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ABSTRACT
Chronic arsenic exposure: mitigation with nutritional interventions and effects on
inflammation and renal function
Brandilyn A. Peters
Background: In the country of Bangladesh, arsenic (As) exposure and high plasma
homocysteine (hyperhomocysteinemia; HHcys) are widely prevalent. An estimated 35-77
million people in Bangladesh are exposed to As above the World Health Organization standard
of 10 µg/L, while a cross-sectional study by our group estimated that 63% of men and 26% of
women had HHcys. Both As exposure and HHcys are associated with adverse health outcomes.
Arsenic exposure is an established cause of skin, lung, and bladder cancer, and cardiovascular
disease, while HHcys is a strongly associated with increased risk for cardiovascular disease.
Chronic kidney disease is emerging as an As-linked disease outcome. Potential mechanisms for
adverse health effects induced by As (e.g. nephrotoxicity) include oxidative stress and
inflammation.
Inorganic As is metabolized through a series of methylation and reduction reactions
which facilitate As excretion in urine; arsenite (AsIII), the primary form of As in Bangladesh
drinking water, is converted to monomethylarsonic acid (MMAV), monomethylarsonous acid
(MMAIII), and dimethylarsinic acid (DMAV). The methyl donor for these methylation reactions
is S-adenosylmethionine (SAM). Because the availability of SAM is modulated by various
nutritional parameters, nutritional interventions have the potential to enhance As methylation.
Supplementation with folic acid (FA), which increases liver SAM, has been shown by our group
to enhance As methylation and lower blood As in folate-deficient Bangladeshi adults. The
endogenous synthesis of creatine from guanidinoacetate (GAA) consumes a large proportion of

SAM, and creatine supplementation in the diet can downregulate endogenous creatine synthesis
by inhibiting GAA production. In this way, creatine supplementation has the potential to spare
SAM, enhance As methylation, and also lower homocysteine (Hcys), a by-product of SAMdependent methylation.
The potential for dietary creatine to enhance As methylation may explain the frequently
observed associations of urinary creatinine with a decreased proportion of inorganic As in urine
out of total urinary As (u%InAs), and an increased proportion of DMA in urine out of total
urinary As (u%DMA) in epidemiological studies. Alternatively, it is possible that these
associations are due to confounding by renal function, which could influence both As and
creatinine excretion.
Objectives: Our objectives were to determine (1) whether folic acid and creatine lower blood As
in a mixed folate-deficient and replete population, (2) whether creatine lowers plasma total
homocysteine (tHcys), (3) whether As exposure is associated with increased inflammation and
decreased estimated glomerular filtration rate (eGFR), and whether these effects are greater in
those with a more oxidized plasma glutathione redox potential (E h GSH), and (4) whether As
metabolite proportions in urine and blood are associated with eGFR, and whether these
associations may explain the relationship between As metabolite proportions and urinary
creatinine.
Methods: We addressed these objectives in five epidemiologic investigations of As-exposed
Bangladeshi adults, employing data from a randomized placebo-controlled trial (the Folic Acid
and Creatine Trial (FACT)) and two cross-sectional studies (the Nutritional Influences on
Arsenic Toxicity (NIAT) study, and the Folate and Oxidative Stress (FOX) study). In the 24week FACT study, participants were randomized to receive either placebo, 400 µg/day FA

(FA400), 800 µg/day FA (FA800), 3 g/day creatine (Cr), or 3 g/day creatine + 400 µg/day FA
(Cr+FA400). At week 12, half of the participants in the FA400 and FA800 groups were switched
to placebo, while the other half continued their assigned supplements. Additionally, at week 12
participants in the Cr and Cr+FA400 groups were switched to placebo.
In Chapter 4 (FACT), we examined whether FA400, FA800, Cr, or Cr+FA00 lowered
blood As to a greater extent than placebo over the first 12 weeks of the trial, and whether a
rebound in blood As occurred from week 12 to 24 related to cessation of FA supplementation. In
Chapter 5 (FACT), we examined whether Cr or Cr+FA400 lowered plasma tHcys to a greater
extent than placebo or FA400 alone, respectively, over the first 12 weeks of the trial. In Chapter
6 (NIAT), we examined the associations of water and urinary As with eGFR, and whether eGFR
confounded the associations between urinary creatinine and the urinary %As metabolites; we
also explored the associations of eGFR with the urinary %As metabolites. In Chapter 7 (FOX),
we examined the associations of eGFR with the urinary and blood %As metabolites; we also
examined whether the relationship between blood and urinary %As metabolites was decreased
among those with reduced renal function. In Chapter 8 (FOX), we examined the associations of
water, blood, and urinary As with markers of inflammation (C-reactive protein (CRP) and α-1
acid glycoprotein (AGP)), and eGFR, and investigated whether these associations were modified
by the plasma E h GSH.
Results: FA800 lowered blood As to a significantly greater extent than placebo over the 24
weeks of the FACT study, with no rebound in blood As related to cessation of FA
supplementation. FA400, Cr, and Cr+FA400 did not lower blood As to a greater extent than
placebo (Chapter 4). Cr and Cr+FA400 did not lower plasma tHcys to a greater extent than
placebo or FA400 alone, respectively. However, in the Cr+FA400 group we observed a

significant correlation between a decrease in plasma GAA over time and a decrease in plasma
tHcys over time (Chapter 5). Total urinary As was marginally associated with a decrease in
eGFR in the NIAT study, though water As was not. Additionally in the NIAT study, while eGFR
did not confound the relationship between urinary creatinine and urinary %As metabolites, we
observed a positive association between eGFR and u%InAs, and a negative association between
eGFR and u%DMA (Chapter 6). Likewise in the FOX study, eGFR was positively associated
with u%InAs and negatively associated with u%DMA; the associations of eGFR with the blood
%As metabolites were in the same direction, although not statistically significant. We
additionally observed that for a given increase in blood %InAs, the increase in urinary %InAs
tended to be smaller in those with reduced renal function, compared to those with normal renal
function (Chaper 7). In the FOX study we also observed the total blood As and urinary As were
marginally associated with decreased eGFR, while water As was not. Water As, urinary As, and
blood As were significantly positively associated with plasma CRP in those with low plasma
GSH or a more oxidized plasma E h GSH (Chapter 8).
Conclusions: Strategies to reduce risk for As-induced diseases are sorely needed, particularly
due to barriers to As exposure removal and/or persistent elevated risk from past As exposure.
Several susceptibility factors which can potentially be intervened upon have been discussed in
this dissertation, namely folate nutritional status, redox status, and renal capacity to excrete As.
Our finding that folic acid supplementation (800 µg/day) lowered blood As to a greater extent
than placebo in a randomized trial indicates that improving the folate status of the general
Bangladeshi population may reduce the body burden of As. Folate fortification of food in
Bangladesh, in addition to potentially reducing risk for As-induced diseases, would have the
additional benefit of substantially lowering the prevalence of HHcys. Our finding in a cross-

sectional study that individuals with a more oxidized plasma glutathione redox potential were
susceptible to As-induced inflammation may indicate that improving redox status can protect
against As-induced inflammation. Randomized trials are needed to confirm a protective effect of
antioxidants; upon confirmation, antioxidant dietary recommendations for As-exposed
populations could potentially be implemented. Finally, our cross-sectional finding of a positive
association between eGFR and urinary %InAs, and that eGFR modified the relationship between
blood and urinary %InAs, suggests that InAs excretion may be impaired among individuals with
reduced renal function. A decreased renal capacity to excrete InAs may lead to accumulation of
InAs in tissues, and related health effects. Potential interventions related to renal function include
treatment of risk factors for chronic kidney disease (e.g. blood pressure, blood glucose) in order
to prevent onset of renal function deterioration, or to screen for chronic kidney disease in order
to identify susceptible individuals and conduct directed interventions. Of these three
susceptibility factors, the strongest evidence exists for the potential of folic acid to lower blood
As. In Bangladesh, where As exposure and HHcys are widely prevalent, folate fortification
should be considered a viable option for reducing risk for As- and Hcys-related diseases.
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CHAPTER 1
Statement of hypotheses
Chronic exposure to inorganic arsenic (As) is a major environmental health problem
affecting millions of people worldwide. Established health risks from chronic As exposure
include lung, skin, and bladder cancer [1], cardiovascular disease [3], respiratory disease [2], and
neurodevelopmental toxicity [4]. Other conditions and diseases are emerging as targets of As,
including inflammation [5], which is a precursor to many chronic diseases, and chronic kidney
disease [6, 7].
Arsenic is metabolized in a series of methylation reactions catalyzed by arsenic
methyltransferase (AS3MT), with S-adenosylmethionine (SAM) as the methyl donor [8].
Arsenic metabolism facilitates As excretion in urine [8]. The primary approach to prevent Asinduced diseases is removal from As exposure. However, this is often complicated by the high
cost of water filters and the lack of access to low-As wells in some regions. Additionally, As can
be stored in tissues, leading to an increased risk for As-induced disease even after exposure has
ceased. Thus it is necessary to find supplemental approaches to reduce As exposure, such as
nutritional interventions. The folate-dependent one-carbon metabolism pathway synthesizes
SAM , and we have previously shown that folic acid (FA) supplementation enhances As
methylation and lowers blood As in folate deficient As-exposed Bangladeshi adults [9].
Our group [10-15] and others [16-18] have previously reported associations between
urinary creatinine (uCrn) and the percentage of total uAs that is inorganic As (u%InAs), and the
percentage that is dimethylarsinic acid (u%DMA). These studies have consistently shown that
uCrn is positively associated with u%DMA, and negatively associated with u%InAs. Based on
these observations, creatine supplementation may present a novel mechanism for enhancing As
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methylation: endogenous creatine synthesis consumes up to 50% of all SAM-derived methyl
groups [19], and supplementation with creatine may downregulate endogenous creatine synthesis
[20], leaving spare methyl groups available for As methylation (and also causing the observed
association between urinary creatinine, a catabolite of creatine, and As methylation). In this same
regard, creatine supplementation may also lower plasma homocysteine, a by-product of SAMdependent methylation that is associated with increased risk for cardiovascular disease [21].
Creatine supplementation has been shown to lower homocysteine in animal models [20],
however evidence from human trials has yet to support creatine as an effective homocysteinelowering treatment [22].
Evidence suggests that As exposure is associated with increased inflammation and
decreased renal function in animals [23-25] and humans [5, 26, 27], potentially via induction of
oxidative stress [28, 29]. However, little is known regarding the relationship between As
metabolism and renal function: specifically, how renal function may impact excretion of
different As metabolites in urine, and whether As methylation capacity alters risk for chronic
kidney disease. Additionally, if renal function differentially impacts the excretion of InAs and
DMA, this could be an alternative explanation for the observed associations between urinary
creatinine and the u%As metabolites.
This dissertation is an epidemiologic investigation focusing on two parts centering
around As: (I) nutritional interventions for lowering blood As and homocysteine, and (II)
associations between As exposure, As metabolism, inflammation, and renal function. An
overview of the hypotheses investigated in this dissertation can be seen in Figure 1.
Hypothesis 1: We hypothesize that nutritional interventions which stimulate one-carbon
metabolism will lower blood As.
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Specific Aim 1: In a 24 week randomized placebo-controlled trial of N=600 As-exposed
Bangladeshi adults, we will examine:
a) Whether FA supplementation (400 µg/day) lowers blood As over 12 weeks,
b) Whether a higher dose of FA (800 µg/day) provides an incremental benefit in lowering
blood As over 12 weeks,
c) Whether creatine supplementation lowers blood As over 12 weeks, and provides an
additional benefit when combined with FA supplementation, and –
d) Whether a rebound in blood As occurs from weeks 12 to 24 among participants that have
switched from FA to placebo after week 12, compared to participants that remain on FA
after week 12.
Hypothesis 2: We hypothesize that creatine supplementation will downregulate creatine
biosynthesis, thereby lowering plasma homocysteine.
Specific Aim 2: In a randomized control trial of Bangladeshi adults, we will examine:
a) Whether creatine supplementation lowers plasma guanidinoacetate,
b) Whether creatine supplementation increases blood SAM and decreases blood SAH,
and –
c) Whether creatine supplementation lowers plasma total homocysteine.
Hypothesis 3: We hypothesize that As exposure will be associated with increased inflammation
and decreased renal function, and that these effects will be modified by the plasma glutathione
redox potential, an indicator of tissue antioxidant balance.
Specific Aim 3:
a) In three cross-sectional samples (N=368, N=110, and N=374) of Bangladeshi adults, we
will examine whether water As and urinary As (and blood As in the N=374 sample) are
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negatively associated with estimated glomerular filtration rate (eGFR, as estimated from
plasma cystatin C).
b) In a cross-sectional sample (N=374) of Bangladeshi adults, we will examine whether
water As, blood As, and urinary As are positively associated with plasma inflammatory
biomarkers (C-reactive protein (CRP) and α-1 acid glycoprotein (AGP)).
c) In a cross-sectional sample (N=374) of Bangladeshi adults, we will examine whether the
associations of water As, blood As, and urinary As with CRP, AGP, and eGFR are
stronger in those with a more oxidized plasma glutathione redox potential.
Hypothesis 4: We hypothesize that associations will exist between As metabolism and renal
function, and potentially confound the association between As metabolism and urinary
creatinine.
Specific Aim 4:
a) In three cross-sectional samples (N=368, N=110, and N=375) of Bangladeshi adults, we
will explore the associations between the relative proportions of urinary As metabolites
(u%As metabolites) and eGFR; in one of the samples (N=375) we will additionally
explore the associations between the relative proportions of blood As metabolites (b%As
metabolites) and eGFR.
b) We will examine whether eGFR confounds the association between u%As metabolites
and urinary creatinine.
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Figure 1. Conceptual framework of hypotheses. For hypothesis 1, we aimed to determine in a
randomized, placebo-controlled trial, whether creatine and/or folic acid supplementation lowers
blood As. For hypothesis 2, in the same randomized trial we aimed to determine whether creatine
supplementation lowers plasma total homocysteine. For hypothesis 3, we aimed to examine
cross-sectionally whether arsenic exposure is associated with increased inflammation and
decreased renal function (eGFR), and whether these effects are stronger among those with a
more oxidized plasma glutathione redox potential (EhGSH). For hypothesis 4, we aimed to
explore the possibility that the associations observed between arsenic metabolism and urinary
creatinine may be explained by renal function.
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CHAPTER 2
Background
A. One-carbon metabolism and the transsulfuration pathway
a. Overview of biochemistry
The acquisition, exchange, and donation of one-carbon units, or methyl groups, occurs in
a biochemical pathway known as one-carbon metabolism (OCM) (Figure 1). OCM consists of
two functional cycles: the folate cycle and the methionine cycle. In the transsulfuration pathway,
homocysteine, a metabolite of the methionine cycle, is directed towards synthesis of cysteine and
glutathione (GSH). The pathways of OCM are compartmentalized within the cell, with some
reactions occurring only in the cytosol, while others may additionally occur in the mitochondria
or nucleus [1]. The biochemistry and functions of OCM and the transsulfuration pathway have
been outlined in detail in several review articles [1-3]. A simplified diagram of OCM and the
transsulfuration pathway, outlining the functional pathways, is presented in Figure 1. A more
complex overview incorporating cellular compartmentalization is presented in Figure 2.

Figure 1. Overview of one-carbon metabolism and the transsulfuration pathway.
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In order to enter the folate cycle, folic acid, a synthetic form of folate found in fortified
foods and in vitamin supplements, is reduced to dihydrofolate (DHF) and tetrahydrofolate (THF)
by dihydrofolate reductase (DHFR) [4]. Dietary folates are already in reduced form. In a
reversible reaction, a methyl group is transferred from serine to THF by the vitamin B6dependent enzyme serine hydroxymethyltransferase (SHMT), forming 5,10-methylene-THF and
glycine [2]. 5,10-methylene-THF can be utilized for the synthesis of DNA nucleotides
(thymidine and purines). In a reaction catalyzed by thymidylate synthase (TS), a methyl group is
transferred from 5,10-methylene-THF to the 5’ position of deoxyuridine monophosphate
(dUMP), forming deoxythymidine monophosphate (dTMP) and DHF [2]. Alternatively, in a
reversible set of sequential reactions 5,10-methylene-THF can be converted to 5,10-methenylTHF by 5,10-methylene-THF dehydrogenase (MTD) and then to 10-formyl-THF by 5,10methenyl-THF cyclohydrolase (MTCH) [2]. 10-formyl-THF can provide one-carbon units for
the formation of purine rings [2]. THF is regenerated from 10-formyl-THF by 10-formyl-THF
dehydrogenase (FTD), or by 10-formyl-THF synthetase (FTS); the latter reaction produces
formate [2]. 5,10-methylene-THF can also be derived from THF by the demethylation of
sarcosine to glycine, catalyzed by sarcosine dehydrogenase (SDH), or the demethylation of
dimethylglycine (DMG) to sarcosine, catalyzed by dimethylglycine dehydrogenase (DMGD) [2].
5,10-methylene-THF can be reduced by 5,10-methylene tetrahydrofolate reductase
(MTHFR) to 5-methyl-THF [2]. The methyl group of 5-methyl-THF then enters the methionine
cycle: it is transferred to homocysteine (Hcys) by the vitamin B12-dependent enzyme methionine
synthase (MS), generating methionine and regenerating THF [2]. Methionine can also be
obtained through the diet and/or generated independent of folate and B12, by the action of
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betaine-homocysteine methyltransferase (BHMT), which transfers a methyl group from betaine
(trimethylglycine) to Hcys, forming methionine and DMG [2].
Methionine is activated by methionine adenosyltransferase (MAT) to form Sadenosylmethionine (SAM), which serves as a universal methyl donor for numerous reactions
including the conversion of glycine to sarcosine, guanidinoacetate (GAA) to creatine,
phosphatidylethanolamine (PE) to phosphatidyl choline (PC), cytosine to 5-methylcytosine,
inorganic arsenic to methylated arsenicals, and many others [5]. These methylation reactions are
catalyzed by substrate-specific methyltransferase enzymes. The products of these methylation
reactions are the methylated product and S-adenosylhomocysteine (SAH) [5]. SAH is hydrolyzed
by SAH hydrolase (SAHH) yielding Hcys and adenosine [3]. Hcys is then either remethylated to
regenerate methionine, or it is directed to the transsulfuration pathway for the formation of
cysteine [3].

Figure 2. Overview of one-carbon metabolism with cellular compartmentalization (adapted
from Tibbetts and Appling, 2010, “Compartmentalization of mammalian folate-mediated onecarbon metabolism” and Nijhout et al., 2008, “Mathematical models of folate-mediated onecarbon metabolism”).
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In the transsulfuration pathway, Hcys and serine are condensed to form cystathionine in a
reaction catalyzed by cystathionine β-synthase (CBS); γ-cystathioninase (CTH) then cleaves
cystathionine to form cysteine [3]. Vitamin B6 is a cofactor for both CBS and CTH [6]. Cysteine
and glutamate are then condensed to form γ-glutamylcysteine in a reaction catalyzed by γglutamylcysteine synthetase (GCS) [3]. This is the rate-limiting step in GSH biosynthesis [3].
Glutathione synthetase (GSS) then catalyzes the formation of reduced glutathione (GSH) from γglutamylcysteine and glycine [3]. GSH serves as an important intracellular antioxidant by
donating an electron from the thiol group of cysteine to unstable molecules such as reactive
oxygen species (ROS) [7]. After donating an electron in a reaction catalyzed by glutathione
peroxidase (GPx), GSH reacts with another reactive GSH to form glutathione disulfide (GSSG)
[7]. GSH can be regenerated from GSSG by glutathione reductase (GR) [7].
Thus, OCM and the transsulfuration pathway serve vital functions related to (1) DNA
synthesis in the folate cycle, (2) substrate methylation in the methionine cycle, and (3) cysteine
and GSH synthesis in the transsulfuration pathway. The folate cycle and methionine cycle
enzymes are present in all mammalian cells, whereas expression of the complete set of
transsulfuration pathway enzymes is limited to the liver, kidney, small intestine, and pancreas
[8]. BHMT has a more limited distribution (primarily liver and kidney), and the isoenzyme of
MAT with a high affinity for methionine is restricted to the liver [9]. Additionally, while
mitochondrial SHMT is expressed in all tissues, providing an important source of methyl groups
for the cytosolic folate cycle, cytosolic SHMT expression is limited to the liver and kidney [6].
b. Long-range allosteric interactions
There are many long-range allosteric interactions which tightly regulate OCM. SAM acts
as an allosteric inhibitor of MTHFR, which is necessary for the formation of 5-methyl-THF, and
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as an activator of cystathionine β-synthase (CBS) [10], which directs Hcys towards the
transsulfuration pathway. SAM also inhibits BMHT [11]. When SAM concentrations are high,
Hcys remethylation is suppressed via inhibition of MTHFR and BHMT, and catabolism of Hcys
through the transsulfuration pathway is stimulated. When SAM concentrations are low,
remethylation of Hcys to methionine is favored [12]. The intracellular concentration of SAM
thus plays a critical role in Hcys metabolism. Additionally, SAH is a potent product inhibitor of
most SAM-dependent methyltransferases [11].
5-methyl-THF is an inhibitor of glycine N-methyltransferase (GNMT) [13], the enzyme
that catalyzes the synthesis of sarcosine from glycine using SAM as the methyl donor; since the
conversion of glycine to sarcosine is non-essential, GNMT serves primarily as a major regulator
of SAM concentrations [14]. 5-methyl-THF also inhibits SHMT, the enzyme that converts THF
to 5,10-methylene-THF [15]. There are several other long-range interactions which are not
discussed here.
c. Folate and homocysteine
Folates are a class of compounds that act as donors and acceptors of one-carbon groups.
Naturally occurring folates, which can be found in dark green leafy vegetables, are in reduced
form and have a polyglutamate tail, whereas the synthetic form of folate, folic acid, is oxidized
and in monoglutamate form [16]. Folate is “active” in polyglutamate form, as folates in
polyglutamate form are more effective substrates for folate-dependent enzymes. Folate
polyglutamate forms are preferentially retained in tissues, whereas folate is transported in
monoglutamate form [16].
Folate absorption and transport is mediated by several specific transporters. The reduced
folate carrier (RFC) serves as a transporter of folate to target tissues at physiological pH and is
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expressed ubiquitously, although it has a low affinity for folic acid [17]. Folate receptors α and β
(FRα and FRβ) transport folates across certain epithelial cell membranes via receptor-mediated
endocytosis at neutral to mildly acidic pH [17]. The proton-coupled folate transporter (PCFT)
functions at an acidic pH, plays an important role in intestinal absorption of folates, and has
equal affinity for reduced folates and folic acid [16, 17]. The transmembrane mitochondrial
folate transporter is responsible for uptake of reduced folates into the mitochondria. Lastly, there
are low affinity membrane carriers, such as multidrug resistance-associated protein (MRP),
which can serve as exporters of folate from tissues [16].
Natural folates are hydrolyzed to their monoglutamate form in the gut, and are then
absorbed into the enterocytes of the small intestine, along with folic acid, by PCFT [17]. In the
enterocytes, monoglutamate folates and folic acid can be metabolized to 5-methyl-THF, although
metabolism is not required for transport [16]. From the enterocytes, various forms of folate enter
the hepatic portal system and are delivered to the liver. In the liver, folate can be converted to
polyglutamate forms by folylpolyglutamate synthetase (FPGS) for storage and enzymatic
reactions, be secreted in bile and return to the intestine for subsequent reabsorption, or can enter
the hepatic vein to reach the systemic circulation and other target tissues [17]. 5-methyl-THF
monoglutamate is the primary form of folate in plasma, however this is a poor substrate for
FPGS and must be converted to THF within the cell for effective polyglutamation [6]. Plasma
folate is bound to albumin, folate receptors, or other protein binders [16]. Membrane transport of
folates into systemic tissues is mediated primarily by the RFC [17]. Intracellularly, the cytosol
and the mitochondria contain distinctly different folate pools, with 5-methyl-THF polyglutamate
in the cytosol, and 10-formyl-THF polyglutamate in mitochondria [16]. Most intracellular folates
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are bound by enzymes involved in OCM, including GNMT in the cytosol, and SDH and DMGD
in mitochondria [16].
Tissue storage of high doses of folate is limited by the ability of the tissue to metabolize
folate into polyglutamate form, as any folates remaining in monoglutamate form leak out of the
cell [6]. Tissue turnover (release and reuptake) of monoglutamate folates from tissues, rather
than folate elimination from the body, accounts for much of the rapid clearance of folate from
plasma [16]. In the kidney, unbound folates are filtered at the glomerulus, and reabsorbed in the
proximal tubule by FRα, resulting in little loss of intact folate in urine [17]. However, high doses
of folate become lost in urine as the renal threshold is exceeded. Whole-body folate turnover (i.e.
folate elimination) has a much longer half-life than tissue turnover (100-200 days) [16]. Folate
elimination occurs primarily through catabolism of folylpolyglutamates to cleavage products,
which are then excreted in urine; cleavage can be mediated by nonenzymatic processes
(oxidative damage), or by ferritin [16].
Folate coenzymes are involved in three major biochemical reactions, all described earlier:
(1) serine-glycine interconversion by SHMT, (2) nucleotide synthesis (thymidine and purines),
and (3) methionine synthesis by MS (Figure 2).
Folate deficiency can arise from inadequate dietary intake, or malabsorption syndromes.
Chronic alcohol intake can also cause folate deficiency through multiple mechanisms including,
e.g., impaired folate absorption. The classical manifestation of folate deficiency is megaloblastic
anemia, in which DNA synthesis is impaired in maturing red blood cells, causing them to
continue growing without cell division [6]. Folate deficiency during pregnancy is a major cause
of neural tube defects; as a preventive measure, many countries, including the United States have
implemented fortification of the food supply with folic acid [18].
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Folate deficiency is a common cause of high homocysteine, or hyperhomocysteinemia
(HHcys), since 5-methyl-THF is a methyl donor for the remethylation of homocysteine to
methionine (Figure 1). Additionally, 5-methyl-THF inhibits GNMT, which generates SAH and
Hcys through the methylation of glycine to form sarcosine, [13]; thus inhibition of GNMT by
folate lowers Hcys through downregulation of Hcys synthesis.
HHcys can arise from causes other than folate deficiency. In a non-folate fortified
Austrian cohort, folate, B12, age, gender, and smoking accounted for 19.7% of the variation in
plasma total homocysteine (tHcys) [19]. Reduced renal function is a strong and consistent
predictor of high homocysteine [20]. Additionally, genetic polymorphisms that impair Hcys
remethylation, such as polymorphisms in MTHFR, have been associated with increased tHcys
[21, 22], especially in non-folate fortified populations [19]. HHcys has been associated with
increased risk for cardiovascular events, stroke, and cognitive disorders [23-25].
d. Cobalamin (Vitamin B12)
Vitamin B12, or cobalamin, is an essential micronutrient obtained almost exclusively in
the diet from animal-source foods [6]. B12 is a water soluble vitamin, and thus cannot cross the
plasma membrane of cells without aid from transport proteins. Intrinsic factor (IF), haptocorrin
(HC) and transcobalamin II (TC II), all have high affinities for B12 and facilitate its uptake and
transport [26]. HC, a salivary glycoprotein, binds to B12 in the stomach to protect B12 from
degradation by stomach acids, and subsequently is cleaved from B12 by proteases in the
proximal small intestine [26]. B12 then binds to IF, and this complex is then able to enter the
enterocytes of the small intestine via endocytosis with the receptor cubulin [26]. A small
proportion of a B12 dose (<1%) can be absorbed by diffusion [6]. In the enterocyte, the
endosomes containing IF-B12 fuse with lysosomes, leading to degradation of IF and release of
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B12 into the cytoplasm, where it binds to TC II [6]. The TC II-B12 complex then enters the
portal circulation, and in this form it is available for entry into tissues via receptor-mediated
endocytosis [6]. In the cell, B12 is freed from TC II in the lysosome, and free B12 is released
into the cytosol [6]. HC is also found in serum, where it acts as a storage protein for B12 [26].
Much of the body store of B12 is in the liver. 5’-deoxyadenosylcobalamin is the major form of
B12 in the liver, and methylcobalamin is the major form of B12 in plasma [6]. B12 is excreted in
urine and bile, however tubular reabsorption of B12 and reuptake of biliary B12 in the
enterohepatic circulation result in a slow B12 turnover rate [6].
In humans, B12 functions as a cofactor for two known enzymes: MS (described earlier)
and methylmalonyl-CoA mutase [6]. Methylmalonyl-CoA mutase, with 5’deoxyadenosylcobalamin as its cofactor, is a mitochondrial enzyme which catalyzes the
conversion of methylmalonyl-CoA to its isomer, succinyl-CoA [26].
B12 deficiency can arise from failure to acquire adequate B12 from the diet, or from
impaired intestinal absorption of B12. B12 malabsorption occurs under conditions which
suppress production or secretion of IF, such as autoimmune gastritis (pernicious anemia), gastric
surgery, mild atrophic gastritis, and use of certain medications [27]. B12 deficiency causes
demyelinating neurologic diseases [27], and has also been associated with other disease states
including stroke [28], osteoporosis [29], and neural tube defects in offspring of B12-deficient
mothers [30]. Additionally, B12 deficiency can cause megaloblastic anemia, because cytosolic
folate becomes “trapped” as 5-methyl-THF, resulting in a functional folate deficiency within the
cell [6]. Megaloblastic anemia as a result of B12 deficiency can be overcome with additional
intake of folate [6].
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e. Creatine
Creatine is a nutrient that occurs naturally in food, particularly meat and fish. In human
omnivores, approximately half of creatine requirements are fulfilled from the diet, while the
remaining creatine requirement is fulfilled through endogenous synthesis [31]. Creatine
biosynthesis consumes up to 50% of all SAM-derived methyl groups [32, 33], accounting for an
equivalent proportion of all SAH and Hcys synthesis. In the first, and rate-limiting, step of
creatine biosynthesis, guanadinoacetate (GAA) is formed in the kidney by arginine:glycine
amidinotransferase (AGAT) [34] (Figure 3). GAA is transported to the liver, where it is
methylated by guanadinoacetate methyltransferase (GAMT) to generate creatine, with SAM as
the methyl donor [34]. The synthesis of one molecule of creatine generates one molecule of SAH
and thereafter one molecule of Hcys. It should be noted that while renal GAA production
accounts for the majority of creatine synthesis in the rat, it accounts for only ~20% of creatine

Figure 3. Overview of creatine metabolism (adapted from
Wyss and Kaddurah-Daouk, 2000, “Creatine and Creatinine
Metabolism”).
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synthesis in humans, implying that other organs are responsible for the majority of GAA
production in humans [35]. Creatine is delivered to tissues with high energy requirements,
including skeletal muscle, heart tissue, smooth muscle, and others, where it is phosphorylated to
phosphoryl-creatine (PCr) and used in the regeneration of ATP [34]. Creatine and PCr are
converted non-enzymatically at a constant rate to creatinine, which is then excreted in urine.
Studies in rats have demonstrated that Hcys levels can be manipulated by adding GAA or
creatine to the diet, which can increase or alleviate methylation demand, respectively. Dietary
creatine downregulates endogenous creatine biosynthesis by pretranslational inhibition of AGAT
in the rat kidney, resulting in decreased AGAT activity and decreased GAA synthesis [36, 37].
Rats fed a GAA-supplemented diet experienced a 50% increase in plasma total Hcys (tHcys),
while rats fed a creatine-supplemented diet experienced a 25% decrease in plasma tHcys,
compared to controls [38]. Creatine supplementation has similarly been found to decrease
plasma tHcys in other rat models [39-41]. A study by Deminice et al. (2011) found that rats fed a
high-fat diet supplemented with creatine had decreased plasma GAA, increased liver SAM,
increased plasma cysteine, but not significantly decreased plasma tHcys, compared to rats on the
high-fat diet alone [42]. The reason for the increase in plasma cysteine or the lack of change in
tHcys was not known. The majority of these studies indicate that creatine supplementation, by
inhibiting the formation of GAA and reducing methylation demand, has the potential to decrease
the biosynthesis of Hcys. However, the evidence that creatine is an effective Hcys-lowering
therapy in humans has not thus far been convincing, based on evidence from a few small studies
[43, 44].
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B. Inorganic arsenic
a. Global context
Chronic exposure to the naturally occurring metalloid arsenic (As) in groundwater in the
form of arsenate (AsV) or arsenite (AsIII) is a major environmental health problem affecting
millions of people worldwide. Globally, the WHO estimates that more than 200 million people
are chronically exposed to As-contaminated drinking water above the WHO safety standard of
10 µg/L [45]. A recent synthesis of the literature on worldwide As exposure estimated that over 3
million United States residents are exposed to As above 10 µg/L [45]. The highest prevalence of
As exposure occurs in Bangladesh, where it is estimated that 35-77 million people are exposed
[45].
The As problem in Bangladesh arose in the 1970s, when the United Nations Children’s
Fund (UNICEF), the World Bank and several non-governmental organizations encouraged the
installation of tube wells for drinking water to prevent the spread of infectious diseases
transmitted through drinking surface water. The groundwater in many areas in Bangladesh
contained high concentrations of As, resulting in a mass As exposure catastrophe [46]. In a
survey of 4,997 tube wells in Columbia University’s study region of Araihazar, Bangladesh in
2002, 72% of wells exceeded the WHO standard of 10 μg/L, and 52% exceeded the Bangladesh
standard of 50 μg/L [47]. A survey of the same region conducted 12 years later found that a
similar proportion of wells were still unsafe [48].
Exposure to As through food sources such as vegetables, fruits, and rice, is also a
growing concern, although the As in food is not always in inorganic form [45, 49]. Dietary As
can be an important contributor to overall As intake, especially among individuals drinking lowAs water [50, 51].
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b. Doses and dose conversions
In the upcoming background, in vitro and in vivo experiments from the literature will be
reviewed, which use different As dose methods (injection, food, drinking water, etc.) and units. It
is important to be able to relate these exposures to human exposures, in order to determine the
relevance of the studies to humans. Arsenic exposure in humans is usually expressed in parts per
billion (ppb) or µg/L of drinking water; human exposures can range from <1 µg/L to in the
thousands in µg/L [45]. In vitro experiments may describe As exposure in µM of As in the
cellular medium; 1 µM As = 75 µg/L, well in the range of human As exposure. Animal
experiments might express a dose of As in mg/kg/day; a 70 kg person drinking 2 liters/day of
water with 50 µg/L As has an exposure of 1.4 µg/kg/day (= 0.0014 mg/kg/day). Some
experiments may use µmol/kg/day; in this case, a 70 kg person drinking 2 liters/day of water
with 50 µg/L As has an exposure of 105 µmol/kg/day.
c. Metabolism
A mechanism for As metabolism was first proposed by Frederick
Challenger in the 1930s. In Challenger’s scheme, As metabolism occurs in
a series of alternating oxidative methylation reactions and reduction
reactions which sequentially convert arsenate (AsV) into arsenite (AsIII ),
monomethylarsonic acid (MMAV), monomethylarsonous acid (MMAIII),
dimethylarsinic acid (DMAV), and dimethylarsinous acid (DMAIII) [52].
In 2002, the As (+3 oxidation state) methyltransferase (AS3MT) enzyme
was identified and characterized [53]. AS3MT catalyzes the transfer of a
methyl group from SAM to trivalent arsenicals, producing
monomethylated and dimethylated arsenicals in accordance with the
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Figure 4. Oxidative
methylation scheme of
arsenic metabolism.

scheme originally proposed by Challenger (Figure 4). Trivalent As has a high affinity for
sulfhydryl groups (-SH), and therefore likely binds to AS3MT by forming bonds with –SH
groups on cysteine (Cys) residues in AS3MT, which has 12 conserved Cys residues [54]. AsIII
binds to three Cys residues in AS3MT and MMAIII binds to two Cys residues. Using sitedirected mutagenesis, three As-binding sites have been confirmed in human AS3MT: Cys156,
Cys206, and Cys61. Cys156 and Cys206 are necessary for both the first and second methylation step,
and Cys61 is necessary only for the first methylation step [54].
Arsenic metabolism requires a physiological reductant, such as GSH or thioredoxin [55].
A reductant is needed to reduce pentavalent to trivalent As, however reductants also serve to
support the catalytic activity of the AS3MT enzyme [56]. The reducing system
thioredoxin(TRx)/thioredoxin reductase(TR)/NADPH has been shown to yield much higher rates
of As methylation with human AS3MT than GSH alone, producing a pattern of As methylation
consistent with the profile found in human urine [57]. TRx is a small protein with a pair of
redox-sensitive cysteine residues; TRx reduces disulfide bonds in proteins, resulting in a
disulfide bond in TRx. The disulfide in TRx can then be reduced by NADPH in a reaction
catalyzed by TR, reactivating TRx [58]. In this way, TRx may reduce disulfide bonds in AS3MT
which were generated during oxidative methylation of trivalent As or reduction of pentavalent
As, regenerating AS3MT catalytic activity [57].
Although GSH does not seem to support the full catalytic activity of human AS3MT,
GSH does play some role in As metabolism, as its presence can increase As methylation to DMA
in the presence of other endogenous reductants [55-57]. A scheme for As metabolism other than
oxidative methylation has been proposed which absolutely requires the presence of GSH. In this
model, proposed by Hayakawa et al. (2005), trivalent arsenicals bound to GSH serve as the
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substrates and products of AS3MT, and pentavalent arsenicals are produced only by oxidation of
the trivalent As-GSH complexes [59]. An additional interaction between GSH and As
metabolism may occur via glutathionylation, or the formation of a mixed disulfide bond between
GSH and Cys residues within a protein. Glutathionlylation of Cys residues in AS3MT may
modulate enzyme activity [60, 61].
AS3MT activity is also modulated by the concentration of its substrates. Inorganic As
(InAs) inhibits DMA production in a concentration dependent manner due to enzyme saturation,
resulting in a decreased DMA:MMA ratio as InAs concentration increases [62-64]. Additionally,
high concentrations of MMA also inhibit DMA production, likely due to substrate inhibition [57,
65]. Because of these factors, individuals exposed to a high concentration of InAs are less
efficient at completing the second methylation step, resulting in a decreased DMA:MMA ratio.
Consistent with this theory, a pattern of decreased blood DMA:MMA ratio with increasing blood
InAs and MMA concentrations has been observed cross-sectionally in humans [64].
Studies in AS3MT knockout mice have revealed the critical importance of As
methylation in As clearance from the body. AS3MT knockout mice treated with arsenate retain a
significantly greater body burden of As (predominantly as InAs) in the liver, kidneys, urinary
bladder, lungs, heart, and brain, and excrete less As in urine, than wild-type mice [66, 67].
Although As methylation is clearly necessary for As elimination from the body, As metabolism
also results in toxic intermediates. Trivalent arsenicals are significantly more cytotoxic than
pentavalent arsenicals, and among the forms of trivalent As, MMAIII is the most cytotoxic,
followed by DMAIII and AsIII [68]. Thus, As methylation has a dual “reputation” of being a
mechanism for both detoxification and bioactivation of As.
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Tissues vary in their expression of AS3MT and their As methylation activity [69].
Hepatic cells have a substantially higher capacity to methylate As than other cell types, pointing
to the liver as the primary site of As metabolism [70]. Different mammals have widely different
As methylation capacities [71]. For example, rat hepatocytes have a substantially higher As
methylation capacity than human hepatocytes [62]. It is important to keep these differences in
mind when considering animal studies.
d. Absorption, transport, excretion, and storage
Ingested As is highly bioavailable after ingestion via drinking water or dietary sources.
Zheng et al. (2002) provided high As drinking water (150 µg/L) to six volunteers, and observed
that As is almost completely absorbed by the gastrointestinal tract, indicating high bioavailability
of As from water [72]. In an experiment by He and Zheng (2010), two volunteers ate a wheat
diet for 5 days, and then switched to a high-As rice diet for 5 days. They observed that the
percentage of dietary As excreted in urine after 5 days was 58% for one volunteer, and 68% for
the other, indicating considerable gastrointestinal absorption of the dietary rice As [73].
Multiple membrane transporters are involved in uptake and export of As from cells.
Arsenate resembles phosphate, and thus its transport is mediated by phosphate transporters [74].
Bi-directional aquaglyceroporin channels (AQPs), particularly AQP9, and glucose transporters
(GLUTs) can mediate uptake and export of arsenite and MMAIII in mammalian cells [75-77],
and organic anion transporter polypeptide-C (OATP-C) can mediate transport of arsenate and
arsenite [78]. Additionally, multidrug resistance proteins (MRPs) play a role in cellular efflux of
As-GSH complexes [79, 80]. Expression of MRP1, MRP2, and P-glycoprotein have been
associated with increased cellular tolerance of arsenite [81].
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Absorption of AsIII in Caco-2 cells (used as a model of intestinal absorption) was
mediated by OATP-B, AQP10, and GLUT5, and absorption of AsV was mediated by the
phosphate transporter NaPi-IIb [82]. In rat liver, MRP2 is responsible for the biliary excretion of
the As-GSH complexes arsenic triglutathione (ATG) and monomethylarsenic diglutathione
(MADG) [83]. Arsenic also forms complexes with selenium that are excreted in bile, leading to
antagonism of the effects of both selenium and As [84]. In primary human hepatocytes exposed
to arsenite, MRP2 expression was associated with increased export of DMA into the cellular
medium, and decreased InAs and MMA accumulation within the cells, further pointing to MRP2
as an important transporter for biliary As excretion [70]. However, at high arsenite exposure
which inhibited DMA production, GLUT2 was associated with increased InAs and MMA
accumulation within the human hepatocytes [70]. MRP4 has recently been identified as a
potential candidate for transport of MADG and DMAV across the basolateral surface of
hepatocytes into the blood, and therefore may play an important role in the ultimate elimination
of As in urine [85]. Little is known regarding the transporters involved in As secretion and
reabsorption in the kidney, except that AsV is reabsorbed in the proximal tubule via phosphate
transporters [86]. However, there are several transporters localized in kidney proximal tubule cell
membranes which may be candidates for As kidney transport, including AQP7, MRP2, MRP4,
and P-glycoprotein on the apical membrane [87, 88], and GLUT2 on the basolateral membrane
[89].
Excretion of As in urine after an ingested dose has been studied in several human
experiments. Pomroy et al. (1980) dosed six human volunteers with a single dose of 74As, and
observed that after 7 days, 62% of the ingested dose was recovered in urine, and 6% was
recovered in the feces, indicating that urinary rather than fecal excretion is the primary mode of
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As elimination from the human body. In this study, on average, 65.9% of the dose was cleared
with a half-life of 2.09 days, 30.4% of the dose with a half-life of 9.5 days, and 3.7% of the dose
with a half-life of 38.4 days [90]. The third half-life of As indicates long-term storage of a small
proportion of As in the body even after a single dosage. In human volunteers administered a
single dose of 500 µg sodium arsenite, MMA, or DMA, the amount of As excreted in urine after
4 days was 46% of the ingested dose for arsenite, 78% for MMA, and 75% for DMA [91].
Additionally, the rate of excretion of the MMA dose was highest, followed by DMA, and then by
arsenite. The DMA dose was largely excreted unchanged, while 13% of the MMA dose was
excreted as DMA, and 75% of the arsenite dose was excreted as methylated As (predominantly
DMA) [91]. This study determined that MMA and DMA have shorter half-lives than InAs, and
that InAs undergoes methylation in order to be excreted in urine. This finding is in accordance
with the many observational studies showing that DMA is the most prevalent As species in
human urine (approximately 60-80% of total urine As on average), while MMA (10-20%) and
InAs (10-30%) comprise a smaller proportion of total urine As [92, 93].
Very little is known regarding the distribution of As stored in human tissues. Arsenate is
structurally similar to phosphate, and as such can accumulate in bone by replacing phosphate in
the hydroxyapatite crystal [94]. A recent case study provided evidence that As can be released
from the skeleton upon menopausal-related changes in bone resorption [95]. Studies in mice
have examined the tissue distribution of arsenic after oral administration. In mice fed 0.5 mg/kg
arsenate for 9 days, accumulation was greatest in the urinary bladder, followed by kidney, skin,
and liver, which are known target organs for As toxicity in mammals [96]. Additionally, the
accumulation in tissues by day 9 varied by the species of As: for example, the predominant
metabolite in the bladder and lung was DMAV, and the predominant metabolite in the kidney
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was InAs. However, in mice exposed to 0.5-50 ppm arsenate in drinking water for 12 weeks, As
accumulation was highest in the kidney, followed by lung and urinary bladder; additionally,
MMA was the predominant metabolite in the kidney, while DMA was the predominant
metabolite in the lung [97]. The relevance of this data to humans is unknown, especially given
the high doses used, however it is clear that accumulation of As metabolites varies by duration of
exposure and tissue type.
e. Arsenic metabolism and folate
The biosynthesis of the methyl donor for As methylation, SAM, is regulated by OCM.
This complex biochemical pathway is largely dependent on folate for recruitment of methyl
groups; consequently, folate status is associated with individual variation in the ability to
methylate As. In a cross-sectional study of 300 Bangladeshi adults, plasma folate was positively
associated with the percentage of urinary As excreted as DMA (u%DMA), and negatively
associated with the percentage of urinary As excreted as MMA (u%MMA) and InAs (u%InAs)
[93]. In a 12 week randomized control trial, supplementation of folic acid at a dose of 400 µg/d
to folate-deficient Bangladeshi adults significantly increased u%DMA, and lowered u%MMA
and u%InAs as compared to placebo [98]. Furthermore, folic acid supplementation resulted, on
average, in a 14% reduction in blood As and a 22% reduction in blood MMA [99]. Collectively,
this evidence indicates that folate facilitates the complete methylation of As to DMA, thereby
enhancing As elimination and lowering blood As. In a nested case-control study, folate
deficiency (defined as plasma folate < 9 nmol/L) was associated with a 1.8-fold (95% CI: 1.12.9) increase in odds for As-induced skin lesions [100], suggesting that folate deficiency is a
modifiable risk-factor for As toxicity.
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f. Arsenic metabolism and creatine/creatinine
In urinary biomarker studies, urinary creatinine (uCrn) concentration is widely used to
adjust for urine dilution when measuring an analyte in a spot urine sample [101]. However, uCrn
is not indicative only of hydration status, as it is also associated with age, sex, race, muscle mass,
and diet [101-103]. In addition, several studies [93, 98, 104-107] [108-110] have consistently
shown that uCrn is positively associated with u%DMA, and negatively associated with u%InAs,
however the mechanism by which this relationship exists is unclear. One explanation relates to
the fact that creatine synthesis (Figure 3) consumes up to 50% of all SAM-derived methyl
groups [33, 111], while methylation of a chronic high dose of As may consume only 2-4% [112].
In omnivores, roughly half of creatine requirements are met through dietary intake of creatine,
primarily from meat, while the remaining requirement is met through endogenous synthesis
[113]. Studies in rodents have demonstrated that dietary creatine intake lowers creatine
biosynthesis, thereby sparing methyl groups and lowering tHcys [38]. It is therefore possible that
dietary creatine intake may also facilitate the methylation of As, and cause the observed
associations between the u%As metabolites and uCrn. In Bangladesh, higher uCrn concentration
was associated with a significantly lower risk for As-induced skin lesions [100].
C. Health effects of chronic arsenic exposure
a. Health outcomes
Inorganic As has many tissue targets for toxicity. Skin lesions are a classical symptom of
As toxicity, and there is a clear dose response relationship between As exposure and skin lesion
risk [114]. Arsenical skin lesions typically involve keratosis on the hands and feet, and
hyperpigmentation of the skin [115]. Individuals with As-induced skin lesions are more
susceptible to developing other As-related diseases [116]. The International Agency for Research
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on Cancer (2012) concluded that As is an established carcinogen of the lung, bladder, and skin,
and a probable carcinogen of the kidney, liver, and prostate [117]. Arsenic exposure is also
associated with non-cancer outcomes: these include cardiovascular disease [118], respiratory
illness [119], neurologic deficits [120], and diabetes [121].
b. Arsenic methylation and disease risk
While methylation of InAs to DMA is considered a detoxification mechanism [107], in
that it is crucial for As elimination from the body [67], As methylation results in intermediate
metabolites, such as MMAIII and possibly DMAIII, which are more toxic than InAsIII and their
pentavalent counterparts, MMAV and DMAV [68]. Individuals vary in their ability to methylate
As, which may relate to nutritional status (e.g. folate deficiency) and genetic differences (i.e.
polymorphisms in OCM genes or AS3MT). Those with a higher u%MMA and a lower u%DMA
have increased odds of various diseases including atherosclerosis, bladder cancer, lung cancer,
skin cancer, and skin lesions [122, 123]. These findings indicate that complete methylation of
InAs to DMA is important in reducing risk for As-induced diseases. A large genome-wide
association study (GWAS) identified 5 single nucleotide polymorphisms (SNPs) located near the
AS3MT gene that were independently associated with either u%MMA or u%DMA. One of these
variants, which was associated with increased u%MMA and decreased u%DMA, was associated
with increased risk for skin lesions, providing strong evidence that As methylation capacity
influences risk for As-related disease [124].
c. Mechanisms of arsenic toxicity in humans
Arsenic’s mechanism of toxicity is complex, comprising many different modes of action
which likely culminate to initiate disease. Although As is a carcinogen, As is not directly
mutagenic, which points to indirect mechanisms for As genotoxicity. The toxicity of arsenic
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relates to its chemical form, i.e. inorganic or methylated, and to its oxidation state, i.e. trivalent
or pentavalent [125]. A mechanism for arsenate toxicity is that it can replace phosphate in
biochemical reactions [125]. Trivalent arsenicals readily bind to sulfhydryl groups of proteins,
which can lead to irreversible inhibition of the activity of numerous enzymes having diverse
downstream effects [125].
In a 2001 review by Kirk T. Kitchin of the U.S. Environmental Protection Agency, nine
modes of action of As carcinogenesis were proposed: arsenic-induced chromosomal
abnormalities, oxidative stress, altered DNA repair, altered DNA methylation, altered growth
factors, enhanced cell proliferation, gene amplification, cancer promotion/progression, and
suppression of p53 [126]. In a later review, Kitchin identified three early biological events which
likely contribute to As toxicity: (i) binding of trivalent arsenicals to protein targets (i.e.
sulfhydryl groups and selenium atoms), (ii) generation of reactive oxygen species (ROS) leading
to oxidative stress, and (iii) alterations in DNA methylation [127]. These three actions of As will
be discussed in further detail below.
i.

Protein binding

Many of the harmful effects of As may arise from binding of arsenite and MMAIII to trithiol
and dithiol sites within critical enzymes or transcription factors, thereby altering their activity.
MMAIII is an inhibitor of GSH reductase and TRx reductase in vitro [65, 128], which likely
impairs the antioxidant defense system and causes oxidative stress. Trivalent arsenicals,
particularly MMAIII, are also inhibitors of pyruvate dehydrogenase (PDH), which may interfere
with the citric acid cycle and the production of ATP [129]. Other protein targets of arsenite and
MMAIII interference include GSH (intracellular anti-oxidant), tubulin (mitotic spindle protein),
poly(ADP-ribose)polymerase and Xeroderma pigmentosum protein A (both involved in DNA
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repair), Keap-1 (an antioxidant response protein), glutathione peroxidase, and steroid receptors
including estrogen receptor α and the glucocorticoid receptor [127].
ii.

Oxidative stress
Traditionally, the term “oxidative stress” has been conceptualized as “an imbalance

between oxidants and antioxidants in favor of the oxidants, potentially leading to damage” [130].
Aerobic metabolism produces reactive oxygen species (ROS), which comprise radical oxidants
(i.e. hydroxyl radical [HO•], peroxyl radical [ROO•], superoxide anion radical [O 2 •-], nitric oxide
radical [NO•]) and non-radical oxidants (i.e. hydrogen peroxide [H 2 O 2 ]), with half-lives ranging
from nanoseconds for the hydroxyl radical, to several seconds for the peroxyl radical [131]. ROS
react readily with biological molecules, resulting in damage to DNA, lipids, proteins, and
carbohydrates [131]. The superoxide radical, hydrogen peroxide, and the hydroxyl radical
correspond to intermediate steps of reduction of oxygen (O 2 ) by one, two, and three electrons
[130]. Endogenous cellular sources of ROS include the mitochondrial electron transport chain,
the endoplasmic reticulum, the peroxisome (xanthine oxidase reaction), the Fenton reaction, and
enzymatic reactions by NADPH oxidase and uncoupled endothelial nitric oxide synthase [132,
133].
Because of the deleterious effects of ROS, biological antioxidant defense systems have
evolved to prevent, intercept, or repair oxidative damage [131]. These include non-enzymatic
antioxidants, which can be exogenous (i.e. vitamins E and C) or endogenous (i.e. glutathione
[GSH], thioredoxin), and antioxidant enzymes [131, 133]. Some important antioxidant enzymes
include: superoxide dismutase (SOD), which catalyzes the dismutation of superoxide to oxygen
and hydrogen peroxide; catalase, which catabolizes hydrogen peroxide to water and oxygen;
glutathione peroxidase (GPx), which utilizes GSH as the reductant to detoxify hydrogen
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peroxide to water and oxygen; glutathione reductase (GR), which utilizes NADPH to regenerate
two molecules of GSH from GSSG; and glutathione-S-transferase, which conjugates GSH to
reactive compounds [131].
More recently, the definition of oxidative stress has been expanded to comprise both
macromolecular damage by radical oxidants and disruption of the redox status of thiol systems
by non-radical oxidants, which in turn impairs cellular functions [134]. Non-radical oxidants (2electron oxidants) such as hydrogen peroxide likely predominate over free radicals during
oxidative stress, due to the greater production of hydrogen peroxide in reactions that also
produce superoxide (i.e. the xanthine oxidase reaction), and the effectiveness of free radical
scavenging by antioxidants [134]. Thiol-containing proteins are sensitive to 2-electron oxidants
because thiols are susceptible to the formation of disulfides, either within a protein or between
multiple proteins. Reversible oxidation of thiols to disulfides is an important “on-off”
mechanism for proteins with active site Cys residues, and also plays a role in allosteric regulation
of proteins and macromolecular interactions between proteins [134].
Arsenic exposure causes oxidative stress in vivo, in the form of increased ROS and
decreased antioxidant defenses [135, 136]. It is not entirely clear how As initiates oxidative
stress, however there are several possible pathways. As mentioned above, trivalent arsenicals
bind to GSH, and inhibit GSH reductase and TRx reductase, which can result in impaired
defense against oxidants and accumulation of ROS. DMA releases iron from ferritin; free iron
can then participate in reactions which convert superoxide and hydrogen peroxide into the highly
reactive hydroxyl radical [137]. Molecular oxygen reacts with DMAV to form a DMA radical
and a DMA peroxyl radical in vitro [138], which may be involved in lung toxicity [139].
Hydrogen peroxide can be formed during the oxidation of AsIII to AsV [140]. In addition to As-
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induced ROS causing direct damage to macromolecules, ROS signaling alters the activation of
redox-sensitive transcription factors (such as nuclear factor κ-B and activator protein-1) and
therefore the expression of many genes [141, 142].
iii.

DNA methylation
DNA methylation is an epigenetic modification in which cytosine nucleotides within

cytosine-guanine dinucleotide (CpG) sites become methylated to form 5-methylcytosine, with
SAM as the methyl donor. DNA methyltransferases (DNMTs) are responsible for transferring a
methyl group from SAM to cytosine. DNA methylation influences the structure of chromatin,
which is the condensed complex of DNA and histone proteins within the cell nucleus. When
CpG sites within a region of DNA are methylated, this leads to tightening of the chromatin
structure, and silencing of gene expression; when CpG sites are not methylated, chromatin
structure is loosened, allowing for transcriptional machinery to access the DNA and allowing for
gene expression [143]. In this way, the extent of DNA methylation exerts control over gene
expression. A phenotype of genome wide hypomethylation leading to genomic instability and
over-expression of oncogenes, coupled with gene-specific promoter hypermethylation of tumor
suppressor genes, has been associated with many cancer types [143].
In in vitro and animal studies, As exposure induces global DNA hypomethylation [144].
In contrast, cross-sectional studies in humans show that As exposure is association with DNA
hypermethylation [144-146]. The reason for the discrepancy in the effect of As on global DNA
methylation between the animal and human studies is unknown. The effect of As on genespecific promoter methylation has also been studied; for example, the promoter of tumor
suppressor gene p53 was hypermethylated in response to As exposure in vitro, and a similar
association was observed in a human study [144]. There are several proposed mechanisms by
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which As induces changes in DNA methylation. First, competition between AS3MT and
DNMTs for SAM may lead to DNA hypomethylation [144]. This hypothesis is questionable
because even at high As exposure, AS3MT is predicted to consume only a small proportion of
SAM in humans [147]. Alternatively, oxidative stress caused by As could lead to increased flux
of Hcys through the transsulfuration pathway for the formation of GSH, resulting in less SAM
synthesis. This could indirectly lead to SAM insufficiency and DNA hypomethylation [143].
Lastly, As has been shown to inhibit DNMT activity in vitro, although it is not clear whether As
inhibits DNMTs by direct binding or by reducing DNMT expression [143]. These simplistic
explanations are not sufficient to explain the divergent findings regarding the effect of As on
DNA methylation, and research is continuing in this area to discover specific genes whose
methylation and expression are changed by As [143]. It is also possible that alterations in histone
methyltransferase activity by As may play a role in As-induced changes in DNA methylation,
gene activation or gene repression [143].
D. Inflammation and arsenic
a. Inflammation and the acute phase response
The term “inflammation” classically refers to the acute biological processes that are
initiated in response to infection or tissue injury [148]. Inducers of inflammation may be
exogenous (i.e. microbes, allergens, irritants, toxic compounds, foreign bodies) or endogenous
(i.e. signals from stressed, malfunctioning, or dead cells; tissue damage; products of extracellular
matrix breakdown) [148]. The physiological purpose of an inflammatory response is to direct
plasma molecules and immune cells to the site of infection or injury to eliminate infection, repair
damage, and restore homeostasis. However, prolonged or dysregulated inflammation can have
pathological consequences [148]. For example, excessive host defense against an infection can
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lead to autoimmunity or sepsis, and excessive repair of tissue can lead to fibrosis or cancer [148].
Chronic inflammation, which occurs in cardiovascular diseases and type 2 diabetes, may be
caused by non-classical mechanisms related to tissue malfunction and stress [148].
i.

Overview of the acute inflammatory response

The classic process of inflammation is understood best in the context of microbial
infection, although the relevance of this process to other triggers of inflammation is unclear
[148]. The primary components of this pathway are recognition of the infection or injury by local
“sensors,” release of inflammatory mediators, delivery of plasma and leukocytes to the tissue
site, and finally tissue repair and remodeling (Figure 5). At the site of tissue infection or injury,
resident macrophages and mast cells “sense” damage-associated molecular patterns (DAMPs) or
pathogen-associated molecular patterns (PAMPs) via receptor-mediated processes. PAMPs
refers to various microbial components; DAMPs are less well defined, and can include spilled
cytoplasmic or nuclear contents of necrotic cells (i.e. DNA) or extracellular matrix fragments
[149]. Different sensors recognize different inducers, and the sensors for certain types of
inducers, such as allergens and damaged tissue, are not well understood [148]. Well known
sensors include the pattern-recognition receptors (PRRs): toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain receptors (NLRs). TLRs are located within cell
membranes, while NLRs are located intracellularly [150]. Additionally, NLRs can oligomerize to
form “inflammasome” complexes, which can also serve as sensors of damage [150].
Stimulation of these sensors in resident macrophages and mast cells at the site of
infection or injury yields a variety of inflammatory mediators, including vasoactive amines and
polypeptides, complement components, lipid mediators, cytokines, chemokines, and proteolytic
enzymes [148]. The inflammatory mediators have different functions: vasoactive amines and
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polypeptides cause vasodilation and increased vascular permeability; the complement
components promote recruitment of granulocytes and monocytes; the effects of lipid mediators
range from vasodilation (prostaglandins), to tissue repair (lipoxins), to leukocyte recruitment
(platelet-activating factors); cytokines are involved in leukocyte recruitment and induction of the
acute-phase response; chemokines control leukocyte chemotaxis and extravasation into the tissue
site; finally, proteolytic enzymes support tissue remodeling [148]. The inflammatory mediator
response is complex, since many mediators induce the production of other mediators in addition
to directly affecting target tissues [148].
The primary summed effect of these mediators is increased vascular permeability, which
results in the selective movement of plasma proteins and leukocytes (mostly neutrophils) from
the blood vasculature to the extravascular space at the site of infection or injury [148]. The
neutrophils release toxic contents, including ROS and reactive nitrogen species, simultaneously
damaging invader and host targets. This release of ROS is known as an “oxidative burst,” and it
also initiates signaling cascades by modulating proteins involved in inflammation [132]. An
effective acute inflammatory response results in elimination of infection/foreign substances and
repair of damage. The released granule contents of neutrophils recruit monocytes to invade the
tissue and aid in repair [149]. Neutrophils have a short life span and undergo apoptosis, aided by
signaling from macrophages [149]. A switch in lipid mediators from pro-inflammatory
mediators, such as prostaglandins, to anti-inflammatory mediators, such as lipoxins, results in
inhibition of neutrophil recruitment, and recruitment of monocytes [149]. Resident and recruited
monocytes and macrophages remove dead cells and debris and release growth factors which
promote repair [148]. In addition to the local inflammatory response, inflammatory mediators
also induce systemic changes which are collectively known as the “acute-phase response.”

36

37
Figure 5. The acute inflammatory response (adapted from Soehnlein and Lindborn, 2010, “Phagocyte partnership during
the onset and resolution of inflammation,” and Medzhitov, 2008, “Origin and physiological roles of inflammation.”)

ii.

Chronic inflammation

Inflammation can be understood as a response to disruptions in homeostasis, which exist
along a spectrum from severe (infection and injury) to more mild (tissue malfunction) [148]. The
degree of the disruption will influence the magnitude of the inflammatory response, with the
more mild cases being handled by tissue resident macrophages, and the more severe cases
resulting in plasma and leukocyte extravasation, as described above in regards to the acute
inflammatory response [148]. Sustained tissue malfunction may result from genetic mutations, or
from persistent environmental factors such as food over-consumption and exposure to toxic
compounds [148]. These factors can result in changed homeostatic norms (i.e. altered insulin
sensitivity or blood pressure), resulting in low-grade chronic inflammation as the tissue resident
or recruited macrophages attempt to adapt and restore homeostasis [148]. This maladaptive
response can ultimately be pathogenic, contributing to the progression of chronic diseases such
as type 2 diabetes and atherosclerosis [148].
iii.

The acute-phase response

The “acute-phase response” is a component of the innate immune system which
comprises the wide array of systemic changes that accompany inflammation, including changes
in the concentrations of plasma proteins, known as acute-phase proteins (APPs), and alterations
in many other physiologic and biochemical parameters [151] (Figure 6). APPs are proteins
whose plasma concentrations increase or decrease by at least 25% during inflammation, typically
due to stimulation of hepatic production of the APPs by cytokines (e.g. interleukin-6) [151]. The
positive APPs vary greatly in the magnitude of their increase due to inflammation: some proteins
(i.e. α-1 acid glycoprotein [AGP], fibrinogen) increase 2-5 fold, while others (i.e. C-reactive
protein [CRP], serum amyloid A) increase 1,000-10,000 fold [152]. The APPs are involved in
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the inflammatory response; for example, CRP can bind to pathogens or damaged cells, targeting
them for elimination by phagocytic cells [151]. Some other physiologic and biochemical changes
associated with the acute phase response include fever, anorexia, muscle catabolism, negative
nitrogen balance, increased cortisol secretion, osteoporosis, anemia, complement activation,
leukocytosis, thrombocytosis, decreased gluconeogenesis and increased lipogenesis, decreased
serum zinc, iron, and vitamin A, and increased plasma GSH [151].

Figure 6. The acute-phase response (adapted from Gabay and Kushner, 1999, “Acute-phase
proteins and other systemic responses to inflammation.”)

iv.

Transcriptional and post-transcriptional control of inflammation

Underlying the inflammatory process is a high level of transcriptional and posttranscriptional control, involved in regulating the expression of pro-inflammatory and antiinflammatory genes at different stages of inflammation. Binding of DAMPs and PAMPs to
TLRs, and endogenous cytokines TNF and IL-1 to their respective receptors, triggers receptor
dimerization and trimerization, and recruitment of receptor adaptor proteins [153]. The signal
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transduction downstream of these receptors involves protein phosphorylation by protein kinases
[153]. Phosphorylation can activate proteins, or target proteins for ubiquitination and degradation
by the proteasome [153]. Phosphorylation of certain cytosolic proteins by kinases activates
nuclear factor κB (NF-κB) and mitogen activated protein kinases (MAPKs; specifically, c-jun Nterminal kinase (JNK), p38, and extracellular signal-regulated kinase (ERK)) inflammatory
signaling pathways [153].
A review by Medzhitov and Horng (2009) outlined three categories of transcription
factors that are activated during an inflammatory response to lipopolysaccharide (LPS) – a
microbial product which is a ligand for TLRs and a well-described inducer of inflammation
[154]. The first category includes transcription factors that are activated via signal-dependent
post-translational modifications, which usually involve translocation of the transcription factor
from the cytoplasm to the nucleus; examples include NF-κB and interferon-regulatory factors
(IRFs). The primary response genes, or genes that are expressed most rapidly after the
inflammatory stimulus, are controlled by these transcription factors. The second category
includes transcription factors that are synthesized anew after the inflammatory stimulus, such as
CCAAT/enhancer-binding protein-δ (C/EBPδ), and control the expression of secondary response
genes. The third category consists of transcription factors which are activated during macrophage
differentiation and regulate macrophage-specific responses to inflammation, likely by
remodeling chromatin structure; examples include runt-related transcription factor 1 (RUNX1)
and C/EBPβ [154].
NF-κB is one of the best characterized transcription factors exerting control over the
inflammatory process. NF-κB is a family of 5 proteins: p50, p52, p65 (RelA), Rel, and RelB
[155]. Dimers of the NF-κB proteins bind to κB sites in promoters or enhancers of target genes,
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thereby regulating transcription of many classes of genes, including cytokines, chemokines,
growth factors, acute-phase proteins, cell adhesion molecules, immunoregulatory molecules, and
others [156]. NF-κB activation is regulated by members of the IκB family of proteins, which
sequester NF-κB proteins in the cytoplasm. In the classical pathway of NF-κB activation, IκBα is
phosphorylated by IκB kinase (IKK) in response to various inflammatory stimuli, and becomes a
target for ubiquitination, resulting in IκBα degradation and release of NF-κB. Free NF-κB can
then translocate to the nucleus and regulate gene expression [155]. In a negative feedback loop,
NF-κB also stimulates expression of IκBα, which aids in terminating the NF-κB response by
binding and sequestering NF-κB in the cytoplasm [155].
The genes that are expressed by NF-κB depend on the inducing stimulus and the cell
type, highlighting the regulatory complexity of the NF-κB response [155]. One source of
diversity derives from the differing DNA binding specificities of various homodimer and
heterodimer combinations of the NF-κB subunits [156]. Additionally, the IKK and IκB proteins
have other functions in addition to their classical activity, providing for additional fine-tuning of
NF-κB activation. Direct phosphorylation of NF-κB subunits, histones, or transcriptional coactivators and co-repressors by IKKα can affect the localization and ability of NF-κB to bind to
DNA [155]. IκB proteins can promote the formation of atypical NF-κB dimers, stabilize DNAbound NF-κB dimers, and act as transcriptional co-activators of NF-κB [155]. Crosstalk between
NF-κB and other transcription factors further modulates NF-κB activity. Finally, specific
chromatin structures within different cell types can determine accessibility of NF-κB to various
genes, and thus a cell-type specific response [155].
MAPKs (e.g. JNK, p38, ERK) also play an important role in the acute inflammatory
response, either by aiding in the induction of NF-κB, or post-transcriptionally regulating mRNA
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of inflammatory mediators. JNK phosphorylates subunits of activator protein 1 (AP-1), a
transcription factor which enhances NF-κB gene transcription by aiding in NF-κB recruitment to
DNA [157] (AP-1 proteins are involved in the regulation of cell proliferation, oncogenic
transformation, and apoptosis [158]). Certain MAPKs modify AU-rich element (ARE)-binding
proteins, which bind to cytokine mRNA ARE at the 3’ untranslated region to regulate cytokine
translation or decay [159]. For example, p38-MAPK-activated kinase 2 (MK2) phosphorylates
the mRNA destabilizing protein tristetraprolin, leading to a cascade which blocks decay of the
cytokine mRNA [159]. Additionally, tumor progression locus 2 (TPL2)/ERK signaling promotes
transport of pro-inflammatory cytokine TNFα mRNA from the nucleus to the cytoplasm via
targeting the 3’ ARE [160]. There are many other roles of MAPKs in inflammation which are
not discussed here.
b. Evidence for arsenic-induced inflammation
i.

Evidence in vitro and in animals
In vitro experiments suggest that arsenic exposure induces inflammation (i.e. increased

pro-inflammatory cytokine expression and release, induction of NF-κB and MAPK signaling
cascades) at environmentally-relevant doses in many cell types. Effects observed for arsenite
include increased interleukin-6 (IL-6) expression (5 or 20 µM As in bone marrow derived
murine macrophages [161]; 5 µM As in human vascular smooth muscle cells [162]), increased
TNFα and IL-1β expression (20 µM As in bone marrow derived murine macrophages [161]),
increased expression of monocyte chemoattractant protein-1 (MCP-1, a chemokine) (5 µM As in
human vascular smooth muscle cells [162]), increased expression of CRP (0.13 and 0.67 µM in
human hepatoma cells [163]), and increased nuclear DNA binding of NF-κB accompanied by
increased prostaglandin E2 and IL-8 expression (5 µM As in human neutrophils [164]).
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Inflammatory effects have also been observed after exposure of cells to As metabolites in vitro.
Chronic exposure of a urothelial cell line to 50 nM MMAIII induced production of proinflammatory cytokines, activation of NF-κB, and increased phosphorylated p38 MAPK and
ERK [165]. Additionally, exposure of intestinal epithelial cells to trivalent arsenicals at
intestinal-relevant doses (1 µM arsenite, 0.1 µM MMAIII, or 1 µM DMAIII) induced increased
expression and release of TNFα, IL-6, and IL-8 [166]. The response was greatest for DMAIII,
followed by arsenite and MMAIII.
Several animal studies have also demonstrated that exposure to As at a wide range of
doses increases serum pro-inflammatory cytokines. Mice injected subcutaneously with arsenite
(10 or 30 µmol/kg) or arsenate (100 µmol/kg) 5 days per week for 15 weeks experienced 4-10
fold increased levels of serum pro-inflammatory cytokines, including TNFα, IL-1β, and IL-6
[167], while chronic oral exposure to arsenite or arsenate (7.5, 22.5, or 45 ppm arsenite; 37.5 or
75 ppm arsenate) for 48 weeks resulted in 2-3 fold elevation of these cytokines [167]. Similarly,
mice orally administered sodium arsenite in water (0.05 or 5 ppm) for 180 days had increased
serum TNFα, IL-1β, and IL-6 [168], rats treated with 3 mg/kg arsenic trioxide for 30 days had
increased serum TNFα and IL-6 [169], and rats exposed to sodium arsenite (30 ppm) in drinking
water for 12 months had elevated serum IL-1β, IL-6, and TNFα [170].
Exposure of animals to As has also resulted in tissue-specific increased expression and
production of NF-κB, pro-inflammatory cytokines, chemokines, and acute-phase proteins.
Exposure of mice to 100 ppb sodium arsenite in drinking water for 6 months resulted in
increased CRP in the liver and inner medulla of the kidney [163]. Mice injected subcutaneously
with arsenate (300 µmol/kg) or arsenite (100 µmol/kg) had increased expression of TNFα, NFκB, AP-1, and the chemokine macrophage inflammatory protein 2 (MIP-2) in liver [171]. Mice
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exposed to 10 or 100 ppb sodium arsenite for 5 weeks had decreased IL-1β, and increased TNFα,
in whole lung homogenate, and altered gene expression in the lung of many inflammation-related
genes, including a suppressive effect on the IL-1/TLR signaling pathway [172]. Rats exposed
orally to a high dose of sodium arsenite (3 mg/kg) for 2 weeks had increased serum TNFα, and
increased NF-κB expression in kidney tissue, compared to controls [173]. Lastly, in ApoE-/mice exposed to a high dose of arsenite in drinking water (49 ppm) for 24 weeks, formation of
atherosclerotic lesions was increased, and IL-6 and MCP-1 were elevated in the lesions and in
plasma [161]. Cumulatively, the evidence from animal studies largely suggests that As is proinflammatory, although the effects may be tissue specific.
ii.

Evidence in humans
Several studies have evaluated the inflammatory effects of As in humans. In a

longitudinal study of 130 pregnant women in Bangladesh, maternal urinary As at gestational
week 8 and 30 was associated with increased placental IL-1β, and urinary As at gestational week
8 was additionally associated with increased placental TNFα and IFNγ [174]. In West Bengal,
India, As exposed individuals (mean ± SD water As 202.68 ± 188.12 µg/L) had significantly
higher serum IL-6 and IL-8 compared with individuals not exposed to arsenic (mean ± SD water
As 5.38 ± 2.06 µg/L) [175]. In a Bangladeshi sample composed of individuals from As endemic
and nonendemic regions, water As, hair As, and nail As were significantly associated with
elevated plasma CRP [176]. Prenatal As exposure (determined by mother toenail As) was
associated with altered gene expression in cord blood of newborns in Thailand; gene networks
affected by As included networks centered around activation of NF-κB, IL-1β, and TNFα [177].
Finally, a small study in China found that mRNA of several cytokines and growth factors
involved in inflammation were upregulated in lymphocytes of individuals with high (9.6 to 46.5
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µg/L) compared to low (0-4.32 µg/L) As exposure, although plasma protein levels of these
cytokines were not elevated with the exception of MCP-1 [178].
c. Mechanisms of arsenic-induced inflammation
As discussed earlier, two mechanisms of As toxicity include inhibition of proteins
(including certain antioxidant enzymes) via binding to sulfhydryl groups, and induction of
oxidative stress [125]. The effect of As on inflammation may be mediated by the redoxregulation of inflammatory proteins and transcription factors, such as MAPKs, NF-κB, and AP1. ROS interact with inflammatory pathways in many different ways, having an activating or
inhibitory effect depending on the context (i.e. type of stimulus, cell type) [132, 179]. In certain
cell models, low dose arsenite exposure (1-5 µM) induces oxidative stress (i.e. increased ROS
and reduced GSH) and activates NF-κB and AP-1, which can be prevented by administration of
the antioxidant N-acetylcysteine, suggesting oxidative stress as the mediator of As-induced
inflammation [141, 180, 181]. Treatment of human uroepithelial cell line SV-HUC-1 with 1-10
µM arsenite increased ROS, expression of activating transcription factor 2 (ATF2; a subunit of
AP-1), cyclooxygenase-2 (COX-2; an enzyme involved in the formation of prostaglandins), and
phosphorylation of ERK and p38 MAPK; this effect was inhibited by co-treatment with the
antioxidant melatonin, and by co-treatment with MAPK inhibitors, indicating that As exerted its
effects through redox-induced activation of MAPK signaling [182, 183]. Similarly, treatment of
rats with sodium arsenite resulted in reductions in renal function, increased oxidative stress, and
increased TNFα, NF-κB, phosphorylated ERK, and phosphorylated p38 MAPK in the kidney,
and these effects were ameliorated by co-administration of antioxidant substances taurine and
silibinin [173, 184]. Arsenic-induced cutaneous inflammation in a mouse model was mediated by
ER stress, activation of p38 MAPK signaling, and increased expression of pro-inflammatory
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cytokines and chemokines; these effects were downstream of As-induced ROS, and were
blocked by N-acetylcysteine, again implicating As-induced ROS as the cause of inflammation
[185]. In a human study (N=130), maternal urinary As was positively associated with placental
8-oxoG (a biomarker of oxidative DNA damage) and inflammatory cytokines, and the increase
in 8-oxoG mediated the effect of uAs on the cytokines [174].
Arsenic may modulate redox-sensitive inflammatory signaling pathways indirectly
through disruption of thiol redox systems, rather than directly through ROS. Exposure of HepG2
cells to environmentally relevant levels of arsenite resulted in significantly elevated CRP, but not
significantly elevated ROS, suggesting that As exposure may cause inflammation independently
of ROS [163]. Treatment of mouse lymphatic endothelial cell line SVEC4-10 with 5 and 7.5 µM
arsenic trioxide resulted in increased ROS, increased expression of inflammatory mediators IL-6,
MCP-1, and vascular endothelial growth factor (VEGF), and activation of ERK, JNK, p38, and
NF-κB [186]. All of these effects (except for the increased ROS) were inhibited by treatment
with the thioreductant α-lipoic acid, however treatment with a superoxide scavenger attenuated
As-induced activation of MAPKs and NF-κB but had no effect on IL-6, MCP-1, and VEGF,
suggesting that the inflammatory effects of As are not only a direct result of ROS, but also due to
interaction of As with thiols [186]. Human primary macrophages exposed to 1 µM arsenic
trioxide had increased expression of chemokine CXCL2, and decreased expression of chemokine
CCL22, and these effects were not altered by pre-treatment with antioxidant enzymes SOD and
catalase [187]. However, pre-treatment with N-acetylcysteine (which is also a thioreductant)
reversed these effects of As [187].
Arsenic has not always been shown to activate NF-κB and AP-1. Chronic low-dose As
exposure in mice results in an inhibitory effect on NF-κB in lung [172, 188], while still
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activating AP-1 [188]. Chronic exposure of human fibroblasts to low doses of arsenite decreased
NF-κB and AP-1 DNA binding activity, while acute exposure activated the transcription factors
[142]. Human primary macrophages exposed to 1 µM arsenic trioxide did not have altered
activity of NF-κB or AP-1 [187]. Additionally, As-induced activation of NF-κB may be
dependent on dose, with higher doses being inhibitory [189, 190].
Effects of As on mitochondria may also indirectly cause oxidative stress and
inflammation. Arsenic may dysregulate mitochrondrial function by binding to pyruvate
dehydrogenase and disrupting the citric acid cycle [125]. Increases in cellular oxidative activity,
activity of NF-κB and AP-1, and increased production of IL-1α, following exposure of murine
keratinocytes to 1, 10, or 50 µM of arsenite, were mediated by the mitochondria, as evidenced by
reversal of these effects upon inhibition of mitochondrial function [191].
E. Chronic kidney disease and arsenic
a. Kidney structure and function
The kidney is a bean-shaped organ serving as the main site of excretion of endogenously
produced waste products of metabolism. The kidney receives blood supply from the renal artery,
and blood leaves the kidney via the renal vein. The kidney is divided into several regions.
Moving from the outermost surface inwards, these regions are known as the renal cortex, renal
medulla, and renal pelvis; the renal pelvis is the initial part of the ureter (Figure 7) [192]. The
nephron is the basic functional unit of the kidney, responsible for filtration of the plasma for the
ultimate production of urine (Figure 8). The nephron is composed of the renal corpuscle,
proximal convoluted tubule, loop of Henle, distal convoluted tubule, and collecting duct. The
renal corpuscles, proximal tubules, and distal tubules are located in the renal cortex, while the
loops of Henle and collecting ducts are locating in the renal medulla. The collecting ducts drain
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into the renal pelvis, which connects to the ureter and ultimately the bladder [192].

Figure 7. Internal structure of the kidney.
The renal corpuscle, composed of the glomerulus and the Bowman’s capsule, is the
nephron’s initial filtering component (Figure 8, inset). The glomerulus is a set of capillaries that
receives blood supply from the afferent arteriole, and water and solutes are filtered out of the
glomerular capillaries into the Bowman’s capsule. The glomerular filter is composed of three
layers: (1) the endothelial cell lining of the capillaries, (2) the glomerular basement membrane,
and (3) specialized epithelial cells of the Bowman’s capsule known as podocytes [192]. The
endothelial cells of the capillaries are a barrier to blood cells, platelets, and plasma proteins. The
glomerular basement membrane selectively filters substances based on size, shape and charge, as
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well as being a barrier to proteins and water flow. The podocytes have long foot processes which
wrap around the glomerular capillaries and interdigitate with foot processes from other
podocytes, creating narrow slits; they maintain the basement membrane of the glomerulus, and
also play a role in inhibiting the passage of proteins. Molecular size is the main determinant of
passage through the glomerular filter, and thus the initial glomerular filtrate is similar to the
plasma of the afferent arteriole regarding the concentration of small molecules [192]. Inside the
glomerular tuft there are also a group of cells termed mesangial cells, which are contractile
macrophages that take up macromolecules that may escape from the glomerular capillaries, and
also may play a role in controlling blood flow within the glomerular capillaries [192].
The resulting glomerular filtrate then passes through the proximal tubule of the nephron,
which is the main site of reabsorption of water and filtered solutes back into the blood.
Substances can also be secreted from the blood into the proximal tubule. The proximal tubule
consists of an initial convoluted part, and the cells in this part have a dense brush border which
increases the surface area for reabsorption [192].
After passing through the proximal tubule, tubular fluid continues through the loop of
Henle. The function of the loop of Henle is to create a high osmotic concentration in the
interstitial fluid of the renal medulla, so that water will pass from the collecting ducts to the
medullary fluid as they pass through the medulla, thus concentrating the urine [192]. The
descending loop of Henle is permeable to water but not sodium, leading to diffusion of water
from the descending loop into the medullary fluid. The concentrated filtrate then enters the
ascending loop of Henle, which is impermeable to water. Passive transport of sodium from the
thin ascending loop into the medullary fluid, and active transport of sodium from the thick
ascending limb to the medullary fluid, dilutes the urine. Thus the urine becomes diluted in the
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loop of Henle, and later concentrated in the collecting duct, which is permeable to water [192].
The distal tubule passes close to the Bowman’s capsule of its own nephron and is
adjacent to the afferent and efferent arterioles of its own nephron. The distal tubule of the
nephron can be divided into different segments with different functions in terms of solute and
water transport, as the transition from distal tubule cells to collecting duct cells occurs [192].
Earlier segments of the distal tubule have low permeability to water, and later segments are more
similar to the collecting duct, with variable water permeability that is controlled by antidiuretic
hormone (ADH). Several distal tubules combine to form collecting ducts. In the collecting ducts,
ADH regulates the concentration of the urine by controlling passage of water from the collecting
duct to the medullary interstitial fluid [192].
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Figure 8. The nephron and renal corpuscle (adapted from Fundamentals of Anatomy and
Physiology, Martini and Nath, Pearson Education; and Essentials of Anatomy and Physiology,
Martini and Bartholomew, Pearson Education)

b. Chronic kidney disease
Chronic kidney disease (CKD) is defined by the National Kidney Foundation as “either
kidney damage or decreased kidney function (decreased glomerular filtration rate [GFR]) for 3
or more months [193].” CKD can be initiated by hypertension, injury due to various
inflammation-inducing exogenous agents (i.e. infection, drugs, other toxins), damage by high
levels of endogenous agents (i.e. glucose), or genetic defects [193]. At the tissue and cellular
level, CKD is characterized by glomerulosclerosis (“scarring” of the glomerulus), interstitial
leukocyte infiltration, tubular atrophy, and tubulointerstitial fibrosis [194].
Because of the organization of the nephron, damage initiated in the glomerulus can be
propagated to the proximal tubule, tubular capillaries, and tubulointerstitial space. Damage to
and loss of podocytes in the glomerulus allows leakage of proteins into the Bowman’s space,
causing proteinuria. The proteinuric ultrafiltrate may carry with it mediators of inflammation
generated in the glomerulus, as well as other toxic substances. The filtered pro-inflammatory
mediators and toxic substances can then initiate a secondary inflammatory response at the
tubular level. In this way, glomerular disease may lead to secondary injury of the tubular
compartment. Additionally, because the glomerular capillary bed and peritubular capillary
network are arranged in sequence, a decrease in glomerular blood flow resulting from glomerular
injury will result in a decrease in peritubular blood flow, causing tubular ischemia and hypoxia.
Pro-inflammatory mediators generated within the glomerulus may also spill over and activate the
endothelium of the peritubular microcirculation, thus contributing to a secondary
tubulointerstitial inflammatory reaction and tubulointerstitial fibrosis [194].
Inflammation is present in almost all forms of renal injury, and plays an important role in
initiation and progression of renal injury, as well as resolution of renal injury [150]. PRRs (i.e.
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TLRs, NLRs), which are expressed widely on renal cells, are involved in signaling tissue injury
to induce an inflammatory immune response and restore normal tissue function [150]. DAMPs
are released from stressed or damaged cells, and serve as ligands for the PRRs, resulting in an
inflammatory response consisting of generation of inflammatory mediators (i.e. chemokines,
cytokines) and recruitment of leukocytes to the site of injury [150, 194]. If the inflammation
remains under control and there is no continuing insult, kidney damage can be repaired.
However, a maladaptive inflammatory response can lead to amplification of the kidney injury
and progression of kidney inflammation and fibrosis, ultimately leading to renal failure.
Activation of TLRs, NLRs, and the NLRP3 inflammasome in the kidney in response to kidney
injury are likely predominant causes of acute and chronic kidney diseases [150].
c. Biomarkers of kidney function and injury
Biomarkers of kidney disease can be divided into different categories. The most
predominantly used categories are (i) functional biomarkers and (ii) biomarkers of structural and
cellular injury [195]. The first category consists of markers of reduced glomerular filtration rate
(GFR), which are usually plasma proteins that are normally filtered by the glomerulus that
become elevated in plasma under conditions of reduced renal function (i.e. serum creatinine and
cystatin C). The second consists mostly of biomarkers found in the urine after glomerular and/or
tubular structural and cellular injury (i.e. proteinuria) [195].
i.

Functional biomarkers

GFR is the flow rate of fluid from the glomerular capillaries to the Bowman’s capsule; it
is a measurement of clearance, where clearance =

𝑈𝑈𝑥𝑥 ∗𝑉𝑉
𝑃𝑃𝑥𝑥

[192]. In this equation, U x represents the

concentration of substance “x” in urine, V represents the urine flow rate, and P x represents the
concentrations of substance “x” in plasma, leaving the units of clearance as a rate (usually
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expressed in mL/min). Thus, clearance represents the amount of time in which a theoretical
volume of plasma is completely cleared of a substance [192]. Clearance of a substance that is
freely filtered at the glomerulus, and is neither reabsorbed, secreted, metabolized, nor
synthesized by the kidney, is equivalent to GFR [192]. An example of such a substance is inulin,
and as such inulin clearance is equivalent to GFR and considered a “gold standard” for GFR
determination. However, because inulin is an exogenous substance, GFR is typically estimated
by measuring endogenous substances with similar properties. Creatinine clearance is commonly
used to estimate GFR, because creatinine is freely filtered and neither reabsorbed, metabolized,
nor synthesized by the kidney. However, creatinine is secreted in the proximal tubule, which
may lead to overestimation of GFR. Clearance measurements are complicated because of the
requirement for timed collection of urine. As such, GFR-estimating equations have been
developed using plasma measurements of substances which are freely filtered at the glomerulus
and sensitive to changes in GFR. Serum creatinine is the most widely used biomarker for
estimation of GFR, although equations have been developed based on serum cystatin C, and
serum creatinine and serum cystatin C combined [196, 197]. Cystatin C is a small protein
produced by all nucleated cells, which is freely filtered at the glomerulus, is reabsorbed in the
proximal tubule, and is immediately catabolized within lysosomes, so it does not return to the
plasma and is minimally excreted in urine [198]. Reductions in GFR cause increases in both
serum creatinine and cystatin C, however small reductions in GFR are accompanied by increased
secretion of creatinine, potentially making serum creatinine less sensitive to small reductions in
GFR than cystatin C [199]. In healthy individuals, GFR from day to day remains fairly constant,
with variation in excretion of substances dependent on tubular reabsorption and secretion
changes rather than GFR changes [192].
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ii.

Structural and cellular injury biomarkers

The most commonly measured biomarker of kidney structural and cellular injury is
presence of albumin in the urine, or albuminuria [195]. Albumin is the most abundant protein in
human plasma and is very minimally excreted in urine under normal kidney function. Following
kidney injury, albumin can leak through the glomerular filter, and tubular reabsorption of
albumin may also be impeded, resulting in albuminuria [195]. Total protein in urine (proteinuria)
is often measured as an alternative to albumin; the two biomarkers are very similar as the
majority of protein in urine is usually albumin [200].
There are other urinary biomarkers which particularly signify either glomerular injury or
tubular injury. Glomerular injury biomarkers include mRNA or protein levels of podocytespecific molecules (i.e. podocin, podocalyxin) in urine [195]. Tubular injury biomarkers include
molecules that are released or shed from proximal tubule cells following injury (i.e. N-acetyl-β(D)-glucosaminidase [NAG], kidney injury molecule 1 [KIM-1]), or molecules filtered at the
glomerulus that are normally completely reabsorbed by proximal tubule cells (i.e. neutrophil
gelatinase-associated lipocalin [NGAL], β2-microglobulin) [195, 201].
d. Evidence for arsenic-induced kidney dysfunction
i.

Evidence in animals
Arsenic is a nephrotoxicant in vivo at high doses. Multiple animal experiments have

demonstrated damaged kidney histopathology, and altered serum and urinary parameters
representative of renal dysfunction, in response to As exposure. A review of animal studies
demonstrating renal effects of As exposure compared to control animals is presented in Table 1.
Increased serum creatinine and urea, indicators of decreased GFR, were frequently observed in
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animals following exposure to As, with a few exceptions. Several studies also observed
increased urinary NAG and protein, and decreased creatinine clearance, in response to As. The

Table 1. Nephrotoxic effects of arsenic in animals (Observed increase [+], observed decrease [+], no change [-], not measured/mentioned [ ]).
Author

Species

As

Dose

Regimen
KW:BW

Liu et al.
(2000) [167]

Mouse

AsV

37.5 ppm

Water; 48
weeks

75 ppm
AsIII

7.5 ppm
22.5 ppm
45 ppm

Liu et al.
(2000) [202]
Tsukamoto et
al. (1983)
[203]

Mouse

AsIII

22.5 ppm

Water; 4
months

Dog

AsV

0.73
mg/kg

Injection

NAG

Clinical markers
Creatinine
clearance

Proteinuria

Rat
Rat
Mouse
Rat

As

III

3 mg/kg

As

III

10 mg/kg

As

III

10 mg/kg

AsIII

0.07
mg/kg
0.1 mg/kg
0.2 mg/kg
1.5 mg/kg

Nandi et al.
(2006) [207]
Wang et al.
(2009) [208]
Bera et al.
(2011) [209]
Ince et al.
(2013) [210]
Zhang et al.
(2014) [211]
Sankar et al.
(2013) [212]
Hirata et al.
(1988) [213]
Gora et al.
(2014) [214]
Rizwan et al.
(2014) [215]
Wang et al.
(2014) [216]
Zhang et al.
(2014) [170]
Yu et al.
(2013) [217]
Prabu and
Muthumani
(2012) [184]
Li et al.
(2010) [218]

Rat
Rat
Rat
Mouse

AsIII

10 ppm

?

5, 15, 30
mg/L

As

III

20 ppm

As

III

100 mg/L

Rat

AsIII

3 mg/kg

Rat

AsIII

25 ppm

Hamster

AsIII

5 mg/kg

Orally; 2
weeks
Orally; 10
days
Orally; 2
days
Orally; 21
days
Orally; 14
days
Orally; 7
days
Orally; 1 day
Water; 12
weeks
Water; 8
months
Water; 12
weeks
Water; 28
days
Injection;
alternate days
for 4 days
Water; 42
days

-

-

+

+

+
-

+
+
+
+

+
+
+
+

-

+

-

-

+

-

+-

+

+

-

+

-

+

+

+

+
+

+-

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+
+
-

+

+

+

+

+

+

+

+

Orally

-

-

Orally; 28
days
Injection; 4
days
Injection; 5
days
Water; 12
months
Injection;
alternate days
for 5 days

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

AsIII

10 mg/kg

Rat

V

20 mg/kg

As

III

5 mg/kg

Rat

As

III

30 ppm

Cat

AsIII

1 mg/kg

Rat

AsIII

5 mg/kg

Orally; 4
weeks

Mouse

AsIII

1, 2, 4
mg/L

Water; 60
days

Rat

Histopathology markers
Tubular
Glomerular
degeneration
degeneration

+

Rat

As

Serum urea/
BUN

+
+

14.66
mg/kg
Roy et al.
(2009) [173]
Das et al.
(2010) [204]
Sinha et al.
(2008) [205]
Saxena et al.
(2009) [206]

Serum
creatinine

-

++
+

+
+

+-

+-

+-
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kidney weight to body weight ratio (KW:BW) was often altered as well, although some studies
observed an increased KW:BW ratio in the As-treated animals, which may be a result of renal
cell hypertrophy. Finally, many of the studies observed degenerative histologic changes in the
renal tubules and glomeruli. Cumulatively, these studies indicate that As is a nephrotoxicant,
however the high doses used make it difficult to relate these studies to human exposures.
ii. Evidence in humans
CKD is emerging as an As-induced disease outcome in humans, as summarized in Table
2. Elevated mortality rates from kidney diseases, in comparison to reference populations, have
been observed in As-exposed populations from Utah [219], Michigan [220], Taiwan [221], and
Chile [222]. In the Chilean study, mortality rates were evaluated for an adult population that was
exposed only in utero or early childhood; the results of this study imply that risk for As-induced
CKD remains elevated even after exposure has ceased [222]. In Taiwan, a decreasing trend in
renal disease mortality was observed following implementation of an As-free water supply
system in an As endemic area, implying that renal disease in the area was attributable to As
exposure [223]. These ecological studies suggest that As is a causal factor in CKD, although they
do not provide individual-level As exposure data.
In recent years, several studies with individual-level As exposure data have been
published that support As as a cause of renal dysfunction. Well water As and urinary As were
positively associated with the prevalence of proteinuria in a cross-sectional analysis within a
large Bangladeshi cohort, although in a prospective analysis there was no association between
baseline water As or urinary As with the incidence of proteinuria [224]. A longitudinal analysis
of this same cohort revealed that a decrease in urinary As over time, presumably due to wellswitching, was associated with a decreased risk of incident proteinuria, while an increase in
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urinary As over time was associated with an increased risk of incident proteinuria [224]. Other
cross-sectional studies in populations with varying As exposures, including low exposures in the
United States and high exposures in China, have also supported a dose-response relationship
between urinary As and albuminuria [225, 226].
There have also been studies examining the association between individual-level As
exposure and estimated GFR (eGFR) or CKD outcomes. A prospective study among American
Indians in the United States found that total urinary As was associated with increased risk for
incident CKD [227]. A prospective study among children in Bangladesh observed a marginal
negative association between total uAs at infancy and eGFR at 4.5 years old, although the long
term health consequences of this small decrease in childhood eGFR are unclear [228]. Casecontrol studies in Taiwan have associated total urinary As with increased odds of CKD (defined
as eGFR<60 ml/min/1.73 m2) [229, 230]. A study in Bulgaria found no association between
urinary As and estimated creatinine clearance from the Cockcroft-Gault formula, although As
exposure in this population was very low [231]. A large population based Taiwanese study found
that high water As exposure (>600 µg/L) was associated with increased odds of renal disease in
subjects with type 2 diabetes, but not in non-diabetic subjects [232]. A study in men
occupationally exposed to As through inhalation found that total urinary As was positively
associated with serum cystatin C, independently of blood lead and cadmium [233].
Finally, several cross-sectional studies have also examined associations between urinary
As and other kidney structural biomarkers such as urinary NAG and β2-microglobulin. In an Ascontaminated area in Guizhou province, China, total urinary As was positively associated with
increased prevalence of high albumin, NAG, and β2-microglobulin in urine [226]. A study in
Taiwan found a positive relationship between urinary As and prevalence of high urinary β2-
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microglobulin [234]. Urinary NAG was elevated in individuals from an As-endemic area of
China compared to a control region; the effect of As exposure on urinary NAG was confirmed in
a rat model [208]. A small study among men working in a copper smelter found that total urinary
As was positively associated with urinary β2-microglobulin, however exposure to other metals
was not adjusted for in this analysis [235]. In a Korean population, total urinary As was
positively associated with urinary NAG, only in those with urinary NAG above the 75th
percentile [236]. There have also been studies with null results, primarily from areas with low As
exposure, including a study in South Korea which found no association between urinary As and
urinary β2-microglobulin or NAG [237], and a study in Bulgaria which found no association
between urinary As and β2-microglobulin [231].
A recent systematic review summarized the epidemiological evidence that exists
regarding the association of As exposure with CKD outcomes [238]. This review concluded that
there was strong evidence for an association between As exposure and prevalent albuminuria or
proteinuria, while the evidence for an association with other CKD outcomes was weaker due to
lack of dose-response relationships, small sample sizes, and poor study quality. Importantly,
there is a dearth of prospective evidence supporting an effect of As exposure on risk for CKD,
which would assist in establishing causality.
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Table 2. Nephrotoxic effects of arsenic in humans (Elevated As exposure measure associated with adverse renal outcome [+], elevated
As exposure measure not associated with adverse renal outcome [-], elevated As exposure measure inversely associated with adverse
renal outcome [+-]).
Author
Ecological
Lewis et al.
(1999) [219]

Sample size

Location

41 deaths

Utah, USA

Meliker et al.
(2007) [220]

1,293 deaths

Tsai et al. (1999)
[221]

Renal outcome(s)

Result

Exposed town median water As
range: 14-166 µg/L

Water As

+

Michigan,
USA

Exposed area mean water
As=11 µg/L

Water As

402 deaths

Taiwan

Exposed area median water
As=780 µg/L

Water As

Smith et al.
(2012) [222]

40 deaths

Chile

Exposed area early life water
As=870 µg/L

Water As

Chiu and Yang
(2005) [223]

521 deaths

Taiwan

Median water As=780 µg/L
before tap water
implementation,
<10 µg/L after

Water As

Mortality from kidney diseases in Asexposed area (compared to reference
area)
Mortality from kidney diseases in Asexposed area (compared to reference
area)
Mortality from kidney diseases in Asexposed area (compared to reference
area)
Mortality from kidney diseases in Asexposed area (compared to reference
area)
Mortality from kidney diseases after
implementation of As-free tap water
(compared to previously)

1,043

Taiwan

Median uAs~85 µg/L

Total urinary As (µg/g Crn)

Urinary β2-microglobulin

+

245

China

Coal-burning; mean uAs ~288
µg/g Crn in exposed area, ~56
µg/g Crn in control area

Total urinary As (µg/g Crn)

eGFR (serum creatinine-based)
Urinary β2-microglobulin

+
+

Urinary NAG
Urinary albumin
Urinary NAG>75th percentile
Urinary NAG<75th percentile
Urinary β2-microglobulin

+
+
+
+

Urinary retinol binding protein
Serum cystatin C

+
+

Urinary albumin

+

Creatinine clearance

-
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Exposure measure(s)

Cross-sectional
Chen JW et al.
(2011) [234]
Nordberg et al.
(2005) [226]

Exposure details

Eom et al. (2011)
[236]
Halatek et al.
(2009) [235]

815

Korea

Mean uAs~8 µg/g Crn

Total urinary As (µg/g Crn)

55

Unknown

Total urinary As (specific gravity
adjusted)

Poreba et al.
(2011) [233]

282

Poland

Zheng et al.
(2013) [225]
Karmaus et al.
(2008) [231]

3,821

USA

Occupational; mean uAs~43
µg/L in exposed, ~20 µg/L in
unexposed
Occupational; mean uAs~17
µg/L in exposed, ~5 µg/L in
unexposed
Median uAs~10 µg/g Crn

201

Bulgaria

Median uAs~3 µg/L

Total urinary As (µg/L)

Urinary As (sum of inorganic and
methylated; µg/g Crn)
Total urinary As (Crn adjusted for
in model)

+

+

+

+

Chen Y et al.
(2011) [224]

10,956

Bangladesh

Water As range: 0.1-864 µg/L

Zheng et al.
(2015) [227]
Chiou et al.
(2005) [232]

3,851

USA

Median uAs=9.7 µg/L

28,499

Taiwan

Over 50% of wells had water
As>350 µg/L

Huang et al.
(2009) [237]
Wang et al.
(2009) [208]
Case-control
Hsueh et al.
(2009) [229]
Chen WJ et al.
(2014) [230]
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Prospective
Chen Y et al.
(2011) [224]

Zheng et al.
(2015) [227]
Birth cohort
Hawkesworth et
al. (2012) [228]

Water As
Total urinary As (Crn adjusted for
in model)
Urinary As (sum of inorganic and
methylated; µg/g Crn)
Water As

Urinary β2-microglobulin
Proteinuria
Proteinuria

+
+

CKD

+-

Kidney diseases in diabetic
population
Kidney diseases in non-diabetic
population
Urinary β2-microglobulin
Urinary NAG
Urinary NAG in As-endemic area vs.
control area

+
-

290

Korea

Mean uAs~4 µg/g Crn

Total urinary As (µg/g Crn)

235

China

Mean uAs~270 µg/g Crn in
endemic area, ~209 µg/g Crn in
control area

Water As

125 CKD
patients
229 controls
233 CKD
patients
449 controls

Taiwan

Mean uAs~32 µg/g Crn in
CKD group, ~21 µg/g Crn in
controls
Tap water As<10 µg/L; mean
uAs ~27 µg/g Crn in CKD
group, ~20 µg/g Crn in controls

Urinary As (sum of inorganic and
methylated; µg/g Crn)

CKD

+

Urinary As (sum of inorganic and
methylated; µg/g Crn)

CKD

+

10,160

Bangladesh

Water As range: 0.1-864 µg/L

Baseline water As

Proteinuria

-

Baseline total urinary As (Crn
adjusted for in model)

Proteinuria

-

Change in urinary As since last
visit (Crn adjusted for in model)
Baseline urinary As (sum of
inorganic and methylated; µg/g
Crn)

Proteinuria

+

CKD

+

eGFR (serum creatinine-based) of
child at 4.5 years old

+

Taiwan

3,119

USA

Median uAs=9.7 µg/L

1,887

Bangladesh

Median maternal uAs ~80 µg/L

Urinary As (sum of inorganic and
methylated; specific gravity
adjusted) in early pregnancy
(maternal) and at 18 months old
(child)

+

e. Mechanisms of arsenic nephrotoxicity
In vitro and animal studies have revealed that the mitochondria of kidney cells are a
primary target of As toxicity. Arsenite inhibits PDH, likely by binding to the dithiol lipoic acid
cofactor [125]. PDH oxidizes pyruvate to acetyl CoA, a substrate for the citric acid cycle, and is
therefore an important player in cellular respiration, ATP production, and mitochondrial function
[125]. Exposure of human kidney proximal tubule cell line HK-2 to arsenite (10 µM) or arsenate
(25 µM) significantly compromised mitochondrial MTT metabolism (an indicator of
mitochondrial activity) [239]. Similarly, mitochondrial toxicity was observed in the kidneys of
rats exposed to 85 or 125 ppm arsenate in drinking water for 6 weeks [240]. Exposure of HK-2
cells to sodium arsenite (2.5-10 µM) resulted in increased apoptosis, decreased cytochrome c
oxidase (an enzyme in the mitochondrial electron transport chain) activity and mitochondrial
membrane potential, increased ROS, and decreased GSH [241]. Additionally, the arsenite
treatment activated pro-inflammatory signaling, including NF-κB, p38 MAPK, TNFα, and COX2, an enzyme involved in the formation of prostaglandins. Upregulation of COX-2 was
determined to be downstream of NF-κB and p38 MAPK activation. All of these effects of As
were reversed upon pre-treatment with antioxidants [241]. Similarly, oral administration of 3
mg/kg sodium arsenite to rats for 2 weeks induced renal damage, and increased oxidative stress,
decreased the mitochondrial membrane potential, increased cytosolic cytochrome c, and
activated MAPK and NF-κB, in kidney tissues [173]. All of these effects were ameliorated by
pre-treatment with taurine.
Oxidative stress features as a prominent mechanism of As-induced renal damage in
multiple animal studies. Arsenic exposure in animal studies is characterized by increased ROS
generation, lipid peroxidation, protein carbonylation, and 8-OHdG, and reduced antioxidant
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enzyme activity (including SOD, catalase, GR, GPx, and glutathione S-transferase) in kidney
tissue [173, 184, 204, 205, 209-212, 218]. Many of these studies have also demonstrated that
treatment of rodents with antioxidant substances and As can either mitigate or prevent the
oxidative and nephrotoxic effects observed with As administration alone [184, 204-206, 209212]. Relating to GSH specifically, several of these studies have observed decreased GSH and
increased GSSG in kidney tissues in response to arsenic treatment, and these effects were
mitigated by either pre-treatment or concurrent treatment with plant extracts exhibiting
antioxidant properties [204, 205, 210-212]. Hamsters pretreated with an inhibitor of GSH
synthesis before administration of As experienced renal failure, however when treated with As
alone renal failure did not occur, indicating that presence of GSH dampens the nephrotoxicity of
As [213]. The experimentally GSH-depleted hamsters also had impaired ability to methylate As
compared to controls, had reduced As excretion, and retained higher amounts of inorganic As in
the kidney tissue [242]. A study in humans found that low levels of the antioxidant lycopene
combined with high urinary As was associated with increased odds of CKD, above the odds
associated with either factor alone [229]. Collectively, this evidence implies that an anti-oxidant
environment protects against the nephrotoxic effects of As, indicating oxidative stress as the
mechanism of As-induced nephrotoxicity. However, a limitation of these studies is that very high
doses are often used, which are not relevant to chronic environmental exposures.
Lastly, environmentally relevant exposure of mice to arsenite (50 ppb in drinking water
for 21 days) resulted in increased hexokinase II (HKII) mRNA expression in the kidney, with
increased HKII protein expression localized to the cortical glomeruli [243]. Additionally, in vitro
exposure of renal mesangial cells to 10 or 50 ppb arsenite resulted in increased mRNA and
protein expression of HKII, which was localized to the mitochondria [243]. The function of HKII
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is the phosphorylation of glucose to glucose-6-phosphate, through which HKII is involved in the
metabolism of glucose and cell growth. Thus, increased HKII expression promotes cell growth
and proliferation, and altered HKII expression has been linked with cancer and diabetes mellitus;
consequently, increased HKII in renal mesangial cells could induce mesangial cell proliferation
and lead to decreased GFR [243].
CKD could also be a secondary outcome related to As-induced hypertension or diabetes
[244], which are both well-known causes of CKD. Some evidence suggests that impaired renal
function related to As exposure is independent of diabetes status [224, 225], while others suggest
synergistic effects of As and diabetes on causing renal dysfunction [208, 232, 245].
f. Complexities of “reverse causality”
The study of the nephrotoxicity of a potential toxicant is complicated by the fact that
reduced kidney function may influence the levels of the toxicant in blood and urine, and
therefore influence “exposure” measurement in biomarker studies. Very little is known regarding
the renal handling of As. The experiments of Ginsburg (1963) in dogs revealed that arsenate is
reabsorbed in the proximal tubule (likely via phosphate transporters), and that increased urine
flow depresses arsenate reabsorption, i.e. enhances its excretion [86]. Additionally, arsenite
diffuses along its concentration gradient, and can diffuse from the luminal or antiluminal side of
the tubule cell [246].
Patients with kidney disease in Belgium had higher total As in serum and blood cells
compared to healthy individuals [247]. Additionally, the concentration of As in the serum and
cells was associated with the degree of renal insufficiency, further indicating that individuals
with reduced kidney function have an impaired ability to excrete As. An additional study by the
same group of researchers found arsenobetaine (AsB) and DMA to be the major As species in
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serum in a sample of kidney disease patients in Belgium, while InAs and MMA were below the
detection limit [248]. Similar to the previous study, the degree of renal insufficiency, as
measured by serum creatinine, was associated with the concentration of total As, DMA, and
protein bound As in serum. They also found that renal failure caused a dramatic decrease in
urinary As excretion. The Belgian patients examined in these studies likely do not have a
significant source of inorganic As exposure, since As species in serum were below detection
limits in healthy controls; therefore these studies may not be fully generalizable to populations
with chronic exposure to inorganic As.
In adult cancer patients with varying degrees of renal impairment undergoing arsenic
trioxide treatment, mild to severe renal impairment decreased the renal clearance of InAs, and
reduced both total As excretion and the percentage of the As dose excreted as arsenite [249].
Additionally, mild to severe renal impairment increased serum MMA and DMA in these
patients. These studies indicate that renal function does influence the excretion of As, which
needs to be taken into consideration when studying the effects of As on renal function using
biomarkers.
F. Summary and synthesis
The preceding background has established the rationale for the epidemiologic
investigations in the forthcoming dissertation. The links between folate and As metabolism, and
creatine and As metabolism, establish the question of whether folate and creatine
supplementation may enhance As methylation, and lower blood As, in As-exposed populations
(Hypothesis 1). Additionally, the evidence from animal studies that dietary creatine
supplementation lowers plasma tHcys warrants further examination in a large human population
(Hypothesis 2). Lowering of both of the above-mentioned endpoints (blood As and plasma
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tHcys) has important public health implications, due to the causal role of As in many cancers and
chronic diseases, and due to the association of Hcys with cardiovascular disease.
While strategies to lower blood As may reduce internal As exposure, strategies to combat
As toxicity are also necessary. Extensive evidence from animal models indicates that As causes
inflammation and renal dysfunction via induction of oxidative stress; this poses the question of
whether redox status may modify these As toxicities in humans (Hypothesis 3).
Finally, the distribution of As metabolites in urine is often predictive of As-induced
health outcomes. However, little is known regarding whether renal function may influence the
distribution of As metabolites in urine; if true, renal function could confound the associations of
u%As metabolites with health outcomes or health biomarkers (e.g. urinary creatinine).
Therefore, it is critical to examine associations between As metabolism and renal function
(Hypothesis 4).
Thus, the following chapters address the two overarching goals of this dissertation
centered around As: (I) to identify nutritional interventions for lowering blood As and
homocysteine, and (II) to determine whether As toxicities (inflammation and renal dysfunction)
are modified by antioxidant balance and whether associations exist between As metabolism and
renal function.
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CHAPTER 3
Methods
A. Folic acid and Creatine Trial (FACT)
Study participants. The Health Effects of Arsenic Longitudinal Study (HEALS) is a prospective
cohort study which originally recruited 11,746 adults in 2000 living within a 25 km2 region in
Araihazar, Bangladesh [1]. The participants for FACT were recruited from the HEALS cohort.
Eligible participants for the HEALS cohort were married adults between the ages of 20 and 65
who had been drinking from their current well for at least three years. For inclusion in FACT,
participants were randomly selected from cohort participants who had been drinking from a
household well having well water As >50 µg/L for at least one year. Pregnant women,
individuals taking nutritional supplements, individuals with protein in their urine, and individuals
with known renal disease, diabetes, gastrointestinal or other health problems, were excluded
from the study. Informed consent was obtained by our Bangladeshi field staff physicians. Ethical
approval was obtained from the Institutional Review Board of Columbia University Medical
Center and the Bangladesh Medical Research Council.
Study design and fieldwork. We recruited a total of 622 participants who were randomized to
one of five treatment groups: placebo (N=104), 400 µg FA/day (FA400; N=156), 800 µg FA/day
(FA800; N=154), 3 g creatine/day (N=104), and 3 g creatine/day + FA400/day (N=104) (folic
acid and creatine pills, Douglas Laboratories, Pittsburgh, PA). The FA400 dose is based on the
U.S. recommended dietary allowance (RDA) for adults, while the FA800 dose is twice the RDA
[2]. We based our creatine dose on the estimation of Brosnan et al. (2011) that the average
creatine loss for a 20-39 year old 70 kg male is 14.6 mmol/day (~1.9 g/day), with the average
creatine losses for women 80% of that of men [3]; we therefore concluded that 3 g creatine/day
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should be sufficient to downregulate endogenous creatine synthesis. This dose is also considered
safe by the European Food Safety Authority [4].
This was a randomized double-blind placebo-controlled trial. Blocked randomization
within gender strata was used to ensure balance in the treatment groups. Within each block 2
persons were randomized to placebo, 3 to FA400, 3 to FA800, 2 to creatine, and 2 to
creatine+FA400, for an allocation ratio of 1:1.5:1.5:1:1. Within each block, the order of
treatments was randomly permutated by a statistician at Columbia. A pharmacist in Bangladesh
distributed barcode labeled pill bottles to field-staff sequentially as they enrolled participants;
bottles were distributed in the order of the randomization list generated at Columbia. Five
experienced teams, each having one interviewer and one physician (all specifically trained for
this study) worked simultaneously to recruit and follow study participants through house-tohouse visits. These teams were responsible for all visits in which blood and urine samples were
collected. All participants received a household-level arsenic removal water filter (READ-F
filter, Brota Services International, Bangladesh), one of six types approved by the Bangladesh
government [5], at baseline for the provision of low-As water (<10 µg/L), and were instructed to
exclusively use filtered water for all drinking and cooking purposes. Filters were routinely tested
for As removal efficiency throughout the duration of the study. Participants received and retained
two bottles of pills at enrollment for the First Phase: one bottle contained folate pills or folatematched placebo pills, while the second bottle contained creatine or creatine-matched placebo
pills. At week 12, participants received a third bottle of pills containing folate or folate-matched
placebo pills for the Second Phase. Village health workers either witnessed or inquired about
compliance on a daily basis. All bottles were retained and pill counts were conducted at the end
of each Phase of the study. With the exception of two data management specialists (one in
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Bangladesh and one in the U.S.) who assigned letters (A, B, C, etc.) to treatments, all study
investigators, fieldwork teams, village health workers, lab technicians, and study participants
were blinded to study treatment for the entire duration of the study through the use of blindlabeled pill bottles and participant ID barcodes on all pill bottles and biological samples. Study
enrollment began in December of 2009 and follow-up was completed in May of 2011.
A total of N=12 participants were dropped over the course of the study for various
reasons, including adverse events (N=6; 1 in the placebo group [abdominal cramps], 1 in the
FA400 group [hypertension], 3 in the FA800 group [abdominal cramps; severe vertigo; bilateral
hydronephrosis], 1 in the creatine group [severe vertigo]), pregnancy (N=3; FA400, creatine
group, and creatine+FA400 group), missing baseline blood sample (N=1; creatine group), and
dropout (N=2; placebo group and FA400 group). The final sample size (N=610) by treatment
group was as follows: placebo (N=102), FA400 (N=153), FA800 (N=151), creatine (N=101),
and creatine+FA400 (N=103). After week 12, the FA400 and FA800 groups were randomly
divided so that half continued their assigned supplements (N=77 in the FA400 group
[FA400/FA], N=77 in the FA800 group [FA800/FA]), and the other half received placebo (N=76
in the FA400 group [FA400/Placebo], N=74 in the FA800 group [FA800/Placebo]), for the
remainder of the study until week 24 (Figure 1). Also, after week 12, participants in the creatine
and creatine+FA400 groups were switched to placebo in order to maintain the study blind while
terminating the intervention for these participants.
In Chapter 4, we will refer to the first 12 weeks of the study as the “First Phase” of the
trial, and the period from week 12 through 24 as the “Second Phase” of the trial. The objective of
the First Phase was to determine treatment effects on blood As (bAs) compared to placebo, while
the objective of the Second Phase was to determine whether a rebound in bAs occurs after
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cessation of FA supplementation, compared to participants who continue taking FA supplements.
The primary outcome of the trial was bAs. Venous blood samples were collected at baseline,
week 12, and week 24 for the measurement of bAs and other covariates (plasma folate, B12,
homocysteine, creatine + creatinine, and GAA). Additionally, finger-stick blood samples were
collected at weeks 1, 6, 13, and 18 for measurement of bAs.

Figure 1. Overview of the FACT study design. At week 0 (baseline), all study participants were
provided with arsenic removal water filters. Note changes in treatment at week 12. Dots (•)
represent times of blood collection for the measurement of blood arsenic.
Sample collection and handling. Venous blood was collected into EDTA vacutainer tubes. To
collect finger-stick blood at weeks 1, 6, 13, and 18, participants’ fingers were punctured with
sterile lancets, and the first droplet of blood was wiped away; approximately 500 µL of blood
was then collected using BD Microtainer™ Plastic Capillary Blood Collectors. All samples were
placed in IsoRack cool packs (Brinkmann Instruments) designed to maintain a sample
temperature of 0°C for 6 h, and within 4 h samples were transported to our field clinic in
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Araihazar. Venous blood samples were centrifuged at 3000×g for 10 min at 4°C, and plasma was
separated from cells. Aliquots of whole blood and plasma, and finger-stick whole blood samples,
were stored at −80°C and shipped on dry ice to Columbia University for analysis. Urine samples
were collected in 50-mL acid-washed polypropylene tubes, kept in portable coolers, frozen at
−20°C within 4 h, and similarly shipped on dry ice.
Well water arsenic. Non-filtered water samples were tested at baseline to determine baseline As
exposure. These water samples were collected in 20-mL polyethylene scintillation vials, and
acidified to 1% with high-purity Optima HCl (Fisher Scientific) at least 48 hour before analysis
[6]. Water samples were then analyzed by high-resolution inductively coupled plasma mass
spectrometry after 1:10 dilution and addition of a Ge spike to correct for fluctuations in
instrument sensitivity. The detection limit of the method is typically < 0.2 μg/L. Intra- and interassay coefficients of variation (CVs) for water As were 2% and 2.6%, respectively. Post-filtered
water samples were tested in the field at baseline, week 12, and week 24 using HACH EZ
Arsenic test kits to ensure As removal efficiency of filters. Approximately 45 filters were
replaced fully or had repairs during the trial.
Total urinary arsenic (uAs). Total uAs was measured by graphite furnace atomic absorption
spectrophotometry (GFAA) using the AAnalyst 600 graphite furnace system (Perkin Elmer) [7].
Intra- and inter-assay CVs for uAs were 3.1% and 5.4%, respectively.
Urinary creatinine (uCrn). We used a method based on the Jaffe reaction [8] to measure urinary
creatinine (uCrn) concentrations. Intra- and inter-assay CVs for uCrn were 1.3% and 2.9%,
respectively.
Total blood arsenic (bAs). As previously described [9], a Perkin-Elmer Elan DRC II ICP-MS
equipped with an AS 93+ autosampler was used to analyze whole blood samples for total bAs
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concentrations. Intra- and inter-assay CVs for bAs were 2.7% and 5.7%, respectively.
Folate and B12. Plasma folate and B12 were measured by radioimmunoassay (SimulTRACSNB, MP Biomedicals). Folate was measured in whole blood hemolysate by radioimmunoassay
(SimulTRAC-S, MP Biomedicals), and red blood cell (RBC) folate was calculated by dividing
by [%Hematocrit/100]. Intra- and inter-assay CVs were 5% and 13% for plasma folate, 6% and
17% for plasma B12, and 4% and 9% for RBC folate, respectively. Plasma folate was measured
for all treatment groups at baseline, 12 and 24 weeks; RBC folate was only measured in the
placebo, FA400, and FA800 groups.
Plasma total homocysteine (tHcys) and cysteine (tCys). Plasma tHcys and tCys concentrations
were measured by HPLC with fluorescence detection according to the method described by
Pfeiffer et al. [10]. Intra- and inter-assay CVs for tHcys were 5% and 7%, respectively, and for
tCys were 4% and 13%, respectively.
Plasma creatine + creatinine (Cr+Crn) and guanidinoacetate (GAA). Plasma Cr+Crn and GAA
were measured by HPLC with fluorescence detection according to the method described by
Carducci et al. [11]. We used an Inertsil ODS-3 3µm HPLC column 4.6x100mm (GL Sciences
Inc.) and an excitation and emission wavelengths of 335 and 435 nm, respectively. Intra- and
inter-assay CVs for Cr+Crn were 7% and 9%, respectively, and for GAA were 8% and 9%,
respectively. Plasma Cr+Crn and GAA were not measured in the FA800 group.
Blood S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH). SAM and SAH were
measured in whole blood according to the method described by Poirier et al. [12]. In the field
400 µl blood was added to tubes containing 200 µl of 0.1 M sodium acetate, pH 6, and 160 µl of
40% TCA, and tubes were vortexed and frozen at -80°C until analysis. Samples were thawed on
ice and centrifuged for 10 minutes at 15,000 rpm. The supernatant was filtered (0.45 µm Ultra-
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free MC, Millipore) and centrifuged for 3 minutes at 5,000 rpm; this supernatant was used to
measure SAM. The sample for SAH was obtained by extracting the supernatant twice with 100
µL peroxide-free diethyl ether and filtering through another 0.45 µm Ultra-free MC filter.
SAM and SAH were injected onto an HPLC with a Beckman Ultrasphere ODS, 25 x 0.46 cm (5
µm particle size) column and a pre-column filter (No. C-751, Chromtech), and detected at 254
nm using a 996 Photodiode Array ultraviolet absorbance detector (Waters Inc.). Samples were
quantified relative to standard curves generated using purified compounds (Sigma). Intra- and
inter-assay CVs for SAM were 2% and 6%, respectively, and for SAH were 10% and 26%,
respectively.
B. Nutritional Influences on Arsenic Toxicity (NIAT) study
Study participants. The Nutritional Influences on Arsenic Toxicity (NIAT) study [13] was a
cross-sectional study of 1,650 adults randomly selected from the HEALS cohort [1]. This study
was approved by the Institutional Review Board of the Columbia University Medical Center and
the Bangladesh Medical Research Council. All participants gave written informed consent.
Collection of biospecimens. Samples were collected as described for the FACT study.
Well water As. Water samples were collected in 20-mL polyethylene scintillation vials. The
samples were acidified to 1% with high-purity Optima HCl (Fisher Scientific) at least 48 hr
before analysis [6]. Water samples were analyzed by GFAA with a detection limit of 5 µg/L.
Samples found to have a concentration < 5 µg/L were reanalyzed by high-resolution ICP-MS
after 1:10 dilution and addition of a Ge spike to correct fluctuations in instrument sensitivity. The
detection limit of the method is typically < 0.2 μg/L. A standard with an As concentration of 51
µg/L was run multiple times in each batch. The intra- and inter-assay CVs for this standard were
6.01% and 3.76%, respectively.
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Total uAs and uCrn. Total uAs and uCrn were measured as described for the FACT study. The
intra- and inter-assay CVs for total uAs were 2.5% and 4.7%, respectively. The intra- and interassay CVs for uCrn were 1.9% and 4.9%, respectively.
Urinary As metabolites. Arsenic metabolites were speciated using HPLC separation of
arsenobetaine (AsB), arsenocholine (AsC), arsenate (AsV), arsenite (AsIII), monomethylarsonous
acid plus monomethylarsonic acid (MMAIII+V), and dimethylarsinous acid plus dimethylarsinic
acid (DMAIII+V), followed by detection using ICP-MS [14]. The intra- and inter-assay CVs for
InAsIII+V were 3.8% and 4.7%, for MMAIII+V were 4.6% and 8.9%, and for DMAIII+V were 2.0%
and 1.9%, respectively. The percentages of InAsIII+V (%InAs), MMAIII+V (%MMA), and
DMAIII+V (%DMA) were calculated using the sum of the inorganic and methylated metabolites
as the denominator.
Plasma cystatin C and eGFR. Cystatin C was measured by ELISA according to the
manufacturer’s protocol (R&D Systems Human Cystatin C Duoset Catalog# DY1196). We used
a 6 point standard curve with a high standard of 3000 pg/ml. Samples were diluted 1:2000 in
PBS with 10% fetal bovine serum (Sigma Aldrich F6178). Recovery of the IFCC certified
reference material for serum cystatin C (ERM-DA 471/IFCC) ranged from 104-114%. The intraand inter- assay CVs were 3% and 10%, respectively. We calculated estimated glomerular
filtration rate (eGFR) using the 2012 CKD-EPI Cystatin C equation [15].
Plasma nutrients. Plasma folate and B12 were measured by radioimmunoassay (Quantaphase II;
Bio-Rad Laboratories) as previously described [13, 16]. The intra- and inter-assay CVs for folate
were 3% and 11%, respectively, and those for B12 were 4% and 8%, respectively. Plasma tHcys
concentrations were measured as described for FACT. The intra- and inter- assay CVs for tHcys
were 5% and 8%, respectively.
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C. Folate and oxidative stress (FOX) study
Study participants. The Folate and Oxidative Stress (FOX) study was a cross-sectional study
designed to examine the dose-response relationship between As exposure and oxidative stress,
as described previously [17]. Briefly, N=378 adults living in Araihazar, Bangladesh were
recruited in 2008 for this study. Individuals had to be between the ages of 30 and 65, not
pregnant, not taking nutritional supplements, free of known diabetes, cardiovascular or renal
disease, chronic obstructive pulmonary disease, or cancer, and drinking from their current well
for at least 3 months. Participants were selected based on the As concentration of their wells, in
order to include a wide range of As exposures (Group A: 0-10 µg/L (N=76), Group B: 10-100
µg/L (N=104), Group C: 100-200 µg/L (N=86), Group D: 200-300 µg/L (N=67), Group E: >300
µg/L (N=45)). Oral informed consent was obtained by our Bangladeshi field staff physicians,
who read an approved assent form to the study participants. This study was approved by the
Bangladesh Medical Research Council and the institutional review board of Columbia University
Medical Center.
Collection of biospecimens. Samples were collected as described for the FACT study.
Well water As. Water samples were analyzed as described for the FACT study. A standard with
an As concentration of 51 µg/L was run multiple times in each batch. The intra- and inter-assay
coefficients of variation (CVs) for this standard were 6.01% and 3.76%, respectively.
Total blood As. Total bAs concentrations were measured as described for the FACT study. The
intra- and inter-assay CVs were 2.1% and 4.9%, respectively.
Blood and urine As metabolites. The As metabolites (AsB, AsC, AsIII, AsV, MMAIII+V,
DMAIII+V) were measured in blood and urine by coupling HPLC to dynamic reaction cell ICPMS [14], as described for the NIAT study. The percentages of InAsIII+V (%InAs),
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MMAIII+V (%MMA), and DMAIII+V (%DMA) were calculated using the sum of the inorganic and
methylated metabolites as the denominator. The intra-assay CVs for urinary AsIII, AsV, MMA,
and DMA were 3.6%, 4.5%, 1.5%, and 0.6%, respectively; those for blood were 0.9%, 11.5%,
3.6%, and 2.6%, respectively. The inter-assay CVs for urinary metabolites were 9.7%, 10.6%,
3.5%, and 2.8%, respectively, whereas those for blood were 3.7%, 23.2%, 2.9%, and 3.5%,
respectively. Total uAs and bAs were calculated as the sum of AsIII, AsV, MMA, and DMA in
urine and blood, respectively; these sum variables are used in the FOX analyses as total uAs and
bAs unless otherwise specified.
Specific gravity (SG). SG was measured by refractometer, and total uAs was adjusted for SG
using the following formula: [uAs*(overall mean SG-1)/(measured SG-1)] [18].
Plasma glutathione (GSH) and glutathione disulfide (GSSG). Whole blood and plasma GSH
and GSSG were measured by HPLC with fluorescence detection [19], as previously described
[17]. Intra-assay CVs ranged from 5-10% and inter-assay CVs ranged from 11-18%.
Calculation of the Redox Potential. The reduction potential of the plasma GSSG/2GSH redox
pair (E h GSH) was calculated using the Nernst equation, E h = E o + RT/nF ln [disulfide]/[thiol]2.
In this equation, E o is the standard potential for the redox couple (-264 mV), R is the gas
constant, T is body temperature in Kelvin, n is 2 for the number of electrons transferred, and F is
Faraday’s constant [20]. The E h represents the two-electron half-cell reduction potential of the
GSSG/2GSH couple, and as such a more positive E h value reflects a more oxidized redox state.
Plasma nutrients. Plasma folate and B12 were measured by radioimmunoassay (Simultrac-S,
MP Biomedicals), and tHcys was measured as described for the FACT study. The intra- and
inter-assay CVs for folate were 9% and 14%, respectively, and those for B12 were 5% and 9%,
respectively. The intra- and inter-assay CVs for tHcys were 2% and 9%, respectively. LC-
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MS/MS was used to measure plasma concentrations of choline, betaine, and DMG [21, 22] with
modifications based on the instrumentation in the laboratory of Dr. Marie Caudill at Cornell
University [23]. The intra-assay CVs were 3.4% for choline, 3.9% for betaine, and 4.7% for
dimethylglycine. The inter-assay CVs were 9.0% for choline, 7.8% for betaine, and 8.1% for
dimethylglycine.
C-reactive protein (CRP) and α-1 acid glycoprotein (AGP). CRP and AGP were assayed by
ELISA with Quantikine® ELISA kits from R&D Systems, Inc. The intra- and inter- assay CVs
were 4% and 3% for CRP, respectively, and 5% and 6% for AGP, respectively.
Plasma cystatin C and eGFR. Cystatin C was measured, and eGFR was calculated, as described
for the NIAT study. The intra- and inter- assay CVs were 7% and 10%, respectively.
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Abstract
Background: The WHO estimates that >140 million people worldwide are exposed to arsenic
(As)-contaminated drinking water. Arsenic undergoes biologic methylation which facilitates renal
As elimination. In folate deficient individuals, this process is augmented by folic acid (FA)
supplementation thereby lowering blood As (bAs). Creatinine concentrations in urine are a robust
predictor of As methylation patterns. While the reasons for this are unclear, creatine synthesis is a
major consumer of methyl donors and its synthesis is downregulated by dietary/supplemental
creatine.
Objectives: To determine whether 400 or 800 µg FA and/or creatine supplementation lowers bAs
in an As-exposed Bangladeshi population.
Methods: We conducted a clinical trial in which 622 participants were randomized to receive
400µg FA, 800µg FA, 3g creatine, 3g creatine+400µg FA, or placebo daily. All participants
received an As-removal filter upon enrollment, and were followed for 24 weeks. After the 12th
week, half of the two FA groups were switched to placebo to evaluate post-treatment bAs patterns.
Results: Linear models with repeated measures indicated that the decline in ln(bAs) from baseline
in the 800µg FA group exceeded that of the placebo group (weeks 1-12: β= -0.09, 95% CI= (-0.18,
-0.01); weeks 13-24: FA continued: β= -0.12, 95% CI= (-0.24, -0.00); FA switched to placebo: β=
-0.14, 95% CI= (-0.26, -0.02)). There was no rebound in bAs related to cessation of FA
supplementation. Declines in bAs observed in the remaining treatment arms were not significantly
different from those of the placebo group.
Conclusions: In this mixed folate deficient/replete study population, 12 and 24 week treatment
with 800µg (but not 400µg) FA lowered bAs to a greater extent than placebo; this was sustained
12 weeks after FA cessation. In future studies, we will evaluate whether FA and/or creatine
altered As methylation profiles.
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Introduction
Chronic arsenic (As) exposure currently affects well over 140 million people in at least
70 countries worldwide. In Asia, at least 60 million people are at risk of chronic As exposure, of
whom 35 million reside in Bangladesh [1]. In a survey of 4,997 tube wells conducted in 2000 in
our study region of Araihazar, Bangladesh, 72% of wells exceeded the WHO maximum
contaminant level for As of 10 μg/L [2]. A subsequent survey of the area 12 years later revealed
that the number of wells had roughly doubled, with a similar proportion of contaminated wells
[3]. Exposure to inorganic As (InAs) is associated with increased risk for cancers of the skin,
lung, and bladder, as well as cardiovascular disease, respiratory illness, and neurologic deficits
[4].
Arsenic is metabolized through a series of reactions in which arsenite (AsIII ) is first
methylated to form monomethylarsonic acid (MMAV). MMAV can be reduced to
monomethylarsonous acid (MMAIII), which subsequently undergoes a second methylation
generating dimethylarsinic acid (DMAV) [5]. The methylation reactions are catalyzed by As
methyltransferase (AS3MT), with S-adenosylmethionine (SAM) as the methyl donor [6].
Arsenic methylation plays a critical role in the elimination of As from tissue stores; AS3MT
knockout mice treated with arsenate retain a significantly greater body burden of As, and excrete
less As in urine, than wild-type mice [7]. Individuals with a higher percentage of MMA(III+V) in
urine (u%MMA) and a lower percentage of DMA in urine (u%DMA) have increased odds of
bladder cancer, lung cancer, skin cancer, and skin lesions [8]. These findings suggest that
complete methylation of As to DMA may reduce risk for As-related disease outcomes.
SAM biosynthesis is regulated by one-carbon metabolism (Figure 1). This pathway is
largely dependent on folate for recruitment of methyl groups; consequently, folate status is
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associated with individual variation in the ability to methylate As [9]. Our previous survey of
1,650 adults in Bangladesh revealed a high prevalence of folate deficiency and
hyperhomocysteinemia [10]. In a 12 week randomized control trial (RCT), we demonstrated that
supplementation of 400 µg/d folic acid (FA) to folate-deficient Bangladeshi adults significantly
increased u%DMA, and lowered u%MMA and u%InAs as compared to placebo [11]. Moreover,
FA supplementation resulted in a 14% reduction in blood As (bAs) and a 22% reduction in blood
MMA [12]. In addition, in a nested case-control study we found folate deficiency to be
associated with a 1.8 times higher odds (95% CI: 1.1-2.9) of As-induced skin lesions [13].
Collectively, these findings indicate that folate deficiency is a modifiable risk factor for As
toxicity.
Our group [9, 11, 14-16] and others [17-19] have previously reported that urinary
creatinine (uCrn) is a strong predictor of As methylation capacity; it is positively associated with
u%DMA, and negatively associated with u%InAs. The synthesis of creatine, the precursor of
creatinine, consumes approximately 50% of all SAM-derived methyl groups [20]. In omnivores,
roughly half of creatine requirements are met through dietary intake of creatine, primarily from
meat [21]. UCrn is therefore a reflection of both dietary creatine intake and endogenous creatine
synthesis [22]. It is also commonly used in urinalyses to adjust for hydration status. Dietary
creatine intake lowers creatine biosynthesis in rodents by inhibiting synthesis of
guanidinoacetate (GAA), the precursor of creatine, thereby sparing methyl groups and lowering
total homocysteine (tHcys) [23, 24]. We hypothesized that dietary creatine intake may also
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facilitate the methylation of As, and may underlie the observed associations between the u%As
metabolites and uCrn.

Figure 1. Overview of one-carbon metabolism. Folic acid (used in fortified foods and
supplements) is reduced to dihydrofolate (DHF) and tetrahydrofolate (THF) by dihydrofolate
reductase (DHFR). A methyl group is then transferred from serine to THF by serine
hydroxymethyltransferase (SHMT), forming 5,10-methylene-THF and glycine. 5,10-methyleneTHF can be reduced by 5,10-methylene tetrahydrofolate reductase (MTHFR) to 5-methyl-THF.
The methyl group of 5-methyl-THF, the predominant naturally occurring form in dietary sources,
is transferred to homocysteine by methionine synthase (MS), generating methionine and
regenerating THF. Vitamin B12 is a cofactor for MS. Methionine can also be generated
independently of folate and B12, by the action of betaine-homocysteine methyltransferase
(BHMT), which transfers a methyl group from betaine to homocysteine. Methionine is then
activated by methionine adenosyltransferase (MAT) to form S-adenosylmethionine (SAM),
which serves as a universal methyl donor for numerous reactions including the conversion of
inorganic arsenic to methylated arsenicals (by arsenic methyltransferase: AS3MT),
guanidinoacetate (GAA) to creatine (by guanidinoacetate methyltransferase: GAMT), and many
others. The products of these methylation reactions are the methylated substrate and Sadenosylhomocysteine (SAH). SAH is subsequently hydrolyzed by SAH hydrolase (SAHH) to
generate homocysteine. Homocysteine is then used either to regenerate methionine, or it is
directed to the transsulfuration pathway.
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In a new RCT, we sought to determine whether FA and/or creatine supplementation
lowers bAs concentrations. Our primary objectives for this study were to determine whether (a)
400 µg/day FA supplementation lowers bAs in the general population (both folate deficient and
sufficient individuals), and whether a higher dose of FA (800 µg/day) provides an incremental
benefit in lowering bAs; (b) a rebound in bAs occurs after FA supplementation is ceased due to
potential release of As from tissue stores; and (c) bAs may also be lowered by reducing
methylation demand (for endogenous creatine synthesis) via creatine supplementation.
Methods
Study design and laboratory methods for the FACT study are described in Chapter 3.
Statistical analysis. We calculated summary statistics to describe the sample characteristics. To
detect treatment group differences in the baseline variables, we used the Chi-square test and the
Kruskal-Wallis test for categorical and continuous variables, respectively. Blood As, our primary
outcome of interest, had a skewed distribution. We applied a natural logarithmic transformation
to bAs (hereafter called ln-bAs) to stabilize its variance and to reduce the impact of extreme
values in the parametric model based analysis. We calculated the geometric mean (anti-log
transformed mean of ln-bAs) at each time point to describe the treatment group specific time
trend. The mean within-person difference in ln-bAs between two time points indicates the
within-person change over the time interval, and the anti-log transformed mean difference is the
ratio of the geometric means at these two time points. We calculated geometric mean ratios and
95% confidence intervals (CI), by treatment group and time. We used the ratio of the geometric
means at two specified time points (later/earlier) to determine the percent change in geometric
mean of bAs over the time interval, using the equation: percent change = (geometric mean ratio
– 1)*100. For example, a mean ratio of 0.90 implies a 10% decrease in the geometric mean,
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while a mean ratio of 1.10 implies a 10% increase in the geometric mean. Because venous bAs
and finger stick bAs were highly correlated in a pilot sample (r = 0.99, n = 8), we used the fitted
model and our finger stick bAs measures to calculate venous bAs from finger stick bAs at weeks
1, 6, 13 and 18.
The five First Phase treatment groups were placebo, FA400, FA800, creatine, or
creatine+FA400. The Second Phase comparisons involved the five groups Placebo/Placebo,
FA400/FA, FA400/Placebo, FA800/FA, and FA800/Placebo. We used two-sample t-tests to
compare week 12 ln-bAs between the FA400/FA and FA400/Placebo groups, and between the
FA800/FA and FA800/Placebo groups, in order to check for effective randomization at week 12.
In order to examine rebound in bAs related to cessation of FA supplements, we compared the
change in ln-bAs from week 12 to week 24 between the FA400/FA and FA400/Placebo groups,
and between the FA800/FA and FA800/Placebo groups, using two-sample t-tests.
For our primary analysis, we modeled the treatment effect on bAs over the 24-week
period using linear models with repeated-measures of ln-bAs. We included predictors for the
pattern of time trend in placebo group, for the treatment groups, and for time by treatment
interactions. The model parameters for the interaction terms indicate the treatment group
differences in mean change in ln-bAs over time. Generalized estimation equations (GEE), which
use all available data and account for within-subject correlations in the repeated measures, were
used to estimate the regression parameters.
All analyses were performed as intent-to-treat. All statistical tests were two-sided with a
significance level of 0.05. Analyses were conducted in R (version 3.1.0) and SAS (version 9.3,
Cary, NC).
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Results
Characteristics and compliance.
Descriptive statistics for the sample characteristics are presented in Table 1. The
treatment groups did not differ significantly at baseline on age, sex, history of smoking and
betel-nut use, BMI, and sociodemographic indices such as education and land ownership.
Additionally, the groups did not differ on nutritional variables including plasma folate, B12,
tHcys, Cr+Crn, and GAA, nor on As exposure variables including water As, urinary As (µg/g
Cr), and bAs.
Pill counts were conducted at the end of the First Phase and Second Phase of the trial, and
compliance for each participant was calculated as the percentage of study pills taken.
Compliance did not differ substantially between treatment groups or between the First Phase and
Second Phase of the trial (data not shown). Over the course of the trial, participants’ compliance
ranged from 79.1% to 100.0%, and the median (IQR) compliance was 99.5% (98.3%, 100.0%).
Plots of the time trends in geometric means of plasma folate and RBC folate, reflecting
compliance with FA supplementation, are presented in Figure 2. As expected, plasma and RBC
folate increased in both FA groups in the First Phase of the trial, with a greater increase in the
FA800 group than in the FA400 group. Additionally, participants that remained on FA
supplementation in the Second Phase of the trial sustained the increase in plasma folate, while
those that switched to placebo had a decrease in plasma folate in the Second Phase, returning
close to the baseline concentration. RBC folate continued increasing during the Second Phase in
participants that remained on FA, and decreased in those that switched to placebo, although not
returning to baseline concentrations. The creatine group had a time trend of plasma folate similar
to that of the placebo group, and the creatine+FA400 group had a time trend of plasma folate
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similar to the FA400 group (data not shown). The prevalence of folate deficiency (plasma folate
< 9 nmol/L) decreased to below 1.5% at week 12 in groups receiving FA (compared with 17.923.5% at baseline), while not decreasing substantially in the placebo or creatine group (data not
shown).
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Table 1. Baseline characteristics of the participants in a folic acid and creatine randomized control trial.
Characteristic
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Age (y)
Male (%)
Smoking (%)c
Betelnut Use (%)c
Education (yrs)
Owns land (%)d
BMI (kg/m2)e
Red blood cell folate (nmol/L)f
Plasma folate (nmol/L)
%Folate deficient (<9 nmol/L
in plasma)
Plasma B12 (pmol/L)
%B12 deficient (<151 pmol/L)
Plasma homocysteine
(µmol/L)g
%Hyperhomocysteinemia (≥13
µmol/L)
Plasma creatine + creatinine
(µmol/L)h
Plasma guanidinoacetate
(µmol/L)h
Water As (µg/L)i
Urinary As (µg/L)
Urinary As (µg/gCr)
Blood As (µg/L)
Urinary Creatinine (mg/dL)

38.3 ± 8.2
50.5
28.7
24.8
3.3 ± 3.6
47.5
20.0 ± 3.0
NA
16.0 ± 7.9

Creatine +
FA400µg
(N=103)
38.0 ± 7.7
50.5
30.1
20.4
3.9 ± 4.1
43.1
19.5 ± 2.5
NA
15.4 ± 8.7

0.85
0.99
0.72
0.77
0.85
0.85
0.31
0.66
0.67

17.9
248.3 ± 141.8
25.8

13.9
255.9 ± 141.0
19.8

20.4
236.9 ± 121.0
24.3

0.38
0.82
0.87

13.6 ± 8.8

13.6 ± 10.3

12.4 ± 5.5

12.8 ± 5.6

0.90

42.2

36.6

39.3

38.6

37.9

0.93

81.3 ± 23.8

NA

NA

77.3 ± 23.0

81.3 ± 28.5

0.36

2.05 ± 0.66
120.4 ± 80.2
137.8 ± 136.9
303.5 ± 201.8
9.7 ± 5.7
48.8 ± 35.1

NA
126.6 ± 83.9
160.0 ± 163.7
339.5 ± 325.0
11.0 ± 9.8
57.7 ± 45.2

NA
131.3 ± 141.6
145.3 ± 117.2
307.4 ± 182.0
10.0 ± 5.4
53.8 ± 41.3

1.95 ± 0.57
146.6 ± 181.2
180.0 ± 211.6
328.2 ± 252.6
10.7 ± 8.2
57.3 ± 36.7

1.98 ± 0.67
124.6 ± 76.6
177.9 ± 155.1
312.1 ± 164.4
10.5 ± 5.3
62.4 ± 47.2

0.57
0.93
0.08
0.75
0.64
0.26

Placebo
(N=102)

FA400µg
(N=153)

FA800µg
(N=151)

Creatine
(N=101)

38.0 ± 7.3b
50.0
24.5
28.4
3.5 ± 3.7
46.1
20.4 ± 3.1
483.5 ± 189.0
16.6 ± 17.2

39.0 ± 8.0
50.3
23.8
23.8
3.3 ± 3.6
50.3
19.5 ± 2.3
498.4 ± 332.8
16.7 ± 14.2

38.2 ± 8.1
49.7
29.1
24.5
3.5 ± 3.6
48.3
19.8 ± 2.7
494.8 ± 172.8
17.9 ± 15.8

21.6
225.0 ± 97.2
24.5

23.5
246.4 ± 130.7
24.2

13.9 ± 10.8

pa

Kruskal-Wallis test was used for continuous variables, and Chi-squared test for categorical variables; b𝑋𝑋�±SD (all such values); cFA400
N=151; dCr+FA N=102; ePlacebo N=101, FA400 N=150, FA800 N=148, Cr N=98, Cr+FA N=102; fRBC folate only measured in placebo
(N=100), FA400 (N=149), and FA800 (N=148) groups; gFA800 N=150; hCreatine+creatinine and guanidinoacetate only measured in placebo
(N=101), creatine (N=101), and Cr+FA400 (N=102) groups; iPlacebo N=99, FA400 N=152, Cr+FA N=100.

a
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Figure 2. Plot of geometric mean (95% CI) plasma and red blood cell folate (nmol/L) by treatment group and time in the First Phase
and Second Phase of the trial. In the Second Phase, there are two values (white-filled and black-filled shapes) for each folic acid
group: the white-filled shapes represent the subset of participants in the folic acid groups that continued on folic acid, and the blackfilled shapes represent the subset of the participants in the folic acid groups that switched to placebo. Note that blood for measurement
of folate was only collected at baseline, week 12, and week 24; intermediate time points are not available therefore the lines do not
represent linear trends.

The within-person increases in plasma Cr+Crn (µmol/L) from baseline to week 12 in the
creatine treated groups (57.9 ± 80.1 in the creatine group, 51.6 ± 62.7 in the creatine+FA400
group, -2.1 ± 18.9 in the placebo group) also indicated high compliance with creatine
supplementation. Additionally, both the creatine and creatine+FA400 groups experienced
significant within-person declines in plasma GAA (µmol/L) from baseline to week 12, while the
placebo group did not (-0.19 ± 0.54 in the creatine group, -0.17 ± 0.59 in the creatine+FA400
group, 0.06 ± 0.48 in the placebo group).
Description of treatment effects in the First Phase.
Table 2 presents geometric means of bAs and the % change in bAs from baseline to each
follow-up time, along with 95% CIs, in the First Phase of the study. After enrollment and
following provision of an As removal filter, the geometric mean of bAs in the placebo group
decreased through week 6, and then increased for the duration of the study (Table 2; Table 3).
The other treatment arms had similar patterns in the geometric mean of bAs over time to that of
the placebo group. A similar pattern was observed for urinary As (µg/g creatinine) over time (see
supplementary material, Table S1). FA800 was the only treatment group to attain lower
geometric mean bAs than the placebo group at any follow-up time point (Table 2; Table 3).
Additionally, the FA800 group had a greater percent decline in geometric mean bAs from
baseline than the placebo group at the end of weeks 1, 6, and 12 (Table 2).
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Table 2. Geometric mean (95% CI) of blood arsenic (µg/L) and the percent change in blood arsenic from baseline to week 12 by First
Phase treatment group
Time or time
comparison

Statistic

Placebo

FA400µg

FA800µg

Creatine

Creatine +
FA400µg

Baseline

Mean (95% CI)

8.32 (7.42, 9.32)

8.73 (7.89, 9.66)

8.72 (8.00, 9.50)

8.73 (7.72, 9.87)

9.26 (8.38, 10.24)

(N=102)

(N=153)

(N=151)

(N=101)

(N=103)

6.40 (5.74, 7.14)

6.88 (6.18, 7.66)

6.20 (5.71, 6.74)

6.54 (5.83, 7.33)

6.84 (6.18, 7.58)

(N=102)

(N=151)

(N=151)

(N=101)

(N=102)

6.20 (5.43, 7.09)

6.93 (6.17, 7.79)

5.86 (5.33, 6.43)

6.70 (5.92, 7.59)

7.09 (6.28, 8.01)

(N=102)

(N=153)

(N=151)

(N=101)

(N=103)

7.62 (6.72, 8.64)

8.40 (7.55, 9.36)

7.19 (6.56, 7.87)

8.12 (7.20, 9.15)

7.96 (7.04, 9.00)

(N=101)

(N=153)

(N=150)

(N=101)

(N=103)

-23.0 (-26.6, -19.3)

-21.2 (-24.4, -17.8)

-28.9 (-31.8, -25.8)

-25.1 (-28.6, -21.4)

-25.6 (-29.7, -21.2)

(N=102)

(N=151)

(N=151)

(N=101)

(N=102)

-25.4 (-31.5, -18.8)

-20.6 (-26.3, -14.5)

-32.8 (-38.0, -27.3)

-23.2 (-29.5, -16.3)

-23.5 (-30.8, -15.3)

(N=102)

(N=153)

(N=151)

(N=101)

(N=103)

-9.5 (-16.5, -1.8)

-3.7 (-10.7, 3.8)

-17.8 (-25.0, -9.8)

-7.0 (-14.8, 1.5)

-14.0 (-22.2, -5.0)

(N=101)

(N=153)

(N=150)

(N=101)

(N=103)

Week 1

Week 6
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Week 12

Week 1 vs.
Baseline
Week 6 vs.
Baseline
Week 12 vs.
Baseline
a

Mean (95% CI)

Mean (95% CI)

Mean (95% CI)

Percent change
(95% CI)a
Percent change
(95% CI)
Percent change
(95% CI)

Percent change = (geometric mean ratio – 1)*100.

Description of treatment effects in the Second Phase.
Table 3 presents geometric means of bAs, and the percent change in bAs from week 12
to a follow-up time, along with 95% CIs, in the Second Phase of the study. Mean ln-bAs at week
12 did not differ significantly between the FA400/FA and FA400/Placebo groups (p=0.73) or
between the FA800/FA and FA800/Placebo groups (p=0.53). The percent change in geometric
mean of bAs since week 12 did not differ significantly between the groups with and without
continuation of FA supplements (i.e. FA400/FA vs. FA400/Placebo and FA800/FA vs.
FA800/Placebo). Likewise, the percent change in geometric mean of urinary As (µg/g creatinine)
since week 12 did not differ significantly between the FA400/FA and FA400/Placebo groups,
and the FA800/FA and FA800/Placebo groups (see supplementary material, Table S2). These
patterns suggest that there was no rebound in bAs related to cessation of FA supplementation.
Because the FA800/FA and FA800/Placebo groups were the only groups to maintain a lower
geometric mean bAs than the placebo group at every follow-up time point, and because there
was no evidence of a rebound in bAs related to cessation of FA supplementation, we conducted a
secondary analysis in which we combined the FA800/FA and FA800/Placebo groups in the
Second Phase of the study. Overall, the combined FA800 groups had a greater within-person
decline in bAs since baseline (-12.3%; 95% CI: -19.6%, -4.3%) than the placebo group (-2.3%;
95% CI: -8.6%, 4.4%) at the end of the 24 weeks (p=0.05).
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Table 3. Geometric mean (95% CI) of blood arsenic (µg/L) and the percent change in blood arsenic from week 12 to week 24 by
Second Phase treatment group
Time or time
comparison

Statistic

Week 12

Mean (95% CI)

Week 13

Week 18

Week 24

Mean (95% CI)

Mean (95% CI)

Mean (95% CI)
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Week 13 vs.
Week 12
Week 18 vs.
Week 12
Week 24 vs.
Week 12
a

Percent change
(95% CI)a
Percent change
(95% CI)
Percent change
(95% CI)

Placebo

FA400µg
continued

FA400µg
switched to
placebo

FA800µg
continued

FA800µg
switched to
placebo

7.62 (6.72, 8.64)

8.56 (7.33, 10.00)

8.25 (7.09, 9.60)

7.39 (6.56, 8.33)

6.97 (6.05, 8.04)

(N=101)

(N=77)

(N=76)

(N=77)

(N=73)

7.37 (6.50, 8.35)

8.22 (6.93, 9.76)

8.28 (6.99, 9.82)

7.04 (6.21, 7.99)

6.65 (5.73, 7.72)

(N=102)

(N=77)

(N=75)

(N=77)

(N=73)

7.89 (6.96, 8.95)

8.01 (6.77, 9.48)

8.27 (7.06, 9.69)

6.91 (5.90, 8.10)

7.04 (6.07, 8.15)

(N=102)

(N=77)

(N=75)

(N=74)

(N=74)

8.12 (7.23, 9.13)

8.52 (7.30, 9.95)

8.15 (7.02, 9.46)

7.69 (6.60, 8.96)

7.62 (6.66, 8.73)

(N=102)

(N=77)

(N=74)

(N=76)

(N=74)

-2.4 (-6.7, 2.0)

-4.0 (-8.8, 1.1)

0.1 (-5.3, 5.7)

-4.7 (-9.1, -0.1)

-5.0 (-9.6, -0.1)

(N=101)

(N=77)

(N=75)

(N=77)

(N=72)

4.3 (-2.9, 12.1)

-6.4 (-13.8, 1.5)

-0.5 (-9.2, 9.0)

-5.8 (-14.5, 3.7)

0.8 (-7.9, 10.4)

(N=101)

(N=77)

(N=75)

(N=74)

(N=73)

7.8 (0.0, 16.2)

-0.4 (-10.9, 11.3)

-0.8 (-12.5, 12.4)

3.8 (-5.8, 14.5)

9.1 (-2.3, 21.7)

(N=101)

(N=77)

(N=74)

(N=76)

(N=73)

Percent change = (geometric mean ratio – 1)*100.

Modeling the treatment effect in the FA800 group.
We observed that the geometric means of bAs after baseline in the FA800 group were
consistently lower than in the placebo group, with a parallel pattern of trend (Figure 4). We
applied linear models with repeated measures of ln-bAs using all time points in order to evaluate
the treatment effect of FA800 over 24 weeks. The estimated parameters of the initial model with
categorical variables for time, treatment group, and time by treatment interaction, suggested a
model simplification using fewer main effect parameters to describe the time trend of ln-bAs in
the placebo group, and using fewer interaction terms for the treatment group differences in the
time trend. The geometric means of bAs over time were all close to the model based estimates,
suggesting that the model fit the data well (Figure 4). Based on the model parameters, we
estimated the group mean difference in ln-bAs change since baseline in the First Phase
(difference = -0.09, 95% CI = (-0.18, -0.01), p = 0.03) (Table 4), which indicated that the
average decline in ln-bAs from baseline in the FA800 group was greater than in the placebo
group. In the Second Phase, compared to the change in ln-bAs since baseline in the placebo
group, the two FA800 groups had significantly greater reductions in ln-bAs since baseline
(FA800/FA: difference = -0.12, 95% CI = (-0.24, -0.00), p = 0.04; FA800/Placebo: difference = 0.14, 95% CI = (-0.26, -0.02), p = 0.02). The small difference in the change in ln-bAs since
baseline between the FA800/FA group and the FA800/Placebo group was not statistically
significant (difference = 0.02, 95% CI = (-0.09, 0.12), p = 0.72), indicating a lack of bAs
rebound in the FA800/Placebo group.
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Figure 3. Plot of geometric mean blood arsenic (µg/L) in the placebo group and 800 µg folic
acid group by week of treatment. Symbols represent raw means, and lines connect the predicted
means from a linear model with repeated measures of ln-blood As.
Table 4. Group mean difference in ln-blood As decline since baseline estimated from repeated
measures modela
Group mean difference in
Time period
Group comparison
ln-bAs decline from baseline
p
(95% CI)
Week 1-12
FA800 vs. Placebo
-0.09 (-0.18, -0.01)
0.03
Week 13-24

FA800/Placebo vs. Placebo

-0.14 (-0.26, -0.02)

0.02

FA800/FA vs. Placebo

-0.12 (-0.24, -0.00)

0.04

FA800/FA vs. FA800/Placebo
0.02 (-0.09, 0.12)
0.72
a
The model parameters: six for the time trend in the placebo group, one for the difference
between FA800 and placebo groups, and three for the time by treatment group interactions to
describe the differences in the time trend between the FA800 group(s) and the placebo group. No
other covariates were adjusted for in this model.
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Discussion
Supplementation of 800 µg FA/day to a study population comprised of both folate
deficient and sufficient individuals lowered bAs to a greater extent than placebo over the course
of this 24-week randomized clinical trial. This result is in accordance with our previous clinical
trial in folate-deficient adults, in which As-removal filters were not provided and
supplementation with 400 µg FA lowered bAs to a greater extent than placebo over 12 weeks
[12]. The enhanced decline in bAs related to 800 µg FA supplementation was observed as early
as one week after supplementation began, which is also in accordance with the enhanced As
methylation observed after one week of supplementation with 400 µg FA in our previous clinical
trial in folate deficient adults [11]. Additionally, the magnitude of the reduction in bAs (mean
within-person decline of 12%) is similar to that observed in our previous clinical trial (14%).
Synthesis of SAM, the methyl donor for As methylation, relies on folate-dependent one-carbon
metabolism (Figure 1). By increasing methylation of InAs to DMA, folate facilitates the
elimination of As in urine, resulting in a lowering of bAs [12]. The finding that FA has a
beneficial effect in the general Bangladeshi population even beyond the effect of As remediation
alone has great public health significance. For example, based on a prospective study of bAs and
incident skin lesions in Bangladesh [25], we have calculated that a 12% decline in bAs (as
observed in the FA800 group) would be associated with an 8.2% decline (95% CI: 5.8%, 10.5%)
in the incidence rate of skin lesions.
We did not observe that cessation of FA supplementation at week 12 was associated with
a rebound in bAs, as compared to remaining on FA supplementation. This indicates that the
decline in bAs achieved with 12 weeks of supplementation with FA800 was sustained up to 12
weeks after supplementation had ceased. Although plasma folate returned to near baseline levels
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by week 24 in the FA800/Placebo group, RBC folate remained elevated substantially above
baseline levels. Plasma folate is highly responsive to recent intake of folate, while RBC folate is
more indicative of long-term folate status and tissue folate stores [26]. Since the liver is the
primary site of As metabolism [27], it is possible that liver folate, like RBC folate, was sustained
after cessation of FA supplementation, resulting in a sustained lowering of bAs in the
FA800/Placebo group. Alternatively, we may not have been able to detect a rebound in bAs after
week 12 related to cessation of FA800, due to the increase in bAs after week 6 in all treatment
groups (discussed in further detail below).
FA400, creatine, and creatine+FA400 were not effective in lowering bAs to a greater
extent than the placebo group over the course of the trial. The reason that FA400 did not lower
bAs in this study may be an issue of insufficient dose, as we did observe that FA800 decreased
bAs from baseline to a greater extent than placebo. Plots of bAs over time stratified by folate
deficiency (plasma folate <9 nmol/L) suggest that FA400 may have been effective in lowering
bAs in folate deficient individuals (data not shown), as we have observed in our previous trial in
folate deficient adults [12]. This was solely an exploratory analysis, as the sample sizes in the
folate deficient subgroups were small (placebo N=22, FA400 N=36, FA800 N=27), and we did
not have adequate statistical power to perform stratified analyses.
Due to the strong positive association between uCrn and As methylation observed in
many of our studies and by others, and the knowledge that supplemental creatine downregulates
creatine biosynthesis in rodents [24], we had hypothesized that creatine supplementation would
“spare” SAM and thereby enhance As methylation and lower bAs. However, we did not observe
that supplementation with 3 g creatine/day lowered bAs to a greater extent than placebo. It seems
unlikely that this may also be an issue of insufficient dose, since we observed a significant
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decrease in plasma GAA in the creatine groups, indicating downregulation of endogenous
creatine synthesis. However, the functional effect of this downregulation may be smaller than
anticipated due to long-range allosteric interactions that tightly regulate hepatic SAM
concentrations [28].
FA supplementation is a very promising nutritional intervention for lowering bAs,
although there may yet be “room for improvement” in enhancing As methylation, since AS3MT
activity is unlikely to reach a plateau at physiological SAM concentrations (based on in vitro
AS3MT activity [29] and liver SAM concentrations in rats [30]). Because FA is not a methyl
donor per se, but rather recruits a methyl group to serve as a cofactor for remethylation of
homocysteine to methionine, FA cannot increase SAM if methyl groups are limiting [31]. Future
studies should examine whether supplementation with 5-methyltetrahydrofolate, or cosupplementation with methyl donors such as choline or betaine, can provide an additional benefit
in lowering bAs.
All treatment groups experienced a rebound in mean bAs after week 6. This was
unexpected, given that As exposure had ceased at the beginning of the study with the use of
water filters. The most likely explanation for this occurrence is that there was a decline in
compliance of filter usage. A survey administered to the study participants ~1.5 years after the
end of the clinical trial revealed that the majority (95%) had stopped using their filters by then
because the filter flow rates had declined. Additionally, in an 11 week pilot study of N=12 Asexposed Bangladeshi adults drinking bottled water supplied by our field staff, a rebound in bAs
was not observed after the initial decline in bAs, further suggesting an issue with filter
compliance in the current study. Alternatively, we cannot rule out other possibilities such as
release of As from tissue stores (e.g. bone) following reduction in As exposure, given that there
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is some evidence indicating that As may influence bone turnover [32, 33]. Although the
explanation for the rebound in bAs is not clear at this time, our findings do suggest that provision
of costly individual household-use water filters does not represent a feasible long term solution
for the As problem in a real-world setting.
Although removing exposure to As is the primary prevention approach for As-induced
diseases, massive exposure reduction is complicated by the high cost of water filters and their
monitoring and maintenance, the limited effectiveness of water filters in real-world settings, and
the limited availability of low As wells in some regions. Additionally, long-term chronic
exposure to As may lead to an increased body burden of As which persists long after exposure is
removed [4]. Nutritional supplementation presents a low-risk and low-cost preventative
treatment option for populations with past exposure who are still at risk for As-induced disease
[34], and perhaps for populations currently exposed to As. We have demonstrated that even with
provision of As-removal water filters, supplementation with 800 µg FA lowered bAs to a greater
extent than placebo. Future studies should examine the impact of folate supplementation on risk
for As-induced diseases. Although at least 57 countries worldwide currently have mandatory
folate fortification in place in accordance with WHO guidelines [35], those countries with the
most significant problems of As-contaminated drinking water, including Bangladesh, India,
Cambodia, and Pakistan, are not among them. As has been demonstrated in Western countries
such as the U.S. and Canada, folate fortification can nearly eradicate folate deficiency and its
associated consequences; in As-endemic countries it may have the additional benefit of
facilitating a partial reduction in the extensive public health burden of As exposure.
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Supplemental Material
Table S1. Geometric mean (95% CI) of urinary arsenic (µg/g creatinine) and the percent change in urinary arsenic from baseline to
week 12 by First Phase treatment group
Time or time
comparison

Statistic

Placebo

FA400µg

FA800µg

Creatine

Creatine +
FA400µg

Baseline

Mean (95% CI)

253.0 (224.5, 285.1)

257.0 (229.5, 287.7)

259.7 (235.9, 285.9)

263.6 (231.8, 299.8)

272.0 (244.6, 302.5)

(N=102)

(N=153)

(N=151)

(N=101)

(N=103)

191.3 (170.7, 214.4)

198.8 (178.4, 221.6)

183.5 (168.9, 199.4)

176.4 (157.2, 197.8)

180.8 (161.5, 202.5)

(N=102)

(N=151)

(N=150)

(N=101)

(N=103)

191.7 (169.2, 217.2)

201.4 (177.6, 228.5)

178.6 (162.6, 196.3)

173.3 (152.0, 197.7)

177.4 (155.0, 202.9)

(N=102)

(N=152)

(N=149)

(N=100)

(N=103)

208.0 (181.3, 238.8)

225.8 (200.6, 254)

191.9 (173.1, 212.6)

195.6 (171.2, 223.4)

195.1 (169.1, 225.2)

(N=102)

(N=150)

(N=148)

(N=99)

(N=102)

-24.4 (-31.2, -16.9)

-22.9 (-28.1, -17.4)

-29.3 (-34.2, -24.1)

-33.1 (-37.8, -28.0)

-33.5 (-38.3, -28.3)

(N=102)

(N=151)

(N=150)

(N=101)

(N=103)

-24.2 (-31.4, -16.3)

-22.2 (-28.6, -15.3)

-31.1 (-37.3, -24.3)

-33.9 (-40.6, -26.4)

-34.8 (-42.0, -26.7)

(N=102)

(N=152)

(N=149)

(N=100)

(N=103)

-17.8 (-26.0, -8.7)

-13.1 (-20.0, -5.6)

-25.9 (-33.1, -18.0)

-25.9 (-32.9, -18.1)

-28.5 (-36.3, -19.8)

(N=102)

(N=150)

(N=148)

(N=99)

(N=102)

Week 1

Week 6

Week 12

Mean (95% CI)

Mean (95% CI)

Mean (95% CI)
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Week 1 vs.
Baseline
Week 6 vs.
Baseline
Week 12 vs.
Baseline
a

Percent change
(95% CI)a
Percent change
(95% CI)
Percent change
(95% CI)

Percent change = (geometric mean ratio – 1)*100.

Table S2. Geometric mean (95% CI) of urinary arsenic (µg/g creatinine) and the percent change in urinary arsenic from week 12 to
week 24 by Second Phase treatment group
Time or time
comparison

Statistic

Placebo

FA400µg continued

FA400µg switched
to placebo

FA800µg continued

FA800µg switched
to placebo

Week 12

Mean (95% CI)

208.0 (181.3, 238.8)

231.1 (195.9, 272.7)

220.2 (185.4, 261.6)

199.4 (173.3, 229.6)

184.4 (158.3, 214.8)

(N=102)

(N=77)

(N=73)

(N=75)

(N=73)

216.8 (188.7, 249.1)

228.4 (190.0, 274.7)

230.3 (192.7, 275.2)

206.1 (180.5, 235.2)

178.1 (151.7, 209.0)

(N=102)

(N=77)

(N=75)

(N=76)

(N=71)

242.9 (215.4, 273.9)

228.4 (191.3, 272.6)

236.1 (198.5, 280.8)

205.2 (175.8, 239.4)

191.9 (164.8, 223.5)

(N=102)

(N=77)

(N=75)

(N=74)

(N=72)

228.7 (202.1, 258.9)

238.0 (199.9, 283.4)

226.7 (191.6, 268.3)

221.8 (189.4, 259.6)

207.5 (176.0, 244.6)

(N=100)

(N=77)

(N=73)

(N=73)

(N=71)

4.2 (-3.6, 12.6)

-1.2 (-9.5, 7.9)

4.9 (-3.3, 13.7)

2.2 (-5.5, 10.6)

-4.1 (-11.1, 3.4)

(N=102)

(N=77)

(N=73)

(N=75)

(N=71)

16.8 (6.1, 28.5)

-1.2 (-11.4, 10.2)

9.3 (-2.1, 22.1)

2.8 (-8.3, 15.3)

3.7 (-6.1, 14.4)

(N=102)

(N=77)

(N=72)

(N=73)

(N=72)

10.1 (-0.0, 21.1)

3.0 (-7.7, 14.9)

6.1 (-6.6, 20.6)

12.8 (-0.7, 28.1)

11.0 (-0.5, 23.8)

(N=100)

(N=77)

(N=71)

(N=73)

(N=71)

Week 13

Week 18

Week 24

Mean (95% CI)

Mean (95% CI)

Mean (95% CI)
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Week 13 vs.
Week 12
Week 18 vs.
Week 12
Week 24 vs.
Week 12
a

Percent change
(95% CI)a
Percent change
(95% CI)
Percent change
(95% CI)

Percent change = (geometric mean ratio – 1)*100.
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Abstract
Background: Creatine synthesis from guanidinoacetate (GAA) consumes approximately 50% of
S-adenosylmethionine (SAM)-derived methyl groups, accounting for an equivalent proportion of
S-adenosylhomocysteine (SAH) and total homocysteine (tHcys) synthesis. Dietary creatine
inhibits the synthesis of GAA, thereby lowering plasma tHcys in rats.
Objective: We tested the hypotheses that creatine supplementation lowers plasma GAA,
increases blood SAM, lowers blood SAH, and lowers plasma tHcys.
Design: Participants were randomized to receive either placebo (N=101), 3 g/day creatine
(N=101), 400 µg/day folic acid (FA; N=153), or 3 g/day Cr+400 µg/day FA (Cr+FA; N=103).
Plasma GAA and tHcys, and blood SAM and SAH, were measured at baseline and after 12
weeks of intervention.
Results: Plasma GAA declined by 10.6% (95% CI: 4.9, 15.9) and 9.0% (95% CI: 3.4, 14.2) in
the creatine and Cr+FA groups, respectively, but also showed inter-individual variability. GAA
increased non-significantly in the placebo group (3.7%; 95% CI: -0.8, 8.5) and significantly in
the FA group (7.0%; 95% CI: 2.0, 12.2); the latter was not significantly different than placebo
(p=0.35). There were no changes in blood SAM or SAH in any group. Plasma tHcys declined by
23.4% (95% CI: 19.5, 27.1) and 21.0% (95% CI: 16.4, 25.2) in the FA and Cr+FA groups,
respectively, with no significant changes in the placebo and creatine groups. The within-person
decline in tHcys did not differ between the placebo and creatine (p=0.35) or FA and Cr+FA
(p=0.41) groups. A decrease in GAA over time was associated with a decrease in tHcys over
time in the Cr+FA group (B=0.30; 95% CI: 0.17, 0.43; p<0.0001).
Conclusions: Our findings indicate that while creatine supplementation downregulates
endogenous creatine synthesis, this may not on average lower plasma tHcys in humans.
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However, tHcys did decrease in those participants that experienced a decline in plasma GAA
while receiving Cr+FA supplementation.
Introduction
Folate deficiency and hyperhomocysteinemia (HHcys) are widely prevalent among adults
in Bangladesh. In a cross-sectional study of 1,650 Bangladeshi adults, 39% of women and 57%
of men were found to be folate deficient (plasma folate <9 nmol/L), while 26% of women and
63% of men were found to have HHcys (defined as plasma total homocysteine [tHcys] ≥10.4
µmol/L for women and ≥11.4 µmol/L for men) [1]. HHcys has been associated with increased
risk for cardiovascular events, stroke, and cognitive disorders [2-4].
Folate deficiency is a common cause of HHcys: 5-methyltetrahydrofolate (5-mTHF)
donates a methyl group for the remethylation of homocysteine (Hcys) to methionine, and also
inhibits glycine-N-methyltransferase (GNMT), a major consumer of S-adenosylmethionine
(SAM) and source of S-adenosylhomocysteine (SAH) [5] (Figure 1). HHcys can also arise from
causes other than folate deficiency, including B12 deficiency [6], renal disease [7], and genetic
polymorphisms that impair Hcys metabolism [8]. While much attention has been given to
interventions influencing Hcys removal, such as folic acid and B12 supplementation, little focus
has been given to interventions that could downregulate Hcys synthesis.
Creatine is a nitrogenous organic acid that occurs naturally in food; rich sources include
meat and fish. In humans, creatine requirements are fulfilled through dietary sources and/or
endogenous synthesis [9]. Creatine synthesis from guanidinoacetate (GAA), a reaction catalyzed
by guanidinoacetate methyltransferase (GAMT), consumes roughly 50% of all SAM-derived
methyl groups [10, 11], accounting for an equivalent proportion of all SAH and Hcys synthesis
(Figure 1).
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Dietary creatine intake inhibits synthesis of GAA in rat kidney by pre-translational
inhibition of arginine:glycine amidinotransferase (AGAT) [12] (Figure 1). Studies in rats have
demonstrated that plasma tHcys concentrations can be lowered by creatine supplementation in
the diet, which reduces methylation demand [13-16]. These studies indicate that creatine
supplementation has the potential to decrease the synthesis of Hcys. In humans, however,
creatine supplementation has not been sufficiently examined as a homocysteine-lowering agent.
Two small placebo-controlled studies in healthy young adults found no significant effect of
creatine supplementation on plasma tHcys [17, 18]. In 2004, a 4-week study of healthy
volunteers (N=16) found a significantly greater decrease in plasma tHcys in participants
receiving creatine + multivitamins compared to those receiving multivitamins alone [19]. These
studies were limited by small sample sizes and the use of healthy study populations without
HHcys. Using data from a large randomized controlled trial testing folic acid and creatine as
therapeutic approaches to lower blood arsenic in Bangladesh (Chapter 4), we conducted a
secondary analysis to test the hypothesis that creatine supplementation lowers plasma tHcys in
humans.
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Figure 1. Overview of creatine metabolism and the methionine cycle.
In the first, and rate-limiting, step of creatine (Cr) biosynthesis, guanidinoacetate (GAA) is
formed in the kidney from arginine and glycine by arginine:glycine amidinotransferase
(AGAT); in the rat, this reaction occurs primarily in the kidney. Dietary creatine (primarily
from meat) leads to pre-translational inhibition of AGAT, thereby inhibiting endogenous
creatine biosynthesis. GAA is transported to the liver, where it is methylated by
guanidinoacetate methyltransferase (GAMT) to generate Cr, with S-adenosylmethionine
(SAM) as the methyl donor. The by-product of this methylation reaction (and others) is Sadenosylhomocysteine (SAH). SAH is hydrolyzed to generate homocysteine (HCys). HCys can
be remethylated to methionine by methionine synthase (MS), with 5-methyltetrahydrofolate (5mTHF) as the methyl donor, or it can be directed to the transsulfuration pathway through which
it is ultimately catabolized. 5-mTHF also reduces HCys by inhibition of glycine-Nmethyltransferase (GNMT), a major consumer of SAM. Creatine, whether derived from
endogenous biosynthesis or dietary sources, is transported to tissues with high energy
requirements such as skeletal muscle, heart, and brain, where it is phosphorylated to
phosphoryl-creatine (PCr). PCr is used for the regeneration of ATP during intensive exercise.
Creatine and PCr are converted non-enzymatically at a constant rate to creatinine (Crn), which
is then excreted in the urine.
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Methods
The study design and laboratory methods for the Folic Acid and Creatine Trial (FACT) have
been described in Chapter 3. The analyses in this paper concentrate on those randomized to
receive placebo, 3 g/day creatine, 400 µg/day folic acid (FA), and 3 g/day creatine + 400 µg/day
folic acid (Cr+FA). Additionally, these analyses focus only the first 12 weeks of the trial, as after
week 12 those in the creatine and Cr+FA groups were switched to placebo. After exclusion of
dropped participants, the total sample size for this analysis by treatment group was as follows:
placebo (N=101), FA (N=153), creatine (N=101), and Cr+FA (N=103).
Plasma tHcys was the primary outcome of interest for this analysis. Secondary outcomes
of interest were plasma Cr+Crn and GAA, blood SAM and SAH, and plasma total cysteine
(tCys). Variables in the tables are listed in the order of the hypothesized biological response to
the creatine intervention (plasma Cr+Crn, plasma GAA, blood SAM, blood SAH, plasma tHcys,
and plasma tCys).
Sample size considerations. Blood SAM and SAH could not be assessed for all participants due
to insufficient blood volume. Therefore our sample sizes for the outcomes SAM and SAH are
reduced. Additionally, we excluded plasma Cr+Crn and GAA data from one day on which the
positive control did not run properly. Finally, in some samples there was insufficient plasma
volume to measure Cr+Crn and GAA. To address these sample issues, we will present results
using the available sample for each outcome individually, and compare these to the results from
the analysis using participants with data available for all six outcome variables of interest. For
the variables of Cr+Crn and GAA, we have N=130 in the FA group and N=102 in the Cr+FA
group. For the variable of SAM, we have N=76 in the placebo group, N=89 in the creatine group,
N=139 in the FA group, and N=94 in the creatine+FA group. For the variable of SAH and for the
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analysis with complete data, there are N=68 in the placebo group, N=86 in the creatine group,
N=110 in the FA group, and N=84 in the Cr+FA group.
Statistical analysis. Descriptive statistics were calculated by treatment group to describe the
sample characteristics. Treatment group differences were detected by using the chi-square test
for categorical variables and the Kruskal-Wallis test for continuous variables. We applied natural
logarithmic transformations to the outcomes of Cr+Crn, GAA, SAM, SAH, tHcys, and tCys in
order to stabilize the variance of the outcomes and reduce the impact of extreme values in
parametric analyses. For all outcomes, we calculated the geometric mean (anti-log transformed
mean of the natural log of an outcome, e.g. 𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(ln(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻0)) ) and 95% confidence intervals (CIs)
of each outcome at baseline and week 12 by treatment group. To describe the change in an

outcome over 12 weeks, we calculated geometric mean ratios and 95% CIs by treatment group.
These geometric mean ratios are equivalent to the anti-log transformed mean within-person
change in the log-transformed variable (e.g. 𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(ln(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻12)−ln(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻0)) ), and are also equivalent

to the ratio of the geometric means at week 12 and week 0 (e.g.

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠12
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 0

). We then

used the ratio of the geometric means to determine the percent change in the geometric mean of
an outcome over the 12 weeks, using the equation: percent change = (geometric mean ratio –
1)x100%. To detect treatment effects of creatine supplementation, we compared the withinperson change in the log-transformed outcomes between the creatine and placebo groups, and
between the Cr+FA and FA groups, using two-sample t-tests.
There was a subset of participants that had blood SAM and SAH available at either
baseline or week 12, but not at both time-points; in order to include all available data for these
outcomes, we conducted a sensitivity analysis in which we used linear models with repeated
measures for the outcomes of log(SAM) and log(SAH) to examine change over time by
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treatment groups. Generalized estimation equations (GEE), which use all available data and
account for within-subject correlations in the repeated measures, were used to estimate the
regression parameters. The models include indicator variables for treatment groups (Creatine vs.
Placebo, or Cr+FA vs. FA), for time (week 12 vs. baseline), and for treatment by time
interaction. The model estimate for the interaction term indicates the treatment group difference
in mean change of the outcome over 12 weeks.
A decrease in GAA over time in a creatine or Cr+FA group participant suggests that
endogenous creatine synthesis was downregulated in that participant; therefore, we used linear
regression models with within-person change in log-transformed GAA over time (Δ log(GAA))
as a predictor of within-person change in log-transformed variables over time (Δ log(SAM), Δ
log(SAH), Δ log(tHcys), and Δ log(tCys)). The models were adjusted for baseline log(GAA) and
the log-transformed baseline of the outcome, and the analysis was conducted separately by
treatment group. We used the Wald test to detect treatment group differences (Creatine vs.
Placebo and Cr+FA vs. FA) in the covariate-adjusted regression coefficient for the effect of Δ
log(GAA) on the outcome variables.
All analyses were performed as intent to treat, and carried out using SAS 9.2 (Cary, NC)
or R (version 3.0.2). All statistical tests were two-sided with a significance level of 0.05.
Results
The demographic and biochemical characteristics of the study participants by treatment
group at baseline are presented in Table 1. By design, the study enrolled approximately equal
numbers of men and women. The average age of the study participants was 38 years, and on
average study participants had low BMI and a low level of education. Additionally, there was a
substantial proportion of smokers (26%) and betel-nut chewers (24%), and a high prevalence of
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folate deficiency (20%) and hyperhomocysteinemia (53%), in the study population. There were
no meaningful between-group differences in baseline characteristics. The participants with
complete outcome data (N=348) had lower creatinine-adjusted urinary arsenic (p=0.03), slightly
higher plasma folate (p=0.06), and lower plasma cysteine (p=0.06) at baseline than participants
with at least one missing outcome (N=110) (Supplemental Table 1).
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Table 1. Baseline characteristics of the study participants by treatment group.
Placebo
(N=101)

Creatine
(N=101)

Folic Acid
(N=153)

Mean ± SD
or %
37.9 ± 7.3
50.5
3.5 ± 3.7
20.4 ± 3.1
24.8
27.7
158 ± 126
139 ± 137
305 ± 202
49.2 ± 35.0
16.7 ± 17.3

Mean ± SD
or %
38.3 ± 8.2
50.5
3.3 ± 3.6
20.0 ± 3.0
28.7
24.8
159 ± 125
180 ± 212
328 ± 253
57.3 ± 36.7
16.0 ± 7.9

Mean ± SD
or %
39.0 ± 8.0
50.3
3.3 ± 3.6
19.5 ± 2.3
23.8
23.8
149 ± 118
160 ± 164
340 ± 325
57.7 ± 45.2
16.7 ± 14.2

Creatine +
Folic Acid
(N=103)
Mean ± SD
or %
38.0 ± 7.7
50.5
3.9 ± 4.1
19.5 ± 2.5
30.1
20.4
167 ± 147
178 ± 155
312 ± 164
62.4 ± 47.2
15.4 ± 8.7

Age (y)
Men (%)
Education (y)
BMI (kg/m2)a
Ever smoked (%)b
Ever used betel nut (%)b
Water arsenic (µg/L)
Urinary arsenic (µg/L)
Urinary arsenic (µg/g Crn)
Urinary creatinine (mg/dL)
Plasma folate (nmol/L)
% Folate deficient (<9
21.6
13.9
23.5
20.4
nmol/L)
Plasma B12 (pmol/L)
225.7 ± 97.4 255.9 ± 141.0
246.4 ± 130.7
236.9 ± 121.0
Plasma creatine+
81.3 ± 23.8
77.3 ± 23.0
82.0 ± 31.1
81.3 ± 28.5
creatinine (µmol/L)c
Plasma guanidinoacetate
2.05 ± 0.66
1.95 ± 0.57
1.89 ± 0.74
1.98 ± 0.67
(µmol/L)c
Blood SAM (µmol/L)d
2.23 ± 0.81
2.10 ± 0.72
2.19 ± 0.66
2.07 ± 0.64
e
Blood SAH (µmol/L)
0.24 ± 0.12
0.25 ± 0.13
0.23 ± 0.11
0.25 ± 0.13
Plasma total homocysteine
13.9 ± 10.8
12.4 ± 5.5
13.6 ± 8.8
12.8 ± 5.6
(µmol/L)
% Hyperhomocysteinemiaf
54.9
50.5
52.3
56.3
Plasma total cysteine
221.7 ± 41.9
219.5 ± 46.4
220.3 ± 43.5
217.7 ± 46.6
(µmol/L)
a
Reduced sample size (Placebo N=100; Creatine N=98; FA N=150; Cr+FA N=102); bReduced
sample size (FA N=151); cReduced sample size (FA N=130; Cr+FA N=102); dReduced sample
size (Placebo N=76; Creatine N=89; FA N=139; Cr+FA N=94); eReduced sample size (Placebo
N=68; Creatine N=86; FA N=127; Cr+FA N=84); fDefined as plasma total homocysteine ≥10.4
µmol/L for women and ≥11.4 µmol/L for men.
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Table 2 shows the changes in plasma Cr+Crn and GAA, blood SAM and SAH, and
plasma tHcys and tCys, by treatment group over the 12 weeks of the trial. There was a
significant within-person increase in plasma Cr+Crn in the creatine group and Cr+FA group (i.e.
95% CI above zero), while not in the placebo group or FA group, with significant group
differences between the creatine and placebo groups (p<0.0001) and the Cr+FA and FA groups
(p<0.0001). This indicates high compliance with supplementation regimens. Plasma GAA
declined by 10.6% (95% CI: 4.9, 15.9; p=0.0005) in the creatine group and 9.0% (95% CI: 3.4,
14.2; p=0.002) in the Cr+FA group, while increasing in the placebo group (3.7%; 95% CI: -0.8,
8.5; p=0.11) and FA group (7.0%; 95% CI: 2.0, 12.2; p=0.006) (Table 2; Figure 2). The withinperson change in plasma GAA differed significantly between the creatine and placebo groups
(p=0.0002) and between the Cr+FA and FA groups (p<0.0001). The increase in GAA in the FA
group was not significantly different from that in the placebo group (p=0.35).
There were no significant changes in blood SAM or SAH in any group over the 12
weeks, nor were there between-group differences in within-person change in blood SAM or
SAH. Results were similar for the SAM and SAH outcomes when using all available data in
repeated measures models with GEE.
Plasma tHcys declined by 4.3% (95% CI: -0.7, 9.0; p=0.09) in the creatine group, 23.4%
(95% CI: 19.5, 27.1; p<0.0001) in the FA group, and 21% (95% CI: 16.4, 25.2; p<0.0001) in the
Cr+FA group over the 12 weeks intervention (Table 2; Figure 2). Plasma tHcys did not decline
significantly in the placebo group (-1.3%; 95% CI: -5.4, 3.1; p=0.55). The within-person decline
in tHcys in the creatine group, although greater than that in the placebo group, was not
significantly different from placebo (p=0.35); likewise, the within-person decline in tHcys in the
Cr+FA group was not significantly different from FA alone (p=0.41).
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Plasma tCys increased significantly in the creatine group (5.7%; 95% CI: 2.6, 9.0;
p=0.0004), FA group (3.2%; 95% CI: 1.1, 5.4; p=0.004), and Cr+FA group (5.2%; 95% CI: 2.5,
8.0; p=0.0002) over the 12 week intervention, while increasing non-significantly in the placebo
group (2.1%; 95% CI: -0.4, 4.7; p=0.11). The within-person change in tCys did not differ
significantly between the creatine and placebo groups (p=0.08) or the Cr+FA and FA groups
(p=0.26). Results were similar for all outcomes in the complete data analysis.
A decrease in GAA over time was associated with a decrease in tHcys (B=0.30; 95% CI:
0.17, 0.43; p<0.0001) and tCys (B=0.16; 95% CI: 0.08, 0.24; p=0.0001) over time in the Cr+FA
group only (Table 3). The regression coefficient for the effect of Δ GAA on Δ tHcys differed
between the Cr+FA and FA groups (p=0.0003), while the regression coefficient for the effect of
ΔGAA on Δ tCys did not differ significantly between the Cr+FA and FA groups (p=0.12).
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Table 2. Baseline and week 12 geometric means and percent change in the geometric mean from baseline, by treatment group, for
plasma Cr+Crn and GAA, blood SAM and SAH, and plasma tHcys and tCys (all mean units are in µmol/L).
Creatine +
pa
Folic acid
Plasma Cr+Crn
N=101
N=101
N=130
N=102
Baseline mean (95% CI)
78 (74, 83)
74 (70, 79)
0.21
77 (73, 82)
77 (72, 82)
0.91
Week 12 mean (95% CI)
76 (72, 80)
123 (113, 133)
<0.0001
78 (74, 82)
124 (115, 132)
<0.0001
Percent change (95% CI)b
-2.7 (-6.9, 1.7)
65.5 (51.1, 81.2)
<0.0001
1.2 (-4.1, 6.7)
60.9 (49.8, 72.8)
<0.0001
Plasma GAA
N=101
N=101
N=130
N=102
Baseline mean (95% CI)
1.9 (1.8, 2.1)
1.9 (1.8, 2.0)
0.38
1.8 (1.7, 1.9)
1.9 (1.8, 2.0)
0.28
Week 12 mean (95% CI)
2.0 (1.9, 2.1)
1.7 (1.6, 1.8)
<0.0001
1.9 (1.8, 2.0)
1.7 (1.6, 1.8)
0.01
Percent change (95% CI)
3.7 (-0.8, 8.5)
-10.6 (-15.9, -4.9)
0.0002
7.0 (2.0, 12.2)
-9.0 (-14.2, -3.4)
<0.0001
Blood SAM
N=76
N=89
N=139
N=94
Baseline mean (95% CI)
2.1 (2.0, 2.3)
2.0 (1.9, 2.1)
0.19
2.1 (2.0, 2.2)
2.0 (1.9, 2.1)
0.15
Week 12 mean (95% CI)
2.1 (2.0, 2.3)
2.1 (1.9, 2.2)
0.66
2.1 (2.0, 2.2)
2.0 (1.9, 2.1)
0.11
Percent change (95% CI)
-0.8 (-5.9, 4.5)
3.1 (-2.8, 9.5)
0.33
1.1 (-3.3, 5.6)
0.6 (-4.5, 6.0)
0.90
Blood SAH
N=68
N=86
N=127
N=84
Baseline mean (95% CI)
0.21 (0.19, 0.24) 0.22 (0.19, 0.25)
0.84
0.21 (0.19, 0.23)
0.22 (0.19, 0.25)
0.43
Week 12 mean (95% CI)
0.21 (0.18, 0.24) 0.22 (0.20, 0.25)
0.42
0.22 (0.20, 0.24)
0.24 (0.22, 0.27)
0.17
Percent change (95% CI)
-2.1 (-13.6, 10.9) 3.5 (-10.6, 19.7)
0.57
4.7 (-5.1, 15.5)
8.9 (-5.0, 24.9)
0.64
Plasma tHcys
N=101
N=101
N=153
N=103
Baseline mean (95% CI)
12.2 (11.2, 13.4) 11.4 (10.5, 12.3)
0.24
11.9 (11.1, 12.9)
11.8 (10.9, 12.7)
0.82
Week 12 mean (95% CI)
12.1 (11.1, 13.1) 10.9 (10.1, 11.7)
0.07
9.1 (8.7, 9.6)
9.3 (8.8, 9.8)
0.60
Percent change (95% CI)
-1.3 (-5.4, 3.1)
-4.3 (-9.0, 0.7)
0.35
-23.4 (-27.1, -19.5) -21.0 (-25.2, -16.4)
0.41
Plasma tCys
N=101
N=101
N=153
N=103
Baseline mean (95% CI)
218 (210, 226)
215 (207, 224)
0.63
216 (210, 223)
213 (204, 222)
0.56
Week 12 mean (95% CI)
222 (215, 230)
227 (219, 236)
0.40
223 (217, 229)
224 (216, 232)
0.87
Percent change (95% CI)
2.1 (-0.4, 4.7)
5.7 (2.6, 9.0)
0.08
3.2 (1.1, 5.4)
5.2 (2.5, 8.0)
0.26
a
Two-sample t-tests comparing log-transformed outcomes or within-person change in log-transformed outcomes between the placebo
and creatine groups, or between the FA and Cr+FA groups; bDefined as (geometric mean ratio – 1) x100%.
Placebo

Creatine

pa

Folic acid
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Figure 2. Within-person changes in plasma GAA and tHcys from baseline to week 12.
Plots display the within-person change in plasma GAA (top) or plasma total homocysteine (bottom) by treatment group. Individual
participants were sorted by baseline concentration (grey dots) on the x-axis; the black dots represents each participant’s corresponding
value after the 12 week intervention. Rising and falling vertical bars indicate each participant’s increase or decrease, respectively, in
GAA or tHcys from that participant’s baseline. One outlier was excluded from homocysteine placebo plot (baseline tHcys = 107 µM,
week 12 tHcys = 97 µM) for better visual resolution on the y-axis.

Table 3. Estimated regression coefficient of Δ log(GAA) with 95% CI in linear models for the outcomes of Δ log(SAM), Δ log(SAH),
Δ log(tHcys), and Δ log(tCys), by treatment group. All models are adjusted for log(baseline GAA) and log(baseline outcome).
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Folic Acid
(N=130)

Creatine +
Folic Acid
(N=102)

pa

B (95% CI)

B (95% CI)

pa

-0.09 (-0.28, 0.11)

0.26

-0.02 (-0.21, 0.18)

0.02 (-0.14, 0.19)

0.73

0.55 (0.00, 1.10)

0.07 (-0.35, 0.49)

0.16

-0.10 (-0.54, 0.34)

0.31 (-0.03, 0.65)

0.14

Δ log(tHcys)

0.03 (-0.17, 0.23)

-0.12 (-0.28, 0.05)

0.26

-0.08 (-0.23, 0.08)

0.30 (0.17, 0.43)

0.0003

Δ log(tCys)

-0.03 (-0.14, 0.08)

-0.03 (-0.13, 0.07)

0.98

0.07 (-0.02, 0.15)

0.16 (0.08, 0.24)

0.12

Placebo
(N=101)

Creatine
(N=101)

Outcome

B (95% CI)

B (95% CI)

Δb log(SAM)c

0.10 (-0.16, 0.36)

Δ log(SAH)d

P-value from Wald test for treatment group difference in covariate-adjusted regression coefficient; Δ=log(Week 12) –
log(Baseline); cReduced sample size (Placebo N=76; Creatine N=89; FA N=118; Cr+FA N=93); dReduced sample size (Placebo
N=68; Creatine N=86; FA N=110; Cr+FA N=84).
a

b

Discussion
In this randomized controlled trial of Bangladeshi adults, we hypothesized that creatine
supplementation would downregulate endogenous creatine synthesis, thereby reducing
methylation demand and resulting in increased blood SAM, decreased blood SAH, and decreased
plasma tHcys. Creatine and Cr+FA significantly lowered plasma GAA, which is consistent with
pre-translational inhibition of AGAT in the kidney by dietary creatine [12, 20]. However,
although plasma tHcys was lowered in the creatine group, the mean within-person change was
not significantly different from that in the placebo group. Additionally, the mean within-person
decrease in plasma tHcys in participants receiving Cr+FA was not different from that in
participants receiving FA alone. Finally, creatine or Cr+FA supplementation did not change
blood SAM or SAH. However, blood SAM and SAH may not be good proxies for SAM and
SAH in the liver, which is the primary location of SAM synthesis [21] and endogenous creatine
synthesis [22]; we consider this to be likely since FA supplementation also did not change blood
SAM in our study, while folate is known to increase liver SAM in rats [23]. To our knowledge
the current study is the only RCT to examine the effect of FA on whole blood SAM and SAH to
date, although a small non-placebo-controlled trial has also observed no effect of FA on blood
SAM and SAH [24], supporting the questionable relevance of these biomarkers to hepatic
concentrations.
A decrease in plasma GAA over time in a participant in the creatine or Cr+FA group
suggests that the intervention was successful in that participant (i.e. downregulation of
endogenous creatine synthesis). Because not all participants in the creatine or Cr+FA groups
experienced a response to creatine supplementation, as measured by change in GAA (Figure 2),
we examined the effect of a within-person change in GAA over time on within-person changes
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in other outcomes over time by treatment group. Interestingly, we observed that a decrease in
GAA over time in the Cr+FA group was associated with a decrease in tHcys over time, which
differed significantly from the FA group. This finding supports an effect of decreased GAA on
tHcys synthesis, and suggests that the Cr+FA intervention lowered tHcys in participants that
experienced a decline in GAA.
Studies in rats show a more substantial average reduction in plasma tHcys following
creatine supplementation [13-16]. Creatine supplementation in these animal studies consisted of
adding 0.4-2% creatine to the diet, which results in a higher daily dose of creatine than that used
in our study; for example, rats fed 0.4% creatine in the diet (which decreases plasma GAA by
72% [25] and plasma tHcys by 25% [16]) consumed approximately 0.4 g/kg body weight/day,
which for a 70 kg person would be ~28 g/day. In our study, 3 g/day creatine resulted in plasma
GAA declines of 9-11%; other studies in humans that employed higher creatine doses achieved
greater declines in GAA. Plasma GAA decreased by 33% in ~18 year-old athletes receiving ~22
g/day creatine for 7 days [18], and decreased by 20-30% in ~19 year-old healthy volunteers that
received 20 g/day creatine for 1 week followed by 5 g/day creatine for 19 weeks [26]. Thus, a
possible limitation is that the creatine dose used in our study did not sufficiently downregulate
AGAT activity, which might explain the lack of average treatment effects. The discrepancies
between the current study and rat models could also relate to species differences in GAMT and
AGAT; for example, different affinities of GAMT for GAA, or different mechanisms of AGAT
inhibition by creatine [27], might explain the lack of an average treatment effect on plasma tHcys
in humans. However, to our knowledge, the kinetics of human GAMT and the inhibition of
human AGAT by creatine have not been thoroughly investigated.
Several small studies in humans have observed no average effect of creatine
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supplementation on plasma tHcys. In one study (N=23), creatine supplementation (~22 g/day for
7 days) to teenage athletes significantly lowered plasma GAA compared to placebo, however
there was no effect on plasma tHcys or red blood cell SAM and SAH [18]. Creatine
supplementation also did not lower plasma tHcys in placebo-controlled trials of healthy young
women [17], coronary artery disease patients [28], and chronic hemodialysis patients [29], and in
a non-placebo-controlled study of healthy men [30]. A case study by Petr et al. (2013) found that
creatine (5 g/day for 30 days) substantially lowered plasma tHcys in an MTHFR 677TT
homozygote subject (N=1), while tHcys tended to increase in the 677CC+CT subjects (N=9),
though remaining within normal range [31]. In contrast to the above-mentioned studies, one trial
in healthy humans (N=16) receiving creatine (ranging from 2.1-5.5 g/day) for 4 weeks did
observe a decrease in plasma tHcys in comparison to placebo [19].
In hindsight, the observation that creatine supplementation alone did not decrease plasma
tHcys to a greater extent than placebo may not be surprising. Long-range allosteric interactions
regulate intracellular SAM concentrations, and may diminish an increase in SAM resulting from
decreased endogenous creatine synthesis. SAM inhibits MTHFR [32], resulting in decreased
synthesis of 5-mTHF, an inhibitor of GNMT [5]. GNMT utilizes SAM for the non-essential
conversion of glycine to sarcosine [5], and serves as a major regulator of SAM concentrations
[33]. Therefore, an increase in SAM due to creatine supplementation would result in inhibition of
MTHFR, decreased synthesis of 5-mTHF, alleviated inhibition of GNMT, and ultimately,
decreased SAM, increased SAH, and increased Hcys. This regulatory interaction should be
overcome with FA supplementation, which increases 5-mTHF and allows for continual
inhibition of GNMT. Although we did not observe that Cr+FA lowered plasma tHcys to a
greater extent than FA alone on average, we did observe an association between decreasing GAA
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and decreasing tHcys in the Cr+FA group. It is also possible that the FA dose given with creatine
(400 µg/day) was not sufficient to completely inhibit GNMT. An average Hcys-lowering benefit
from creatine supplementation may be difficult to observe, given that when one
methyltransferase is downregulated, the activities of competing methyltransferases (e.g. GNMT,
phosphatidylethanolamine methyltransferase (PEMT)) are increased [10]. For example, when
GAMT activity is set to zero in a mathematical model, GNMT and PEMT activities increase by
approximately 30 and 20%, respectively (unpublished in silico data, M. Reed and F. Nijhout,
Duke University). These enzymes also produce SAH and Hcys, which may offset the decrease in
Hcys from downregulated creatine synthesis.
In conclusion, on average, creatine or Cr+FA supplementation did not decrease plasma
tHcys to a greater extent than placebo or FA alone, respectively, in this large, randomizedcontrolled trial of Bangladeshi adults. However, a decrease in GAA in the Cr+FA group was
significantly associated with a decrease in tHcys, indicating that participants responsive to the
intervention in the Cr+FA group experienced a decline in tHcys. The generalizability of this
finding to folate-fortified populations remains to be determined. While creatine or Cr+FA did not
alter blood SAM concentrations, we cannot rule out the possibility that it may have increased
hepatic SAM concentrations. Dietary creatine may have beneficial effects on SAM-dependent
methylation independently of any benefits derived from a decrease in plasma tHcys. Thus, future
studies should evaluate whether or not creatine or Cr+FA supplementation influences the
methylation of other substrates. The full implications of dietary creatine on methyl balance and
health in humans warrants further investigation.
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Supplemental Material
Supplemental Table 1. Comparison of those with and without complete data.
With complete
data (N=348)
Mean ± SD
38.3 ± 7.8
49.4
3.4 ± 3.7
19.8 ± 2.7
26.2
23.6
157 ± 122
156 ± 154
314 ± 249
56.7 ± 41.4
16.3 ± 10.6
242.7 ± 123.3

Missing one
outcome (N=110)
Mean ± SD
38.6 ± 7.9
53.6
3.6 ± 3.8
19.7 ± 2.6
27.5
25.7
158 ± 147
188 ± 207
354 ± 265
57.1 ± 44.1
16.1 ± 18.1
239.1 ± 128.7

pa
0.82
0.44
0.59
0.74
0.79
0.66
0.54
0.11
0.03
0.91
0.06
0.62

Age (y)
Men (%)
Education (y)
BMI (kg/m2)b
Ever smoking (%)c
Ever used betel nut (%)c
Water arsenic (µg/L)
Urinary arsenic (µg/L)
Urinary arsenic (µg/g Crn)
Urinary creatinine (mg/dL)
Plasma folate (nmol/L)
Plasma B12 (pmol/L)
Plasma creatine+
79.8 ± 26.5
83.7 ± 29.5
0.26
creatinine (µmol/L)d
Plasma guanidinoacetate
1.95 ± 0.67
2.01 ± 0.65
0.44
(µmol/L)d
Plasma total homocysteine
13.1 ± 7.2
13.6 ± 10.5
0.77
(µmol/L)
Plasma total cysteine
218.0 ± 44.8
225.9 ± 42.8
0.06
(µmol/L)
a
For test of difference by sample, based on Wilcoxon’s rank-sum test for continuous variables
and chi-square test for categorical variables; bReduced sample size (Complete N=342; Missing
N=108); cReduced sample size (Complete N=347; Missing N=109); dReduced sample size
(Missing N=86).
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Abstract
Kidney disease is emerging as an arsenic (As)-linked disease outcome, however further
evidence of this association is warranted. Our first objective for this paper was to examine the
potential renal toxicity of As exposure in Bangladesh. Our second objective relates to examining
whether the previously reported positive association between urinary creatinine (uCrn) and As
methylation may be explained by renal function. We had hypothesized that these associations
relate to supply and demand for s-adenosylmethionine, the methyl donor for both creatine
synthesis and As methylation. Alternatively, renal function could influence both As and
creatinine excretion, or the As metabolites may influence renal function, which in turn influences
uCrn. We conducted a cross-sectional study (N=478) of adults, composed of a sample recruited
in 2001 and a sample recruited in 2003. We assessed renal function using plasma cystatin C, and
calculated the estimated glomerular filtration rate (eGFR). Consistent with renal toxicity of As,
log-uAs had a marginal inverse association with eGFR in the 2003 sample (b=-5.6, p=0.07),
however this association was not significant in the 2001 sample (b=-1.9, p=0.24). Adjustment for
eGFR did not alter the associations between uCrn and the u%As metabolites, indicating that
GFR does not explain these associations. Increased eGFR was associated with increased odds of
having u%InAs>12.2% (2001: OR=1.01, 95%CI (1.00,1.03); 2003: OR=1.04, 95%CI
(1.01,1.07)). In the 2003 sample only, there was a negative association between eGFR and
u%DMA (b=-0.08, p=0.02). These results may indicate differential effects of renal function on
excretion of InAs and DMA. Alternatively, a certain methylation pattern, involving decreased
u%InAs and increased u%DMA, may reduce renal function. Given that these studies were crosssectional, we cannot distinguish between these two possibilities. Discrepancies between the
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samples may be due to the higher As exposure, poorer nutrition, and lower As methylation
capacity in the 2003 sample.
Introduction
Approximately 140 million people worldwide are chronically exposed to inorganic
arsenic (As) through contaminated drinking water, of whom approximately 57 million reside in
Bangladesh [1]. In a survey of 4,997 tube wells conducted in 2000 in our study region of
Araihazar, Bangladesh, 72% of wells exceeded the World Health Organization maximum
contaminant level for As of 10 μg/L, and 52% exceeded the Bangladesh standard of 50 μg/L [2].
Exposure to inorganic As is associated with increased risk for cancers of the skin, lung, and
bladder [3] as well as non-carcinogenic outcomes including cardiovascular disease, respiratory
illness, and neurologic deficits [4-8].
Chronic kidney disease (CKD) is emerging as another As-induced disease outcome [9].
Elevated mortality rates from kidney diseases have been observed in ecological studies of Asexposed populations from Utah [10], Michigan [11], Taiwan [12], and Chile [13]. Crosssectional studies have associated total urinary As (uAs) with increased odds of CKD [14, 15].
Animal studies suggest that As may cause kidney dysfunction through induction of oxidative
stress in the kidney tissue [16-18]. Our first objective for this paper was to examine the potential
renal toxicity of As exposure, measured by well water As and uAs (i.e. total uAs and uAs
metabolites), in a cross-sectional sample of Bangladeshi adults. As a marker of renal function,
we chose to measure plasma cystatin C. Very small reductions in glomerular filtration rate
(GFR) increase serum cystatin C, making it a sensitive biomarker of GFR [19].
Our secondary objective for this paper relates to examining whether the previously
reported associations between urinary creatinine (uCrn) and As metabolites may be explained by
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renal function. Arsenic metabolism, which facilitates uAs excretion, occurs through a series of
methylation and reduction reactions which convert inorganic arsenic (InAsV+III ) into
monomethylarsonic acid (MMAV), monomethylarsonous acid (MMAIII), and dimethylarsinic
acids (DMAV) [20, 21]. The methylation reactions are catalyzed by arsenic methyltransferase
(AS3MT) [22, 23], with S-adenosylmethionine (SAM) as the methyl donor. In urinary biomarker
studies, uCrn concentration is widely used to adjust for urine dilution when measuring an analyte
in a spot urine sample [24]. However, uCrn is not indicative only of hydration status, as it is also
influenced by age, sex, race, BMI, and diet [24, 25], and in an As-exposed population in
Bangladesh, we found that higher uCrn concentrations were associated with a significantly lower
risk for As-induced skin lesions [26].
Our group [27-32] and others [33-35] have previously reported associations between
uCrn and the percentage of total uAs that is inorganic As (u%InAs), and the percentage that is
DMA (u%DMA). These studies have consistently shown that uCrn is positively associated with
u%DMA, and negatively associated with u%InAs, however the mechanism underlying these
observations is unclear. One explanation relates to the fact that creatine synthesis (Figure 1)
consumes up to 50% of all SAM-derived methyl groups [36-38], while we estimate that
methylation of a chronic high dose of As may consume only 2-4% [39]. In omnivores, roughly
half of creatine requirements are met through dietary intake of creatine, primarily from meat
[40]. Urinary creatinine is therefore a reflection of both dietary creatine intake and endogenous
creatine synthesis [41], as well as hydration status. Studies in rodents have demonstrated that
dietary creatine intake lowers creatine biosynthesis, thereby sparing methyl groups and lowering
homocysteine (Hcys) [42]. We hypothesize that dietary creatine intake may also facilitate the
methylation of As, and cause the observed associations between the u%As metabolites and uCrn.
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Figure 1. Arsenic metabolism and creatine synthesis.
(A) Guanidinoacetate methyltransferase (GAMT) and phosphatidyl ethanolamine
methyltransferase (PEMT), which catalyze the synthesis of creatine (Cr) and
phosphatidylcholine, are the major consumers of S-adenosylmethionine (SAM). Arsenic
methyltransferase (AS3MT) uses quantitatively much less SAM.
(B) In the first, and rate-limiting, step of Cr biosynthesis, guanidinoacetate (GAA) is
formed in the kidney by arginine:glycine amidinotransferase (AGAT). Dietary creatine
(e.g. primarily from meat) leads to pre-translational inhibition of AGAT, thereby
inhibiting endogenous creatine biosynthesis. GAA is transported to the liver, where it is
methylated by GAMT to generate Cr, with SAM as the methyl donor. SAM also serves as
the methyl donor for the methylation of trivalent inorganic arsenic (InAsIII) to
monomethylarsonic acid (MMAV), and for the methylation of monomethylaronous acid
(MMAIII) to dimethylarsinic acid (DMAV). The by-product of these methylation reactions
is S-adenosylhomocysteine (SAH). Creatine, whether derived from endogenous
biosynthesis or dietary sources, is transported to tissues with high energy requirements
such as skeletal muscle, heart, and brain, where it is phosphorylated to phosphorylcreatine (PCr). PCr is used for the regeneration of ATP during intensive exercise. Creatine
and PCr are converted non-enzymatically at a constant rate to creatinine (Crn), which is
then excreted in the urine.
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However, because uCrn levels may also be influenced by renal function [41], other
potential explanations exist for the strong associations between the u%As metabolites and uCrn.
One is that renal function may differentially influence the excretion of InAs and DMA, thereby
leading to a spurious association between uCrn and the u%As metabolites (i.e. confounding).
Alternatively, As metabolites may differentially influence renal function, which may then
influence the excretion of creatinine (i.e. mediation). Remarkably, our understanding of the renal
mechanisms of excretion of InAs is extremely limited [43-45] and, to the best of our knowledge,
no published data are currently available regarding renal mechanisms of excretion and/or
potential reabsorption of MMA or DMA. Additionally, the effect of individual As metabolites on
renal function has not been thoroughly examined in the literature.
In summary, we had two objectives for this paper. First, we aimed to examine the
potential renal toxicity of As exposure. Second, we aimed to examine the possibility that the
associations between u%As metabolites and uCrn may be explained by renal function. We
carried out our objectives in a cross-sectional sample of Bangladeshi adults.
Methods
Study design. A subset of 300 people, representative of the larger cohort for total uAs, was
selected from the Nutritional Influences on Arsenic Toxicity (NIAT) study for measurement of
uAs metabolites [30]. An additional random subset of 180 participants was later selected from
the NIAT study for inclusion in the current study. Cystatin C was then measured in all N=480
participants. Participants missing data on uAs metabolites (N=2) were excluded from analysis,
leaving us with a final sample size of N=478. Recruitment for the NIAT study took place in two
phases, in 2001 and in 2003, which corresponded with the baseline survey and first follow-up
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survey of the larger HEALS cohort, respectively. Laboratory methods for the NIAT study are
described in Chapter 3.
Statistical analysis. Descriptive statistics were calculated for the total sample and by recruitment
year, and differences between samples were detected using the Wilcoxon rank-sum test for
continuous variables and the Chi-square test for categorical variables. We calculated prevalence
of the 5 stages of CKD based on the National Kidney Foundation KDOQI guidelines as follows:
Stage 1 is eGFR≥90 ml/min/1.73 m2 + proteinuria, Stage 2 is eGFR 60-89 ml/min/1.73 m2 +
proteinuria, Stage 3 is eGFR 30-59 ml/min/1.73 m2, Stage 4 is eGFR 15-29 ml/min/1.73 m2, and
Stage 5 is eGFR<15 ml/min/1.73 m2. In examination of the bivariate associations between the
u%As metabolites and eGFR, we used partial Spearman correlation coefficients in order to
eliminate the confounding effect of age and sex.
Regression models were used to examine the associations between a specific outcome
variable and set of predictors, with and without control for potential confounding factors.
Transformation was applied to variables with skewed distributions, to meet the assumptions of
linear regression for the outcome variable, and to reduce the impact of extreme values in the
predictors. Variables that underwent natural logarithmic transformation include u%InAs, age,
uAs, and uCrn. The pattern of the associations between our predictors and outcomes of interest
were examined by using linear models for continuous outcome variables and multinomial
logistic regression analysis for categorized outcome variables.
For our first objective, to examine the potential renal toxicity of As exposure, we used
linear regression models to examine the associations of either water As (wAs), total uAs, or
speciated uAs metabolites, with the continuous outcome eGFR. We also examined logistic
regression models using CKD (eGFR<60 ml/min/1.73m2) as the outcome. A priori we decided to

165

adjust for age and sex in these models, and uCrn in the models with total uAs or uAs metabolites
as the predictors, to adjust for urine dilution. Other potential confounders (BMI, plasma folate,
plasma B12, smoking, betel nut chewing, land ownership, education, systolic blood pressure, and
diastolic blood pressure) were considered based on their bivariate associations with the main
predictors (wAs, uAs, uAs metabolites), and the outcome (eGFR). The control variables in the
final models were those that were associated with either of the main predictors and with the
outcome (p<0.1), and resulted in an appreciable (>10%) change in the estimated regression
coefficient for the association between a predictor and an outcome.
For our second objective, to determine whether the associations between the u%As
metabolites and uCrn are explained by GFR, we examined the correlations between eGFR and
the u%As metabolites, and the correlation between eGFR and uCrn. We then applied separate
regression models using uCrn to predict each u%As metabolite, with and without adding eGFR,
and examined whether the parameter for uCrn was attenuated upon inclusion of eGFR. A priori
we decided to adjust for age, sex, and uAs in these models. Selection of other potential
covariates was done as described above.
Analyses were performed using SAS 9.1 (SAS Institute, Cary, NC). All statistical tests
were two-sided with a significance level of 0.05.
Results
Characteristics of the study participants for the total sample and stratified by recruitment
year are presented in Table 1. The 2001 participants were slightly younger (p=0.04), more
educated (p=0.09), had lower water As (p<0.0001), uAs (p=0.005), and uAs per gram uCrn
(p<0.0001), lower u%DMA (p=0.07) and lower eGFR (p=0.02) as compared to the 2003
participants. The 2001 participants also appeared to be better nourished, with higher plasma
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folate (p<0.0001) and B12 (p=0.0004) and lower plasma tHcys (p=0.02). Since the 2001 sample
was different from the 2003 sample on many factors, we present separate analyses for these
groups in addition to the analyses for the total sample.
The prevalence of total CKD and individual stages of CKD by sample and gender are
presented in Table 2. The prevalence of total CKD in the total sample was 19.87%; CKD
prevalence was higher in the 2001 sample (21.20%) than in the 2003 sample (15.45%). Men in
our study on average had lower eGFR, and a higher prevalence of CKD, than women (men:
eGFR 80.12 ml/min/1.73 m2, CKD prevalence 28.10%; women: eGFR 97.62 ml/min/1.73 m2,
CKD prevalence 13.43%), and this was true in both the 2001 and 2003 samples. Age, sex,
smoking, and recruitment year were all independently associated with cystatin C in this
population; these variables together accounted for 27% of the variation in cystatin C. As
expected, cystatin C was also positively associated with plasma tHcys, likely due to the known
influence of renal function on plasma tHcys concentrations [46].
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Table 1. Characteristics of the study samples.
Total Sample (N=478)
Mean±SD
Range
Age
36.4±10.1
18-64
Male (%)
43.93
BMI (kg/m2)b
20.2±3.2
13.9-33.3
Education (yrs)
3.8±3.9
0-15
Current smoker (%)
28.24
Betel Nut Use (ever) (%)
32.22
Water arsenic (μg/L)
96.5±104.3
0.1-648
Urinary arsenic (µg/L)
130.0±124.0
5-1026
Urinary arsenic (µg/g Crn) 259.8±235.0 13.5-2363.6
Urinary creatinine (mg/dL)
63.2±49.3
4.4-311.0
c
u%DMA
71.9±9.0
17.8-96.5
u%MMAc
12.9±5.2
0.6-28.8
u%InAsc
15.2±7.4
0.1-79.1
d
Plasma folate (nmol/L)
12.9±9.5
2.9-66.2
Plasma B12 (pmol/L)
286.6±112.9 79.1-1171.8
Plasma tHcys (μmol/L)d, e
11.9±7.5
2.4-72.6
Plasma cystatin C (ng/mL)

982.9±317.9

438.0-4186.1

2001 Sample (N=368)
Mean±SD
Range
35.9±10.1
18-64
44.84
20.2±3.2
13.9-33.3
4.0±3.9
0-14
28.80
30.71
86.1±104.8
0.1-648
125.0±125.3
5-1026
244.8±242.4 13.5-2363.6
64.3±48.8
4.4-311.0
71.5±9.1
17.8-96.5
13.0±5.2
0.58-28.8
15.5±7.8
0.05-79.1
14.1±10.3
2.9-66.2
295.3±115.8 79.1-1171.8
11.6±6.9
2.4-56.1
996.9±291.9

2003 Sample (N=110)
Mean±SD
Range
38.1±10.2
18-64
40.91
20.1±3.1
14.6-28.4
3.3±3.7
0-15
26.36
37.27
131.5±95.2
0.5-504
146.8±118.5
10-877
309.7±201.7 37.4-1013.7
59.3±51.0
6.4-274.8
73.0±8.6
41.9-87.5
12.5±5.1
3.1-26.8
14.5±5.5
5.2-32.0
9.0±4.7
2.9-28.5
257.3±97.6
97.0-676.5
13.2±9.1
5.8-72.6
471.8438.0-2393.1 935.9±390.5
4186.1
24.0-154.5
94.7±25.5
12.0-145.4
6.36

pa
0.04
0.47
0.65
0.09
0.62
0.20
<0.0001
0.005
<0.0001
0.19
0.07
0.23
0.25
<0.0001
0.0004
0.02
0.008

eGFR (ml/min/1.73m2)
89.9±25.8
12.0-154.5
88.5±25.8
0.02
f
Proteinuria (%)
6.90
7.07
0.80
Systolic blood pressure
112.2±15.7
60.0-183.0
111.9±15.2
60.0-168.0
113.2±17.3
79.0-183.0
0.76
(mm Hg)g
Diastolic blood pressure
72.8±10.7
44.0-114.0
72.8±11.1
44.0-114.0
72.8±9.0
54.0-98.0
0.73
(mm Hg)g
History of diabetes (%)h
2.20
2.62
0.91
0.29
a
Chi-square and Wilcoxon’s rank-sum tests were used to test for between sample differences in categorical and continuous variables,
respectively; b2001 sample N=366, 2003 sample N=109; cu%DMA, u%MMA, and u%InAs, the proportion of total urinary arsenic
excreted as dimethylarsinic acid, monomethylarsonic acid, and inorganic arsenic, respectively; d2003 sample N=109; etHcys, total
homocysteine; fDefined as trace protein or greater in urine by dipstick test; g2001 sample N=365; h2001 sample N=344.

Table 2. Prevalence of chronic kidney disease (CKD) stages by gender.
Total Sample
2001 Sample

2003 Sample

Total
(N=478)
89.93

Men
(N=210)
80.12

Women
(N=268)
97.62

Total
(N=368)
88.51

Men
(N=165)
78.90

Women
(N=203)
96.31

Total
(N=110)
94.70

Men
(N=45)
84.58

Women
(N=65)
101.71

19.87

28.10

13.43

21.20

29.09

14.78

15.45

24.44

9.23

Stage 2 (%)

2.51
3.14

0.95
3.81

3.73
2.61

1.90
3.80

0
4.24

3.45
3.45

4.55
0.91

4.44
2.22

4.62
0

Stage 3 (%)

13.60

21.90

7.09

14.95

23.64

7.88

9.09

15.56

4.62

Stage 4 (%)

0.42

0.95

0

0.54

1.21

0

0

0

0

Stage 5 (%)

0.21

0.48

0

0

0

0

0.91

2.22

0

Mean eGFR
(ml/min/1.73 m2)
Total CKD (%)
Stage 1 (%)
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Table 3. Linear regression models using log(total urinary As in µg/L), log(uAs metabolites in µg/L), or log(water As in µg/L) to
predict eGFR.
Total Sample (N=478)
2001 Sample (N=368)
2003 Sample (N=110)
B (SE)
B (SE)
B (SE)
Predictor
p
R2 (%)
p
R2 (%)
p
R2 (%)
ml/min/1.73 m2
ml/min/1.73 m2
ml/min/1.73 m2
-2.55 (1.44)
0.08
29.51
-1.90 (1.62)
0.24
26.57
-5.62 (3.04)
0.07
41.95
Log(Urinary As)a
Log(uInAs)a

-0.66 (0.98)

0.50

29.11

-0.77 (1.07)

0.47

26.40

0.21 (2.52)

0.93

40.05

Log(uMMA)a

-2.55 (1.14)

0.03

29.79

-2.13 (1.30)

0.10

26.83

-4.48 (2.35)

0.06

42.08

Log(uDMA)a

-2.24 (1.40)

0.11

29.42

-1.39 (1.58)

0.38

26.45

-6.42 (3.03)

0.04

42.54

-0.67 (0.56)
0.23
29.22
-0.59 (0.60)
0.32
26.44
-1.44 (1.77)
0.42
40.35
Log(Water As)b
a
b
Adjusted for log(age), sex, current smoking, log(urinary creatinine), and recruitment year (total sample only); Adjusted for log(age),
sex, current smoking, and recruitment year (total sample only).

For our first objective, to assess the potential renal toxicity of As exposure, we examined
linear regression models using water As, total uAs, or speciated uAs metabolites, to predict
eGFR, adjusting for covariates (Table 3). Water As was not significantly associated with eGFR
in the total sample, 2001 sample, or 2003 sample. In the total sample, the mean difference in
eGFR for a one log-unit increase in total uAs was -2.55 ml/min/1.73 m2 (b=-2.55, p=0.08); this
effect size was between those of the two samples (2001 sample b=-1.90, p=0.24; 2003 sample
b=-5.62, p=0.07). Log(uInAs in µg/L) was not associated with eGFR in the total sample, 2001
sample, or 2003 sample, while a one log-unit increase in uMMA was significantly associated
with a mean decrease in eGFR of 2.55 ml/min/1.73 m2 (b=-2.55, p=0.03) in the total sample. The
negative association between log(uMMA) and eGFR was observed with marginal significance in
both the 2001 sample (b=-2.13, p=0.10) and the 2003 sample (b=-4.48, p=0.06). Additionally, a
one log-unit increase in uDMA was significantly associated with a mean decrease in eGFR of
6.42 ml/min/1.73m2 in the 2003 sample (b=-6.42, p=0.04), although this association was not
significant in the total sample or 2001 sample. These results were similar without adjustment for
urinary creatinine (data not shown). In our logistic regression analysis with CKD (eGFR<60
ml/min/1.73 m2) as the outcome, we did not observe that total uAs, uAs metabolites, or water As
were associated with increased odds of CKD (data not shown).
For our second objective, we aimed to determine whether the associations between uCrn
and u%As metabolites may be explained by GFR. Consistent with previous findings, in the total
sample the partial Spearman correlations controlling for age, sex, and recruitment year indicated
that uCrn was inversely correlated with u%InAs (r=-0.38, p<0.0001) and u%MMA (r=-0.15,
p=0.0009), while positively correlated with u%DMA (r=0.35, p<0.0001) (Table 4). These partial
correlations were consistent between the 2001 and 2003 samples.
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Table 4. Partial Spearman correlation coefficients for associations between urinary % As
metabolites and urinary creatinine, cystatin C, and eGFR, adjusting for sex and age (and
recruitment year in the total sample only).
u%InAs

u%MMA

u%DMA

Total Sample
(N=478)
Urinary creatinine

-0.38 (<0.0001)a

-0.15 (0.0009)

0.35 (<0.0001)

Plasma cystatin C

-0.13 (0.005)

0.04 (0.43)

0.05 (0.28)

eGFR

0.12 (0.007)

-0.03 (0.50)

-0.05 (0.29)

2001 Sample
(N=368)
Urinary creatinine

-0.34 (<0.0001)

-0.13 (0.02)

0.32 (<0.0001)

Plasma cystatin C

-0.10 (0.05)

0.03 (0.53)

0.04 (0.47)

eGFR

0.10 (0.06)

-0.03 (0.62)

-0.04 (0.45)

2003 Sample
(N=110)
Urinary creatinine

-0.51 (<0.0001)

-0.24 (0.01)

0.43 (<0.0001)

Plasma cystatin C

-0.21 (0.03)

0.03 (0.75)

0.09 (0.33)

0.20 (0.04)
r (p-value), all such values.

-0.04 (0.68)

-0.08 (0.43)

eGFR

a

Plasma cystatin C had a negative partial correlation with u%InAs (r=-0.13, p=0.005), and
this was consistent between the 2001 and 2003 samples (Table 4). Likewise, eGFR had a
positive partial correlation with u%InAs (r=0.12, p=0.007). Urinary %MMA and u%DMA were
not associated with plasma cystatin C or eGFR. eGFR was not associated with uCrn in the total
sample (Spearman r=-0.05, p=0.30), 2001 sample (Spearman r=-0.07, p=0.21), or 2003 sample
(Spearman r=0.01, p=0.92). This result did not support the hypothesis that GFR may serve as a
confounder or a mediator of the associations between uCrn and the u%As metabolites.
Nevertheless, we did examine regression models using uCrn to predict each u%As metabolite,
adjusting for total uAs, age, sex, smoking, and recruitment year, with and without adjustment for
eGFR (Table 5).
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We used multinomial logistic regression models to examine the pattern of association of
uCrn and eGFR with the u%As metabolites. A multinomial logistic model in the 2001 sample
categorizing u%InAs at tertiles revealed a threshold effect of eGFR on u%InAs, in which eGFR
was associated with increased odds of having u%InAs above the first tertile, while this positive
association could not be observed with linear regression. Since the effect for the upper tertile vs.
lower tertile was similar to that for the middle tertile vs. lower tertile, we dichotomized u%InAs
at the lower tertile (at 12.2%, derived from the 2001 sample) to create a binary outcome for
logistic regression. Linear regression models were applied to the continuous outcomes of
u%MMA and u%DMA. Adding eGFR into the models did not appreciably change the estimated
parameter of uCrn in any of the models. Results were similar when including water As as a
covariate in these models in place of total uAs (data not shown).
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Table 5. Logistic and linear regression models using uCrn and eGFR to predict u%As metabolites.
Total Sample (N=478)

2001 Sample (N=368)

2003 Sample (N=110)

Logistic models
Outcome

Modela

u%InAsc

Model 1
Model 2

Predictor
Log (Urinary
Creatinine)
Log(Urinary
Creatinine)
eGFR

OR
(95% CI)
0.23 (0.16,
0.34)
0.22 (0.15,
0.33)
1.02 (1.01,
1.03)

p

R2
(%)b

<0.0001

20.45

<0.0001

22.27

0.001

OR
(95% CI)
0.26 (0.17,
0.41)
0.26 (0.16,
0.40)
1.01 (1.00,
1.03)

p

R2
(%)b

<0.0001

20.55

<0.0001

21.86

0.01

OR
(95% CI)
0.13 (0.05,
0.32)
0.10 (0.03,
0.27)
1.04 (1.01,
1.07)

p

R2
(%)b

<0.0001

26.49

<0.0001

33.01

0.003

Linear models
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Outcome

Modela

u%MMA

Model 1
Model 2

u%DMA

Model 1
Model 2

a

Predictor
Log (Urinary
Creatinine)
Log(Urinary
Creatinine)
eGFR
Log (Urinary
Creatinine)
Log(Urinary
Creatinine)
eGFR

B (SE)

p

R2
(%)

B (SE)

p

R2
(%)

B (SE)

p

R2
(%)

-1.22 (0.34)

0.0004

16.06

-0.83 (0.39)

0.03

15.72

-2.77 (0.73)

0.0002

21.76

-1.21 (0.34)

0.0004

16.18

-0.83 (0.39)

0.03

15.82

-2.75 (0.73)

0.0003

21.84

-0.01 (0.01)

0.43

-0.01 (0.01)

0.51

-0.01 (0.02)

0.74

5.72 (0.57)

<0.0001

20.52

5.34 (0.67)

<0.0001

17.87

7.05 (1.15)

<0.0001

30.73

5.74 (0.58)

<0.0001

20.62

5.34 (0.67)

<0.0001

17.87

7.27 (1.13)

<0.0001

34.12

-0.01 (0.02)

0.44

-0.00 (0.02)

0.99

-0.08 (0.04)

0.02

We examined confounding or mediation of associations between uCrn and %As metabolites by using nested models, with and
without control for eGFR; Model 1 parameters are log(age), sex, current smoking, log(total uAs), log(uCrn), and recruitment year (in
total sample only); Model 2 parameters are log(age), sex, current smoking, log(total uAs), log(uCrn), eGFR, and recruitment year (in
total sample only); bGeneralized R2; cProbability modeled is u%InAs>12.2 (total sample: u%InAs≤12.2 N=168, u%InAs>12.2 N=310;
2001 sample: u%InAs≤12.2 N=123, u%InAs>12.2 N=245; 2003 sample: u%InAs≤12.2 N=45, u%InAs>12.2 N=65).

As mentioned above, eGFR was positively associated with u%InAs in partial Spearman
correlations within both samples (Table 4); upon covariate adjustment in regression models,
these positive associations remained significant (Table 5). An increase in eGFR was associated
with increased odds of having u%InAs above 12.2% (OR=1.02, 95% CI (1.01, 1.03)). In the
2003 sample, the positive association between eGFR and log(u%InAs) was linear and significant
when modeled with linear regression; a one unit increase in eGFR was associated with a 0.7%
increase in u%InAs (b=0.007, p<0.0001; data not shown). eGFR was not associated with
u%MMA (b=-0.01, p=0.43), and this was consistent in both the 2001 and 2003 samples. Finally,
in the 2003 sample, a one unit increase in eGFR was associated with a mean decrease in
u%DMA of 0.08 (b=-0.08, p=0.02) in the covariate-adjusted model, however this association
was not observed in the total sample or the 2001 sample.
Discussion
For our first objective, we aimed to explore the potential renal toxicity of As. While
water As was not associated with eGFR, we observed a marginally significant negative
association between total uAs and eGFR in the total sample; this association remained
marginally significant in the 2003 sample, while the association was negative but not significant
in the 2001 sample. Additionally, the concentration of uMMA was a significant negative
predictor of eGFR in the total sample, while uDMA was a negative predictor of eGFR in the
2003 sample only. The negative association between total uAs and eGFR in the 2003 sample
might be attributed to the concentration of uMMA and uDMA, while in the 2001 sample the
negative association may have been attributed to the concentration of uMMA. The 2003 sample
had significantly higher total uAs concentrations, and uAs metabolite concentrations, relative to
the 2001 sample, which may explain the stronger associations in the 2003 sample. Since the
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majority of total uAs consists of DMA, it is not surprising that the negative association between
total uAs and eGFR in the 2003 sample would be attributed to uDMA. On the other hand, the
negative association between uMMA concentration and eGFR may be due to the particularly
high toxicity of MMA, as has been demonstrated in in vitro [47] and human studies [48].
Our finding of a negative association between total uAs and eGFR is consistent with
other studies showing a negative association between total uAs and eGFR [9, 14, 15] or a
positive association between total uAs and serum cystatin C [49]. A prospective study among
children in Bangladesh observed a marginal negative association between total uAs at infancy
and eGFR at 4.5 years old [50]. Total uAs has also been associated with increased urinary
albumin [51, 52] and protein [53], and markers of renal tubular damage including increased
urinary β 2 microglobulin [15, 51, 54] and urinary N-acetyl-β- D -glucosaminidase (NAG) [51, 55].
Arsenic exposure has been associated with elevated mortality rates from kidney diseases in
several populations [10-13]. Given the negative direction of association between uAs and eGFR,
it is unlikely that this finding can be explained by the influence of GFR on the excretion of As in
urine. Our finding is suggestive of the renal toxicity of As exposure, as measured by urinary As.
Although few studies have evaluated the prevalence of kidney diseases in Bangladesh,
the CKD prevalence in our population in Araihazar was high in comparison with another
Bangladeshi population located in Mirpur, Dhaka [56]. Huda et al. (2012) estimated GFR from
serum creatinine using the Modification of Diet in Renal Disease (MDRD) equation in N=1,000
adults in Mirpur, and found an average CKD prevalence of 13.1%. There may be several
explanations for the higher CKD prevalence in our study. The first is that we used an ELISA
method to measure cystatin C, which could potentially result in some misclassification given
certain limitations in the precision of the technique. However, we do not believe that this alone
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could account for the large difference. The second explanation is that GFR estimating equations
have not been extensively validated in South Asian populations, and may over- or underestimate the true prevalence of CKD. A study in Pakistan found that the MDRD equation
overestimated GFR as compared with a creatinine clearance test [57], which may explain why
the Mirpur study had higher eGFR on average. The CKD-EPI equation that we have utilized has
not yet been validated in a South Asian population. The reason for the difference in eGFR
between the 2001 and 2003 samples remains unclear.
We also compared the average cystatin C in the 2001 and 2003 samples with age and sex
stratified cystatin C averages from the third United States National Health and Nutrition
Examination Survey (NHANES) [58]. Across all age and sex categories outlined in the
NHANES study for which we had sufficient sample size (N>5), average cystatin C in both the
2001 and 2003 samples was higher than in NHANES, with the exception of 20-39 year old
women in the 2003 sample who had similar cystatin C to the respective NHANES women.
Consistent with the NHANES data, in our population cystatin C was higher in males than in
females in every age category.
For our second objective, we aimed to determine whether GFR may explain the strong
and consistent positive associations between uCrn and uAs methylation in this and previous
studies [27-35]. We considered that GFR may explain these associations in one of two ways:
one, that GFR may differentially influence the excretion of the As metabolites, and also
influence creatinine excretion (i.e. confound the association), or two, that the As metabolites may
differentially influence GFR, which would then influence creatinine excretion (i.e. mediate the
association). Given our cross-sectional analysis, we are not able to distinguish between a
confounding or meditational effect. However, adjustment for eGFR did not attenuate these
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associations, indicating that glomerular filtration does not explain the strong associations
between uCrn and the u%As metabolites (i.e. it is neither a confounder nor a mediator). eGFR
was not associated with uCrn; this is not surprising, given that uCrn concentration is not a
sensitive marker of renal function. Serum creatinine itself is not sensitive to moderate reductions
in GFR [59]. Although creatinine is freely filtered at the glomerulus at a constant rate, it is
secreted by the proximal tubular cells into the urinary space at a non-constant rate. When GFR
decreases, tubular secretion of creatinine increases to offset the rise in serum creatinine [59].
This non-constant tubular secretion of creatinine, in addition to the strong dependence of uCrn
on hydration status, is likely the reason we observed no association between eGFR and uCrn.
The strong associations between uCrn and u%As metabolites may instead be due to the
shared metabolic pathway of methylated As metabolites and creatine, as creatine biosynthesis is
produced via the methylation of guanidinoacetate [60], a process that consumes a considerable
amount of SAM [38]. Alternatively, it is possible that uCrn and the uAs metabolites are related
due to similar renal handling in the proximal tubule. In humans, uCrn secretion is mediated by
the organic cation transporter OCT2 at the basolateral membrane, and by P-glycoprotein 1 (P-gp,
also known as multidrug resistance protein 1 (MDR1) or ATP-binding cassette sub-family B
member 1 (ABCB1)) at the apical membrane [61-63], however little is known regarding the
transporters mediating As secretion, and whether these transporters may have differential affinity
for the different As species. There is evidence that cellular efflux of arsenite may be mediated by
P-gp. Rat liver epithelial cells with acquired As tolerance have reduced As accumulation and
increased expression of P-gp, while P-gp inhibition abolishes this tolerance [64]. Additionally, Pgp knockout mice are more sensitive to As-induced lethality and tissue damage, and accumulate
more As in tissues (including kidney) following arsenite administration, than wild type mice
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[65]. The mutual utilization of P-gp by As and creatinine provides a potential link between As
and creatinine secretion. Finally, creatinine may be associated with the urinary As metabolite
profile circumstantially: experiments in dogs have revealed that arsenate reabsorption in the
proximal tubule is sensitive to urine flow, with increased urine flow depressing arsenate
reabsorption [44]. Since increased urine flow would result in enhanced arsenate excretion, and
decreased uCrn (more diluted urine), this could result in a negative association between u%InAs
and uCrn. Further research in this area is warranted to determine which transporters are
responsible for As reabsorption and secretion within the proximal tubule, whether As may
interfere with creatinine secretion or vice versa, and whether urine flow may be an important
modifier of As reabsorption in humans. A limitation of this study is that we have not measured
biomarkers of proximal tubular damage, so we are unable to examine the effects of As exposure
and As methylation capacity on the proximal tubule, and the influence this may have on uCrn.
Interestingly, in both the 2001 and 2003 samples we found that eGFR was positively
associated with u%InAs, independently of uCrn. Additionally, we observed that eGFR was
negatively associated with u%DMA in the 2003 sample only. Given that this was a crosssectional study, there are two potential explanations for these findings aside from unmeasured
confounding: (a) GFR differentially influences the renal excretion of the As metabolites, and (b)
the As metabolites are differentially detrimental to kidney function. We discuss both possibilities
below.
Possibility (a): GFR differentially influences the renal excretion of As metabolites.
From the experiments of Ginsburg (1963) on the renal handling of arsenate in dogs, we
know that arsenate is reabsorbed in the proximal tubule, and that increased urine flow depresses
arsenate reabsorption, i.e. enhances its excretion [44]. In adult cancer patients with varying
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degrees of renal impairment undergoing arsenic trioxide treatment, mild to severe renal
impairment decreased the renal clearance of InAs, and reduced both total As excretion and the
percentage of the As dose excreted as arsenite [66]. These data indicate that improved GFR may
result in improved excretion of InAs, which could be the reason that we observe a positive
association between u%InAs and eGFR. This reason may also explain why we observe a
negative association between u%DMA and eGFR in the 2003 sample, since the sum of u%InAs,
u%MMA, and u%DMA within each individual is equal to 100%. Unfortunately, little is known
regarding the renal handling and excretion mechanisms of MMA and DMA, so it is unclear
whether the association between u%DMA with eGFR could be attributed to this alternative
explanation. In the adult cancer patients from the above-mentioned study, mild to severe renal
impairment resulted in increased serum concentrations of MMA and DMA, suggesting reduced
renal clearance of these metabolites, although this data was not explicitly provided [66].
Possibility (b): the As metabolites are differentially detrimental to kidney function.
It is unlikely that high InAs exposure would result in improved GFR. InAs exposure
results in mitochondrial toxicity in rat and human kidney proximal tubule cells [67, 68]. Mice
exposed to arsenite had increased urinary N-acetyl-β-D-glucosaminidase (NAG; a marker of
tubular damage) and tubular atrophy in the renal medulla [69]. Exposure of dogs to arsenate
resulted in degeneration of the renal tubular epithelium at the lowest dose used (0.73 mg/kg),
while reductions in creatinine clearance were only observed at higher doses [70]. An important
caveat of these in vivo experiments is that the doses used are very high and much shorter in
duration relative to the As intake from drinking water by humans in Bangladesh and other parts
of the world. Therefore it is yet unclear what effect prolonged low dose InAs exposure would
have on indices renal function.
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While we do not propose that the positive association observed in our study between
u%InAs and eGFR is indicative of a beneficial effect, it may be that a certain As methylation
profile is detrimental to renal function. Since the sum of u%InAs, u%MMA, and u%DMA within
each individual is equal to 100%, if one percent metabolite increases, another decreases. We
therefore cannot know what metabolite(s) may be driving the associations that we observe with
eGFR. In human studies, increased u%MMA has been associated with increased odds for a
variety of diseases, including atherosclerosis, bladder cancer, lung cancer, skin cancer, and skin
lesions [48, 71]. We did not observe that u%MMA was associated with eGFR in this study,
although the concentration of MMA in urine was associated with decreased eGFR. In the 2001
sample, a methylation pattern of decreased u%InAs is associated with reduced eGFR, and in the
2003 sample, a methylation pattern of decreased u%InAs and increased u%DMA is associated
with reduced eGFR. Very few studies have examined the associations of As metabolites with
renal function, and therefore little is known regarding the expected direction of these
associations. One study in Taiwan found that u%MMA was associated with lower eGFR, while
u%DMA was associated with greater eGFR, however these associations were fully attenuated in
covariate-adjusted models [14]. A cross-sectional study in American Indians in the U.S. found
the prevalence of albuminuria (indicating glomerular and/or tubular damage) to be significantly
reduced in the 2nd-4th quartiles of u%MMA, as compared with the lowest quartile, in an adjusted
model [52].
While methylation of InAs to DMA is considered a detoxification mechanism [32], in
that it is crucial for As elimination from the body [72], As methylation results in intermediate
metabolites, such as MMAIII and possibly DMAIII, which are more toxic than InAsIII and their
pentavalent counterparts, MMAV and DMAV [47]. DMA has a short circulating half-life and is
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the most prevalent As metabolite found in urine [73], so it is possible that the kidney tubules are
exposed to DMA to a greater extent than other tissues, and that this higher dosimetry may be
detrimental to kidney function. Since we only see an association between eGFR and u%DMA in
the 2003 sample, this finding requires confirmation in future studies. Differences in As exposure,
nutrition, and methylation capacity between the 2001 and 2003 samples may have accounted for
the discrepancy.
Strengths of this study include the measurement of a sensitive biomarker of GFR, cystatin
C, the speciation of As metabolites, and the large sample size. An important limitation of this
study was that we did not measure markers of tubular damage, and were therefore unable to
determine the effects of As exposure and/or methylation capacity on the renal tubules. The
results from this study indicate areas for future research. Although our results suggest that the
associations between u%As metabolites and uCrn are not explained by glomerular filtration, it is
also possible that the As metabolites and creatinine may share a mechanism of renal secretion
that has not yet been explored. Additionally, due to the cross-sectional nature of this study, we
cannot discern whether renal function may differentially influence the excretion of As
metabolites, rather than the As methylation profile influencing renal function. Our results suggest
that total As exposure may be detrimental to renal function; however, discrepant findings
between our two study samples indicate a need for confirmation of this in future studies.
Prospective studies examining the association between As exposure, As methylation capacity,
and CKD incidence are warranted.
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Abstract
Background: Arsenic (As) methylation capacity in epidemiologic studies is typically indicated
by the proportions (%) of inorganic As (%InAs), monomethylarsonic acid (%MMA), and
dimethylarsinic acid (%DMA) in urine as a fraction of total urinary As. The relationship between
renal function and indicators of As methylation capacity has not been thoroughly investigated.
Objectives: Our two aims were to examine (1) associations between estimated glomerular
filtration rate (eGFR) and As metabolites in blood and urine, and (2) whether renal function
modifies the relationship of blood %As metabolites with their respective urinary %As
metabolites.
Methods: In a cross-sectional study of 375 As-exposed Bangladeshi adults, we measured blood
and urinary As metabolites, and calculated eGFR from plasma cystatin C.
Results: In covariate-adjusted linear models, a one ml/min/1.73 m2 increase in eGFR was
associated with a 0.39% increase in urinary %InAs (p<0.0001) and a mean decrease in urinary
%DMA of 0.07 (p=0.0005). In the 292 participants with measurable blood As metabolites, the
associations of eGFR with increased blood %InAs and decreased blood %DMA did not reach
statistical significance. eGFR was not associated with either urinary or blood %MMA in
covariate-adjusted models. For a given increase in blood %InAs, the increase in urinary %InAs
tended to be smaller in those with reduced renal function, compared to those with normal renal
function (p=0.06); this effect modification was not observed for %MMA or %DMA.
Conclusions: Urinary excretion of InAs may be enhanced in individuals with better renal
function. Alternatively, increased As methylation capacity (as indicated by decreased urinary
%InAs) may be detrimental to renal function.
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Introduction
Exposure to inorganic arsenic (As) in drinking water is a public health problem estimated
to impact over 140 million people globally [1]. Arsenic exposure has been associated with a
variety of health outcomes, including skin, lung, and bladder cancers, cardiovascular disease,
nonmalignant respiratory illness, and neurologic deficits [2]. Arsenic metabolism is thought to
play an important role in the toxicity of As [3].
The metabolism of inorganic As (InAs) occurs in a series of oxidative methylation and
reduction reactions which promote As excretion in urine. Arsenite (AsIII) undergoes oxidative
methylation to form monomethylarsonic acid (MMAV). MMAV is reduced to MMAIII, which
then undergoes oxidative methylation to form dimethylarsinic acid (DMAV) [4]. The methylation
reactions are catalyzed by arsenic methyltransferase (AS3MT), with S-adenosylmethionine
(SAM) as the methyl donor [5]. The toxicity profiles of As metabolites vary by methylation and
valence state, with MMAIII being the most toxic, and DMAV being least toxic [6].
Methylation of As is crucial for As elimination through urine; AS3MT knockout mice
retain greater amounts of As in their tissues (primarily as InAs) and excrete less As in urine than
wild-type mice [7, 8]. The reduced ability of the AS3MT knockout mice to excrete As is likely
due to impaired synthesis of DMA, which is rapidly excreted in urine [9]. DMA is the most
prevalent As species in human urine (approximately 60-80% of total urine As on average), while
MMA (10-20%) and InAs (10-30%) comprise a much smaller proportion of total urine As [10].
The proportions of InAs, MMA, and DMA in urine are often used as indicators of As
methylation capacity; these proportions, particularly the percentage of MMA in urine
(u%MMA), have been associated with risk for various diseases including atherosclerosis,
bladder cancer, lung cancer, skin cancer, and skin lesions [11, 12]. An important yet overlooked

192

factor in using these indicators is the potential relationship between renal function and the
urinary excretion of As metabolites. Other than studies on the reabsorption of InAsV in dogs [13,
14], very little is known regarding the renal handling of other As species and how this might be
influenced by reductions in glomerular filtration rate (GFR) or by proximal tubule injury. The
dearth of knowledge regarding renal filtration, secretion, and reabsorption of As species, and the
influence of these factors on urine composition of As metabolites, was highlighted in a review by
Carter, Aposhian, and Gandolfi in 2003 [15], yet research in this area is still severely lacking. In
a previous report of two cross-sectional samples of As-exposed Bangladeshi adults, we observed
that the estimated glomerular filtration rate (eGFR) was associated with increased %InAs in
urine (u%InAs) in both samples, and decreased u%DMA in one of the samples, while there was
no association of eGFR with u%MMA [16].
The current analysis builds upon a rich dataset from the Folate and Oxidative Stress
(FOX) study [17], a cross-sectional study designed to examine the dose-response relationship
between As exposure and biomarkers of oxidative stress. Two advantages of the FOX study are:
a) by design, participants had a very wide range of As exposure, and b) As metabolites were
measured in both blood and urine. In this study, we examined the association of eGFR with As
metabolite proportions in both blood and urine, and tested whether eGFR modifies the
relationship between blood and urinary As metabolite proportions. The latter analysis may
elucidate whether reduced renal function impedes the excretion of some As species from blood
to urine.
Methods
The study design and laboratory methods for the FOX study are described in Chapter 3. For the
current analyses, participants missing data on water As, plasma folate, specific gravity, and BMI
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were excluded, leaving a final sample size of N=375. Blood As (bAs) metabolites were only
measured in participants with total bAs≥ 5 µg/L, because one or more As metabolites would
likely fall below detection limits in those with total bAs< 5 µg/L, leaving a subset of N=292 for
analyses with bAs metabolites. The total urinary As (uAs) and blood As (bAs) variables that are
used in the current analyses were calculated as the sum of AsIII, AsV, MMA, and DMA in urine
and blood, respectively.
Statistical analysis. To describe the sample characteristics, we calculated means and standard
deviations for continuous variables, and frequencies for categorical variables, in the total sample
and stratified by eGFR. We considered those with eGFR<90 ml/min/1.73 m2 as having reduced
renal function, based on the cut-point for mild GFR reduction from the Kidney Disease
Outcomes Quality Initiative [18]. We used the Wilcoxon rank-sum test or the Chi-squared test to
detect differences in continuous or categorical variables, respectively, between those with normal
and reduced renal function. We examined ternary plots to visualize %As metabolite distributions
in relation to eGFR.
We applied separate linear regression models using eGFR to predict each %As
metabolite, with and without adjustment for covariates. A priori we decided to adjust for age and
sex in covariate-adjusted models, as well as a measure of As exposure (total bAs when the
outcome was a bAs metabolite, and total uAs adjusted for SG when the outcome was a uAs
metabolite). Other potential confounders (BMI, plasma folate, plasma B12, plasma betaine,
plasma choline, plasma homocysteine, plasma C-reactive protein, plasma α-1 acid glycoprotein,
urinary creatinine, smoking, betel nut chewing, television ownership, education, systolic blood
pressure, and diastolic blood pressure) were considered based on their Spearman correlations
with eGFR and with the %As metabolites, adjusting for age and sex. The control variables in the
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final models were those that were associated with eGFR and with any one %As metabolite
(p<0.10), and resulted in an appreciable (>10%) change in the regression coefficient for the
association between eGFR and a %As metabolite. Variables with skewed distributions (u%InAs,
b%InAs, age, BMI, uAs [SG adjusted], bAs, plasma folate, plasma betaine) were natural log
transformed for linear regression analyses. For the models using eGFR to predict %As
metabolites in urine, we checked whether the results were similar when restricting on the sample
of participants with total bAs ≥ 5 (i.e. participants in which blood As metabolites could be
measured) (N=292).
We also examined whether these findings were consistent between men and women, as
there are well documented sex differences in the metabolism and toxicity of As [2]. To do this,
we repeated the linear regression analyses outlined above stratified by sex. We used the Wald
test to detect between-gender differences in covariate-adjusted associations of eGFR with the
%As metabolites.
To examine whether excretion of As metabolites from blood to urine may be impeded
among those with reduced renal function, we conducted a linear regression analysis using %As
metabolites in blood as predictors of respective urinary %As metabolite outcomes, stratifying by
renal function (normal or reduced). Covariates for these models were chosen based on their
bivariate Spearman correlations with %As metabolites in blood and urine at significance level
α< 0.10, and their impact on the estimated regression coefficient of interest (change in estimated
coefficient >10%). We used the Wald test to detect differences in the covariate-adjusted
regression coefficient between those with normal and reduced renal function.
Statistical tests were two-sided with a significance value of 0.05. All analyses were
performed using R version 3.0.3.
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Results
Descriptive characteristics of the FOX study population are presented in Table 1, in the
total sample and stratified by renal function. The study enrolled approximately equal numbers of
men and women, and participants ranged in age from 30 to 63 years old, on average had low
BMI (20.4±3.5 kg/m2), and a low level of education (3.4±3.6 years). Additionally, there was a
high proportion of smokers and betel-nut chewers. By design, the As exposure in this study was
high (water As: 137.8±123.8 µg/L), with a wide range of exposure (0.4-700 µg/L). Participants
with reduced renal function (eGFR<90 ml/min/1.73 m2) tended to be older, and were more likely
to be male, smokers, and users of betelnut, than participants with normal renal function
(eGFR≥90 ml/min/1.73 m2). Additionally, those with reduced renal function had lower plasma
folate, and higher plasma betaine, choline, and homocysteine, than those with normal renal
function.
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Table 1. Descriptive characteristics of participants in the FOX study.
Normal eGFR
Reduced eGFR
2
(≥90 ml/min/1.73 m ) (<90 ml/min/1.73 m2)
pa
(N=222)
(N=153)
Mean ± SD or %
Mean ± SD or %
Mean ± SD or %
Age
43.2 ± 8.3
40.7 ± 7.5
46.8 ± 8.2
<0.0001
Male (%)
48.5
34.7
68.6
<0.0001
BMI (kg/m2)
20.4 ± 3.5
20.5 ± 3.4
20.3 ± 3.6
0.44
Education (yrs)
3.4 ± 3.6
3.3 ± 3.5
3.5 ± 3.8
0.98
Smokers (ever) (%)
36.3
23.0
55.6
<0.0001
Betel Nut Use (ever) (%)
42.7
36.5
51.6
0.004
Own TV (%)
58.1
58.6
57.5
0.84
Water arsenic (μg/L)
137.8 ± 123.8
135.9 ± 120.1
140.6 ± 129.4
0.77
Urinary As (SG adjusted)
231.1 ± 204.5
219.4 ± 196.4
248.1 ± 215.3
0.15
Blood arsenic (µg/L)b
14.8 ± 8.3
13.9 ± 6.9
16.0 ± 9.7
0.20
b
Blood %InAs
29.6 ± 4.3
30.0 ± 3.8
29.2 ± 4.8
0.06
Blood %MMAb
39.0 ± 5.6
38.8 ± 5.4
39.4 ± 5.8
0.22
b
Blood %DMA
31.3 ± 5.5
31.2 ± 5.5
31.5 ± 5.6
0.72
Urinary %InAs
17.7 ± 5.5
18.8 ± 6
16.3 ± 4.3
<0.0001
Urinary %MMA
13.9 ± 5.0
13.2 ± 4.7
15.0 ± 5.2
0.002
Urinary %DMA
68.3 ± 7.9
68.0 ± 8.0
68.8 ± 7.7
0.60
Plasma folate (nmol/L)
12.9 ± 7.2
13.5 ± 7.4
11.9 ± 6.7
0.002
Plasma B12c (pmol/L)
203.2 ± 112.6
204.7 ± 120.1
201.2 ± 101.4
0.82
Plasma betaine (µmol/L)
47.6 ± 19.8
45.5 ± 19.8
50.5 ± 19.6
0.007
Plasma choline (µmol/L)
11.6 ± 3.5
11.2 ± 3.3
12.2 ± 3.7
0.007
Plasma tHcys (µmol/L)
11.2 ± 13.0
9.8 ± 9.9
13.3 ± 16.4
<0.0001
Plasma cystatin C (ng/mL)
906.8 ± 257.2
736.4 ± 111.0
1154.2 ± 201.9
<0.0001
eGFR (ml/min/1.73m2)
94.2 ± 24.4
111.6 ± 11.8
69.0 ± 13.6
<0.0001
d
Proteinuria (%)
1.6
1.4
2.0
0.63
Systolic blood pressure (mm Hg)d
108.2 ± 13.5
107.1 ± 13.2
109.9 ± 13.9
0.06
d
Diastolic blood pressure (mm Hg)
72.2 ± 8.6
71.7 ± 8.7
72.9 ± 8.6
0.17
a
P-value for difference between participants with normal and reduced eGFR, from Wilcoxon rank-sum test for continuous variables
and Chi-square test for categorical variables; bN=292; cN=369; dN=370.
Total Sample
(N=375)
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We examined the effect of eGFR on %As metabolite outcomes in blood and urine using
linear regression models (Table 2). For each outcome, we examined the covariate-unadjusted
effect of eGFR (Model 1), and the covariate-adjusted effect of eGFR, either adjusting for
variables selected a priori (Model 2), or adjusting for both a priori variables and additional
variables that influenced the estimated coefficient of the eGFR variable (Model 3). In Model 3, a
one ml/min/1.73 m2 increase in eGFR was associated with a 0.39% increase in u%InAs
(p<0.0001) and a mean decrease in u%DMA of 0.07 (p=0.0005). However, in the N=292
participants with measurable blood As metabolites (total bAs ≥ 5 µg/L), the associations of
eGFR with increased b%InAs and with decreased b%DMA, did not reach statistical significance
at α=0.05. eGFR was not associated with either u%MMA or b%MMA in the covariate-adjusted
models. Results were similar with and without adjustment for total blood or urinary As.
Additionally, the results of the urinary %As metabolite models were similar when restricting the
sample to those with blood As metabolite data available (data not shown).
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Table 2. Linear regression models using eGFR as a predictor of %As metabolites in blood and urine.
Blood metabolite outcomes (N=292)

Urine metabolite outcomes (N=375)
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Model

Outcome

B (SE)

p

Δ R (%)

Outcome

B (SE)

p

Δ R2 (%)

Model 1b
Model 2d
Model 3e

b%InAsc

0.10 (0.03)
0.07 (0.04)
0.06 (0.04)

0.003
0.05
0.10

3.04
1.01
0.69

u%InAsc

0.34 (0.06)
0.38 (0.07)
0.39 (0.07)

<0.0001
<0.0001
<0.0001

8.02
6.61
6.43

Model 1
Model 2
Model 3

b%MMA

-0.02 (0.01)
0.00 (0.01)
0.01 (0.01)

0.18
0.83
0.42

0.61
0.01
0.14

u%MMA

-0.04 (0.01)
-0.00 (0.01)
-0.01 (0.01)

0.0002
0.74
0.52

3.62
0.02
0.08

2

a

Model 1
b%DMA
-0.01 (0.01)
0.47
0.18
u%DMA
-0.03 (0.02)
0.10
0.73
Model 2
-0.02 (0.02)
0.21
0.49
-0.07 (0.02)
0.0003
2.99
Model 3
-0.02 (0.02)
0.12
0.70
-0.07 (0.02)
0.0005
2.63
a
2
b
c
The change in R after adding eGFR to the model; Model 1 is unadjusted (i.e. eGFR only); Parameter reflects the percent change in
the geometric mean of %InAs for 1 unit increase in eGFR; dModel 2 adjusted for age, sex, and either total bAs (for blood metabolite
models) or total uAs adjusted for SG (for urine metabolite models); eModel 3 adjusts for all covariates in Model 2, ever-smoking,
log(BMI), log(plasma folate), and log(plasma betaine).

To examine differences by gender, the fully adjusted linear regression models (Model 3)
were repeated separately in men and women (Table 3). The covariate-adjusted associations of
eGFR with the blood %As metabolite outcomes did not differ by sex. In contrast, the covariateadjusted associations of eGFR with u%InAs and u%DMA did differ by sex. The positive
association between eGFR and u%InAs, while significant in both men and women, was
substantially larger in magnitude in women (P Wald =0.004). Additionally, the negative association
between eGFR and u%DMA was observed in women only (P Wald =0.0006). These results were
consistent with the ternary plots, in which participants were plotted according to their u%InAs,
u%MMA, and u%DMA (Figure 1). In women, those with normal eGFR were closer to the
triangle corner for u%InAs (i.e. had higher u%InAs on average), and further from the corner for
u%DMA, as compared to those with reduced eGFR. In men, those with normal eGFR were
closer to the corner for u%InAs, although men with normal eGFR did not differ from men with
reduced eGFR on u%DMA.
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Table 3. Linear regression models using eGFR to predict %As metabolites in blood and urine, stratified by sex.
All models were adjusted for age, smoking, BMI, plasma folate, plasma betaine, and either total bAs (for blood metabolite models) or
total uAs adjusted for SG (for urine metabolite models).
Blood metabolite outcomes
Urine metabolite outcomes
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Men (N=146)
Women (N=146)
Men (N=182)
Women (N=193)
2
2
2
ΔR
B
ΔR
ΔR
B
Δ R2
p
B (SE)
p
p
p
Outcome B (SE)
Outcome
a
(%)
(SE)
(%)
(%)
(SE)
(%)
0.05
0.08
0.20
0.62
0.33 0.49
0.15
1.05
0.03
2.32
<0.0001 12.55
b%InAsb
u%InAsb,c
(0.05)
(0.05)
(0.09)
(0.11)
0.00
0.03
-0.02
0.02
0.98 0.00
0.16
0.94
0.12
1.01
0.24
0.65
b%MMA
u%MMA
(0.02)
(0.02)
(0.02)
(0.02)
-0.01
-0.05
-0.01
-0.14
0.53 0.23
0.07
2.17
0.59
0.12
<0.0001 10.08
b%DMA
u%DMAd
(0.02)
(0.03)
(0.02)
(0.03)
a
The change in R2 after adding eGFR to the model; bParameter reflects the percent change in %InAs for 1 unit increase in
eGFR; cCoefficient for eGFR different between men and women by the Wald test, p=0.004; dCoefficient for eGFR different between
men and women by the Wald test, p=0.0006.
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Figure 1. Ternary plots of the three percent arsenic metabolites in urine, stratified by sex. A ternary plot is a plot of
three proportion variables which sum to 100%; in this example, within each person, u%InAs, u%MMA, and u%DMA
sum to 100%. Each point on the plot represents one person, and points are color-coded according to eGFR
(ml/min/1.73 m2). Large green and red dots correspond to mean u%InAs, u%MMA, and u%DMA in individuals with
normal (eGFR ≥90 ml/min/1.73 m2) or reduced (eGFR<90 ml/min/1.73 m2) renal function, respectively.

The %As metabolites in blood are correlated with their respective %As metabolites in
urine (Spearman correlations: %InAs r=0.41, %MMA r=0.46, %DMA r=0.67, p<0.0001 for all).
Using linear models with blood %As metabolites as predictors of respective urinary %As
metabolites controlling for water As and gender, we observed that, for a given increase in
b%InAs, the increase in u%InAs was smaller in those with reduced renal function (B=0.90, 95%
CI: 0.64, 1.15), compared to those with normal renal function (B=1.29, 95% CI: 0.97, 1.62)
(Table 4; Figure 2). The effect modification by renal function was marginally significant
(P=0.06). The pattern of a larger effect of b%InAs on u%InAs in those with normal renal
function, compared to those with reduced renal function, was observed in both men and women,
however effect modification by renal function was not significant within either gender (data not
shown). In contrast, renal function did not modify the relationship between blood and urinary
%MMA, or blood and urinary %DMA, in the total sample or in gender-stratified analyses.

Table 4. Estimated regression coefficient of blood %As metabolites as predictors of respective
urinary %As metabolites in linear models controlling for log(water As) and sex.
Normal eGFR
Reduced eGFR
2
(≥90 ml/min/1.73 m )
(<90 ml/min/1.73 m2)
(N=166)
(N=126)
Metabolite
B (95% CI)
B (95% CI)
pa
b
%InAs
1.29 (0.97, 1.62)
0.90 (0.64, 1.15)
0.06
%MMA
0.32 (0.19, 0.45)
0.33 (0.17, 0.48)
0.96
%DMA
0.88 (0.69, 1.07)
0.82 (0.64, 0.99)
0.62
a
p-value from Wald test for difference in regression coefficient of interest between participants
with normal and reduced renal function; bBlood and urinary %InAs are log transformed.

203

204
Figure 2. Scatter plot of the relationship between blood %InAs and urinary %InAs in those with
normal (green circles; eGFR≥90 ml/min/1.73 m2) or reduced (red triangles; eGFR<90 ml/min/1.73 m2)
renal function. The lines are regression lines from the adjusted models in Table 5 (green solid line,
normal renal function; red dotted line, reduced renal function).

Discussion
In this cross-sectional study of Bangladeshi adults exposed to a wide range of As through
contaminated drinking water, eGFR was a strong predictor of As metabolite proportions in urine
– eGFR explained ~6% of the variation in u%InAs, and ~3% of the variation in u%DMA. Our
findings here are consistent with our previous study, in which eGFR was a positive predictor of
u%InAs in two cross-sectional samples, and a negative predictor of u%DMA in one of the crosssectional samples [16]. Given that the present study has replicated these findings, it is unlikely
that they are due to chance. Here we were additionally able to examine the associations between
eGFR and As metabolite proportions in blood. The associations of eGFR with b%InAs and
b%DMA were in the same direction as the associations of eGFR with u%InAs and u%DMA,
respectively, although they did not reach statistical significance at p<0.05. Finally, for a given
increase in %InAs in blood, %InAs in urine increased less in those with reduced renal function,
as compared to those with normal renal function, possibly indicating that those with reduced
renal function may have impaired excretion of InAs from blood to urine.
Several studies have found a negative association between total As exposure and renal
function [19], including a study of the present sample in which total urinary As (adjusted for SG)
and total blood As were marginally associated with decreased eGFR (Chapter 8). However, few
studies have examined the relationship between renal function and indicators of As methylation
capacity. In a case-control study in Taiwan, urinary %As metabolites were not associated with
risk for chronic kidney disease (CKD) [20]. In a cross-sectional study of American Indians in the
Unites States, increased u%MMA was associated with decreased prevalence of albuminuria,
which is a marker of renal dysfunction [21]. These studies differ from the present study on the
level of As exposure in the population; average uAs (µg/g creatinine) in both the Taiwan study
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and the American Indian study were substantially lower than the average uAs (µg/g creatinine)
in the current study. In a renal cell carcinoma (RCC) case-control study in Taiwan, there was a
significant increased odds of RCC in the 3rd tertile of u%DMA, as compared with the lowest
tertile, in an age and gender adjusted model, however this effect was no longer significant in the
extended model that additionally included eGFR, hypertension, smoking, alcohol, tea, and coffee
consumption [22]. To our knowledge, no other studies, aside from the current study and our
previous cross-sectional study in Bangladesh, have examined the relationship between eGFR and
As metabolite proportions.
The mechanism by which GFR may be associated with As metabolite proportions is
unknown. We previously reported two hypothesized mechanisms: either renal function
influences the urinary excretion of As metabolites, or As metabolites are differentially
detrimental to renal function [16]. A third possibility that cannot be ruled out is that renal
function indirectly influences AS3MT activity. Our finding that eGFR was associated with
increased %InAs in urine, and that eGFR modified the magnitude of the association between
blood and urinary %InAs, may support a hypothesis that individuals with better renal function
are more efficient at excreting InAs. The negative association between eGFR and %DMA in
urine may be a consequence of this, since as one As metabolite proportion increases, at least one
other must decrease. The influence of renal function on urinary InAs excretion is supported by a
study in patients with acute promyelocytic leukemia (APL) undergoing multiple-dose As trioxide
chemotherapy over a 4-week period [23]. In this study, the percentage of the As dose excreted in
urine, and the percentage of total As excreted as AsIII (i.e. u%InAs), were reduced in patients
with mild to severe renal impairment, as compared to patients with normal renal function.
Additionally, serum MMAV and DMAV were increased in the patients with mild to severe renal
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impairment, indicating impaired excretion of these metabolites as well, although we did not
observe that eGFR modified the relationship between blood and urine %MMA, or blood and
urine %DMA.
Our contention that InAs excretion is impaired among those with reduced renal function
is also supported by recent cross-sectional and prospective analyses of a large American Indian
cohort with substantially lower As exposure than our study population (median total uAs 9.7
µg/L vs. 125 µg/L in our study) [24]. In the cross-sectional analysis of that cohort, urinary InAs
concentrations were inversely associated with CKD prevalence (i.e. positively associated with
eGFR), while urinary MMA and DMA concentrations were positively associated with CKD
prevalence only after adjustment for urinary InAs. In a prospective analysis of the same cohort,
urinary InAs concentration was not associated with incident CKD, while urinary MMA and
DMA concentration were positively associated with incident CKD. This study did not examine
the relationship between As metabolite proportions and prevalent or incident CKD. The authors
concluded that these data suggest that CKD influences the excretion of InAs.
The marginal associations between eGFR and the blood As metabolite proportions are
difficult to interpret. While As in urine is the net result of kidney processing (i.e. filtration,
secretion, and reabsorption), As in blood has many sources and sinks, including intestinal
absorption, flux in and out of tissues, renal excretion, and biliary excretion. We might expect that
increased flux of InAs through the kidney in response to improved GFR would result in
increased urinary %InAs, with an accompanying decrease in blood %InAs, however because of
the complex sources and sinks of blood As this is not necessarily the case. Accordingly, in the
APL study, serum AsIII only became elevated in patients with severe renal impairment, and not
in mild-moderate renal impairment [23]. It is possible that participants with better renal function,
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having a higher capacity to excrete InAs from blood, may have increased flux of InAs from
tissues to blood; this scenario may result in the marginal positive association we observe between
eGFR and %InAs in blood.
Alternatively, since this is a cross-sectional study, we must also consider reverse
causation: perhaps a certain As methylation profile, involving decreased %InAs (and increased
%DMA in women), may be detrimental to renal function. In this scenario, we would expect that
the %As metabolites in blood would be associated with eGFR in the same direction as the %As
metabolites in urine, which is what we observe. Gender differences in these associations may be
due to differences in As methylation capacity or renal function between men and women, with
women on average having a higher As methylation capacity and higher eGFR. Our observations
are in contrast with other epidemiologic studies which have shown that As methylation profiles
of increased u%MMA and decreased u%DMA are associated with adverse health outcomes,
including cardiovascular disease, skin lesions, skin cancer, and bladder cancer [11, 12, 25-27].
Arsenic metabolism has been considered both a detoxification and bioactivation process:
DMAV is rapidly excreted in urine, however trivalent intermediates of As metabolism are
significantly more cytotoxic than pentavalent forms. Among the forms of trivalent As, MMAIII is
the most cytotoxic, followed by DMAIII and AsIII [6]. Because we observe that DMA is the most
prevalent As metabolite in urine, but not in blood, it is logical to surmise that the urinary space
(i.e. from the proximal tubules of nephrons to the bladder) may be exposed to a greater
concentration of DMA, and a lower concentration of InAs and MMA, than other tissues. It is not
entirely known why DMA is more readily excreted than InAs or MMA; some possibilities are (a)
greater binding strength of InAsIII and MMAIII with dithiols in proteins than of DMAIII with
monothiols [15], (b) the glomerular filter may be more permeable to DMA than InAs or MMA,
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(c) secretion of DMA into the proximal tubule may be greater than that for InAs or MMA, or (d)
reabsorption of DMA from the proximal tubule may be less than that for InAs or MMA.
Whatever the reason, the kidney could have increased susceptibility to harm from a “better”
methylation capacity, which could possibly explain our findings. However, increased u%DMA
was protective against bladder cancer in a prospective cohort study [27], which does not lend
support to this hypothesis.
Our results may have implications for epidemiologic studies which use As methylation
capacity to predict risk for disease, given that renal function is adversely affected by a variety of
disease states, such as diabetes, hypertension, and infections, [28, 29] and that CKD is associated
with increased risk for CVD [30]. Depending on the nature of the true relationship between GFR
and As metabolite proportions, and the nature of the relationship between GFR and the disease of
interest, several scenarios arise in which adjustment for eGFR may or may not be appropriate
(Figure 3).
The strengths of this study include the large sample size, the measurement of a sensitive
biomarker of GFR, and the speciation of As metabolites in both blood and urine. Additionally,
we were able to account for many factors that may influence As metabolism and/or renal
function, such as age, nutrition, homocysteine, inflammation, blood pressure, urinary creatinine,
total As exposure, and socioeconomic indices; this makes it less likely that our results are due to
unmeasured confounding. However, our study has several limitations. First, because our study is
cross-sectional and therefore lacks temporality, we cannot determine the causality or temporal
direction of the associations between eGFR and the As metabolite proportions. Second, our
sample size of participants with moderately to severely reduced eGFR (<60 ml/min/1.73 m2) was
very small. Lastly, we were not able to measure biomarkers of proximal tubule injury, due to

209

instability of these biomarkers in urine samples that have undergone multiple freeze-thaw cycles.
Measurement of additional markers of renal function and injury might aid in the interpretation of
the current findings.
In conclusion, we have observed that eGFR is strongly associated with urinary As
metabolite proportions, and that excretion of InAs from blood to urine may be modified by renal
function. These findings may indicate that InAs excretion is enhanced in those with better renal
function, and/or there may be an effect of As methylation capacity on renal function. This study
presents several avenues for further investigation. Experiments in animal models can elucidate
the effect of renal injury on the distribution of As metabolites in blood and urine. Studies in
humans should examine whether As metabolites proportions are similarly associated with eGFR
estimated from serum creatinine, to help rule out the possibility that As metabolite proportions
may associated with cystatin C independently of actual GFR. Finally, prospective cohort studies
examining the association of As methylation with the incidence of CKD may provide evidence
that As methylation capacity plays a role in the nephrotoxicity of As.
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Figure 3. Consideration of the relationship between GFR and the %As metabolites in epidemiologic studies where the health outcome
of interest is related to renal function. In all scenarios (A, B, C, and D), the primary research question is whether the As methylation
capacity influences risk for a disease; in A and B, we assume that GFR influences the excretion of As metabolites, whereas in C and
D, we assume a direct causal relationship between the %As metabolites and GFR. (A) If GFR differentially influences the urinary
excretion of the As metabolites, and the disease causes a deterioration of GFR (e.g. diabetes), this could result in a reversed
association between disease and the %As metabolites, mediated by GFR (not applicable to longitudinal design where temporality is
established). (B) If GFR differentially influences the urinary excretion of the As metabolites, and reduced renal function increases risk
for the disease (e.g. cardiovascular disease), GFR could be a confounder of the association between the %As metabolites and the
disease. (C) If the As metabolites are differentially detrimental to GFR, and the disease causes a deterioration of GFR, adjustment for
GFR (a collider) could create a biased association between the %As metabolites and the disease. (D) If the As metabolites are
differentially detrimental to GFR, and reduced renal function increases risk for the disease, GFR could be a mediator of the
association between the %As metabolites and the disease.
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Abstract
Background: Exposure to arsenic (As) in drinking water is a widespread public health problem
leading to increased risk for multiple outcomes such as cancer, cardiovascular disease and
possibly renal disease; potential mechanisms include inflammation and oxidative stress. We
tested the hypothesis that As exposure is associated with increased inflammation and decreased
estimated glomerular filtration rate (eGFR), and examined whether the effects of As were
modified by plasma glutathione (GSH), glutathione disulfide (GSSG), or the reduction potential
of the GSSG/2GSH pair (E h GSH).
Methods: In a cross-sectional study of N=374 Bangladeshi adults having a wide range of As
exposure, we measured markers of inflammation (plasma C-reactive protein (CRP), α-1 acid
glycoprotein (AGP)), renal function (eGFR), GSH, and GSSG.
Results: In covariate-adjusted models, a 10% increase in water As, urinary As adjusted for
specific gravity (uAs), or blood As (bAs) was associated with a 0.74% (p=0.01), 0.90% (p=0.16),
and 1.39% (p=0.07) increase in CRP, respectively; there was no association with AGP. A 10%
increase in uAs or bAs was associated with an average reduction in eGFR of 0.16 (p=0.12) and
0.21 mL/min/1.73m2 (p=0.08), respectively. In stratified analyses, the effect of As exposure on
CRP was only observed in participants having E h GSH>median (uAs p- Wald =0.03; bAs pWald =0.05).

This was primarily driven by stronger effects of As exposure on CRP in participants

with lower plasma GSH. The effects of As exposure on eGFR were not modified significantly by
E h GSH, GSH, or GSSG.
Conclusions: These data suggest that participants having lower plasma GSH and a more
oxidized plasma E h GSH are at increased risk for As-induced inflammation. Future studies
should evaluate whether antioxidant treatment lowers plasma E h GSH and reduces risk for As-

217

induced diseases.
Introduction
Globally, the World Health Organization estimates that more than 200 million people are
chronically exposed to As-contaminated drinking water above the safety standard of 10 µg/L [1].
Arsenic exposure is associated with increased risk for skin, lung, and bladder cancer, as well as
non-cancer outcomes including cardiovascular disease (CVD), respiratory illness, and neurologic
deficits [2]. Chronic kidney disease (CKD) is also emerging as a potential As-induced disease
outcome [3]. We have observed in a cross-sectional study in Bangladesh that total urinary As
(uAs), but not water As (wAs), was marginally associated with decreased estimated glomerular
filtration rate (eGFR) [4].
Arsenic exposure has been shown to cause inflammation; this may be a mechanism for
As-induced diseases, as inflammation is involved in the pathogenesis of many chronic diseases,
including CVD, metabolic syndrome [5], CKD [6], and cancer [7]. Chronic exposure of mice to
100 ppb sodium arsenite in drinking water resulted in an increase in the acute-phase protein Creactive protein (CRP) in the liver and kidney [8]. Increases in pro-inflammatory cytokines have
also been observed in serum of arsenic-exposed animals [9, 10]. Additionally, As exposure in
humans has been associated with increased serum pro-inflammatory cytokines interleukin-6 (IL6) and IL-8 [11], and CRP [12].
Numerous in vitro and in vivo studies have demonstrated that As toxicity is mediated by
induction of oxidative stress [13]. Reactive oxygen species (ROS) that have increased in
response to As include the superoxide anion radical and hydrogen peroxide [14]. Oxidative stress
and inflammation are connected in a complex feedback cycle in which ROS can activate
transcription factors that upregulate expression of pro-inflammatory cytokines, and both pro-
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oxidant and antioxidant enzymes [15]. Additionally, phagocytic leukocytes recruited to sites of
inflammation express enzymes that contribute to oxidative damage, which can further amplify
the inflammation [16]. Oxidative stress and inflammation are linked as causal agents in a variety
of chronic diseases including cancer, CVD, and diabetes [17, 18].
There is evidence to suggest that oxidative stress may mediate both As-induced
inflammation and As-induced renal dysfunction. In certain mammalian cell models, arsenite
exposure induces oxidative stress (i.e. increased ROS) and activates the pro-inflammatory
transcription factor nuclear factor-κB (NF-κB), which can be prevented by administration of the
antioxidant N-acetylcysteine (NAC) [19-21]. Arsenic exposure in rodent studies has resulted in
increased ROS, lipid peroxidation, and protein carbonylation, decreased reduced glutathione
(GSH) and increased glutathione disulfide (GSSG), and reduced antioxidant enzyme activity in
kidney tissue [22-26]. The above-mentioned studies have also demonstrated that treatment of Asexposed rodents with antioxidants can either mitigate or prevent the oxidative and nephrotoxic
effects observed with As administration alone. Collectively, this evidence suggests that
antioxidants may protect against the inflammatory and nephrotoxic effects of As.
The Folate and Oxidative Stress (FOX) study [27] is a data-rich cross-sectional study of
378 Bangladeshi adults that was initially designed to assess the dose-response relationship
between As exposure and oxidative stress. In this study, we previously found As exposure to be
negatively associated with blood GSH concentrations, but not with blood GSSG [27], the plasma
GSH/GSSG ratio [28], urinary 8-oxoG, or plasma protein carbonyls [29]. Plasma GSH and
GSSG may correlate with tissue GSH and GSSG concentrations, and the reduction potential of
the GSSG/2GSH couple (E h GSH) may reflect the balance of pro-oxidants and antioxidants
within tissues [30]. In the current analyses, we examine markers of inflammation and renal
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function in these study participants in order to test the hypotheses that As exposure is associated
with inflammation, and that the effects of As exposure on inflammation and renal function are
greater among people with a more oxidized plasma E h GSH. We also wished to examine whether
inflammation mediates the effect of As on renal function, as inflammation is involved in the
deterioration of renal function [6].
Methods
Study design and laboratory methods for the FOX study are described in Chapter 3.
Participants missing information on wAs, BMI, specific gravity, plasma E h GSH, or α-1 acid
glycoprotein (AGP) were excluded from the current analysis, leaving a final sample size of
N=374. The total bAs variable used in these analyses was measured as described in Hall et al.
[31]; the sum of bAs metabolites was not used in order to maintain sample size (because As
metabolites in blood are generally not detectable in those with total bAs< 5 µg/L, and thus were
not measured in 82 participants). However, the total uAs variable used in these analyses is the
sum of uAs metabolites (AsIII+AsV+MMA+DMA).
Statistical analysis. We calculated descriptive statistics (means ± standard deviations for
continuous variables and frequencies for categorical variables) for the total study population, and
stratified by the median of plasma E h GSH. To reduce variation in plasma GSH and GSSG, we
adjusted these variables for plasma GSH laboratory batch as a categorical variable using the
residual method; these batch-adjusted variables were used in the calculation of plasma E h GSH.
Differences in characteristics between the E h GSH strata were tested using the Wilcoxon ranksum test for continuous variables, and the Chi-square test for categorical variables. We used
Spearman correlation coefficients to explore bivariate associations between CRP, AGP, eGFR,
GSH, GSSG, and E h GSH, adjusting for age, sex, and BMI, which are strongly associated with
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eGFR and the inflammatory biomarkers. We also used Spearman correlations to examine
associations between the measures of As exposure (wAs, uAs-SG and bAs) and GSH, GSSG,
and E h GSH, adjusting for covariates that were associated with at least one measure of As
exposure (p<0.1) and at least one glutathione variable (p<0.1) in bivariate correlations.
For our primary analysis, we used linear regression models to examine the effect of the
As exposure variables, wAs, uAs-SG, and bAs, on the outcomes CRP, AGP, and eGFR,
controlling for potential confounders. We a priori decided to adjust for age, sex, and BMI in
these models. Other covariates considered for inclusion were plasma folate, plasma B12,
smoking, betel nut chewing, television ownership, education, systolic blood pressure, and
diastolic blood pressure. Covariates were considered based on their Spearman correlations with
the As exposure variables, and the outcome variables, adjusted for age and sex. The control
variables in the final models were those that were associated with CRP, AGP, or eGFR, and with
any one As exposure variable in bivariate correlations (p<0.1), and resulted in an appreciable
(>10%) change in the regression coefficient for the association between a predictor and an
outcome. Variables with skewed distributions (wAs, bAs, uAs-SG, age, BMI, CRP, and AGP)
were natural log transformed for linear regression analyses. To aid interpretation, for the models
where both the predictor of As exposure and the outcome (CRP or AGP) are log-transformed, we
estimated the percent change in the geometric mean of the outcome for a 10% increase in the As
exposure variable. For the outcome of eGFR in its original scale, with log-transformed As
variables as predictors, we estimated the mean change in eGFR for a 10% increase in the As
exposure.
Effect modification by plasma E h GSH was examined by repeating the regression
analyses in strata of plasma E h GSH (above and below the median). We used the Wald test to
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detect differences in the covariate-adjusted associations of As exposure with the outcome
variables between plasma E h GSH strata. In order to explore whether the effect modification was
dependent on the cut-point for E h GSH, we conducted a sensitivity analysis in which we repeated
the linear regression analysis above and below every unique E h GSH cut-point, starting at the 20th
percentile of E h GSH and ending at the 80th percentile, for a total of 224 cut-points. In the same
manner we also checked effect modification by GSH and GSSG plasma concentrations.
All p-values (p) were two-sided. Analyses were performed using SAS 9.1 (SAS Institute,
Cary, NC) and R version 3.0.2.
Results
Characteristics of the study sample are reported in Table 1 for the entire study sample
and separately by plasma GSH redox potential (E h GSH) strata, which were derived by dividing
plasma E h GSH at the median. On average, participants having a more oxidized plasma E h GSH
(> -99.14) were older (p=0.05), more frequent betelnut chewers (p=0.02), had higher plasma B12
(p=0.06), lower eGFR (p=0.04), and higher systolic (p=0.06) and diastolic blood pressure
(p=0.02), than participants having a less oxidized plasma E h GSH (≤ -99.14). Of these factors,
only age and plasma B12 were significant independent predictors of continuous plasma E h GSH,
together explaining 5.5% of the variation in E h GSH.
We calculated Spearman correlations between plasma CRP, plasma AGP, eGFR, plasma
GSH, GSSG, and E h GSH, adjusting for age, sex, and BMI. CRP and AGP were positively
correlated with each other (r=0.42, p<0.0001), and AGP was negatively correlated with eGFR
(r=-0.16, p=0.002). CRP was negatively associated with eGFR as well, however this correlation
was not significant (r=-0.07, p=0.21). Plasma GSH, GSSG, and E h GSH were not correlated with
CRP, AGP, or eGFR (|r|≤0.05, p≥0.37). Additionally, plasma GSH, GSSG, and E h GSH were not
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significantly correlated with any of the As exposure measures (|r|≤0.08, p≥0.13), adjusting for
sex, BMI, smoking, and betelnut use.
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Table 1. General characteristics of the study population.
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Total Sample
(N=374)
Mean±SD or %
43±8
48.4
20.4±3.5
3.4±3.6
36.1
42.2
58.3
138±124
205±236
232±205
13±10
13±7.2
203±113
11±13
906±258
94±25
1.6
108±14
72±9
2.3±4.4

Plasma E h GSH≤-99.14
(N=187)
Mean±SD or %
Range
42±8
30, 60
44.4
20.2±3.3
14.2, 31.9
3.2±3.3
0, 16
35.3
36.4
55.1
146±132
0.4, 700
201±219
3.7, 1340
250±233
13, 1088
14±10
1.6, 57
13±7.9
2.4, 61
190±89
47, 490
12±16
3, 170
871±224
454, 1800
97±23
35, 144
2.2
107±11
80, 140
71±8
48, 98
2.6±5.4
0.036, 46

Plasma E h GSH>-99.14
(N=187)
Mean±SD or %
Range
44±9
31, 63
52.4
20.7±3.7
13.8, 35.3
3.6±3.9
0, 14
36.9
48.1
61.5
130±115
0.4, 457
210±253
2.3, 1800
215±171
13, 742
13±9.1
1.2, 44
13±6.5
3.4, 48
216±132
44, 1183
11±10
3, 120
941±284
447, 2000
91±26
32, 142
1.1
110±15
83, 165
73±9
50, 100
2.0±3.3
0.017, 32

pa

Age
0.05
Male (%)
0.12
BMI (kg/m2)
0.21
Education (yrs)
0.79
Smokers (ever) (%)
0.75
Betel Nut Use (ever) (%)
0.02
Own TV (%)
0.21
Water arsenic (μg/L)
0.32
Urinary As (µg/L)
0.79
Urinary As (SG adjusted)
0.45
Blood arsenic (µg/L)
0.56
b
Plasma folate (nmol/L)
0.42
Plasma B12c (pmol/L)
0.06
Plasma tHcys (µmol/L)d
0.39
Plasma cystatin C (ng/mL)
0.04
2
eGFR (mL/min/1.73 m )
0.04
Proteinuria (%)e
0.43
Systolic blood pressure (mm Hg)e
0.06
e
Diastolic blood pressure (mm Hg)
0.02
Plasma C-reactive protein (mg/L)
0.50
Plasma α-1 acid glycoprotein
558±192
541±180
233, 1570
575±203
205, 1340
0.09
(µg/mL)
Plasma GSH (µmol/L)
2.6±0.7
3.1±0.6
2.0, 5.5
2.1±0.5
1.0, 3.4
<0.0001
Plasma GSSG (µmol/L)
2.1±0.6
2.0±0.6
0.8, 4.7
2.2±0.6
1.0, 4.0
0.001
Plasma E h GSH (mV)
-98.7±7.3
-104.2±3.9
-116.1, -99.2
-93.1±5.1
-99.1, -73.7
<0.0001
a
p for difference between E h GSH strata from Wilcoxon rank-sum test for continuous variables and Chi-square test for categorical
variables; bN=373; cN=367; dtotal homocysteine; eN=368.

Water As, uAs-SG, and bAs were all positive predictors of plasma CRP, adjusting for
age, sex, and BMI (Table 2). A 10% increase in wAs, uAs-SG, or bAs was associated with a
0.74% (p=0.01), 0.90% (p=0.16), and 1.39% (p=0.07) increase in CRP, respectively. The As
exposure measures were not significant predictors of plasma AGP. We observed that uAs-SG
and bAs were associated with decreased eGFR, adjusting for age, sex, BMI, and smoking,
although these associations did not reach statistical significance at p<0.05; wAs was not
associated with eGFR. A 10% increase in uAs-SG or bAs was associated with an average
reduction in eGFR of 0.16 mL/min/1.73m2 (p=0.12) and 0.21 mL/min/1.73m2 (p=0.08),
respectively. Adjustment for CRP attenuated the effect of uAs-SG on eGFR by 4.0%, and the
effect of bAs on eGFR by 4.2%. Adjustment for AGP did not attenuate the effect of uAs-SG or
bAs on eGFR.
To examine modification of the effect of As exposure on CRP by plasma E h GSH, we
repeated the regression analyses within strata of plasma E h GSH above or below the median
(E h GSH=-99.14), representing participants having relatively more or less oxidized plasma redox
status, respectively (Table 2). The effect of As exposure on CRP was only significant in the
higher E h GSH strata, where a 10% increase in wAs, uAs-SG, or bAs was associated with a
1.13% (p=0.004), 2.31% (p=0.01), and 2.76% (p=0.007) increase in CRP, respectively. The
regression coefficient estimates for the effect of As exposure on CRP differed between the
E h GSH strata by the Wald test, particularly for uAs-SG (p=0.03) and bAs (p=0.05), and less so
for wAs (p=0.10). In a sensitivity analysis, we examined the effect of As exposure on CRP in
participants above and below E h GSH cut-points ranging from the 20th to 80th percentile of
plasma E h GSH. We found that As exposure was associated with increased CRP in groups of
participants having relatively more oxidized plasma redox status (E h GSH > cut-point), with
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regression coefficients and 95% CIs above zero for a wide range of E h GSH cut-points (Figure
1). In contrast, As exposure was not associated with CRP in groups of participants having
relatively less oxidized plasma redox status (E h GSH < cut-point); the regression coefficients had
estimates around zero and the 95% CIs included zero for all E h GSH cut-points examined.
Additionally, we found that there was a range of E h GSH cut-points with small p-values from the
Wald test, indicating significant differences in the effect of As exposure on CRP between groups
of participants having relatively more and less oxidized plasma redox status defined by these cutpoints (Figure 2). The range of cut-points resulting in significant group differences varied by the
measure of As exposure, with uAs-SG having more cut-points with small p-values.
We also found that plasma GSH concentrations modified the effect of As exposure on
CRP; As exposure was associated with increased CRP (95% CIs above zero) only in participants
with relatively lower plasma GSH, and there were significant differences in the effect of As
exposure on CRP between plasma GSH strata by the Wald test for a wide range of plasma GSH
cut-points (data not shown). Plasma GSSG concentration did not significantly modify the effect
of As exposure on CRP, although significant positive associations between As exposure and
CRP were only observed in participants with relatively higher plasma GSSG (data not shown).
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Table 2. Covariate adjusted effect-size estimates for associations between measures of As exposure and CRP, AGP, and eGFR, in the
total sample and stratified by plasma E h GSH.
CRPa

AGPa

eGFRb

Percent change
(95% CI)

p

∆ R2
(%)c

Percent change
(95% CI)

p

∆ R2
(%)

Mean change
(95% CI)

p

∆ R2
(%)

Water As

0.74 (0.16, 1.32)

0.01

1.44

-0.01 (-0.16, 0.14)

0.86

0.01

-0.03 (-0.12, 0.07)

0.56

0.06

Urinary As-SGd

0.90 (-0.37, 2.19)

0.16

0.45

-0.04 (-0.37, 0.29)

0.82

0.01

-0.16 (-0.37, 0.04)

0.12

0.42

Blood As

1.39 (-0.10, 2.90)

0.07

0.77

-0.12 (-0.50, 0.27)

0.55

0.09

-0.21 (-0.45, 0.03)

0.08

0.54

Water As

0.17 (-0.71, 1.04)

0.71

0.06

-0.06 (-0.27, 0.14)

0.55

0.18

-0.05 (-0.19, 0.09)

0.47

0.22

Urinary As-SG

-0.52 (-2.33, 1.31)

0.57

0.14

-0.26 (-0.69, 0.17)

0.24

0.69

-0.10 (-0.38, 0.19)

0.50

0.19

Blood As

-0.25 (-2.42, 1.96)

0.82

0.02

-0.35 (-0.87, 0.16)

0.18

0.91

-0.16 (-0.50, 0.18)

0.35

0.36

Water As

1.13 (0.37, 1.90)

0.004

3.93

0.03 (-0.20, 0.25)

0.82

0.03

-0.02 (-0.15, 0.11)

0.80

0.02

Urinary As-SG

2.31 (0.55, 4.10)

0.01

3.10

0.19 (-0.32, 0.71)

0.46

0.28

-0.26 (-0.56, 0.04)

0.09

0.92

Blood As

2.76 (0.75, 4.80)

0.007

3.38

0.09 (-0.49, 0.68)

0.75

0.05

-0.31 (-0.65, 0.03)

0.07

1.01

Predictor
Total sample
(N=374)

E h GSH ≤ -99.14 mV
(N=187)
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E h GSH > -99.14 mV
(N=187)

a

Models with the outcomes CRP and AGP are adjusted for log(age), sex, and log(BMI); predictor parameters are expressed as the
expected % change in the geometric mean of CRP or AGP for a 10% increase in exposure; bModels with the outcome eGFR are
adjusted for log(age), sex, log(BMI), and ever-smoking; predictor parameters are expressed as the expected mean change in eGFR
(mL/min/1.73 m2) for a 10% increase in exposure; cThe change in R2 after adding As exposure variable to model; dUrinary As
adjusted for specific gravity.

Figure 1. Plots of the estimated regression coefficients (B) and 95% CIs for the effect of As
exposure (top: water As, middle: urinary As-SG, bottom: blood As) on log(CRP) in more and
less oxidized groups, defined by different plasma E h GSH cut-points. All models were adjusted
for log(age), log(BMI), and sex.
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Figure 2. Plots of p-values from Wald tests for the difference in the effect of log(water As) (top),
log(urinary As-SG) (middle), or log(blood As) (bottom) on log(CRP) between more and less
oxidized groups, defined by different plasma E h GSH cut-points. The effect of As exposure was
the regression coefficient of the As variables adjusted for log(age), log(BMI) and sex.
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We did not find any effect of As exposure on AGP within E h GSH strata, defined by the
median E h GSH (Table 2) or by any other E h GSH cut-point, nor did we find any effect of As
exposure on AGP in strata defined by plasma GSH or GSSG concentrations (data not shown).
For the outcome of eGFR, the negative effects of uAs-SG and bAs (but not wAs) tended to be
larger in magnitude in participants with a more oxidized plasma E h GSH (> median), as
compared to participants with a less oxidized E h GSH (< median), with marginally significant
regression coefficients for uAs-SG and bAs in the high E h GSH strata (Table 2). However, the
regression coefficients for the effect of As exposure on eGFR did not differ significantly between
E h GSH strata by the Wald test. Consistent results were seen in the E h GSH cut-point sensitivity
analysis for eGFR (data not shown). Likewise, we did not observe significant modification of the
effect of As exposure on eGFR when stratifying by plasma GSH or GSSG concentrations (data
not shown).
Discussion
In this study of Bangladeshi adults chronically exposed to a wide range of As
concentrations through drinking water, As exposure was associated with increased plasma CRP,
particularly in participants with lower plasma GSH or a relatively more oxidized plasma E h GSH,
but had no effect on plasma AGP. Our finding that As exposure was associated with increased
CRP is in agreement with another study in Bangladesh [12], and also supports the recent
evidence that As exposure is associated with risk for CVD [32], as CRP is a strong predictor of
CVD. The finding that As exposure is associated with increased CRP in a relatively healthy
population has many future health implications, as CRP is likely not only a biomarker of
inflammation, but an active agent in disease pathogenesis, as has been observed for
atherosclerosis [33] and insulin-related diseases [34].
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CRP and AGP are both acute-phase proteins, and it is not clear why we did not observe
an effect of As exposure on AGP. A potential explanation lies in the different transcription
factors required for CRP and AGP activation during the acute-phase response. NF-κB family
proteins, STAT3, and C/EBPβ bind to the CRP promoter to activate CRP transcription in
response to IL-6 and IL-1β [35, 36], while AGP expression in response to IL-6 involves binding
of C/EBPβ and the glucocorticoid receptor to the AGP promoter [37]. Because arsenite can bind
to and inhibit the glucocorticoid receptor [38], this could potentially be a reason why we observe
no net effect of As exposure on plasma AGP. Alternatively, the explanation may relate to
differences in magnitude and duration of CRP and AGP expression during the acute-phase
response. Plasma CRP increases 1,000-10,000 fold quickly and relatively briefly after
inflammatory insult, while AGP increases 2-5 fold and remains elevated longer than CRP [39]. It
is possible that in a situation of chronic exposure to As, CRP is more apt to reflect the effect of
variation in As exposure than AGP. Also, AGP has a much smaller range than CRP which may
hinder detection of an association.
Arsenic has been suggested to cause oxidative stress through several different pathways,
including (a) increasing ROS within tissues via various proposed mechanisms [14], (b) binding
to thiol groups and inhibiting regulatory proteins [40], or (c) binding directly to GSH. In pathway
(a), ROS-scavenging antioxidants (e.g. vitamin C, vitamin E) would protect against the effect of
As; in pathways (b) and (c), thiol-containing antioxidants (e.g. GSH, NAC, α-lipoic acid) would
be necessary to increase thiol status and protect against the effect of As. Arsenic exposure has
not been directly associated with oxidative stress in the FOX study [27-29], and we confirm here
that As exposure is not associated with plasma GSH biomarkers. This observation is consistent
with a recent study in mini pigs showing that plasma GSH biomarkers were unresponsive to
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oxidative stress induced by lipopolysaccharide (LPS) exposure [41]. However, plasma GSH
biomarkers may still reflect inherent inter-individual variability in the pro-oxidant to antioxidant
balance of tissues [30]. This inter-individual variability may result from inheritance [42], age
[43], diet [44], and other factors unrelated to As exposure. We hypothesized that participants
having a more oxidized plasma E h GSH would be at greater risk for As-induced inflammation.
Indeed, we observed here that the As-induced increase in plasma CRP was only apparent in
participants having relatively lower plasma GSH, or a relatively more oxidized E h GSH. The
observations that plasma GSH and E h GSH modify the effect of As exposure on CRP may
suggest that higher GSH and/or greater antioxidant capacity are important in protecting against
As-induced inflammation.
To our knowledge, the specific mechanism for induction of CRP expression by As has
been investigated in only one study by Druwe et al. (2012). In that study, low-level arsenite
exposure to HepG2 cells increased CRP expression and secretion, while ROS remained
unchanged [8], suggesting that As can induce CRP independently of ROS. As-induced activation
of NF-κB, a transcription factor involved in CRP expression [36], was prevented by pretreatment with NAC in cultured aortic endothelial cells, suggesting that oxidation of thiols was
responsible for the activation of NF-κB [19]. Other transcription factors involved in CRP
expression, including C/EBPβ and STAT3 [35], may also be activated by As [45, 46]. Because
the redox environment can modulate activation of NF-κB [47], STAT3 [48, 49], and possibly
C/EBPβ [50], it is possible that in a low GSH/more oxidized redox environment, As-induced
redox changes mediate the effect of As on CRP, in accordance with our results. Additional
research is necessary to determine the exact mechanism by which As may induce CRP
expression, and whether the effect of As on CRP can be inhibited by ROS-scavenging and/or
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thiol-containing antioxidants.
Alternatively, our findings may relate to the involvement of GSH in biliary excretion of
As. Arsenite and monomethylarsonous acid form conjugates with GSH (AsIII(GS) 3 and
MMAIII(GS) 2 ) which are excreted in the bile of rats via the multidrug resistant protein (MRP)
efflux transporters [51]. Additionally, arsenite and selenite enhance each-others elimination by
forming a complex with GSH ([(GS) 2 AsSe]−) which is excreted in bile [51]. While current
understanding of the involvement of GSH in As excretion in humans is limited, it is possible that
participants with lower GSH may have impaired biliary As elimination, resulting in greater
susceptibility to As-induced inflammation. However, the primary route of As excretion is
through urine, so the magnitude of such an effect is unknown.
In the present study, As exposure, as measured by As in urine and blood, was associated
with reduced eGFR, although these associations did not reach statistical significance at p<0.05.
The finding that uAs, but not wAs, was negatively associated with eGFR is consistent with our
previous study [4], and with other studies that have observed negative associations between uAs
and eGFR [52, 53]. The lack of a significant effect of As exposure on eGFR in the current study
may be related to the study design, as individuals with known CKD, CVD, or diabetes were
excluded from participation; these exclusion criteria would reduce the variation in eGFR in the
study population. Although adjustment for CRP resulted in a very small attenuation (<5%) of the
negative effect of uAs-SG and bAs on eGFR, we cannot rule out the possibility that As-induced
inflammation may mediate the effects of As on renal function, because (a) the effect of As
exposure on eGFR in this study was very small, and (b) plasma CRP is a systemic marker of
inflammation largely produced in the liver, and as such may not specifically reflect inflammation
within other tissues. While we tested here whether inflammation may be on the causal pathway
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from As exposure to renal dysfunction, it is important to note that inflammation may be
positively associated with cystatin C, our biomarker of GFR, independent of actual GFR [54,
55]. As such, we cannot distinguish in this study whether inflammation and cystatin C-based
eGFR are related through an inflammation-induced decrease in GFR or through a mechanism
independent of actual GFR.
Although the negative effect of As exposure on eGFR was larger in magnitude in
participants with a more oxidized plasma E h GSH, the effect of As exposure on eGFR did not
significantly differ between low vs. high plasma E h GSH strata. Antioxidants are protective
against As-induced renal injury and dysfunction in several animal studies [23-26]. In a human
study, low levels of the antioxidant lycopene combined with high uAs were associated with
increased odds of CKD, above the odds associated with either factor alone [53]. The mechanism
for As-induced renal dysfunction may involve oxidative stress, however we may not have had
sufficient power to detect this in the current study. It is also possible that other biomarkers of
renal injury, such as markers of proximal tubule damage, may be more appropriate for assessing
As-induced nephrotoxicity.
In summary, we observed that As exposure was associated with increased CRP. Upon
stratifying our analyses by plasma E h GSH or GSH, we observed that the As-induced increase in
CRP was only apparent in participants with a relatively more oxidized E h GSH or a lower GSH
concentration, suggesting that increased GSH or a higher antioxidant to pro-oxidant balance may
protect against As-induced inflammation. Our conclusions are limited by the cross-sectional
nature of this study, as we cannot rule out reverse causality or account for potential biases due to
unmeasured confounding. Additionally, the E h GSH strata differed on variables such as age and
plasma B12, and likely differ on other unmeasured variables. Therefore, our E h GSH strata may
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represent more than antioxidant capacity alone (although the majority of variation in E h GSH in
this study was not explained by measured variables). Randomized controlled trials in As-exposed
humans are necessary to confirm the potential benefit of antioxidants against As-induced
inflammation. Since inflammation is involved in the pathogenesis of many diseases, antioxidant
treatment may represent a viable option for preventing As-induced diseases.
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CHAPTER 9
Conclusions and future directions
A. Summary of major findings and future directions
The five epidemiologic studies contained in this dissertation were designed to address
several research questions. We sought to identify nutritional interventions for lowering blood As
(Chapter 4) and plasma homocysteine (Chapter 5). We sought to determine whether As toxicities
(inflammation and renal dysfunction) are modified by redox status (Chapter 8). Finally, we wished to
explore whether associations exist between As metabolism and renal function (Chapters 6 and 7). We

addressed these questions by testing four hypotheses, as outlined and discussed below:
a. Hypothesis 1:
We hypothesize that nutritional interventions which stimulate one-carbon metabolism will lower
blood As.
Principal findings and future directions for Specific Aim 1:
In Chapter 4, we found that supplementation of 800 µg folic acid (FA)/day (FA800) to
As-exposed Bangladeshi adults for 24 weeks lowered blood As from baseline to a greater extent
than placebo in the Folic Acid and Creatine Trial (FACT). The degree of lowering in the FA800
group (12% over 24 weeks) was similar to that from our group’s previous clinical trial, in which
supplementation of 400 µg FA/day to folate-deficient Bangladeshi adults lowered blood As by
14% [1]. The proposed mechanism for the effect of FA on blood As is via the effects of folate on
the methyl donor S-adenosylmethionine (SAM). Folate increases SAM in two ways: by
remethylating homocysteine to methionine, the precursor of SAM [2], and by inhibiting glycineN-methyltransferase (GNMT), a major consumer of SAM [3]. In these ways, folate enhances the
methylation of As, facilitating As excretion in urine and thereby lowering blood As [4].
Additionally, we did not observe a rebound in blood As due to cessation of FA800
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supplementation, compared to participants remaining on FA800; it is possible that 12 weeks of
cessation was not sufficient to deplete liver folate, resulting in a sustained decrease in blood As
from baseline at week 24. These findings are of great public health importance, since lowering of
blood As may decrease risk for As-induced diseases.
The other treatments (400 µg FA/day (FA400), 3 g creatine/day (Cr), and 3 g creatine +
400 µg FA/day (Cr+FA400)) did not lower blood As to a greater extent than placebo. We
discussed several different explanations for why these interventions did not succeed. Provision of
As-removal water filters to all participants prior to the study start, resulting in initial declines in
blood As in all participants, may have masked treatment effects. Additionally, the FA400 dose
may have been insufficient to lower blood As in a population consisting of both folate deficient
and folate replete individuals, given that a higher dose of FA was effective in lowering blood As.
It is not clear whether the creatine dose was insufficient; we found that Cr lowered
plasma guanidinoacetate (GAA), indicating that this dose inhibited arginine:glycine
amidinotransferase (AGAT; the enzyme that produces GAA) and downregulated
guanidinoacetate methyltransferase (GAMT; the enzyme that converts GAA to creatine using
SAM). We had hypothesized that this downregulation would spare SAM, thereby enhancing As
methylation and lowering blood As. It is possible that the dose of creatine used did not
sufficiently downregulate endogenous creatine synthesis. Additionally, long-range allosteric
interactions which conserve SAM may prevent an increase in SAM due to dietary creatine, as
discussed in Chapter 5. These long-range effects should be overcome by FA. Cr+FA400 did
lower blood As to a greater extent (14%) than FA400 alone (3.7%) at the end of 12 weeks
(p=0.08), however it is difficult to draw a conclusion from this finding given that blood As was
lowered to a (non-significantly) lesser extent in the FA400 group (3.7%) than in the placebo
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group (9.5%). It is possible that the FA dose given with creatine was not sufficient to completely
inhibit the long-range interactions, and that a higher FA dose given with Cr (i.e. Cr+FA800)
would be more effective in lowering blood As than FA800 alone.
Mathematical models of one-carbon and As metabolism may shed light on these findings.
Our collaborators at Duke University have predicted, using mathematical models, that creatine
supplementation, in addition to folate supplementation, would increase AS3MT activity by an
additional 17% above folate alone (unpublished data). There are two important caveats to note
here which may explain discrepancies between the mathematical model and the FACT study: (1)
The model prediction is for a folate-deficient population, whereas the FACT study population is
mixed, and (2) the model assumes that creatine supplementation entirely shuts down all GAMT
activity, whereas it is more likely that GAMT still has some activity even with creatine
supplementation. Given the complexity of conducting a large clinical trial, these questions
should be further explored using mathematical models.
The next analyses in the FACT study will involve examining whether the treatments
enhanced As methylation. Arsenic metabolites are currently being measured in urine samples in
all FACT participants, and will also be measured in blood samples. Although only FA800 was
successful in lowering blood As, it is possible that the other interventions may have enhanced As
methylation without lowering blood As, which could also have beneficial health implications.
b. Hypothesis 2:
We hypothesize that creatine supplementation will downregulate creatine biosynthesis, thereby
lowering plasma homocysteine.
Principal findings and future directions for Specific Aim 2:
In Chapter 5, we found that Cr or Cr+FA400 supplementation did not lower plasma total
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homocysteine (tHcys) to a greater extent than placebo or FA400 alone, respectively. However,
we observed a significant correlation between a decrease in plasma GAA over time and a
decrease in plasma tHcys over time in the Cr+FA400 group only. This suggests that plasma
tHcys decreased among participants who experienced a decline in plasma GAA while receiving
Cr+FA400 supplementation. It is unclear why we did not observe an average treatment effect of
Cr or Cr+FA400 on plasma tHcys, while studies in rats have observed substantial decreases in
plasma tHcys with creatine supplementation [5, 6]. We discussed several potential explanations,
including insufficient creatine dose to inhibit AGAT (and therefore downregulate GAMT),
insufficient FA dose to inhibit long-range interactions, upregulation of competing
methyltransferases, and potential differences in AGAT and GAMT between rats and humans.
Relatively little is known regarding the tissue-specific activity of human AGAT and
inhibition of human AGAT by creatine, excepting two other studies which have demonstrated
decreased plasma GAA in response to creatine supplementation [7, 8]. While renal GAA
production accounts for the majority of creatine synthesis in rats, in humans renal GAA
production only accounts for approximately 20% of total creatine synthesis [9]. This indicates
that other human organs play a major role in GAA production. In rats, renal AGAT activity is
reduced by 83% in response to dietary creatine, and this inhibition is largely pre-translational
(i.e. renal AGAT mRNA and protein levels are reduced) [10]. Conversely, the activity of rat
AGAT expressed in the pancreas is reduced only 34%, with no change in pancreatic AGAT
mRNA or protein [10]. Clearly, the mechanism of AGAT regulation by creatine differs between
tissues, and it is possible that the isoform of AGAT responsible for the majority of GAA
production in humans is less inhibited by creatine than is rat renal AGAT. This would explain
the lack of an average treatment effect of creatine on plasma tHcys in humans, however further
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experimental research would be necessary to support this speculation.
We unexpectedly observed a significant increase in plasma GAA in the FA400 group;
this increase was not different from the placebo group, in which plasma GAA increased nonsignificantly. It is possible that these changes relate to the As-removal water filters which were
provided to all FACT participants at baseline. The activity of AGAT, the enzyme which
produces GAA, is increased by provision of its substrate arginine in rats [9] and in humans [11,
12]. GAA synthesis is sensitive to arginine concentration likely because intracellular arginine
concentration (0.32 mM in rat kidney [9], 0.21 mM in human plasma [13]) is well below the K m
of AGAT for arginine (3 mM in rat kidney [9], 2.5 mM in human kidney [14]). Arsenic exposure
was shown to decrease arginine in plasma, liver, and kidney of mice [15]. If a reduction in As
exposure increases arginine, this could increase AGAT activity and GAA synthesis. Thus, while
speculative, we cannot rule out the possibility that removal of As exposure increased GAA
synthesis, which would oppose an effect of creatine supplementation.
Future Hcys-lowering trials may examine higher doses of creatine and FA in subjects
with hyperhomocysteinemia, with no concurrent environmental changes. The effect of creatine
supplementation on methylation of other substrates can be examined in future studies as well.
c. Hypothesis 3:
We hypothesize that As exposure will be associated with increased inflammation and decreased
renal function, and that these effects will be modified by the plasma glutathione redox potential,
an indicator of tissue antioxidant balance.
Principal findings and future directions for Specific Aim 3:
In Chapter 6, we found that As exposure (creatinine-adjusted urinary As, but not water
As) was associated with decreased estimated glomerular filtration rate (eGFR) in two cross-
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sectional samples of Bangladeshi adults; in a combined analysis of these two samples adjusting
for cohort recruitment year, the negative association was of borderline significance. Similarly, in
Chapter 8, we observed that specific gravity-adjusted urinary As, and blood As, but not water
As, were marginally associated with decreased eGFR in another cross-sectional sample of
Bangladeshi adults (results were similar when adjusting for creatinine rather than specific
gravity). These results suggest that As exposure may be detrimental to renal function. Although
we cannot rule out the possibility of reverse causality, the negative direction of the association of
both blood and urinary As with eGFR is suggestive of a toxic effect of As, rather than an effect
of renal function on As excretion. However, prospective studies will be necessary to confirm
whether As exposure is associated with increased risk of chronic kidney disease.
In Chapter 8 we found that As exposure (water As, specific-gravity adjusted urinary As,
and blood As) was associated with increased plasma C-reactive protein (CRP), a marker of
systemic inflammation, in participants with low plasma glutathione (GSH) or a more oxidized
plasma glutathione redox potential (E h GSH). We speculated that this observation may be due to
the redox-regulated activation by As of transcription factors controlling CRP expression. We did
not observe significant effect modification for the effects of As exposure on eGFR, which may
be related to insufficient statistical power.
The potential protective influence of antioxidants on As toxicity in humans is a research
area worthy of further exploration. Our results suggest that high GSH or a high antioxidant
capacity may protect against As-induced inflammation. Using a different approach to examine
the As-antioxidant interaction, several epidemiologic studies have demonstrated that single
nucleotide polymorphisms (SNPs) in antioxidant enzymes increase susceptibility to As toxicity.
A synergistic effect of a SNP in the antioxidant enzyme catalase and urinary As on As-induced
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hyperkeratosis was observed in a case-control study Bangladesh [16]. Similar interactions
between As exposure and oxidative stress related gene SNPs have been observed for the
outcomes of hypertension [17, 18] and electrocardiogram abnormality [19]. These studies
suggest that antioxidant interventions may be effective in decreasing risk for As-induced
diseases, however as with any intervention, the positive impacts must outweigh the possible
unintended consequences.
The observation that antioxidant capacity alters susceptibility to As does not necessarily
imply that this can be modified by a dietary intervention; it is important to understand what
proportion of the human antioxidant capacity is heritable, and to what extent the antioxidant
capacity is modifiable. The heritability of red blood cell E h GSH has been reported to be as high
as 70% [20], indicating that genotype largely determines an individuals’ susceptibility to
oxidative stress. Age is another factor associated with E h GSH that cannot be modified [21].
Human antioxidant interventions to modify redox status have been mixed, and success of these
interventions likely depends on the initial health of the study population. For example, in patients
undergoing cardiac surgery, antioxidant intervention (vitamins C and E) increased the
GSH/GSSG ratio and decreased oxidative stress markers, CRP, and NF-κB activation in atrial
tissue compared to placebo [22]. In healthy volunteers, antioxidant intervention with
anthocyanins increased antioxidant enzyme activity and decreased oxidative stress markers
compared to placebo, however plasma CRP and inflammatory cytokines were unaffected [23].
Thus, it remains difficult to predict whether an antioxidant intervention will improve antioxidant
capacity, and whether any such improvement will have downstream health benefits (e.g. reduced
inflammation).
Additionally, if and when the health benefit of improving the human antioxidant capacity
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via an intervention is established, the unintended consequences of increased antioxidants must be
considered. For example, the Selenium and Vitamin E Cancer Prevention Trial (SELECT)
highlighted the importance of using caution with antioxidant micronutrient interventions:
SELECT was stopped early due to lack of benefit, and a follow-up study of the men in the trial
found that vitamin E significantly increased the risk of prostate cancer compared to placebo [24].
The reason for the increased incidence of prostate cancer in the vitamin E group is unknown. It is
possible that the dose of the micronutrient may make the difference between a protective and
harmful effect.
The next step in the research area of As-antioxidant interaction would be a randomized
control trial to determine the benefit of antioxidants against As toxicity – such a trial is currently
ongoing in Bangladesh, the Bangladesh Vitamin E and Selenium Trial (BEST) [25]. The BEST
study is evaluating the efficacy of 6-year supplementation with vitamin E and/or selenium for the
prevention of nonmelanoma skin cancer in adults with arsenical skin lesions. Secondary
outcomes of this study include diabetes and mortality. The results of this trial will provide
valuable information on the prospects of antioxidant interventions for preventing As-induced
toxicities in susceptible individuals.
d. Hypothesis 4:
We hypothesize that associations will exist between As metabolism and renal function, and
potentially confound the association between As metabolism and urinary creatinine.
Principal findings and future directions for Specific Aim 4:
In the cross-sectional analyses presented in Chapters 6 and 7, we observed that eGFR
was significantly positively associated with urinary %InAs, and negatively associated with
urinary %DMA. These associations did not explain the frequently observed correlations between
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the %As metabolites and urinary creatinine. Instead, we speculated that As metabolism and
urinary creatinine may be related either through one-carbon metabolism (i.e. dietary creatine
sparing SAM to facilitate As methylation) or through as yet unknown shared mechanisms of
renal secretion.
To our knowledge we are the first to report associations between As metabolite
proportions and eGFR. In both Chapters 6 and 7, we discussed that these associations could be
related to the impact of renal function on excretion of As metabolites in urine, or to a detrimental
effect of a certain As methylation profile on renal function. In Chapter 7 we additionally used
data on blood As metabolites to explore the relationship between blood and urinary As
metabolite proportions among those with normal or reduced renal function, to examine whether
reduced renal function may impede the excretion of some As species from blood to urine. We
found that for a given increase in blood %InAs, the increase in urinary %InAs was less among
those with reduced renal function, compared to those with normal renal function. Taken together,
these results suggest that InAs excretion is enhanced among those with better renal function.
However, a limitation of these studies is that they are cross-sectional, leaving the possibility of
reverse causality. It will be important for prospective cohort studies to examine the association
between As metabolism and incidence of chronic kidney disease.
B. Conclusions
While exposure to As imposes increased risk for a variety of diseases, several factors
interact with As to modify these risks. Several of these “susceptibility” factors have been
discussed in this dissertation. First, folate nutritional status influences As methylation; those with
low folate have an impaired ability to methylate As, and thus likely have increased retention of
As in the body. We have shown in a RCT that folic acid supplementation (800 µg/day) decreases
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blood As, and it will be important for future studies to link adequate folate nutrition with
protection against As-induced diseases. Such studies may encourage folate fortification of food
in countries where As exposure is widely prevalent. Second, antioxidant status may influence As
toxicity. We have shown in a cross-sectional study that high GSH or a high antioxidant capacity
is protective against As-induced inflammation; it will be important for RCTs and prospective
studies to confirm and clarify this interaction, in order to potentially develop antioxidant dietary
recommendations for As-exposed individuals. Lastly, while As exposure may damage the
kidney, the renal capacity to excrete inorganic As may also play a role in As toxicity. We have
shown in two cross-sectional studies that reduced renal function was associated with decreased
%InAs in urine. Additional research is needed to determine whether those with reduced renal
function have increased susceptibility to As-induced diseases. Although an individual’s renal
function may or may not be modifiable [26], it will be important to establish renal function as a
risk factor for As toxicity, so that appropriate actions may be taken to decrease exposure and
toxicity in susceptible individuals.
Given the high prevalence of As exposure around the world, decreasing the disease
burden due to As remains a challenge. There are several barriers to removing exposure, which
vary depending on individual circumstances [27-29]. However, even after As exposure is
removed, health effects can persist [30]. Thus, additional interventions are necessary to reduce
the As-induced disease burden. As examined in this dissertation, folic acid may help to reduce
the body burden of As by increasing As methylation, thereby facilitating urinary As elimination.
Also, antioxidants could potentially mitigate inflammation induced by As. Folic acid has the
additional benefit of lowering plasma tHcys. In Bangladesh, where As exposure and
hyperhomocysteinemia are widely prevalent, folate fortification should be considered a viable
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option for reducing As- and Hcys-related diseases.
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