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ABSTRACT 

Environmental arsenic exposure is associated with human cancers of the skin, 

lung, kidney, and bladder. Mechanisms of arsenic toxicity and carcinogenicity, however, 

remain poorly studied and merit further investigation. The present studies address the 

effects of arsenic metabolism on toxicity, under the hypothesis that arsenic metabolism 

results in both detoxication and bioactivation. Inorganic arsenic and methylated 

metabolites were tested for toxicity in cultured cells, demonstrating that both detoxication 

and bioactivation occurs with metabolism, dependent upon methylation and valence state. 

Monomethylated MMA'", the most toxic metabolite in cultured cells was also a potent 

inhibitor of pyruvate dehydrogenase and was more lethal than arsenite in hamsters, 

illustrating its role as an arsenic bioactivation product. The lung is an established target 

of arsenic exposure. Arsenic also crosses placenta during pregnancy, reaching the 

developing fetus. Given this evidence, the present studies investigate the ability of 

arsenic to target the developing lung following in utero exposure to low doses of arsenic 

during fetal development. Fetal rats were exposed to 500 |xg/L arsenic via maternal 

drinking water, from conception to embryonic day eighteen. In order to assess 

toxicogenetic alterations in the developing lung, subtractive hybridization was used to 

create a cDNA library of arsenic-induced differential gene expression. This library 

consisted of 326 clones that were subsequently spotted on a cDNA microarray, including 

those involved in lung development and in formation of the extracellular matrix. In order 
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to model effects of arsenic on gene expression in the developing lung, microarrays were 

conducted utilizing cultured lung cells dosed with four sub-cytotoxic doses of arsenic for 

up to fourteen days. These arrays showed that arsenic modulates a decreasing number of 

genes over the time course and that genes are primarily upregulated following short 

exposures. Selected array and subtracted library gene expression was also evaluated by 

quantitative real time PGR and western immunoblotting. Additional microarrays were 

conducted with 500 ppb arsenic treated fetal lung tissue using a commercial cDNA 

microarray, revealing perturbations in cellular proliferation and angiogenesis genes in 

vivo. Collectively, these studies indicate that lung development can be perturbed by 

gestational arsenic exposure. 
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CHAPTER 1 

INTRODUCTION 

1.1 ARSENIC. A HISTORICAL PERSPECTIVE 

Arsenic is an infamous poison noted throughout the centuries for its use as a 

homicidal agent. Aside from its acute lethality, arsenic has been exploited as a poison 

largely because it is colorless, odorless and tasteless. The popularity and notoriety of this 

classical poison are illustrated by the 1933 film ''Arsenic and Old Lace,'' in which two 

women lure unsuspecting men into their inn and poison them with a potion containing 

arsenic and strychnine. Also synonymous with arsenic poisoning, the Borgias were a 

wealthy and influential family of Renaissance era Italy widely accused of eliminating 

other aristocrats with arsenic. Despite their reputation for gaining wealth and influence 

through arsenic poisoning, only anecdotal evidence exists to prove the supposed sinister 

dealings of the Borgias. 

Some have proposed that Napoleon Bonaparte was poisoned with and possibly 

even assassinated by arsenic (Kintz et al., 2002; Weider and Foumier, 1999). Theories of 

his poisoning arose from high levels of arsenic found during analysis of authenticated 

samples of Napoleon's hair. Since ingested arsenic is excreted into the hair and 

fingernails, its presence in these samples is an established biomarker of human arsenic 

exposure (Mandal et al., 2003). There is much controversy concerning the possible 

poisoning death of Napoleon (Di Costanzo, 2002; Corso et al., 2000), as there is medical 

evidence supporting his death from stomach cancer. There is also a lack of information 



concerning the possibility that environmental arsenic exposure may have been 

responsible for the presence of arsenic in samples of Napoleon's hair. 

Though arsenic may have historically found favor in the elimination of enemies, it 

has also been exploited for a number of medical benefits. Over the centuries, the 

medicinal properties of arsenic have been exploited in the treatment of dermal inflictions, 

internal cancers, trypanisomiasis, malaria, gastrointestinal disorders and numerous other 

ailments (Alain et al., 1993; Haller, 1975; Valiee et a!., 1960). Many medicaments 

containing arsenic were widely used throughout the eighteenth and nineteenth centuries. 

Arsenic was available in over the counter pills and tonics and in prescription oral and 

injectable solutions and ointments. 

The legitimacy of arsenical treatments in medicine was furthered in 1786 when a 

British physician named Thomas Fowler documented the use of a one percent solution of 

potassium arsenite for treatment of fever (Haller, 1975). Solutio Mineralis, the potassium 

arsenite solution proposed by Fowler, was later dubbed "Fowler's Solution" after its 

creator. In the early 1800's Fowler's solution was recommended for use in the treatment 

of a wide variety of ailments such as psoriasis, fever, syphilis, cancers, rheumatism, 

asthma, chorea, ulcers, anemia, Hodgkin's disease, worms and dyspepsia (Waxman and 

Anderson, 2001; Haller, 1975). 

In 1910, Paul Erlich, a German pharmacologist and Nobel laureate, developed an 

organoarsenical compound which he dubbed salvarsan. Organic arsenicals tend to have 

reduced toxicity when compared with that of inorganic arsenicals. Salvarsan became 

widely used in the treatment of syphilis and trypanisomiasis in the early to mid 1900's 
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(Waxman and Anderson, 2001; Antman, 2001; llaller, 1975), and continues to be used 

today for the treatment of trypanisomiasis. Various arsenical remedies remained in use 

throughout the nineteenth century, though therapeutic uses of arsenic tapered off in the 

twentieth century, corresponding with the increased understanding of arsenical toxicity. 

Arsenic was used as a cancer remedy prior to reports substantiating its utility as a 

chemotherapeutic agent (Forkner and Scott, 1931; Cutler and Bradford, 1878). The use 

of arsenic in leukemia was first documented when it was found to lower white blood cell 

counts in normal and leukemic patients (Cutler and Bradford, 1878). Oral administration 

of Fowler's solution was also reported to be effective in the treatment of chronic 

myelogenous leukemia in the 1930's and remained an effective treatment for this disease 

until it was replaced by modem chemotherapeutic agents and radiation therapy (Waxman 

and Anderson, 2001; Forkner and Scott, 1931). The use of arsenic in cancer therapy 

tapered off due in part to clinical manifestations of chronic arsenicism observed in those 

using Fowler's solution. 

Recently, arsenic trioxide was found to induce remission in patients suffering 

from acute promyelocytic leukemia (Soignet et al., 1998). This treatment worked in 70 

% of patients unresponsive to the standard therapeutic regimen for APL (all trans retinoic 

acid and cytotoxic chemotherapy) and had a favorable risk/benefit ratio (Rust and 

Soignet, 2001). In 2000, the FDA approved an injectable preparation of arsenic trioxide 

(Trisenox®) for the treatment of APL. The proposed mechanisms of action by which 

arsenic acts in the treatment of APL are by induction of apoptosis and cellular 

differentiation, and through inhibition of both cellular proliferation and angiogenesis 



(Waxman and Anderson, 2001; Soignet et al., 1998). Investigators have also examined 

the therapeutic potential of arsenic trioxide in the treatment of multiple myeloma, finding 

it effective in 23 % of patients (Munshi, 2001). Arsenic has demonstrated therapeutic 

efficacy in the treatment of select types of internal cancers and thus merits further study 

as a chemotherapeutic agent. 

In addition to its homicidal and pharmacological uses, arsenic also has numerous 

industrial applications (Aposhian, 1997). Arsenic is used agriculturally in pesticides, 

crop defoliants, and growth additives for animal feed. Arsenical pesticides include the 

organic compounds monomethylarsonic acid and dimethylarsinic acid (cacodylic acid) 

and the inorganic arsenical pesticides lead arsenate and calcium arsenate. Arsenical 

pesticide use in the United States has largely been eliminated, while these products 

continue to be used in other countries. Arsenic was used as a growth promoting feed 

additive for poultry and livestock well into the twentieth century, a practice that has been 

largely discontinued in the United States (Antman, 2001; Haller, 1975). The timber 

industry utilizes this metalloid primarily as a debarking agent and wood preservative. 

Preservatives include copper acetoarsenate (Paris green) and copper chromated arsenate 

(Vallee et al., 1960). These compounds are of concern to human health, due to their use 

in wooden playground equipment, patios, decks and other surfaces through which 

humans may come into contact with arsenic containing splinters. 

Gallium arsenide has been widely used in the manufacture of light emitting diodes 

(LED's), thus posing a possible hazard to workers in the electronics industry. In 

addition, arsine gas is used in the semiconductor industry and presents a potential 



occupational hazard to workers in this industry. Mining has also been associated with 

environmental arsenic contamination and occupational hazards. Arsenic laden 

combustion products such as arsenic trioxide are released into the environment during 

smelting of arsenic containing ores, however, much of the arsenical byproducts are 

trapped and recovered rather than being released into the environment. Such trapped 

byproducts, termed speiss, must then be abated by workers, thereby presenting an 

inhalation and contact hazard. Arsenic is thus useful in industrial and pharmacological 

settings, demonstrating that its notoriety as an intentional poison and environmental 

contaminant can be tempered by its industrial and medical utility. 

1.2 ARSENIC OCCURRENCE 

Arsenic can be chemically categorized as a metalloid element, having physical 

properties of both a metal and a non-metal. Arsenic is the 20* most abundant element 

and is ubiquitously distributed throughout the earth's crust (Cullen and Reimer, 1989). 

- - This metalloid seldom exists-in-nature -in its elemental form but rather exists-within oxide -

and sulfide minerals, with arsenopyrite (FeAsS) being the most common form. Arsenic 

is often found in igneous and sedimentary rocks (Cullen and Reimer, 1989), and is most 

commonly associated with sulfide ores. Other examples of arsenic containing rock 

include granites and ores of iron and copper. In soil and rock, this metalloid is found 

primarily in the trivalent (+3) or pentavalent (+5) oxidation state, depending primarily on 

pH (O'Neill, 1990). Other oxidation states include As (0), As (-3), As (+4), and As (+6) 

(Oremland and Stolz, 2003; Cullen and Reimer, 1989). 
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Presence of inorganic arsenic within the environment stems primarily from 

weathering of rocks containing arsenic bearing minerals and from volcanic activity. 

Biological methylation by soil organisms can also lead to the presence of mono-, di-, and 

tri-methylated arsenic compounds in the environment (O'Neill, 1990; Cullen and Reimer, 

1989; Cullen et al, 1979a). Anthropogenic sources of environmental arsenic 

contamination include combustion of fossil fuels, smelting of arsenic containing ores, 

deposition of mining wastes, chemical runoff from industrial sources and from the use of 

arsenical pesticides (Oremland and Stolz, 2003; Cullen and Reimer, 1989). 

Though anthropogenic sources of arsenic do contribute to human exposure, the 

primary source of human arsenic exposure is that of naturally occurring inorganic arsenic 

found in the drinking water. Such arsenic contamination arises from leaching of arsenic 

into groundwater through weathering of soils. In addition, bedrock wells drilled in 

arsenic rich mineral deposits provide contaminated drinking water supplies, with the 

speciation of this arsenic dependent primarily on pH and mineral content. For example, 

arsenate has a tendency to adsorb to iron and alumina, making arsenite the more 

hydrologically mobile form of inorganic arsenic (Oremland and Stolz, 2003). 

1.3 UPTAKE AND BILIARY EXCRETION OF ARSENIC 

The most common forms of arsenic to which humans are environmentally 

exposed are the inorganic compounds arsenite and arsenate. Following oral exposure to 

inorganic arsenic, this metalloid is readily absorbed across the gastrointestinal mucosa 

and is ultimately eliminated from the body primarily through the kidneys (Yoshida et al., 
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1998; Yamauchi et al., 1988; Yamauchi and Yamamura, 1985; Vahter and Marafante, 

1985; Klaassen, 1974). Uptake of arsenic from the gut occurs by an unknown 

mechanism, however, this process may be facilitated by transporters known to function in 

microbial arsenic uptake (Rosen, 2002). 

Upon injection into mice or hamsters, arsenite is distributed to numerous tissues, 

with highest levels of distribution found in the duodenum, gallbladder, kidney, liver and 

lung over the course of 72 hours (Lindgren et al., 1982). Some arsenic could also be 

found in the small intestine within the first 6 hours following exposure. The presence of 

arsenic in the gallbladder, duodenum and small intestine but not in the intestinal contents 

demonstrates that arsenic undergoes biliary excretion and subsequent enterohepatic 

recirculation prior to its renal elimination, the occurrence of which has been documented 

in rats, rabbits, and dogs (Klaassen, 1974). More recent studies on biliary excretion of 

arsenic show that excreted inorganic and methylated metabolites are glutathione 

conjugates (Gregus et al, 2000; Kala et al., 2000). These conjugates must first undergo 

cleavage of the glutathione moiety and be reabsorbed into the blood prior to being filtered 

by and ultimately eliminated through the kidney. 

Arsenate very closely resembles phosphate (Figure 1.1) and its uptake is 

facilitated through phosphate transporters (Rosen, 2002; Csanaky and Gregus, 2001; 

Huang and Lee, 1996; Da Costa, 1972; Da Costa, 1971). The uptake of arsenate by these 

proteins has been characterized in yeast and bacteria (Bun-Ya et al., 1996; Thiel, 1988; 

Willsky and Malamy, 1980; Rosenberg and La Nauze, 1968), thus implicating a role for 

phosphate transporters in the mammalian uptake of this metalloid. Mammalian studies 
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have not directly studied arsenate transport, but rather, have shown increased cytotoxicity 

of this arsenical in the absence of phosphate in human epidermal carcinoma cells (Huang 

and Lee, 1996) and Chang human hepatocytes (Petrick et al., 2000). The mitochondrial 

reduction of arsenate to arsenite can be inhibited by phosphate and dicarboxylate carrier 

inhibitors, thus suggesting that mitochondrial uptake of arsenate is facilitated by the 

phosphate transporter and the dicarboxylate carrier (Nemeti and Gregus, 2002a). The 

most convincing evidence for arsenate uptake through phosphate transporters comes from 

a study in which arsenate uptake was blocked by foscamet, a phosphate transporter-

inhibiting drug (Csanaky and Gregus, 2001). This transporter inhibition significantly 

reduced biUary excretion of arsenate and also enhanced urinary elimination of arsenate 

and its metabolites in rats. 

The uptake of arsenite in mammalian cells is thought to be independent of 

phosphate transporters, as cytotoxicity of this compound was unaffected by the absence 

of phosphate in cell culture media (Petrick et al., 2000; Huang and Lee, 1996). In 

addition, the phosphate transporter inhibiting drug foscamet had no effect on biliary 

excretion or urinary elimination of arsenite in rats (Csanaky and Gregus, 2001). Until 

recently, arsenite uptake was believed to occur through passive diffusion, as no evidence 

existed to suggest otlierwise. This dogma is based primarily on the high pKa values for 

the three hydroxyl groups of arsenite (around 9.0), providing a fully protonated and thus 

uncharged compound at physiological pH. 

Antimonite is the trivalent form of antimony which is structurally analogous to 

arsenite. Antimonite uptake by E. coli is facilitated via the glycerol transporting protein 
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GlpF and these cells show decreased sensitivity to antimonite upon mutation of this 

transporter (Sanders et al., 1997). This study implicated GlpF in antimonite uptake, 

though it did not demonstrate that microbial arsenite uptake was facilitated via GlpF. A 

study of arsenite and antimonite transport in the yeast Saccharomyces cerevisiae found 

that the glycerol transporter Fpslp, a homologue of GlpF, was responsible for uptake of 

these metalloids in culture (Wysocki et al., 2001). Wysocki and colleagues also found 

that Fpslp mutant cells were 5.8 times more tolerant to arsenite than the corresponding 

wild type cells. In addition, the Fpslp wild-type yeast took up 20-30% more radiolabeled 

arsenite than the Fpslp mutant. Cells bearing a constitutively open mutant of this 

transporter were hypersensitive to arsenite. 

The mammalian proteins aquaporin 7 and aquaporin 9 (AQP7 and AQP9) are 

aquaglyceroporin channels that facilitate uptake of polyols (such as glycerol), urea, and 

nucleotides (Liu et al., 2002b). The expression of rat AQP9 in an arsenic resistant strain 

of S. cerevisiae made these cells more sensitive to arsenite (determined by cellular 

growth inhibition), while the subsequent deletion of this gene reduced arsenite sensitivity 

(Liu et al., 2002b). Additionally, Liu and colleagues found that expression of rat AQP9 

and mouse AQP7 in Xenopus oocytes caused a ten-fold increase in permeability to 

radiolabeled arsenite. Collectively, these studies with prokaryotic and eukaryotic 

aquaglyceroporins and their homologues illustrate that these proteins play a significant 

role in the uptake of arsenite (Liu et al., 2002b; Wysocki et al., 2001). The fact that these 

studies failed to show absence of arsenic uptake in aquaglyceroporin mutants 



demonstrates that these proteins may not be solely responsible for arsenite uptake or that 

there are a number of such transporters that redundantly mediate this process. 

Chronic exposure to arsenic leads to cellular tolerance of this metalloid in both 

normal (Fischer et al., 1985) and arsenic transformed cells (Liu et aL, 2001; Romach et 

al., 2000). Such tolerance in arsenic transformed cells is partly manifested by increased 

gene and protein expression of the multi-drug resistance proteins (MRP) MRPl and 

MRP2 and the P-glycoprotein transporter MDRl (Liu et al., 2001). Cellular tolerance of 

arsenic in chronically exposed cells can be eliminated upon treatment with chemical 

inhibitors of MRPl, MRP2, and MDRl. MRPl overexpression has been noted in 

inorganic arsenic resistant lung tumor cells (Vemhet et al., 2000). Arsenic was extruded 

more readily by these MRPl overexpressing cells than in control cells. Vemhet and 

colleagues also showed that chemical inhibition of MRPl (with MK571, a mixed 

inhibitor of both MRPl and MRP2) in lung tumor cells led to a reduction of the arsenate 

IC50 by more than six-fold. In addition to transport alterations, arsenic tolerance in vitro 

has been associated with increased capacity for arsenic methylation (Fischer et al., 1985). 

Though several arsenic transformed cell lines have demonstrated upregulation of 

transporter proteins, an arsenic transformed prostate epithelial cell line showed no 

changes in MRPl or MDRl expression (Brambila et al., 2002). These cells did, 

however, have increased cellular glutathione content and increased glutathione s-

transferase levels. This study clearly demonstrates the importance of glutathione 

conjugation and of endogenous glutathione levels in detoxication of arsenic. The MRPl 

and MRP2 transporters extrude arsenic into the bile following its conjugation with 
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glutathione, a function mediated by glutathione S-transferases (Kala et aL, 2000). Biliary 

excretion of arsenic in rats has been noted in the literature both as free arsenic (Gregus et 

al., 2000) and as glutathione conjugates (Kala et al., 2000). Gregus and colleagues 

postulated that the pH of bile was such that arsenic glutathione conjugates were unstable 

and were readily cleaved into unconjugated arsenicals. MRP2 deficient Wistar rats and 

wild type rats treated with the glutathione depleting agent buthionine sulfoximine (BSO) 

demonstrated reduced biliary excretion of arsenic (Kala et al, 2000), thus illustrating that 

biliary excretion of arsenic is dependent upon glutathione conjugation and subsequent 

extrusion via MRP transporters. Further in vivo evidence also shows that arsenic 

extrusion into the bile of inorganic arsenic injected rats requires glutathione conjugation, 

as arsenic elimination is inhibited by pretreatment with the glutathione depleting agent 

diethyl maleate (Gyurasics et al., 1991). 

Following acute exposure of rats to arsenite, biliary excretion products include 

arsenic triglutathione (As(SG)3) and methylarsenite diglutathione (CH3As(SG)2) (Kala et 

al., 2000). Injection of rats with arsenate or arsenite, results in the presence of 

monomethylarsonous acid in the bile, with methylarsonic acid occasionally appearing in 

the bile (Figure 1.1) (Gregus et al., 2000). These results illustrate that trivalent arsenic 

forms glutathione conjugates that can then be excreted into the bile. The presence of 

methylarsonic acid in rat bile following inorganic arsenic injection may have been due to 

biliary oxidation of monomethylarsonous acid. 

Transport proteins thus play an integral role in both arsenic uptake and 

elimination. Mammalian uptake of inorganic arsenic is poorly studied, yet studies in 
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microbes and cultured cells provide compelling evidence that such uptake is mediated by 

phosphate transporters and aquaglyceroporin channels. The extrusion of arsenic and its 

metabolites into the bile is dependent upon glutathione conjugation and export via 

multidrug resistance transport proteins. The ultimate result of the uptake, metabolism 

and subsequent biliary excretion of arsenic is urinary elimination. 

1.4 ARSENIC METABOLISM AND RESULTING EFFECTS ON TOXICITY 

Arsenic metabolism is well characterized in several microbial species and 

mechanisms for this metabolism were proposed as early as 1944 (Rosen, 2002; Cullen et 

al., 1989; Cullen and Reimer, 1989; Cullen et al., 1979a; Cullen et al., 1979b; Challenger, 

1944). Though these studies are paramount to understanding arsenic metabolism, it is 

also of great importance to study this process in mammalian models, in order to better 

understand the human health effects of this metalloid. Once absorbed from the gut, 

arsenic readily undergoes a series of reduction and methylation steps (Figure 1.1), 

resulting in both bioactivation and detoxication (Styblo et al., 2002; Vahter, 2002; Petrick 

et al., 2001; Petrick et al., 2000; Styblo et al., 2000; Cullen et al., 1989). 

Methylation of inorganic arsenic occurs in most, but not all mammals, with the 

guinea pig, marmoset monkey, and chimpanzee showing inability to methylate arsenic 

(Vahter, 1999; Healy et al., 1997; Vahter et al., 1995; Vahter and Marafante, 1985). 

Though arsenic reduction and methylation can take place in a number of tissues, the liver 

is the primary organ responsible for arsenic metabolism (Vahter, 2002). Other sites of 

arsenic metabolism (methylation) include the testes, kidney and lung (Healy et al., 1998). 



Site-specific organ toxicities of arsenic have not been linked to metabolism, though it is 

certainly plausible that this phenomenon could explain such toxicities. 

Inorganic forms of arsenic include trivalent arsenite and pentavalent arsenate 

(Figure 1.1). Following cellular arsenate uptake via phosphate transporters, arsenate is 

reduced to arsenite in the cellular cytosol and in the intact mitochondria (Nemeti and 

Gregus, 2002a; Nemeti and Gregus, 2002b). Arsenite formed in the mitochondria is 

exported into the cytosol by an unknown mechanism (Nemeti and Gregus, 2002a). In the 

liver, cytosolic arsenic is ultimately exported into the bile as methylated or unmethylated 

glutathione conjugates (Gregus et al., 2000; Kala et al., 2000). 

The reduction of arsenate is facilitated by an enzyme with arsenate reductase 

activity, which has recently been identified as purine nucleoside phosphorylase (PNP), a 

trimeric protein of 34 kD monomers (Gregus and Nemeti, 2002; Nemeti and Gregus, 

2002a; Nemeti and Gregus, 2002b; Radabaugh et al., 2002). The PNP enzyme utilizes 

the nucleosides inosine or guanosine (and to a lesser extent adenosine) and either 

phosphate or arsenate as substrates, requiring a thiol containing cofactor such as 

dihydrolipoic acid or glutathione for the reduction (Gregus and Nemeti, 2002; Radabaugh 

et al., 2002). PNP inhibitors successfully blocked PNP activity and blocked the reduction 

of arsenate in hepatic cytosol (Gregus and Nemeti, 2002). PNP inhibition, however, had 

no effect on arsenate reduction in isolated human erythrocytes or in arsenate injected rats 

(Nemeti et al., 2003). The fact that arsenate reduction took place in the absence of any 

PNP activity calls into question the role of this enzyme in arsenate reduction. A 

previously identified 72 kD protein in the hepatic cytosol having arsenate reductase 
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activity may hold the key to identifying the elusive reductase (Radabaugh and Aposhian, 

2000). 

The reduction of arsenate functions as a bioactivation process, as arsenite is up to 

50 fold more toxic than arsenate in cultured cells (Petrick et a!., 2000; Styblo et al, 2000; 

Huang and Lee, 1996; Fischer et al., 1985) and up to 10 fold more toxic in animal models 

(Schroeder and Balassa, 1966; Franke and Moxon, 1936). Studies on reduction of 

arsenate to arsenite in microbes also indicate that this process may play a role in arsenic 

detoxication, as ATP dependent transport pumps can extrude the reduced metalloid out of 

the cell once it has formed (Rosen, 2002). Such microbial mechanisms for extrusion of 

arsenite have not been identified in any mammalian system. 

Tissue retention of arsenite is up to 13 times greater than that of arsenate due to 

the increased capacity of arsenite and other trivalent arsenicals to bind to proteins. This 

protein binding occurs primarily through interactions with dithiols (Styblo et al., 1995; 

Bogdan et al., 1994; Knowles and Benson, 1984; Vahter and Marafante, 1983; Knowles 

and Benson, 1983; Lindgren et al., 1982; Marafante et al., 1981). Cytosolic proteins were 

found to bind arsenic to a greater degree than hepatic lysosomes, microsomes, 

mitochondria, or nuclei, with binding occurring specifically to several arsenite binding 

proteins characterized by molecular weight, but not yet identified (Bogdan et al., 1994). 

Injected arsenite has a greater tendency than arsenate to be distributed to the skin and 

hair, presumably due to the high levels of thiol containing keratins in these tissues 

(Lindgren et al., 1982). Arsenate injected animals show less retention in skin and hair at 
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early time points, most likely due to the time needed for reduction to occur to the protein 

reactive arsenite (and other trivalent metabolites). 

Tissue retention of arsenate primarily occurs in calcified areas of the skeleton, 

where arsenate is believed to mimic phosphate and become incorporated into the apatite 

crystals of bone (Lindgren et al, 1982). The protein binding of inorganic arsenic was 

especially pronounced in non-methylating marmoset monkeys which only metabolize 

arsenate to the more potent protein binding metabolite arsenite (Vahter and Marafante, 

1985). Speciation of bound arsenic in the marmoset monkey consisted of more than 80% 

arsenite which was not attributed to the binding of plasma proteins, but rather, to specific 

tissue proteins. 

Though the functional significance of interconversion between arsenate and 

arsenite is not fully understood, arsenate reduction is required for the subsequent 

methylation of inorganic arsenic (Styblo et al, 1995; Cullen et al., 1989; Cullen and 

Reimer, 1989; Marafante and Vahter, 1984; Challenger, 1944). Methylation of arsenite is 

catalyzed by an arsenite methyltransferase enzyme requiring s-adenosyl methionine 

(SAM) as its cofactor (Csanaky and Gregus, 2001; Aposhian, 1997; Buchet and 

Lauwerys, 1988; Buchet and Lauwerys, 1985; Marafante and Vahter, 1984). The 

methylation of arsenite is an oxidative process, producing the pentavalent compound 

methylarsonic acid, also known as MMA^ (Aposhian, 1997). Methylation of arsenite to 

MMA^ is a detoxication process, as this metabolite has been found to be less toxic than 

arsenite in cultured cells (Petrick et al., 2000; Styblo et al., 2000). 
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Methylation of arsenite is known to occur primarily via an enzymatic process. 

This methylation can also occur in an in vitro system requiring the presence of only 

methylcobolamin (methyl vitamin B12) and glutathione for the reaction to proceed 

(Zakharyan and Aposhian, 1999a). Nitrous oxide, an inactivator of methylcobolamin, 

had no effect on the biliary excretion of methylated arsenic in rats following arsenite 

injection. This illustrates that methylcobolamin is unlikely to facilitate methylation of 

arsenite in vivo (Csanaky and Gregus, 2001). 

Though it is well established that arsenic methylation occurs via a SAM 

dependent enzymatic process, the enzymes catalyzing this process in mammals have only 

been partially identified and characterized (Thomas et al, 2001). Highly purified protein 

preparations have been isolated from rabbit liver and have been found to methylate both 

arsenite and monomethylarsonous acid (MMA'") to methylarsonic acid (MMA^^) and 

dimethylarsinic acid (DMA^), respectively (Zakharyan et al., 1999; Zakharyan et al., 

1995) (Figure 1.1). As with the methylation of arsenite, the methylation of MMA"' to 

DMA^ is also considered a detoxication step, as DMA^ is less toxic than MMA'" in 

cultured cells (Petrick et al., 2000; Styblo et al., 1999b). Methylation of arsenite and 

MMA'" are believed to occur through the same 60 kD enzyme, requiring SAM and a 

thiol cofactor, such as glutathione or the exogenous thiol dithiothreitol. This protein has 

not been fully purified or sequenced, thus making the identity of this methyltransferase 

elusive. A trivalent arsenic methyltransferase having activity for both arsenite and 

MM a'" has been purified from rat liver and is a 41 kD protein homologous to the 

putative methyltransferase Cyt 19 (Lin et al., 2002). This novel methyltransferase also 
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requires SAM and a thiol cofactor. The mRNA encoding this methyItransferase was 

expressed in liver, lung and kidney, in addition to other organs. 

Though MMA^ is a urinary metabolite and methylated byproduct of inorganic 

arsenic metabolism, it can be further reduced to its trivalent counterpart methylarsonous 

acid (also known as monomethylarsonous acid or MMA'") (Figure 1.1). This reaction is 

the rate- limiting step in arsenic biotransformation (Zakharyan and Aposhian, 1999b) and 

is catalyzed by MMA^ reductase in a glutathione dependent reaction. MMA^ reductase 

has recently been purified and subsequently identified as glutathione s-transferase omega 

1-1 (GST-o) (Zakharyan et al., 2001). The arsenate reducing enzyme PNP did not reduce 

MMA^ in an in vitro assay (Radabaugh et al., 2002), nor did an as of yet unidentified 

protein with arsenate reductase activity (Radabaugh and Aposhian, 2000). This 

demonstrates that different enzymes catalyze reduction of arsenate and MMA"^. 

Until recently, it was believed that methylation of inorganic arsenic led to its 

detoxication. This remained the dogma of arsenic metabolism until well into the 1990's, 

because of the decreased toxicity of MMA^ and DMA"^ in comparison to the inorganic 

arsenic compounds arsenite and arsenate (Vahter, 1999). Though largely ignored by the 

arsenic research community, Cullen and colleagues proposed that the trivalent reduction 

product of MMA^ (now called MMA'") was more toxic than any other arsenic compound 

in the yeast Candida humicola (Cullen et al, 1989). At the time, the existence of MMA™ 

and the reduced DMA^ compound, DMA"' were proposed only as transient chemical 

intermediates in the metabolism of inorganic arsenic (Cullen and Reimer, 1989). In the 

late 1990's and early 2000's, the paradigm of arsenic metabolism would shift with new 
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discoveries detailing the potent cytotoxicity and in vivo toxicity of trivalent methylated 

arsenicals. 

MMA'" has recently been identified as the most toxic arsenic metabolite. It is the 

most toxic arsenical in cultured cells (Petrick et al., 2000; Styblo et al., 2000) and is more 

acutely lethal than arsenite in hamsters (Petrick et al., 2001). The inhibition of dithiol 

containing enzymes by trivalent arsenicals is an established mechanism of arsenic 

toxicity (Hu et al., 1998; Hsu et al., 1983). MMA'" was found to be more potent than 

arsenite in the inhibition of glutathione reductase (Styblo and Thomas, 1995), thioredoxin 

reductase (Lin et al., 2001; Lin et al., 1999), and pyruvate dehydrogenase (Petrick et al., 

2001). MMA'" is also a more potent inducer of apoptosis than arsenite, further 

illustrating its role as a bioactivation product of inorganic arsenic metabolism (Chen et 

al., 2003). It has also been proposed that this metabolite may be genotoxic (Nesnow et 

al., 2002). 

MMA'" has been found in human urine following consumption of drinking water 

contaminated with inorganic arsenic, thus making MMA'" a relevant arsenic metabolite, 

rather than a mere chemical intermediate (Mandal et al., 2001; Aposhian et al., 2000a; 

Aposhian et al., 2000b). MMA'" has been identified in bile of rats injected with 

inorganic arsenic, but not in rats injected with MMA^ (Gregus et al., 2000). Thus, 

MMA™ must be formed intracellulary through reduction of endogenously formed 

MMA\ rather than from reduction of exogenously administered MMA^. Exogenously 

administered MMA^ is unlikely to get into cells, as illustrated by its extremely low 

cytotoxicity in Chang human hepatocytes (Petrick et al., 2000). MMA"" was not 
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observed as a urinary metabolite of rats injected with arsenate, arsenite, or MMA^ thus 

suggesting that MMA'" may be highly tissue reactive, a phenomenon that would prevent 

its urinary elimination (Gregus et al., 2000). Another possible explanation of the lack of 

MMA'" in urine of inorganic arsenic exposed rats is that bile duct cannulation required 

for these experiments may have inhibited enterohepatic recirculation, a phenomenon 

necessary for MMA"" to appear in the urine following the removal of its conjugated 

glutathione moiety (Gregus et al., 2000). The observation that MMA*" is a human 

urinary metabolite of inorganic arsenic while not appearing in the urine of rats exposed to 

inorganic arsenic is a discrepancy which should be further explored. 

Though MMA'" is a potent arsenic metabolite, it is not the end product of 

mammalian arsenic metabolism. MMA'" can be further methylated to DMA"^ by the 

aforementioned arsenic methyltransferase (Lin et al., 2002; Zakharyan et al., 1999; 

Zakharyan et al., 1995). DMA^ is less toxic than inorganic arsenic compounds and is 

equally as cytotoxic as MMA^ (Petrick et al., 2000) in vitro. Animal studies with DMA^ 

show that this metabolite is essentially non-toxic at enviromnentally relevant doses 

(Vahter, 1999). Toxicity and carcinogenicity studies done with exceedingly high doses 

of DMA'^ implicate this metabolite as a DNA damaging agent (Yamanaka et al., 1995), 

carcinogen (Yamamoto et al., 1995), and as a toxic agent in the urothelium (Cohen et al., 

2001). The interpretation of these studies, however, must be tempered by keeping in 

mind the doses used to achieve these endpoints. 

The final step in mammalian arsenic metabolism is the reduction of DMA^ to its 

trivalent counterpart, DMA™ and a possible methylation of DMA"' to the trivalent 



trimethylated arsenical trimethylarsine oxide (Figure 1.1). These steps have been 

proposed in microbes, where DMA'" is a known intermediate in microbial formation of 

trimethylarsine (Cullen and Reimer, 1989; Cullen et al., 1979a). Though its formation 

and toxicity in mammals is poorly studied, DMA'" has been found in urine of humans 

chronically exposed to inorganic arsenic in the West Bengal region of India (Mandal et 

al., 2003). DMA'" is also known to be a potent apoptotic inducer (Chen et al, 2003) and 

cytotoxicant (Styblo et al., 2000), approximately equal in toxic potency to arsenite. It has 

also been proposed that this metabolite may be genotoxic (Nesnow et al., 2002). 

Human urinary metabolites of inorganic arsenic consist predominantly of 

arsenate, arsenite, and MMA^ (Vahter and Marafante, 1985). DMA^ is also found in 

human urine (Vahter and Marafante, 1985), as are smaller amounts of the trivalent 

methylated metabolites MMA"' and DMA"' (Mandal et al., 2001; Aposhian et al., 2000a; 

Aposhian et al., 2000b), Oral administration of arsenic trioxide (arsenite when in 

solution) in hamsters yielded inorganic arsenic, DMA^ and MMA^ excreted primarily in 

the urine, with target tissues of arsenic distribution being the liver, spleen, lungs and 

kidneys (Yamauchi and Yamamura, 1985). Administration of MMA^ (oral or ip.) to rats 

yielded DMA^ and MMA^ as urinary metabolites, with target tissues of arsenic 

distribution being the kidneys, spleen, lungs, skin and liver (Yamauchi et al., 1988). No 

inorganic arsenic was detected in this study, showing that organic arsenicals are not 

demethylated in vivo. MMA^' is the most common urinary metabolite in humans, while 

DMA^ is the predominant urinaiy metabolite in other mammals (Vahter and Marafante, 
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1985). It must be noted, however, that this study used analytical methods incapable of 

distinguishing between trivaient and pentavalent arsenic bearing compounds. 

Cell culture studies have also addressed metabolism of inorganic arsenic. In a 

study with mouse fibroblasts, cells exposed to arsenic trichloride were found to produce 

MMA and DMA, with valence states undetermined (Fischer et al., 1985). In this study, 

cells exposed chronically for 20 weeks exhibited tolerance to arsenic cytotoxicity and 

showed enhanced capacity for methylation of inorganic arsenic. In primary human 

hepatocytes, inorganic arsenic was primarily metabolized to DMA, with valence state 

undetermined (Stybio et al., 1999a). Methylation of arsenite was inhibited by arsenite in 

a dose-dependent manner, while somewhat elevated substrate levels shifted metabolism 

toward production of MMA, rather than DMA. The reduced methylation of arsenite at 

higher levels of substrate was possibly due to reduced cellular viability rather than direct 

methyl transferase inhibition by or saturation with the substrate. 

In conclusion, inorganic arsenic undergoes a series of reduction and methylation 

steps, producing inorganic, monomethylated and dimethylated metabolites existing in 

both trivaient and pentavalent states. Trivaient arsenic metabolites are more toxic than 

their pentavalent counterparts (Petrick et al., 2000). Some of this toxicity may be due to 

the tendency of trivaient metabolites to bind to proteins, possibly leading to alterations of 

functionally important proteins. Methylation can serve as a detoxication process, as it 

produces pentavalent methylated metabolites that are less toxic than non-methylated 

metabolites. It is important to note, however, that reduction of these metabolites into the 

methylated trivaient arsenic compounds MMA'" and DMA'" by arsenic reductases 
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produce the most potent arsenic containing toxicants in the arsenic metabolic pathway. 

Thus, arsenic metabolism serves as a detoxication and bioactivation mechanism. Despite 

the large volume of studies on arsenic metabolism, the ultimate toxic and carcinogenic 

metabolites of arsenic remain unknown. 

1.5 HUMAN ENVIRONMENTAL ARSENIC EXPOSURES AND HEALTH EFFECTS 

In the mid 1960's, the first large-scale epidemiological study of a chronic arsenic 

exposed population was conducted, in an area along the southwestern coast of Taiwan 

(Tseng et al., 1968). The inhabitants of this region had been drinking water from artesian 

wells contaminated with up to 1.8 parts per million arsenic (1.8 mg/L) for a period 

spanning approximately 50 years. Arsenic concentrations were measured and median 

concentrations ranged between 400 to 600 parts per billion. This population included 

40,421 individuals ranging in age from 20 to over 70 years old. The arsenic associated 

skin cancer incidence in this population exhibited dose-dependence and numbered 10.6 

cases per 1000 people (Tseng et al., 1968), with prevalence of cancers increasing with 

age. More than 10 % of the population over age 59 had skin cancers. Additionally, 78 % 

of the skin cancer patients observed in this population were over 50 years old (Yeh, 

1973), indicating that a majority of cancers occurred in subjects who were drinking 

contaminated water for nearly 50 years. 

In 1969, 17.5 % of deaths in this Taiwanese region of endemic arsenic poisoning 

were due to cancers, compared to 11.6 % in the general population of Taiwan (Yeh, 

1973). Skin cancers in this population occurred mostly on the trunk and extremities, with 



approximately 75 % of the observed cancers occurring on unexposed surfaces (Tseng et 

al, 1968). This greatly reduces the possibility of these cancers being associated with 

exposure to UV solar irradiation. Cancers were not noted in a control population of 

7,500 Taiwanese persons exposed to less than 17 ppb arsenic (Tseng, 1977). 

In the aforementioned region of Taiwan, increased mortality rates due to cancers 

of the bladder, kidney, skin, lung, liver and colon were observed and correlated with 

incidence of arsenic induced Blackfoot disease or environmental arsenic exposure (Wu et 

al., 1989; Chen et al., 1985). Incidence rates of lung cancers, bladder cancers and all 

malignancies increased with amount of arsenic in the drinking water (Chiou et al., 1995). 

This study by Chen and colleagues was the first to show that environmental arsenic 

exposure leads to increased incidences of and mortality due to internal cancers (Chen et 

al., 1985). 

In the study by Tseng and colleagues, many exposed individuals exhibited signs 

of chronic arsenicism other than cancers, including hyperpigmentation, keratoses and 

Blackfoot disease (Tseng et al., 1968; Neubauer, 1947). Hyperpigmentation or melanosis 

presents as brownish-yellow spotting of the skin typically occurring in more pigmented 

regions of the skin (Neubauer, 1947). Keratoses are small wart-like nodules appearing 

primarily on the palms and soles and are typically 2-5 mm in diameter (Neubauer, 1947). 

Blackfoot disease is a veno-occlusive disease defined by severe arteriosclerosis leading to 

gangrene of the extremities, especially the feet, in a majority of affected persons (Tseng 

et al., 1968). Based on epidemiological evidence, it has been estimated that 10 years of 

exposure to at least 100 ppb arsenic is required for development of arsenic induced skin 
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lesions (keratoses and hyperpigmentation), with an average latency period of 19 to 23 

years (Haque et al., 2003). In the endemic arsenic contaminated region of Taiwan, 18.4 

% of the population had hyperpigmentation and 7.1 % had keratoses, while 0.9 % 

exhibited Blackfoot disease (Tseng et al., 1968). These effects were not noted in a 

control population of 7,500 Taiwanese persons exposed to less than 17 ppb arsenic. 

Blackfoot disease incidence is associated with chronic exposure to arsenic 

contaminated drinking water in the southwestern coastal region of Taiwan (Tseng, 1977; 

Tseng et al, 1968), however, this condition has not been observed in any other regions 

with endemic arsenic poisoning. Though arsenic is a likely cause for Blackfoot disease, 

nutritional status, a genetic predisposition to vascular disease, or another contaminant in 

drinking water could also explain the incidence of Blackfoot disease in Taiwan. It must 

be noted, however, that the incidence of Blackfoot disease in this region of Taiwan was 

not observed in subjects exposed to less than 17 ppb arsenic and its incidence also 

diminished after establishment of a tap water supply in this region (Tseng, 1977). 

Occurrence of this disease is thus likely to be a result of arsenic exposure. Blackfoot 

disease is a particularly important arsenic induced health effect, as it is fatal in 

approximately 48 % of patients (Tseng, 1977). Carcinoma was the cause of death in 18.8 

% of Blackfoot disease patients in this study, while 15.7 % died of cardiovascular 

disease. 

Though a majority of epidemiological studies with arsenic in the drinking water 

focus on the southwestern coastal region of Taiwan, arsenic leads to increased incidence 

of disease in other exposed human populations. A dose dependent increase in lung 



cancer incidence was associated with arsenic in Chilean drinking water, contaminated 

with up to 400 ppb of this metalloid (Ferreccio et al., 2000). Cigarette smoking was also 

found to synergistically potentiate this risk for arsenic induced lung cancers. A 

population study in Northern Chile also determined that chronic arsenic exposure through 

contaminated drinking water increased mortality due to cancers of the bladder, lung, 

kidney and skin (Smith et al., 1998). In Argentina, consumption of contaminated 

drinking water led to increased mortality due to cancers of the lung, and kidney, however, 

arsenic did not lead to alterations in skin cancer mortality (Hopenhayn-Rich et al., 1998). 

Chronic arsenic exposure studies conducted in the United States reveal mostly 

negative data regarding cancer incidence and mortality and negative data pertaining to the 

incidence of other diseases (Lewis et al., 1999). A study conducted amongst a population 

chronically exposed to arsenic (<200 ppb) in Millard County, Utah found statistically 

significant increases in mortality due to hypertensive heart disease, kidney disease, and 

prostate cancer in males (Lewis et al., 1999). Interestingly, no incidences of keratoses, 

hyperpigmentation or skin cancer were reported in this study, indicating that this 

population may not be exposed to high enough levels of arsenic to achieve arsenic 

induced skin manifestations, or that the exposed population was not large enough to 

observe these endpoints. A small study conducted in Nevada suggests that arsenic may 

increase incidences cancer in those less than 19 years of age, including lymphomas, soft-

tissue cancers and testicular cancers (Moore et al., 2002). 

As described above, human exposures to arsenic occur primarily through 

consumption of contaminated drinking water. Human arsenic exposures can also occur 
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through contaminated foodstuffs and in occupational settings. Food borne arsenic 

exposure typically occurs through consumption of seafood contaminated with arsenic 

containing sugars that are essentially non-toxic (NRC, 1999). One striking occurrence of 

food borne arsenic contamination occurred in the Guizhou province of China where 

homes are heated and com and chili peppers are roasted using coal fires stoked with 

arsenic contaminated coal (Liu et al, 2002a; Lu et al., 2001; Finkelman et al., 1999). 

Residents of the Guizhou province showed increased incidence of skin cancer, keratoses, 

hyperpigmentation and hepatomegaly (Liu et al., 2002a). Arsenic induced cancers in 

these individuals may be associated with breathing of arsenic laden coal smoke in poorly 

ventilated households, in addition to consumption of contaminated foods. Lastly, many 

cases of industrial exposures to arsenic have been reported, including exposure of smelter 

workers in Romania (Gabor and Coldea, 1977). Industrial exposures must be heavily 

scrutinized, however, as they typically include multiple chemical exposures, making it 

difficult to identify effects of arsenic exposure. 

Chronic exposure to inorganic arsenic has also been correlated with non-

carcinogenic health effects. In the Blackfoot disease endemic region of arsenic exposure 

in Taiwan, increased mortality due to peripheral vascular diseases and cardiovascular 

diseases was observed amongst arsenic exposed individuals (Wu et al., 1989). Arsenic 

has in fact been associated with increased mortality due to cardiovascular disease in 

Taiwan, Chile and Japan (Yu et al., 2002). Long term exposure to arsenic contaminated 

drinking water in Taiwan has also been associated with dose-dependent increases in 
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incidences of hypertension (Chen et aJ., 1995), diabetes mellitus (Wang et al., 2003) and 

coronary atheroslerosis (ischemic heart disease) (Tseng et al., 2003). 

Respiratory effects of chronic arsenic exposure have also been reported in a 

number of studies (Summarized in Figure 1.2). In the West Bengal region of India, dose-

dependent increased incidences of cough, chest sounds in the lungs and shortness of 

breath were observed amongst non-smoking individuals exposed to more than 50 ppb 

arsenic in their water than in the control group exposed to less than 50 ppb arsenic in 

drinking water (Mazumder et al., 2000). These respiratory manifestations were also 

observed in children. Increased incidence of cough and respiratory disease (either 

restrictive or obstructive) were also reported amongst arsenic exposed individuals in 

West Bengal (Mazumder, 2003). In addition, a small study in Bangladesh found that 

there was a two to three fold increased risk for chronic cough and chronic bronchitis 

amongst arsenic exposed individuals (Milton et al., 2003). 

In conclusion, chronic exposure to environmental arsenic through consumption of 

contaminated drinking water has been correlated with increased incidence of and 

mortality due to various diseases. Hallmarks of human exposure include keratoses and an 

increased pigmentation of the skin known as hyperpigmentation. These lesions are often 

found in patients suffering from arsenic induced skin cancers and internal malignancies. 

Non-carcinogenic outcomes of chronic arsenic exposure include vascular disease, 

diabetes, heart disease and respiratory diseases. 

1.6 REGULATION OF ARSENIC IN THE DRINKING WATER 
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As a result of extensive evidence detailing arsenic exposures and corresponding 

human health effects, there has been ongoing regulation of arsenic in drinking water since 

1942, when the United States Environmental Protection Agency (USEPA) set a 

maximum contaminant level (MCL) of 50 fig/liter (Smith et al., 2002; Brown and Ross, 

2002). 

The 1942 MCL for arsenic remained in effect until 2001, when a new MCL of 10 

|ig/liter (these units often referred to as parts per billion or ppb) was set by the USEPA 

under the Clinton administration (Brown and Ross, 2002). In addition to the new MCL, 

the USEPA also proposed an MCLG (maximum contaminant level goal) of 0 ppb. Such 

a goal is unattainable due to extraordinary costs associated with the removal of arsenic 

from water supplies. In addition, high costs of equipment and personnel needed for 

measurement of arsenic contamination at such low levels are cost prohibitive for small 

water districts. Under the auspices of needing further scientific review, the 10 ppb MCL 

was suspended and later reinstated by the USEPA under the Bush administration in 2002. 

The new 10 ppb MCL will formally take effect in January of 2006 (Brown and Ross, 

2002). 

The change in arsenic MCL from the 1942 standard to that of 2001-2002 was not 

without controversy. Most of the epidemiological data concerning chronic exposure of 

humans to inorganic arsenic involves doses in the hundreds of parts per billion. 

(Mazumder et al., 2000; Smith et al., 1998; Abemathy et al., 1996; Tseng et al, 1968). A 

1988 USEPA estimation of the dose-response for arsenical induced cancers was 

performed using primarily the Taiwanese exposure data, with a median dose of 170 ppb 
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in the low dose exposure group (Abemathy et al., 1996; Tseng et al., 1968). Thus, the 

USEPA has used high dose chronic exposure studies in order to extrapolate a dose-

response and to evaluate human health risks following chronic low dose arsenic 

exposure. Due to the lack of data concerning human health effects of chronic low dose 

arsenic exposures, it is prudent to evaluate long-term low dose exposures and resulting 

adverse health outcomes. The best indicator of risk for such exposed populations is not 

an extrapolation, but rather, scientific observations of humans exposed to drinking water 

arsenic in concentrations ranging from 10 to 50 fig/liter. 

1.7 MODELS AND PROPSED MECHANISMS FOR ARSENIC CARCINOGENESIS 

Though chronic inorganic arsenic exposure in humans has been correlated with 

increased incidence of cancers of the skin and internal organs, appropriate animal models 

for this carcinogenesis remain a subject of debate. Goering and colleagues argue that 

their are a lack of validated and reproducible animal models for arsenic carcinogenesis, 

while Huff and colleagues cite non-peer reviewed models of DMA^ carcinogenicity at 

high doses as evidence of arsenic carcinogenicity (Huff et al., 2000; Goering et al., 1999). 

While there are currently few studies demonstrating that inorganic arsenic is a complete 

carcinogen in an animal model, high dose exposures to DMA^ have clearly been shown 

to be carcinogenic in animals (Wei et al., 2002; Kenyon and Hughes, 2001; Huff et al., 

2000; Yamamoto et al., 1995). These DMA^ carcinogenicity studies require long term 

dosing with at lease 40 ppm of this metabolite. Goering and colleagues argue that the 

lack of animal sensitivity to arsenic induced carcinogenesis may be explained by 
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increased human sensitivity over that of animals. A more likely explanation is that 

arsenic is a co-carcinogen, rather than a complete carcinogen (Rossman et al., 2002). 

Several animal models for inorganic arsenic carcinogenesis have recently been 

developed. The TG.AC mouse carries the v-Ha-ras oncogene and thus has already been 

initiated for the carcinogenic process (Germolec et al., 1997). These mice formed 

papillomas following oral administration of the tumor promoter TPA. Four week 

exposure to 2 ppm arsenite alone did not cause papilloma formation in this mouse model, 

while 4 week pre-treatment with arsenite followed by TPA treatment dramatically 

increased tumor formation, thus implicating arsenic not as a tumor promoter or initiator, 

but as a tumor enhancing agent (Germolec et al., 1997). Hairless immunocompetent mice 

given 10 ppm arsenite (5.8 ppm arsenic) for 26 weeks in combination with UV irradiation 

3 times per week were found to be more susceptible to UV induced skin tumors than 

those mice exposed to UV alone (Rossman et al., 2001). This study demonstrated more 

rapid development of tumors with arsenic and UV co-treatment than with UV alone and 

provided evidence that arsenic exposure leads to increased tumor multiplicity. This study 

implicates arsenic as a co-carcinogen. 

Recently, a transplacental model of arsenic carcinogenesis was put forth, 

providing an animal model for inorganic arsenic as a complete carcinogen (Waalkes et 

al., 2003). In this model, CH3 strain mouse pups were exposed to 42.5 or 85 ppm 

arsenite from days 8 to 18 of gestation. The results of this study demonstrated a 

significant dose-dependent increase in tumor formation and tumor multiplicity in CH3 

mouse pups, despite a fairly high basal rate of tumor formation. This study correlated 
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arsenic exposure with statistically increases in ovarian tumors, uterine tumors, and 

oviduct tumors. The tumor multiplicity was very low in control CH3 pups, with arsenite 

exposure resulting in marked increases in tumor multiplicity. Tumor types exhibiting 

increased formation in this study by Waalkes and colleagues included those of the liver, 

adrenal gland, lung, uterus and oviduct. 

The three aforementioned animal models for inorganic arsenic carcinogenesis all 

utilize extremely high doses of arsenic, which are unlikely to ever occur from 

environmental exposures. The utilization of co-exposures with other carcinogens in the 

TG.AC and UV mouse models are more likely to mimic a real world exposure situation 

(Rossman et al., 2001; Germolec et al., 1997). Though these studies use high doses of 

arsenic, they indicate that exposures to multiple agents are required for arsenic 

carcinogenesis. Thus, exposure to arsenic alone in laboratory rodents without other 

carcinogenic stimuli is unlikely to produce arsenic carcinogenesis, as described by 

Goering and colleagues (Goering et al., 1999). In arsenic exposed humans, genetic 

susceptibility to carcinogenesis, UV exposure, contact with other carcinogens and 

environmental stimuli may provide the co-carcinogenic insults needed for arsenic 

induced carcinogenesis. These conditions are unlikely to be reproduced in a laboratory 

setting without exposure to high doses of arsenic or without the use of other carcinogenic 

stimuli (Rossman et al., 2001; Germolec et al., 1997). 

Though the mechanism of arsenic carcinogenesis and co-carcinogenesis remain 

unknown, there have been multiple mechanisms proposed. Possible mechanisms of 

arsenic carcinogenesis include oxidative stress and ensuing oxidative DNA damage. 
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alterations in DNA repair, induction of chromosomal abnormalities, altered DNA 

methylation, alterations in growth factor expression, enhancement of cell proliferation, 

tumor promotion, gene amplification and suppression of p53 expression (Kitchin, 2001). 

Despite many in vitro and in vivo studies with high doses of arsenic, molecular studies 

must be further conducted on exposed human populations to establish which of these 

proposed mechanisms or combinations of these mechanisms is responsible for 

environmental arsenic carcinogenesis. 

1.8 ARSENIC TQXICOGENETICS 

Chronic low-dose arsenic exposures cause increased cellular proliferation in 

fibroblasts, concomitant with downregulation of cell cycle inhibiting genes (p27-Kipl 

and MKP-1) and upregulation of genes promoting cellular proliferation (E2F and myc) 

(Trouba et al., 2000). Exposure of cultured fibroblasts to 0.1 [xM arsenite for 14 days 

caused upregulation of cyclin D1 and blocked radiation induced increases in the cell 

cycle inhibitor p21 (Vogt and Rossman, 2001). Proliferating cell nuclear antigen 

(PCNA) overexpression, cellular proliferation and enhanced binding of the AP-1 

transcription factor were discovered in mouse bladder, following exposure to 1 ppm 

arsenite for 4 weeks (Simeonova et al., 2000), again validating that chronic arsenic 

exposure promotes cellular proliferation through transcriptional aberrations. In addition, 

chronic exposure of rat liver epithelial cells to 37.5 ppb arsenic (as arsenite) caused 

cellular transformation (Zhao et al., 1997) and upregulation of the cellular proliferation 
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genes cyclin Dl, c-myc, k-ras and PCNA (Chen et al., 2001a), results which were also 

validated by corresponding changes in protein expression (Chen et al., 2001b). 

Most toxicogenetic studies with inorganic arsenic have focused on acute effects of 

arsenic exposure. Though these studies may be less meaningful in approximating the 

effects of chronic environmental arsenic exposures, they may still provide mechanistic 

insight necessary for understanding arsenic toxicity and carcinogenicity. Exposures of 

kidney cells to low to moderate doses of arsenite (1 and 10 |iM) for up to 24 hours led to 

aberrant gene expression, including genes involved in regulation of the stress response, 

transcriptional regulation, cell growth regulation, proteolysis and transport (Zheng et al., 

2003). Acute exposures to arsenite resulted in increased expression of oxidative stress 

genes including gamma glutamyl cysteine synthetase and the transcription factors AP-1 

and NF-KB in cultured lung epithelial cells (Li et al, 2002). Alterations in AP-1 and NF-

KB were also observed in lung tissue slices following acute exposure to low doses of 

arsenite (Wijeweera et al., 2001). 

Studies conducted with acute exposures to lower doses of arsenic (5 nM to 5 |JM) 

in cultured keratinocytes for up to 24 hours demonstrated that arsenic exposure causes 

enhanced cellular proliferation and altered expression of genes regulating DNA repair, 

oxidative stress and cellular proliferation (Hamadeh et al., 2002). Downregulation of 

DNA repair genes observed by Hamadeh and colleagues have also been recently 

confirmed by microarray analysis following acute low dose exposures of cultured cells to 

arsenic (Andrew et al., 2003). Another interesting point is that arsenic elicited entirely 

different transcriptional alterations in vitro when comparing 5 p,M and 50 |iM exposures 
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over a four-hour time course (Andrew et al., 2003), with only a few genes exhibiting 

overlapping effects between these two doses. This study very clearly illustrates the 

importance of dose in determining the effects of arsenic exposure in an experimental 

model. These observations of Hamadeh and colleagues demonstrate that acute exposures 

to low doses of arsenic can mimic effects of chronic low dose exposures (Hamadeh et al., 

2002; Trouba et al., 2000). This does not, however, demonstrate that exposure duration 

is an insignificant variable, as lengthy exposures to sub-cytotoxic doses of arsenic cause a 

dose and time dependent induction of cellular transformation (Zhao et al., 1997), an 

occurrence which is not observed following acute, low-dose exposures to arsenic. 

Though most studies describing the effects of chronic low dose exposures to 

arsenic have utilized in vitro models, a recent study utilized cDNA microarray to 

illustrate the toxicogenetic effects of arsenic following in vivo exposures. This study 

used liver biopsy samples of patients with arsenic induced hepatic lesions (Lu et at., 

2001). Liver samples from these individuals exhibited upregulation of proliferative E2F 

transcription factors and of the cell cycle promoting genes cyclin A, cyclin E and cyclin 

Gl. These changes in proliferative gene expression are consistent with dramatic 

overexpression of the oncogenes c-H-ras, c-K-ras, c-met, erbB2, erbB3, Wilms Tumor 1 

and of several cyclin genes observed in liver epithelial cells malignantly transformed via 

chronic treatment with 500 nM arsenite (Chen et al., 2001a). DNA repair genes and 

superoxide dismutase were also upregulated in this in vivo study, indicative of arsenic 

induced oxidative DNA damage. Acute arsenic exposure induced upregulation of genes 

encoding apoptotic machinery in vitro (Akao et al., 2000), while chronic poisoning of 
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humans with arsenic led to blockade of apoptosis at the transcriptional level in liver 

biopsy samples (Lu et al., 2001). Collectively, these studies show that chronic arsenic 

exposure leads to perturbation of cell growth and cell division in vivo. 

In conclusion, arsenic is a toxicant that causes perturbations in a number of 

cellular processes at the transcriptional level. These processes include cellular 

proliferation, oxidative stress, DNA repair and growth regulation. The mechanism by 

which arsenic elicits such effects remains unknown. It has been proposed that such 

toxicogenetic alterations may be mediated by global DNA hypomethylation, a process 

known to induce aberrant gene expression, typically by a general upregulation of gene 

expression (Zhao et al., 1997). It must be noted, however, that DNA hypomethylation 

does not account for arsenic induced downregulation of gene expression. The observed 

toxicogenetic alterations induced by arsenic exposure are likely indicative of downstream 

changes in protein expression and of physiological alterations. Gene expression data 

correlating with a change in protein expression and phenotypic alterations can help 

establish biomarkers for human health effects associated with inorganic arsenic exposure. 

1.9 ARSENIC AND THE DEVELOPING FETUS 

It is well established that the developing fetus can be exceptionally sensitive to 

toxicants (Perera et al., 1999), with developmental toxicity of environmental arsenic 

exposure meriting further study. Placental transfer of arsenic to the developing fetus 

occurs in humans (Concha et al., 1998a) and laboratory animals (Lindgren et al., 1984; 

Gerber et al, 1982; Hanlon and Perm, 1977). The transfer of arsenic to the fetus through 
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maternal drinking water has recently been demonstrated in a mouse transplacental 

carcinogenesis model (Waalkes et al., 2003). Once reaching adulthood, offspring 

exposed to arsenic during gestation were found to have higher incidences of solid tumors 

of the lung and other tissues and increased mortality due to these cancers. This study 

demonstrated not only placental transfer of arsenic to the fetus and its toxicological 

consequences, but also demonstrated a latency period required for occurrence of these 

effects. Despite absence of gross birth defects in these animals (lack of teratogenicity), 

arsenic did lead to detrimental effects upon reaching of adulthood, raising the possibility 

that such effects may occur in exposed human populations. 

It is well established that the developing fetus can be exceptionally sensitive to 

toxicant exposure (Perera et al., 1999). To date, no epidemiological evidence has 

correlated environmental arsenic exposure with teratogenicity, however, increased 

incidence of spontaneous abortions and stillbirths have been reported in arsenic exposed 

human populations when compared to control populations (Yang et al., 2003; Ahmad et 

al., 2001; Borzsonyi et al., 1992). These studies also demonstrate an association between 

maternal arsenic exposure and reduced birth weight of offspring. Retardation of fetal 

growth has also been noted as an endpoint of prenatal arsenic exposure in several animal 

studies (Shalat et al., 1996; Wlodarczyk et al., 1996a; Hood et al., 1977). 

Though there are few human studies concerning adverse pregnancy outcomes 

attributable to in uiero arsenic exposures, there are a greater number of such animal 

studies in the literature. Acute high-dose injections of arsenic (10-45 mg/kg arsenate) in 

rodents during gestation induced skeletal abnormalities and neural tube defects in rodents 



(Wlodarczyk et al., 1996b; Wlodarczyk et al., 1996a; Ferm, 1977; Hood et al., 1977). A 

recent arsenic teratogenicity study utilized ip injection of 10 mg/kg arsenite into 

C57BL/6J mice and demonstrated gestation day dependent sensitivity of pups to arsenic-

induced malformations (Machado et al., 1999). These malformations included various 

neural tube defects, cardiovascular defects, skeletal defects and enlargement of the 

bladder. 

Most arsenic teratogenicity studies have been called into question based upon the 

use of intravenous and intraperitoneal administration of exceedingly high doses (up to 45 

mg/kg arsenate) of arsenic in such studies (DeSesso, 2001; DeSesso et al., 1998). The 

criticisms of DeSesso and colleagues have also been experimentally validated, as arsenate 

was not teratogenic in mice following repeated oral exposures to doses below 7.5 

mg/kg/day (Nemec et al., 1998). Furthermore, the developmental NOAEL (No Observed 

Adverse Effect Level, a threshold value) for oral exposure to arsenic trioxide was 

approximately five times higher than that of ip injection (Stump et al., 1999), illustrating 

the importance of both dose and route of exposure in arsenic teratogenesis. 

Absence of teratogenicity of arsenic following environmentally relevant 

exposures does not demonstrate that developmental exposures to this metalloid are 

innocuous. Patliological studies have not been conducted in offspring exposed to arsenic 

in utero either at exceedingly high or environmentally relevant doses. It is imperative 

that researchers look for pathological abnormalities in internal organs following such 

arsenic exposures in order to thoroughly evaluate human health implications of in utero 

exposures to arsenic. Most developmental studies with arsenic have looked only for 



50 

gross deformations and fetal death as experimental endpoints. Until thorough 

pathological studies are conducted, it can be concluded that arsenic is not a teratogen 

following environmentally relevant exposures, however, the developmental effects of this 

carcinogen still remain imcharacterized. 

To date, there are few studies detailing toxicogenetic alterations in the developing 

fetus induced by maternal arsenic exposure. Acute, high dose ip injections of arsenic 

(30-45 mg/kg) during gestation have been associated with neural tube defects and 

corresponding aberrant gene expression of developmentally important transcription 

factors in the neural tube, including Hox 3.1 and Pax 3 (Wlodarczyk et al., 1996a). These 

doses of arsenic also triggered upregulation of bcl-2 and p53 gene expression in the 

neural tube, indicative of inhibition of cellular proliferation (Wlodarczyk et al., 1996b). 

These anti-proliferative gene expression effects may be a result of the high doses of 

arsenic used in the study, as they do not correlate well with results observed in 

toxicogenetic studies utilizing chronic, low-dose arsenic exposures. These studies did not 

address the effects of sub-teratogenic doses of arsenic in the whole embryo, nor did they 

contain data pertaining to toxicogenetic effects of arsenic in major target organs of this 

metalloid. Thus, effects of arsenic on the developing embryo at the transcriptional level 

remain largely unexplored. 

1.10 LIJNG DEVELOPMENT 

The leading cause of morbidity and mortality amongst newborns is deficient lung 

maturation due to premature birth (Kaplan, 2000). The process of lung development 



occurs during both prenatal and postnatal life. It is important to note that the number of 

days to term in the rat is 22 days, while it is 20 days in the mouse and 280 days in the 

human. Thus, the mouse and rat are comparable models for use in modeling of human 

lung development. 

During mouse embryogenesis, the primordial lung bud arises around embryonic 

day 9.5 (Chuang and McMahon, 2003). This lung bud contains two parts, the primordial 

trachea and two endodermal buds that give rise to the left and right primary bronchi. 

Lateral branching of these endodermal buds, also termed secondary branching, occurs 

around embryonic day 10.5 and gives rise to secondary buds (Warburton et al., 2000). 

These secondary buds undergo numerous branching steps, eventually culminating in 

terminal branching, a process giving rise to terminal and respiratory bronchioles. 

Respiratory bronchioles eventually undergo alveolarization, following which they contain 

functional alveoli, air sacs in the lung that come into close contact with the pulmonary 

capillary network. In rodent models, alveoli are formed largely during the postnatal 

period. These alveoli allow for gas exchange between the lung and the blood. 

In developing humans the primordial lung bud arises at day 22 of gestation, with 

this bud bifurcating during days 26 to 28 of development (Larsen, 2001). Sixteen more 

branching events take place in the human embryo during weeks 5 through 28 of 

gestation, giving rise to secondary and tertiary bronchi. Ultimately, these bronchi branch 

to produce terminal bronchioles and respiratory bronchioles. These respiratory 

bronchioles have undergone alveolarization by week 36 of human gestation, a process 
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which is in the advanced stages at birth and undergoes completion postnatally in humans 

(Larsen, 2001). 

Branching morphogenesis is the process by which the primitive lung forms a 

highly branched network of tubular structures serving to carry air to the alveoli which in 

turn function in gas exchange between the respiratory tract and the blood (Warburton et 

al., 2000). This process is critical in controlling development of the fetal lung. 

Branching morphogenesis is highly regulated by numerous growth factors and their 

receptors and numerous transcription factors. This process is thought to be heavily 

regulated by expression of fibroblast growth factor 10 (FGF-10) and its negative 

regulator, sprouty 2 (Chuang and McMahon, 2003; Warburton et al., 2000), with the 

precise molecular mechanisms for this and other steps in lung development still largely 

unknown. 

In addition to growth factors and their regulators, epithelial-mesenchymal 

interactions are critical for regulation of normal lung development (Chuang and 

McMahon, 2003). These interactions involve physical contact and signaling between the 

developing epithelium and the surrounding mesenchyme. The nature of these 

interactions in lung development remain poorly characterized, however, FGF-10 is 

secreted by the mesenchyme during early branching morphogenesis, demonstrating the 

importance of such interactions (Chuang and McMahon, 2003). 

Components of the extracellular matrix are also important in regulating lung 

development. Collagen type III is an interstitial collagen found within the alveolar walls 

and pulmonary vasculature (Foronjy et al., 2003). Expression of the gene encoding 
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collagen III peaks at embryonic day 12 in the mouse, with its expression becoming 

gradually reduced until birth (Mariani et al, 2002). Tropoelastin is the soluble precursor 

to elastin and provides tissue integrity and passive recoil necessary for expiration of the 

lung (Mariani et al., 2002). Tropoelastin is highly expressed in the pulmonary 

vasculature and alveoli during mouse lung development, with peak expression on 

embryonic day 18 (Mariani et al., 2002). Both elastin knockout mice (Wendel et al., 

2000) and collagen type III knockout mice (Foronjy et al., 2003) exhibit emphysematous 

changes in their lungs, thus demonstrating that these proteins are critical for normal lung 

development. Elastin knockout mice also exhibit impaired branching morphogenesis in 

the developing lung (Wendel et al., 2000). 

Toxicological studies pertaining to arsenic in the lung have focused entirely on 

the adult lung. The complex interplay between growth factor and transcription factor 

expression during branching morphogenesis in the lung may be targeted by toxicants that 

elicit their action through perturbations in gene expression. In addition, the fact that 

branching morphogenesis precedes alveolarization makes this process critical in the 

development of a functional lung. Thus, reduction or enhancement of branching 

morphogenesis due to arsenic exposure would affect the number of functional alveoli, in 

turn regulating the ability of the lung to function in gas exchange. This potential 

susceptibility and the role for arsenic in mediating gene expression in experimental 

models, coupled with the targeting of the adult and developing lung by this metalloid 

make the developing lung an attractive target for arsenic toxicogenetic studies. 
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L I  1  STATEMENT OF PROBLEM AND HYPOTHESES 

The first two data chapters of this dissertation addresses work pertaining to the 

methylation of inorganic arsenic, a process long considered to function in arsenic 

detoxication. These chapters serve to characterize the toxicity of monomethylarsonous 

acid (MMA'"), a methylated arsenic metabolite whose cytotoxicity and in vivo toxicity 

were previously uncharacterized in mammalian models. At the time these experiments 

were conducted, MMA'" toxicity had only been assessed in a yeast model. Other known 

toxicities of this compound included inhibition of glutathione reductase and thioredoxin 

reductase enzymes. Since the completion and publication of this work, these findings 

have been validated several times, adding to evidence implicating this arsenic species as a 

key toxic species of inorganic arsenic metabolism. In these studies, the following 

hypotheses were tested: 1) MMA'" is the most toxic metabolite of inorganic arsenic in 

vitro. 2) MMA™ toxicity occurs independent of phosphate, and thus its uptake is not 

mediated by the phosphate transporter. 3) MMA"^ is more lethal than inorganic arsenite 

in vivo. 4) MMA'" is a more potent inhibitor of hamster kidney pyruvate dehydrogenase 

than arsenite. 

The following Specific Aims were used to address these hypotheses: 1) To test 

acute cytotoxicity of MMA'" in comparison to all commercially available mammalian 

metabolites, using mitochondrial XTT metabolism and leakage of LDH and intracellular 

potassium as measurements of toxicity. 2) To evaluate toxicity of these metabolites in 

the absence and presence of phosphate. 3) Measure acute lethality of MMA'" and 

arsenite following intraperitoneal injection of these compounds by the LD50 test. 4) To 
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measure pyruvate dehydrogenase inhibition in vitro, comparing inhibition by MMA'" and 

arsenite. 

Arsenic is a pervasive environmental toxicant known to target the adult lung, 

leading to increased incidences of lung tumors, chronic obstructive pulmonary disease 

and bronchitis (Figure 1.2). Arsenic has also recently been shown to target the 

developing fetal lung following transplacental exposures during gestation (Waalkes et al., 

2003). Arsenic has been shown to cross the placenta and reach the developing fetus, 

where high doses have been associated with occurrence of neural tube defects, skeletal 

defects, low birth weight and spontaneous abortions (Figure 1.2). In numerous in vitro 

systems and in several in vivo systems, arsenic has proven to cause alterations in gene 

transcription including those genes indicative of oxidative stress and DNA damage, 

increased cellular proliferation and carcinogenesis. The studies that follow address the 

effects of arsenic on the developing fetus, assessing effects on fetal growth and 

toxicogenetic changes in the fetal lung (Figure 1.2). Chapters four and five specifically 

address the toxicogenetic effects of inorganic arsenic on the developing lung, based on 

the following hypotheses: 1) Chronic exposures to inorganic arsenic during gestation 

target the developing lung, thereby initiating toxicogenetic alterations. 2) These 

transcriptional alterations will affect key pathways necessary for proper development of 

fetal lung, involving both lung structure and ftmction. 

The Specific Aims used to test these hypotheses consisted of: 1) Exposure of fetal 

rats to 500 parts per billion arsenic during gestation. 2) Removal of fetal lungs at 

embryonic day 18 and performance of subtractive cDNA hybridizations to analyze 
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differential gene expression following arsenic treatment. 3) Production of a custom 

cDNA microarray and performance of microarray expression analyses on cultured 

alveolar type II ceils following varying doses and durations of arsenic exposure. 4) 

Validation of selected gene expression results by quantitative real time PGR. 5) 

Examination of gene expression results at the protein expression level by western 

immunoblotting. The completion of these studies may serve to establish biomarkers of 

gestational arsenic exposure and may help elucidate the effects of arsenic on the 

developing lung (Figure 1.2). 

1.12 EXPLANATION OF THE DISSERTATION FORMAT 

Chapters two and three are published manuscripts, reproduced with permission 

from the publisher. This work was conducted in the laboratory of Dr. H. Vasken 

Aposhian in the Department of Molecular and Cellular Biology at the University of 

Arizona. These chapters address the toxicity of the trivalent methylated arsenic 

metabolite MMA'" in comparison to other arsenic metabolites. Both manuscripts were 

first author publications by the author of the present dissertation. Though collaborators 

are listed on these manuscripts, the laboratory experiments and writing were done in their 

entirety by the author of this dissertation. Collaborators were responsible for some key 

scientific advising or for the synthesis of key reagents used in conducting these 

experiments, but not for conducting of experiments or writing. The content of these 

chapters was novel at the time of their publication. Monomethylarsonous acid toxicity 

was previously uncharacterized in mammalian cells or in an animal model and its 
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comparative toxicity to other arsenic metabolites was unknown at the time of these 

publications. In addition, no work had previously demonstrated the effect of this arsenic 

metabolite on the pyruvate dehydrogenase enzyme. 

Chapters three and four present current research ongoing in the laboratory of Dr. 

Robert Clark Lantz. These research chapters are presented in journal article format, as 

they are to be submitted for publication. These chapters address the toxicogenetic effects 

of arsenic in the developing fetal lung following exposure during gestation. Additionally, 

the final chapter of this dissertation includes a summary of the body of research, 

including relevance to the arsenic research field, novelty of the research and future 

scientific aims. 
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FIGURE 1.1. Putative pathway for mammalian arsenic metabolism. 
Abbreviations: As, arsenic; GSH, glutathione; GSSG, oxidized glutathione; SAM, s-
adenosyl methionine; SAHC, s-adenosyl homocysteine; GST, glutathione s-transferase 
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FIGURE 1.2. Flowchart depicting base of knowledge for arsenic toxicity in the lung and 
in the developing fetus. This figure also outlines the experimental questions to be 
answered by studies exploring the effects of arsenic in the developing lung. All 
statements are discussed in detail within the text of the introduction. 
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CHAPTER 2 

MONOMETHYLARSONOUS ACID (MMA'") IS MORE TOXIC THAN ARSENITE 

IN CHANG HUMAN HEPATOCYTES 

Reprinted from Toxicology and Applied Pharmacology, Volume 163, Petrick, J.S., 
Ayala-Fierro, F., Cullen, W.R., Carter, D.E., Aposhian, H. V., Monomethylarsonous 
Acid (MMA"^) is More Toxic than Arsenite in Chang Human Hepatocytes, pages 203-
207,2000, with permission from Elsevier. 

2.1 ABSTRACT 

Methylation has been considered to be the primary detoxication pathway of 

inorganic arsenic. Inorganic arsenic is methylated by many, but not all animal species, to 

monomethylarsonic acid (MMA^), monomethylarsonous acid (MMA'"), and 

dimethylarsinic acid (DMA^). The derivatives have been assumed to produce low 

toxicity, but the relative toxicity of MMA'" remains unknown. In vitro toxicities of 

arsenate, arsenite, MMA^, MMA"' and DMA^ were determined in Chang human 

hepatocytes. Leakage of lactate dehydrogenase (LDH) and intracellular potassium (K"^) 

and mitochondrial metabolism of the tetrazolium salt XTT were used to assess 

cytotoxicity due to arsenic exposure. The mean LC50 based on LDH assays in phosphate 

media was 6 p.M for MMA"' and 68 ^M for arsenite. Using the assay for K"^ leakage in 

phosphate media, the mean LC50 was 6.3 juM for MMA'" and 19.8 |aM for arsenite. The 

mean LC50based on the XTT assay in phosphate media was 13.6 jaM for MMA"' and 164 

fiM for arsenite. The results of the three cytotoxicity assays (LDH, K^and XTT) reveal 

the following order of toxicity in Chang human hepatocytes: MMA'" > Arsenite > 
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Arsenate > MMA^ = DMA^ . Data demonstrate that MMA'", an intermediate in inorganic 

arsenic methylation, is highly toxic and again raises the question as to whether 

methylation of inorganic arsenic is a detoxication process. 

2.2 INTRODUCTION 

The presence of carcinogenic levels of inorganic arsenic in drinking water is a 

major environmental threat to human health. Arsenic is present in water, air, and soils 

(Hindmarsh and McCurdy, 1986). One of the major sources of inorganic arsenic in the 

environment is the smelting of non-ferrous ores (Fowler, 1977). The use of arsenicals in 

pesticides, rodenticides, and fungicides has also contributed to arsenic contamination of 

the environment. Inorganic arsenic can be inhaled in dusts and smoke from smelting, and 

ingested in contaminated food or water. 

It has been generally believed that methylation of inorganic arsenic is a 

detoxication mechanism (Goyer, 1996; Fischer et al., 1985; Vahter and Marafante, 1983). 

Arsenite is a substrate for highly purified arsenite methyltransferase, which catalyzes the 

methylation of arsenite to monomethylarsonic acid (MMA^^) (Aposhian, 1997; Zakharyan 

et al., 1995). MMA^ must be reduced to monomethylarsonous acid (CH3As(OH)2, 

MMA*") before further methylation by methyltransferases (Figure 2.1) (Zakharyan and 

Aposhian, 1999b; Vahter, 1999; Cullen and Reimer, 1989). This highly reactive MMA'" 

intermediate has been elusive and difficult for many to isolate in vivo or in vitro; 

however, MMA'" has recently been isolated from human urine after treatment with 2,3-

dimercapto-1 -propanesulfonic acid (DMPS) (Aposhian et al., 2000b). Aqueous solutions 
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of the cyclic oxide {CH3 AsO)n contain MMA'" that has been shown to be more toxic than 

arsenite in Candida humicola (Cullen et al., 1989) though its toxicity has not been 

determined in a mammalian system. 

Evaluation of toxicity in cell culture may utilize a variety of assays for membrane 

integrity and cellular function. Cell damage can be quantitated as a function of 

membrane integrity by determining the amount of lactate dehydrogenase (LDH) activity 

remaining in the cell after toxicant exposure. LDH is a cytosolic enzyme of 

approximately 40kd, (depending on the isoform) and its release from the cells is an 

indicator of damage (Dujovne and Zimmerman, 1969; Wroblewski and LaDue, 1955). 

This assay reveals toxicity in later stages, as a hole in the plasma membrane must exist 

for LDH to be released by the cell. Membrane function and integrity can also be 

evaluated by measuring the leakage of intracellular potassium (Baur et al., 1975). In the 

early stages of cell damage, potassium balance can no longer be maintained and 

potassium (K^) escapes into the growth media. leakage is thought to be one of the 

most sensitive detenninants of cell damage (Baur et al., 1975). 

Mitochondrial metabolism of tetrazolium salts has been used to assess cell 

function and viability (Loveland et al, 1992; Roehm et al., 1991). The tetrazolium salt 

XTT (2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide inner 

salt) is metabolized to a colored formazan product in the mitochondria of healthy cells. 

The XTT assay detects mitochondrial damage due to toxicant exposure. The toxicant 

must cross the plasma and mitochondrial membranes before damage can be measured 

using the XTT assay, thus requiring higher levels of the toxicant. 
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We have compared the relative toxicities of MMA'", arsenite, arsenate, MMA^ 

and dimethylarsinic acid (DMA^) in Chang human hepatocytes, using the LDH, K"^ and 

XTT assays. MMA*", a biotransformant of inorganic arsenic was up to 26 times more 

toxic than arsenite, depending on the assay used to measure toxicity. Other methylated 

arsenicals, MMA^ and DMA^, were much less toxic than MMA'" or inorganic arsenic. 

It has been claimed that methylation of inorganic arsenic is a detoxication process (NRC, 

1999). The evidence presented in this paper demonstrate that MMA'" is more toxic than 

inorganic arsenite and that it is the most toxic compoimd in the biotransformation 

pathway of inorganic arsenic to DMA^. 

2.3 MATERIALS AND METHODS 

REAGENTS. Sodium arsenite, DMA^, LD-L20 LDH kit, XTT, phenazine 

methylsulfate, Trizma-HCl, Trizma-Base, IX trypsin-EDTA and gentamicin (50 mg/10 

ml) were purchased from Sigma Chemical Company (St. Louis, MO). Sodium arsenate 

was purchased from MCB Reagents (Cincinnati, OH). RPMI 1640 growth media, 

phosphate and phosphate-free was obtained from Gibco BRL Products (Grand Island, 

NY). Sodium bicarbonate was purchased from Fisher Scientific (Fair Lawn, NJ). A 

penicillin-G/streptomycin (10,000 units/ml and 10,000 fig/ml, respectively) solution was 

obtained from Gemini Bio-products (Calabassas, CA). Fetal bovine serum (FBS) was 

obtained from Gemini Bio-products (Calabasas, CA) and Summit Biotechnology (Fort 

Collins, CO). Tris-HCl buffer was prepared by adding 0.1 M Trizma-HCl to O.l M 

Trizma-Base until pH 7.4 was reached. Diiodomethylarsine, CH3ASI2 (MMA'" I2) was 
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prepared using a previously published method (Burrows and Turner, 1920); in dilute 

solution, it hydrolyzes to MMA'" (CHjAsCOHTJa). MMA"' as methylarsine oxide, 

(CH3AsO)n was prepared using a modified (non-radioactive) version of a previously 

published method (Cullen et al., 1989). MMA^', disodium salt, was a gift from H.B.F. 

Dixon. All reagents used were the highest grade obtainable. Water used in all 

preparations was distilled and deionized. 

CHANG HUMAN HEPATOCYTES. Chang human hepatocytes (ATCC CCL-13) were 

obtained from the American Type Culture Collection (Manassas, VA). Cells were grown 

in sterile RPMI 1640 growth media, pH 7.4, supplemented with 2.0 g/L sodium 

bicarbonate, 5% FBS, containing 50 p-g/ml gentamicin and streptomycin, and 50 units/ml 

of penicillin. The hepatocytes were received at passage 261 and used between passage 

265 and 300. The cells were grown in T-75 culture flasks (Falcon) at 37°C and 95:5% 

O2/CO2 until confluent and subcultured approximately every week. Cell harvesting was 

performed by trypsinization as previously described (Zakharyan et al., 1999) and 

approximately 5.0 X 10^ cells were seeded in T-25 culture flasks (Costar), with 3 ml 

medium and allowed to reach 85-95% confluence before dosing. 

EXPOSURE OF HEPATOCYTES TO ARSENICALS. Once cells reached 85-95% 

confluence, the media was aspirated and the attached cells were then adapted to serum-

free RPMI 1640 medium (phosphate or phosphate-free), pH 7.4, 2 ml per flask for 2 

hours. The medium was then removed and replaced with serum-free medium containing 
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an arsenical compound. Cells were incubated for 24 hours at 37°C and 95:5% O2/CO2 in 

a humidity-saturated environment (incubator Model 6300, NAPCO, Portland, OR). Caps 

on the culture flasks were not tightened, allowing for gas exchange. At the end of the 24-

hour incubation with the arsenical, medium was removed and saved. The cells were then 

rinsed twice with Tris-HCl buffer, pH 7.4. Cells were harvested by scraping with a 

sterile scraper and were then resuspended in 1 ml of Tris buffer. 

CYTOTOXICITY DETERMINATIONS. Media aliquots (25 ^1) were loaded into 96-

well plates. Harvested cells in Tris-HCl buffer were sonicated for 5 seconds and 25 jil of 

each lysate was aliquotted into wells of a 96-well plate. LDH activity was determined in 

both the cell lysate and the dosing media using a LD-L20 kit by adding 250 }jl1 LD-L20 

reagent to each well and measuring activity at 340 nm with a 96-well plate reader 

(Dynatech MR5000, Guernsey, Channel Islands). Following LDH determination, 

intracellular K"^ was determined in the remaining cell lysate supernatant using a 

previously described method (Ayala-Fierro et al., 1999). Metabolism of XTT was 

determined using cells grown on 96-well plates, as described in the literature (Divine et 

al, 1999). 

DATA ANALYSIS. Sample number (n) refers to the number of separate experiments. 

All data represent a minimum n value of three. All data are expressed as the mean ± 

standard error. Results from each experiment were graphed and the LC50 values 

determined using a coordinate finder function in GraphPad Prism 3.0. The mean LC50 



values were then determined and the standard errors were calculated for each of these 

mean LC50 values. Statistical differences between MMA'", MMA'"I2 and arsenite were 

calculated with one-way analysis of variance (ANOVA) using the Bonferroni correction 

(GraphPad Prism 3.0, GraphPad Software, Inc., San Diego, CA). Statistical differences 

between arsenite, arsenate, MMA^ and DMA^ were calculated using Student's t-tests, 

corrected with the Bonferroni correction (Excel 2000, Microsoft Corporation, Seattle, 

WA). Statistical differences between toxicity of arsenicals in phosphate versus 

phosphate-free media were also determined using the Bonferroni corrected Student's t-

test. To achieve statistical significance, p values must be p<0.05 for ANOVA, and 

p<0.0012 for the corrected t-test. This correction for the Student's t-test reduces potential 

for false positives, the threshold of p<0.0012 is 0.05/K, where K is 42, the total number 

of t-tests performed. 

2.4 RESULTS 

MMA™ WAS MORE TOXIC THAN ARSENITE. MMA'" and MMA'" I2 produced 

toxicities that were not statistically different (Tables 2.1 and 2.2). MMA"' LC50values in 

this section, therefore, are the combined mean toxicity of both MMA'" and MMA'" I2. 

Based on the results of the LDH assay, MMA"' was 14.5 fold more toxic than arsenite in 

phosphate media and 6.2 fold more toxic in phosphate-free media (Tables 2.1 and 2.2). 

The K"^ assay showed that MMA'" was 3.7 fold more toxic than arsenite in phosphate 

media and 5.3 fold more toxic in phosphate-free media (Tables 2.1 and 2.2). Using the 

XTT assay, MMA™ was 16.6 fold more toxic than arsenite in phosphate media and 2.7 



fold more toxic in phosphate-free media (Tables 2.1 and 2.2). Toxicities of MMA"', 

MMA'" h and arsenite were not altered significantly by the presence or absence of 

phosphate in the growth media, using the Bonferroni corrected Student's t-test. The 

toxicity data for MMA™ and arsenite are also depicted graphically (Figures 2.2 and 2.3, 

respectively), with the data points for MMA'" being the average of the mean values for 

MMA"'and MMA"' I2. 

ARSENITE WAS MORE TOXIC THAN ARSENATE IN PHOSPHATE MEDIA. In 

phosphate media, the difference in cytotoxicity between arsenite and arsenate was 

statistically significant for the LDH, and XTT assays (Table 2.1). In these assays, 

arsenite was 24, 50 and 18 fold more toxic than arsenate, respectively. In phosphate-free 

media, there was no statistical difference in cytotoxicity between arsenite and arsenate in 

any of the three viability assays (Table 2.2). 

RELATIVE TOXICITIES OF ARSENATE, MMA^ AND DMA^ IN PHOSPHATE 

MEDIA. Arsenate was 5, 9, and 14 fold more toxic than MMA^ and 5, 4 and 30 fold 

more toxic than DMA"^ using the LDH, K^, and XTT assays, respectively (Table 2.1). 

There was no statistically significant difference in toxicity between MMA^ and DMA"^ 

using the LDH assay. For the assay, DMA^ was 2 fold more toxic than MMA^, but 

the XTT assay showed that DMA^ was half as toxic as MMA^. 



RELATIVE TOXICITIES OF ARSENATE, MMA^ AND DMA^ IN PHOSPHATE-

FREE MEDIA. Arsenate was 40, 37, and 70 fold more toxic than MMA^ and 66, 38, 

and 48 fold more toxic than DMA^ using the LDH, K^ , and XTT assays, respectively, in 

phosphate-free media (Table 2.2). The difference between arsenate and DMA^ was not 

statistically significant in the XTT assay. The LDH, K"^, and XTT assays showed no 

statistically significant difference in toxicity between MMA^ and DMA^ . 

EFFECT OF PHOSPHATE IN DOSING MEDIA ON TOXICITY OF PENTAVALENT 

ARSENICALS. Arsenate was 8, 8 and 7 fold more toxic in phosphate-free media than in 

phosphate media, with the LDH, K+, and XTT assays, respectively (Tables 2.1 and 2.2). 

For MMA^, the assay indicated a 2-fold increase in toxicity in phosphate-free media 

over that in phosphate media. DMA^ toxicity was 5 fold greater in phosphate-free media 

than in phosphate media as shown by the XTT assay. 

2.5 DISCUSSION 

MMA™ toxicity was greater than that of inorganic arsenite in Chang human 

hepatocytes. This was true when arsenical exposure was in either phosphate or 

phosphate-free media. The formation of MMA'" is catalyzed by MMA'^ reductase, 

which is the rate-limiting step in the biotransformation of inorganic arsenic to DMA in 

many mammalian systems (Zakharyan and Aposhian, 1999b). MMA"' has recently been 

isolated from the urine of arsenic-exposed humans administered DMPS, a chelating agent 

(Aposhian et at., 2000b). MMA"' was not found in the urine of humans before DMPS 
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was administered. It appears that MMA'" is either rapidly converted to DMA^ or is 

strongly bound to endogenous ligands and that DMPS successfully competes with these 

ligands for MMA'" (Aposhian et al., personal communication). 

The MMA'" methyltransferase enzyme catalyzes methylation of MMA'" to 

DMA^ (Zakharyan et al., 1999). It has been proposed that DMA^ induces oxidative 

damage (Yamanaka et al., 1991), causes DNA strand breaks (Yamanaka et al., 1995) and 

DNA-protein crosslinks. These conclusions may raise additional questions pertaining to 

the role of methylation in arsenic toxicity, though it is important to note that the 

exogenous DMA^ concentrations necessary for these toxic endpoints were exceedingly 

high. Although reduced toxicities of the methylated pentavalent arsenicals relative to 

arsenite coincided with previous conclusions that methylation is a detoxication step 

(Goyer, 1996; Fischer et al,, 1985; Vahter and Marafante, 1983), the greater toxicity of 

MMA'", the first metabolic intermediate in the methylation of arsenite to DMA raises 

questions as to the generality of such conclusions. 

Cellular uptake of arsenate is inhibited by phosphate because arsenate uptake is 

mediated by the phosphate transporter (Huang and Lee, 1996; Da Costa, 1972). Results 

of the present study confirm that the toxicity of arsenate, but not arsenite, is potentiated in 

the absence of extracellular phosphate (Huang and Lee, 1996; Thiel, 1988). The presence 

of phosphate in the media may also explain the changes in toxicities of the other 

pentavalent arsenicals in phosphate versus phosphate-free media. There are not 

consistent statistically significant differences between toxicities of MMA^ and DMA^ in 
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phosphate and phosphate-free media, using all three cytotoxicity assays. Therefore, we 

cannot conclude that their toxicities are different in Chang human hepatocytes. 

Arsenite is a potent thiol-binding agent that binds preferentially to vicinal dithiols. 

Toxicity of arsenite is exhibited by its binding to proteins and inhibiting their functions. 

For example, arsenite and other arsenicals inhibit glutathione reductase in yeast (Styblo et 

al, 1997). The mechanisms for carcinogenicity of inorganic arsenic, however, remain 

unknown. It is important to emphasize the significant increase in the toxicity of MMA'" 

over arsenite, as this product of inorganic arsenic methylation has been largely ignored by 

investigators and it may play a role in the toxicity and carcinogenicity of inorganic 

arsenite. The mechanisms of MMA'" toxicity in mammalian systems, however, remain to 

be elucidated. Arsenite acts chemotherapeutically in the treatment of promyelocytic 

leukemia (Soignet et al., 1998). MMA*" should be investigated for similar 

chemotherapeutic activity. Perhaps the toxicity of MMA'" will shift the paradigm of 

inorganic arsenite toxicity. 

2.6 ABBREVIATIONS USED 

DMA, generic term for dimethylated arsenic; DMA^, dimethylarsinic acid; DMPS, 

sodium 2,3-dimercapto-1 -propane sulfonate; GSH, glutathione; K^, potassium; LDH, 

lactate dehydrogenase; MMA'", monomethylarsonous acid, (CHsAsO)),; MMA'" I2, 

diiodomethylarsine, CH3ASI2; MMA^, monomethylarsonic acid; SAHC, S-adenosyl-

homocysteine; SAM, S-adenosyl-methionine; XTT, (2,3-bis[2-methoxy-4-nitro-5-

sulfophenyl]-2H-tetrazoIium-5-carboxanilide inner salt). 
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TABLE 2.1 

LCso OF ARSENIC COMPOUNDS IN PHOSPHATE MEDIA FOR CHANG HUMAN 

HEPATOCYTES 

ARSENIC 

SPECIES 

LDH Assay 

LC50 Determined by: 

Assay XTT Assay 

yM \xM ^iM 

MMA'" 6.0 ± 0.7® (5) 6.3 ±0.8^(7) 13.6 ±3.7" (9) 

MMA"' I2 3.4 ±0.7^7) 4.5 ± 1.1''(6) 6.2 ± 1.6" (6) 

As® 68.0 ± 16.9'(5) 19.8 ±2.7'(6) 164 ±39° (11) 

As^ 1,628 ±110" (6) 1,006 ± MO" (10) 3,050 ±282" (6) 

MMA^ 8,235 ±950® (6) 9,283 ±508^3) 42,000 ±2,040" (4) 

DMA^ 9,125 ± 1,580^(4) 4,109 ±590'(7) 91,440 ±2,116'(5) 

NOTE. Values are mean LC50 ± S.E. of values for multiple experiments, with the 
number of experiments, n, in parenthesis. Assays were performed as described in 
Materials and Methods. One 10-fold outlying value was removed from the MMA'" I2 
potassium assay result, using a Q-test. 
Statistics: p<0.05 for a vs c; b vs c; g vs i; h vs i; m vs o and n vs o 
p<0.0012 for c vs d; d vs e; d vs f; i vs j; j vs k; j vs 1; k vs 1; o vs p; p vs q; p vs r and q vs 
r 
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TABLE 2.2 

LCso OF ARSENIC COMPOUNDS IN PHOSPHATE-FREE MEDIA FOR CHANG 

HUMAN HEPATOCYTES 

ARSENIC 

SPECIES 

LDH Assay 

LC50 Determined by: 

Assay XTT Assay 

yM |iM 

MMA"' 6.8 ±0.9® (3) 7.2 ±0.48(3) 30.8 ±2.2"'(4) 

MMA'" I2 3.6 ±0.5^(7) 4.4 ±0.4" (6) 15.2 ±6.7" (5) 

As™ 32.3 ±7.3" (6) 30.8 ±4.6'(6) 61.3 ±6.5° (8) 

As^ 197 ±54" (5) 134 ±38^(7) 414 ±90"'(7) 

MMA^ 7,820 ±554® (5) 4,986 ±896" (7) 28,875 ±8,870" (3) 

DMA^ 13,066 ± 1,834^(4) 5,100 ± 462'(7) 19,833 ±5,394'-*(6) 

NOTE. Values are mean LC50 ± S.E. of values for multiple experiments, with the 
number of experiments, n, in parenthesis. Assays were performed as described in 
Materials and Methods. One 10-fold outlying value was removed from the MMA'" I2 
potassium assay result, using a Q-test. Statistics: p<0.05 for a vs c; b vs c; g vs i; h vs i; 
m vs o and n vs o p<0.0012 for d vs e; d vs f; j vs k; j vs 1; o vs p and p vs q 
* The Bonferroni corrected Student's t-test is very strict and did not recognize these 
numbers as significantly different, due to high standard error in the data. The p value in 
this test was p=0.0024. Without the Bonferroni correction, there is a 1/20 chance of false 
positive in the Student's t-test, which falls to a 1/840 chance using the correction (See 
Materials and Methods). 
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FIGURE 2.1. Putative pathway for biotransformation of inorganic arsenic. 
NOTE: Abbreviations are as follows: GSH, glutathione; SAM, s-adenosyl methionine; 
SAHC, s-adenosyl homocysteine; MMA^, methylarsonic acid; MMA, general term for 
monomethylated arsenic 
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FIGURE 2.2. Toxicity of MMA"^ (mean of MMA'" and MMA'" I2 data) in Chang 
human hepatocytes. Cell viability curves in (A) phosphate and (B) phosphate-free media. 
• LDH leakage (% Total), X intracellular potassium content (% Control), • XTT 
metabolism (% Control). Incubation and assay methods are described in Materials and 
Methods. Values represent the mean ± S.E. The n (number of experiments) values are as 
follows: for A) LDH, «=5-12; XTT, n=\4; Potassium, «=7-13; for B) LDH, «=2-10; 
XTT, «=10 Potassium, n=3-9. 
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FIGURE 2.3. Toxicity of sodium arsenite in Chang human hepatocytes. Cell viability 
curves in (A) phosphate and (B) phosphate-free media. • LDH leakage (% Total), X 
intracellular potassium content (% Control), • XTT metabolism (Control). Incubation 
and assay methods are described in Materials and Methods. Values represent the mean ± 
S.E. The n (number of experiments) values are as follows: for A) LDH, «=5-6; XTT, 
«=10; Potassium, n=5-6; for B) LDH, n=5-6; XTT, «=10"11; Potassium, n-5-6. 
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CHAPTER 3 

MONOMETHYLARSONOUS ACID (MMA'") AND ARSENITE: LD50 IN 

HAMSTERS AND IN VITRO INHIBITION OF PYRUVATE DEHYDROGENASE 

Reproduced with permission from Chemical Research in Toxicology, Volume 14, 
Petrick, J.S., Jagadish, B., Mash, E.A., Aposhian, H.V., Monomethylarsonous Acid 
(MMA'") and Arsenite: LD50 in Hamsters and In Vitro Inhibition of Pyruvate 
Dehydrogenase, pages 651-656,2001, American Chemical Society. 

3.1 ABSTRACT 

Monomethylarsonous acid (MMA"'), a metabolite of inorganic arsenic, has 

received very little attention from investigators of arsenic metabolism in humans. 

MMA'", like sodium arsenite, contains arsenic in the +3 oxidation state. Although we 

have previously demonstrated that it is more toxic than arsenite in cultured Chang human 

hepatocytes, there are no data showing in vivo toxicity of MMA'". When MMA'" or 

sodium arsenite was administered intraperitoneally to hamsters, the LDso's were 29.3 

pmol/kg body wt and 112.0 nmol/kg body wt, respectively. In addition, inhibition of 

hamster kidney or purified porcine heart pyruvate dehydrogenase (PDH) activity by 

MMA'" or arsenite was determined. To inhibit hamster kidney PDH activity by 50%, the 

concentrations (mean ± SE) of MMA'" as methylarsine oxide, MMA'" as 

diiodomethylarsine, and arsenite were 59.9 ± 6.5, 62.0 ± 1.8 and 115.7 ± 2.3 JAM, 

respectively. To inhibit activity of purified porcine heart PDH activity by 50%, the 

concentrations (mean ± SE) of MMA'" as methylarsine oxide and arsenite were 17.6 ± 
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4.1 and 106.1 ± 19.8 fiM, respectively. These data demonstrate that MMA'" is more toxic 

than inorganic arsenite, both in vivo and in vitro, and call into question the hypothesis 

that methylation of inorganic arsenic is a detoxication process. 

3.2 INTRODUCTION 

Inorganic arsenic is a human carcinogen whose mechanism of carcinogenicity 

remains unknown (Huff et al., 2000; Goering et al., 1999; NRC, 1999). Human exposure 

to inorganic arsenic occurs most commonly through consumption of naturally 

contaminated drinking water. Organs in which arsenic exposure has been correlated with 

cancer incidence include: lung, skin, kidney, urinary bladder and liver (Huff et al., 2000). 

Once ingested or inhaled, inorganic arsenic can undergo a series of enzymatic reductions 

and methylations (Aposhian, 1997). 

Monomethylarsonous acid (MMA'") was proposed as an intermediate in the 

methylation of inorganic arsenic (Cullen and Reimer, 1989; Challenger, 1944). MMA*", 

like arsenite, contains arsenic in the +3 oxidation state. Our laboratory has purified 

human and rabbit liver methylarsonic acid (MMA^) reductase, which catalyzes the 

reduction of MMA^" to MMA"' (Zakharyan and Aposhian, 1999b). MMA™ toxicity was 

first demonstrated in Candida humicola by Cullen et al. (Cullen et al., 1989) who found 

that MMA'" inhibited growth and decreased viability of this yeast. MMA™ is also more 

toxic than arsenite in cultured human cells (Petrick et al., 2000; Styblo et al, 2000). 

Until recently, MMA™ had not been studied in mammalian systems, perhaps because it is 

not readily available. 
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The first evidence for MMA'" in human urine was obtained following 

administration of 2,3-dimercapto propanesulfonate (DMPS), an arsenic chelating agent, 

to arsenic exposed subjects (Aposhian et al., 2000b). This study was rapidly followed by 

MMA'" detection in urine of humans chronically exposed to arsenic who did not receive 

DMPS (Aposhian et al., 2000a). In addition, this important arsenic species has recently 

been identified and quantitated in the livers of male Golden Syrian hamsters following ip 

injection of radioactive arsenate (Sampayo-Reyes et al., 2000). MMA'" was also recently 

identified in bile of rats injected with arsenite or arsenate (Gregus et al., 2000). 

Collectively, these metabolism and toxicity studies demonstrate that MMA'" is in 

fact a stable toxic metabolite of inorganic arsenic and not a transient intermediate. Such 

data also show that MMA"" is present in appreciable concentrations in mammals, 

including the human, following exposure to inorganic arsenic. Toxicity of MMA'", 

however, has not been demonstrated in vivo, nor has its mechanism of toxicity been 

established in the intact animal. 

Arsenical compounds containing arsenic in the +3 oxidation state such as lewisite 

(2-chlorovinyldichloroarsine, C2H2ASCI3) and adamsite (diphenylaminochloroarsine, 

C12H9ASCIN) were chemical warfare agents available in World War I. The binding of 

protein dithiols by these and other agents containing arsenic in the +3 oxidation state 

(such as arsenite) was proposed and validated as a mechanism for arsenic toxicity (Peters 

et al., 1946). Arsenite inhibits pyruvate dehydrogenase (PDH) via covalent binding to 

critical dithiols that are part of the lipoamide moieties in this multi-enzyme complex 

(Gunsalus, 1953; Stocken and Thompson, 1949). Inhibition of PDH can lead to depletion 
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of cellular citrate and a subsequent blockade of the citric acid cycle. The citric acid cycle 

is critical for providing the mitochondria with reducing equivalents needed for electron 

transport and the subsequent production of adenosine triphosphate (ATP). Like arsenite, 

MMA"' contains arsenic in the +3 oxidation state and therefore, may also inhibit enzymes 

through reaction with critical dithiois. 

Arsenic compounds containing arsenic in the +5 oxidation state include arsenate, 

methylarsonic acid and dimethylarsinic acid. These compounds are much less cytotoxic 

in human tissue culture than their counterparts containing arsenic in the +3 oxidation 

state (Petrick et al., 2000; Styblo et al., 2000). Based on such studies, it can be stated that 

the oxidation state of the arsenic compound and the type of substituents present 

determine the toxicity and reactivity of the arsenical. 

We have compared the in vivo toxicities of MMA'" and arsenite in hamsters. 

MMA'" was more acutely toxic than arsenite following ip administration, as determined 

by comparing their LDso's. In addition, our data show that MMA"' is a more potent 

inhibitor of hamster kidney and purified porcine heart PDH activity than arsenite. These 

data demonstrate that the biotransformant MMA'" is more toxic than inorganic arsenite, 

both in vivo and in vitro. 

3.3 MATERIALS AND METHODS 

REAGENTS. Purified porcine heart pyruvate dehydrogenase, sodium arsenite, 

benzethonium hydroxide, NAD^, thiamine pyrophosphate, coenzyme A, cysteine-HCl, 

magnesium chloride, calcium chloride, EDTA, bovine serum albumin and Trizma-Base 



were purchased from Sigma Chemical Company (St. Louis, MO). Disodium methyl 

arsenate (methylarsonic acid, MMA^) was obtained from Chem Service, Inc. (West 

Chester, PA). Trichloroacetic acid was from J.T. Baker Chemical Company 

(Phillipsburg, NJ); l-[''^C]-pyruvate was from Amershani Pharmacia Biotech 

(Piscataway, NJ); deuterium oxide (D2O) was from Aldrich Chemical Company 

(Milwaukee, WI); and deuterated chloroform (CDCI3) with 0.05% TMS was from 

TIT 
Cambridge Isotope Laboratories, Inc. (Andover, MA). Methylarsine oxide (MMA 

oxide, [CHsAsOJn) and diiodomethylarsine (MMA® iodide, CH3ASI2) were prepared for 

us by Professor William R. Cullen of the University of British Columbia. MMA'" oxide 

was prepared using a modified (non-radioactive) method from the literature (Cullen et al., 

1989). Mass spectrometry has shown that this compound exists as a tetramer in its solid 

form (Cullen et al., 1989) and this tetramer has been structurally characterized (DiMaio 

and Rheingold, 1991). NMR data presented in the results section of this paper show that 

oligomeric MMA'" oxide hydrolyzes to monomeric MMA*" in aqueous solution. 

Monomer unit molecular weight is 105.96 prior to hydrolysis, and this number was used 

for all MMA™ oxide molarity calculations. MMA™ iodide was prepared using a 

previously published method (Burrows and Turner, 1920). Concentrations of arsenicals 

were determined based on mass of the compound per unit volume, and not on arsenic 

content. All reagents used were the highest grade obtainable. Water used in all 

preparations was distilled and deionized. 



ANIMALS. Male Golden Syrian hamsters were obtained from Harlan Sprague-Dawley 

(Indianapolis, IN). They were housed in a humidity controlled room, maintained at 22°C 

on a 12 h light-dark cycle. Animals were given 4% Mouse/Rat Diet #7001 from Harlan 

Teklad (Madison, WI) and tap water ad libitum. Following a one-week acclimation 

period, the animals were 11-12 weeks old and weighed 100-130 g. Animal protocols 

were approved through the animal use committee of the University of Arizona. 

LDso STUDIES. Animals were injected ip with MMA'" oxide or sodium arsenite. Six 

animals were used for each dose. Immediately before injection, arsenic compounds were 

dissolved in 0.85% saline and the solutions were adjusted to pH 7.4. The concentrations 

of the arsenic solutions were adjusted such that a 100 g animal received a 0.1 mL 

injection. Control animals were injected with 0.85% saline, pH 7.4, such that a 100 g 

animal received a 0.1 mL injection. Animals were not fasted prior to injection of 

arsenicals and injections were performed in the morning. Lethality was assessed during 

the 24 h period following arsenical administration. 

PREPARATION OF HAMSTER KIDNEY HOMOGENATES. Animals were 

euthanized by CO2 asphyxiation. Their kidneys were removed and the capsules were 

dissected away. Homogenates of freshly excised kidneys were prepared as previously 

described (Hsu et al., 1983). All procedures were performed at 0-4°C and homogenates 

were kept on ice for 1-2 hr, until use. Protein concentrations were measured using the 

method of Bradford (Bradford, 1976), with bovine serum albumin as the protein standard. 
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ASSAY OF PYRUVATE DEHYDROGENASE COMPLEX. PDH assay conditions 

were adapted from a previously published method (Kresze and Steber, 1979). The 

reaction mixture for the PDH complex assay was prepared in a 12 x 75 mm disposable 

culture tube, with a final volume of 240 nL. The final reaction mixture contained 0.1 M 

Tris, 1.0 mM MgCh, 0.5 mM CaCli, 0.5 mM EDTA, 0.2 mM cysteine-HCl, 0.13 mM 

coenzyme A and 2.0 mM pyruvate, pH 8.0. Specific activities for l-['^C]-pyruvate 

preparations were either 0.131 or 0.191 fiCi/fJimol for hamster kidney homogenate studies 

and either 0.211 or 0.225 jiCi/}unoi for purified porcine heart PDH studies. Assays were 

performed using 0.5 mg of total protein from hamster kidney homogenates or 8.0 |u,g of 

purified porcine heart PDH. These protein amounts were chosen on the basis of the 

linearity of the enzyme assay. Arsenic compounds (dissolved in ddi HjO, pH adjusted to 

8.0) were added just before the addition of protein. A 25 mm filter paper disc was 

covered with 100 }iL of benzethonium hydroxide (BH) and dried. Immediately before 

incubating the PDH reaction, a BH covered filter paper disk was inserted into the mouth 

of each tube. This disk rested in the tube, such that it remained affixed to the sides of the 

tube, above the solution. Tubes were then capped with a red rubber sleeve stopper. This 

CO2 trapping method was adapted from the literature (Palmatier et al., 1970). Reaction 

mixtures were incubated for 30 min at 30°C, in a Model 1217 reciprocal shaker bath 

(VWR Scientific, South Plainfield, NJ), set to 60 oscillations per minute. After 30 min, 

reactions were stopped by adding 240 |iL 20% trichloroacetic acid and tubes were shaken 

for 45 additional min to allow CO2 to evolve and be trapped. The filter paper disks were 



then removed from the tubes and bound '^COi determined using a Beckman LS7800 

Liquid Scintillation Counter (Palo Alto, CA). 

ANALYSIS OF MMA"' OXIDE AND MMA'" IODIDE BY 'H-NMR AND MASS 

SPECTROMETRY. MMA'" as the oxide and iodide were analyzed by 'H-NMR at 25°C, 

recorded at 500 MHz, using 16 scans on a Bruker DRX 500 NMR Spectrometer 

(Rheinstetten, Germany). Ten mg samples were analyzed, both in 0.5 mL CDCI3 and 0.5 

mL D2O. D2O was degassed with argon to ensure that no free oxygen was present in the 

solution. Samples were mixed by shaking, MMA^ in D2O (10 mg in 0.5 mL) was also 

analyzed by * H-NMR. CDCI3 spectra were referenced to TMS (0 ppm), with 8 7.24 

corresponding to the residual proton of CHCI3. D2O spectra were referenced to the 

residual HOD proton signal at 4.70 ppm (residual HOD proton in D2O). Mass spectra 

were obtained using direct insertion probe electron impact mass spectrometry (DIP/EI-

MS) at the Mass Spectrometry Lab in the Chemistry Department at the University of 

Arizona. 

DATA ANALYSIS. Statistical analysis of hamster kidney PDH data was done using 

one-way ANOVA with the Bonferroni correction. Statistical analysis for porcine heart 

PDH data was done using Student's t-test. PDH graphs depict exponential decay curve 

fits and the ICso's were determined from semi-logarithmic transformations of the data. 

The LD50 was determined using a best fit to the Boltzmann sigmoid. The 95% 

confidence intervals and values were also determined using this software and are given 
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in the results section. All graphing and statistical analyses were done with GraphPad 

Prism 3.0 from Graph Pad Software (San Diego, CA). 

3.4 RESULTS 

MMA'" is MORE LETHAL THAN ARSENITE IN HAMSTERS. Sodium arsenite or 

MMA™ (solution of MMA'" oxide) was injected ip into male Golden Syrian hamsters. 

The LDso for MMA™ was 29.3 ^mol/kg body wt, 3.8 fold lower than the LDsofor 

arsenite of 112.0 ^mol/kg body wt (Figure 3.1). For MMA'", 95% confidence intervals 

were 29.24 to 29.27 pimol/kg body wt. For arsenite, they were 102.3 to 121.6 ^mol/kg 

body wt. The values for MMA'" and arsenite best fit Boltzmann sigmoid were 1.000 

and 0.9636, respectively. 

Animal deaths due to MMA'" occurred between 2 and 12 h following 

administration. Death of hamsters injected with sodium arsenite occurred between 12 

and 24 h following administration. MMA"' injections produced behavioral changes 

within 5 min after dosing, compared to at least 1 h for sodium arsenite. Early symptoms 

appeared within 5 min following MMA"' intoxication and included hyperactivity and a 

clumsy gait. This set of symptoms was dose-independent. 

MMA"' WAS A MORE POTENT INHIBITOR OF HAMSTER KIDNEY PYRUVATE 

DEHYDROGENASE ACTIVITY THAN ARSENITE. MMA"' as the oxide and as the 

iodide were each tested for in vitro inhibition of hamster kidney PDH activity. All PDH 

data are expressed as mean ± SE. MMA'" given as the oxide produced 50% PDH 
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inhibition at 59.9 ± 6.5 pM (Figure 3.2A). MMA'" given as the iodide produced 50% 

PDH inhibition at 62.0 ± 1.8 |xM (Figure 3.2A). The inhibition of PDH by these two 

forms of MMA'" was not statistically different (p>0.05). Arsenite inhibited 50% of PDH 

activity at 115.7 ± 2.3 pM (Figure 3.2A). Inhibition of PDH by either form of MMA'" 

was approximately two fold greater than that by arsenite (p<0.001). 

MMA'" WAS A MORE POTENT INHIBITOR OF PURIFIED PORCINE HEART 

PYRUVATE DEHYDROGENASE ACTIVITY THAN ARSENITE. MMA™ as the 

oxide produced 50% PDH inhibition at 17.6 ± 4.1 )iM (Figure 3.2B). Arsenite inhibited 

50% of PDH activity at 106.1 ± 19.8 yM (Figure 3.23). Inhibition of PDH by MMA'" 

was approximately six fold greater than that by arsenite (p<0.01). All data are expressed 

as mean ± SE. 

'H-NMR AND MASS SPECTROMETRY CHARACTERIZATION OF OLIGOMERIC 

MMA"' OXIDE AND MONOMERIC MMA'" IODIDE. MMA'" can be synthesized in 

the iodide (CH3ASI2) or oligomeric oxide ([CHaAsO]^) form (Cullen et al., 1989; 

Burrows and Turner, 1920). NMR of MMA'" oxide, with percent of total integrated area 

(CDCI3) 6 1.43 (8.1%), 1.48 (60.0%), 1.50/1.51 (26.8%), 1.58/1.59 (5.0%). NMR of 

MMA'" oxide (D2O) 8 1.27. NMR of MMA™ iodide (CDCI3) 5 3.10. NMR ofMMA'" 

iodide (D2O) 5 1.24. NMR of MMA^ (D2O) 5 1.39. All observed NMR peaks were 

singlets. DIP/EI-MS fragmentation of MMA"' oxide gives the most abundant fragments 

at m/z 91, 109, 197, and 303. These peaks correspond to AsO, As(0H)2, CHsAsOAsO, 
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and (CH3AsO)3 minus CH3, respectively. A peak with m/z 424, corresponding to 

(CH3AsO)4 is present in low abundance, showing that this tetramer is labile under 

electron impact fragmentation conditions. 

The NMR data indicate that MMA'" oxide is a mixture of hydrolyzable 

oligomers. In D2O, only one prominent peak appears at 8 1.26, indicating that all 

oligomers of MMA'" oxide hydrolyze to MMA™ in solution (Figure 3.3). No changes in 

the NMR of MMA™ oxide (D2O) were observed between 10 and 50 min, showing that all 

hydrolysis had occurred within the first ten min (data not shown). MMA'" iodide gives 

only two peaks in CDCI3, corresponding to H2O (5 1.54) and the MMA'"iodide (5 3.10). 

In D2O, MMA'" iodide hydrolysis gives a single peak at 5 1.24 ppm, with a minor peak at 

5 2.12 (Figure 3.3). Neither form of MMA'" shows oxidation to or contamination with 

MMA\ which has 8 1.39 in D2O. 

3.5 DISCUSSION 

The formation of MMA"' is catalyzed by MMA^ reductase, the rate-limiting 

enzyme in the biotransformation of inorganic arsenic (Zakharyan and Aposhian, 1999b). 

Subsequent methylation of MMA'" to DMA^ is catalyzed by MMA'" methyltransferase 

(Zakharyan et al., 1999). Recently, it has been demonstrated that MMA"' formation 

occurs in vivo (Aposhian et al, 2000a; Aposhian et al., 2000b; Sampayo-Reyes et al., 

2000). Both MMA^ and MMA*" are excreted in the urine of humans exposed to 

inorganic arsenic, with up to 11% of the total urinary arsenic excreted as MMA™ 
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(Aposhian et al., 2000a). These data clearly demonstrate that MMA'" is present in the 

human body. 

MMA'" was more lethal than sodium arsenite in hamsters (Figure 3.1). MMA'" 

as the oxide was used for in vivo toxicity studies rather than the iodide, in order to 

eliminate the additional variable of iodine toxicity. MMA'" in the oxide or iodide form 

was a more potent inhibitor of hamster kidney and purified porcine heart PDH activity 

than arsenite (Figure 3.2). The present hamster LD50 data (Figure 3.1) show that ip 

exposure to MMA'" is 3.8 fold more lethal than exposure to arsenite. Literature values 

have not existed for the LD50 of MMA*". The ip LD50 for sodium arsenite in mice was 

19.0 mg/kg (46.3 fimol/kg body wt) (Hogan and Eagle, 1944), higher than that shown by 

the present study in hamsters. These LD50 data show that hamsters are less sensitive than 

mice to the toxicity of ip injection of sodium arsenite. The subcutaneous LD50 for sodium 

arsenite in mice is 129.0 jjmol/kg body weight (Aposhian et al., 1983). 

Though these LD50 data represent the first in vivo toxicity studies with MMA"', it 

is important to note that this study investigated toxicity of exogenously administered 

MMA™. Of greater concern is the fate and toxicity of endogenously formed MMA™, 

which has not been demonstrated as yet in an animal model. This could be investigated 

by the in vivo inhibition of MMA'" methyltransferase. The amount of exogenously 

administered MMA.'" that gets into the cell has never been directly quantitated. Thus, it 

is possible that MMA'" formed in the cell is more toxic than exogenously administered 

MMA"'. 
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MMA™ is an inhibitor, in vitro, of glutathione reductase (Styblo et al, 1997) and 

thioredoxin reductase (Lin et ai., 1999) (Lin et a!., 2001). The mechanism for such 

inhibition by MMA'" was not established, nor were protein adducts structurally 

confinned. It was speculated, however, that this enzyme inhibition occurs through thiol 

binding (Lin et al., 1999). These data, along with recent human cell culture studies 

(Petrick et al., 2000; Styblo et al., 2000) show that MMA'" is more toxic than arsenite, in 

vitro. 

MMA"' is excreted in the urine of humans exposed to inorganic arsenic 

(Aposhian et al., 2000a; Aposhian et al,, 2000b). Recently, MMA"' has been detected in 

the liver of arsenate exposed hamsters (Sampayo-Reyes et al., 2000) and in the bile of 

arsenate or arsenite-exposed rats (Gregus et al., 2000). These studies confirm that 

MM A'" is produced in vivo. Hepatic formation of MMA"' (Gregus et al., 2000; 

Sampayo-Reyes et al., 2000) may implicate this toxic biotransformation product in 

arsenic toxicity. Activity of MMA^ reductase, which catalyzes formation of MMA'", has 

been demonstrated in hamster brain, bladder, spleen, lung, heart, skin, kidney and testis 

(Sampayo-Reyes et al., 2000). These data suggest that MMA'" formation occurs in these 

tissues and that many tissues may be targets for toxicity of endogenously formed MMA"'. 

Arsenite is a potent inhibitor of pyruvate dehydrogenase (Hu et al., 1998; 

Gunsaius, 1953; Stocken and Thompson, 1949). This inhibition is mediated through the 

covalent binding of arsenite to critical vicinal dithiols on lipoamide moieties of the 

enzyme. MMA™, like arsenite, contains arsenic in the +3 oxidation state, so inhibition of 

PDH by MMA™ might also occur due to binding of these vicinal dithiols. The present 
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data show that MMA'", given as the oxide or iodide, is a two to six fold more potent 

inhibitor ofPDH than arsenite (Figure 3.2). 

In the present paper we used NMR to show that that MMA'" oxide is a mixture of 

oligomers which hydrolyze to a monomer in solution. Previous studies indicated that the 

solid form of MMA™ oxide is a tetramer (Petrick et al., 2000; DiMaio and Rheingold, 

1991). Our NMR data show that in DaO, both MMA'" oxide and MMA'" iodide 

hydrolyze to the same species in solution, with 5 1.24-1.26. These data show for the first 

time that these compounds actually form MMA'" in solution (Figure 3.3). MS data 

validate that MMA"" oxide exists as an oligomeric solid with four oligomer units being 

the maximum length of the polymer. 

Methylation of inorganic arsenic historically has been believed to be a 

detoxication mechanism (Goyer, 1996; Fischer et al, 1985; Vahter and Marafante, 1983). 

Methylation appears to promote arsenic excretion, but also yields highly toxic 

metabolites, such as MMA'" (Petrick et al., 2000; Styblo et al., 2000). For the first time, 

in vivo toxicity of MMA'" has been demonstrated and compared with that of arsenite. 

The in vivo and in vitro toxicities of MMA'" presented in this work demonstrate that 

MMA'" is a toxic metabolite of inorganic arsenic. These results, when added to the 

current body of evidence, raise many questions as to the possible role of MMA'" as a 

mediator of inorganic arsenic toxicity and carcinogenicity. 

3.6 ABBREVIATIONS USED 
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CDCls, deuterated chloroform; D2O, deuterium oxide; DIP/EI-MS, direct insertion probe 

electron impact mass spectrometry; HOD, chemical formula for water with one 

deuterium atom and one hydrogen atom; MMA'", monomethylarsonous acid, 

CH3As(OH)2; MMA"' iodide, diiodomethylarsine, CH3ASI2; MMA'" oxide, methylarsine 

oxide, (CH3AsO)„; MMA^, monomethylarsonic acid; PDH, pyruvate dehydrogenase. 
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FIGURE 3.1. LD50 of MMA'" or sodium arsenite in hamsters. Six animals per dose 
were injected ip with MMA'" or sodium arsenite. This gives a total of 66 animals for 
MMA" and 78 animals for sodium arsenite. Analysis and experimental procedures are 
described in the Materials and Methods sections. (A) Percent survival for MMA""; (B) 
Percent survival for arsenite. 
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FIGURE 3.2. Inhibition of hamster kidney or purified porcine heart pyruvate 
dehydrogenase (PDH) activity by MMA'" or arsenite. PDH graphs depict exponential 
decay curve fits and the ICso's were determined from semi-logarithmic transformations of 
the data. (A) Inhibition of hamster kidney PDH activity. The concentrations needed for 
50% inhibition of PDH were as follows: MMA'" oxide, 59.9 ± 6.5 |JM; MMA'" iodide, 
62.0 ± 1.8 p,M; and Arsenite, 115.7 ± 2.3 jxM. Data are expressed as mean ± SE, n=3. 
For  200  | IM MMA'"  i od ide  and  for  350  f iM MMA"'  ox ide ,  n=2 .  Sample  number  (n )  
refers to the number of animals. (B) Inhibition of purified porcine heart PDH activity. 
The concentrations needed for 50% inhibition of PDH were 17.6 ± 4.1 |iM MMA'" oxide 
or 106.1 ± 19.8 p.M arsenite. Data are expressed as mean ± SE for four replicates, with 
three replicates for 100 |iM MMA'". 
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FIGURE 3.3. 'H-NMR spectra of MMA'" oxide and MMA'" iodide in D2O. These 
spectra show that both (A) MMA'" oxide and (B) MMA'" iodide hydrolyze to 
monomeric MMA™ in solution. MMA'" gives single peak at 5 1.24-1.26, corresponding 
to the methyl group protons from CH3AS. Residual HOD solvent proton appears at 8 4.7. 
Experimental procedure is described in the Materials and Methods section. 
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CHAPTER 4 

INORGANIC ARSENIC AS A DEVELOPMENTAL TOXICANT: IN UTERO 

EXPOSURE AND TOXICOGENETIC ALTERATIONS IN THE DEVELOPING RAT 

LUNG 

4.1 ABSTRACT 

Inorganic arsenic is a known human carcinogen and common drinking water 

contaminant affecting millions of people worldwide. Nevertheless, the non-carcinogenic 

effects of chronic, low-level arsenic exposure in the drinking water remain elusive and 

merit further investigation. The adult lung is a target organ for arsenic toxicity and 

carcinogenicity. Though the effects of maternal arsenic exposure on the developing lung 

are unknown, this metalloid is known to cross the placenta. The present study 

characterizes the toxicogenetic effects of in utero arsenic exposure on the developing 

lung. This work was conducted under the hypothesis that in utero exposure to inorganic 

arsenic through maternal drinking water causes altered gene expression in the developing 

lung, indicative of downstream molecular and functional changes. From conception to 

embryonic day eighteen, pregnant Sprague-Dawley rats were exposed to 500 parts per 

billion arsenic (as arsenite or arsenate) via the drinking water. Subtracted cDNA libraries 

comparing control to arsenic exposed embryos were generated and a custom cDNA 

microarray was subsequently used to profile arsenic induced aberrant expression of these 

genes in cultured alveolar type II cells. A subset of these differential gene expression 

results were validated by quantitative real-time RT-PCR. In embryonic lung, arsenic 
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caused downregulation of Sprouty 2, an important regulator of lung development, and 

also led to aberrant expression of several structural genes. The present study shows that 

arsenic induces toxicogenetic alterations in the developing lung. These data may be 

useful in the elucidation of molecular targets and biomarkers of inorganic arsenic 

exposure during lung development and may aid in understanding the etiology of arsenic 

induced respiratory disease and lung cancers. 

4.2 INTRODUCTION 

Inorganic arsenic is a potent human carcinogen. Chronic environmental arsenic 

exposure through consumption of geologically contaminated drinking water has been 

correlated with increased incidence of and mortality due to internal cancers of the lung, 

skin, kidney, urinary bladder and liver (NRC, 1999; Bates et al., 1992; Chen et al., 1986; 

Chen et al., 1985). In addition, recent reports from human studies in Bangladesh and the 

West Bengal region of India show that chronic exposure to arsenic via drinking water is 

correlated with increased incidence of chronic cough, chronic bronchitis, shortness of 

breath and obstructive or restrictive lung disease (Milton et al., 2003; Mazumder, 2003; 

Mazumder et al., 2000). Taken together, these studies argue unequivocally that the lung 

is targeted by arsenic, producing both carcinogenic and non-carcinogenic endpoints. 

In addition to targeting the adult lung, arsenic may also target internal organs of 

the developing fetus. In pregnant women drinking contaminated water, the developing 

fetus is exposed to arsenic through the maternal circulation. Arsenic is known to cross 

the human placenta and can be found in cord blood in similar quantities to those found in 
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maternal blood (Concha et al., 1998a). Likewise, several studies have also demonstrated 

placental transfer of arsenic in experimental animals (DeSesso et al., 1998; Lindgren et 

al., 1984; Gerber et al., 1982; Hanlon and Perm, 1977). In a mouse model of 

transplacental carcinogenesis, arsenic exposure during gestation days 8 through 18 led to 

significant increases in tumor incidence and multiplicity in the lung and several other 

organs in adult offspring (Waalkes et al., 2003). 

Studies of humans chronically exposed to environmental inorganic arsenic have 

not addressed the occurrence of birth defects or developmental abnormalities in offspring 

exposed in utero. Reduced birth weight and two to three fold increases in spontaneous 

abortions and stillbirths have been noted in pregnant women from regions of endemic 

arsenic poisoning (Yang et al., 2003; Ahmad et al., 2001; Borzsonyi et al, 1992). 

Retardation of fetal growth has also been noted as an endpoint of prenatal arsenic 

exposure in several animal models (Shalat et al., 1996; Wlodarczyk et al., 1996a). These 

studies, however, have not looked at organ specific effects of gestational arsenic 

exposure. 

Though there are few human studies concerning adverse pregnancy outcomes 

attributable to in utero arsenic exposures, there are a greater number of such animal 

studies in the literature (Krininger et al., 2002; Wlodarczyk et al., 2001; Machado et al., 

1999; Hood, 1998; Nemec et al., 1998; Wlodarczyk et al., 1996b; Wlodarczyk et al, 

1996a; Perm, 1977; Hood et al., 1977). Many of the classical animal studies detailing 

teratogenicity of arsenic, however, have been called into question based on the use of 
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exceedingly high doses (up to 45 mg/kg arsenate) of arsenic and the selected routes of 

exposure (DeSesso, 2001; DeSesso et al., 1998). 

A recent arsenic teratogenicity study utilized ip injection of 10 mg/kg arsenite into 

pregnant C57BL/6J mice and demonstrated gestation day dependent sensitivity of pups to 

arsenic-induced malformations (Machado et al., 1999). These malformations included 

various neural tube defects, cardiovascular defects, skeletal defects and enlargement of 

the bladder. On the other hand, most other studies conducted using lower doses of 

arsenic (up to 15 mg/kg) have not reproduced the teratogenic effects seen in earlier high-

dose studies (Holson et al., 2000b; Holson et al., 2000a; Stump et al., 1999; Hood, 1998; 

Nemec et al., 1998; Perm, 1977; Hood et al., 1977). Though the criticisms of DeSesso 

and colleagues largely seem to hold true, it is important to point out that to date few 

studies have looked at pathological, functional, or organ specific endpoints in offspring 

exposed to arsenic in utero. In fact, most developmental studies have focused largely on 

gross deformations and fetal death following high dose arsenic exposures during 

pregnancy. 

To date, there are few studies detailing toxicogenetic alterations in the developing 

fetus induced by maternal arsenic exposure. Acute, high dose ip injections of arsenic 

(30-45 mg/kg) during gestation have been associated with neural tube defects and 

corresponding aberrant gene expression of developmentally important transcription 

factors in the neural tube, including Hox 3.1 and Pax 3 (Wlodarczyk et al., 1996a). These 

doses of arsenic also triggered upregulation of bcl-2 and p53 gene expression in the 

neural tube, indicative of inhibition of cellular proliferation (Wlodarczyk et al., 1996b). 
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The present study examined the toxicogenetic changes in developing lungs of 

arsenic exposed fetal rats. Subtracted cDNA libraries were generated from day 18 fetal 

lungs of rat pups exposed to 500 ppb arsenic (using arsenite or arsenate) in utero 

beginning at conception. These doses are environmentally relevant and have been 

observed in areas of endemic exposure, including the West Bengal region of India 

(Mazumder et al., 2000). Using these clones, a custom cDNA microarray was generated 

and used to analyze gene expression in cultured alveolar type II epithelial cells exposed 

to 10, 50,100 and 500 ppb arsenic (as sodium arsenite) over the course of 14 days. 

The results of these studies show that arsenic caused aberrant expression of 

extracellular matrix genes including collagen type III al chain and tropoelastin. 

Additionally, arsenic caused dysregulation of developmental genes involved in epithelial-

mesenchymal interaction including midkine and amelogenin. Sprouty-2 mRNA, which 

encodes a key FGF antagonist protein and negative regulator of branching morphogenesis 

in the fetal lung (Mailleux et al., 2001; Tefft et al., 1999) was downregulated by arsenic 

exposure. Finally, arsenic led to aberrant expression of hemoglobin al and p-globin 

genes. Taken together, these toxicogenetic alterations demonstrate that arsenic causes 

gene expression changes in the embryonic rat lung, following in utero exposure through 

maternal drinking water. These results may be useful in the elucidation of molecular 

targets and biomarkers of inorganic arsenic exposure during lung development and may 

give insight into the etiology of arsenic-induced respiratory disease and lung cancers. 

4.3 MATERIALS AND METHODS 
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REAGENTS. Ham's F-12 Media, fetal bovine serum, bovine insulin, holo-transferrin, 

bovine pituitary extract, dNTPs, mouse Cot-1 DNA, yeast tRNA, and 0.25% trypsin-

EDTA were obtained from Invitrogen (Carlsbad, CA). 3-aminopropyItrimethoxysilane 

was obtained from Gelest Incorporated (Morrisville, PA). Aminoallyl dUTP, Alexa 

Fluor 546 and 647 ester dyes, SYBR Green 1 nucleic acid gel stain and SYBR Green II 

were purchased from Molecular Probes Incorporated (Eugene, OR). TEMED, 

ammonium persulfate, and bis-acrylamide were obtained from Bio-Rad (Hercules, CA). 

T-PER Tissue Protein Extraction Reagent, Halt Protease Inhibitor Cocktail Kit and 

Restore Western Blot Stripping Buffer were obtained from Pierce Biotechnology 

(Rockford, IL). High range and full range Rainbow molecular weight markers were 

obtained from Amersham Biosciences (Piscataway, NJ). Sodium arsenite and sodium 

arsenate were obtained from J.T. Baker (Phillipsburg, NJ). RNA Stat-60 RNA isolation 

reagent was purchased from Tel-Test Incorporated (Friendswood, TX). 

Penicillin/streptomycin was purchased from Mediatech (Hemdon, VA). EGF, IGF, and 

all other laboratory chemicals were purchased from Sigma Chemical Company (St. 

Louis, MO), and were secured in the highest purity available. 

ANIMAL BREEDING AND TREATMENTS. Male and female Sprague-Dawley rats 

were obtained from Harlan Sprague-Dawley (Indianapolis, IN). Animals were housed in 

a humidity controlled room, maintained at 22°C on a 12 h light-dark cycle and were 

given standard rat chow and water ad libitum. Female rats were weighed nightly and 

estrus cycles were monitored using an Estrus Cycle Monitor EC40 (Fine Science Tools 
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Inc., Foster City, CA). Upon reaching estrus, female rats were mated overnight and 

pregnancy was confirmed the following morning by the presence of sperm in a vaginal 

lavage sample. Pregnant animals were randomly placed in control or 500 ppb arsenic 

(sodium arsenate or sodium arsenite) drinking water treatment groups. Arsenic solutions 

were replaced once daily and arsenic concentration was validated by inductively coupled 

plasma (ICP) mass spectrometry (data not shown). Mothers were euthanized with CO2 at 

embryonic day 18 (day 1 was the second morning after mating). Embryonic lungs were 

removed from day 18 fetal rats by microdissection and were immediately snap frozen in 

liquid nitrogen. Pup lung weights and body weights were recorded. Animal protocols 

were approved by the Institutional Animal Care and Use Committee of the University of 

Arizona. 

PREPARATION OF SUBTRACTED CDNA LIBRARY. Total RNA was extracted 

from lung tissue of a single control and treated day 18 fetal rat using RNA Stat-60. RNA 

was ethanol precipitated and mRNA was subsequently isolated using oligo-dT selection 

with the NucleoTrap mRNA Mini Purification Kit (Clontech, Palo Alto, CA). Synthesis 

and amplification of first strand cDNA from mRNA was carried out using the SMART 

PCR cDNA Synthesis Kit (Clontech). Subsequent preparation of subtracted cDNA 

libraries was performed using the PCR-Select cDNA Subtraction Kit (Clontech). The 

subtractive hybridizations performed were: 1) Treated (500 ppb arsenate or arsenite) 

cDNA subtracted with an excess of control cDNA and 2) Control cDNA subtracted with 

an excess of treated cDNA. Following cDNA subtractions, cDNA fragments were cloned 
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into TOP-10 chemically competent E. coli (Invitrogen, Carlsbad, CA). All cDNA clones 

were sequenced in both directions by the Arizona Research Laboratories Genetic 

Analysis and Technology Core Sequencing Facility at the University of Arizona using an 

Applied Biosystems (Foster City, CA) ABI Prism 3700 DNA Analyzer. Sequences were 

processed to remove poor quality sequence data and vector sequences using the FAKtory 

DNA Sequence Fragment Assembly System (Miller and Myers, 1999). Sequences were 

subsequently blasted with BLAST at NCBl. Genes were classified by function using the 

BioRag database (bioresource for array genes) found at http://vrww.biorag.org. 

PREPARATION OF CUSTOM CDNA MICROARRAY. Cloned cDNA inserts from 

our libraries were amplified by PCR on a Tetrad thermocycler (MJ Research, Inc., 

Waltham, MA) using 1 |JLL of bacterial culture as template. PCR reactions were 

performed with the HotStarTaq DNA polymerase kit (Qiagen, Valencia, CA), with each 

100 }iL reaction containing: Ix HotStarTaq PCR buffer, 0.2 rtiM dNTP mix, 0.4 }jiM M13 

primers, 1 mM supplemental MgCli, 0.01 % Tween-20, and 1 unit HotStarTaq. PCR 

amplification conditions were as follows: 15 min 94°C followed by 30 cycles of 30 sec 

94°C, 30 sec 60°C, 2 min 72°C and a final extension of 10 min at 72°C. PCR products 

were purified using MultiScreen PCR brand 96 well PCR cleanup plates (Millipore, 

Billerica, MA). Purified cDNA (2.0-5.0 p.g) was subsequently Speed Vac concentrated to 

dryness using a Speed Vac concentrator (Thermo Savant, Holbrook, NY) and cDNA was 

then reconstituted in Tris-EDTA buffer and diluted 1:1 in dimethylsulfoxide (DMSO) for 

array printing. Gold Seal brand glass microscope slides (VWR International, West 

http://vrww.biorag.org
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Chester, PA) were cleaned in 10 % NaOH, 57 % EtOH for 1 hour, rinsed several times in 

ethanol, were subsequently coated with 2 % 3-aminopropyltrimethoxysilane and baked 

for 30 min at 80°C. Six cDNA spots per gene were printed on the silane-coated glass 

using 32 printing pins on a humidity controlled Chip Writer Pro robotic printer (Virtek 

Vision International, Waterloo, Ontario, Canada). Spot morphology was evaluated using 

SYBR Green 2 stained slides scanned on an Applied Precision arrayWoRx® CCD 

Scanner (Applied Precision, Issaquah, WA). Spots were approximately 100 microns in 

diameter and 50 microns apart. 

CELL CULTURE STUDIES. Rat lung epithelial (RLE) cells (ATCC 3567) were a gift 

from Dr. Mark Witten at the University of Arizona. Cells were cultured in Ham's F-12 

Media supplemented with 7.5 % Fetal Bovine Serum, 10 |j,g/mL bovine pituitary extract, 

2.5 ng/mL epidermal growth factor, 2.5 ng/mL insulin-like growth factor, 12.5 }xg/mL 

bovine transferrin (holo-form), 10 jag/mL bovine insulin, 1.0 unit/mL penicillin and 1.0 

|ig/mL streptomycin. RLE cells were grown at 37°C in a 5.0 % CO2 humidified 

incubator. Cells were exposed to 10, 50, 100, or 500 ppb arsenic (as sodium arsenite) in 

75 cm^ flasks for 1, 7, or 14 days, using three cell culture flasks per dose and per time 

point. Following treatment, cells were trypsinized, pelleted and snap frozen with liquid 

nitrogen. For RNA isolation, cell pellets were defrosted on ice and subsequently 

homogenized 8 times in Buffer RLT (Qiagen, Valencia, CA) using a 25-gauge needle 

attached to a 1 mL syringe. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, 
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Valencia, CA) and was DNase treated with 10 units of DNase I for 1 h at 37°C using the 

DNA-^ree Kit (Ambion, Austin, TX). 

MICROARRAY EXPERIMENTS. Reverse transcription of 10.0 jug of total RNA was 

performed using the EndoFree RT kit (Ambion, Austin, TX), according to manufacturer 

protocol. The dNTP mixture contained 0.5 mM each dATP, dCTP, and dGTP, 0.15 mM 

dTTP and 0.2 mM aminoaJlyi dUTP. Following RT reactions, RNA was digested with 

1.0 M NaOH for 10 min at 65°C, followed by neutralization with 1.0 N HCL The cDNA 

products were purified using the QlAquick PGR Purification Kit (Qiagen, Valencia, CA), 

Speed Vac concentrated to dryness and resuspended in 3.0 of 25 mg/mL NaHCOs. 

Samples were reacted with 5.0 jxL of a 1:250 diluted aliquot of Alexa Fluor ester dye 546 

or 647 for 1 h at room temperature (protected from light). Dye labeled cDNA from 

treated and control samples were then mixed and cleaned up with the QlAquick PCR 

purification kit to remove unincorporated dye. Printed array slides were prepared by 

washing for 30 sec in 1 % SDS followed by a 30 sec wash in Milli-Q water. Array 

hybridization mixture contained labeled cDNA from both 10.0 fig RT reactions (treated 

and control), 25 % formamide, 5x SSC (Ambion, Austin, TX), and 0.1 % SDS, 

supplemented with 10.0 |ig mouse Cot-1 DNA, 1.0 fig 18-mer oligo-dA (Integrated DNA 

Technologies, Coralville, lA) and 1.0 ng yeast tRNA. Microarray hybridizations were 

carried out at 52°C overnight on a GeneTAC Hybridization Station (Genomic Solutions, 

Ann Arbor, Ml). Following hybridization, three washes of 3 min each were carried out 

using the following reagents: Ix SSC, 0.1 % SDS; O.lx SSC, 0.01 % SDS; 0.05x SSC, 
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respectively. Arrays were scanned using an Applied Precision arrayWoRx® CCD 

Scanner. Spot finding was subsequently carried out using softWoRx Tracker software, 

version 2.2 (Applied Precision, Issaquah, WA). Microarray hybridization experiments 

(N=3) were designed according to the methods of Kerr and Churchill (Kerr and 

Churchill, 2001b; Kerr and Churchill, 2001a). This experimental design controls for 

array-specific, dye-specific and gene-specific bias while reducing the number of 

hybridizations necessary for statistical analysis and maximizing the number of statistical 

comparisons that can be performed with this minimal number of array hybridizations 

(Figure 4.1). 

REAL TIME PCR STUDIES. Isolation of total RNA from animal tissues was carried out 

utilizing the RNA-stat 60 reagent and homogenization with a Tissue-Tearor (BioSpec 

Products, Inc., Bartlesville, OK). Two ethanol precipitations were performed to ensure 

RNA purity. Total RNA isolation from cell culture samples was performed as described 

above. DNase treatment of total RNA for real time PCR was also carried out as 

described above. Reverse transcription of 3.0 fig total RNA was performed using the 

Ambion EndoFree RT Kit, according to manufacturer protocol. Primer sets were 

designed against the first 300 base pairs of the 3' end of the gene of interest using the 

Primer 3 program from the Massachusetts Institute of Technology: http://www. 

genome.wi.mit.edu/cgi-bin/primer/primer3_www_slow.cgi. Primers are listed in Table 

4.1 and were purchased from Integrated DNA Technologies (Coralville, lA). Real time 

PCR reactions were performed using the QuantiTect SYBR Green PCR Kit (Qiagen, 

http://www


113 

Valencia, CA) and were carried out using a Rotor Gene RG-3000 instrument and Rotor 

Gene Version 4.6 software (Corbett Research, Mortlake, NSW, Australia). Each 10 pL 

reaction contained: 1 p,M each forward and reverse primers, 6.25 mM supplemental 

MgCb, 2.0 piL 1:25 diluted cDNA from RT reaction, Ix QuantiTect SYBR Green PGR 

Master Mix, and 0.25x SYBR Green 1 (purchased as 10,000x concentrate). 

Amplification conditions utilized 95°C for 15 min followed by 45 PGR cycles as follows: 

95°C for 15 sec, 58°C for 15 sec, 72°C for 20 sec, followed by a final incubation for 45 

sec at 72°C and a subsequent melt from 72-99°C at 1°C intervals, 5 sec per interval. 

Cell culture cDNA samples (N=3) from control, 50 ppb or 500 ppb treatments were 

pooled together following completion of RT-PCR reactions and real time PGR was run in 

triplicate. Real time PGR analysis of fetal lung cDNA samples was performed in 

triplicate, using cDNA samples from individual pups, each pup being from a different 

litter (N=3 control, N=4 treated). All gene expression was normalized to expression of p-

actin. Prior to export of real time PGR data, slopes were corrected using the slope correct 

function of the Rotor Gene software. 

WESTERN IMMUNOBLOTTING. Total protein was isolated from snap frozen fetal 

lung tissue using 5 |iL/mg tissue of Tissue Protein Extraction Reagent (T-PER) with 10 

jiL/mL Halt Protease Inhibitor Cocktail, according to manufacturer protocols. Protein 

quantitation was performed using the Bicinchonic Acid Kit (Sigma, St. Louis, MO). 

SDS-PAGE resolution of 40 jig of day 18 fetal lung protein, N=4, was performed using 

electrophoresis and blotting methods described by Butts and colleagues (Butts et al, 
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2003). Protein was loaded in a denaturing Ix loading buffer containing: 2 % SDS, 715 

mM P-mercaptoethanol, 50 mM Tris pH 7.0 and 3 % sucrose. Tris-buffered saline with 

tween contained the following: 20 niM Tris pH 8.0, 137 mM NaCI and 0.1 % Tween-20. 

Antibody dilutions, purchase information and other pertinent western blot details are 

provided in Table 4.2. Rabbit anti-human sprouty was designed against an epitope of 

sprouty-2 and was obtained from Calbiochem (San Diego, CA). A Rabbit anti-

hemoglobin antibody raised against rat hemoglobin was a generous gift from Dr. Jakub 

Gburek of Aarhus University, Aarhus, Denmark (Gburek et al., 1998). All secondary 

antibodies were HRP conjugates and were obtained from Cell Signaling Technology 

(Beverly, MA), Pierce Biotechnology (Rockford, IL) and Amersham Biosciences 

(Piscataway, NJ). Blots were exposed to Kodak XO-Mat XBl blue film from 

PerkinElmer and developed on a SRX-IOIA Medical Film Processor (Konica, Mahwah, 

NJ). Blots were stripped with Restore stripping buffer for 30 min according to 

manufacturer protocol and were reprobed for normalization to total actin or a-tubulin 

(collagen III and p-actin blots). Signal intensity of blots was quantitated using 

densitometry. Film was scanned on a GS-700 Imaging Densitometer (Bio-Rad, Hercules, 

CA) and quantitated using Bio-Rad Quantity One software, version 4.1.1. Protein 

expression is expressed as a ratio to actin or a-tubulin. 

DATA ANALYSIS. Statistical analysis of lung weights and lung to body weight ratios 

were compared using Student's t-test, conducted with Graph Pad Prism 3.0 (Graph Pad 

Software, San Diego, CA). Microarray spot signal intensities were calculated as the spot 
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intensity minus the local background intensity. Subsequent data analysis was limited to 

spots that exhibited calculated signal intensities that were greater than 2 times the local 

background standard deviation in at least one channel (Quackenbush, 2002). The data for 

each hybridization was log2 transformed and spot signal intensities were normalized 

between channels (green and red) using 36 spots of total lung cDNA isolated from day 18 

fetal rat lungs. These spots functioned as an effective normalization tool as the ratio of 

their signal intensities remained unchanged regardless of treatment. Statistical analysis of 

microarray data was performed using a linear ANOVA model (Kerr et al, 2000) 

implemented using SAS (SAS Institute, Inc., Gary, NC). Real time PGR fold changes 

were calculated based on the 2"'^^' method (Peirson et al., 2003; Livak and Schmittgen, 

2001). Statistical analysis of real time PGR data were performed using two-tailed 

Student's t-tests, requiring p<0.05 for statistical significance. Statistical evaluation of 

westem blots was conducted using the Wilcoxon signed-rank test to assess variation from 

1.0, using Prism Graph 3.0. All graphs were created using Prism Graph 3.0 or Microsoft 

Excel (Microsoft, Seattle, WA). 

4.4 RESULTS 

ARSENIG INDUGED GRANGES IN FETAL GROWTH. Treatment with 500 ppb 

arsenic (as sodium arsenite) resulted in decreased body weight and lung weight in day 18 

fetal rats (Table 4.3). In particular, arsenic caused significant (p<0.0005) reduction of 

fetal body weight by 6.6 % and lung weights by 13.3 %. Arsenic exposure also caused 

significant (p<0.05) reduction of lung to body weight ratios by 7.2 %. No changes in 
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maternal weight gain or food and water consumption were observed between control and 

treated pregnant animals during the course of this study (data not shown). Additionally, 

there were no alterations in litter size or in the number of fetal resorptions between 

treatment groups (data not shown). 

CDNA LIBRARY PREPARATION AND SEQUENCING. The cDNA libraries isolated 

from subtractive hybridization of control versus arsenic treated (arsenite or arsenate) day 

18 fetal rat lungs contained 326 clones. From these clones, 281 sequences were obtained 

with approximately 160 representing unique genes. Such redundancy in subtracted 

cDNA libraries is consistent with that seen in the literature (Cooper et al., 2000). Of the 

281 sequences obtained, 130 were upregulated following 500 ppb arsenic (as arsenite) 

exposure, while 83 were downregulated following this treatment. Exposure to 500 ppb 

arsenic (as arsenate) triggered upregulation of 63 clones, while only 6 clones were 

downregulated following this exposure. After applying an e value match score maximum 

of e"^°, 129 unique genes were identified with 79 clones representing genes of known 

function. Genes of known function contained within arsenic subtracted libraries were 

classified in broad functional categories (Table 4.4). Genes of unknown function are 

listed in Appendix B. Genes of particular interest to the present studies include the 

structural genes (specifically collagen type 111 al and tropoelastin), those involved in 

epithelial-mesenchymal interaction (midkine and amelogenin) and branching 

morphogenesis (sprouty) during lung development. 
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MICROARRAY ANALYSIS OF ARSENIC TREATED CULTURED CELLS. Genes 

identified by subtractive hybridization were spotted on a custom cDNA microarray. This 

array was used to probe for alterations in gene expression following in vitro exposures to 

arsenic (as sodium arsenite) in RLE cells. RLE cells did not reduce or methylate arsenite, 

as determined by IGP mass spectrometry (data not shown). Microarray analysis was 

conducted using the experimental design depicted in Figure 4.1. Following one day of 

arsenite exposure, dysregulation of gene expression was dose dependent, with most 

significantly altered genes showing dose-dependent upregulation (Table 4.5). 

Differentially expressed genes included those encoding ribosomal and mitochondrial 

proteins, metabolic enzymes and structural proteins such as collagen type III and 

vimentin. Following seven days of arsenic exposure, fewer genes displayed aberrant 

expression compared to day 1 (Table 4.5). The genes differentially expressed at day 7 

showed both upregulation and downregulation, in contrast to that observed at day 1. 

Genes aberrantly expressed at day 7 included ribosomal and mitochondrial genes, those 

encoding metabolic enzymes, the cytoskeletal gene p-actin and the developmental 

precursor gene to amelogenin. Following 14 days of arsenic exposure, fewer genes were 

differentially expressed, with those altered genes including mitochondrial and ribosomal 

genes and the Mss4 gene encoding a guanine nucleoside exchange factor involved in G-

protein signaling (Table 4.5). 

REAL TIME PGR VALIDATION STUDIES. Quantitative real time PGR was used to 

validate differential expression of genes identified in the subtracted libraries and 
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microarray studies. The following genes were analyzed both in vitro and in vivo: p-actin, 

collagen type III al chain, cytochrome B, hemoglobin al, sprouty-2 and tropoelastin. 

Real time PCR experiments were conducted with RLE cells (in vitro) and day 18 fetal rat 

lung samples (in vivo). Primer sequences are given in Table 4.1. Collagen type III 

exhibited significant downregulation following 500 ppb arsenic exposure for 1 or 7 days 

in vitro (Figure 4.2A), while cytochrome B was not differentially expressed under these 

conditions (Figure 4.2B). Hemoglobin al showed significant downregulation at 50 and 

500 ppb arsenic exposure after 1 day of exposure in vitro (Figure 4.2C) and significant 

upregulation following 500 ppb arsenic exposure for 7 days in vitro. Sprouty-2 also 

exhibited significant downregulation following exposure to 500 ppb arsenic for 1 or 14 

days in vitro (Figure 4.2D). Tropoelastin was significantly downregulated in vitro, in 

response to 500 ppb arsenic exposure for 7 or 14 days (Figure 4.2E). 

Sprouty-2 was also downregulated by two-fold in vivo (Figure 4.3), a change 

found to be statistically significant. Collagen III appeared to be downregulated with 500 

ppb arsenic exposure in vivo (Figure 4.3), however, these data were not statistically 

significant. Neither hemoglobin al nor tropoelastin expression was significantly altered 

following arsenic exposure in vivo (Figure 4.3). 

WESTERN BLOT ANALYSIS. Western blot analysis was performed on day 18 fetal 

lung tissue isolated from control and 500 ppb arsenic (as arsenite) treated embryos to 

determine differential expression of a subset of proteins whose transcripts were identified 

in our subtracted library and microarray analyses. These proteins included p-actin, 


