancer at low-level average arsenic water concentrations.

Figure 4. Relative risks (95% confidence intervals) of bladder cancer at low-level average arsenic water concentrations (a. <12 mg/L; b. <180mg/L).
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Table 6. Results of epidemiological studies of low-level arsenic exposure and risk of bladder or lung cancer among never smokers. Results in italics are not dir-
ectly relevant to the dose-response assessment of low-level drinking water arsenic and bladder or lung cancer risk but are included for completeness.

Study (location) Cancer Exposure category OR 95% LCL 95% UCL

Bates et al. (1995) Bladder <19 mg cumulative� 1.00 (reference)
(UT, U.S.) 19 to <33 mg cumulative 1.09 0.4 3.1

33 to <53 mg cumulative 0.68 0.2 2.3
�53 mg cumulative 0.53 0.1 1.9
<33 mg/L-y 1.00 (reference)
33 to <53 mg/L-y 0.21 0.1 0.8
53 to <74 mg/L-y 0.25 0.1 0.9
�74 mg/L-y 0.91 0.3 3.2

Bates et al. (2004) Bladder 0 to 50 mg/L excl. proxy wells 1.00 (reference)
(Argentina) 51 to 100 mg/L excl. proxy wells 1.05 0.2 6.9

101 to 200 mg/L excl. proxy wells 1.10 0.2 6.3
>200 mg/L excl. proxy wells 0.58 0.1 6.2
0 to 50 mg/L incl. proxy wells 1.00 (reference)
51 to 100 mg/L incl. proxy wells 0.53 0.1 2.3
101 to 200 mg/L incl. proxy wells 0.64 0.1 3.1
>200 mg/L incl. proxy wells 0.25 0.0 2.7
0 to 0.5 mg/L, fluid-adj., excl. proxy wells 1.00 (reference)
0.6 to 1.2 mg/L, fluid-adj., excl. proxy wells 2.15 0.4 11
1.3 to 35 mg/L, fluid-adj., excl. proxy wells 4.03 0.9 18
>35 mg/L, fluid-adj., excl. proxy wells 2.27 0.4 12
0 to 1.0 mg/L, fluid-adj., incl. proxy wells† 1.00 (reference)
1.1 to 17 mg/L, fluid-adj., incl. proxy wells 0.36 0.1 1.7
18 to 80 mg/L, fluid-adj., incl. proxy wells 0.95 0.2 3.9
>80 mg/L, fluid-adj., incl. proxy wells 0.59 0.1 2.9

Ferreccio et al. (2013) Bladder <11 mg/L before 1971‡ 1.00 (reference)
(northern Chile) 11 to 91 mg/L before 1971 2.66 0.91 7.83
(same study population 92 to 335 mg/L before 1971 7.01 2.61 18.82
as Steinmaus et al. 2013) >335 mg/L before 1971 8.86 2.99 26.23

0 to 34 mg/L before 1971 1.00 (reference)
35 to 260 mg/L before 1971 1.92 0.90 4.11
>260 mg/L before 1971 5.27 2.51 11.07
0 to 2589 mg/L-y 1.00 (reference)
2590 to 9915 mg/L-y 3.03 1.28 7.15
>9915 mg/L-y 8.42 3.60 19.69

Karagas et al. (2004) Bladder 0.009 to 0.059 mg/g toenail¼0 to 0.0001 mg/L 1.00 (reference)
(U.S., NH) 0.060 to 0.086 mg/g toenail¼0.0002 to 0.47 mg/L 0.85 0.38 1.91

0.087 to 0.126 mg/g toenail¼0.60 to 3.07 mg/L 1.18 0.53 2.66
0.127 to 0.193 mg/g toenail¼3.14 to 10.01 mg/L 1.10 0.42 2.90
0.194 to 0.277 mg/g toenail¼10.16 to 27.24 mg/L 0.49 0.12 2.01
0.278 to 0.330 mg/g toenail¼27.51 to 44.24 mg/L (no cases)
0.331 to 2.484 mg/g toenail¼�44.61 mg/L (no cases)

Koutros, Baris et al. (2018) Bladder 0 to 15.70 mg, no lag 1.0 (reference)
(ME, NH, VT, U.S.) >15.70 to 34.50 mg, no lag 1.2 0.7 2.1

>34.50 to 77.04 mg, no lag 0.9 0.5 1.5
(same study population >77.04 mg, no lag 1.1 0.6 1.9
as Baris et al. 2016) 0 to 3.52 mg, 40-y lag¶ 1.0 (reference)

>3.52 to 8.77 mg, 40-y lag 1.0 0.5 1.7
>8.77 to 22.42 mg, 40-y lag 1.3 0.7 2.3
>22.42 mg, 40-y lag 1.1 0.6 2.0

Meliker et al. (2010) Bladder <1 mg/L ave. lifetime§ 1.00 (reference)
(MI, U.S.) 1 to 10 mg/L ave. lifetime 0.72 0.43 1.20

>10 mg/L ave. lifetime 1.62 0.68 3.87
<1 mg/day 1.00 (reference)
1 to 10 mg/day 0.80 0.47 1.35
>10 mg/day 2.01 0.87 4.68

Mostafa and Cherry Bladder (urinary tract
transition cell carcinoma)

<10 mg/L 1.00 (reference)
(2015) 10 to <50 mg/L 1.67 0.97 2.89
(Bangladesh) 50 to <100 mg/L 1.10 0.61 1.97

100 to <200 mg/L 0.99 0.58 1.69
200 to <300 mg/L 2.19 1.20 4.01
�300 mg/L 0.65 0.34 1.26

Steinmaus et al. (2003) Bladder <10 mg/day highest 1-y ave., 5-y lag 1.00 (reference)
(CA, NV, U.S.) 10–80 mg/day highest 1-y ave., 5-y lag 1.40 0.53 3.69

>80 mg/day highest 1-y ave., 5-y lag 0.45 0.13 1.64
<10 mg/day highest 5-y ave., 5-y lag 1.00 (reference)
10–80 mg/day highest 5-y ave., 5-y lag 0.77 0.29 2.08
>80 mg/day highest 5-y ave., 5-y lag 0.41 0.12 1.44
<10 mg/day highest 20-y ave., 5-y lag 1.00 (reference)
10–80 mg/day highest 20-y ave., 5-y lag 0.54 0.17 1.69
>80 mg/day highest 20-y ave., 5-y lag 0.51 0.14 1.83
<6.4 mg cumulative, 5-y lag 1.00 (reference)

(continued)
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5.6.2. Skin cancer
Of the few studies meeting most of the study eligibility crite-
ria, there are considerable limitations for assessing the associ-
ation between low-dose inorganic arsenic exposure and skin
cancer risk because of potential confounding influences of
other risk factors, such as sun exposure, and inclusion of his-
torical exposures at high doses in the study of BCC by
Leonardi et al. (2012). Studies with some of the lowest
arsenic exposures that were based on short-term biomarkers
or a consumption survey of arsenic from food exposures that
include DMA (Gilbert-Diamond et al. 2013; Gossai et al. 2017),

likewise diminish confidence that such findings are actually
related to inorganic arsenic exposure at these exposure levels
per se.

A notable limitation of the skin cancer studies is that with
the exception of Lamm et al. (2007), these studies do not
note whether the skin cancers observed occurred on parts of
the body that were not sun-exposed or whether arsenic-
related skin lesions were specifically diagnosed in the popula-
tion. The most informative study of skin cancer by Lamm
et al. (2007) included diagnosis of arsenic-related skin cancer
and skin lesions and detailed investigation of historical

Table 6. Continued.

Study (location) Cancer Exposure category OR 95% LCL 95% UCL

6.4–82.8 mg cumulative, 5-y lag 1.55 0.51 4.72
>82.8 mg cumulative, 5-y lag 0.83 0.28 2.49
<10 mg/day highest 1-y ave., 40-y lag 1.00 (reference)
10–80 mg/day highest 1-y ave., 40-y lag 1.51 0.33 6.99
>80 mg/day highest 1-y ave., 40-y lag 0.31 0.06 1.66
<10 mg/day highest 40-y ave., 40-y lag 1.00 (reference)
10–80 mg/day highest 40-y ave., 40-y lag 2.94 0.56 15.49
>80 mg/day highest 40-y ave., 40-y lag 0.32 0.06 1.72
<10 mg/day highest 20-y ave., 40-y lag 1.00 (reference)
10–80 mg/day highest20-y ave., 40-y lag 0.48 0.05 4.39
>80 mg/day highest 20-y ave., 40-y lag 0.40 0.07 2.24
<6.4 mg cumulative, 40-y lag| 1.00 (reference)
6.4–82.8 mg cumulative, 40-y lag 2.65 0.49 14.24
>82.8 mg cumulative, 40-y lag 0.50 0.12 2.05

Steinmaus et al. (2006) Bladder <16.7% MMA, Argentina 1.00 (reference)
(U.S. and Argentina) �16.7% MMA, Argentina 0.48 0.17 1.33

<16.7% MMA, <100 mg/day, Argentina# 1.00 (reference)
�16.7% MMA, <100 mg/day, Argentina 0.42 0.12 1.44
<16.7% MMA, �100 mg/day, Argentina 1.00 (reference)
�16.7% MMA, �100 mg/day, Argentina 0.61 0.09 4.26
<14.9% ave. MMA, U.S. 1.00 (reference)
�14.9% ave. MMA, U.S. 4.33 0.21 90.8

Chen et al. (2010b) Lung <10 mg/L, all (rate ratio) 1.00 (reference)
(northeast Taiwan) 10 to 99.9 mg/L, all (rate ratio) 1.22 0.64 2.32

�100 mg/L, all (rate ratio) 1.32 0.64 2.74

Dauphine et al. (2013)�� Lung �10 mg/L highest 5-y ave., 10-y lag 1.00 (reference)
(CA, NV, U.S.) 11 to 84 mg/L highest 5-y ave., 10-y lag >0.75 (not reported)

�85 mg/L highest 5-y ave., 10-y lag <0.84 (not reported)
�10 mg/L highest 5-y ave., 40-y lag 1.00 (reference)
11 to 84 mg/L highest 5-y ave., 40-y lag >0.84 (not reported)
�85 mg/L highest 5-y ave., 40-y lag <1.39 (not reported)
�0.1 mg/L-y, 10-y lag 1.00 (reference)
0.11 to 2399 mg/L-y, 10-y lag >0.75 (not reported)
�2400 mg/L-y, 10-y lag <1.20 (not reported)

Ferreccio et al. (2013) Lung <11 mg/L‡ 1.00 (reference)
(Northern Chile) 11 to 91 mg/L 0.68 0.29 1.58
(same study population 92 to 335 mg/L 0.93 0.37 2.36
as Steinmaus et al. >335 mg/L 2.04 0.84 4.95
2013) 0 to 34 mg/L before 1971 1.00 (reference)

35 to 260 mg/L before 1971 0.87 0.42 1.81
>260 mg/L before 1971 1.67 0.78 3.56
0 to 2589 mg/L-y 1.00 (reference)
2590 to 9915 mg/L-y 1.28 0.59 2.77
>9915 mg/L-y 2.18 1.01 4.69

Heck et al. (2009) Lung <0.05 mg/g toenail 1.00 (reference)
(NH, VT, U.S.) �0.05 mg/g toenail 1.03 0.28 3.75
Mostafa et al. (2008) Lung 0 to�10 mg/L 1.00 (reference)
(Bangladesh) 11 to�50 mg/L 0.90 0.62 1.33

51 to�100 mg/L 1.10 0.62 1.96
101 to 400 mg/L 0.94 0.62 1.41

Rationale for selection of results for Figure 6: �mg more often used than mg/L-years; †similar results whether or not fluid-adjusted, including proxy wells,
increases sample size; ‡lower-dose group; ¶Baris et al. (2016) reported statistically significant positive results with 40-year lag in this population; §consistency
with other studies; |consistency with other studies, 40-year lag has higher odds ratio; #low-dose, <100 mg/day adjusted results not available for U.S.; ��not
included–results for never smokers are inferred based on the overall OR being a weighted average of ORs for smokers and never smokers.

OR: odds ratio (except for Chen et al. [2010b], where the relative risk estimate is a rate ratio); LCL: lower confidence limit; UCL: upper confidence limit.
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arsenic exposures in a population in Inner Mongolia, exposed
to arsenic in drinking water above and below 100 mg/L.
Based on threshold dose-response modeling, Lamm et al.
(2007) reported a threshold for skin cancer at 122 mg/L and a
threshold for nonmalignant skin changes at 40 to 50 mg/L.
The detailed assessment of skin lesions and current and his-
torical arsenic exposures in West Bengal indicated an expos-
ure concentration around 100 mg/L and above at some point
in life as a threshold for increased occurrence of skin lesions
related to arsenic exposure (Haque et al. 2003). Thus, the
overall evidence, based on skin cancer and skin lesions and
the likely mechanistic relationship between these effects, sug-
gests a threshold for skin cancer risk probably around

100 mg/L. However, it may be as low as 50mg/L based on
increased risk of skin lesions in populations with lower nutri-
tional status and likely higher drinking water intake than for
U.S. populations.

5.6.3. Individual susceptibility
Many of the relevant epidemiological studies have been con-
ducted in populations with increased risk of arsenic-related
health effects from greater dose of inorganic arsenic and its
reactive trivalent form and metabolites due to external fac-
tors (i.e. increased drinking water intake) and internal factors
(i.e. reduced methylation capacity from nutritional

Figure 6. Odds ratios (except as noted) for lung and bladder cancer at low-level arsenic exposures reported for never smokers. �Converted from toenail concentra-
tion ranges based on Karagas et al. (2000) (see Table 6).
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deficiencies) (Cohen et al. 2013; Tsuji, Perez et al. 2014; Lynch
et al. 2017a; Rasheed et al. 2018; Sharma and Flora, 2018). In
some of these populations (e.g. in Bangladesh), impoverished
living conditions, which can be correlated with use of wells
with higher arsenic concentrations, are also associated with
less resistance to arsenic toxicity resulting from impaired
anti-oxidant defense and DNA repair. Such lifestyle factors
are also independent risk factors for several of the common
diseases that are associated with arsenic exposure.

Thus, extrapolation of results from these study populations
is expected to be protective of the relatively well-nourished
U.S. population with lower water intakes (and who generally
do not use local water to grow all of their rice and vegeta-
bles). As noted above, much of the most recent epidemio-
logical research on arsenic has focused on assessing genetic
or behavioral heterogeneity in individual susceptibility within
previously studied populations. Several studies suggest that
positive associations between inorganic arsenic exposure and
risk of bladder, lung, or skin cancer or lesions are more likely
to be observed in those with reduced methylation capacity
or various polymorphisms in genes related to arsenic methy-
lation, DNA methylation, or DNA repair/tumor suppression
(NRC 2013; Bhattacharjee et al. 2018; Bjørklund et al. 2018),
but results for specific genotypes or phenotypes are sparse
and allow no conclusions.

Associations of cancer risk with arsenic methylation cap-
acity (i.e. proportions of urinary metabolites; e.g. Gilbert-
Diamond et al. 2013; Melak et al. 2014; Hsu et al. 2017;
Gamboa-Loira et al. 2017 and studies reviewed therein), as
well as variations in the arsenic-cancer association by methy-
lation capacity, are particularly uncertain for interpreting
causal relationships. Arsenic methylation, as well as general
health and resistance to cancer and other diseases, requires
one-carbon metabolism, which involves nutritional co-factors
and multiple genes coding for enzymes and other biochem-
ical factors. Individual health conditions or exposure to other
substances may also influence arsenic methylation capacity.
Thus, assessment of arsenic methylation capacity as a suscep-
tibility factor for arsenic-related disease in retrospective case-
control or cross-sectional studies is less robust than in pro-
spective cohort studies. Extrapolation of findings on methyla-
tion-mediated susceptibility from nutritionally deficient
populations to U.S. populations is also uncertain.

Studies investigating various polymorphisms for arsenic-
related disease susceptibility may indicate areas for additional
research, but currently do not comprise a consistent body of
evidence for specifically determining individual susceptibility,
particularly for associations at low-level exposures in nutri-
tionally sufficient populations. For example, a hospital-based
case-control study in Taiwan with no known source of excess
arsenic water exposure reported associations of certain poly-
morphisms in the As3mt gene with bladder cancer risk or
with arsenic methylation efficiency (Huang et al. 2018). This
study also found a few associations with polymorphisms in
the glutathione S-transferase omega gene, but not the purine
nucleoside phosphorylase gene. By contrast, in an Inner
Mongolia population exposed to an average drinking water
arsenic concentration of 124 mg/L, Luo et al. (2018) found
that some of the same polymorphisms in the genes coding

for glutathione S-transferase omega and purine nucleoside
phosphorylase, but not As3mt, were associated with risk of
skin lesions.

The nested case-control study of skin lesion cases in
Bangladesh examined associations with 26 single nucleotide
polymorphisms (SNPs) in 13 one-carbon metabolism genes
(Niedzwiecki et al. 2018). Although cases exhibited greater
impairment of one-carbon metabolism and methylation cap-
acity (independent of one-carbon metabolism), little associ-
ation was found with SNPs in one-carbon metabolism genes.
The most commonly studied SNP in a key enzyme in one-car-
bon metabolism, methylenetetrahydrofolate reductase (677
C->T polymorphism), was associated with higher homocyst-
eine levels, higher %MMA, and lower %DMA, but not with
risk of skin lesions. Two other SNPs (in the methionine syn-
thase reductase and folate receptor 1 genes) were inversely
associated with risk of skin lesions at water arsenic concen-
trations <50 mg/L but positively associated at concentrations
�50 mg/L, while a third SNP (in the thymidylate synthase
gene) was positively associated with skin lesion risk only at
concentrations �50 mg/L. Another case-control study of 540
skin lesion cases and 400 controls in Bangladesh reported
increased risk of skin lesions in association with current water
exposure concentrations above 50 mg/L in carriers without a
minor G allele in SNP rs1133400 of the squamous cell carcin-
oma gene INPP5A, whereas an increased risk of skin lesions
was not observed until water arsenic levels exceeded 200mg/
L in those with this allele (Seow et al. 2015).

In general, the lack of consistent results for interactions
between genetic polymorphisms and arsenic exposure may
reflect differences in populations, individual-level susceptibil-
ity factors, target tissue, dose, research focus, or random find-
ings. Lastly, it is expected that genetic polymorphisms or
other individual differences in arsenic methylation would be
less important for lower arsenic exposures and in never
smokers (e.g. Beebe-Dimmer et al. 2012; Karagas et al. 2012),
and less likely to lead to lack of comparability among popula-
tions than differences in water consumption, inorganic
arsenic sources and intake (e.g. use of contaminated water to
grow crops), and malnutrition.

Some epidemiological evidence comparing individuals
exposed at different life stages suggests increased suscepti-
bility for early life exposures (e.g. �15 years old; Steinmaus,
Ferreccio, Acevedo et al. 2014) compared to exposure later
in life. In particular, in northern Chile, where high arsenic
water concentrations in some towns occurred from 1958 to
1970, increased risk of cancer incidence and mortality was
later observed in those with high early life exposures during
this period compared to those who were older at the time of
high exposure (Smith et al. 2012; Steinmaus, Ferreccio,
Acevedo et al. 2014). Interpretation of findings from short-
term exposures in terms of the implications for lifetime expo-
sures is problematic, as discussed in the Section on early life
exposure studies in experimental animals. Fortunately, most
epidemiological studies of arsenic in drinking water include
populations with long-term, multi-generational arsenic expos-
ure from drinking water including in utero and early child-
hood periods.
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6. Estimation of threshold level in humans

Arsenic is one of the few substances for which comprehen-
sive in vitro, experimental animal, and human data are avail-
able for assessment of the mode of action and dose
response for cancer, as envisioned by NRC (2007) in its inte-
grated approach to toxicity testing. The collective evidence
strongly supports a mode of action that involves a threshold.
A linear, non-threshold approach to risk assessment is virtu-
ally excluded by the fact that arsenicals do not react with
DNA and are therefore not directly mutagenic (Nesnow et al.
2002). The in vitro evidence indicates that a concentration
>0.2mM is required to produce a toxic effect, and a threshold
has also been demonstrated in animal studies with a NOAEL
>2 ppm of the diet or drinking water for inorganic arsenic.
This in vivo NOAEL correlates well with the in vitro findings
as urine and tissue levels in the studies associated with
adverse effects exceed 0.1 mM. Based on the in vitro and in
vivo findings, drinking water levels >60 mg/L are required in
humans to achieve these effects. Epidemiology studies cor-
roborate this threshold level expectation in humans for urin-
ary bladder, lung, and skin cancer and skin lesions, indicating
a similar threshold at around 100 mg/L, although this could
range from 50 to 150 mg/L.

The mode of action for arsenic carcinogenesis does not fit
the traditional linear dose-response model of direct inter-
action with DNA. Although a low-dose linear dose-response
has been postulated for arsenic based on hypothetical simul-
taneous occurrence of multiple modes of action, the evi-
dence for other modes of action is that they occur at
considerably higher doses than for cytotoxicity and regenera-
tive proliferation, have little substantiation in vivo, or are of
unclear importance for toxicity, particularly at low doses.

Overall, the in vitro evidence for inorganic arsenic and its
trivalent metabolites, in established immortalized cell lines
and in primary human cells, demonstrates a concentration of
0.1mM below which any changes are adaptive, and above
which various gene/protein expression changes related to
toxicity and proliferation occur (Gentry et al. 2010, 2014b;
Clewell et al. 2011; Cohen et al. 2013; Yager et al. 2013).
Other effects such as oxidative stress have also been demon-
strated, although sufficient toxicity to result in DNA damage
requires much higher concentrations (e.g. >10mM) and thus
are more likely a consequence rather than a cause of cytotox-
icity. In vivo evidence of genomic changes in the mouse urin-
ary bladder with arsenic dosing over time likewise supports
the in vitro findings (Clewell et al. 2011). In general, a 0.1 mM
concentration is likely conservative because in vitro condi-
tions lack the ameliorating conditions that occur in vivo.

Animal models have limitations as cancer bioassays of
inorganic arsenic in humans because of species differences in
protein binding, enzyme reactivity, and pharmacokinetics.
Nevertheless, although the administered doses must be
higher (>2 ppm in diet or water) to achieve similar tissue lev-
els of reactive trivalent arsenic metabolites, the cellular con-
centration that causes cytotoxicity and proliferation in animal
studies is similar (i.e. >0.1mM). With prolonged dosing, such
concentrations can also cause a mild tumorigenic response.
The DMAV rat urothelial regenerative hyperplasia model

demonstrates the potential for trivalent arsenicals to cause
cancer in epithelial tissues. This does not occur in mice, and
human cells appear to react to DMAIII at similar or higher
concentrations than rat urothelial cells. These effects lead to
proliferative changes in the bladder epithelium, thereby
increasing the chance of malignancy. Cytotoxicity and regen-
erative hyperplasia leading to bladder cancer in humans can
also result from chronic inflammatory damage to the bladder
epithelium, such as by bacterial cystitis and schistosomiasis
(Cohen et al. 2000), consistent with a non-DNA-reactive and,
thus, a threshold mode of action.

Lung epithelial tissue is highly perfused with blood and
covered with lung surfactant proteins that are rich in sulf-
hydryl-containing cysteine for binding trivalent arsenicals.
The increased occurrence of bronchitis and bronchiectasis in
populations exposed to high levels of arsenic in drinking
water suggests that these diseases involving hyperplasia may
be precursors to lung carcinoma in such settings. Similarly,
like hair and nails, which bind arsenic, skin is rich in sulf-
hydryl-containing keratin. Hyperkeratoses in skin representing
proliferative effects of arsenic are thought to be pre-malig-
nant changes. Arsenic-related cancer thus appears to result
from prolonged non-genotoxic effects on lung and bladder
epithelial tissues and the skin.

The overall epidemiological evidence for these arsenic-
related cancers indicates a likely threshold of 50–100 mg/L for
inorganic arsenic in drinking water, based largely on studies
in foreign populations. As discussed earlier, several of these
populations may be more susceptible to arsenical toxicity
because of higher water intake, malnutrition, and/or the lack
of dietary fortification with essential nutrients involved in
arsenic methylation, such as folate. Overall, smoking-adjusted
epidemiological studies of bladder and lung cancers indicate
less consistency in dose response and often do not demon-
strate a significant increase in cancer risk at exposures
equivalent to drinking water levels below 100 mg/L. Analyses
of bladder and lung cancers in never smokers provide add-
itional evidence that is less subject to residual confounding
from incomplete adjustment for smoking. These findings
show no clear increase in dose-response below 100 mg/L. At
higher concentrations (e.g. 300 mg/L; Dauphine et al. 2013;
Ferreccio et al. 2013), stratified analyses in never smokers
also indicate that positive associations between arsenic
exposure and cancer risk can be demonstrated at a suffi-
cient dose.

The most informative studies for assessing the dose-
response for skin effects were those that evaluated the life-
time arsenic exposure history of participants and considered
whether diagnoses of skin lesions or skin cancer were prob-
ably related to arsenic exposure. These studies indicate a
likely threshold of approximately 100 mg/L, with the possible
occurrence of nonmalignant skin lesions at 50–100mg/L in
populations with less sufficient nutrition than in the U.S. (e.g.
West Bengal, Bangladesh, and Inner Mongolia).

An arsenic drinking water concentration of 100–150mg/L
in humans results in urinary concentrations similar to those
in rats and mice exposed to >2 ppm in the diet or drinking
water, the no-effect level for cytotoxicity and regenerative
proliferation (Cohen et al. 2013). These doses also result in
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similar urinary concentrations >0.1mM, which is an approxi-
mate no effect level in vitro. Thus, the collective evidence on
effect levels from in vitro, animal, and human studies, along
with the mode of action information, support a similar
threshold of 50–100 mg/L as a point of departure for deriving
health protective criteria.

7. Comparison with other risk assessments of
inorganic arsenic

The original Maximum Contaminant Level (MCL) for inorganic
arsenic in drinking water in the U.S. was set at 0.05mg/L,
based on a potable water standard developed by the Public
Health Service in the 1940s to protect against the acute tox-
icity of inorganic arsenic, and was selected to limit the intake
of inorganic arsenic in drinking water (at a water consump-
tion rate of 2L/day) to less than 10% of the intake of arsenic
in food, which was assumed at the time to be on the order
of 1mg/day (USPHS 1943). Subsequently, the USEPA (2001)
reduced the MCL to the current value of 0.01mg/L, on the
basis of dose-response modeling of bladder and lung cancer
in a population in Taiwan chronically exposed to concentra-
tions of arsenic in drinking water ranging as high as 1.75mg/L
(NRC 1999, Morales et al. 2000). These dose-response calcula-
tions were performed under the USEPA (1986) default
assumption of linearity and no threshold, despite the existing
evidence at that time that the mode of action for the car-
cinogenicity of arsenic was more supportive of nonlinearity.
Indeed, the NRC (1999) review had concluded that the mech-
anisms associated with arsenic-induced cancer most likely
have a sub-linear character, implying that linear models
would overestimate risk.

The oral cancer slope factor for inorganic arsenic currently
in USEPA’s Integrated Risk Information System (IRIS) database
(USEPA 1995) is 1.5 (mg/kg/day)�1, based upon the preva-
lence of skin cancer reported in the earlier southwestern
Taiwanese drinking water studies (Tseng et al. 1968; Tseng
1977). The associated lifetime risk predicted for ingestion of

an arsenic concentration in drinking water of 0.01mg/L (the
current MCL) would be 0.4 per thousand, assuming the
USEPA Office of Water drinking water intake rate of 2 L/day
and 70 kg lifetime average body weight. At the time the
USEPA (1995) risk assessment was performed, the agency felt
that there was insufficient dose-response data to develop a
risk estimate based upon the incidence of internal tumors.

In 2001, the USEPA lowered its drinking water standard
from 50 mg/L to 10 mg/L based on a revised risk assessment
by the USEPA Office of Water (66 CFR 6976 – 7066; USEPA
2001) that assessed risks of lung and bladder cancer mortality
in the southwestern Taiwanese population using the no-
threshold extrapolation of Morales et al. (2000) and assess-
ment of NRC (1999). Although the USEPA (2006) considered
DMA in pesticides to be a threshold carcinogen, they
assessed the environmental degradation product, inorganic
arsenic, using the USEPA Office of Water risk assessment. The
combined cancer slope from this assessment was 3.67 (mg/
kg/day)�1. USEPA (2008) also used this slope factor in their
risk assessment of arsenic exposure from treated wood
play structures.

NRC (2001) reassessed the Morales et al. (2000) data and
estimated cancer risk of 3 per thousand at 10 mg/L (assumed
1 L/day and 70 kg body weight). This estimate assumed 52%
of the risk from bladder cancer and 48% of the risk from
lung cancer. The predicted excess risk of bladder cancer by
the NRC (2001), however, was shown to be statistically incon-
sistent with low-level bladder cancer risks for the U.S. popula-
tion based on a meta-analysis of epidemiological studies,
especially for never smokers (Tsuji, Alexander et al. 2014).

In a subsequent draft reevaluation based on internal
tumors, USEPA (2005b) again relied upon the linear default
approach for low dose extrapolation and the same data, stat-
ing that it lacked a full understanding of the arsenic modes
of carcinogenic action. In a review of these analyses (USEPA
2007), the Science Advisory Board (SAB) recommended
reconsideration of the evidence from inorganic arsenic animal
toxicology, pharmacokinetics, and pharmacodynamics

Table 7. Convergence of evidence: inorganic arsenic.

Adaptive Effects Toxicity Severe Toxicity and Lethality

In vitro AsIII concentration <0.1–0.2 mM (32–65 mg/L in drink-
ing water)

Cells in adaptive state; DNA integ-
rity not affected

0.2 to 10 mM (>65 mg/L in drinking
water)

Adverse responses: up-regulation of
DNA repair, telomerase activity,
and cell cycle control genes

>10 mM DNA and mitochondria
damage; apoptosis; down-regula-
tion of DNA repair genes,
cell death

In vivo (animals) iAsIII or iAsV

in diet or water
<10 ppm inorganic As in water or

diet
No effects on urothelium

�10 ppm inorganic As in water or
diet

Cytotoxicity/regenerative prolifer-
ation of urothelium

100 ppm is MTD in mice and rats

In vivo (humans) As in
drinking water

50 to <100 mg/L in drinking water
No clear evidence of increased risk

of health effects, particularly for
never smokers

150 to >1000 mg/L in drinking
water

Increasing risk with higher expo-
sures to arsenic in well water

0.11 to 0.16mg/kg/dayAs2O3 treat-
ment of acute promyelocytic
leukemia (PML)

Acute and chronic health effects in
exposed populations

In vitro effects of trivalent inorganic arsenic and trivalent methylated arsenicals correspond to the systemic and tissue levels in vivo. The amount in the drinking
water for humans and the amounts in the drinking water or diet in rodents required to generate the effects in vivo corresponding to the effect in vitro are
listed in this table.

AsIII: trivalent arsenicals.
iAsIII and iAsV: inorganic arsenite and arsenate, respectively.
As: inorganic arsenic (trivalent plus pentavalent).
MTD: Maximum Tolerated Dose.
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research that suggested other than a linear bladder cancer
dose response. Another draft IRIS assessment was then com-
pleted (USEPA 2010, 2011) which provided an extensive lit-
erature search on the mode of action data spanning a three-
year period (2005–2007). However, there was no structured
mode of action analysis with pre-defined criteria to evaluate
causality in an explicit weight-of-evidence process and no
attempt to integrate the relevant understanding into the
dose-response assessment, which was still based principally
on a linear dose-response from Morales et al. (2000). The
resulting combined lung and bladder cancer slope factor in
this revised assessment was considerably higher (the higher
slope factor of 25.7 per mg/kg/day for females was recom-
mended) than previously based on revised model selection,
exposure assumptions, and use of more recent U.S. mortality
and incidence data (USEPA 2010, 2011). Following a request
from Congress for an independent review, the draft risk
assessment was withdrawn by the USEPA in early 2012.

The FDA (2013b) developed a draft risk assessment of
arsenic for setting action levels for juice, which was later
revised in the risk assessment of arsenic in rice (FDA 2016).
Both risk assessments used the traditional approach of focus-
ing on health risks in one population, in this case, the lung
and bladder cancer risks in northeastern Taiwan (Chen et al.
2010a,b). Although these studies have individual-specific
exposure data and were adjusted for smoking, unlike those
used in the USEPA’s assessments of southwestern Taiwan
(e.g. Morales et al. 2000), the FDA did not integrate mechan-
istic data and evidence from animal studies in the assess-
ment, which relied on linear extrapolation to assess health
risks at low doses. Most notably, the low dose lung cancer
data for this population, which had a much larger number of
cases at low doses than for bladder cancer, showed evidence
of a threshold for increased risk below 100 mg/L in drinking
water (Chen et al. 2010b). The slope factor from this assess-
ment was similar to that derived by the USEPA Office of
Water (3.67 {mg/kg/day}�1; USEPA 2006, 2008).

Other global authoritative bodies have provided recom-
mendations for acceptable drinking water exposures to
arsenic or considered the dose-response relationships for car-
cinogenicity. The World Health Organization (WHO) has a cur-
rent recommended guideline value of 10 mg/L arsenic in
drinking water (WHO 2018). This guideline is considered
“provisional” as it is based on water treatment performance
and analytical achievability, recognizing the practical difficul-
ties in removing arsenic from drinking water. The Joint Food
and Agriculture Organization of the United Nations (FAO)/
World Health Organization (WHO) Expert Committee on Food
Additives (JECFA), developed a lower benchmark dose associ-
ated with a 0.5% risk of cancer at 3 mg/kg/day based on the
northeastern Taiwanese lung cancer study of Chen et al.
(2010b) (JECFA 2011). Linear extrapolations from this bench-
mark dose to lower acceptable risk levels for arsenic in food
is equivalent to a slope factor of 1.67 (mg/kg/day)�1. Health
Canada (2008) has estimated 0.3 mg/L as the target accept-
able concentration of arsenic in drinking water that would
present an “essentially negligible” level of risk. In the context
of drinking water guidelines, Health Canada has defined the

term "essentially negligible" to characterize risk on the order
of 1 in 105 to 106.

Based on the mode of action of inorganic arsenic, the cur-
rent approach indicates that doses that are protective of
non-cancer effects related to cytotoxicity and regenerative
hyperplasia would also be protective of cancer. USEPA’s refer-
ence dose for noncancer risk assessment of inorganic arsenic
(0.3 mg/kg/day) is based on skin lesions in southwestern
Taiwan as the sensitive endpoint. Assuming lifetime con-
sumption of 2 L/day of water and 70 kg average body, expos-
ure to arsenic at the drinking water standard of 10 mg/L
would not exceed USEPA’s arsenic reference dose.

8. Strengths and weaknesses of this assessment

The main strength of this assessment lies in its reliance on
an abundance of complementary and consistent evidence
supporting the presence of a threshold for the cancer effects
of inorganic arsenic based on mode of action and supported
by extensive in vitro and animal in vivo investigations. The
evidence is strong from mechanistic, toxicologic and epide-
miologic investigations. For any chemical, all three evidence
streams have limitations for justifying a threshold approach
for cancer, and arsenic is no exception. In vitro studies lack
the complexity of the whole organism, and experimental ani-
mals may not be appropriate models for humans.
Epidemiological studies are generally not well designed to
identify doses at which no excess risk of cancer would occur,
and they often have uncertainties in exposure assessment,
control for confounding, and evaluation of effect modifiers.
Thus, the weaknesses of this assessment stem from the limi-
tations of the underlying scientific evidence, especially the
potential lack of human relevance of toxicological studies
and problems with methodological error, bias, and hetero-
geneity in epidemiological studies. The integration of the
overall evidence, however, supports conclusions regarding
the likely doses at which a threshold for arsenic-related can-
cer risk might occur. The presence of a threshold in the can-
cer effects of numerous non-DNA reactive chemicals have
been demonstrated, whether involving mitogenic effects
secondary to interactions with specific receptors, or due to
cytotoxicity with regenerative proliferation (Andersen et al.
2000; Cohen and Arnold 2011; Corton et al. 2014, 2018;
Haney 2015).

The inorganic arsenic epidemiological evidence includes a
large number of studies in various populations, primarily in
Inner Mongolia, China, Taiwan, Bangladesh, West Bengal,
Chile, Argentina, Mexico, and the U.S. Key uncertainties in
these studies include the accuracy, reliability, and etiological
relevance (e.g. with respect to timing) of exposure assess-
ment, control for confounding and modifying factors (e.g.
smoking, nutrition, sunlight exposure), and methodological
and population-specific differences that impede comparison
of results across populations. Among the various arsenic
exposure metrics used in epidemiological studies, such as
water concentration, biomarkers in urine or nails, and arsenic
daily or cumulative dose based on reported water intake,
most studies have estimated exposure based on water
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concentration. Use of this metric is clouded by the fact that
drinking water intake rates were likely higher historically in
non-U.S. populations than in the U.S. The contribution of
inorganic arsenic in food to exposures at low doses may also
undermine assessments of exposure based solely on water
concentrations; however, dietary inorganic arsenic exposure
is considerably lower than exposure to arsenic in drinking
water at 10mg/L (Tsuji et al. 2007; Xue et al. 2010), particu-
larly in non-U.S. populations with higher water intake rates.
Therefore, dietary sources are not expected to affect expos-
ure meaningfully at the water concentration range identified
as a likely threshold for cancer risk. Use of contaminated well
water to grow crops, including rice such as in Bangladesh
and Taiwan, however, would increase arsenic exposure at a
given arsenic water concentration compared to the situation
in U.S. populations.

The interpretation of epidemiological results is also com-
plicated by potential individual variation in genetic suscepti-
bility to the health effects of arsenic exposure. Potential
genetic susceptibility is an area of current research interest,
particularly for genes related to arsenic metabolism or DNA
repair. Some studies have identified heterogeneity in arsenic-
cancer associations across polymorphisms in such genes (e.g.
Applebaum et al. 2007; Huang et al. 2016, 2018; de La Rosa
et al. 2017; Lin et al. 2018). However, findings thus far are
inconsistent and, like many other epidemiological studies of
gene-environment interactions, suffer from multiple hypoth-
esis testing and limited sample sizes. Available evidence on
the variation in toxicokinetics and toxicodynamics associated
with drinking water exposure to inorganic arsenic is consist-
ent with default expectations for human inter-individual vari-
ability (see Section 4). Moreover, in many foreign
populations, genetic variation in arsenic metabolism is likely
to be less influential at lower arsenic doses than nutritional
deficiencies that cause impairment of one-carbon metabol-
ism, which reduces arsenic methylation and can independ-
ently increase disease susceptibility. Because much of the
available epidemiological data to assess cancer risk associ-
ated with low-dose arsenic is in non-U.S. populations with
greater inorganic arsenic exposure at a given water concen-
tration and likely increased susceptibility to arsenic toxicity,
risks are likely overestimated and threshold doses are likely
to be underestimated for the general U.S. population, which
provides some additional protection for more susceptible
individuals.

9. Conclusions

The overall evidence on the mode of action supports the
hypothesis that the critical biologic effects of inorganic
arsenic are secondary to the interaction of trivalent arsenicals
with sulfhydryl groups in critical proteins in the target tissues.
Since these proteins are constantly regenerating, this will be
a threshold effect requiring the level of interaction to be
greater than the active regenerative process of the proteins.
A threshold concentration for the biologic effects in tissues is
supported by mechanistic, in vitro and animal investigations
(Table 7). In animal studies, pre-neoplastic and neoplastic

changes require administration of high levels in either the
drinking water or diet, with no adverse effect levels greater
than 2ppm (2mg/kg of diet or 2mg/L in drinking water),
which corresponds to a level produced in the urine of
>0.1 mM. Extensive investigations in vitro have demonstrated
a lack of adverse biologic effects of trivalent arsenicals below
0.2mM, which as a level in urine for exposure to the bladder
epithelium is estimated to be equivalent to a drinking water
threshold in humans of 65 mg/L. Human exposure to inor-
ganic arsenic in the drinking water at high levels is associ-
ated with increased incidences of urinary bladder, lung and
skin cancer along with other non-neoplastic toxicities.
Analysis of populations exposed to low levels of inorganic
arsenic in the drinking water indicates a threshold effect
between 50 and 100 mg/L (ppb) for all three of these cancers
and also for the pre-neoplastic skin changes associated with
arseniasis, although most of the evidence suggests 100 mg/L
as the threshold. This value based on epidemiology investiga-
tions is consistent with the estimated calculated drinking
water threshold based on mechanistic, in vitro and ani-
mal studies.

Therefore, we conclude that there is a convincing biologic
basis for a threshold cancer risk assessment for a non-DNA
reactive chemical such as inorganic arsenic that can be the
same as for non-cancer endpoints, utilizing a threshold. The
non-DNA reactive trivalent arsenicals do not induce cancer
directly, rather they produce non-cancer toxicities, some of
which lead to epithelial regenerative proliferation and ultim-
ately carcinomas. This evaluation provides an alternative
mode of action-based approach for assessing health-protect-
ive levels for oral arsenic exposure based on the collective in
vitro, in vivo, and human evidence rather than the use of a
linear low dose extrapolation based on assumptions and the-
ories. Based on the relevant epidemiological studies with
individual-level data, a threshold level for inorganic arsenic in
the drinking water for these cancers is estimated to be
around 100mg/L, with strong evidence that the threshold is
between 50 and 150 mg/L, consistent with the value calcu-
lated based on mechanistic, in vitro and in vivo
investigations.

Note

1. DMA in the urine is usually measured as total DMA without separ-
ately identifying DMAV and DMAIII; likewise for MMA. In this report,
DMA and MMA without the oxidation state refers to the total of þ3
and þ5 oxidation states.
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