i it P 1 b s A

TGXICOLOGICAL SCIENCES 107(2), 312-323 (2009)
doi:10.1093/toxsci/kfn236
Advance Access publication November 17, 2008

REVIEW

Arsenic and Cardiovascular Disease

J. Christopher States,™ 1! Sanjay Srivastava,t'} Yu Chen,§ and Aaron Barchowsky

*Department of Pharmacology and Toxicology; tCenter for Environmental Genomics and Integrative Biology: und finstitite of Molecular Cardiology, University
af Lowisville, Louisville, Kentiucky 40292; §Depariments of Environmental Medicine and Medicine, New York University School of Medicine, New York,
New York 10016, and YDepartment of Environmental and Occupational Health, University of Pittsburgh, Pittsburgh, Pennsylvania 15219

Received August 22, 2008; accepted November 5, 2008

Chronic arsenic exposure is a worldwide health problem.
Although arsenic-induced cancer has been widely studied,
comparatively litile attention has been paid to arsenic-induced
vascular disease. Epidemiological studies have shown that chronic

arsenic exposure is associated with increased morbidity and-

mortality from cardiovascular disease. In addition, studies suggest
that susceptibility to arsenic-induced vascular disease may be
modified by nutritional factors in addition o genetic factors.
Recently, animal models for arsenic-induced atherosclerosis and
liver sinusoidal endothelial cell dysfunction have been developed.
Initial studies in these models show that arsenic exposure
accelerates and exacerbates atherosclerosis in apolipoprotein
E-Xknockout mice. Microarray studies of liver mRNA and micro-

RNA abundance in mice exposed in utero suggest that a permanent -

state of stress is induced by the arsenic exposure. Furthermore, the
livers of the arsenic-exposed mice have activated pathways
involved in immune responses suggesting a pro-hyperinflammatory
state. Arsenic exposure of mice after weaning shows a clear dose-
response in the extent -of disease exacerbation. In addition,
increased inflammation in arterial wall is evident. In response to
arsenic-stimulated oxidative signaling, liver sinusoidal endothelivm
differentiates into a continuous endothelium that limits nufrient
exchange and waste climination. Data suggest that nicotinamide
adenine dinucleotide phosphate oxidase-derived superoxide or its
derivatives are essential second messengers in the signaling
pathway for arsenic-stimulated vessel remodeling, The recent
findings provide fature directions for research into the ca.rdmvas-
cular effects of arsenic exposure.

Key Words: arsenic; inflammation; oxidative 51gna]1ng, vascular
disease; nutrition; microarray.

Arsenic contamination of drinking water is a major
worldwide public health problem. It is well established that
chropic arsenic ingestion causes cancer of the skin, bladder,
and lung. Less well studied is the association of chronic arsenic
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exposure with development of both cardiovascular disease
(CVD) and peripheral vascular disease. Earlier epidemiological
studies provided highly suggestive but not conclusive data
supporting the hypothesis that chronic arsenic exposure causes
circulatory disease. In addition, until recently animal models to
study arsenic-induced circulatory diseases have not been
established. A symposium entitled * Arsenic and Cardiovascu-
lar Disease” was held at the 47th Annual Meeting of  the
Society of Toxicology in 2008. This symposium, sponsored by
the Metals Specialty Section, addressed recent epidemiological
evidence and experimental results in murine models for
arsenic-induced disease of the circulatory system. -

EPIDEMIOLOGICAL EVIDENCE ON ARSENIC EXPOSURE
AND VASCULAR DISEASE '

Although inorganic arsenic has been classified as a group 1
carcinogen to humans by the International Agency for Research
on Cancer, evidence for causal association of other health effects
with atsenic exposure has not been well established. Arsenic is
abundant in the earth’s crust and can be released into ground-
water under certain conditions. Epidemiological studies in parts
of the world with high levels of arsenic (>300 pg/l) in ground-
water have associated arsenic exposure with elevated risks for an
array of CVD, including hypertension {Chen er al, 1995;
Rahman et al, 1999), carotid atherosclerosis (Wang er al,
2002), ischemic heart disease (Hsueh et al., 1998; Tseng ef al.,
2000), and vascular disease mortality (Chen et af, 1996). The
distinct association with manifestations of generalized arterio-
sclerosis supplies certainty on causality. However, the
underlying mechanisms have not been well characterized. Large-
scale prospective studies using appropriate biomarkers may help
reveal pathways by which arsenic induces vascular disease.

Importantly, little is known about the associations between
low-to-moderate level arsenic exposure via drinking water
{<300 pgM) and CVD (Navas-Acien et al., 2003; Wang et al.,
2007a,b). Studies in areas such as the Umted States with low-
to-moderate exposure showed inconsistent findings (Engel and
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Smith, 1994; Lewis et al., 1999; Meliker et al., 2007; Zierold
et al., 2004). The heterogeneity of drinking water resources and
the limited exposure range together pose a challenge for
epidemiological studies in the United States to have valid
long-term arsenic exposure measures at the individual level and
a large sample size. In addition, few studies have assessed the

" interindividual variability to the cardiovascular effect of arsenic

exposure. For weak to moderately strong associations between
environmental exposures and disease outcomes, causal in-
ference can be strengthened if the data show a stronger effect in
a susceptible subgroup of the population (Khoury er al., 2005).
Such data may also help risk assessment in the population and
provide knowledge aboul the underlying mechanisms.

Reviews of epidemiological studies on arsenic and CVD
have been published (Navas-Acien ef al., 2005; Wang ef al.,
2007a). Below, we discuss recent epidemiological studies on
arsenic exposure and biomarkers of CVD and studies on the
interindividual susceptibility to the cardiovascular effect of
arsenic exposure. The studies on interindividual susceptibility
are summarized in Table 1.

EPIDEMIOLOGICAL EVIDENCE ON INTERINDIVIDUAL

VARIABILITY OF ARSENIC’S CARDIOVASCULAR EFFECT

Nutritional Factors

In a case-control study in villages of southwestern Taiwan
with high levels of arsenic exposure, with median arsenic
concentration in villages ranging from 700 to 930 pg/l, serum
samples of 74 patients with ischemic heart disease and 193
matched healthy controls were tested for serum levels of
micronutrients (Hsueh er ai., 1998). Multivariate analysis
showed a synergistic interaction on arsenic-related ischemic
heart disease between duration of consuming well water with
arsenic exposure and low serum carotene level. The findings
suggest that inadequate carotene intake or other factors
contributing to low carotene level may increase the suscepti-
bility to the cardiovascular effects of arsenic exposure.
However, the potential mechanisms involved in the protective
action remain to be studied.
~ More recently, in a cross-sectional study of blood pressure
using data from 10,910 participants in the Health Effects of
Arsenic Longitudinal Study (HEALS) in Bangladesh, there

was a positive association between low-to-moderate levels of

arsenic exposure from drinking water and high pulse pressure
{pulse pressure > 55 mmHg) (Chen ef al., 2007a), an indicator
of arterial stiffness which 1s associated with an increased risk of
atherosclerosis (Dart and Kingwell, 2001; Safar er ai., 2003).
The likelihood of high pulse pressure was 1.19-1.39 times
greater in subjects with higher well arsenic categories (8.1-
40.8, 40.9-91.0, 91.1-176.0, and 176.1-64.0 pg/l) compared
with those in the lowest category (<8 pg/l). In addition, among
participants with lower than the avérage dietary intake level of
B vitamins and folate, those with a higher well arsenic

concentration were 1.83-1.89 times more likely to have a pulse
pressure =55 mmHg compared with those in the bottom
quintile of well arsenic concentration (<8 pg/l) (Chen et al.,
2007a). Methylation of arsenic, a hypothesized detoxification
pathway, requires the conversion of S-adenosylnethionine to
S-adenosylhomocysteine, which sebsequently forms homocys-
teine (Gamble er al., 2005; Zakharyan and Aposhian, 1999).

-Higher levels of plasma homecysteine have been associated

with high blood pressure (Araki ef al., 1989; Lim and Cassano,
2002). Because the metabolism of homocysteine requires
sufficient levels of vitamin B2, B12, B6, and folic acid (Selhub,
2002), arsenic exposure may affect blood pressure through its

effect on the formation of S-adenosylhomocysieine and

homocysteine, especially in a background of inadequate intake

- of folate and B vitamins. The findings indicate that the effect of

low-level arsenic exposure on blood pressure is nonlinear and
may be more pronounced in persons with lower intake of
muirients related to arsenic metabolism and cardiovascular
health, although the exact mechanisms are not clear. '

Urinary Arsenic Metabolite Profile

Methylation of inorganic As™, which is primarily hepatic,
first generates monomethylarsonic acid (MMAY). After the
reduction of MMAY to MMA'™, a second methylation can
occur to generate dimethylarsinic acid (DMAY) (Vahter and
Concha, 2001). A growing number of studies in experimental
model systems indicate that MMA™ is more toxic than in-
organic arsenic or any of the pentavalent intermediates {Ahmad
et al., 1999; Nesnow ef al., 2002; Styblo et al., 2002). Epi-
demiological studies also suggest that an increased proportion
of MMA in urine is associated with an elevated risk of cancers
(Chen ef al., 2003a,b; Hsueh et al., 1997; Pu et al., 2007; Yu
et al., 2000) and arsenic-related skin lesions (Ahsan ef al.,
2007). Evidence of the effect of arsenic metabolism on CVD
risk is limited. In a case-control study of hypertension con-
ducted in southwestern Taiwan with high levels of arsenic
exposure (median in villages from 700 to 930 pg/l), hyper-
tensive cases had higher percentages of MMAY and a lower
fatio of DMAY divided by MMAY than those without hyper-
tension (Huang et al., 2007). However, study participants were
exposed to arsenic 2-3 decades ago, and those with a high level
of arsenic exposure in the past had a higher hypertension
irrespective of differences in the composition of urinary arsenic
metabolites. Studies in populations with current exposure at
low-to-moderate levels are needed 1o assess whether CVD risk
differs by levels of arsenic methylation capacity.

Genetic Susceptibility

Experimental studies have suggesled thal arsenic increases
the production of reactive oxygen species (ROS) {Barchowsky
etal., 1999; Chen et al., 1998; Wang et al., 1996). The induction
of oxidative stress by arsenic may influence gene expression,
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inflammatory responses, and endothelial nitric oxide homeosta-
sis (Simeonova and Luster, 2004), which play an important role
in maintaining vascular tone (Willerson and Ridker, 2004).
Genes involved in endogenous defenses against ROS thus may
modify arsenic’s effect. A study of 79 hypertensive cases and
213 controls in the high-exposed area of Taiwan investigated the
roles of NOS3, the gene for endothelial nitric oxide synthase;
SOD2, the gene for manganese superoxide dismutase, and

CYBA, the geae for p22 phox, a critical enzyme for superoxide

production and an essential component of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX). The study
shows that the NOS3 G894T, SO0D2 Ala9Val, and CYBA C242T
are significantly associated with hypertension risk in the high
exposure group (> 1000 pg/) (Hsueh et al., 2005). However, the
sample-size of the study was small and future large smdies are
needed to confinn the findings.

Glutathione S-transferases (GSTs) are a superfamily of
enzymes (hat are key in the detoxification step of phase
Il metabolism. The GSTs are associated with the regulation of
inflammation through modulation of prostaglandin signaling
pathways and may play a major role in cellular antioxidant
defense mechanisms (Hayes and McLellan, 1999; Hayes and
Pulford, 1995; Ochi ef al., 1994). GSTs are also involved in
catalyzing the formation of arsenic-glutathione conjugates
(Kitchin, 2001; Leslie et al., 2004), which are required for
biliary excretion of arsenic (Leslie er al., 2004). In a study of
605 residents in northeastern Taiwan with low-to-moderate
exposure (median in villages from undetectable to 140 pg/l).
the prevalence of carotid atherosclerosis was significantly
associated with the pgenetic polymorphism of glutathione
S-transferase P1 (GSTP!1) (Wang er al., 2007b; Wu et al.,
2006). The high arsenic exposure group (>>50 pg/l) with one or
two variant genotypes of GSTP/ had an increased risk of
carotid atherosclerosis showing an odds ratio of 2.8 compared
with those with wild-type alleles.

EPIDEMIOLOGICAL EVIDENCE ON ARSENIC EXPOSURE
AND ENDOTHELIAL DYSFUNCTION

Circulating markers of systemic inflammation and endothelial
dysfunction such as soluble intercellular adhesion molecule-1
{sICAM-1) and soluble vascular adhesion molecule-1 (sVCAM-1)
are predictive for CVD (Blankenberg et al., 2001; Hwang
et al., 1997; Ridker et ., 1998, 2000), In a subgroup of. 115
individuals with arsenic-related skin lesions in Bangladesh,
there was a positive association of urinary arsenic and well arsenic
concentration with plasma levels of SICAM-1 and sVCAM-1
(Chen et al., 2007b). The positive associations of well arsenic
with plasma sVCAM-1 and sICAM-1 suggest a potential
pathway underlying the mechanism of action of long-term arsenic
exposure in the development of CVD. However, all the
participants had skin lesions and were exposed to moderate levels
of arsenic exposure (median exposure 230 pg/l). Future large
studies are required to study the associations of low-level arsenic

exposure with markers of vascular inflammation and endothelial
dystunction in healthy persons.

_ Microalbuminuria, a marker of glomerular hyperfiltration,
has been correlated with and may be a manifestatibn of
impaired endothelial function (Paisley ez al., 2003; Stehouwer
er al., 2004). Impaimment of endothelial function is recognized
as one of the initial mechanisms that lead to atherosclerosis
{Davignon and Ganz, 2004). Results from a study of arsenic

and proteinutia detected by dipstick analysis among 11,121

persons in the HEALS in Bangladesh, showing a dose-
response relationship between well arsenic concentration and
prevalence of proteinuria, were discussed in the symposium.
The likelihood of proteinuria m participants with higher three
categories of well arsenic (40-91, 92-179, and 180-864 pg/l)
was 1.36-1.64 times greater than that in the lowest categdry
(<7 pg/M). In addition, in cohort analysis with repeated measure
of proteinuria and urinary arsenic concentration, change in
urinary arsenic was positively related to incidence of pro-
teinuria during the 4 years of follow-up. The dose-response
relationship befween arsenic exposure and proteinuria provides
evidence of the effect of low-to-moderate level of arsenic
exposure on a commen causal intermediate of CVD.

ARSENIC EXPOSURE EXACERBATES ATHEROSCLEROSIS
IN APOE-KNOCKOUT MICE.

Atherosclerosis is an intricate disease. Primary events consist
of fatty streak formation under the subendothelial space of
large arteries. Accumulating evidence suggest that this process
is initiated by the oxidation of low-density lipoproteins (LDLs).
Deprivation of antioxidants in the subendothelial space makes
the LDL susceptible to oxidation. Oxidized low-density
lipoprotein (oxLLDL) activates the endothelium. The activated
endothelium expresses cell adhesion molecules, which recruit
monocytes, which eventually transmigrate into subendothelial
space and differentiate into macrophages. oxLDL is then taken

‘up by the macrophages via scavenger receptors, resulting in

foam cell formation. The evolution of fatty streaks to the more
multifaceted lesions is characterized by the migration of medial
smooth muscle cells into the intima. Intimal smooth muscle
cells proliferate and take up oxLDL to form foam cells,
synthesize extracellular matrix proteins, and form fibrous cap.
Several epidemiological studies suggest exposure to corre- -
lates with endothelial dysfunction and increased incidence of
atherosclerosis. However, very little is known about the
biochemical mechanisms by which arsenic exerts its proathero-
genic effects. Genetically altered mice are preferred models to
study atherogenesis (Table 2). Due to the high levels of high
density lipoproteins, wild-type mice are resistant to atheroscle-
rosis. However, disruption of cholesterol transport by genetic.
deletion of apolipoprotein E (ApoE) or low-density lipoprotein
receptor (LDLr) or overexpression of apoB results in discernible
increase in very low density lipoproteins (VLDL) and/or LDL
cholesterol and in atherosclerotic lesion formation throughout the
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aortic tree that resembles human disease. Increased accumulation
of arsenic in the vessel wall and increased atherosclerotic lesion
formation were observed in the aorta of female ApoE-knockout
mice given water containing 20 or 100-mg/l sodium arsenite for
24 weeks (Simeonova et al., 2003). Increased lesion formation
was also observed in the innominate arteries in adult ApoE/LDLx
double knockout mice fed sodium arsenite (133 mg/l) for 18
weeks (Bunderson ef ai., 2004). Data presented at the symposium
showed that early life arsenic exposure (starting at 3 weeks of age)
to (1-50 mp/l arsenic in drinking water) resulted in macrophage-
rich lesions in the aortic sinus and the aortic arch in ApoE-
knockout mice at 10 and 16 weeks of age, without increasing
plasma cholesterol. Exposure of adult mice (starting at 12 weeks

-old) to arsenic for 24 weeks resulted in advanced lesion formation

in the aortic sinus, the aortic arch, and the abdominal aoria.
Characterization of these lesions illustrated increased macrophage
accumulation and fibrosis in arsenic-exposed mice as compared to
water-fed controls. Temporal studies showed that exposure to
arsenic starting at age 3 weeks accelerated lesion formation at 10,
16, and 36 weeks of age.

ARSENIC EXPOSURE INCREASES OXIDATIVE STRESS IN
VASCULAR LESIONS

* Studies in experimental animals have shown that oxidized
lipids are present in all stages of atherogenesis, and
immunization of experimental anirals with the protein adducts

of the products of LDL oxidation decreases atherosclerotic:
- lesion formation (George ef al., 1998; Zhou et al., 2001).

Oxidized lipids 'generate several bioactive molecules (e.g.,
ROS, peroxides, and isoprostanes), of which aldehydes are the
major end products (Esterbauer et al., 1991). Malondialdehyde
{MDA) and 4-hydroxy-frans-2-nonenal (HNE) are the most
abundant saturated and unsaturated aldehydes generated from
the oxidation of LDL (Esterbauer et al., 1991). Protein adducts
of MDA and HNE have been detected in atherosclerotic lesions
of experimental animals and humans (Jurgens et al., 1993;

Palinski et al, 1989, Rosenfeld and Ross, 1990). Data.

presented at the symposium illustrated that lesions in arsenic-
exposed mice showed increased accumulation of protein adducts
of MDA and HNE both in early and in advanced lesions.
Increased levels of free MDA ahd HNE were also detected in the
plasma of "As-exposed mice. Arsenic has alse been shown io
induce the expression of aldose reductase (Lau et af., 2004), an
enzyme which is an efficient catalyst for the reduction of lipid-
derived aldehydes (Srivastava et al., 1998a,b, 1999) and is the
major aldehyde-metabolizing enzyme in the cardiovascular cells
(Srivastava et al., 2001, 2004). Additionally, several studies
have shown that unsaturated lipid aldehydes and arsenic are also
efficiently metabolized by GSTs (Chiou et al., 1997; Yang et al.,
2008). As indicated above, a recent study shows that occurrence
of carotid atherosclerosis is significantly associated with genetic
polymorphism of GSTPI, an enzyme involved in arsenic

metabolism (Wang et al., 2007b). Since lipid aldehydes are
highly reactive and can increase monocyte adhesion, cytokine
production, and lipid uptake by scavenger receptors, it is
conceivable that excessive generation of these aldehydes or
decreased detoxification upon arsenic exposure exacerbales
atherosclerotic lesion formation.

ARSENIC EXPOSURE INCREASES INFLAMMATION IN
VASCULAR LESIONS

Cumulative evidence from a large number of studies indicates
that inflammation plays a pivotal role in atherosclerotic plaque
formation. Vascular cells including endothelial cells, macto-
phages/monocytes, and smooth muscle cells generate chemo-

kines and proinﬂa[_nniatory cytokines including monocyte

chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6), and
tumor necrosis factor o. MCP-1 and IL-6 are abundant in
atherosclerotic lesions, and genetic deletion of these chemokines
and cytokines in mice decreases atherosclerotic lesion formation -
{Gu et al., 1998, Schieffer e al., 2004). Recently, it has been
shown that in vitro sodium arsenite induces the expression of
MCP-1 and IL-6 in vascular smooth muscle cells (Lee et al.,
2005). Data presented at the symposium showed increased
expression of MCP-1 and TL-6 in vascular lesions in As-exposed
mice. These observations are consistent with studies illusirating
increased expression of circulating lymphocyte MCP-1 mRNA
and plasma MCP-1 concentration in humans exposed to arsenic
(Wu er al., 2003). Recent studies suggest that humans carrying
two risk genotypes of ApoE and MCP/{ and exposed to drinking
water containing >10 pg/l have >10-fold risk of carotid
atherosclerosis (Hsieh et al., 2008). Together, these observa-
tions suggest that As-induced inflammation could be an
important risk factor for atherosclerosis. -

ARSENIC INDUCES ENDOPLASMIC RETICULUM STRESS
AND UNFOLDED PROTEIN RESPONSE

Recent studies have suggested that endoplasmic reticulum
(ER) stress and subsequent unfolded protein response (UPR})

.could be involved in oxidized lipid—induced inflammation.

Gene array analysis (Gargalovic er al., 2006) showed that
in vitro oxidized lipids induce the expression of several UPR
responsive genes in endothelial cells, and activation of UPR
occurs in atherosclerotic plaques (Zhou et al., 2005). Data
presented at the symposium showed that in virre sodium
arsenite induces the expression of several ER chaperones
including 78-kDa glucose-regulated protein, homocysteine-
induced endoplasmic reticulum protein, and Calnexin that
stabilize protein folding in vascular endothelial cells. Accu-
mulation of misfolded proteins in the ER activates three ER-
resident transmembrane proteins, inositol-requiring kinase,
activating transcription factor (ATF) 6, and protein kinase—
like ER kinase (PERK), which then trigger the UPR for cell
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survival, Data presented at the symposium showed that sodium
arsenite caused the phosphorylation of PERK-dependent UPR
responsive protein, pancreatic eukaryotic initiation factor 2o
(eIF2a) in vascular endothelial cells. Sodinm arsenite also
induced the downstream effecter of elF2x-ATF3, a negative
regulator of cytokine production, in vascular endothelial cells
and bone marrow—derived macrophages. Similarly, aldehydic
products of lipid oxidation (e.g., HNE) induced ER chaperones,
ATF3, and phosphorylation of e[F2e. Lesions of exposed mice
also showed profound increase in the expression of ATF3 as
compared to control mice. Expression of ATF3 colocalized with
protein-HNE adducts in the vascular lesions. /n vifro induction
of ATF3 by sodium arsenite or HNE was completely abolished
by chemical chaperone of protein folding, phenyl butyric acid.
These observations are consistent with recent studies showing
that arsenic causes ER stress and UPR in human lens epithelial
cells, retinal pigment epithelial cells, chrenic myeleid leukemic
cells, and glioma cells (Du ez al., 2006; Kim et al., 2008; Roybal
et al., 2005; Zhang et al., 2007). In retinal pigment epithelial

- cells, arsenic also increased the expression of vascular

endothelial growth factor (VEGF). Arsenite-induced VEGF
expression was markedly decreased in a dominant-negative
ATF4 mutant and ATF4-deficient murine embryonic fibroblast
cells. N-acetylcysteine, a potent antioxidant thiol, abolished
arsenite-induced UPR and induction of VEGF (Roybal. et al.,
2004). Altermatively, As-induced ER stress could be mediated
by homocysteine. As discussed above, methylation of ingested
inorganic arsenic to MMA and DMA results in the formation of
homocysteine (Gamble et al., 2005; Zakharyan and Aposhian,
1999), a potent inducer of ER stress, endothelial activation,
inflammation, and cell proliferation (Austin et al, 2004).
Increased plasma homocysteine is a risk factor for atheroscle-
rosis. Recently, it has been shown that the risk of atherosclerosis
is increased by more than fivefold in individuals with high
plasma homocysteine level (>12.7mM) and high MMA
{(>16.5%) concentration in the urine (Wu et al., 2006).
Collectively, proatherogenic affects of arsenic could be
attributed at least in part to increased oxidative stress, ER
stress, and vascular inflammation.

IN UTERO ARSENIC EXPOSURE

The first evidence that in utero arsenic exposure could cause
arterial disease was in reports of myocardial infarction in
infants whose mothers consumed water with high levels of
arsenic in Antofogasta region of Chile (Rosenberg, 1973,
1974). These infants were part of a cohort of exposed people
which also exhibits increased pulmenary disease (Smith et al.,
2006) and CVD (Yuan et al, 2007) in more recent
epidemiological studies. In these later studies, there was
a marked gender bias in the increased mortality due to acute
myocardial infarction associated with in utero and childhood
arsenic exposure with males showing approximately 1 in 10
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excess deaths caused by arsenic compared with 1 in 4 for
females. Recently, direct evidence for in ufero arsenic exposure
induction of arterial disease was demonstrated in ApoE-
knockout mice (Srivastava et al., 2007). This study showed
that adminisiration of drinking water containing arsenic as .
sodium arsenite caused early onset of atherosclerosis in

'10-week-old male offspring and more severe disease in 16-

week-old male offspring maintained on normal chow. Plasma
cholesterol and phospholipids were unaltered, but significant
reductions in plasma triglycerides were observed. In addition,
an impaired vasorclaxation response was demonstrated in
10-week-old mice that had been exposed to arsenic in utero.
These results established an experimental model in which
mechanistic smdies can be performed.

It is now well understood that atherosclerosis is a multifacto-
rial disease process. More recent work also indicates that
atherosclerosis may also be a multiorgan disease, with disease-
modifying risks being derived from distal sites. Indeed,
underlying liver discase has been shown to be a risk factor for
developing atherosclerosis in humans (Brea ef al., 2005; Targher
et al., 2004) and is independent of other risks associated with
chronic liver diseases (e.g., metabolic syndrome) (Targher et al.,
2006). Whereas the mechanisms by which liver disease mo-
dulates atherosclerosis are currently poorly understood, reason-
able working hypotheses exist. First, il is proposed that systemic
oxidative stress and inflammation that occur during liver disease
(Haukeland et al., 2006; Kugelmas et al., 2003) contribute to
atherogenesis; this hypothesis is supported by the observation
that the risk of atherogenesis increases with severity of hepatic
inflammation (Targher et al., 2006). Second, abnormal lipid
metabolism caused by underlying liver disease could contribute
to atherogenesis; indeed, hepatic steatosis is associated with
overproduction of VLDL in humans (Adiels er al, 2006).
Furthermore, atherosclerosis shows a clear correlation with
nonalcoholic fatty liver disease (NAFLD) and circulating
martkers of liver damage/disease associated with metabolic
syndrome (Hanley et al., 2005; Schindhelm ef al., 2007; Targher
2007; Targher et al., 2006; Volzke et al., 2005). Whereas most
of the studies .in humans have been performed with NAFLD, we
propose that there are parallels between this disease and arsenic
toxicity. For example, arsenic is known to cause liver damage in
humans (Guha Mazumder, 2001) and animal models (Santra
et al., 2000) with histological lesions in the latter analogous to
those observed in advanced NAFLD. Thus, inflammation can be
a cause or a consequence of liver disease. ApoE-knockout mice
are constitutively hyperlipidemic, but the source of inflammation
in the arsenic-exposed animals is not obvious,

Chronic arsenic exposure in adults has been associated with
liver disease, notably steatosis, portal hypertension, fibrosis,
and cirrhosis (Guha Mazumder, 2001), Thus, arsenic clearly is
deleterious to liver. It is likely that in wtero arsenic exposure
affects liver development predisposing to disease. Others have .
demonstrated the induction of cancer in two strains of mice
transplacentally exposed to arsenic (Waalkes ef al., 2003, 2004,
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2006). A common feature in the transplacental arsenic ex-
posure model of As-induced carcinogenesis is the induction of
hepatocellular cancer. Microarray studies of liver gene ex-
pression in these mice indicated alterations in the expression of
genes related to estrogen receptor alpha (ERw) function that
could contribute to the development of hepatocellular cancer in
the arsenic-exposed mice (Liu ef al., 2006). These gene ex-
pression changes were cormrelated with alterations in DNA
methylation pattems in ERa (Waalkes et al., 2004), suggesting
that in ufero arsenic exposure caused epigenetic changes in
liver. Recently, an epidemiological sudy of the Chilean cohort
with early life arsenic exposure showed an approximately
10-fold increase in relative risk for childheod liver cancer
incidence in the exposed population (Liaw et ai., 2008), Thus,
early life arsenic exposure clearly alters liver development and
predisposes to chronic disease.

Kupffer cells are specialized macrophages that are resident
in liver. These cells are a major source of cytokines that are
secreted in response to infections and to hepatotoxic insult
(Fainboim ef al., 2007; Roberts er al., 2007). Thus, one
possibility is that liver is the source of inflammatory cytokines
leading to initiation of vascular disease in .arsenic-exposed
ApoE-knockout mice. Studies discussed in the symposium
addressed the hypothesis that the in ufero arsenic exposure
altered liver development making the livers of exposed mice
hyperresponsive to inflammatory stimuli.

Micro-RNAs (miRNAs) are small RNAs that regulate pene
expression and are thought to play a critical role in modulating
embryonic and fetal development (Homstein and Shomron,
2006). Alterations in miRNAs during development are
associated with alterations in histone modification and DNA

-methylation. Thus, miRNAs modulate epigenetic control of

gene expression. If transplacental arsenic exposure is altering
epigenetics in liver, then one would expect that alterations in
miRNA expression would be observed in arsenic-exposed
animals. Results of microarray experiments conducted to
evaluate changes in liver mRNA and miRNA expression in
arsenic-exposed ApoE-knockout mice on the first day of life
(PND1) and at 10 weeks of age (PND70) were discussed in the
symposium presentation. A 51-gene signature of mRNAs with
altered expression at both PND1 and PND70 suggested that
pathways associated -with inflammatory responses were in-
duced in arsenic-exposed mice. Further analyses of total
mRNA and miRNA expression changes indicated that de-
velopmental trajectory was altered by arsenic exposure.
Furthermore, genes common to putative targets of changed
miRNAs and changed mRNAs also supported induction of
pathways associated with inflammatory responses in 10-week-
old arsenic-exposed ApoE-knockout mice. Thus, the data
suggest that the in ufero arsenic exposure altered the liver
developmental program in such a way as to prime the liver to
hyperrespond to an inflammatory signal.

A recent study of global gene expression changes in neonatal
chord blood lymphocytes reported that stress response and

inflammatory response networks were activated in human
newbomns exposed to arsenic in utero (Fry et al., 2007). This
clear correlation between human and mouse studies support the
hypothesis that in utero arsenic exposure alters developmental
programming and induces a proinflammatory state, Thus, both
epidemiological data and experimental data clearly show that
in utero exposure to high levels of arsenic in drinking water
induces vascular disease in humans aind mice. The challenge
for the future is to determine the impact on vascular disease of
exposure. fo arsenic at lower levels. Elucidation of potential
interacting factors such as hyperlipidemia will provide much
needed information related to determining the impact of
moderate-level arsenic exposure on increased mortality due
to CVD in the United States and other areas of the world with
low-to-moderate arsenic levels in drinking water,

ARSENIC STIMULATION OF VASCULAR REDOX

‘SIGNALING

As discussed above, exposure to arsenic in drinking water
increases risk for a number of CVDs including acute
myocardial infarctions (Yuan et ol., 2007), cardiac ischemic
disease (Wang ef al, 2007a), peripheral vascular discase
(Wang ef al., 2007a), systemic hypertension (Chen et al.,
2007a; Kwok et al., 2007), and liver portal hypertension
(Mazumder, 2005). The finding by Chen er al. of increased
pulse pressure in individuals exposed to low-to-moderate levels
of arsenic is consistent with a large body of literature
implicating the cells in the blood vessel walls as primary
targets of arsenic toxicity. In general, increased pulse pressure
or enhanced peripheral resistance in hypertension results from
enhanced stiffness and decreased compliance of the vessel
wall. These impaired. vascular functions arc caused by
dysregulation of vasomotor function andfor structural remod-
eling of blood vessels. A major drive for both disrupted
signaling and remodeling is change in ROS or redox signaling
in the both the vascular endothelial and the smooth muscle cells
{Lee and Griendling, 2008; Lyle and Griendling, 2006).

NOX enzymes are multimeric protein complexes that
produce superoxide by electron transfer from NADPH to
molecular oxygen (Lee and Griendling, 2008). Increased
activity of vascular NOX enzymes plays a central role in
pathogenic redox signaling in vascular disease and hyperten-
sion (Lee and Griendling, 2008; Lyle and Griendling, 2006},
and arsenic rapidly stimulates both endothelial (Smith et al.,
2001) and smooth muscle (Lynn et af., 2000) NOX enzymes.
However, the mechanism through' which arsenic stimulates
NOX enzyme activity remains unresolved. Previous studies
demonstrated that endothelial cell NOX-generated superoxide
and hydrogen peroxide levels increase within 5 min of
exposure to low pM concentrations of arsenite (Barchowsky
et al, 1999) and total NOX catalytic capacity remained
elevated for 1 h following ex vivo arsenic exposure (Smith
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et al., 2001). To date, the bést evidence that NOX-generated

oxidants are critical mediators of the vascular actions of arsenic_

comes from studies investigating mechanisms for arsenic-
promoted remodeling of the liver sinusoidal endothelial cells
(LSECs). Exposure of mice to a moderate level of arsenic (250
pg/M) in their drnking water promoted a time-dependent closure
of the LSEC fenestrations as they underwent differentiation into
a normal endothelium in a process called capillarization (Straub
et al., 2007a,b). This effect was dose dependent with a threshold
for loss of fenestrations occumring after 2-week exposures to
10 pg/l of arsenite (Straub et al., 2008). Maximal defenestration
occurred following exposure to 100 pg/l, and these exposures
were also associated with increased protein nitration in the liver
sinusoids and loss of scavenging of maodified albumin across the

-liver. Capillarization and protein nitration did not occur in

p47°"°" null mice exposed to 100 pg/l of arsenite for 2 weeks
(Straub er al., 2008). Deletion of p47°™*, the cytosolic re-
gulatory subunit of multiple forms of NOXs, makes mice
resistant te endogenous ligand-induced hypertension and blunts
the increase in ROS production (Lee and Grendling, 2008).
Further, disruption of the interaction between pd7phox and gp91
of Nox2-based oxidase in primary isolates of LSEC prevented
not only ex vive arsenite-stimulated oxidant generation but also
defenesiration and modified albumin uptake (Straub er al,
2008). Finally, ex vive addition of 50uM hydrogen peroxide to
the LSEC was sufficient to promote defenestration, These data
suggest that NOX-derived superoxide and subsequent hydrogen
peroxide formation provides essential second messengers in the
signaling pathway for arsenic-stimulated vessel remodeling.
The rapid increase in NOX activity and ROS second
messengers suggested that the actions of arsenic were not
random and that they might involve a signal amplification
cascade. In support of this hypothesis, arsenite mobilizes another
essential subunit of the NOX complex, Rac1-GTPase, to the
endothelial cell membrane within 5 min of exposure (Smith
et al., 2001). Exposing mice to arsenite also causes- sustained
localization of Racl to the LSEC membranes in vive (Straub
et al., 2007a), and inhibiting or eliminating endothelial cell
Rac!-GTPase inhibits arsenic-stimulated NOX activity (Qian
et al., 2005; Smith et al., 2001). In addition to activating NOX
complexes, Racl is essential for endothelial and smooth muscle
cell migration that is required for both angiogenesis and vessel
remodeling (Brown et al., 2006), Thus, activation of Racl may
represent another key regulatory step in the signal amplification
scheme for arsenic-stimulated vascular cell dysfunction.
Endogenous hypertensive peptides, such as angiotensin II or
endothelin-1, interact with cognate G-protein coupled receptors
(GPCR} to initiate Racl-GTPase—dependent superoxide gener-
ation by NOX enzymes (Lee and Griendling, 2008). More

" specifically, it is the Goi-coupled receptor subtypes for these

ligands that amplify signals 1o increase Racl-GTPase activity
and stimulate NOX (Brown et al., 2006). To determine whether
arsenite also targeted 2 GPCR as an initial step in NOX
activation, human microvascular endothelial cells were preincu-

bated with Gai-selective inhibitor, Pertussis toxin (Ptx). Relative
to the effects of arsenite on untreated cells, Ptx prevented
arsenite from activating Racl-GTPase activity and increasing
downstream changes in angiogenic and inflammatory gene
expression. However, neither Ptx nor a direct inhibitor of Racl
prevented arsenite from stimulating an adaptive or stress-
responsive increase in heme oxygenase-1 mRNA levels.

The majority of reports in the literature and the data
presented support the vascular NOX system as being critical in
the molecular pathology of arsenic-related vascular disease.
Data from the p47°™°* null mice and recent epidemiological
studies (Hsueh et al., 2005) provide support that NOX activity
contributes to both vascular dysfunction and remodeling. The
novel data presented here further define the signaling pathways
that contribute to these conditions by demonstrating that
arsenic interactions with vascular cells are amplified through
a signaling cascade that requires both GTPase and oxidase-
generated second messengers. Figure 1 presents a hypothetical
scheme linking action of arsenite on a Gai-coupled receptor to
downstream NOX activation. Generation of excess reactive
oxygen second messengers is a primary mechanism of
hypertension and vascular disease that diminishes relaxation
and promotes inappropriate signaling for proliferation and
remodeling that stiffens or occludes blood vessels (Lee and
Griendling, 2008; Lyle and Griendling, 2006). Arsenite may
similarly increase risk of vascular disease by adding additional

- receptor-mediated signaling for vascular dysfunction. A major

goal of current research is identification of the GPCR on
endothelial cells that respond to arsenic. Further, it is important
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FIG. 1. Hypothetical scheme of arsenic-stimulated redox signaling for
vascular cell dysfunction, Arsenic may interact with GPCR to initiate signal
amplification schemes regulating NOX-dependent redox signaling. Note that
the membrane-bound NOX subunits may more likely reside in mtracellular
membranes. Downstream signaling for dysfunction was adapted from Lee and
Griendling (2008). -




]

IO LT

ARSENIC AND CARDIOVASCULAR DISEASE - 319

TABLE 1
Recent Epidemiological Studies of Susceptibility to the Cardiovascular Effects of Arsenic Exposure from Drinking Water

Arsenic exposure Effect modifier

Reference Location Study design Study population levels Cutcome (susceptibility factors)
Chen et af. (2007a) Bangladesh Cross-sectional 10,910 participants 0.1—864 pp/l, mean Pulse pressure Low levels of dictary
: 99 ugl > 55 mmHg intake of B vitamins
and folate
Huang et al. (2007) Southwestem Cross-sectional 871 subjects Median in villages: Hypertension High urinary MMA%
‘ Taiwan : 700-930 pg/l ' and low DMA/
MMA
Hsueh et al. {1998) Southwestemn Case-control 74 ischemic heart Median in villages: Tschermic heart Low levels of serum
Taiwan disease patients T00-930 pgfl disease carotene
and 193 matched
healthy controls
Hsueh ef al. (2005) Southwestern . Case-control 79 hypertensive Median in villages: - _ Hypentension NOS3 G894T, SOD2
Taiwan . cases and 213 700-930 pgi Ala9Val, and CYBA
controls C242T
Wang et al. (2007b) Northeastem Crosgs-sectional 605 residents Median in villages: Carotid GSTPI vaniant
Taiwan undetectable to atherosclerosis genotypes of lle/Val

140 pgfl and Val/Val

to note that the majority of cell culture-based studies of
arsenite signaling have ignored the effects of methylated meta-
bolites since the vascular cells do not significantly contribute to
arsenite metabolism. However, one study that systematically
analyzed dose dependence of the organic metabolite effects on
cell signaling and cytotoxicity demonstrated that the trivalent

MMA was approximately an order of magnitude more potent

than arsenite (Hirano et af., 2004). It will be intriguing to
determine whether the methylated metabolites also require
GPCR receptors to produce cellular effects and whether dif-
ferences in sensitivity to inorganic and organic species relate to

" differences in receptor affinities or actions on different

SUMMARY AND FUTURE DIRECTIONS

In summary, the presentations in this symposium discussed
cumrent evidence for the association between arsenic and
vascular disease from epidemiological studies and the un-
derlying mechanisms from animal/experimental studies.

The epidemiological literature to date suggests that the
cardiovascular effects of arsenic exposure are modified by
nutritional factors, genetics, and arsenic metabolism capacity.
In particular, the data suggest an important role played by
factors related to oxidative stress and vascular inflammation.
However, most of the existing epidemiological studies were

receptors. conducted in populations with high levels of arsenic exposure
TABLE 2
Mouse Models of Arsenic-induced CVD via Drinking Water Arsenic Exposure
Reference Mouse strain VArsenic exposure and level End point assayed and outcome

Bunderson et al. (2004) ApoE, LDLr double knockout

Drinking water, 5.7
mg/l, 18 weeks
Drinking water, 11.4 or

Increased atherosclerotic plaque stenosis
in innominate artery
Increased aortic lesions

57 mg/l, 24 weeks

" Transplacental in drinking
waler, 49 mg/l, gestational

Increased falty streak lesions in aortic arch
and valves, defective vasorelaxation

days 8—18 ’ response at age 10 weeks

Simeonova et al. (2003) ApoE-knockout
Srivastava et . (2007) ApoE-knockout
Straub er gf. (2007a,b} C57Bl/6

Drinking water, 250 pg/l,

Liver sinuscidal capillarization, angiogenesis

5 weeks in liver bile ducts, decreased lumen in hepatic

Straub et ai. {2008) C57BI/6 p47°™* knockout

Drinking water, 10-250
pg, 2 weeks

arterioles, gain in sinusoidal endothelial cell
caveolin and caveolae

Liver sinusoidal capillarization, loss of modified
albumin scavenging, prolein nitration, oxidant
generation, absence of arsenic-induced effects
in knockout :
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and with a relatively small sample size. The challenges for

future epidemioclogical studies of arsenic and vascular disease
include (1) longitudinal studies to capture long-term arsenic
exposure at the individual level, (2) use of reliable biomarkers,
(3) inclusion of persons with low-to-moderate exposure, and
(4) use of a comprehensive genomic approach to. evaluate
genetic susceptibility.

Findings from mechanistic studies indicate that arsenic
causes inflammation in vascular tissues and activates oxidative
signaling. Observed endothelial cell dysfunction is likely
a consequence of direct effects on the vascular cells and
indirect effects on the liver vasculature caused by arsenic
exposure—promoted inflammation, disrupted lipid metabolism,
and increased lipid oxidation. Thus, the liver appears to be
a major site of arsenic action from the standpoint of both
generation of potentially more toxic metabolites and sensitivity
to toxic -actions on its unique vasculature. In addition to the
metabolic changes, epigenetic changes in liver also are
a consequence of chronic arsenic exposure. The epigenetic
changes appear to result in a chronic state of cellular stress with
a predisposition to heightened inflammatory responses. These
changes can result in overt liver disease and also likely play
a role in development of systemic vascular disease. The role of
nutrition in modulating the vascular disease manifestations of
chronic arsenic exposure is likely related to modification of
arsenic’s impact on liver function. Clearly, more studies are
needed to elucidate the interactions of arsenic exposure, liver
funciion, nutrition, and- vascular disease.

Since CVD constitutes about one-third of total mortality in
the world and arsenic exposure at low-to-moderate levels is
more prevalent, a small increased risk associated with arsenic
exposure would translate into large numbers of excess deaths
and would be of wide public health significance. Additional
large epidemiological and mechanistic studies are needed to
identify susceptibility factors and underlying mechanisms
especially for low-level exposure.
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