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ARTICLE INFO ABSTRACT

Keywords: Arsenic species contaminate food and water, with typical dietary intake below 1 pg/kg bw/d. Exposure to arsenic
Arsenic in heavily contaminated drinking water is associated with human diseases, including cardiovascular and re-
Toxicokinetics spiratory disorders, diabetes, and cancer. Dietary intake assessments show that rice and seafood are the primary
ﬁ;‘;};};ﬁ::i“ic acid contributors to intake of both inorganic arsenic and dimethylarsinic acid (DMA") and at similar magnitudes.

DMAY plays a central role in the toxicology of arsenic because enzymatic methylation of arsenite produces DMA"
as the predominant metabolite, which may promote urinary clearance but also generates reactive intermediates,
predominantly DMA™, that bind extensively to cellular thiols. Both inorganic arsenic and DMA" are carcinogenic
in chronically exposed rodents. This study measured pentavalent and trivalent arsenic species in blood and
tissues after oral and intravenous administration of DMA" (50 ug As/kg bw). DMAY underwent extensive first-
pass metabolism in the intestine and liver, exclusively by reduction to DMA™, which bound extensively to blood
and tissues. The results confirm a role for methylation-independent reductive metabolism in producing fluxes of
DMA™ that presumably underlie arsenic toxicity and indicate the need to include all dietary intake of inorganic

arsenic and DMAY in risk assessments.

1. Introduction

Arsenic is a toxic element distributed ubiquitously throughout the
earth's crust, predominantly as its inorganic forms (i.e., arsenate and
arsenite) in soil and water (reviewed in Zhu et al., 2014). Metabolism of
inorganic arsenic (As') to numerous organic forms occurs in many forms
of terrestrial and marine life, including microbiota, plants, and animals
(reviewed in Zhu et al., 2014; Taylor et al., 2017). Humans consume As'
from contaminated drinking water, which contains predominantly ar-
senate, and food, which contains both inorganic and organic arsenic.
While typical dietary exposure to As' is below 1pg/kgbw/d in most
developed world settings, heavily contaminated drinking water sources
in the developing world (i.e., up to 1 mg/1; Mukherjee et al., 2006) can
produce estimated daily intakes of up to 50 pg/kg bw/d. Exposure to
arsenic is a major public health concern worldwide based on associa-
tions with many important human diseases (e.g., cardiovascular, pul-
monary, and metabolic diseases and cancer) from epidemiological in-
vestigations and toxicity in experimental animal models (European
Food Safety Authority, 2009; U.S. Environmental Protection Agency,
2010; World Health Organization, 2011; U.S. Food and Drug
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Administration, 2016).

The redox chemistry of As' favors pentavalent arsenate in aerobic
milieu, like soil and water, but the reducing environment in most cel-
lular life facilitates formation of trivalent species, like arsenite (Zhu
et al.,, 2014). The toxicity of arsenite itself manifests from its facile
reactivity with thiols present in structural, functional, and regulatory
proteins (Go and Jones, 2013; Shen et al., 2013) and low molecular
weight compounds (e.g., reduced glutathione, GSH; Spuches et al.,
2005). Moreover, metabolism of As' appears central to the toxic effects
by producing additional trivalent arsenic intermediates and pentavalent
arsenic products (Scheme; Twaddle et al., 2018a; Twaddle et al., 2018b;
Twaddle et al., 2019). Indeed, evidence supports roles for both me-
thylation of arsenite by arsenite methyltransferase (As3MT; Dheeman
et al., 2014; Currier et al., 2016) and direct reduction of pentavalent
arsenic species (Delnomdedieu et al., 1994; Styblo et al., 1997; Németi
and Gregus, 2013; Twaddle et al., 2018a, 2018b, 2019) in the formation
and binding of reactive trivalent arsenic species, even in tissues with
low As3MT activity (Kobayashi et al., 2007). However, the evidence for
metabolic activation of As' by methylation is seemingly paradoxical,
given that As3MT-catalyzed methylation appears to facilitate urinary
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Scheme. Metabolic activation to DMA™ by arsenite methyltransferase-
(As3MT) catalyzed methylation of arsenite and direct reduction of DMA".

excretion of the major metabolite, dimethylarsinic acid (DMAY), and
decrease acute toxicity in wild-type vs. As3MT-knockout mice (Currier
et al.,, 2016). The paradoxical relationship between metabolism and
toxicity is underscored further by the observations that DMAY and As'
are both carcinogenic when administered chronically to adult rodents
(Wei et al., 2002; Arnold et al., 2006; Tokar et al., 2012).
Additionally, organic forms of arsenic contribute significantly to
human intake of total arsenic. Rice is a major staple food, which
through a confluence of soil chemistry, plant biology, and agricultural
practices absorbs and translocates significant amounts of inorganic and
methylated arsenic species into the grain (Zhao et al., 2013). The dis-
tribution between As' and methylated forms, primarily DMAV, varies
widely as the percentages in rice can range from 90-0 and 10-100,
respectively (Zhao et al., 2013). For example, in the general population
of Japan, the ratio of DMAY, relative to As! from dietary intake of
grains (presumably primarily rice) is approximately 0.2 (3.3 vs. 13 ug
As/day; Oguri et al., 2014), whereas in the U.S., the corresponding ratio
from rice consumption is 1.4 (0.044 vs. 0.032 ug/kg bw As/d; U.S. Food
and Drug Administration, 2016). Seafood is another major dietary
source of organic arsenic (reviewed in Taylor et al., 2017). While ar-
senobetaine is the prominent As species present in fish, it is metaboli-
cally inert and has negligible toxicity (Taylor et al., 2017). Pioneering
work by Francesconi and colleagues has elucidated two major classes of
organic arsenic species present in seafood, arsenolipids and arsenosu-
gars (Raml et al., 2009; Glabonjat et al., 2014; Al Amin et al., 2018).
Quantitative analytical methodology is becoming more widely avail-
able, facilitating a more complete assessment of the total dietary intake
of these forms of arsenic in seafood (Al Amin et al., 2018; Wolle and
Conklin, 2108). The estimated daily intake in Japan from algae plus fish
and shellfish for arsenolipids was 7.8 pug As per person and 4.8 ug As per
person for arsenosugars (Al Amin et al., 2018). There is limited evi-
dence in vitro for possible toxicity associated with some arsenolipids,
but not arsenosugars (reviewed in Taylor et al., 2017); however, both
arsenosugars and arsenolipids in seafood can be extensively converted
by humans into DMAY (Schmeisser et al., 2006; Raml et al., 2009).
Finally, DMA" (cacodylic acid) is also used as a non-selective herbicide
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(Kenyon et al., 2005).

Despite, or possibly because of, the complexities conferred by me-
tabolism and dietary exposure to multiple forms of arsenic-containing
compounds, risk assessments by international regulatory bodies have
focused on exposures to As', based primarily on increased incidences of
cancer in humans consuming elevated levels of As' from heavily con-
taminated drinking water (European Food Safety Authority, 2009; U.S.
Environmental Protection Agency, 2010; World Health Organization,
2011; U.S. Food and Drug Administration, 2016). The centrality of in-
ternal exposure to DMA" in arsenic toxicity, from either metabolism of
As' or direct consumption, suggest that the basis for risk assessment
should include dietary sources of DMA".

In order to compare the internal exposures associated with meta-
bolic activation of As' vs. DMAY, the current study used controlled
dosing with DMAY in adult female CD-1 mice with identical metho-
dology to that used in a previous toxicokinetic study with arsenite
(Twaddle et al., 2018b). Female mice were selected to maintain con-
tinuity with previous studies that specifically investigated pharmaco-
kinetics during perinatal lifestages (i.e., placental and lactational
transfer and neonatal). While no compelling evidence for sex differ-
ences in arsenite pharmacokinetics between males and females is
known, additional testing of this hypothesis may be required. The ad-
ministered dose in both cases was 50 ug/kg bw as As equivalents, which
was chosen to minimize non-linear effects on toxicokinetics caused by
metabolic saturation at higher doses (Kenyon et al., 2005; Hughes et al.,
2008; Twaddle et al., 2018a). Furthermore, this comparison provides a
direct testing of the hypothesis that As3MT-independent reductive
metabolism of pentavalent arsenic species contributes to the formation
and binding of trivalent intermediates that presumably underlie the
toxicity of arsenic (Go and Jones, 2013; Shen et al., 2013; Scheme).

2. Methods
2.1. Reagents and standards

Hydrogen peroxide (30%) was purchased from Fisher Optima
(Thermo Fisher Scientific, Waltham, MA); ammonium phosphate di-
basic from Sigma-Aldrich (St. Louis, MO); MilliQ-H>O (18 M) from
Millipore (Billerica, MA); and 30kDa molecular weight cutoff cen-
trifuge filters (30 kD MWCO) from EMD Millipore (Darmstadt,
Germany). Blood was collected in EDTA-coated plasma separator tubes
(MiniCollect, Greiner Bio-One, Monroe, NC) ranging in size from 0.25
to 1 mL.

NIST-certified solutions (standard reference materials, SRMs) of
arsenite and arsenate were purchased from SPEX (Metuchen, NJ DMAY
(dimethylarsinic acid) was purchased from Chem Service (West
Chester, PA), sodium arsenite was purchased from Lab Chem
(Zelienople, PA), and all solutions were prepared by accurately
weighing a portion and diluting with MilliQ-H»O. All dilutions were
prepared in dark, polypropylene bottles and stored at 4 °C. All standards
were prepared on the basis of elemental As concentration (75 g/mol)
and analyzed by infusion into the ICP/MS to ensure an equal As con-
centration, using arsenate as the reference (NIST SRM 1640A, trace
elements in natural water; Gaithersburg, MD). Sterile saline used for
preparation of the intravenous dosing solution was obtained from
Vedco, Inc. (St. Joseph, MO).

2.2. Animal handling procedures

All procedures involving the care and handling of mice were re-
viewed and approved by the National Center for Toxicological Research
Laboratory Animal Care and Use Committee. Charles River Co.
(Wilmington, MA) provided female CD-1 mice (9-10 weeks of age).
Upon arrival, mice were placed on a low-arsenic basal diet (5K96, Test
Diets, Purina Mills, Richmond, IN) for at least 10 days in order to re-
duce the background levels of arsenic present in blood and tissues. This
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Fig. 1. Plasma time course data for DMA" in female CD-1 mice dosed orally (PO) and intravenously (IV) with 50 pg/kg bw DMAY (arsenic equivalents; values plotted
represent means of n = 5-6 mice per time point + SD). The LOD was approximately 1 nM in blood (50 pL).

length of depuration time was not rigorously investigated but found to
be sufficient in our initial study (Twaddle et al., 2018a). Adult mice
were dosed with DMAY by gavage (n =54) or intravenously (IV;
n = 60) via the lateral tail vein (5 uL/g bw) at 9-10 weeks of age when
the body weights were 27.5 + 5.1 or 28.5 * 4.2g (mean *= SD), re-
spectively. A dose of 50 ug/kg bw as As equivalents (667 nmol/kg bw)
was used throughout. All mice had access to chow throughout the
procedures. Blood was collected by cardiac puncture after CO, as-
phyxiation at various times after dosing (pre-dose, dosing at O min,
0.083 (5min, IV only), 0.167 (10 min, IV only), 0.25 (15min), 0.5
(830 min), 1, 2, 4, 8, and 24 h for the preparation of plasma and ery-
throcyte fractions by centrifugation (n = 6 mice per time point for
gavage and n = 5-6 mice per time point for IV). Tissues were collected
from all mice 1h after dosing because this interval produced maximal
tissue levels after gavage administration in the previous studies
(Twaddle et al., 2018a). This sampling time was used to maintain
methodological continuity with interpretations from the previous stu-
dies and also because plasma levels of DMAY were essentially maximal
at 0.5-1h (Fig. 1) and maximal levels of DMA™ were observed in er-
ythrocytes at 1h (Fig. 2). Tissue and blood samples were stored frozen
at —60 °C until analyzed. Repeated analysis of selected blood and tissue
samples stored at —60 °C over the course of several months showed no
evidence for significant changes in the determined concentrations of
any arsenic species.

For gavage treatment, the dosing solution was prepared by accu-
rately weighing DMAY, diluting with MilliQ H,O into a dark, poly-
propylene bottle, and storing in the refrigerator until use. The dosing
solution for the IV exposure study was prepared and stored similarly to
the gavage study; however, the diluent was sterile saline.
Concentrations of both dosing solutions were measured and observed to
be stable throughout the duration of each exposure route study.

2.3. Sample preparation procedures

Plasma, erythrocytes, and tissues were processed as previously de-
scribed (Twaddle et al., 2018a). All samples were analyzed with and
without H,0, treatment using LC-ICP/MS to separate and quantify
soluble DMA". The entire length of the intestine, from just below the
stomach to the rectum, was collected. Representative tissue samples
were obtained by taking portions throughout the respective organs. No
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special perfusion procedures were used to purge any included contents
from the tissues (e.g., blood and feces) based on prior experimentation
showing no evidence for carryover into enterocytes or luminal contents
from oral arsenite dosing (Twaddle et al., 2018b). The time courses and
excretion data following orally administered arsenite gavage showed
minimal concentrations of speciated arsenic species in feces (mean
2 * 2% of total dose, primarily as DMAY, 87%; Twaddle et al., 2018a)
and similar profiles of arsenic species in perfused (Gokulan et al., 2018)
vs. unperfused (Twaddle et al., 2018b) intestinal tissue following oral
administration of arsenite. Specifically, similar percentages of total
intestinal arsenic species present as either DMA(II + V),
MMA(II + V), or As3 + As'-bound were observed in perfused intestine
(53, 34, 14%, respectively, from repeated oral dosing through drinking
water in Gokulan et al., 2018) vs. unperfused intestine (30, 53, 17%,
respectively, from single gavage dosing in Twaddle et al., 2018b). If the
administered gavage dose were retained within the luminal contents (as
opposed to the enterocytes), the levels of As3 and As-bound would
have been much higher in the unperfused intestine. Clearly, reductive
and methylation metabolism within the intestine predominates. Re-
peated analysis of selected tissue samples stored at —60 °C over the
course of several months showed no evidence for significant changes in
the determined concentrations of DMA species, as detailed previously
for blood components (Twaddle et al., 2018b).

2.4. Liquid chromatography

Ion exchange LC was performed using a Thermo UltiMate 3000
HPLC system (Thermo Scientific, Germering, Germany) consisting of a
pump and autosampler. A Hamilton PRP-X100 column (4.1 X 250 mm,
10 p particle size, Hamilton, Reno, NV), with an isocratic mobile phase
consisting of 98% 10 mM ammonium phosphate (pH 8.25, prepared
daily) and 2% methanol (Thermo Fisher Scientific) at a flow rate of
1 ml/min, was used for analyte separation/speciation.

2.5. Mass spectrometry

A Thermo X-Series II ICP-MS (Thermo Electron, Bremen, Germany),
equipped with a microflow nebulizer and Peltier-cooled spray chamber
maintained at 2 °C (PC3, Elemental Scientific, Omaha, NE), was oper-
ated in KED mode to monitor elemental arsenic (m/z 75) while
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Fig. 2. Time course data for DMA species in erythrocytes from female CD-1 mice dosed orally or intravenously with 50 pg/kg bw DMAY(arsenic equivalents). Note
the common log abscissa scale and that the LODs were approximately 1 nM in blood (50 pL).

Top Panel: Oral administration; values plotted represent means of n =
6 mice per time point = SD.

Bottom Panel. Intravenous administration; values plotted represent means of n =

5—
6 mice per time point + SD.

mitigating potential mass interference (i.e., ArCl).

2.6. Sample calibration curve

Quantification of each sample set used a series of arsenic standards
(arsenite, arsenate, MMAY, DMAY) in 10 mM ammonium phosphate (pH
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8.25) at defined concentrations to prepare a daily calibration curve.
Typically, these standards consisted of a blank along with 3-5 con-
centrations over a range of 0.05-20 ng/mL As. Linear responses were
consistently observed (R? > 0.999). A typical sample set consisted of
calibration standards, a buffer blank, matrix blanks, matrix spikes at
multiple concentrations, and incurred samples. Standards were
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Table 1
Toxicokinetic parameters in plasma from female CD-1 mice dosed orally with
50 pg/kg bw DMAY (arsenic equivalents; values represent means of n = 6 mice
per time point *+ SD). Note that the fraction absorbed (absolute bioavail-
ability) into plasma was determined from the ratio of DMAY AUC-oral/DMA"
AUC-1IV.

As Species  tjoplim  ti2abs  AUCo.. Cmax (MM)  Tpax (h)  Fraction
(h) (h) (nM x h) absorbed
DMAY 4.7 0.8 400 84 + 26 0.5 0.48

interspersed throughout the sample set to monitor ICP/MS and chro-
matographic performance. The column effluent was directed through a
10-port switching valve (Rheodyne/IDEX, Lake Forest, IL) that was
used to introduce a post-column standard addition of arsenate to pro-
vide signal normalization throughout every sample set, as described
previously (Twaddle et al., 2018a).

2.7. Method validation

Method validation consisted of spiking plasma or erythrocytes with
3 concentrations of mixed arsenic standards and preparing each con-
centration in quadruplicate (e.g., 0.1, 1.0, and 10.0 ng/mL) as described
previously (Twaddle et al., 2018a). Similarly, tissues were spiked at 5,
10, and 100 ng/g with mixed arsenic standards and homogenized with
10 mg-equivalent aliquots analyzed in quadruplicate on separate days
as described previously (Twaddle et al., 2018a).

Method detection limits for DMA species, which reflect the presence
of low levels in untreated adult CD-1 mice (Table S1) that were sub-
tracted from dosed samples, were approximately 1 nM in blood (50 pL)
and 1 pmol/g in tissues (10 mg).

2.8. Toxicokinetic analysis

Plots of average blood (erythrocytes and plasma) concentrations of
DMA species at each time (5-6 mice/time point) following bolus gavage
and intravenous administration were analyzed using model-in-
dependent (non-compartmental) pharmacokinetic analysis (PK
Solutions 2.0 software, Summit Research Services, Montrose, CO).
Background levels were determined from buffer blanks and untreated
(pre-dose) mouse blood (Table S1) and were subtracted from all time
points prior to kinetic analysis in order to derive more accurately tox-
icokinetic parameters that are dependent on achieving complete elim-
ination (e.g., t1/2g1im, AUCo..., and clearance). All data points collected
were used for the graphical analyses described. Log-linear plots were fit
to up to three kinetic phases corresponding to elimination, distribution,
and absorption/formation. The first-order elimination rate constants
(kgjim) were determined from the terminal slope of each curve. The
first-order distribution and/or absorption rate constants were de-
termined after subtracting the contribution from the terminal elimina-
tion phase of the respective curve (i.e., feathering). Half-times were
determined from rate constants using the relationship: half-time (t;,
5) = In 2/k. The areas under the time-concentration curve (AUCy...) for
blood measurements were determined by using the trapezoidal rule.

2.9. Statistical analysis

Pharmacokinetic parameters were determined from plots of group
mean values (n = 5-6 mice at each time point). Where appropriate,
group mean values were compared by using a two-sided t-test.
Significance was associated with p-value < 0.05.
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3. Results
3.1. Plasma toxicokinetics

3.1.1. Background exposure

Mice obtained from Charles River contained measurable levels of
DMA species in blood and tissues. In order to reduce the contribution to
blood and tissue levels from this background as much as practicable,
upon arrival all mice were placed on a different chow-based diet with
lower arsenic content (Purina 5K96) for at least 10 days. The levels of
arsenic species present in this basal diet were reported previously
(Twaddle et al., 2018a). The mean values *+ SD were determined from
5 lots of feed for arsenite (16 + 0.82 ppb), arsenate (26 + 3.9 ppb),
MMAY (2 = 0.2ppb), DMAYV (17 = 3.7ppb), and arsenobetaine
(45 = 12 ppb). Consistent with the levels of arsenic species in the basal
diet and previous publications (Twaddle et al., 2018a), blood and tis-
sues from untreated mice (pre-dose) contained detectable levels of
DMAY and DMA™ (Twaddle et al., 2018b; Table S1). The respective
background values were subtracted from blood and tissue levels de-
termined after dosing in order to more accurately derive toxicokinetic
parameters that are dependent on complete elimination (e.g., t;/2giim,
AUGCy..., and clearance).

3.1.2. Oral DMAY dosing

Gavage treatment of mice with 50 ug/kg bw doses of DMA" (i.e.,
667 nmol As/kg bw) led to its rapid appearance in plasma, with max-
imal plasma concentration of DMAY observed at 0.5h (Fig. 1 and
Table 1). No evidence for demethylation to MMA" or As' was observed
(data not shown). Similarly, no evidence for formation of trimethy-
larsine oxide (TMAO) was observed in the LC-ICP/MS chromatograms
(data not shown). The elimination of DMAY from plasma was slower,
with observable levels present at 24 h (Fig. 1 and Table 1). Analysis of
samples with and without H>O, showed that binding of DMA to plasma
proteins contributed only a small amount to the total arsenic present
(e.g., DMA™ levels were below 20% of DMA", not shown).

3.1.3. Intravenous DMA" dosing

Intravenous injection of mice with 50 ug/kg bw of DMAV led to
rapid elimination that was approximately 6-fold faster than that ob-
served from oral administration (Fig. 1 and Tables 1 and 2). Based on
the AUC,... values for oral and intravenous DMAY, the absolute bioa-
vailability was 48% (Tables 1 and 2). The observed volume of dis-
tribution for DMAY (0.90 L/kg bw) is consistent with its distribution
throughout total body water. There was also a large route effect on the
elimination kinetics for DMAY, with a much slower process observed
following oral administration (Fig. 1).

3.2. Erythrocyte toxicokinetics

3.2.1. Oral DMAY dosing

The pilot study established the utility of the erythrocyte fraction as
an accessible source for measuring systemic trivalent arsenic species to
complement the measurements of pentavalent arsenic species in mouse
plasma (Twaddle et al., 2018a). Fig. 2 shows the time courses for bound
DMA™ after oral administration and the corresponding concentrations
of “free” DMA". As seen previously, the levels of DMAV in the ery-
throcyte fraction were consistently lower than the corresponding levels

Table 2
Toxicokinetic parameters in plasma from female CD-1 mice dosed intravenously
with 50 pg/kg bw DMA" (arsenic equivalents; n = 5-6 per time point).

As Species  ty /2g1im t1/2Distr AUCy... mMx Cl (L/(hxkg V4 (L/kg
(h) (h) h) bw)) bw)
DMAY 0.8 0.1 830 0.80 0.90




N.C. Twaddle, et al.

Table 3

Toxicokinetic parameters in erythrocytes from female CD-1 mice dosed orally
with 50 ug/kg bw DMAY (arsenic equivalents; n = 6 mice per time point,
means * SD). Note that fraction absorbed (absolute bioavailability) into ery-
throcytes was determined from the ratio of DMAY AUC-oral/DMAY AUV-IV.

As Species  t1/2g1im AUCy... (MM x  Cpax (AM)  Tpax (h)  Fraction
(h) h) absorbed
DMAY 1.0 138 53 + 23 2 0.59
DMA™ 6.5 445 56 + 25 1 -
Table 4

Toxicokinetic parameters for arsenic species in erythrocytes from female CD-1
mice dosed intravenously with 50ug/kg bw DMAY (arsenic equivalents;
n = 5-6 per time point).

As Species t1/261im (h) AUC... (nM x h)
DMAY 0.8 233
DMA™ 1.3 236

in plasma and the elimination kinetics were faster (Tables 1 and 3). The
levels of DMA™ bound to erythrocyte thiols generally exceeded those of
the corresponding “free” DMAY, and the elimination was slower. Ac-
cordingly, the erythrocyte AUC for bound DMA™ was 3.2-fold higher
than that for DMAY (Table 3).

3.2.2. Intravenous DMA" dosing

Injection of DMA" led to binding of DMA™ bound to erythrocyte
thiols at levels similar to those for “free” DMA" and the elimination
profiles were also similar (Tables 3 and 4; Fig. 2). Accordingly, the
respective AUCs for DMAY and DMA™ were similar (Tables 3 and 4).
The erythrocyte-derived value for fraction of DMA" absorbed (0.59)
was similar to that from plasma data (Tables 1 and 3). When comparing
IV and oral routes, the elimination kinetics for DMAY were similar, but
elimination of DMA™ was slower after oral administration. As a result,
the respective AUC after oral administration for DMA™ was greater
(1.9-fold), apparently at the expense of DMA".

3.2.3. Comparison between oral dosing with equimolar DMA" vs. sodium
arsenite from Twaddle et al. (2018b)

Oral administration with DMAY produced lower plasma concentra-
tions of DMA" with the AUC and Cy,,, values representing 45 and 38%,
respectively, of those produced by oral dosing with equimolar arsenite
(Twaddle et al., 2018b). The kinetics of DMAY elimination in plasma
were similar to those observed following oral administration of arsenite
(Table 1, respectively; Twaddle et al., 2018b).

Erythrocyte toxicokinetics showed that orally administered DMAY
produced lower AUCs for both DMAY (47%) and DMA™ (66%; Table 3
and Fig. 3) than the corresponding oral administration of arsenite
(Twaddle et al., 2018b). Similarly, the AUCs for DMAY and DMA™ from
intravenously administered DMA" were lower than the corresponding
values from arsenite (57 and 24%, respectively). The elimination ki-
netics for DMAY and DMA™ from erythrocytes were markedly faster for
both routes of DMA" administration when compared to arsenite ad-
ministration.

3.3. Tissue measurements

3.3.1. Oral DMAY dosing

DMA species were also measured in selected tissues following oral
administration, including targets for carcinogenesis (liver, lung, and
kidney), intestine, muscle, and brain (Fig. 4 and Table S3). A common
time interval of 1h after dosing was selected for comparison because
this time produced maximal levels of DMA-derived species in liver,
lung, and erythrocytes after oral dosing in the pilot study (Twaddle
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et al., 2018a) and were reported this way in the previous arsenite
toxicokinetic study (Twaddle et al., 2018b). The percentages of ad-
ministered dose as total DMA species within the tissues at the 1 h time
point were estimated using literature values for several organs in adult
female CD-1 mice (Krinke, 2004). Tissues contained very low percen-
tages of the administered dose, in the range of 0.001% (brain) to 0.03%
(liver). Blood content of total DMA species was estimated at 0.06% of
the administered dose. Based on the previous study with arsenite dosing
(Twaddle et al., 2018a), urine was collected over an 8 h period and
contained 40-78% of administered dose (mean 53 * 14%; primarily as
DMAY, 83%), whereas feces collected over a 24h period contained
1-6% (mean 2 * 2%%; primarily as DMA", 87%). Given the low
percentages estimated in the blood and tissues, the preponderance of
administered DMAY dose is probably present in the urine, although
urine was not collected for the current study. While the Ty, values for
DMA species were observed at other time points in the blood (Figs. 1
and 2), the use of a common time was simpler and, in any case, the ratio
of tissue/plasma (partition or distribution ratio) can be computed for
use in modeling.

Following oral administration, levels of bound DMA™ and DMAY
were highest in the intestine, relative to other tissues tested (Fig. 4).
Liver, the organ receiving portal blood delivery following absorption in
the intestine, had lower levels of DMA species than the intestine. Ap-
parent first-pass reductive metabolism of DMAY in the intestine and
liver was suggested by the successively lower levels of bound DMA™ in
intestine > liver > downstream sites like erythrocytes, lung, kidney,
muscle, and brain. It is noteworthy that the levels of DMA species were
much lower in brain than all other tissues examined. The time course of
DMA levels after oral administration was investigated in the GI tract
(Table S4), which showed that maximal levels DMAY and DMA™ were
observed at the initial sampling time (0.25 h), albeit with high varia-
bility, presumably associated with sampling conducted across the entire
length of the intestine to avoid bias associated with sampling any one
region.

3.3.2. Intravenous DMA" dosing

Tissue measurements were made in intestine, liver, and erythrocytes
following IV injection to evaluate the effects of first-pass metabolism
(Fig. 4 and Table S5). Following IV administration, the levels of bound
DMA™ and DMAY were lower in the intestine and liver than those
produced by oral administration (Fig. 4), whereas the plasma and er-
ythrocyte levels were similar for both routes. All tissue levels after in-
travenous injection were similar (Fig. 4 and Table S5). This result
contrasts what was seen after oral administration where the levels of
bound DMA™ successively decreased in the order of entry into the body
(i.e., intestine > liver > erythrocytes; Fig. 4 and Table S3).

3.3.3. Comparison of tissue levels between oral dosing with equimolar
DMAY vs. sodium arsenite from Twaddle et al. (2018b)

The levels of bound DMA™ in the intestine were similar for gavage
administration of DMAY vs. sodium arsenite (89%); however, in liver
(10%) and all other tissues examined (12-41%) the respective levels
were lower in mice dosed with DMAY (Table S2). The relative tissue
levels of DMAY showed a similar pattern (76% of the arsenite value in
the intestine and 17-41% range in the other tissues).

4. Discussion

Previous studies of bolus oral dosing with sodium arsenite in adult
female CD-1 mice provided a framework for sample collection and
analysis to generate toxicokinetic data for pentavalent and bound tri-
valent arsenic species in blood and tissues (Twaddle et al., 2018a,
2018b). The predominant species observed in plasma and urine was the
terminal product of As3MT methylation and aerobic oxidation, DMAY
(Scheme). Similarly, DMA™ was the predominant species present bound
to tissue and erythrocyte thiols after oral dosing with arsenite (Twaddle
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et al., 2018b). The kinetic and thermodynamic factors associated with
arsenic-sulfur bonding were manifested in the time courses for blood
and tissue levels as: 1) high fluxes of trivalent and pentavalent arsenic
metabolites in the intestine and liver through the action of As3MT; 2)
extensive binding of trivalent arsenic species to tissue and erythrocyte
thiols; 3) facile mobilization of bound trivalent arsenic species by
physiological levels of GSH; and 4) reduction of pentavalent arsenic
species to the trivalent analogs by cellular constituents in tissues
(Delnomdedieu et al., 1994; Styblo et al., 1997; Németi and Gregus,
2013; Twaddle et al., 2018a, 2018b). The formation and fate of DMA
species appear pivotal in understanding the toxic effects of arsenic in
humans and animal models because they occupy a central role in the
metabolism and disposition of As'. In addition, DMAY and As' share a
similar magnitude of human dietary exposures (Oguri et al., 2014; U.S.
Food and Drug Administration, 2016) and carcinogenicity in adult ro-
dent models (Wei et al., 2002; Arnold et al., 2006; Tokar et al., 2012;
Cohen et al., 2013). For these reasons, it was important to compare the
extent to which As3MT-dependent methylation of inorganic arsenic and
reductive metabolism of DMA" contribute to production of the reactive
metabolite, DMA™, which can bind covalently to tissue thiols and po-
tentially dysregulate cellular functions (Go and Jones, 2013; Shen et al.,
2013). This study enabled such a comparison by conducting tox-
icokinetic studies in the same animal model treated with either sodium
arsenite or DMA" under identical conditions of dosing and analysis.

4.1. Toxicokinetics of DMA" in adult female CD-1 mice following gavage
and injection routes of administration

Comparison of DMA" blood toxicokinetics by oral and intravenous
routes showed clear evidence for pre-systemic metabolism of DMAY in
the intestine and liver (Fig. 4), which led to an absolute (oral) bioa-
vailability of 48% (Tables 1 and 2). These findings seemingly contrast
with those of Vahter et al. (1984) where radiolabeled DMAY (oral ad-
ministration of 0.4 mg/kg bw) was recovered quantitatively in mouse
excreta within 48 h, predominately as unchanged parent in urine (84%)
and feces (16%). However, plasma measurements of DMA" do not in-
clude the portion of dose converted to DMA™, which binds to thiols in
erythrocytes and tissues (Twaddle et al., 2018b). Bound levels of the
reactive metabolite, DMA"™, in the orally exposed intestine were far
greater than in any other tissue examined (especially the IV-exposed
intestine), which suggests significant reduction after bolus delivery at
the initial site of entry, from which mobile thiol complexes could dis-
tribute into the liver and further, systemically. Consistent with this
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view, liver and erythrocytes, which contain significant pools of avail-
able thiol residues from small molecules and proteins (Twaddle et al.,
2018a), contained significant amounts of bound DMA™. Major organs
like the lung and kidney contained levels similar to those in liver, while
brain and muscle had the lowest levels (Fig. 5). After IV administration,
the erythrocyte AUCs for DMAY and bound DMA™ were similar
(Table 4), but after gavage the AUC for bound DMA™ was ~ 3-fold
higher than DMAV (Table 3). These results show that systemic reductive
metabolism of DMAV does occur after injection, but to a lesser extent
than after successive passage through the intestine and liver after ga-
vage. The rapidity of systemic appearance for DMA™, as evidenced by
the time course for binding in erythrocytes (Fig. 2 and Table 3), sug-
gests that the reduction, soluble complex formation, and transport into
blood takes place after absorption into the intestine as opposed to re-
duction by anaerobic colonic microbiota after transit through the gas-
trointestinal tract.

4.2. Comparison of toxicokinetics of DMAY and sodium arsenite in adult
female CD-1 mice following oral administration

Gavage treatment of adult female CD-1 mice with sodium arsenite
led to extensive methylation, predominately to the terminal metabolite,
DMAY, with smaller amounts of the intermediate MMAY, and minor
amounts of the substrate, arsenite, in plasma (Twaddle et al., 2018b).
“Free” DMA" represented > 98% of combined plasma AUCs for arsenic
species. Measurements in tissues and erythrocytes provided evidence
for the formation and binding of reactive metabolites, DMA™ and
MMA™, as well as arsenite. Bound DMA™ comprised 74% of the com-
bined AUCs in erythrocytes while bound MMA™ comprised 22%.
DMA™ was the major bound metabolite in all tissues except the intes-
tine, where MMA™ was maximal. Since DMA™ is the final product of
arsenite methylation by As3MT (Dheeman et al., 2014; Scheme) at low
doses (this work and Hughes et al., 2008), and it rapidly reacts with
thiol groups, it is possible that soluble trivalent complexes could cir-
culate systemically and exchange with other thiols at distal sites. In
addition, in situ reduction of DMAY within tissues is also likely
(Delnomdedieu et al., 1994; Styblo et al., 1997; Németi and Gregus,
2013; Twaddle et al., 2018a, 2018b), which also contributes to tissue
binding (this study).

For this reason, the current study focused on dosing with DMAY so
that only the reductive pathway was possible (Scheme). The plasma
AUC for DMA" after DMAY dosing was 45% of that from arsenite
(Table 1) and the erythrocyte AUC for bound DMA™ was 66% of that
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Fig. 4. Tissue concentrations for DMA species from female CD-1 mice 1 h after oral or intravenous dosing with 50 ug/kg bw DMAV (arsenic equivalents). Note the
common log abscissa scales, the LODs were approximately 1 nM in blood (50 uL) and 1 pmol/g in tissues (10 mg), and that the plasma concentration of DMA™ was

estimated as < 20% of the plasma DMA".
Top Panel: Oral administration; mean values = SD; n = 6 mice.
Bottom Panel: Intravenous administration; mean values + SD; n = 5-6 mice.

from arsenite (Fig. 3). However, in the intestine where reductive me-
tabolism first occurs, both DMAY (76%) and bound DMA™ (89%) were
more similar for DMAV vs. arsenite dosing (Tables S2 and S3). While the
respective percentage of bound DMA™ in liver was 10% for DMA" vs.
arsenite gavage, in lung it was 71%, and in kidney 20%. Fig. 3 also
shows the smaller contributions to erythrocyte AUCs for bound MMA™
and arsenite after arsenite dosing.

There are notable differences in the structures of arsenic species that
affect interactions integral to tissue uptake and efflux of As' and
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methylated species. Firstly, arsenite is neutral at physiological pH va-
lues (pKa 9.2), whereas DMAY (pKa 6.2) and arsenate (pKa 2.2) are
negatively charged. While arsenite, arsenate, and DMAY are all small
polar molecules, the charge structures affect interactions with trans-
porter proteins (reviewed in Roggenbeck et al., 2016). For example,
arsenite is a preferential substrate for aquaporins (AQP), which trans-
port neutral substrates like water and glycerol, and arsenate interacts
with phosphate transporters. On the other hand, DMAY is a substrate for
multidrug resistance proteins (MRP), which often transport negatively
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charged glucuronide/sulfate/glutathione conjugates. The transcellular
and paracellular interactions of arsenic species in the intestine are
especially important for understanding absorption processes integral to
oral bioavailability, but at this time limited information is available to
fully compare relevant biochemical pathways for inorganic and me-
thylated arsenic species (Roggenbeck et al., 2016; Calatayud et al.,
2012).

Furthermore, differences in reaction kinetics and the potential for
structural effects on modified proteins from mono-thiol binding of
DMA™ vs. bis- and tris-interactions of MMA™ and arsenite, respectively,
could also influence relative toxic potential (Shen et al., 2013). Irre-
spective of the source for DMA™ exposure (i.e., indirectly from arsenite
metabolism or directly from ingestion of DMAY), the levels of bound
DMA™ found in circulation and most tissues only differ by degree
(Figs. 3-4 and Tables S2-S3), particularly in target tissues for carci-
nogenesis (i.e., liver, lung, and kidney).

5. Conclusions

The current study expands upon our previous toxicokinetic studies
in an important animal model for the carcinogenic effects of arsenite
(Tokar et al., 2011) and DMA" (Tokar et al., 2012). The data are con-
sistent with a scenario in which ingested DMA" is extensively absorbed
into the gut, where a significant portion undergoes rapid first-pass re-
ductive metabolism to reactive DMA™, which binds to protein and low
molecular weight thiols. The remaining DMA" and mobile DMA™.-thiol
complexes are then transported via portal blood flow to the liver for
additional reduction and systemic distribution. Dosing with DMAY
produced fluxes of reactive DMA™ in tissues and blood from reductive
metabolism that were nearly as high as those produced by methylation-
dependent metabolism of sodium arsenite. The especially high levels of
bound DMA™ in intestinal tissue from ingestion of either As' or DMAY
support reports of adverse effects, including transformation of intestinal
cells (Chiocchetti et al., 2019) and changes in gut microbiota and im-
mune functions (Gokulan et al., 2018). The levels of bound trivalent
arsenic metabolites in target tissues (i.e., liver, lung, and kidney) are
supportive of the carcinogenic effects of both As' and DMAY in
chronically exposed rodent models (Wei et al., 2002; Arnold et al.,
2006; Tokar et al.,, 2011, 2012; Cohen et al., 2013). These results
provide direct evidence for metabolic activation of DMA" by reduction
and, by inference, As' through both methylation and reduction path-
ways. These blood/tissue concentration data on the kinetics and me-
tabolism of DMA" should be useful in physiologically based pharma-
cokinetic (PBPK) modeling of DMA", arsenite metabolism, and the
disposition of DMA™ as the major reactive metabolite (Evans et al.,
2008). Finally, these results validate the notion that risk assessments,
currently associated with As' intake in drinking water and food, should
be expanded to include dietary DMA".
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