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Abstract

Arsenic is a naturally occurring metalloid and one of the few metals that can
be metabolized inside the human body. The pervasive presence of arsenic
in nature and anthropogenic sources from agricultural and medical use have
perpetuated human exposure to this toxic and carcinogenic element. Highly
exposed individuals are susceptible to various illnesses, including skin disor-
ders; cognitive impairment; and cancers of the lung, liver, and kidneys. In
fact, across the globe, approximately 200 million people are exposed to po-
tentially toxic levels of arsenic, which has prompted substantial research and
mitigation efforts to combat this extensive public health issue. This review
provides an up-to-date look at arsenic-related challenges facing the global
community, including current sources of arsenic, global disease burden, ar-
senic resistance, and shortcomings of ongoing mitigation measures, and dis-
cusses potential next steps.
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INTRODUCTION

Notoriously known as the king of poisons and the poison of kings, arsenic (As) served as a dis-
creet and high-profile poison for the ruling class during the Middle Ages and Renaissance (1, 2).
While the earliest scientific studies on arsenic predominantly focused on its use as a cure for fever,
agues, and periodic headaches, its reputation as a potent poison undeniably paved the way for later
toxicological studies. Since the first published paper in 1786, 32,346 reports and studies have ma-
terialized, most of which are from the last few decades and are centered around the toxicity and
carcinogenicity of this International Agency for Research on Cancer class I carcinogen (3).

Arsenic is a ubiquitous metalloid found naturally in and composing approximately 0.00015%
of the earth’s crust. Commercial sources of arsenic are often extracted from iron (Fe)-, nickel-,
and cobalt-containing minerals. Arsenic is commonly used in electronic devices, in pesticides, and
as the treatment of promyelocytic leukemia. Thus, in addition to natural corrosion and weath-
ering of rocks and mineral ores, anthropogenic sources from human activity have reinforced the
presence of arsenic in the environment. Globally, about 200 million people are exposed to poten-
tially toxic levels of arsenic, and substantial efforts have been expended on research studies and
potential alleviation methods. This review presents a global perspective on current challenges and
opportunities with respect to arsenic-related public health issues and mitigation strategies.

GLOBAL DISTRIBUTION OF ARSENIC AND DISEASE BURDEN

Exposure to inorganic and organic arsenic compounds continues to pose substantial public health
concerns for hundreds of millions of people around the globe (4).The provisional guideline for ar-
senic in drinking water, as set by theWorldHealth Organization (WHO) back in 1993, is 10µg/L,
which is in accordance with the suggested total 15µg of inorganic arsenic intake per kilogrambody
weight. In 2001, based on dose-response risks of arsenic-induced bladder and lung cancer found
in Taiwan, the United States Environmental Protection Agency revised the maximum contami-
nant level of drinking water from 50 µg/L, as set by the National Research Council back in 1999,
to 10 µg/L (5). Extensive research in more than 70 countries has revealed that the groundwater
concentration of arsenic varies greatly by region, from 0.5 to 5,000 ppb (6, 7) (see Figure 1). The
most serious arsenic contamination has been found in Brazil, Cambodia, Afghanistan, Australia,
and Bangladesh (8).

Current research has demonstrated that arsenic is capable of eliciting damage to every organ in
the human body through the process of arsenic metabolism (Figure 2). Chronic arsenic exposure
has been shown to elicit a wide range of clinical complications, including skin disorders, diabetes
mellitus, cardiovascular disease, peripheral neuropathy, cognitive impairment, hepatic and renal
dysfunctions, and reproductive complications. Notably, arsenic accumulation is most prominent
in the liver, kidneys, and muscles (Table 1). In addition, high concentrations of arsenic have been
shown to promote cancers of the bladder, lung, skin, kidney, and prostate (9). However, detailed
dose-response and large-scale longitudinal studies are warranted to understand the effects of low
and moderate arsenic exposure. In India, low (<50 µg/L) levels of arsenic have been detected
in millions of aquifers, yet certain exposed populations do not show arsenic-induced skin lesions
(10).However, skin lesions such as black foot disease,melanosis, and keratosis typically develop 5–
10 years after chronic arsenic exposure; thus, follow-up studies may be necessary. In addition, there
is evidence that exposure to 10 µg/L of arsenic can lead to a 0.1–0.3% cancer incidence (11). One
study reported that since 2000, exposure to 10 µg/L arsenic has led to an increase of 4.51 and 2.91
lung and bladder cancer cases per 1,000,000 people, respectively (12, 13).

Particular groups of people are especially vulnerable to arsenic-related health risks, including
pregnant women, developing children, and those with underlying genetic risk factors. One study
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Metabolism of arsenic in human cells. The illustration depicts the pathway of arsenic metabolism in the human body. Abbreviations:
GSH, glutathione; SAM, S-adenosyl-l-methionine.

www.annualreviews.org • Arsenic: A Global Environmental Challenge 49

 Map of  global  arsenic  contamination.  The map  illustrates  the  extent  of  arsenic  contamination  around  the  world.  Modi�ed from
 Reference 132, copyright 2021 Eawag (https://www.eawag.ch/en/research/humanwelfare/drinkingwater/wrq/risk-maps).

https://www.annualreviews.org/doi/10.1146/annurev-pa-61-040521-200001


Table 1 Arsenic species found in different human organs and blood

Concentration, µg/g dry weight (percentage of total arsenic)
Organ As(III) DMA MMA As(V) Mb + As(V)

Liver 122.00 (83%) 5.91 (4%) 14.7 (10%) 2.94 (2%) 23.55 (16%)
Kidneys 19.95 (75%) 1.60 (6%) 4.52 (17%) 0.53 (2%) 6.65 (25%)
Muscle 9.17 (75%) 0.73 (6%) 1.96 (16%) <LOQ 2.69 (22%)
Heart 9.05 (77%) 0.64 (5%) 1.61 (14%) <LOQ 2.25 (19%)
Spleen 9.50 (81%) 0.59 (5%) 1.65 (13%) <LOQ 2.24 (18%)
Pancreas 9.18 (82%) 0.45 (4%) 1.34 (10%) <LOQ 1.79 (14%)
Lung 9.46 (85%) 0.45 (4%) 1.11 (10%) <LOQ 1.56 (14%)
Cerebellum 5.15 (47%) 1.60 (19%) 3.76 (30%) <LOQ 5.36 (49%)
Brain 4.41 (53%) 1.10 (18%) 2.65 (27%) <LOQ 3.75 (45%)
Skin 1.62 (56%) 0.34 (15%) 0.91 (28%) <LOQ 1.25 (43%)
Hemolyzed blood 0.224 (53%) 0.0539 (13%) 0.135 (32%) 0.009 (2%) 0.198 (47%)

The table compares the amount of arsenic accumulation in different human organs and blood. Data from Reference 131. Abbreviations: As, arsenic; DMA,
dimethylarsinic acid; LOQ, limit of quantification; Mb, DMA + MMA; MMA, monomethylarsonic acid.

reported that children under the age of three experience greater chances of (factor of three) arsenic
exposure in comparison with adults. One reason may be the consumption of infant rice cereal,
which has been shown to contain arsenic. According to data collected by the National Health
and Nutrition Examination Survey, the amount of urinary arsenic detected parallels the average
amount of rice consumed. Children in the United States between the ages of 6 and 17, of Asian,
Mexican, and African descent, were found to have greater urinary arsenic than white children (14).
Of note, arsenic exposure in utero or during early childhood development has also been shown to
lead to increased rates of bladder and lung cancer later in life (15, 16). Even in the United States,
rice has high arsenic levels because it is grown in farm fields that used to grow cotton and in which
arsenic was once used as a pesticide. Moreover, occupation, sex, lifestyle, and dietary preferences
as well as cultural factors can also play a role in the degree of arsenic exposure.

Unfortunately, the plight of arsenic contamination is not limited to physical health. An exten-
sive public health crisis can cause crippling effects to the economy. A multitude of arsenic-related
health outcomes have been shown to lead to premature death, especially in poverty-stricken areas
(17). In Bangladesh alone, approximately 9,136 deaths occurred and 174,174 disability-adjusted
life years were lost per year (18).The estimated economic loss as a result of arsenic-related mortal-
ity (1 in 16 adult deaths) is equivalent to $13 billion over a 20-year period (19).Without adequate
and effectivemitigationmeasures, arsenic-related diseases and economic burdenwouldmost likely
worsen in a perpetuating cycle.

SOURCES OF ARSENIC

Arsenic is a naturally occurring element perpetually found in air, soil, water, plants, animals, and
rocks and is predominantly released into the environment through weathering, rock erosion,
volcanic eruption, and forest fires. Notably, arsenic is a major component in more than 200
different types of minerals (20). In fact, 99% of arsenic has been found as a constituent in rocks
and minerals (21). Specifically, arsenic is mainly present in sulfidic minerals such as arsenopyrite,
which predominantly exists in anaerobic conditions, as well as in other rock-forming minerals,
including silicate, phosphate, sulfide, and oxide (22). Other important arsenic-containing min-
erals include cobaltite (CoAsS), arsenolite (As2O3), olivenite (Cu2OHAsO4), orpiment (As2S3),
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and other minerals (22, 23). The dissolution of arsenic-containing minerals can leach into and
contaminate groundwater (24, 25). Arsenic can also be found in sediments with high levels of Fe
oxide and/or other reducing agents, most likely in the range of 3–10 mg/kg (7).

Groundwater makes up 97% of total global fresh water and is the main source of human drink-
ing water. The degree of arsenic contamination of surface water and groundwater is generally a
result of the amount of arsenic present in the soil, which exists as either As(V) or As(III) under oxi-
dizing or reducing conditions, respectively. Of note, the average concentration of arsenic found in
soil is approximately 3–4 mg/kg (26).Under oxidizing conditions, inorganic arsenic can be methy-
lated into monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), and trimethylarsine ox-
ide by microorganisms (27, 28). Under reducing conditions, arsenic can be released from river
sediments and into groundwater (29).Of note, the release of arsenic from Fe oxides in aquifer sed-
iments is one of the predominant reasons for groundwater contamination. A considerable amount
of research has been centered around arsenic-related outcomes based on drinking water exposure.
However, there is still much to be addressed regarding the sources and toxicokinetics of other
arsenic species.

Little is known about the potential effects and toxicokinetics of a vast array of arsenic species
such as arsenoproteins, arsenolipids, thiolated arsenic compounds, and arsenobetaine. Notably,
complex organic arsenic compounds, including dimethyl(ribosyl)arsine oxides, tetramethylarso-
nium salts, and arsenocholine, have been found in marine ecosystems. Interestingly, most of the
arsenic found in seawater, at concentrations of 1–8 µg/L, is not in solution due to arsenic’s ability
to be adsorbed onto particulate materials or taken up by marine organisms, including algae, fish,
mollusks, and phytoplankton (30). Arsenic taken up by phytoplankton is quickly metabolized into
organic compounds, which are the dominant form (99%) of arsenic found in fish and other marine
invertebrates such as flounder, lobsters, clams, and sharks. Specifically, fish and algae are known to
contain arsenobetaine as well as arsenosugars, arsenoproteins, and arsenolipids (31–33). Fish can
contain up to 100 times more total arsenic than other types of foods such as rice (32–34). Coupled
with the variety of arsenic species present, detailed studies are necessary to examine the potential
health effects of these poorly understood arsenic forms. Currently, little is known about arsenobe-
taine except that it is considered to have low toxicity and, through microbial metabolism in costal
seawater sediments, it can transform into more toxic forms of inorganic arsenic and methylar-
sonic acid (30, 35, 36). Additionally, seaweed, an emerging organic soil fertilizer alternative and
feed additive for dairy farming, has been shown to contain significantly higher concentrations (up
to 100 mg/kg) of arsenic than grains (37, 38). While most of the arsenic species are arsenosugars
and considered to be of low toxicity, these compounds can eventually degrade into toxic inorganic
arsenic in soil (39).

Anthropogenic sources of arsenic include mining, the use of arsenical pesticides and fungi-
cides, burning of fossil fuels, and pharmaceutical drugs (40).The first documented use of arsenic in
medicine was between 469 and 388 BCE whenHippocrates used sulfides of arsenic to treat ulcers.
Arsenic has also been used in traditional Chinese medicine for more than 2,000 years. Elaborate
documentation of its various forms, functions, and applications can be found in the classic herbal
medicine book Shennong Bencaojing, written between about 200 and 250 CE. In the eighteenth
century, the Fowler solution, composed of As2O3 dissolved in potassium bicarbonate, was used
for treating intermittent fevers and later for various infectious diseases and chronic myelogenous
leukemia (41–45). In the 1970s, researchers from Harbin University discovered the remedial ef-
fects of As2O3 for acute promyelocytic leukemia (APL), which quickly emerged as a promising
cancer therapeutic agent in Western medicine (46, 47). Since then, the therapeutic effects of ar-
senic for cancer have been intensively studied. Current research suggests that in addition to APL,
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As2O3 may be a promising treatment for solid tumors, including lung, breast, gastric, cervical,
bladder, pancreatic, nasopharyngeal, and ovarian cancer (48–55).

In addition, arsenic-based drugs such as nitarsone and roxarsone have long been fed to chickens
in the United States to promote growth, pigmentation, and disease prevention (56, 57). A report
from 2013 indicated that for US consumers, arsenic intake from poultry alone contributed to
0.00144 µg/kg of arsenic intake, large enough to result in 124 extra lung and bladder cancer cases
(58). Similar studies have prompted concern for consumers, and in 2013 and 2015, roxarsone and
nitarsone were eliminated as feed additives by the US Food and Drug Administration (FDA).
Other food sources prompting concerns about arsenic contamination include grains, rice, and
vegetables. Contaminated groundwater used to irrigate crops and soil has been shown to lead to
significant accumulation of arsenic in cultivated foods (59). Notably, rice (Oryza sativa L.) is one
of the most efficient accumulators of arsenic, amassing concentrations approximately 10 times
more than wheat. Due to its similarity with silicic acid, arsenic is able to be transported into the
grains through silicon transporters under flooded conditions. Rice also serves as a staple food
product for half of the world’s population, particularly for those that reside in Southeast Asia,
Latin America, and sub-Saharan Africa. While direct consumption of rice grains in the United
States is significantly less compared to other countries, rice-derived products are widely used in
processed foods (60, 61). In fact, any food with rice as a component, including cereal bars, ricemilk,
rice crackers, baby cereal, syrup, and rice bran, is currently defined as a rice product by the FDA
(62). And in consideration of the extensive research on the adverse health effects of arsenic, several
regulatory agencies have proposed setting a limit for inorganic arsenic content in food products.
The FDA has proposed a 100-ppb limit for infant rice cereal, while the European Commission
has recommended an inorganic arsenic limitation for a variety of foods such as rice cereal, milled
rice, parboiled and husked rice, rice crackers and cakes, and so on. (63). Setting regulatory limits
for arsenic in food products is an important step toward reducing human exposure and may be
especially important for populations that depend on rice as a staple product.

ARSENIC TOXICITY AND THE MICROBIOME

The human body harbors a vast array of microorganisms, including bacteria, fungi, archaea,
viruses, and other microbes—together, these are known as the microbiota. The microbiome in-
cludes all the genes that a person’s microbiota contains, and can be used interchangeably with the
termmicrobiota. Research has revealed that the microbiome can interact with host cells and func-
tions to provide nutrients, prevent diseases, and regulate the immune system (64).Themicrobiome
has long been known to interact with arsenic. The impact of their interactions can be categorized
into three main types: no effect, disruption of microbiome, and modification of arsenic’s toxico-
logical properties (65). In the first type of interaction, neither the microbiome’s integrity nor the
toxicological property of the toxicant is affected through their interaction. In the second type,
arsenic exposure is capable of killing members of the microbiome and perturbing its functions.
Changes in the microbiome can directly influence the host’s toxic response pathways. In the third
type, the microbiome is capable of metabolizing arsenicals and limiting toxicity to the host tissues,
as well as generating energy (66–68).

The degree of arsenic toxicity and motility depends on its oxidation state. Specifically, pentava-
lent arsenate,As(V), is both less toxic and less mobile than trivalent arsenite, As(III) (69, 70). As(III)
is more toxic than As(V) because As(III) can bind strongly to vicinal sulfhydryl groups in proteins.
In addition, trivalent methylarsenicals are more toxic than trivalent arsenite, pentavalent methy-
larsenicals, and inorganic arsenate (71, 72). In other words, arsenic speciation and methylation can
directly influence the toxicity, bioavailability, and bioaccumulation of arsenic in the environment.
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This suggests that the integrity of the microbiome, both in the environment and in the host body,
is critical for defining arsenic toxicity and mobility.

To illustrate the importance of a healthy microbiome in resisting arsenic toxicity, a study con-
ducted by Coryell et al. (73) purposely depleted the microbial biomass of mice through antibiotic
treatment prior to subjecting them to arsenic exposure. The researchers found that a disrupted
microbiome led to reduced arsenic excretion and increased accumulation in the host liver and lung
tissues. Interestingly, in the natural environment, arsenic and antibiotics are frequently found to-
gether. For example, the use of arsenic in conjunction with antibiotics in livestock means that
both can be easily found in agricultural fields. To study the combined effects of arsenic and an-
tibiotics, one study treatedMetaphire sieboldi earthworms with both arsenic and sulfamethoxazole,
an antimalarial agent, and found significant changes in the microbial community of the earth-
worm gut, as reflected by an increased abundance of Bacteroidetes and Proteobacteria (74). Notably,
treatment with both arsenic and sulfamethoxazole led to increased diversity and a greater amount
of antibiotic-resistant genes (ARGs) in the earthworm. The accumulation of ARGs in the en-
vironmental microbiome can lead to the emergence of multidrug-resistant pathogens, posing a
tremendous risk for human health.

However, in the process of oxidizing arsenicals, the microbiome can be easily disrupted.
Arsenic-induced dysbiosis, or a microbial imbalance, has been associated with various diseases,
including obesity, diabetes, Parkinson’s, and cancer (75, 76). Specifically, intestinal colonization
with Lachnospiraceae has been discovered in the development of diabetes in obese mice and has
been found to be enriched through arsenic exposure (77, 78). In addition, Bacteroides and Bifi-
dobacterium are known to play crucial roles in immune system regulation, and levels of both have
been documented to be reduced by arsenic exposure (79–81). In a study using 8-week-old male
mice, Tikka et al. (76) demonstrated that arsenic exposure (at 3 and 6 months) is capable of alter-
ing the gut microbiome as well as damaging the villi structure and epithelial layer of the intestinal
jejunum region. Interestingly, the study also found that dendritic cells, inflammatory cytokines,
macrophages, and B-catenin, a prominent colon cancer marker, all increased as a result of arsenic
exposure. These results suggest that arsenic-induced changes in gut microbial composition may
be an important factor in immune system regulation. Similarly, low arsenic exposure has also been
shown to promote dysbiosis in zebra fish through the disruption of microbial structure and diver-
sity (82).

Early life is an important stage for gut microbiome development in humans, and interference
with its maturation can lead to a risk of developing lifelong diseases such as asthma, obesity, and
allergy (77, 78, 83, 84). In a study based in New Hampshire, urine and stool samples from 204
infants were analyzed for a potential correlation between urinary arsenic concentration and stool
microbiome composition (77). Results suggested that formula-fed (higher arsenic exposure from
both formula and water) male infants showed higher susceptibility to arsenic-induced changes
in their microbiota (77). Interestingly, arsenic-induced, sex-specific changes in the human body
are not limited to the microbiome but also extend to the transcriptome level (85). In Bangladesh,
high concentrations of arsenic in drinking water have been shown to be associated with a higher
abundance of Enterobacteriaceae in the microbiome of 4–6-year-old children (86). Conversely, En-
terobacteriaceae abundance is negatively associated with increased arsenic exposure in US infants
(77). Some suggest that nutrition may be a determining factor for between-subject variability. As
a case in point, mice with zinc deficiency undergo exacerbated arsenic-induced changes in mi-
crobiome composition, while Fe supplementation protects host microbiome integrity (87–89). In
addition, one particular study introduced human fecal matter to germ-free mice and found that
different microbiome composition led to significant variability in mice survival after arsenic expo-
sure (73, 90). In other words, changes in the gut microbiome in response to arsenic exposure are
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multifaceted in that dose, length of exposure, host sex, and dietary micronutrients may all play a
role in the overall outcome.

ARSENIC RESISTANCE

Over the past thousands of years, like all species on the planet, humans have endured strong nat-
ural selection. In parts of Europe, some populations have developed lactose-tolerant genes, and
some in parts of Africa have evolved to become resistant to malaria. Recently, Schlebusch et al.
(91) reported evidence of human adaptation to arsenic. It is interesting to note that almost ev-
ery organism has some type of mechanism for arsenic detoxification that involves transport and
elimination. In the human body, inorganic arsenic is first methylated into MMA and then DMA,
which can then be readily expelled from the body through urine.MMA is the more toxic form, and
concentrations of this form can vary by population. Notably, Schlebusch et al. found that indige-
nous populations living in the Andes had significantly lower MMA in their urine. Arsenic methyl-
transferase (AS3MT) is responsible for arsenic methylation, although the efficiency of each of its
alleles may differ from population to population, which is the basis for the human-arsenic adap-
tation hypothesis (92–94). Specifically, the study reported that indigenous residents in the Andes
who have been exposed to high levels of arsenic in drinking water for thousands of years demon-
strated higher methylation efficiency compared to other populations such as Native Americans,
Asians, Peruvians, and Colombians. They also showed a selection signal for higher frequencies of
AS3MT haplotypes, which suggests that the AS3MT locus may have been a selection target for
arsenic adaptation (91).

ARSENIC MITIGATION STRATEGIES

Various types of mitigation programs have been introduced to provide safe water for communities
affected by arsenic contamination. Simple and straightforward methods suitable for community
settings have included the use of well switching, hand pumps, sand filters, rainwater harvesting,
and solar disinfection. In Bangladesh, well testing has been an effective mitigation measure that
marked wells with high arsenic concentrations, raised awareness, and encouraged affected resi-
dents to switch to nearby shallow wells with low arsenic content. However, shallow wells without
appropriate treatment are more likely to be contaminated and promote diseases such as diarrhea,
typhoid, cholera, and hepatitis (8). In addition, well switching proved to be a burdensome method
due to long travelling distances, hot weather, and malnutrition among women who were in charge
of fetching water (94, 95). Other water sources included deep ground, dug wells, surface water,
and rainwater. Groundwater from deep-tube wells (>150 m) generally has less arsenic content
(1% detected with >50 ppb) but is costly to exploit and often has high concentrations of dissolved
Fe and manganese (Mn) (8). Open dug wells have low arsenic contents due to their inherent
oxidative environment (96). Unfortunately, dug-well water has proven to be unpopular due to
its objectionable smell and vulnerability to bacteriological contamination, similar to limitations
of surface water from ponds, rivers, and lakes. The implementation of rainwater harvesting
requires installation of specialized roofs and large storage tanks that are costly, and it has proved
to be unpredictable due to fluctuating rainwater distribution from year to year. In addition,
the dissolution of metals such as zinc and lead in acidic rainwater requires special attention.
More recently, a numerical groundwater modeling software (GMS10.2) was developed to predict
water flow and arsenic transport (97). Specifically, this technology allows for the assessment of
potential arsenic content in deep and shallow aquifers. Current data indicate that since arsenic
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moves in a downward manner, deeper aquifers are considered unsafe for drinking and irrigation.
Beyond these findings, water monitoring using advanced numerical modeling may prove to be a
cost-effective decision-making tool for future mitigation strategies.

In addition to alternative water sources, sophisticated arsenic elimination techniques have been
developed, including adsorption, coagulation/membrane filtration and purification, oxidation and
reduction, microorganism oxidation, ion exchange, reverse osmosis, and coprecipitation. Com-
pared with As(V), As(III) is more toxic and difficult to remove from water; therefore, oxidation
followed by adsorption is one of the most commonly used methods (98). Oxidation of As(III)
to As(V) followed by As(V) adsorption is an effective arsenic elimination method because As(V)
can be adsorbed onto solid surfaces more efficiently than As(III) (99, 100). Some examples of
chemical oxidizing agents include ozone, chlorine, hydrogen peroxide, copper oxide, and potas-
sium permanganate (101, 102). In addition, ultraviolet radiation in the presence of oxygen has
also been demonstrated to increase As(III) oxidation due to the generation of hydroxyl radicals
through photolysis of FeOH2

+ (103, 104). Mn dioxide–polished sand has been shown to be an
effective oxidant as well as adsorbent at low arsenic concentrations (100–300 ppb), but its oxidiz-
ing efficiency decreased at higher arsenic concentrations (700–1,000 ppb) (105). Recently, a new
class of copper and Mn ternary metal oxide with nano-adsorbent has been developed for effective
arsenic elimination (106). Nevertheless, the use of chemical oxidants can lead to higher Fe and
Mn concentrations in drinking water as well as other byproducts such as trihalomethanes, which
can counterbalance the effectiveness of using oxidants (107, 108).

As an alternative, biological oxidants such as Gallionella ferruginea and Leptothrix ochracea, also
known as Fe- andMn-oxidizing bacteria, have been shown to effectively remove arsenic in an eco-
friendly way (109). Following As(III) oxidation, adsorption of As(V) using artificial adsorbents such
as iron oxides can be easily performed in a cost- and environment-friendly manner. For example,
hydrated ferric oxide (HFO) can bind strongly to As(V) due to its high surface area and inner sur-
face complexation (110). One drawback is that the efficiency and reactivity of HFO can diminish
over time due to its ability to form more crystalline Fe forms (111). To combat this, nanoscale Fe
oxide particles with large surface area as well as Fe oxides with decorated functional groups have
been developed to enhance efficiency and dispersion (112, 113). While Fe oxides are cheap and
can be reused, the use of this technology can release excess Fe into groundwater and clog filter
material. As a possible alternative, highly porous zirconium dioxide (ZrO2) nanoparticles designed
with high adsorption capacity for both As(III) and As(V) can be employed. Moreover, the ability
of ZrO2 to bind As(III) allows for the elimination of the preceding oxidation step (114). Notably,
the use of previously mentioned technologies such as HFO requires prior oxidation due to lower
As(III)-binding efficiency, often by a factor of 100 compared to As(V) (115, 116). In addition, cur-
rent mitigation programs are restricted to inorganic arsenic elimination. As mentioned previously,
there is still much to learn about the toxicity, transport, environmental fate, and bioavailability of
other arsenic species; therefore, in the future, it is imperative to design mitigation strategies based
on specific needs and on characteristics of various arsenic species.

Most molecular, toxicological, and epidemiological studies have analyzed and depicted arsenic-
related disease outcomes using drinking water and urinary arsenic concentrations as exposure
standards. However, depending on the geographical area, dietary factors can contribute to a sig-
nificant portion of a person’s total arsenic exposure. In addition, while drinking water mainly con-
tains inorganic arsenic, more than 100 organic arsenic species as well as inorganic arsenic have
been detected in various types of foods, which may complicate the effects of chronic arsenic expo-
sure (117). Using probabilistic exposure modeling, one study indicated that in the United States,
food contributed 1.96 µg of daily inorganic arsenic intake, which is twice as much as the amount
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contributed through drinking water (118). One of the most scrutinized food sources known to
accumulate arsenic is rice, which is a dietary staple for half of the world’s population. Traditional
methods of cultivating rice involve paddy field flooding, which controls for weeds and promotes
mobilization of important nutrients such as Fe and zinc but also subjects the plants to highly
arsenic-contaminated irrigation water.However, constant flooding is not a requirement for grow-
ing rice plants. In fact, plants grown under aerobic soil conditions for a part or a whole growing
season have been shown to retain significantly less arsenic in the grains (119–121). While this
water-conservative method is simple and effective, shortcomings include lower rice yields and the
accumulation of cadmium, which is another highly carcinogenic heavy metal (122). An alternative
to differential irrigation methods is the application of soil amendments, which involves adding
substances that reduce the bioavailability of arsenic in the plow layer (38). For example, Fe-based
additives boost the availability of free Fe oxide in the soil, thereby reducing the release of ar-
senite into the soil. Furthermore, silicon-containing fertilizer has been shown to share a similar
uptake pathway as arsenic, while Mn oxide additives can effectively reduce arsenic uptake through
diminishing arsenic mobilization by catalyzing As(III) oxidation (123, 124). Other nonchemical
additives, such as inoculating rice with algae, arsenic-oxidizing bacteria, microbial fuel cells, and
yeast, have also been shown to be promising strategies (38, 125–127).

One of the main setbacks with the irrigation and soil amendment methods is the inability to
completely block arsenic entry into the plants due to shared transport systems with essential nu-
trients. Thus, gene editing using molecular and traditional plant-breeding techniques may be em-
ployed to alter the inherent characteristics of plant growth by selecting for alternative phosphate
transporters as well as low arsenic uptake and high arsenic-resistant characteristics. For example,
overexpression of Arabidopsis ABC-type transporters allows plants to grow in highly toxic arsenic-
contaminated conditions (128).

Despite the availability of a multitude of methods and techniques as well as immense efforts put
into arsenic mitigation, several key challenges still persist. To name a few, inadequate planning for
region-specific arsenic mitigation strategies, lack of coordination between different stakeholders,
adaptation to old water-extractionmethods, poor work quality, and unaffordability of sophisticated
treatment technologies in developing countries have all played a role in overshadowing effective
mitigation measures (129). In Bangladesh alone, between 2002 and 2009, hundreds of millions of
US dollars donated through the United Nations Development Program, WHO, UNICEF, UN
Foundation, and international development agencies of the United States, Japan, Sweden, Britain,
the Netherlands, Switzerland, and Denmark have been spent on remediation efforts (94). How-
ever, the lack of long-term follow-up and timely evaluation impeded mitigation efforts, and little
success was found after most projects’ first year of implementation. The lack of positive feedback
can certainly thwart donor interest and overshadow past achievements. In response to a shortage
of funding and lack of central water governance, decentralized community-based treatment sys-
tems have emerged in South and Southeast Asia (130). The novelty of these systems is reflected
by their market-based approach, where each step of the mitigation program is compensated and
accounted for. Specifically, each participating family in the treatment program, which serves ap-
proximately 100–200 families, is considered a stakeholder and required to pay a monthly fee to
cover maintenance and operational costs of the water mitigation plant. Operators of the plant as
well as water delivery personnel are also compensated for their work. The interdependence of
this system not only stimulates local employment but also ensures quality control (130). However,
this system may only be effective for communities that are economically well off. Those that are
economically strained will still be vulnerable; thus, new strategies are needed to bring effective
mitigation methods to poverty-stricken areas.
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CONCLUSION

This review provides an expansive and up-to-date discussion of arsenic-related challenges and
opportunities facing the global community. Despite substantial research and development efforts,
millions of people are still exposed to unsafe amounts of arsenic through inhalation, diet, and/or
drinking water. Due to both the pervasive presence and the seriousness and extent of arsenic-
related health effects, collected efforts from multiple stakeholders are necessary: These include
individuals, educators, researchers, policy-makers, and government leaders. It may be necessary
to move from individualized traditional approaches into an integration of efforts from varied sides,
which may provide opportunities to coalesce and tackle old issues with new strategies. Notably,
the use of technology and computer modeling systemsmay become an indispensable part of future
research and mitigation methods to deal with global arsenic contamination.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

This work was supported by NIH grants ES000260, ES022935, ES023174, and ES026138.

LITERATURE CITED

1. Hughes MF, Beck BD, Chen Y, Lewis AS, Thomas DJ. 2011. Arsenic exposure and toxicology: a histor-
ical perspective. Toxicol. Sci. 123(2):305–32

2. Vahidnia A, Van der Voet GB, De Wolff FA. 2007. Arsenic neurotoxicity—a review. Hum. Exp. Toxicol.
26(10):823–32

3. Fowler T. 1786. Medical reports of the effects of arsenic in the cure of agues, remitting fevers, and
periodic head-achs. Lond. Med. J. 7(Part 2):192–205

4. WHO (World Health Organ.). 2008.Guidelines for drinking-water quality. Third edition: incorporating the
first and second addenda, Volume 1, recommendations. Guid., WHO, Geneva. http://www.who.int/water_
sanitation_health/dwq/fulltext.pdf

5. EPA (Environ. Prot. Agency). 2001. Drinking water standard for arsenic. EPA Fact Sheet 815-F-00-015,
EPA,Washington, DC. https://nepis.epa.gov/Exe/ZyPdf.cgi?Dockey=20001XXC.txt

6. Cheng A, Tyne R, Kwok YT, Rees L, Craig L, et al. 2016. Investigating arsenic contents in surface and
drinking water by voltammetry and the method of standard additions. J. Chem. Educ. 93(11):1945–50

7. Ravenscroft P, Brammer H, Richards K. 2011. Arsenic Pollution: A Global Synthesis. Hoboken, NJ: John
Wiley & Sons

8. Shankar S, Shanker U, Shikha. 2014. Arsenic contamination of groundwater: a review of sources, preva-
lence, health risks, and strategies for mitigation. Sci. World J. 2014:304524

9. ChenQY,DesMarais T,CostaM.2019.Metals andmechanisms of carcinogenesis.Annu.Rev.Pharmacol.
Toxicol. 59:537–54

10. Chakraborti D, Das B, Rahman MM, Chowdhury UK, Biswas B, et al. 2009. Status of groundwater
arsenic contamination in the state of West Bengal, India: a 20-year study report. Mol. Nutr. Food Res.
53(5):542–51

11. IARC (Int. Agency Res. Cancer). 2012. Arsenic, Metals, Fibres, and Dusts, Vol. 100 C: A Review of Human
Carcinogens. Geneva: WHO Press

12. Antonelli R, Shao K,Thomas DJ, Sams R II, Cowden J. 2014.AS3MT,GSTO, and PNP polymorphisms:
impact on arsenic methylation and implications for disease susceptibility. Environ. Res. 132:156–67

13. Sinha D, Prasad P. 2020. Health effects inflicted by chronic low-level arsenic contamination in ground-
water: a global public health challenge. J. Appl. Toxicol. 40(1):87–131

www.annualreviews.org • Arsenic: A Global Environmental Challenge 57

http://www.who.int/water_sanitation_health/dwq/fulltext.pdf
https://nepis.epa.gov/Exe/ZyPdf.cgi?Dockey=20001XXC.txt


14. Lai PY, Cottingham KL, Steinmaus C, Karagas MR, Miller MD. 2015. Arsenic and rice: translating
research to address health care providers’ needs. J. Pediatr. 167(4):797–803

15. Nachman KE, Ginsberg GL, Miller MD, Murray CJ, Nigra AE, Pendergrast CB. 2017. Mitigating
dietary arsenic exposure: current status in the United States and recommendations for an improved
path forward. Sci. Total Environ. 581:221–36

16. Steinmaus C, Ferreccio C, Acevedo J, Yuan Y, Liaw J, et al. 2014. Increased lung and bladder can-
cer incidence in adults after in utero and early-life arsenic exposure. Cancer Epidemiol. Prev. Biomarkers
23(8):1529–38

17. Argos M, Kalra T, Rathouz PJ, Chen Y, Pierce B, et al. 2010. Arsenic exposure from drinking water, and
all-cause and chronic-disease mortalities in Bangladesh (HEALS): a prospective cohort study. Lancet
376(9737):252–58

18. Lokuge KM, Smith W, Caldwell B, Dear K, Milton AH. 2004. The effect of arsenic mitigation inter-
ventions on disease burden in Bangladesh. Environ. Health Perspect. 112(11):1172–77

19. Flanagan SV, Johnston RB, Zheng Y. 2012. Arsenic in tube well water in Bangladesh: health and eco-
nomic impacts and implications for arsenic mitigation. Bull. World Health Organ. 90:839–46

20. Bissen M, Frimmel FH. 2003. Arsenic—a review. Part I: occurrence, toxicity, speciation, mobility. Acta
Hydrochim. Hydrobiol. 31(1):9–18

21. Francesconi KA,Kuehnelt D. 2001. Arsenic compounds in the environment. In Environmental Chemistry
of Arsenic, ed. WT Frankenberger, pp. 71–114. Boca Raton, FL: CRC Press

22. Smedley PL, Kinniburgh DG. 2002. A review of the source, behaviour and distribution of arsenic in
natural waters. Appl. Geochem. 17(5):517–68

23. Al-Abed SR, JegadeesanG,Purandare J,AllenD.2007.Arsenic release from iron richmineral processing
waste: influence of pH and redox potential. Chemosphere 66(4):775–82

24. Matschullat J. 2000. Arsenic in the geosphere—a review. Sci. Total Environ. 249(1–3):297–312
25. Polizzotto ML, Harvey CF, Li G, Badruzzman B, Ali A, et al. 2006. Solid-phases and desorption pro-

cesses of arsenic within Bangladesh sediments. Chem. Geol. 228(1–3):97–111
26. Mukherjee A, Bhattacharya P, Shi F, Fryar AE, Mukherjee AB, et al. 2009. Chemical evolution in the

high arsenic groundwater of the Huhhot basin (Inner Mongolia, PR China) and its difference from the
western Bengal basin (India). Appl. Geochem. 24(10):1835–51

27. Bhattacharya P,Welch AH, Stollenwerk KG,McLaughlinMJ, Bundschuh J, Panaullah G. 2007. Arsenic
in the environment: biology and chemistry. Sci. Total Environ. 379(2–3):109–20

28. Nicolli HB, Bundschuh J, Blanco MDC, Tujchneider OC, Panarello HO, et al. 2012. Arsenic and asso-
ciated trace-elements in groundwater from the Chaco-Pampean plain, Argentina: results from 100 years
of research. Sci. Total Environ. 429:36–56

29. Bhattacharya P, Frisbie SH, Smith E, Naidu R, Jacks G, Sarkar B. 2002. Arsenic in the environment: a
global perspective. InHandbook of Heavy Metals in the Environment, ed. B Sarkar, pp. 147–215.New York:
Marcell Dekker Inc.,

30. Herath I, Vithanage M, Bundschuh J,Maity JP, Bhattacharya P. 2016.Natural arsenic in global ground-
waters: distribution and geochemical triggers for mobilization. Curr. Pollut. Rep. 2(1):68–89

31. Carlin DJ, Naujokas MF, Bradham KD, Cowden J, Heacock M, et al. 2016. Arsenic and environmental
health: state of the science and future research opportunities. Environ. Health Perspect. 124(7):890–99

32. Feldmann J,KruppEM.2011.Critical review or scientific opinion paper: arsenosugars—a class of benign
arsenic species or justification for developing partly speciated arsenic fractionation in foodstuffs? Anal.
Bioanal. Chem. 399(5):1735–41

33. Schmeisser E, Goessler W, Francesconi KA. 2006. Human metabolism of arsenolipids present in cod
liver. Anal. Bioanal. Chem. 385(2):367–76

34. Molin M, Ulven SM,Meltzer HM, Alexander J. 2015. Arsenic in the human food chain, biotransforma-
tion and toxicology—review focusing on seafood arsenic. J. Trace Elem. Med. Biol. 31:249–59

35. Leffers L, Ebert F, Taleshi MS, Francesconi KA, Schwerdtle T. 2013. In vitro toxicological characteri-
zation of two arsenosugars and their metabolites.Mol. Nutr. Food Res. 57(7):1270–82

36. Taylor M, Lau BP, Feng SY, Bourque C, Buick JK, et al. 2013. Effects of oral exposure to arsenobetaine
during pregnancy and lactation in Sprague-Dawley rats. J. Toxicol. Environ. Health A 76(24):1333–45

58 Chen • Costa



37. Castlehouse H, Smith C, Raab A, Deacon C, Meharg AA, Feldmann J. 2003. Biotransformation and
accumulation of arsenic in soil amended with seaweed. Environ. Sci. Technol. 37(5):951–57

38. Punshon T, Jackson BP, Meharg AA, Warczack T, Scheckel K, Guerinot ML. 2017. Understanding
arsenic dynamics in agronomic systems to predict and prevent uptake by crop plants. Sci. Total Environ.
581:209–20

39. Antaya NT, Soder KJ, Kraft J, Whitehouse NL, Guindon NE, et al. 2015. Incremental amounts of
Ascophyllum nodosum meal do not improve animal performance but do increase milk iodine output in
early lactation dairy cows fed high-forage diets. J. Dairy Sci. 98(3):1991–2004

40. Nriagu JO, Bhattacharya P, Mukherjee AB, Bundschuh J, Zevenhoven R, Loeppert RH. 2007. Arsenic
in soil and groundwater: an overview. Trace Metals Other Contam. Environ. 9:3–60

41. Hoonjan M, Jadhav V, Bhatt P. 2018. Arsenic trioxide: insights into its evolution to an anticancer agent.
J. Biol. Inorg. Chem. 23(3):313–29

42. Miller WH, Schipper HM, Lee JS, Singer J,Waxman S. 2002.Mechanisms of action of arsenic trioxide.
Cancer Res. 62(14):3893–903

43. Hu J, Fang J, Dong Y, Chen SJ, Chen Z. 2005. Arsenic in cancer therapy.Anticancer Drugs 16(2):119–27
44. Waxman S, Anderson KC. 2001. History of the development of arsenic derivatives in cancer therapy.

Oncologist 6(90002):3–10
45. Panda AK, Hazra J. 2012. Arsenical compounds in Ayurveda medicine: a prospective analysis. Int. J. Res.

Ayurveda Pharm. 3(5):1–5
46. Shen ZX, Chen GQ, Ni JH, Li XS, Xiong SM, et al. 1997. Use of arsenic trioxide (As2O3) in the treat-

ment of acute promyelocytic leukemia (APL): II. Clinical efficacy and pharmacokinetics in relapsed
patients. Blood 89(9):3354–60

47. Kumana C, AuW, Lee N, Kou M,Mak R, et al. 2002. Systemic availability of arsenic from oral arsenic-
trioxide used to treat patients with hematological malignancies. Eur. J. Clin. Pharmacol. 58(8):521–26

48. Chow SK,Chan JY, Fung KP. 2004. Inhibition of cell proliferation and the actionmechanisms of arsenic
trioxide (As2O3) on human breast cancer cells. J. Cell. Biochem. 93(1):173–87

49. Uslu R, Sanli UA, Sezgin C,Karabulut B,Terzioglu E, et al. 2000. Arsenic trioxide-mediated cytotoxicity
and apoptosis in prostate and ovarian carcinoma cell lines. Clin. Cancer Res. 6(12):4957–64

50. Xiao YF, Liu SX,Wu DD, Chen X, Ren LF. 2006. Inhibitory effect of arsenic trioxide on angiogenesis
and expression of vascular endothelial growth factor in gastric cancer.World J.Gastroenterol.12(36):5780–
86

51. Yu J, Qian H, Li Y, Wang Y, Zhang X, et al. 2007. Arsenic trioxide (As2O3) reduces the invasive and
metastatic properties of cervical cancer cells in vitro and in vivo.Gynecol. Oncol. 106(2):400–6

52. Cao Y, Yu SL, Wang Y, Guo GY, Ding Q, An RH. 2011. MicroRNA-dependent regulation of PTEN
after arsenic trioxide treatment in bladder cancer cell line T24. Tumor Biol. 32(1):179–88

53. WangW, Adachi M, Zhang R, Zhou J, Zhu D. 2009. A novel combination therapy with arsenic trioxide
and parthenolide against pancreatic cancer cells. Pancreas 38(4):e114–23

54. Li DR, Lin YC, Xie LX, Du CW,Wu MY. 2003. Arsenic trioxide enhances radiosensitivity in vitro of
nasopharyngeal carcinoma. Exp. Oncol. 25(4):248–51

55. Kong B, Huang S, Wang W, Ma D, Qu X, et al. 2005. Arsenic trioxide induces apoptosis in cisplatin-
sensitive and -resistant ovarian cancer cell lines. Int. J. Gynecol. Cancer 15(5):872–77

56. Chapman HD, Johnson ZB. 2002. Use of antibiotics and roxarsone in broiler chickens in the USA:
analysis for the years 1995 to 2000. Poultry Sci. 81(3):356–64

57. Nigra AE, Nachman KE, Love DC, Grau-Perez M, Navas-Acien A. 2017. Poultry consumption and
arsenic exposure in the US population. Environ. Health Perspect. 125(3):370–77

58. Nachman KE, Baron PA, Raber G, Francesconi KA, Navas-Acien A, Love DC. 2013. Roxarsone, inor-
ganic arsenic, and other arsenic species in chicken: a US-based market basket sample. Environ. Health
Perspect. 121(7):818–24

59. Fayiga AO, Saha UK. 2016. Arsenic hyperaccumulating fern: implications for remediation of arsenic
contaminated soils.Geoderma 284:132–43

60. Jackson BP, Taylor VF, Karagas MR, Punshon T, Cottingham KL. 2012. Arsenic, organic foods, and
brown rice syrup. Environ. Health Perspect. 120(5):623–26

www.annualreviews.org • Arsenic: A Global Environmental Challenge 59



61. Karagas MR, Punshon T, Davis M, Bulka CM, Slaughter F, et al. 2019. Rice intake and emerging con-
cerns on arsenic in rice: a review of the human evidence and methodologic challenges. Curr. Environ.
Health Rep. 6(4):361–72

62. FDA (US Food Drug Admin.). 2016. Arsenic in rice and rice products risk assessment report. Rep., Cent.
Food Saf. Appl. Nutr., FDA, Silver Spring, MD. https://www.fda.gov/files/food/published/Arsenic-
in-Rice-and-Rice-Products-Risk-Assessment-Report-PDF.pdf

63. Eur.Comm. 2015.Commission regulation (EU) 2015/1006 of 25 June 2015 amending Regulation (EC)
No 1881/2006 as regards maximum levels of inorganic arsenic in foodstuffs.Off. J. Eur. Union 2015:14–
16

64. Clemente JC, Ursell LK, Parfrey LW, Knight R. 2012. The impact of the gut microbiota on human
health: an integrative view. Cell 148(6):1258–70

65. Naranmandura H, Rehman K, Le XC, Thomas DJ. 2013. Formation of methylated oxyarsenicals and
thioarsenicals in wild-type and arsenic (+3 oxidation state) methyltransferase knockout mice exposed to
arsenate. Anal. Bioanal. Chem. 405(6):1885–91

66. McDermott TR, Stolz JF, Oremland RS. 2020. Arsenic and the gastrointestinal tract microbiome.
Environ. Microbiol. Rep. 12(2):136–59

67. Oremland RS, Stolz JF. 2005.Arsenic,microbes and contaminated aquifers.TrendsMicrobiol. 13(2):45–49
68. Stolz JF, Oremland RS. 1999. Bacterial respiration of arsenic and selenium. FEMS Microbiol. Rev.

23(5):615–27
69. Dunivin TK, Yeh SY, Shade A. 2019. A global survey of arsenic-related genes in soil microbiomes. BMC

Biol. 17(1):45
70. Huang JH. 2014. Impact of microorganisms on arsenic biogeochemistry: a review.Water Air Soil Pollut.

225(2):1848
71. Páez-Espino D, Tamames J, de Lorenzo V, Cánovas D. 2009. Microbial responses to environmental

arsenic. Biometals 22(1):117–30
72. Watanabe T, Hirano S. 2013. Metabolism of arsenic and its toxicological relevance. Arch. Toxicol.

87(6):969–79
73. Coryell M, McAlpine M, Pinkham NV, McDermott TR, Walk ST. 2018. The gut microbiome is re-

quired for full protection against acute arsenic toxicity in mouse models.Nat. Commun. 9(1):5424
74. Wang HT, Chi QQ, Zhu D, Li G, Ding J, et al. 2019. Arsenic and sulfamethoxazole increase the inci-

dence of antibiotic resistance genes in the gut of earthworm. Environ. Sci. Technol. 53(17):10445–53
75. Gilbert JA, Quinn RA, Debelius J, Xu ZZ, Morton J, et al. 2016. Microbiome-wide association studies

link dynamic microbial consortia to disease.Nature 535(7610):94–103
76. Tikka C, Manthari RK, Ommati MM, Niu R, Sun Z, et al. 2020. Immune disruption occurs through

altered gut microbiome and NOD2 in arsenic induced mice: correlation with colon cancer markers.
Chemosphere 246:125791

77. Hoen AG,Madan JC, Li Z, Coker M, Lundgren SN, et al. 2018. Sex-specific associations of infants’ gut
microbiome with arsenic exposure in a US population. Sci. Rep. 8(1):12627

78. Kameyama K, Itoh K. 2014. Intestinal colonization by a Lachnospiraceae bacterium contributes to the
development of diabetes in obese mice.Microbes Environ. 29(4):427–30

79. Di Gioia D, Aloisio I, Mazzola G, Biavati B. 2014. Bifidobacteria: their impact on gut microbiota com-
position and their applications as probiotics in infants. Appl. Microbiol. Biotechnol. 98(2):563–77

80. Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. 2005. An immunomodulatory molecule of symbi-
otic bacteria directs maturation of the host immune system. Cell 122(1):107–18

81. Round JL,Mazmanian SK. 2009. The gut microbiota shapes intestinal immune responses during health
and disease.Nat. Rev. Immunol. 9(5):313–23

82. Dahan D, Jude BA, Lamendella R, Keesing F, Perron GG. 2018. Exposure to arsenic alters the micro-
biome of larval zebrafish. Front. Microbiol. 9:1323

83. Kerr CA, Grice DM, Tran CD, Bauer DC, Li D, et al. 2015. Early life events influence whole-of-life
metabolic health via gut microflora and gut permeability. Crit. Rev. Microbiol. 41(3):326–40

84. Lee YK,Mazmanian SK. 2010. Has the microbiota played a critical role in the evolution of the adaptive
immune system? Science 330(6012):1768–73

60 Chen • Costa

https://www.fda.gov/files/food/published/Arsenic-in-Rice-and-Rice-Products-Risk-Assessment-Report-PDF.pdf


85. Muñoz A, Chervona Y, Hall M, Kluz T, Gamble MV, Costa M. 2015. Sex-specific patterns and dereg-
ulation of endocrine pathways in the gene expression profiles of Bangladeshi adults exposed to arsenic
contaminated drinking water. Toxicol. Appl. Pharmacol. 284(3):330–38

86. Dong X, Shulzhenko N, Lemaitre J, Greer RL, Peremyslova K, et al. 2017. Arsenic exposure and in-
testinal microbiota in children from Sirajdikhan, Bangladesh. PLOS ONE 12(12):e0188487

87. Gaulke CA, Rolshoven J, Wong CP, Hudson LG, Ho E, Sharpton TJ. 2018. Marginal zinc deficiency
and environmentally relevant concentrations of arsenic elicit combined effects on the gut microbiome.
mSphere 3(6):e00521-18

88. Guo X, Liu S, Wang Z, Zhang XX, Li M, Wu B. 2014. Metagenomic profiles and antibiotic resistance
genes in gut microbiota of mice exposed to arsenic and iron. Chemosphere 112:1–8

89. Liu S, Guo X, Zhang X, Cui Y, Zhang Y, Wu B. 2013. Impact of iron precipitant on toxicity of arsenic
in water: a combined in vivo and in vitro study. Environ. Sci. Technol. 47(7):3432–38

90. Coryell M, Roggenbeck BA,Walk ST. 2019. The human gut microbiome’s influence on arsenic toxicity.
Curr. Pharmacol. Rep. 5(6):491–504

91. Schlebusch CM,Gattepaille LM, Engström K, Vahter M, JakobssonM, Broberg K. 2015.Human adap-
tation to arsenic-rich environments.Mol. Biol. Evol. 32(6):1544–55

92. Fujihara J, Fujii Y, Agusa T,Kunito T, Yasuda T, et al. 2009. Ethnic differences in five intronic polymor-
phisms associated with arsenic metabolism within human arsenic (+3 oxidation state) methyltransferase
(AS3MT) gene. Toxicol. Appl. Pharmacol. 234(1):41–46

93. Schlebusch CM, Lewis CM Jr., Vahter M, Engström K, Tito RY, et al. 2013. Possible positive selection
for an arsenic-protective haplotype in humans. Environ. Health Perspect. 121(1):53–58

94. Gardner R, Hamadani J, Grandér M, Tofail F, Nermell B, et al. 2011. Persistent exposure to arsenic via
drinking water in rural Bangladesh despite major mitigation efforts. Am. J. Public Health 101(S1):S333–
38

95. Milton AH, Smith W, Dear K, Ng J, Sim M, et al. 2007. A randomised intervention trial to assess two
arsenic mitigation options in Bangladesh. J. Environ. Sci. Health A 42(12):1897–908

96. Hira-Smith MM, Yuan Y, Savarimuthu X, Liaw J, Hira A, et al. 2007. Arsenic concentrations and bac-
terial contamination in a pilot shallow dugwell program in West Bengal, India. J. Environ. Sci. Health A
42(1):89–95

97. Sathe SS,Mahanta C. 2019.Groundwater flow and arsenic contamination transport modeling for amulti
aquifer terrain: assessment and mitigation strategies. J. Environ. Manag. 231:166–81

98. EPA (Environ. Prot. Agency). 2001. National primary drinking water regulations; arsenic and clarifica-
tions to compliance and new source contaminants monitoring. Fed. Regist. 66(14):6975–7066

99. Ghurye G, Clifford D. 2004. As(III) oxidation using chemical and solid-phase oxidants. J. Am. Water
Works Assoc. 96(1):84–96

100. Leupin OX,Hug SJ. 2005.Oxidation and removal of arsenic (III) from aerated groundwater by filtration
through sand and zero-valent iron.Water Res. 39(9):1729–40

101. Jekel MR. 1994. Removal of arsenic in drinking water treatment. Adv. Environ. Sci. Technol. 26:119
102. KimMJ,Nriagu J. 2000.Oxidation of arsenite in groundwater using ozone and oxygen.Sci. Total Environ.

247(1):71–79
103. Sharma VK, Dutta PK, Ray AK. 2007. Review of kinetics of chemical and photocatalytical oxidation of

arsenic (III) as influenced by pH. J. Environ. Sci. Health A 42(7):997–1004
104. Yoon SH, Lee JH. 2005. Oxidation mechanism of As (III) in the UV/TiO2 system: evidence for a direct

hole oxidation mechanism. Environ. Sci. Technol. 39(24):9695–701
105. Zhang T, Sun DD. 2013. Removal of arsenic from water using multifunctional micro-/nano-structured

MnO2 spheres and microfiltration. Chem. Eng. J. 225:271–79
106. Penke YK, Anantharaman G, Ramkumar J, Kar KK. 2019. Redox synergistic Mn-Al-Fe and Cu-Al-Fe

ternary metal oxide nano adsorbents for arsenic remediation with environmentally stable As(0) forma-
tion. J. Hazard. Mater. 364:519–30

107. Gallard H, von Gunten U. 2002. Chlorination of natural organic matter: kinetics of chlorination and of
THM formation.Water Res. 36(1):65–74

www.annualreviews.org • Arsenic: A Global Environmental Challenge 61



108. Katsoyiannis IA, Zouboulis AI, Jekel M. 2004. Kinetics of bacterial As(III) oxidation and subsequent
As(V) removal by sorption onto biogenic manganese oxides during groundwater treatment. Ind. Eng.
Chem. Res. 43(2):486–93

109. Katsoyiannis IA, Zouboulis AI. 2004. Application of biological processes for the removal of arsenic from
groundwaters.Water Res. 38(1):17–26

110. Huo L, Zeng X, Su S, Bai L, Wang Y. 2017. Enhanced removal of As(V) from aqueous solution using
modified hydrous ferric oxide nanoparticles. Sci. Rep. 7:40765

111. Dixit S, Hering JG. 2003. Comparison of arsenic(V) and arsenic(III) sorption onto iron oxide minerals:
implications for arsenic mobility. Environ. Sci. Technol. 37(18):4182–89

112. He F, Zhao D, Liu J, Roberts CB. 2007. Stabilization of Fe−Pd nanoparticles with sodium car-
boxymethyl cellulose for enhanced transport and dechlorination of trichloroethylene in soil and ground-
water. Ind. Eng. Chem. Res. 46(1):29–34

113. Deng Y,ZhangQ,ZhangQ,Zhong Y. 2019. Arsenate removal from underground water by polystyrene-
confined hydrated ferric oxide (HFO) nanoparticles: effect of humic acid. Environ. Sci. Pollut. Res.
27:6861–71

114. Cui H, Su Y, Li Q, Gao S, Shang JK. 2013. Exceptional arsenic (III,V) removal performance of highly
porous, nanostructured ZrO2 spheres for fixed bed reactors and the full-scale system modeling.Water
Res. 47(16):6258–68

115. Berg M, Luzi S, Trang PTK, Viet PH, Giger W, Stüben D. 2006. Arsenic removal from groundwater
by household sand filters: comparative field study, model calculations, and health benefits. Environ. Sci.
Technol. 40(17):5567–73

116. Roberts LC, Hug SJ, Ruettimann T, Billah MM, Khan AW, Rahman MT. 2004. Arsenic removal with
iron(II) and iron(III) in waters with high silicate and phosphate concentrations. Environ. Sci. Technol.
38(1):307–15

117. Cubadda F, Jackson BP, Cottingham KL, Van Horne YO, Kurzius-Spencer M. 2017. Human exposure
to dietary inorganic arsenic and other arsenic species: state of knowledge, gaps and uncertainties. Sci.
Total Environ. 579:1228–39

118. Xue J, Zartarian V,Wang SW, Liu SV,Georgopoulos P. 2010. Probabilistic modeling of dietary arsenic
exposure and dose and evaluation with 2003–2004 NHANES data. Environ. Health Perspect. 118(3):345–
50

119. Li RY, Stroud JL, Ma JF, McGrath SP, Zhao FJ. 2009. Mitigation of arsenic accumulation in rice with
water management and silicon fertilization. Environ. Sci. Technol. 43(10):3778–83

120. Xu XY, McGrath SP, Meharg AA, Zhao FJ. 2008. Growing rice aerobically markedly decreases arsenic
accumulation. Environ. Sci. Technol. 42(15):5574–79

121. Zhao FJ, McGrath SP, Meharg AA. 2010. Arsenic as a food chain contaminant: mechanisms of plant
uptake and metabolism and mitigation strategies. Annu. Rev. Plant Biol. 61:535–59

122. Peng S, Bouman B, Visperas RM, Castañeda A, Nie L, Park HK. 2006. Comparison between aerobic
and flooded rice in the tropics: agronomic performance in an eight-season experiment. Field Crops Res.
96(2–3):252–59

123. Ma JF, Yamaji N,Mitani N, Xu XY, Su YH, et al. 2008. Transporters of arsenite in rice and their role in
arsenic accumulation in rice grain. PNAS 105(29):9931–35

124. Xu X, Chen C, Wang P, Kretzschmar R, Zhao FJ. 2017. Control of arsenic mobilization in paddy soils
by manganese and iron oxides. Environ. Pollut. 231:37–47

125. Gustave W, Yuan ZF, Sekar R, Chang HC, Zhang J, et al. 2018. Arsenic mitigation in paddy soils by
using microbial fuel cells. Environ. Pollut. 238:647–55

126. Thongnok S, SiripornadulsilW, Siripornadulsil S. 2018.Mitigation of arsenic toxicity and accumulation
in hydroponically grown rice seedlings by co-inoculation with arsenite-oxidizing and cadmium-tolerant
bacteria. Ecotoxicol. Environ. Saf. 162:591–602

127. Upadhyay AK, Singh NK, Singh R, Rai UN. 2016. Amelioration of arsenic toxicity in rice: comparative
effect of inoculation of Chlorella vulgaris and Nannochloropsis sp. on growth, biochemical changes and
arsenic uptake. Ecotoxicol. Environ. Saf. 124:68–73

128. Song WY, Park J, Mendoza-Cózatl DG, Suter-Grotemeyer M, Shim D, et al. 2010. Arsenic tolerance
in Arabidopsis is mediated by two ABCC-type phytochelatin transporters. PNAS 107(49):21187–92

62 Chen • Costa



www.annualreviews.org • Arsenic: A Global Environmental Challenge 63

129.  Milton AH, Hore SK, Hossain MZ, Rahman M.  2012. Bangladesh arsenic mitigation programs: lessons
from the past. Emerg. Health Thr eats J . 5(1):7269

130.  German MS, W atkins TA,  Chowdhury M, Chatterjee P, Rahman M, et al. 2019. Evidence of economi- 
cally sustainable village-scale microenterprises for arsenic remediation in developing countries. Environ.
Sci. Tec hnol. 53(3):1078–86

131.  Benramdane L, Accominotti M, Fanton L, Malicier D, V allon JJ. 1999. Arsenic speciation in human
organs following fatal arsenic trioxide poisoning—a case report. Clin. Chem. 45(2):301–6

132. Amini M, Abbaspour KC, Berg M, Winkel L, Hug SJ, et al. 2008. Statistical modeling of global
geogenic arsenic contamination in groundwater. Environ. Sci. Technol. 42:3669–75

https://www.annualreviews.org/doi/10.1146/annurev-pa-61-040521-200001

