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ABSTRACT: Extensive research has used dimethylarsinic acid (DMA) in urine as a marker
of arsenic methylation. The premise is that humans methylate inorganic arsenicals to
monomethylarsonic acid (MMA) and DMA and excrete these arsenic species into the urine.
However, DMA in urine not only comes from the methylation of inorganic arsenic but also
could be a result of metabolism of other arsenic species, such as arsenosugars and
arsenolipids. Most environmental health and epidemiological studies of arsenic methylation
might have overlooked confounding factors that contribute to DMA in urine. Here we
critically evaluate reported studies that used methylation indexes, concentration ratios of
methylated arsenicals, or the percentage of DMA in urine as markers of arsenic methylation
efficiency. Dietary intake of arsenosugars potentially confounds the calculation and
interpretation of the arsenic methylation efficiencies. Many studies have not considered
incidental dietary intake of arsenosugars, arsenolipids, and other organic arsenic species.
Future studies should consider the dietary intake of diverse arsenic species and their
potential effect on the urinary concentrations of DMA.
KEYWORDS: arsenic exposure, arsenosugars, arsenolipids, confounding, dimethylarsinic acid, metabolism, seafood consumption,
speciation, urine analysis

■ INTRODUCTION
Inorganic arsenic has been consistently ranked the first on the
contaminants priority list of the Agency of Toxic Substances
and Diseases Registry (ATSDR), including the most recent
2022 report.1 Chronic exposure to inorganic arsenic is known
to increase risks of skin lesions, cardiovascular diseases,
diabetes, and many types of cancer, such as cancers of the
bladder, lungs, and skin.1−3 Severity of health effect strongly
varies between individuals, which could be related to
interindividual differences in arsenic metabolism.4−8

Inorganic arsenate (iAsV) and arsenite (iAsIII) can be
transformed in humans through a series of reduction and
oxidative-methylation reactions, producing monomethylarson-
ic acid (MMA) and dimethylarsinic acid (DMA).9−13

Efficiency of arsenic methylation can be estimated using
concentrations of individual arsenic species (DMA, MMA,
iAsV, and iAsIII) in urine. Concentration ratios and percentages
of methylated arsenic species are often calculated from the
urinary arsenic speciation data. These methylation efficiency
parameters are then used to explore relationships between
arsenic metabolism and the health outcomes of arsenic
exposure.14−17 Arsenic methylation efficiency parameters
have also been used to assess how arsenic metabolism is
affected by lifestyle and other factors.18−21 The interpretation
and conclusion of these relationships rely on the accurate
determination of methylation efficiency parameters. Although
proper estimation of exposure to inorganic arsenic has received

much attention in recent decades, uncertainties and confound-
ing related to assessing methylation efficiency have rarely been
discussed.

In this Perspective, we first provide a brief overview of
inorganic arsenic metabolism, approaches of methylation
efficiency calculations, and potential exposure to various
arsenic species (Supporting Information Figure S1). Our
main goal is to highlight importance of considering exposure to
complex organic arsenicals and potential effect of such
exposure on the accuracy of methylation efficiency estimations.
Metabolism of Inorganic Arsenic

Mechanisms of arsenic biotransformation in the human body
are not fully understood7 although the discovery and
identification of the arsenic +3 methyltransferase (As3MT)
enzyme have significantly advanced the field.22,23 Current
understanding of inorganic arsenic (iAs) metabolism is also
based on the arsenic metabolites detected in human urine,
arsenic metabolites produced by various organisms, such as
bacteria, fungi, cell lines, and animal species.8,13,24,25 Structural
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elucidation of trivalent arsenic complex with As3MT has also
contributed to the understanding of inorganic arsenic
methylation.26

The first model of arsenic metabolism was proposed by
Frederick Challenger based on the observation of trimethy-
larsine (TMA) as a metabolite of iAs in fungi.9 According to
the Challenger pathway, pentavalent iAsV is first reduced to
trivalent arsenic iAsIII. The trivalent arsenic species accepts a
positively charged methyl group (CH3

+) from a methyl donor,
forming pentavalent monomethylarsonic acid (MMAV). The
methyl donor was later established as S-adenosyl methionine
(SAM). MMAV also goes through the reduction and oxidative
methylation cycle to form dimethylarsinic acid (DMAV).
Further reduction of DMAV and the addition of a third methyl
group yields trimethylarsine oxide (TMAO), which then is
reduced to trimethylarsine (TMA) (Figure 1a).

Because trivalent arsenicals have high affinities to thiols, they
are likely bound to −SH groups of glutathione or proteins
present in the cell cytosol.27,28 Two alternative arsenic

methylation pathways that were proposed by Hayakawa et
al.29 and Naranmandura et al.30 account for arsenic interaction
with thiols within the cell.29,30 These proposals suggest that
glutathione (GSH) conjugates and protein-bound arsenic are
the intermediates in the arsenic methylation reactions.
However, these proposed methylation pathways rely on attack
of the CH3

− anion on the AsIII lone pair electrons. CH3
− is a

very strong base and it is unlikely to leave a positive center on
SAM to react with AsIII. Hence, these proposed pathways have
been considered not chemically plausible.10,31,32

Arsenic glutathione conjugates [As(GS)3] were shown to
have higher binding affinity than arsenite to the As3MT
binding sites.28 Dheeman et al.28 proposed that As(GS)3 acted
as a substrate for enzymatic methylation and that AsIII was
bound to As3MT through three cysteine residues, which was
later supported by the structural elucidation.26 According to
this mechanism, the majority of MMAIII remains bound to
As3MT after methylation is completed and the cysteine
residues in the binding sites serve as electron donors to reduce

Figure 1. Simplified schemes showing the stepwise methylation of inorganic arsenic species to monomethyl, dimethyl, and trimethyl arsenicals.
AsIII(GS)3 denotes arsenic glutathione conjugates; GSH denotes glutathione; SAM denotes S-adenosyl methionine; AS3MT denotes Arsenic (+3
oxidation state) Methyl Transferase. *Reduction in scheme c is by cysteine residues of the As3MT enzyme.
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positively charged methylated intermediates back to trivalent
state. According to this model, DMAIII is the major product of
methylation, which then can be nonenzymatically oxidized to
DMAV.

In 2014, Cullen proposed a modified Challenger’s pathway
that accounted for arsenic interaction with proteins in the cell
(Figure 1b).10 Formation of thiolated arsenic metabolites,
along with oxo-forms of arsenic metabolites, was also
considered as a possibility.10 A detailed integrated metabolic
pathway that accounts for methylation, thiolation, and
hydrolysis of arsenic metabolites was proposed by Fan et al.
(Figure 1c).31

Despite a variety of interpretations, all of the proposed
mechanisms have a common goal to explain the excretion of
arsenic metabolites MMAV, DMAV, MMAIII, and DMAIII in
human urine. Relevant reviews also integrated the formation of
thiolated arsenic compounds dimethyldithiolarsenate
(DMDTAV), dimethylmonothiolarsenate (DMMTAV), and
monomethylmonothiolarsenate (MMMTAV) into the classic
arsenic methylation pathways.30,33,34

Inorganic arsenicals and their metabolites have a wide range
of toxicities. It is important to account for the toxicity of the
arsenic metabolites and intermediates to understand the role of
arsenic exposure in disease development. Toxicities of the
arsenic species have been evaluated in a number of human cell
lines, such as hepatocytes,35,36 urothelial cells,36 epidermal
cells,37 and neurons.38 Inorganic arsenic metabolites and their
intermediates displayed a wide range of toxicities. Pentavalent
methylarsenicals MMAV and DMAV have lower toxicities than
iAs. However, the trivalent methyl arsenic species MMAIII and
DMAIII are more toxic than iAs. The IC50 of various arsenic
species in human bladder cell line (T24) ranged from 13 μM
for DMAIII to greater than 1 mM for MMAV and DMAV.39

Similarly, 13 μM of either MMAIII or DMAIII induced
cytotoxicity in human hepatocytes.35,36 Among the inorganic
and methyl arsenic species tested in human neuron cells,
MMAIII was most cytotoxic.38 In endothelial cells, MMAIII and
DMAIII displayed significant toxicity at concentrations as low
as 2.0 and 0.74 μM, respectively.40 Much research has also
focused on the toxicity of thiolated arsenic species.41,42

DMMTAV had particularly high toxicity, similar to that of
methylated trivalent arsenic species, whereas the toxicity of
DMDTAV was much lower, similar to that of MMAV and
DMAV.33,39 Based on the available data, relative toxicities of
arsenic compounds are generally in the following order:
MMAIII, DMAIII, and DMMTAV > iAsIII ≫ iAsV > MMMTAV

> MMAV, DMAV, and DMDTAV.39

Detailed understanding of the mechanism of formation,
intra- and intercellular mobility of these arsenic species is
critical to a better understanding of arsenic toxicity. Current
studies often rely on arsenic metabolites as a fingerprint of
arsenic transformation in the body, particularly in attempts to
establish relationships between arsenic metabolism and health
outcomes. Some of the studies also examined the effects of
diet, lifestyle, genetics, and social factors on the metabolism of
arsenic. These studies are commonly done by using urinary
concentrations of arsenic metabolites to estimate the efficiency
of arsenic methylation. Therefore, it is important to understand
potential confounding factors that influence the estimation of
arsenic methylation efficiency, particularly when there is
concurrent exposure to various arsenic species.
Calculation of Methylation Efficiency

Researchers have commonly calculated methylation efficiency
based on urinary concentrations of inorganic arsenicals (iAs)
and their metabolites. Methylation efficiency is generally
expressed as percentages of total urinary As (or the sum of
iAs + MMA + DMA) represented by an individual metabolite,
ratios of concentrations of individual metabolites, and
methylation indexes (Table 1). The Primary Methylation
Index (PMI) is used to describe the efficiency of the first
methylation step from iAs to MMA. The Secondary
Methylation Index (SMI) describes the second methylation
step from MMA to DMA (Figure 2).

Percentages of individual metabolites are calculated by
dividing the concentration of each metabolite with the total
concentration of inorganic arsenicals and their metabolites
(sum of iAsIII, iAsV, MMA, and DMA concentrations). In
contrast, there are several ways in which PMI and SMI are
expressed (Table 1). While earlier work mainly expressed PMI
and SMI as ratios of more methylated to less methylated
metabolites, recent work often used proportions of the
methylated metabolites. Yamauchi and Takata43 and Shen et
al.18 used both approaches.18,43 Some studies also used
inverted ratio: less methylated to more methylated metabolites.
Therefore, methods of calculations need to be considered for
the appropriate interpretation of reported results.

Table 1. Calculation of the Methylation Efficiency Parameters

Parameter Calculationa Reference

Percentages of Individual Metabolite =
+ + +

% Ind. Metabolite Ind. Metabolite

DMA MMA iAs iAsV III

16,43−45

Methylation Indexes = +
+ + +

PMI DMA MMA

DMA MMA iAs iAsV III

18,20,43

= +SMI DMA
DMA MMA

Methylation Ratios b =
+

PMI MMA

iAs iAsV III

14,16,18,43,45−47

b =SMI DMA
MMA

Results of Principal Component Analysis PC1 − Principal Component 1 17,19,21

PC2 − Principal Component 2
aInd. Metabolite denotes Individual Metabolite. PMI denotes Primary Methylation Index. SMI denotes Secondary Methylation Index. PC denotes
Principal Component. bNote that some studies refer to metabolite ratios as PMI and SMI. Therefore, it is important to pay close attention to the
way the PMI and SMI were calculated when interpreting their values.

Figure 2. Scheme illustrating the Primary Methylation Index (PMI)
and Secondary Methylation Index (SMI).
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Several recent studies also applied principal component
(PC) analysis, by which highly correlated iAs%, MMA%, and
DMA% were transformed into two principal components PC1
and PC2. PC1 described the second methylation step, from
MMA to DMA, an alternative to SMI and overall methylation
efficiency. PC2 was thought to explain the first methylation
step, from iAs to MMA, alternative to PMI.17,19,21

The calculations of arsenic methylation efficiency discussed
above rely on the main assumption that inorganic arsenic
metabolism is the only source of urinary MMA and DMA. The
assumption implies that individuals are exposed mainly to iAs
and that exposure to other forms of arsenic is negligible. This
assumption may be valid only in cases where the population is
exposed to arsenic primarily through contaminated drinking
water where the main species of arsenic are iAsIII and iAsV.48,49

However, it may not be valid when there is substantial
exposure to other forms of arsenic through the ingestion of
seafood, mushrooms, and some forms of diet supplements.
Exposure to organoarsenicals, such as arsenosugars, can also
result in urinary excretion of DMA as a result of arsenosugar
metabolism in humans. This would cause potential confound-
ing in the calculation and interpretation of the methylation
efficiencies. Because not necessarily all of the DMA in urine
comes solely from iAs metabolism, we need to be careful with
attributing DMA to the methylation of inorganic arsenic.
Analysis of the percentages of metabolites and methylation
indexes must be interpreted with caution. To assess potential
confounding of methylation efficiency, we need to evaluate the
likelihood of direct exposure to MMA and DMA and the
amount of MMA and DMA formed because of exposure to
other organic arsenicals.

Other assumptions include negligible post methylation
modifications for oxo-forms of methylated arsenic species
and similar retention of arsenic metabolites in human body. In
methylation efficiency calculations, we rely on urinary
concentrations of oxo-forms of DMA and MMA as the main
forms of dimethylated and monomethylated arsenic species.
Thiolated arsenic species are not included in the calculations.
Exposure to Methylated Arsenicals and Other
Organoarsenicals

Data relevant to the exposure and metabolism of methylated
arsenicals and other organic arsenic species are limited. Some
organic arsenic species detected in foods, such as arsenobetaine
(AsB), arsenocholine (AsC), trimethylarsine oxide (TMAO),
and tetramethylarsonium, are very stable. These highly
methylated arsenic species are not metabolized in humans
and therefore are not expected to alter the proportions of
inorganic arsenicals and their metabolites. In vitro studies have
shown that AsB can be metabolized to DMA, dimethylarse-
noylacetate (DMAA), and TMAO by human gut bacteria after
about 7 days.50 However, the retention time of AsB in the gut
is much shorter. Studies with ingestion of radiolabeled AsB
suggest that AsB is dispersed throughout soft tissues within 24
h and that over 90% of ingested AsB is excreted after 7 days
since the ingestion.51 Therefore, significant metabolism of AsB
in humans is not expected.52 In contrast, ingestion of MMA,
DMA, arsenosugars, and arsenolipids has the potential to alter
the ratios of inorganic and methyl arsenicals and confound the
interpretation of arsenic methylation efficiency.

MMA and DMA. Speciation studies suggest that MMA and
DMA are rarely ingested. MMA and DMA are commonly
assumed to be the results of iAs metabolism. Early studies

established that MMA, if ingested, is metabolized to DMA.25

However, exposure to MMA from the environment is not
common: only trace amounts of MMA were reported in rice
and fish. It was estimated that intake of MMA by the Japanese
population was on average 2.3 μg/day with the range of
<0.18−6.5 μg/day.53

In general, direct exposure to DMA is not common.54 Small
quantities of DMA were reported mainly in rice, rice products
(e.g., rice crackers and cereal), and some fish.44,55,56 Relative
concentrations of DMA vary substantially depending on the
type of rice and the environment where rice was grown.57−60

DMA is primarily excreted through urine unchanged.25

Therefore, substantial consumption of rice with high DMA
concentrations has a potential to alter arsenic metabolic
profiles and affect the methylation ratios.61 Estimated DMA
intake was reported to be 4.57 μg/day (range <1.8−49.9 μg/
day) in the Japanese diet.53 Based on available data, exposure
to low doses of MMA and DMA is not likely to confound
calculations of arsenic methylation efficiency when exposure to
inorganic arsenic is at higher levels. More caution in the
evaluation of methylation efficiency and potential confounding
from MMA and DMA ingestion would be required if overall
exposure to arsenic is low. Reports of thiolated methylated
arsenicals in rice also draw attention to the potential ingestion
of these arsenic species.41,42

Arsenosugars and Arsenolipids. Larger amounts of
urinary DMA may be excreted due to exposure to
arsenosugars. A detailed summary of data available about
metabolism and exposure to these organic arsenicals is
available in the review by Taylor et al.52 Therefore, we focus
here only on aspects relevant for the evaluation of potential
confounding.

Intake of arsenosugars by the Japanese population has been
estimated to be at 1 mg/day.52 However, lack of speciation
data limits our ability to comprehensively predict the
magnitude of exposure.62 Exposure to arsenosugars might
occur from the consumption of such seafoods as seaweeds,
clams, mussels, and oysters.63−66 Seaweeds have the highest
reported total arsenic concentrations and the highest
percentage of arsenosugars among all seafoods.52,66 Total
arsenic concentrations and the relative proportion of
arsenosugars vary substantially depending on seaweed species,
sections of the thallus, harvesting seasons, and locations of
growth.67,68 Crustaceans and mollusks contain both AsB and
arsenosugars as the main arsenic species. The relative
concentrations of arsenosugars in crustaceans and mollusks
are higher than in finfish.52,66 Recent market basket surveys of
arsenic species in seafood conducted in USA suggest high
variabilities of total arsenosugar concentrations and the specific
arsenosugar species in clams and crabs.65 AsB is generally
reported as a major arsenic species in marine mussels,69 but
arsenosugars have been reported to be the predominant arsenic
species in freshwater mussels, comprising up to 95% of
extractable arsenic.70

Exposure to arsenolipids is mainly associated with fish oils
and fatty fish tissues.52 Lower concentrations of arsenolipids
were also detected in some seaweeds.71 Average daily intake of
arsenolipids for the Japanese population was estimated as
2100, 4200, and 4900 ng As/person/day for arsenic-containing
fatty acids (AsFAs), arsenic-containing hydrocarbons
(AsHCs), and arsenosugar phospholipids (AsSugPLs), respec-
tively.72
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Multiple studies showed that DMAV was the main urinary
metabolite of arsenosugars and arsenolipids (Table 2).63,73,74

Several unique urinary metabolites of arsenosugars, e.g., thio-
and oxo-forms of dimethylarsenoylethanol (DMAE) and
dimethylarsenoylacetate (DMAA), have been observed.52,75

However, differences between the metabolism of different

types of arsenosugars are not yet established. In the study by
Taylor et al., urinary arsenic metabolites were similar after
ingestion of nori and kombu seaweed.76 AsSug482 was the
major arsenic species in nori, and AsSug392 was the main
arsenosugar in kombu (see arsenosugar names in Supporting
Information Figure S1). Similarly, intra- and interindividual

Table 2. Reported Urinary Arsenic Metabolites Following the Ingestion of Arsenosugars

Ingestion Arsenic species in food (% of total arsenic) Urinary Arsenic Metabolites Participants Ref

Arsenosugar-Containing Foods
kelp (brown seaweed) AsSug X DMA 2 volunteers 63

AsSug XI iAsV

3 Unknown As species
nori (red seaweed) AsSug X DMA 9 volunteers

6 Unknown As species
yakinori AsSug X DMA 4 volunteers 64

AsSug XI 4 Unknown As species
nori (red seaweed) AsSug X (92.5%)f DMA 1 volunteer

DMA, iAsV (7.5%)f 5 Unknown As species
wakame (brown seaweed) AsSug328 (88.8%) DMA (58.1%)a 5 volunteers 86

AsSug482 (Traces) 5 Unknown As species
Unknown As species (Traces)

wakame (brown seaweed) DMA (0.6%) DMA (8.6%)b 11 volunteers 76

AsSug482 (0.5%) Thio-DMAA (4.2%)b

AsSug328 (0.3%) Thio-DMAE (2.8%)b

AsSug482, AsSug328 (1.7%)b

Thio-DMA (0.2%)b

kombu (brown seaweed) AsSug392(47.9%) DMA (5.3%)b 11 volunteers
AsSug482 (14.7%) Thio-DMAA (1.5%)b

AsSug328 (3.4%) Thio-DMAE (0.9%)b

DMA (0.7%) AsSug392, AsSug482, AsSug328 (0.7%)b

Thio-DMA (0.1%)b

nori (red seaweed) AsSug482 (60.7%) DMA (13.6%)b 11 volunteers
DMA (2.8%) Thio-DMAA (6.0%)b

AsSug328 (2.2%) Thio-DMAE (4.2%)b

AsSug482, AsSug328 (1.6%)b

Thio-DMA (0.6%)b

Pure Arsenosugars
AsSug328 (>99.5%) DMA (67%)c 1 volunteer 87

DMA (<0.5%)e Unknown As species A4 (20%)c

DMAE (5%)c

Unknown As species A3 (5%)c

TMAO (0.5%)c

Traces of at least 8 Unknown As species (2.5%)c

AsSug328 DMA (51%)d 1 volunteer 75

Thio-DMAA (19%)d

Thio-DMAE (10%)d

Unknown As species A5 (10%)d

Oxo-DMAE/Oxo-analogue of A5 (4%)d

Oxo-DMAA (2%)d

AsSug328 (1%)d

Thio-AsSug328 and (possibly) thio-DMA (Traces)d

Traces of Unknown As species 3%d

AsSug328 DMA (40−46%) 4 volunteers 77

Thio-DMAA (15−19%) high excretors
Thio-DMAE (5−9%) >85% As excreted
Thio-Unknown As species (3−8%).
DMA 2 volunteers
Thio-AsSug328 low excretors
Oxo-AsSug328 4% and 15% As excreted

a% of total arsenic excreted over 5 days. bmean % of total arsenic consumed. c% of total arsenic excreted over 69 h. d% of total arsenic excreted over
48 h. eImpurity assigned based on retention time match. fBased on sum of arsenic species concentrations.
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variability for arsenosugars metabolism is largely unknown.
Studies with ingestion of a pure arsenosugar were conducted
using AsSug328 only. The results suggest drastic interindivid-
ual variability in metabolism of arsenosugars, in terms of both
the amount of arsenic excreted and the identity of urinary
metabolites. Limited data suggest that patterns of arsenosugar
metabolism may stay consistent for individuals over time.77

The mechanism of arsenosugar metabolism in humans has not
been established. Highly acidic conditions do not break down
arsenosugars to DMA.63 In vitro evaluation of arsenosugars
transformation under conditions similar to those in the
gastrointestinal tract (GIT) did not lead to the formation of
the arsenosugar metabolites observed in urine; however, major
transformation of oxo- to thio-arsenosugars was observed.78−80

Available research suggests that arsenosugars are biotrans-
formed with the assistance of microbiome in the GIT and/or
enzymes;63,78−80 however, the biochemical pathway(s) is(are)
not known. Degradation of arsenosugars to DMA, DMAE,
MMA, and iAs was observed in experiments simulating marine
microenvironments. These studies highlight the importance of
representative microbiome population, their complexity, and
their role in breaking down arsenosugars.81−84 Large intra- and
interindividual variability of the microbiome78 might explain
the observation that some people excrete arsenosugars
unchanged while others break down arsenosugars efficiently.77

An in vivo study of feeding mice with arsenosugars suggests
that the pattern of arsenic metabolites and efficiency of arsenic
excretion may be strongly influenced by the gut microbiome in
mice, the food matrix, and the type of arsenosugars ingested.85

Mice with the gut microbiome disturbed by an antibiotic
showed a much lower ability to transform arsenosugars and
excrete arsenic species. Interestingly, the ingested AsSug482
from seaweed nori was metabolized to AsB, while AsSug392
ingested with kelp was excreted unchanged. Studies of
differences in microbiomes of individuals that biotransform
arsenosugars differently could provide further insight into
specific microorganisms in the GIT assisting the breakdown of
arsenosugars.

Data on the metabolism of arsenolipids are even more
limited. Oxo-/thiodimethylarsenopropanoic (DMAP) acid
appears to be a potential unique metabolite of arsenolipids.73,74

More research on the metabolism of arsenolipids is required to
draw any specific conclusions.

Our current knowledge of arsenic speciation in urine
following ingestion of arsenosugars and arsenolipids indicates
that exposure to these arsenic species can increase urinary
DMA concentrations and produce several other arsenic
metabolites. However, there are very limited data on the
amount of DMA produced as a metabolite of arsenosugars
relative to the DMA formed as a metabolite of iAs methylation.
Nonetheless, existing reports suggest that confounding might
be a potential issue and that it could lead to overestimations of
iAs methylation efficiency. Useful information related to
potential confounding can be drawn from controlled feeding
studies and studies that tested statistical associations between
DMA concentrations and seafood intake (Table 2).

Controlled feeding studies revealed changes in relative
concentrations of arsenic metabolites after specific changes in
diet. Studies investigating metabolism of arsenosugars and
arsenolipids reported increased urinary DMA concentrations
after ingestion of arsenosugars or arsenolipids in pure form or
in foods (Table 2). Ma and Le observed about 4.5 times
increase of urinary DMA concentration from <20 μg/L in

urine collected before ingestion to 90 μg/L in urine collected
26.5 h after the ingestion of 10 g yakinori seaweed.64 Hata et
al.86 observed significant increases in the excretion rate of
DMA at 24 h after ingestion of wakame seaweed: 2.14 μg As/h
vs 0.38 μg As/h. A total of 176.3 μg/L of arsenic (DMA
proportion was over 50%) was excreted over 5 days after the
ingestion of 300 g of wakame seaweed.86 A study on 16
volunteers in Korea with total arsenic 6.98 mg/person/day
through seafood consumption found significant increases of
total urinary arsenic with primary increase of DMA. Average
DMA% changed from 86% before seafood intake to 95% in
urine collected 48 h after the end of six-day seafood intake.
These studies suggest that the relative proportions of
metabolites might be strongly altered because of seafood
consumption. Importantly, the increased DMA% arising from
arsenosugar ingestion might mislead researchers to interpret
that the arsenic methylation efficiency of the individual was
exceptionally high.88

Associations between DMA concentrations and seafood
intake were also explored based on data of the National Health
and Nutrition Examination Survey (NHANES) and Multi-
ethnic Study of Atherosclerosis 2000−2002 (MESA) studies.
Navas-Acien et al.54 found 1.8 times higher urinary DMA
concentrations in participants who reported seafood intake
within last 24 h in comparison to those who did not report
seafood intake (median DMA 6.0 vs 3.5 μg/L while the
median for AsB concentrations was 10.2 vs 0.9 μg/L).54

Although the absolute difference in median DMA concen-
trations was small, the DMA concentration was almost twice as
high in the population with reported seafood intake. This
increase is significant because the methylation efficiency is
expressed as the ratio or proportion of methylated arsenic
species. Therefore, effects of seafood consumption cannot be
disregarded, especially where the exposure to organic arsenicals
from seafood is much larger than exposure to inorganic arsenic.

Navas-Acien et al.54 analyzed the data of the urinary arsenic
metabolites of the representative US population sample
including 4276 participants in the NHANES database. The
NHANES 24 h dietary recall was used to estimate overall
seafood intake of the participants as well as consumption of
specific types of seafood: fish, shellfish, mollusks, and sushi/
seaweed. The authors could not evaluate relationships of
seafood consumption with other iAs metabolites, namely,
MMA, iAsIII, and iAsV, because these metabolites could not be
detected in most of the urine samples.54 Jones et al.44 evaluated
the results of arsenic metabolites in urine samples from the
MESA study, which included 310 participants, and from 1175
participants in the NHANES data set. Most of the participants
in both NHANES and MESA data sets had MMA and AsV

below detection limits. Low MMA and iAs detection rates
limited study to only examining the DMA relationship with
AsB and seafood consumption. They could not investigate the
possible relationships of MMA and iAs with seafood intake.
Although a common limitation was self-reported seafood
intake, this study also measured the n-3 polyunsaturated fatty
acids as a marker to increase confidence of seafood intake
evaluation.44

Figure 3 shows mean iAs%, MMA%, and DMA% in urine
reported for populations in Bangladesh,15 USA,14 South
Korea,89 and Taiwan, China.90 The amounts of fish and
seafood consumption per capita is lower in the United States
(22 kg per capita per year in 2020) and Bangladesh (26 kg)
than in China (40 kg) and South Korea (54 kg) (https://
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ourworldindata.org/grapher/fish-and-seafood-consumption-
per-capita). In general, higher percentages of DMA are found
in the urine of populations that consume more seafood. This
observation at the population level is consistent with our
understanding of the potential contribution of DMA as a
metabolite of arsenosugars due to the ingestion of seaweed,
clams, mussels, and oysters.
Reducing Potential Confounding Caused by Ingestion of
Organoarsenicals
To minimize confounding, multiple studies considered three
main approaches to assess or minimize seafood intake: (1)
refrain from seafood ingestion 3−5 days before urine
collection; (2) self-recall food frequency questionnaires
(FFQ), which in some cases were also supplemented with
polyunsaturated acid detection; and (3) measure urinary AsB
as a biomarker of seafood consumption.

Seafood-Free Diet. Seafood-free diet prior to urine sample
collection is a common approach to reduce potential
confounding from seafood consumption. Given that most of
metabolites of arsenosugars were eliminated within 9−60
h,52,64 a seafood-free diet for 3 days (72 h) prior to urine
collection should be sufficient to eliminate arsenosugars
ingestion and its potential bias of “additional” DMA
metabolite. However, the calculation of methylation efficiency
might be more susceptible to confounding in comparison to
total exposure to iAs because the confounding is primarily due
to increased DMA concentration. Ma and Le64 reported
change of total arsenic in urine over a period of 4 days after
yakinori seaweed ingestion: while the most increase of arsenic
excretion was between 20 and 40 h, urinary arsenic
concentrations remained about two times higher than the
baseline levels (in 3 of 4 volunteers) at the end of day 4.64

Considering that DMA is a major metabolite of arsenosugars,
its confounding effect on methylation efficiency might remain

longer than 72 h. The significance of its relative contribution
would depend on the total exposure to all arsenic species.

Food Frequency Questionnaires (FFQs). When refrain-
ing people from eating seafood for 3 days is challenging to
implement in large scale studies, the food frequency
questionnaire theoretically can provide information on seafood
consumption prior to collection of urine samples. However,
the food frequency questionnaire approach has a number of
limitations, including bias/errors in self-reported diet, coverage
of only a short period, and only qualitative information. Often
food frequency questionnaires include 24 h food consumption,
while seafood ingestion was reported to cause increased DMA
and total arsenic in urine for several days after consumption.54

AsB as a Biomarker of Seafood Consumption. Along
with approaches mentioned above, AsB has been measured to
indicate potential seafood ingestion.21,44,53 For the analysis of
arsenic methylation data, these studies excluded urine samples
that had high AsB concentrations. The study of Navas-Acien et
al.54 suggested that the association between DMA and seafood
intake was no longer present when AsB was below the limit of
detection.54 However, the disadvantage of excluding AsB-
containing samples are potential nonrandom exclusion and
reduced sample size.44 Moreover, there is no specific threshold
of AsB concentrations in urine as a marker of confounding.
Therefore, excluding samples with detected AsB is challenging
to apply in studies with high detection rates of AsB.

Alternatively, Jones et al.44 used urinary AsB to “calibrate” or
normalize urinary iAs, MMA, and DMA concentrations.
Calibrated values had much lower association with the seafood
intake, while the association with rice intake remained. The
authors concluded that normalization against AsB was useful to
estimate exposure to iAs and DMA from foods and water in
populations with low-to-moderate iAs exposure but could not
be used in populations with high seafood consumption.44

Although AsB in urine is a biomarker of seafood ingestion, it
is not a reliable biomarker of exposure to other organic
arsenicals such as arsenosugars and arsenolipids. The use of
AsB as a marker is primarily based on the assumption of the
concurrent presence of AsB and arsenosugars in some
seafoods. But the simultaneous presence of AsB and other
organoarsenicals is not consistent.91−93 Luvonga et al.93 report
high AsB and no detectable arsenosugars in shrimp and salmon
samples, while spirulina and kelp powder samples had high
concentrations of arsenosugars but no detectable AsB.93 In this
study, the concurrent presence of AsB and arsenosugars was
observed only for Geoduck clams. Moreover, seaweeds contain
primarily arsenosugars but not AsB.63,94 Consistent with the
report of Ma and Le,64 a recent study by Lee et al.67 showed
that consumption of mussels was associated with urinary iAs,
DMA, and AsB concentrations, while seaweed consumptions
was only associated with urinary iAs and DMA, but not with
AsB.67 Hence, exposure to high levels of AsB does not
necessarily mean exposure to large amounts of arsenosugars or
arsenolipids. Despite AsB being commonly used as a biomarker
of seafood consumption, its absence does not eliminate the
possibility of ingestion of arsenosugars and other organic
arsenicals. Conversely, the presence of AsB in urine does not
necessarily mean exposure to arsenosugars and arsenolipids.
There is no study that clearly shows that AsB is a reliable
biomarker of exposure to complex organic arsenicals. More-
over, research on determining the quantity of arsenosugars and
arsenolipids ingested is very limited.52

Figure 3. Comparison of mean percentages of iAs, MMA, and DMA
in urine reported for populations in the USA,14 Bangladesh,15 South
Korea,89 and Taiwan, China.90 The numbers on top of each bar are
mean percentages of the corresponding arsenic species.
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Another issue is the differences in the elimination kinetics
among the different arsenic species. AsB is rapidly excreted
unchanged,63 while arsenosugars and arsenolipids are metab-
olized.73,74,77,87,95 The resulting metabolites of arsenosugars
and arsenolipids are excreted into the urine for a longer period,
extending after AsB is already eliminated.

Current approaches for accessing exposure to complex
organic arsenicals are indirect in nature. Prevention of
potential confounding relies on (1) elimination/assessment
of seafood exposure and (2) assumption of concurrent
presence of AsB and arsenosugars/arsenolipids in some
seafoods. Direct methods of identifying exposure to arsen-
osugars or arsenolipids are not yet available.

Potential Direct Methods of Exposure Assessment to
Complex Organic Arsenicals. Direct methods of the
exposure assessment could use measurement of urinary
metabolites uniquely formed during metabolism of arsenosu-
gars or arsenolipids.52,96 Recent studies suggest that apart from
DMA being the main metabolite of arsenosugars and
arsenolipids, several new arsenic metabolites can be observed
in urine, such as DMAE and DMAA from the metabolism of
arsenosugars and DMAP from the metabolism of arsenoli-
pids.73−75,77 Including identification of unique metabolites of
arsenosugars and arsenolipids, along with metabolites of
inorganic arsenic and AsB, could provide more specific
information about types of arsenic compounds individual was
exposed to and hence more accurate interpretation of arsenic
metabolic profiles.

Practical applications of such an approach are limited largely
due to poor understanding of the metabolism of arsenosugars
and arsenolipids, the absence of commercially available
standards of newly detected unique metabolites, and difficulties
of identifying new, “unknown” arsenicals at low concentrations.
Observing “unknown” arsenic species in urine besides
routinely monitored arsenic species (iAsV, iAsIII, MMA,
DMA, AsB) may warn us about potential exposure to
arsenosugars and/or arsenolipids. The presence of several
unknown arsenic species in the CRM18 reference material,
which was created by pooling urine samples of Japanese males,
may reflect the fact of a high intake of arsenosugar-containing
seafood (such as seaweed) by the Japanese population. Some
of the unknowns in this reference material urine have been
identified.97−99 Further research will be useful to assess any
associations of these “unidentified” arsenic species with the
ingestion of arsenosugars and arsenolipids.
Concluding Remarks and Future Perspectives

Studies of arsenic exposure and metabolism are critical to a
better understanding of the diverse health effects of arsenic
species. For the general public under the most common
environmental exposure scenarios, water and food are the
primary sources of arsenic intake. While inorganic arsenicals
(arsenate and arsenite) are the dominant arsenic species in
drinking water, a wide variety of arsenic species can be present
in food. Inorganic arsenate and arsenite are commonly
metabolized in humans to produce monomethyl and dimethyl
arsenicals, which are readily excreted into urine. Therefore,
determination of inorganic arsenic species and monomethyl
and dimethyl arsenicals provides a basis for the assessment of
arsenic methylation efficiency. Concentrations, ratios, or
proportions of DMA, MMA, and iAs in urine are usually
used to calculate arsenic methylation efficiency values.

Ingestion of arsenosugars and arsenolipids from dietary
sources can also produce dimethylarsenic species, which are
excreted into urine. In its chemical nature, the DMA produced
by the biomethylation of inorganic arsenic species is identical
to the DMA produced from the metabolism of arsenosugars
and arsenolipids. Therefore, the intake of arsenosugars and
arsenolipids, sometimes unknowingly, contributes to increases
in the urinary concentration of DMA and can cause
confounding effects on the calculation and interpretation of
arsenic methylation efficiency.

Arsenosugars are abundant in seaweed, clams, mussels, and
oysters. Seaweeds, such as kelp and nori, contain arsenosugars
as the dominant arsenic species, whereas clams, mussels, and
oysters contain arsenobetaine and arsenosugars. Fish oil
contains various arsenolipids, although their concentrations
are usually lower than those of arsenosugars present in seaweed
and bivalves. There is a knowledge gap in the occurrence and
concentrations of arsenosugars and arsenolipids in food of
terrestrial origin.

In addition to seafood, some “health food” supplements,
such as fish protein and seaweed powders, may also contain
arsenosugars and arsenolipids. With increased seafood access
in many parts of the world, increasing uses of food
supplements, and the limited knowledge about organo-
arsenicals in terrestrial foods, there is an increase in the
potential risk of unintentional exposure to arsenosugars and
arsenolipids. The unknown exposure to organoarsenicals could
be overlooked in the “seafood-free diet” approach and the
“food frequency questionnaire” approach. Hence, urinary
DMA concentrations could be a result of not only inorganic
arsenic methylation but also unknown ingestion of organo-
arsenicals, which could result in a biased interpretation of
arsenic methylation efficiency. Future studies may focus on
several aspects to improve the estimation of arsenic
methylation efficiency:

1. Assessment of using AsB to indicate potential confound-
ing of seafood ingestion

It is important to understand the limitations of using
AsB as a marker of seafood consumption. Relative
concentrations of AsB and arsenosugars vary with the
types of seafood. Some seafood, such as crabs and
lobsters, contains predominantly AsB. Seaweed contains
primarily arsenosugars, and bivalves often contain both
AsB and arsenosugars. Studies of the methylation
efficiency should assess the potential confounding from
the ingestion of various types of seafoods that contain
arsenosugars and arsenobetaine. Investigation of
whether AsB is a reliable biomarker of exposure to
complex organic arsenicals is necessary. Relations
between exposure to complex organoarsenic compounds
and unknown, unique arsenic metabolites need to be
evaluated. Understanding of these relations could help to
determine whether the unique metabolites of organo-
arsenicals could serve as markers to indicate the
coexposure to arsenosugars, arsenolipids, and other
organoarsenicals.

2. Metabolism of arsenosugars and arsenolipids
To establish alternative biomarkers, researchers could

investigate arsenic metabolites unique to the metabolism
of arsenosugars and arsenolipids. This aspect of research
requires further investigation into the sources and
magnitude of exposure, metabolism of arsenosugars
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and arsenolipids, unique metabolites, efficiency and
kinetics of urinary excretion, and intra- and interindi-
vidual variability.

3. Understanding the role of thiolation in inorganic arsenic
metabolism

Understanding the extent of thiolation and the range
of thio- and oxomethylated arsenic species formed as a
result of inorganic arsenic metabolism would be valuable
in understanding the role of thiolation in post
methylation processes. Evaluation of parameters asso-
ciated with thiolation would require the determination
of thio- and oxomethylated species included in the
targeted arsenic species.

4. Addressing Analytical Challenges
Proper monitoring of a diverse range of arsenic species

relies on capabilities of analytical methods for arsenic
speciation. There are a number of challenges associated
with characterizing a wide range of arsenic metabolites.

Methods for the synthesis of methylated and thiolated
arsenic species were summarized by Cullen et al.100 However,
many of these arsenic species are not commercially available as
individual standards. There is no standard reference material
(SRM) with certified concentrations of these arsenic species,
although several thioarsenic species have been detected in the
urine reference material CRM18. Standards for arsenosugars
and arsenolipids or their unique metabolites are not
commercially available. In the absence of arsenosugar stand-
ards, researchers have extracted arsenosugars from hijiki
seaweed and used the extract as a reference material for
arsenosugar analysis.103

The trivalent arsenicals and some thiolated arsenicals have
low stability. The ability to determine these unstable arsenic
species requires appropriate sample collection, preservation,
and storage conditions, sample preparation techniques, and
methods of analysis.13,95,99,101,102 Strong retention of thiolated
arsenic species on some anion exchange columns due to their
interaction with the polymeric backbone of the column
packing materials could lead to their loss on the column.
Hydrogen peroxide has been used to convert the thiolated
form to the oxo-form of arsenic species. This treatment also
oxidizes trivalent to pentavalent arsenic species. Such sample
preparation allows for detection of total methylated arsenicals.
However, this approach of sample treatment could result in a
loss of the original arsenic speciation information.

Another challenge is a lack of well-established techniques to
distinguish new metabolites of organic arsenic species from
commonly targeted arsenic species. DMAE and TMAO likely
coelute with AsC and AsB when anion exchange chromatog-
raphy is used. Methods for arsenic speciation in urine have
mainly been designed to measure targeted arsenic species.
Additional “unknown arsenicals” may be observed as
unexpected chromatographic peaks. Potential metabolites of
arsenosugars and arsenolipids may also coelute with the more
frequently encountered organic arsenic species.

Methods that combine molecular and elemental information
have been instrumental in the identification of diverse arsenic
species without the availability of standards available. Liquid
chromatography separation followed by simultaneous detec-
tion with both electrospray ionization mass spectrometry
(ESIMS) and inductively coupled plasma mass spectrometry
(ICPMS) provides complementary information for the
identification and quantification of arsenic species. Unknown

arsenic species at very low concentrations are still challenging
to identify.104 Further research is needed to improve the
efficiency of electrospray ionization of arsenic species present
in complex sample matrixes, enhance resolution of separation
and sensitivity of detection, develop new techniques, and refine
existing techniques for arsenic speciation analysis.
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