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ABSTRACT 
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Toxicity of arsenic species is dependent on chemical oxidation state. Inorganic 

arsenic in the trivalent state, arsenite or As(III), is more biologically active than 

pentavalent arsenic, arsenate or As(V), and is more toxic by most measures. As(V), 

however, is more stable and prevalent in the environment. One consequence of 

environmental exposure is peripheral vascular disease, which is primarily due to vascular 

changes, but toxicity to the erythrocyte has not been evaluated. To understand toxicity 

and the implications of arsenic oxidation state, human erythrocytes were utilized to model 

the uptake, biotransformation (metabolism) and toxicity of sodium arsenate, As(V). 

It was first established that biotransformation, both in vivo and in vitro, would not 

be limited by uptake of As(V) into the cell. Evidence suggested that reduction was 

accomplished by at least two separate pathways. All reductive metabolism was dependent 

on the presence of reduced thiols including both non-protein thiols (glutathione; GSH) and 

protein thiols (ProSH). These pathways are; I) chemically mediated reduction by GSH 

and 2) protein mediated reduction. It was established that the protein-dependent pathway 

required a reduced protein thiol and also required the presence of GSH. This points to 

reduction through a redox coupling to form a protein mixed disulfide (ProSSG). 

Toxicity to the erythrocyte was evaluated by determining total cell death, 

morphologic changes and effects on the energy cofactor adenosine triphosphate (ATP). 

Based on these three parameters, the erythrocyte was more susceptible to As(V) and not 



As(in) as other tissues are. The morphologic effects on the cell were also consistent with 

ATP depletion. These changes were characterized by formation of morphologically 

altered cells that are unable to deform in circulation effectively and occlude the 

microcirculation. This could contribute to vascular tissue damage associated with arsenic-

induced circulatory disorders. In summary, the erythrocyte is able to take in As(V) which 

is detrimental to the ability of the cell to perform its intended function. Biotransformation 

to As(III) would therefore be a detoxifying event, and understanding the factors involved 

in biotransformation will help to understand human susceptibility to arsenic-induced 

vascular disease. 
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CHAPTER 1 

INTRODUCTION, HYPOTHESIS AND AIMS 

l.l GENERAL INTRODUCTION 

Arsenic is a-naturally occurring element which is ubiquitous in the environment. 

Human exposure results from both environmental and occupational sources. Worldwide 

there are virtually millions of people who are exposed to arsenic at levels that are 

considered in excess of safety. Many of these people are exposed through the 

consumption of contaminated drinking water. Arsenic is highly toxic to humans; causing 

acute toxicity to virtually every organ system and chronic exposure causes lung and skin 

cancer. In addition to these effects, consumption of contaminated drinking water is linked 

to a peripheral vascular disorder known as "Blackfoot's disease". It is characterized by 

arteriolar sclerosis and ischemia leading to gangrene and amputation in the extremities, 

particularly the feet. 

Understanding arsenic toxicity is complicated by the fact that arsenic exists in 

multiple oxidation states, each having a unique toxicology. It can exist in oxidation states 

ranging from (-HI) to (+V) and in both organic and inorganic forms. The two oxidation 

states that are the most important for human exposure are inorganic trivalent, arsenite or 

As(III), and pentavalent, arsenate or As(V). As(in) is more toxic, but As(V) is more 

thermodynamically stable and is more commonly found in the environment. Arsenic 

metabolism in humans is limited to redox reactions between As(III) and As(V) and 
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methylation to form mono- and dimethyl metabolites, which are much less toxic than the 

inorganic forms. As(III) is the substrate for methylation, therefore As(V) must first be 

reduced to As(III) to be methylated. 

Understanding the implications of exposure to multiple forms of arsenic requires 

an understanding of the &ctors involved in metabolism. It has been demonstrated that 

As(V) can be reduced to As(III) in simple aqueous solutions by the endogenous thiol 

glutathione (GSH). Reduction in in vitro rodent models also appears to depend on the 

presence of thiols. The purpose of the following study was to determine the extent of 

biotransformation in the human erythrocyte and the possible contribution of thiols to that 

process. Elucidation of these pathways will contribute to understanding of As(V) 

reduction in all cells. 

Both As(III) and As(V) cause acute toxicity by interfering with energy production 

but through different mechanisms. As(III) inhibits the pyruvate dehydrogenase 

multienzyme complex, effertively blocking entry into the citric acid cycle. In contrast, 

As(V) is a phosphate analogue that substitutes in the production of ATP blocking 

oxidative phosphorylation. The erythrocyte does not utilize the citric acid cycle to 

produce energy and unlike most cells, it may be more susceptible to As(V). In addition to 

determining metabolism, the toxicity of As(III) and As(V) in the erythrocyte will be 

evaluated in the context of its implications to the pathogenesis of arsenic vascular disease. 

This knowledge will help to understand human susceptibilities to arsenic and assist in 

developing exposure scenarios and risk assessments. 
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1.2 GENERAL HYPOTHESIS 

Arsenic is toxic to the red blood cell, and toxicity may contribute to the 

pathogenesis of arsenic-induced vascular disease. As found in other cells, 

toxicity will be dependent on oxidation state. Understanding the impUcations 

of in vivo exposure to multiple oxidation states requires an understanding of 

the uptake and metabolism of arsenic in RBCs. 

1.3 SPECIFIC AIMS 

1.3.1 Uptake 

• Determine factors affecting uptake in order to design metabolism experiments 

(i.e. pH, temperature, etc.). 

• Determine if uptake is the limiting factor in erythrocyte metabolism of arsenic. 

• Determine if uptake of arsenate will occur in the presence of physiological 

levels of possible competitors. 
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1.3.2 Biotransformation 

• Characterize the metabolic capacity of the human erythrocyte including 

location of metabolic activity and metabolite profile. 

• Characterize the effect of arsenic on thiols (GSH and GSSG) and the effect of 

thiol alteration on arsenic metabolism. 

• Determine if chemical reduction of arsenic by glutathione is the sole 

glutathione mediated pathway in the erythrocyte. 

1.3.3 Toxicity 

• Characterize the effect of arsenic on erythrocytes. 

• Determine the mechanism of arsenic-induced damage. 
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CHAFFER 2 

REVIEW OF LITERATURE 

2.1 ARSENIC 

2.1.1 Chemistry 

Arsenic is a group V metalloid with a molecular weight of 74.9216 g/mol. In can 

exist in valence states ranging from (-HI) to (+V). The forms of arsenic which are most 

important for human exposures are the inorganic trivalent (+III) and pentavalent (+V) 

oxyacids (arsenous and arsenic acid, respectively) and the pentavalent (+V) methylated 

acids (monomethylarsonic acid and dimethylarsinic acid). 

Inorganic trivalent arsenic (meta-arsenous acid) has the chemical formula of 

HASO2, and its salts are called arsenites (MASO2). Aqueous solutions of inorganic 

arsenites contain As(0H)3 which has successive pKa values of 9.1, 12.13 and 13.40. At 

physiological pH, it would remain undissociated. The meta-acid (HASO2) and its salts 

(MASO2) are not found in solution, but the hydrated anions, H2ASO3', HAsOs'^ and AsOs"^ 

are found in solution at basic pHs (Cullen and Reimer, 1989; NAS, 1977). Notable of the 

chemistry of trivalent arsenic both in vivo and in vitro is its reactivity with sulfhydryls 

(Webb, 1966). 

Inorganic pentavalent arsenic (arsenic acid) has the chemical formula of H3ASO4, 

and its salts are arsenates (MH2ASO4). With successive pKa values of 2.20, 6.97 and 

11.53, it would be ionized at physiological pH to form HAs04^' (NAS, 1977). Because of 



structural similarities between arsenic acid and phosphoric acid (H3PO4, pKa values of 

2.1s, 7.10 and 12.32), arsenate is thought to substitute for phosphate in biologically 

important molecules and reactions (NAS, 1977; Budavari etal., 1989). 

Arsenic also exists in organic forms as methylated acids: methylarsonic acid 

(MAA, CH3AsO(OH)2) and dimethylarsinic acid (DMAA, (CH3)2As(0)0H). For these 

forms, arsenic exists in the pentavalent state. Methylarsonic acid is a dibasic acid with 

successive pKa values of 4.1 and 8.7; it would be ionized at physiological pH. 

Dimethylarsinic acid (DMAA) is a monobasic acid with a pKa of 6.2; it would also be 

ionized at pH 7.4 (NAS, 1977). A striking feature of these methyl arsenicals is that the 

arsenic carbon bond has been found to be very chemically stable (Raiziss and Gavron, 

1923). Because of their stability, low affinity to macromoiecules and rapid excretion, the 

formation of the methyl arsenicals is thought to be a pathway for detoxification. DMAA 

can be further methylated to form trimethylarsineoxide (TMAO) and trimethyiarsine 

(TMA), but formation is limited to the metabolic action of molds and fungi. 

2.1.2 Environmental and Industrial Sources of arsenic contamination 

2.1.2.1 Sources of environmental arsenic. Arsenic is a naturally occurring element. 

It is the 9th most abundant element in the earth's crust and not surprisingly, trace levels 

are found in the air, oceans, fresh water, soil and in all living things (Fitzgerald, 1983; 

NAS, 1977). Arsenic is released into the environment through both natural and human 

sources. Natural sources include volcanic emissions and erosion from arsenic containing 
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soil. Arsenic contamination in drinking water is an important environmental problem 

worldwide, and the source of arsenic is after leaching from the natural rock substratum. 

Sources of industrial release are from hazardous waste disposal, its use as a 

pesticide and wood preservative, burning of fossil fuels and from smelters (Cullen and 

Reimer, 1989; ATSDR, 1993). Because arsenic is a common element in many ores, 

copper and lead production can result in arsenic releases into the air as a by-product and 

into water through run-oflf from mine tailings (Fitzgerald, 1983, ATSDR, 1993). Over 

50% of the 1300 hazardous waste sites on the National Priority list contain significant 

amounts of arsenic (HAZDAT, 1992). Both As(V) and As(III) are found in the 

envirorunent, but As(V) is more thermodynamically stable than As(III). With the typical 

oxygenation of soil and surface water, the pentavalent state would be the more 

predominant form (Marafante et al., 1985; Cullen and Reimer, 1989; Del Razo et al, 

1990). Other sources for exposure include cigarette smoke, pharmaceutical agents and 

diet (Chen et al. 1995). Marine organisms accumulate arsenic, and a diet high in fish 

(particularly shellfish) can influence daily arsenic exposure, although the form is a 

particularly non-toxic organic species (Aposhian, 1991). 

2.1.2.2 Occupational exposure. The common occupational exposure is to workers 

involved in ore production, particularly those involved in the processing of gold, lead and 

copper. Trivalent arsenic as arsenic trioxide is the main form of arsenic used in industry 

(herbicides, pesticides, cotton desiccants and in glass production to produce 

opacification). Pentavalent arsenic as chromated-copper-arsenate is used to produce 
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wood preservatives (Fitzgerald, 1983; Aposhian, 1991). Workers involved in the 

production and use of these agents are potentially exposed. Another source of 

occupational exposure is found in the electronics industry where gallium arsenide (GaAs) 

is used to produce semiconductor chips. Exposure in this industry is to gallium arsenide 

particles and to arsine gas (AsHs) which is used as a silica doping agent (Ladou, 1983). 

2.1.2.3 Extent of human exposure worldwide. The daily exposure for most 

individuals (not exposed to excessively contaminated sources) is thought to be 10-50 mg 

from food, 2 mg from water, 10-32 mg from smoke and 0.2-3 mg from air. By far the 

main source of excessive arsenic exposure to the general population worldwide is through 

the ingestion of contaminated drinking water. The current accepted level of arsenic in 

drinking water for the U.S. is 0.05 mg/L as set by the Environmental Protection Agency 

(EPA). The World Health Organization (WHO) has set a limit of 0.01 mg/L and currently 

the EPA is considering lowering the drinking water standards to as low as 0.005 mg/L. 

Arsenic levels exceeding 0.005 mg/L can be found in various counties in California, 

Colorado, Idaho, Illinois, Louisiana, Michigan, Nevada, New Mexico, Oklahoma, Utah 

and Washington (Engel and Smith, 1994). It is estimated that approximately 350,000 

U.S. citizens consume water above the current EPA limit (Smith et ah, 1992). In other 

parts of the world, large populations in Taiwan, Mexico, Chile, China and Argentina are 

exposed to much higher levels (up to 600 mg/L). In the last two decades, a population of 

over 1 million people in India have been located that are consuming arsenic contaminated 

drinking water. Levels in the water range as high as 3 mg/L (Bagla and Kaiser, 1996). 
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2.1.3 Disposition of Arsenic 

2.1.3.1 Absorption. Distribution and Excretion. 

2.1.3.1.1 Absorption. Arsenic absorption can occur through the respiratory tract, 

gastrointestinal system (GI) and the skin. Respiratory absorption is dependent on particle 

size and chemical form of arsenic (Vahter, 1983). Arsenic particles deposited in the 

respiratory tract are removed by ciliary action and transported to the gastrointestinal tract 

where arsenic absorption is dependent on its solubility. Water soluble arsenic compounds 

were shown to be rapidly absorbed from the lungs following intratracheal administration 

(Dutkiewicz, 1977; Stevens e/a/., 1977). 

Gastrointestinal absorption of water soluble arsenic compounds is rapid and 

extensive. In most animals and in humans, greater than 90% of trivalent or pentavalent 

inorganic arsenic in solution was absorbed from the GI tract (Bettley and O'Shea, 1975; 

Charbonneau et ai, 1978a; Hollins et al., 1979; Tam et al., 1979; Vahter and Norin, 

1980). An exception to this was the Syrian golden hamster which absorbed only 30% of 

the original dose (Charbonneau et al., 1980). The organic arsenicals were also rapidly 

absorbed (Munrom, 1976; Lunde, 1977). 

2.1.3.1.2 Distribution. Arsenic is distributed by the blood, and blood clearance in 

humans, dogs, mice and rabbits follows a two or three exponential curve (Mealey et al., 

1959; Charbonneau et al., 1978b; Vahter and Norin, 1980; Bertolero et al., 1981). Blood 

clearance in rats is unusually slow. The half-life is as high as 60-80 days due to binding to 



the erythrocytes (Dutkiewicz, 1977). Arsenic administered as As(III) or As(V) is 

distributed to the liver, kidneys, lungs and intestinal mucosa in rabbits and mice (Deak et 

al., 1976; Vahter and Norin, 1980). Parenteral administration of As(V) or As(III) gives 

high intestinal mucosa levels (Deak et al., 1976; Lindgren et al., 1982). As(V) and As(III) 

are also distributed to the skeleton and brain, and they cross the placenta (Mealey et al., 

1959; Vahter and Norin, 1980; Deak e/a/., 1976; Planlon and Perm, 1977). 

2.1.3.1.3 Excretion. The major routes of excretion are urinary, biliary and fecal. 

Excretion is dependent on route of administration and the form of arsenic that is 

administered. Biliary excretion and enterohepatic recirculation of As(V) and As(III) occur 

in a number of animal species but are lower for As(V) (Levander and Baumann, 1966; 

Cikrt and Bencko, 1974; Klaassen, 1974; Cikrt et al., 1980). After oral administration, 

fecal excretion of As(V) accounted for 30 to S0% excretion in rats, mice and hamsters 

with the major form being inorganic arsenic (Inamasu, 1983; Odanaka et al., 1980). Only 

1 to 4% of intravenously administered As(V) was recovered after 48 hours in the feces of 

rats, mice and hamsters (Odanaka et al., 1980). 

2.1.3.2 Arsenic Metabolism. Metabolism of arsenic in mammalian systems can be 

broken down into two main areas: oxidation-reduction reactions and biomethylation to 

form monomethylarsonic acid and dimethylarsinic acid (Figure 1). Another possible fate 

of As(in) is protein binding. Binding proteins have been isolated and are thought to 

contribute to detoxification in some species (Bogdan et al, 1994). 
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Figure 2.1 Metabolism of arsenic in mammalian systems. Pentavalent inorg^ic 

arsenic acid is reduced to trivalent arsenous acid by an unknown mechanism. Both 

enzymatic and non-enzymatic pathways may contribute to reductive metabolism. 
Trivalent arsenic can either complex with thiols (i.e. ^utathione, lipoic acid, proteinSH; 
complegation with glutathione is depicted) or be oxidatively methylated to form 
methylarsonic acid; a pentavalent species. Methylarsonic acid must then be reduced to 
a trivalent form before a second step of methylation can occur to form dimethyiarsinic 
acid which is also a pentavalent species. All of the above forms of arsenic can be found 

in humans after exposure to inorganic arsenic except the trivalent methyl metabolite. 



2.1.3.2.1 Redox chemistry of arsenic. In the body, there is evidence that arsenic 

can interconvert between the pentavalent and trivaient state. Regardless of the form that 

is administered, both forms are found in the urine of treated animals. Arsenate can be 

formed in vivo through the oxidation of arsenite (Bencko et al., 1976; Lindgren et al., 

(1982); Vahter and Envall (1983); Rowland and Davies, (1982)). ICR-SPF mice were 

exposed to arsenite in their drinking water and then given intramuscular (i.m.) injections of 

^^As(III). After two days, one-half of the i.m. injection was found as As(V) in the urine 

(Bencko et al., 1976). Lindgren and coworkers, (1982) found '^As in the skeleton of mice 

and hamsters following intravenous dosing of ^^As(III). Incorporation of arsenic into 

bone is attributed to arsenate substitution for phosphate, indicating that an oxidation had 

occurred. Vahter and Envall (1983) found in vivo that 20% of intravenously administered 

As(III) was oxidized in mice and rabbits within four hours. Oxidation in humans has also 

been reported following intravenous administration (Mealey et al., 1959). Because of the 

lower acute toxicity of As(V), oxidation of As(in) has been considered a detoxification 

pathway. 

Reduction of As(V) to As(III) is of special interest because of the carcinogenic 

properties of As(in). In vivo reduction has been confirmed in many animals models 

(Ginsberg, 1965; Lerman et al., 1983; Vahter and Envall, 1983; Rowland and Davies, 

1982). Ginsberg (1965) showed in vivo reduction of As(V) to As(in) in dogs following 

intravenous infiision of arsenate. Rowland and Davies (1982) gave intraintestinal or 

intravenous injections of sodium arsenate to rats. The reduced form was seen within 5 
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minutes in the blood. Vahter and Envall (1983) showed arsenate reduction occurred in 

mice and rabbits following intravenous or oral administration. The exact mechanism of 

reduction is unclear, and there may be contributions from both non-enzymatic and 

enzymatic pathways. Arsenate redox reactions characterized in solution implicate cellular 

thiols such as glutathione (GSH) as possible reductants. 

2.1.3.2.2 Non-enzvmatic reduction of arsenate. As(V) can be reduced to As(III) 

in aqueous solutions with thiols which are found in most cells. Monomethylarsonic acid, 

dimethylarsinic acid and trimethyarsine oxide exist as pentavalent species in neutral 

solutions and can be reduced to trivalent derivatives by cysteine, glutathione and lipoic 

acid (Cullen et al., 1984a,b). Previous work in our laboratory (Scott et al., 1993) and 

others (Delnomdedieu et al., 1994) demonstrated that inorganic As(V) could also be 

reduced to As(in) by GSH in a neutral, aqueous solution with formation of glutathione 

disulfide (GSSG) as the oxidized species. As(III) was then able to complex glutathione in 

the following reactions: 

As(V) + 2GSH -> GSSG + As(III) 

As(m) + 3GSH -• AS(SG)3 

Arsenic interacts with thiols in biological systems as well. Cellular toxicity of 

As(III) is inversely related to intracellular glutathione levels and can be enhanced by 

glutathione depletion (Chang et al, 1991; Huang et al., 1993; Ochi et al, 1994). Biliary 
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transport of inorganic arsenic can be altered by non-protein sulfhydryl levels, and the 

transported species is believed to be an arsenic glutathione complex, most likely As(SG)3 

(Gyurasics e/a/., 1991a, 1991b and 1992). Depletion of glutathione in B ALB/3 T3 mouse 

fibroblasts and rat erythrocytes significantly inhibited the reduction of As(V) in these 

systems (Bertolero ei al., 1987, Winski and Carter, 1995). 

2.1.3.2.3 Enzymatic reduction of arsenate. To date, an enzyme which is capable of 

reducing As(V) to As(]II) has not been characterized in mammalian systems but a bacterial 

enzyme has been discovered. Resistance of bacteria {Escherichia coli and Stcphylococcus 

aureus) to arsenite is mediated by an active efflux pump that extrudes arsenite out of the 

organisms. The proteins for this are encoded by the ars operon (Silver et al., 1993). 

Arsenate resistance requires additional proteins encoded by arsC which results in a small, 

soluble, heat-stable cytoplasmic protein that reduces arsenate to arsenite (Ji and Silver, 

1992). The purified enzyme was coupled to thioredoxin, required NADPH and was 

inhibited by arsenite (Ji et al., 1994). Bacterial reduction fi-om the gut microflora in 

mammalians has been demonstrated in vitro (Rowland and Davies, 1981). This did not 

contribute to in vivo metabolism as intravenous and oral administration of arsenate had 

similar metabolite profiles in the blood (Rowland and Davies, 1982). 

2.1.3.2.4 Arsenic biomethvlation. Methylation of arsenic to monomethylarsonic 

acid (MMAA) and dimethylarsinic acid (DMAA) is the primary biotransformation in many 

species. Because of the rapid excretion and low affinity for protein and DNA binding, 

methylation is thought to be the pathway for detoxification (Figure 1). In vitro studies 
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indicate that the arsenic methylase requires As(III) and will not utilize As(V) as a substrate 

(Buchet and Lauwerys, 1985, 1988). The major urinary metabolite of inorganic arsenic in 

humans was DMAA although MMAA was a significant metabolite (Crecelius, 1977; Tam 

et al., 1979; Buchet et ai, 1980, 1981). Metabolism in animals is dependent on species. 

Mice, rabbits, rats and hamsters excrete DMAA as the major methyl metabolite after 

administration of arsenite (Inamasu, 1983; Odanaka etal., 1980; Vahter, 1981; Vahter and 

Envall, 1983). After administration of arsenate, DMAA was the major metabolite in all of 

the above species except rats where inorganic arsenic was the main form excreted 

(Odanaka et ai, 1980). Hamsters were the only species that excreted large amounts of 

MMAA in the urine (Inamasu, 1983; Odanaka et al., 1980). The marmoset monkey is an 

exception to metabolism by methyiation as it cannot methylate arsenic in vivo (Vahter et 

al., 1982). The primary metabolic pathway for detoxification in this species could be 

protein binding (Aposhian, 1991). The significance of protein binding in other species has 

not been determined. 

2.1.4 Toxicity 

2.1.4.1 Acute toxicity. Because of its long history, human exposure to inorganic 

arsenic has been well documented. Acute exposure by ingestion is characterized by 

profound gastrointestinal damage and cardiac abnormalities and possible acute exfoliative 

erythroderma. Both arsenite and arsenate salts are allergens and acute topical exposure 

leads to local inflammation and vesiculation. Subacute exposure to arsenic (as 
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documented in 1901 by Reynolds) was characterized by gastrointestinal disturbances, 

catarrhal symptoms and neurologic damage including paresthesia, hyperthesia and 

neuralgia. Keratoses of palms and soles were common and death was due to congestive 

heart failure. Subsequent subacute exposures support these results (NAS, 1977). 

2.1.4.2 Chronic toxicity. Chronic occupational and environmental exposure is 

well documented from smelter workers and inhabitants of contaminated areas. Chronic 

exposure is characterized by hyperpigmentation followed by keratoses, skin and lung 

cancers and vascular disease (Yeh et al., 1968). Arsenical skin cancers are readily 

distinguishable from ultraviolet light induced melanomas. Arsenic induced keratoses 

occur predominantly on surfaces shielded from sunlight and multiple lesions are much 

more common (Yeh et al., 1968; NAS, 1977). Lung cancer has also been documented 

when smelter workers were chronically exposed to arsenic (NAS, 1977). 

2.1.4.3 Vascular effects of arsenic. The full manifestation of the arsenic 

circulatory disorder is referred to as "blackfoot disease'. It is characterized initially by 

numbness or coldness in the extremities followed by various symptoms which may include 

acrocyanosis, secondary Raynaud's phenomenon, claudication, ulceration and gangrene of 

the extremities (Tseng et al., 1995). Little is known concerning the mechanism of arsenic 

damage although it does appear to affect the small arterioles. The gangrene is 

accompanied by arteriosclerosis and thromboangiitis obliterans (Tseng, 1977); toxicity to 

the erythrocyte has not been evaluated. Prevalence is related to populations exposed to 



30 

high levels of arsenic in their drinking water and vintners exposed to arsenic in pesticides 

and wine. 

Even without evidence of the full-blown symptoms of black foot disease, 

circulation is often reported to be affected by arsenic. In arsenic-endemic areas of Taiwan, 

outwardly normal individuals had altered peripheral circulation measured by Laser 

Doppler flowmetry in the toes (Tseng et al., 199S). Copper smelter workers in Sweden 

have been reported to have Raynaud's phenomenon and vasospastic tendency, recorded as 

a decrease in finger blood pressure on cooling, without the full manifestation of the black 

foot disease (Lagerkvist et al., 1986). Arsenic exposure was generally to AS2O3 by 

inhalation and was estimated to be under 300 ^g per day. Symptoms appear to be related 

to the total cumulative dose ingested (Tseng, 1977). Other evidence exists that arsenic 

affects circulation. Labadie and co-workers (1990) reported that following severe arsenic 

poisoning, venoocclusive disease occurred and was postulated to be due to vascular 

injury. 

2.1.4.4 Hematolojjric effects of arsenic. The vascular toxicity of arsenic is well-

documented but the effect on other components of the vascular system, namely the 

erythrocyte, has not been fully evaluated. There is some evidence that human arsenic 

exposure can cause hematologic effects. Exposure to arsenic is known to result in anemia 

and leukopenia which may be due the fact that arsenic can cause bone marrow 

suppression. It is important to note that acute exposures also exhibit decreased hematocrit 

and intravascular hemolysis which would implicate a direct hemolytic mechanism 
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(Armstrong et al., 1984; Kyle and Pease, 1965; Fincher and Koerker, 1987; Lerman et aL, 

1980; Goldsmith and From, 1980). 

2.1.4.5 Biochemical toxicity of AsfllD. Toxicity of trivalent arsenic is due to 

binding to suifhydryls on key enzymes resulting in their inhibition (Squibb and Fowler, 

1983; Webb, 1966). Although arsenic binds to single sulfhydryl moieties, it can react with 

two vicinal suifhydryls to form stable five- and six-membered rings (Massey et al., 1962). 

An example of this is the inhibition of the pyruvate dehydrogenase complex which 

contains a lipoic acid moiety and can form a six-membered ring with arsenite. The 

sensitivity of enzyme systems to arsenic has been related to the ability to form a ring 

system (Squibb and Fowler, 1983). 

2.1.4.6 Biochemical toxicitv of As(V>: arsenolvsis. Because of its similarity in 

structure, arsenate can compete with phosphate in phosphorylation reactions to form 

unstable arsenyl esters (Figure 2.2). Arsenate can directly uncouple oxidative 

phosphorylation, possibly through competition with inorganic phosphate (Crane and 

Lipmann, 1947). Evidence exists for the formation of adenosine-diphosphate-arsenate 

(ADP-arsenate) and glucose-6-arsenate (Gresser, 1981). Kline and Schramm (1993) 

demonstrated that purine nucleoside phosphorylase could utilize arsenate to form ribose-

1-arsenate. Incorporation of arsenate proceeded at the same rate as phosphate but 

hydrolysis of the arsenyl derivative was much faster than the phosphoryl analogue. 

Because of the discrepancy between arsenate ester formation and hydrolysis, arsenate is 

said to uncouple oxidative phosphorylation ('arsenolysis'). 
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The studies described above were performed primarily in purified enzyme systems 

or other in vitro models. There is also evidence that arsenate can uncouple oxidative 

phosphorylation in vivo. After subchronic exposure to arsenate, Brown and coworkers 

(1976) reported mitochondrial swelling and autophagic lysosomes in rat iddney proximal 

tubules. Fowler reported similar findings in hepatic mitochondria after arsenate exposure 

from drinking water (Fowler et al., 1979). 

2.2 TfflOLS 

2.2.1 Thiol Structure and Function. 

Glutathione is a tripeptide with the structure of L-gamma-glutamyl-L-

cysteinylglycine (GSH). The term glutathione and thiol are sometimes used 

interchangeably because GSH composes 90-95% of the free thiol pool (Meister, 1988; 

Russo and Bump, 1988). GSH is widely distributed among tissues and is found in 

millimolar concentrations. It functions in cellular metabolism, transport of amino acids 

and protection against oxidative stress (Meister, 1985). Glutathione has a pKa of 8.70 

and acts as an active nucleophile in cells (Russo and Bump, 1988). An important use of 

glutathione is in protection against oxidative stress. Formation of superoxide and 

hydrogen peroxide (H2O2) (oxidative stress) produce active oxygen species which lead to 

the formation of organic peroxides which are lethal to cells (Chance et al., 1979). GSH is 

used as a reducing equivalent by glutathione peroxidase (GSH-Px) to reduce and 

inactivate H2O2 to H2O. 



2.2.2 Metabolism. 

Glutathione is metabolized in a variety of ways. It can be oxidized to form a 

disulfide bond or sulfonic acid, conjugated with other molecules, or broken down 

enzymatically to its constituent amino acids. Oxidation of glutathione results in formation 

of disulfides, mainly GSSG, but also with proteins (GSS-protein) and low molecular 

weight molecules (GSS-R) (Meister, 1988). Oxidation of the sulfhydryl does not 

necessarily stop at disulfide formation. Further oxidation to form sulfoxides, sulfonic 

acids and sulfates has been reported (Russo and Bump, 1988; Wefers and Sies, 1983; 

Keller and Menzel, 1985). Oxidation to yield glutathione sulfonate is the product of GS* 

and O2 or GSSG and sulfite (SO2). GSH is also used to detoxify xenobiotics in phase II 

drug metabolism to ultimately form the water soluble and excretable mercapturic acids. 

Finally, excess GSH is enzymatically broken down into its amino acids by gamma-

glutamyltranspeptidase and dipeptidases (Meister, 1988). 

2.2.3 Control of thiol levels. 

Because of glutathione's diverse biochemistry, investigations are sometimes made 

easier by either by increasing or decreasing the intracellular pools. Glutathione can be 

depleted in a variety of ways. One of the easiest and least intrusive methods of depletion 

Is starvation which reduces liver GSH by at least half (Tateishi and Higashi, 1978). Not 

surprising, a diet low in sulfhydryls can also decrease glutathione levels (Tateishi and 

Higashi, 1978). Enzymatically glutathione can be depleted by inhibiting synthesis through 

gamma-glutamylcysteine synthetase. Two agents that are taken up into the cell and cause 



inhibition are buthionine sulfoximine and methionine sulfoximine (BSO and MSO, 

respectively) (Meister, 1988). Another enzymatic depletion is to block reduction of 

oxidized glutathione which is controlled by glutathione reductase. This can be 

accomplished by administration of 1,3-bis(2-chloroethyl)-l-nitrosourea (BCNU), which is 

an inhibitor of GSSG reductase but also depletes GSH directly (Meister, 1988). Finally 

glutathione can be depleted by interaction with agents such as N-ethylmaleimide (NEM) 

or diethylmaleate (DEM) which bind the thiol of GSH directly (Smith ei al., 1979). 

2.2.4 Thiols in the erythrocyte. 

The red cell contains high levels of GSH and contains the metabolic machinery to 

produce glutathione (Rathbun, 1980). It is more susceptible to depletion than lung or liver 

cells, because it has no specific carrier for glutamate or cysteine (Phelps et al., 1989). Red 

cells do not transport GSH into or out of the cell. GSSG is also not transported into the 

cell but is transported out by active ATP-dependent transport (Akerboom and Sies, 1989). 

Plasma glutathione is very low (jxM) and originates from synthesis in the liver. 

Significant sulfiiydryls are not limited to the inside of the red blood cells. External 

membrane proteins also contain a significant number of sulfhydryls (Reglinski et al., 1988; 

Haest et al., 1977; Batt et al., 1976). These sulfiiydryls are important in protecting 

against oxidative stress. Haest et al. (1977) found that 80% of membrane SH-groups 

could be reversibly oxidized and therefore must be close enough to form disulfides. 

Glucose facilitated diffusion required an outer surface sulfliydryl (Batt et al., 1976). In 
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hepatocytes, surface sulfhydryls were essential to maintain membrane integrity (Isaacs and 

Binkley, 1977). 

2.3 ERYTHROCYTES 

2.3.1 Normal cell structure andfunction. 

Erythrocytes are non-nucleated cells which have no mitochondria and have no 

protein production (Beutler, 1983). Because of this, pyruvate cannot be metabolized 

through the mitochondrial-based citric acid cycle for energy production. The primary 

source of energy for red cells is glucose although hexoses and nucleosides can be utilized 

(Beutler, 1978). Energy is obtained through the anaerobic or aerobic breakdown of 

glucose. 

Anaerobic breakdown of glucose to pyruvic or lactic acid is by the Embden-

Meyerhoff pathway which produces ATP and NADH (Figure 2.3). ATP is used in the red 

cell to maintain its biconcave shape and as an energy source to run the Na'^/K^ pump. 

Aerobic breakdown of glucose is through the hexose monophosphate shunt which 

produces NADPH (Figure 2.4). This is the required cofactor for glutathione reductase to 

reduce GSSG back to GSH. 
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Figure 23 Energy utilization in the erythrocyte: anaerobic metabolism of glucose in 

the Embden-Meyerhof Pathway. The primary source of energy for red cells is glucose 

although hexoses and nucleosides can be utilized. Anaerobic breakdown of glucose to 
pyruvic or lactic acid is by the Embden-Meyerhoff pathway which produces ATP and 
NADH. 
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breakdown of ^ucose is through the hexose monophosphate shunt which produces 
NADP. This is the required cofactor for ^utathione reductase to reduce GSSG back to 

GSH 
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2.3.2 Erythrocyte deformability. 

2.3.2.1 Mechanisms. The average diameter of an erythrocyte is around 7-8 fim, 

but the diameter of a human capillary is 2-3 ^m. In order for capillary circulation to 

occur, the erythrocyte must be able to perform amazing feats of dexterity to pass freely 

through. This ability of the erythrocyte to fit itself through a small diameter is referred to 

as 'deformability'. It was originally thought that the biconcavity of the cell, which shortens 

the intracellular distance, was to have a shortened difiusion area to facilitate gas exchange 

(Ponder, 1948). Later, it was found that the limiting factor for gas exchange was the 

membrane and not the intracellular distances (Carlsen and Comroe, 1958). In fact, at the 

level of the capillary circulation, the ceil is rarely in its biconcave shape. It is now known 

that the biconcavity is of utmost importance for the deformability of the cell. This shape 

gives the cell a large surface area to cell volume ratio allowing deformation to occur. The 

absolute diameter for 100% of the cells to pass through is 2.5 - 3.66 ^m regardless of cell 

diameter. 

2.3 .3 Erythrocyte toxicity - alterations in deformability. 

With the importance of the biconcavity of the erythrocyte, it is obvious that agents 

which alter that shape can hinder deformability. Although the cell can handle large outside 

forces, the erythrocyte membrane is actually only slightly stretchable and does not tolerate 

cell swelling. The cell volume cannot increase over 10% without damaging the membrane 

(Braasch, 1971). Cell swelling is not generally a physiologic concern due to the close 

control of plasma osmolarity, but can occur in instances of excess water intake or fresh 
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water drowning (Braasch, 1971). In hypertonic conditions, water moves out of the cell 

and the membrane crenates from the decrease in intracellular volume. This packs 

hemoglobin more tightly and causes high internal cell stifihess accompanied by an increase 

in blood viscosity (Erslev and Atwater, 1963; Hahn etal., 1968). 

Probably of more importance are agents or conditions which alter the surface to 

volume ratio of the cell by shrinkage of the cell membrane. This introduces the 

importance of the 'bilayer-couple theory' which explains shape changes by the interaction 

of the inner and outer leaflet of the erythrocyte membrane. The resting state of an 

erythrocyte in the biconcave shape represents an equilibrium between two opposing 

shapes; the echinocyte and the stomatocyte (Reinhart and Chien, 1987). If the inner 

membrane were to shrink, it would pull inward and cause buckling of the outer membrane. 

This is observed as formation of bumps and spicules on the surface of the membrane. The 

process is known as 'crenation' and the resulting cell is referred to as an echinocyte. The 

opposite scenario, where the outer leaflet shrinks, results in the formation of a cup shaped 

cell referred to as a stomatocyte. 

Echinocytosis and stomatocytosis can occur through a variety of mechanisms. 

Some agents only alter the cell by acting on the surface. Nonionic and anionic agents form 

echinocytes at low concentrations and can completely sphere a cell at higher levels. Some 

examples of agents which do this are bile, barbiturates, free fatty acids and lysolecithin 

(Ponder, 1948). Cationic compounds such as chlorpromazine form stomatocytes. The 

two types of agents can reverse the actions of each other and are useful for in vitro 
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diagnostic purposes (Braasch and Rogausch, 1971). The process of echinocytosis is of 

greater importance for understanding the toxic effects of arsenic on human erythrocytes. 

Examples of conditions which alter cell shape are incubation, aging, pH changes, 

increases in intracellular calcium and depletion of ATP (Braasch, 1971). Upon incubation 

of whole blood at 37°C, there is a conversion of plasma lecithin to lysolecithin which is a 

surface-acting crenating agent. The effect can be readily reversed by addition of fresh 

plasma. Changes in pH can also alter shape. Blood perfused with CO2 had a 20% 

increase in viscosity probably due to the lowering in pH that accompanies the dissolution 

of CO2 in aqueous medium. An increase in the intracellular calcium will drastically alter 

cells and this may be due to changes in the polymerization of the membrane protein 

spectrin. Many of the early stages of echinocytosis are completely reversible provided the 

ceil has not lost membrane and intracellular material. Erythrocytes depleted of ATP 

exhibit increased viscosity, membrane rigidity and impaired filterability (Weed etal., 1969; 

Rendell et al., 1992). The changes observed may be due to impairment of membrane ion 

pumps resulting in changes in ion gradients and rearrangement or aggregation of 

membrane proteins (Reinhart and Chien, 1987; Ferrell and Huestis, 1982). 

2.3.4 /w vivo consequences of erythrocyte shape change. 

The echinocytic and spherical erythrocyte forms are not able to deform as well as 

the biconcave shape and have hindered flow properties (Braasch, 1969, Ogawa, 1927). 

Direct evidence that changes in erythrocyte shape can alter circulation in vivo have been 

reported. Infusion of sodium stearate, a surface acting echinocytosis agent, caused 
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immediate circulatory collapse presumably due to high peripheral resistance (Hoak et ai, 

1962). Infusion of emulsified fat (Branemark and Linsdtrom, 1964) or fat-feeding 

(Swank, 1951) caused circulatory deterioration and formation of distorted and spherical 

cells. 

One of the best examples of alteration of in vivo circulation fi'om changes in 

erythrocyte morphology is sickle cell anemia. The key event in the pathophysiologic 

condition is microvascular occlusion due to abnormal rheological properties of the sickled 

cells including adhesion of vascular endothelium, decreased filterability and impaired 

deformability (Kaul et ai, 1994; Hasegawa et ai, 1995). 
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CHAPTERS 

UPTAKE OF SODIUM ARSENATE IN HUMAN ERYTHROCYTES 

3.1 INTRODUCTION 

It is clear from the literature that arsenate, As(V), is similar enough to phosphate 

to substitute in various biological reactions (Kamiya et al, 1983, Aposhian, 1989; Squibb 

and Fowler, 1983). Kenney and Kaplan (1988) demonstrated that arsenate was able to 

directly substitute for phosphate in the human red cell anion exchanger (Band 3). The 

purpose of the following studies was two-fold. First, it was necessary to identify what 

factors would influence arsenic uptake to determine what would be important in the 

subsequent metabolism studies. Is it a limiting factor? What affects entry into the cell and 

therefore metabolism? Because of these types of questions, uptake was examined in the 

system prior to beginning a detailed metabolic characterization. Second, uptake at 

physiological concentrations of phosphate and arsenate were investigated in order to 

determine the extent of uptake and possible competition by phosphate. With this 

information it will be possible to estimate the possible uptake of arsenate in vivo. 

3.2 MATERIALS AND METHODS 

Blood collection and preparation. Blood was obtained by venipuncture from healthy 

male and female volunteers (ages 21-40). The blood was sedimented by centrifiigation 

(900xg, 10 minutes) and rinsed twice with isotonic saline. Plasma and bufiy coat were 



removed during the washing procedure. Packed erythrocytes were mixed 1:1 with 2X the 

final concentration of As(V) as sodium arsenate. The final arsenic concentrations that 

were used ranged fi'om O.OOOS to 10 mM. Total hemoglobin was determined 

spectrophotometrically by reaction with Drabkin's reagent (Sigma diagnostic kit S25a) 

and used to normalize all measurements. 

Preparation of arsenic solutions. Arsenic solutions were diluted in phosphate-fi'ee 

saline (150 mM sodium chloride, 5 mM Tris-HCl, 1 mM magnesium chloride, 1 mM 

calcium chloride, 1 mM glucose) and the pH adjusted to 7.4 before incubation unless 

otherwise stated. The radioisotope, '^AsCV), was added as a tracer (0.1 nCi/mL cell 

suspension) and was purified before use by ion-exchange chromatography. Radioactivity 

was assessed by direct counting (Cobra Autoganuna, Packard Instrument Co., Downers 

Grove, IL). 

Determination of uptake of As(V). To determine uptake, packed erythrocytes 

were preincubated to reach 37 °C then mixed 1:1 with As(V) to achieve final 

concentrations ranging from 0.0005 - 10 mM. At predetermined times, a 25 nL aliquot of 

the cell suspension was removed and immediately suspended in 1 mL ice cold saline. The 

cells were pelleted (9,000 x g, 10 sec) and washed twice more with ice cold saline. The 

resulting radioactivity in the pellet was related to total arsenic removed in rinsing. 

Effect of 1) phosphate, 2) pH, 3) temperature and 3) thiol modification on arsenic 

uptake. 1) Circulating levels of arsenate and phosphate can reach 0.001 mM and 1 mM, 

respectively (Vahter, 1981; Shoemaker et al., 1988). To determine if a physiological 



amount of arsenic would be inhibited by physiological levels of phosphate, arsenate uptake 

was determined in the presence of 0, 10 and 1 mM phosphate. Cells were equilibrated 

at 37°C in the presence of the stated amount of phosphate then uptake determined as 

described. 2) To determine the effect of pH, As(V) solutions containing ^As(V) were 

adjusted to a range of pH values from 5.S to 8.5 and uptake determined as described. 3) 

To determine the effect of temperature, packed erythrocytes and As(V) solutions were 

cooled to 4°C prior to mixing and held at that temperature for the determination of 

uptake. 4) Because of the potential involvement of thiols in the metabolism of As(V), 

thiol depletion by alkylation with N-ethylmaleimide (NEM) was a necessary tool. NEM is 

a membrane permeant alkylating agent which derivatizes thiols indiscriminately (Abbott et 

al, 1986). To ensure that NEM treatment would not alter intracellular levels of arsenic, 

erythrocyte suspensions (50% in buffered saline) were preincubated with 10 mM NEM for 

30 minutes at 37°C then gently washed three times with 10 volumes of ice cold saline. 

As(V) ranging from 0.001 - 10 mM was added and uptake was compared to untreated 

samples. 

Separation and detection of arsenic metabolites. Inorganic As(V) and As(III) 

were separated using a strong anion exchange resin (BioRad AG 50W-X8) (Winski and 

Carter, 1995). A 100 jiL aliquot of erythrocytes were osmotically lysed in 2 mL ice cold 

distilled water. The resulting hemolysate was applied to a strong anion exchange column 

(0.5 cm x 8cm) and followed with 5 mL distilled water. With this procedure, As(V) 

bound tightly to the column and As(III) passed freely through. After separation, the 
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eluant was counted to determine As(III), and the column was directly counted to 

determine the amount of As(V) remaining. 

3.3 RESULTS 

3.3.1 Uptake of As(V) in phosphate-free buffer. In the absence of phosphate and 

resuhs are presented in figure 3.1. Intracellular arsenic accumulated steadily for up to 60 

minutes then slowed as a steady state was reached (Fig. 3.1). There was no difiference in 

the shape of the uptake curves for different initial concentrations of arsenic. For this range 

of arsenate concentrations in phosphate-fi'ee buffer, the uptake appears to be linearly 

related to dose. 

3 .3 .2 Effect of phosphate on the uptake of 1 fiM As(V). Although phosphate 

competes with As(V) in many systems, it was ineffective in competing for arsenate uptake 

in the human erythrocyte when added 10 fold or even 1000 fold in excess (Fig. 3.2). The 

intracellular accumulation of 1 nM As(V) was the same: 1. in the absence of phosphate, 2) 

in the presence of lOX phosphate (0.01 mM), and 3. in the presence of circulating plasma 

concentrations of phosphate (1 mM). There were no significant differences in the 

intracellular levels of arsenic in any of the three samples. 
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Figure 3.1 Dose dependent arsenic accumulation in human erythrocytes. Human 

erythrocytes were incubated with arsenate in phosphate-free media with final 

concentrations ranging from 0.001 - 10 mM. Intracellular accumulation of 74As (nmol 
As/g Hb, mean ± s.d.) was linearly related to inital arsenate concentration. (n=5 
individual donors). 
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Figure 3.2 Effect of phosphate on arsenate uptake. Uptake of 1 jiM arsenate was 
determined in the absence of phosphate and compared to uptake in the presence of 
10 ^M and 1000 |iM (1 mM) phosphate. There was no si^iificant difference in 
uptake indicating that phosphate was unable to compete at these concentrations (n 
= 3 individual donors). Data are presented as nmol arsenic/gHb, mean ± s.d. 



3.3.3 Attenuation of uptake by temperature and pH. The uptake of 1 (iM 

arsenate was compared at 37 ''C and 4 °C (figure 3.3). Intracellular accumulation of 

arsenate was drastically inhibited by the decrease in temperature. To determine the e£fect 

of pH, arsenate solutions were adjusted to S.S - 8.S pH and added to packed erythrocyte 

solutions (final hematocrit S0%). Changes in pH resulted in alterations in the rate and 

extent of arsenic accumulation. At lower pH, As(V) uptake was enhanced (figure 3.4). 

Erythrocyte viability was not assessed after pH alteration. 

3.3.4 Effect of thiol modification on the uptake of As(V). N-ethylmaleimide 

(NEM) is a potent alkylator of fi-ee thiols (RSH). To ensure that use of NEM would not 

alter the uptake of arsenate, human erythrocytes were preincubated with NEM and uptake 

compared to untreated controls (Fig. 3.5). NEM did not alter uptake of arsenate at any of 

the concentrations examined (0.001 - 10 mM). 

3 .3 .5 Comparison of uptake and reduction of As(V) in human erythrocytes. To 

determine if uptake was a limiting factor in arsenate metabolism, intracellular arsenic 

accumulation and As(ni) formation were compared at three arsenic concentrations. The 

concentrations chosen represented the lowest, middle and highest arsenic concentration 

used for subsequent metabolism experiments, 0.0005, 0.05 and 5 mM, respectively (Fig. 

3.6). The intracellular accumulation of arsenic and formation of As(III) fi"om a single 

human blood sample were measured simultaneously to avoid error inherent in analyzing 

human populations. Subsequent experiments yielded similar results. 
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Figure 3 J Effect of temperature on the accumulation of arsenic in human erythrocytes. 
Uptake of 5 nM arsenate was compared at 4°C and 37°C. The decrease in temperature 
severely inhibited the intracellular accumulation of arsenic (n = 3 individual donors). 

Data are presented as nmol arsenic/g Hb, mean ± s.d. 
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Figure 3.4 Effect of pH on arsenic accumulation in human erythrocytes. Uptake of 5 
^M arsenic was compared at pHs 5.5 - 8.5. DecreasingpH stimulated the intracellular 
accumulation of arsenic (n = 4 individual donors). Data are presented as nmol arsenic/ 
g Hb, mean ± s.d. 
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Figure 3^ Effect of suljhydryl modification by N-ethylmaleimide (NEM) on 

intracellular accumulation of arsenic. Human erythrocytes were preincubated 

with NEM, and uptake measured and compared to untreated controls. Final 
arsenic concentrations ranged from 0.001 -10 mM As(V). NEM had no effect on 
intracellular accumulation of arsenic at any concentration of arsenate (n = 3 
individual donors). Data are presented as nmol arsenic/g Hb, mean ± s.d. 
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Figure 3.6 Comparison of intracellular arsenic accumulalion and As(III) formation. Human eiythrocytes were 
incubated with arsenate at the following final concentrations; 0.0005, 0.05 and 5 mM. Aliquots of the cell suspension 
were removed and analy zed for intracellular arsenic content and metabolite formation. Data are presented in equivalent 
units for ease of comparison. At all three initial concentrations of arsenate, the intracellular accumulation of arsenic 

exceeded the formation of the reduced metabolite; As(III). (n= I single individual donor) 

= intracellular arsenic I = A9(I1I) formation 
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At all three concentrations, the intracellular level of arsenic was at least 10 fold higher 

than the amount of As(III) that was formed, indicating that As(V) is in excess inside the 

cell and therefore not a major fector limiting the metabolism. 

3.4 DISCUSSION 

As(V) or arsenate uptake has been studied in many different in vitro systems. 

Determination of the extent of uptake and factors influencing uptake are important in 

determining metabolism and toxicity. Often, the decreased cytotoxicity of As(V) relative 

to As(IlI) is attributed to a slower rate of entry, and toxicity is often equivalent if 

normalized to the actual intracellular level of arsenic (Fisher et ai, 198S; Bertolero et al., 

1987; Georis et ai, 1990). Huang and Lee (1996) demonstrated that As(V) and As(III) 

were equitoxic to human oral epidermal carcinoma cells if phosphate was not present. 

Likewise, they report that phosphate (5.63 mM) was able to drastically compete and 

inhibit uptake of arsenate (0.2 mM) and consequently decrease toxicity. Arsenate and 

phosphate are also reported to effectively compete for uptake in the kidney (Lerman and 

Clarkson, 1983). Uptake of arsenate in erythrocytes has not been examined in detail nor 

related to toxicity and metabolism. From the data presented here, it does not appear that 

uptake is a limiting factor in metabolism of arsenate in human erythrocytes (fig. 3.6). 

Competition by phosphate was examined and was not found to be a factor at the 

concentrations employed in these experiments. Normal blood levels of arsenic in 

'unexposed' individuals ranges from 1-4 ng/L. Subjects exposed to arsenic in drinking 



water can have blood levels reaching 50-60 ^g/L (Vahter, 1988). This would correspond 

to a concentration close to 1 ^M. Although this level would not necessarily correspond to 

a circulating level of arsenate due to metabolism and other factors, it is an indicator of 

potentially physiological levels of arsenic in blood. This concentration was chosen to 

determine if physiological concentrations of phosphate (1-1.5 mM; Shoemaker et al., 

1988) would compete for uptake and allow arsenate entry into the cell. An interesting 

finding in the work presented here was that phosphate was unable to inhibit As(V) uptake 

at excesses of 10- and 1000-fold (Fig. 3.2). Examination of the phosphate uptake in 

human erythrocytes can, however, lend insight into this apparent anomaly. Phosphate is 

taken into the human erythrocyte by three separate paths. These include; 1) a first order 

pathway, 2) sodium/phosphate cotransport, and 3) 4,4'-dinitrostilbene-2,2'-disuIfonate 

(DNDS) sensitive pathway which account for 5%, 20% and 75% of total phosphate 

transport, respectively (Shoemaker et al., 1988). With these three paths, the optimum 

concentration for total phosphate transport is reported as high as 150-200 mM (Schnell et 

al., 1981). Clearly, with such a high capacity uptake process, the red cell can effectively 

take in any potential level of arsenate regardless of plasma phosphate. This also explains 

why As(V) uptake was not highly concentration dependent (Fig. 3.1). 

Competition by phosphate does occur in other cell types. Huang and Lee (1996) 

reported a dose-dependent inhibition of arsenate uptake in human oral epidermoid 

carcinoma (KB) cells. Only 70 nM phosphate was required to inhibition 50% of uptake of 

200 |iM arsenate. Phosphate was also able to inhibit the uptake and metabolism of 
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arsenate in rat kidney slices (Lerman and Clarkson, 1983). The site of arsenate reduction 

in vivo is not known and these differences may have implications in understanding whole 

body metabolism. 

Comparison of uptake in human erythrocytes with other species is difficult as it has 

not been examined in great detail. Vahter (1981) reported that it required 60 minutes at 

room temperature for 7% and 11% of arsenate (concentrations not reported) to enter rat 

and mouse erythrocytes, respectively. Delnomdedieu and coworkers (1994) reported 25% 

uptake of 0.2 mM arsenate within 30 minutes in rabbit erythrocytes. In contrast to these 

studies, uptake of arsenate in human erythrocytes was much slower. The levels reported 

here in terms of ^mol arsenic/g hemoglobin only represent 3-5% of total initial arsenic in 

equivalent time periods. This species difference cannot be explained without further 

comprehensive studies using equivalent concentrations and sample handling protocols. 

The uptake of As(V) was found to be inhibited by temperature and attenuated by 

pH. This agrees with available information on the factors affecting phosphate uptake in 

human erythrocytes. The pH optimum of anion transport for the human erythrocyte is 

6.5-6.7 (Schnell et al., 1981) and arsenate uptake increased under acidic conditions (Fig. 

3 .3). Temperature was also found to greatly inhibit the uptake of arsenate, in agreement 

with results reported by Galanter and Labotka (1990). Sulfhydryl modification by DTNB 

has been reported to decrease uptake (Reithmeier, 1983), and alkylation by NEM did not 

alter uptake of As(V) (Fig. 3.6). This may be due to the difiFerence between the actions of 

DTNB, an oxidizing agent, and NEM, an alkylating agent. The importance of these 
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particular studies is more in the implications for examining arsenate metabolism rather 

than understanding arsenate/phosphate uptake in real systems. It is often of value to be 

able to alter temperature, pH and other parameters to determine the effect on metabolism. 

In the subsequent metabolism studies, NEM will be of use, but changes in temperature and 

pH will only be useful in subcellular fractions. In summary, uptake was not a limiting 

factor in vitro as intracellular levels exceeded metabolite formation. Uptake of arsenate in 

phosphate-free media and in the presence of physiological levels phosphate was the same 

indicating that in vivo metabolism would also not be limited by uptake. 
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CHAPTER 4 

GLUTATfflONE-DEPENDENT BIOTRANSFORMATION OF SODIUM 

ARSENATE IN fflJMAN ERYTHROCYTES 

4.1 INTRODUCTION 

As(V) can be reduced to As(III) in aqueous solutions by thiol-containing 

compounds which are found in most cells. Monomethylarsonic acid, dimethylarsinic acid 

and trimethyarsine oxide exist as pentavalent species in neutral solutions and can be 

reduced to their trivalent derivatives by cysteine, glutathione and lipoic acid (Cullen et aL, 

1984a,b). Previous work in our laboratory (Scott et aL, 1993) and others (Delnomdedieu 

et aL, 1994) demonstrated that inorganic As(V) could also be reduced to As(III) by GSH 

in a neutral, aqueous solution with formation of glutathione disulfide (GSSG) as the 

oxidized species in the following reaction: 

As(V)+2GSH - As(in) + GSSG 

Glutathione may also be important for As(V) reduction in biological systems. 

Depletion of glutathione in B ALB/3 T3 mouse fibroblasts and rat erythrocytes significantly 

inhibited the reduction of As(V) (Bertolero et aL, 1987; Winski and Carter, 1995). The 

purpose of the work presented here was to determine if glutathione-dependent As(V) 



reduction occurred in human erythrocytes and if this were the sole pathway for reductive 

metabolism. 

4.2 MATERIALS AND METHODS 

Materials. Sodium arsenate, ACS certified, and Dowex S0W-X8 strong cation 

exchange resin were purchased from J.T. Baker Chemical Co. (Phillisburg, NJ). DTNB 

(2,4-Dinitrofluorobenzene) and y-glutamylglutamic acid (HPLC internal standard) were 

purchased from Aldrich Chemical Co. (Milwaukee, WI). Blood collection supplies were 

obtained from Fisher Scientific (Pittsburgh, PA). AG 1-X8 strong anion exchange resin 

was obtained from Bio-Rad (Hercules, CA). Sigma diagnostic kit S25-A for total 

hemoglobin and all other chemicals were purchased from Sigma chemical company (St. 

Louis, MO). 

Blood collection and treatment. Blood was obtained by venipuncture from healthy 

male and female volunteers (ages 21-40). The blood was sedimented by centrifugation 

(900xg, 10 minutes) and rinsed twice with isotonic saline. Plasma and bufiy coat were 

removed during the washing procedure. Packed erythrocytes were mixed l;I with 2X the 

final concentration of As(V) as sodium arsenate, As(in) as sodium arsenite or buffered 

saline for control. The final arsenic concentrations that were used ranged from 0.0005 to 

10 mM. Arsenic solutions were diluted in buffered saline (150 mM sodium chloride, 5 

mM sodium phosphate, 1 mM magnesium chloride, 1 mM calcium chloride, 1 mM 

glucose) and the pH adjusted to 7.4 before incubation. The samples were gently swirled in 



loosely capped vials at 37°C (Orbital environ-shaker. Lab-line Inc., Melrose Park, IL). 

Total hemoglobin was determined spectrophotometrically by reaction with Drabkin's 

reagent (Sigma diagnostic kit S2Sa) and used to normalize all measurements. For 

glutathione depletion experiments, erythrocytes suspensions (50% hematocrit in buffered 

saline) were incubated for 30 minutes at 37 "C with a final concentration of 20 mM N-

ethylmaleimide (NEM). Prior to use, the erythrocyte suspensions were washed repeatedly 

to remove excess NEM. After this treatment no detectable reduced sulfhydryls remained 

as determined by the method of Beutler (1984) (data not shown). 

Determination of glutathione by UV-HPLC. GSH and GSSG were separated and 

quantitatively determined by HPLC as described by Fariss and Reed (1987) vwth slight 

modifications. GSSG is exported from cells (Akerboom and Sies, 1990), and the 

extracellular matrix was included in these determinations to ensure that all GSSG formed 

would be accounted for. A SO aliqout of cell suspension was osmotically lysed in 0.45 

mL distilled water. Thiols were derivatized by addition of 100 jiL 30 mM N-

ethylmaleimide (NEM) and incubation for 30 min at 37°C; this is in place of iodoacetic 

acid (lAA). Derivatization with iodoacetic acid often resulted in artifactual oxidation of 

GSH standards. NEM could be used at physiological pH with no observed oxidation. 

Internal standard (50 1 mg/mL y-glutamylglutamic acid) was added and proteins 

precipitated with 450 5% perchloric acid. Samples were centrifliged (2 min, 16,000 x 

g) and 0.5 mL supernatant was neutralized with 0.25 mL base solution (2M KOH, 2.4M 

KHCO3) in the presence of a pH indicator (50 |iL O.I mg/mL bromcresol purple). 
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Fluorodinitrobenzene (0.8 mL 1% FDNB) was then added to convert amino groups to 

dinitrophenyi derivatives. Samples were allowed to react overnight at 4°C and were then 

ready for HPLC analysis. Samples were separated on a Spherisorb NH2 column (S ^m, 

4.6 X 150 mm, Alltech, Deerfield, IL) and detected by UV (365 nm). 

The result of NEM derivatization was a shift in GSH retention time and co-elution 

with a common biological peak. The peaks were resolved by a change in the HPLC 

gradient profile; mobile phases were 80% methanol in water (A) and 0.5 M sodium 

acetate/acetic acid in 64% methanol (B). The gradient used was a five minute isocratic at 

90% A, 10% B followed by a five minute linear change to 80% A, 20% B then a 15 

minute linear gradient to 1% A, 99% B and held at 1% A, 99% B for 3 additional minutes 

(total run time 28 minutes). Standards were run fi-equently to assure correct peak 

identification. 

Assay for glutathione reductase activity. Glutathione reductase was determined 

essentially as described by Beutler (1984). A 20 nL aliquot of erythrocyte suspension was 

osmotically lysed in 1 mL distilled water. The hemolysate (10 nL) was added to a cuvet 

containing 50 jiL 1 M Tris-HCl/5 mM EDTA (pH 8), 790 \iL water, 100 fiL 33 mM 

glutathione disulfide (GSSG) and allowed to equilibrate at 37 °C for 10 minutes. To start 

the reaction, 50 ^L 2 mM NADPH was added and consumption of NADPH was 

monitored at 340 nm and related to GR activity. Negative control samples contained all 

reagents except GSSG. 
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Speciation of inorganic arsenic. Arsenic species were separated on a mixed bed 

ion-exchange column (AG 1-X8 strong anion exchanger and AG S0W-X8 strong cation 

exchanger) as described by Maiorino and Aposhian (198S). The elution order of 

arsenicals was As(III), MMAA, As(V) and DMAA. Once it was established that no 

methylated species were present, a simplified method was used to separate the inorganic 

species. At physiological pH, A5(III) is not ionized (pKas 9.1, 12.13 and 13.40), and 

As(V) is a negatively-charged oxyanion (pKas 2.20, 6.97 and 11.53) (NAS, 1977). A 100 

aliquot of the erythrocyte suspension was osmotically lysed in 2 mL ice cold distilled 

water. The resulting hemolysate was applied to an anion exchange column which bound 

As(V) and allowed As(III) to pass through fi-eely. After separation, the eluant was 

counted to determine As(III), and the column was directly counted to determine the 

amount of As(V) remaining. 

Measurement of As(V) reduction in an aqueous solution of glutathione. To 

compare metabolism in the erythrocyte to chemically-mediated GSH reduction, GSH 

solutions were matched to erythrocyte levels of intracellular salts, GSH and pH (see 

appendix a). Final As(V) concentrations ranged from 0.001 - 10 mM. The solutions were 

incubated at 37°C for five hours and arsenic species separated as described above. As(III) 

formation in nmol was compared to the amount of As(III) formed in equivalent volumes 

of erythrocytes. 

Statistical handling of data. All experiments were performed at least three times 

in independent experiments, and sample size (n) refers to number of human blood samples 



from dififerent volunteers. Data are presented as the arithmetic mean ± standard deviation. 

Analysis of variance and student's t-test were performed where appropriate, and 

differences in data were considered significant only if calculated p values were less than 

0.05 (Microsoft Excel statistical package). 

4.3 RESULTS 

4.3 .1 Arsenic metabolites formed in whole human blood. The first step in the 

characterization of human erythrocyte metabolism of arsenic was to generate a metabolite 

profile. Figure 4.1 depicts a typical mixed-bed ion exchange chromatogram (amount of 

isotope versus column fraction) of human whole blood exposed to As(V). This 

chromatographic procedure is capable of separating the four major arsenic metabolites 

found in mammalian systems: As(III), As(V), MAA and DMAA. The location of 

standard solutions of these metabolites are indicated below the chromatogram. The 

chromatogram depicted in figure 4.1 is from whole human blood incubated with 1 

As(V) for 90 minutes. It was clear that the arsenic metabolism in the human erythrocyte 

was limited to As(V) reduction and that no biomethylation occurred. Other times and 

arsenic concentrations were analyzed with similar results (data not shown). Subsequent to 

this characterization, a simplified method of ion-exchange chromatography was utilized to 

separate only As(in) and As(V). 
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Figure 4.1 Arsenic metabolites formed in whole human blood. As(V) at a final 

concentration of 1 jiM was incubated with whole blood for 90 minutes at 37°C. 

Arsenic metabolites were separated by ton-exchange chromotagraphy a 
representative chromatogram is above. Human blood was able to reduce As(V) to 
As(in) but no methylation occurred. (n=l individual experiment) 



4.3.2 As(V) reduction occurs in the~erythroq;te fraction of blood. Formation of 

As(III) was compared in equal volumes of human blood components to determine where 

the reductive capacity of the blood was located. An equal volume of whole blood, packed 

erythrocytes and plasma were incubated with 1 As(V). Direct comparison of total 

nmol As(III) formed after 90 minutes are presented in figure 4.2, panel a. There was an 

insignificant amount of reduction in the plasma, and the reduction in whole blood and 

packed erythrocytes was related to the amount of erythrocytes present. This point is 

illustrated by normalizing the data fi-om whole blood and packed cells to hemoglobin 

content (panel b). There was no significant difference in the amount of As(III) that was 

formed after normalization. From these data, it can be concluded that reduction of As(V) 

occurs in the erythrocyte fraction and that the presence of plasma does not facilitate 

reduction in whole blood. Erythrocyte membranes, isolated by centrifugation, did not 

reduced As(V) either, indicating that reduction occurs inside the cell and not on the 

plasma membrane. 
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Figure 4.2 Comparison of reduction in whole blood, isolated erythrocytes and plasma. 

A) Equal volumes of erythrocytes (packed cells), whole blood and plasma were 
incubated with 1 nM As(V) for 90 minutes and compared for reductive capacity. Data 

are presented as total nmol formed, meant ± s.d. (n = 3 individual donors). Reduction 

was almost undetectable in the plasma and isolated erythrocytes were higgler than 
whole blood. B) Comparison of As(III) formation in packed cells and whole blood 
after normalization to hemoglobin. There was no difference in reduction after 
normalization to cell number as estimated by hemoglobin, (n = 3 individual donors) 
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4.3.3 Effect ofAs(V) andAs(III) on intracellular thiols and glutathione reductase. 

If As(V) reduction were glutathione dependent, it is reasonable to expect changes in 

intraceUular thiols after As(V) exposure. Specifically, loss of GSH with corresponding 

increases in an oxidized thiol (GS-SG or ProS-SG) could be expected. Changes in human 

erythrocyte GSH and GSSG were assessed after five hours incubation with 0.001-10 mM 

As(V) (Fig. 4.3). No changes were observed at lower concentrations of As(V) (<0.1 

mM). GSSG was significantly elevated for As(V) initial concentration of 1 and 10 mM 

(0.1 mM, statistical trend), and significant depletion of GSH occurred for the 10 mM 

As(V) exposure group alone (1 mM, statistical trend). 

The total loss of GSH in erythrocytes exposed to 10 mM As(V) was not 

completely explained by the formation of GSSG. Approximately 4 ^mol GSH/g Hb were 

depleted after five hours incubation and only 1 ^mol GSSG/g Hb (equivalent to 2 ^mol/g 

GSH oxidized) indicating that 2 nmol GSH/g Hb were not accounted for (figure 4.3). 

This may be due to the formation of mixed disulfides between glutathione and protein 

thiols (ProSSG) which were not measured in the assay mentioned above. Protein thiols 

were assayed spectrophotometrically by reaction with dithiopyridine. This assay was not 

sensitive enough to observe any changes in protein thiol status after As(V) treatment, and 

the discrepancy remains unexplained. 
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Figure 4J Effect of As(V) exposure on erythrocyte GSH and GSSG. 

Erythrocytes were incubated with As(V) for five hours (final concentrations 
0.001 - 10 mM). Results are presented as glutathione equivalents (IxGSH and 
2xGSSG) in nmol/g Hb, mean ± s.d.. Incubation with As(V) significantly 
depleted GSH and increased GSSG at the higjier As(V) levels, (n = 5 individual 

donors; a - significantly different fi'om control at p<0.05; b - trend from control, 

p<0.1) 



As(III) is known to inhibit many enzymes including GSSG reductase and is also 

able to alter intraceUular levels of thiols. To determine if the effect of As(V) on GSH and 

GSSG was due to As(V) and not its metabolite As(III), human erythrocytes were exposed 

to As(III) solutions and effects on thiols assessed. Incubation with 0.001 - 10 mM As(III) 

did not significantly alter GSH levels in human erythrocytes (figure 4.4). A small but 

statistically significant increase in GSSG was observed for 0.1 mM and 1 mM As(III) but 

the trend did not extend to the highest concentration. 

The stoichiometry of glutathione mediated reduction of As(V) as described by 

Scott and coworkers (1993) requires 2 equivalents of GSH for every one equivalent 

As(V) reduced: 2GSH + As(V) GSSG + As(III). The stoichiometry of As(V) 

reduction and GSH depletion in the erythrocyte does not reflect this relationship. Table 

4.1 compares formation of As(III) (column 4) and depleted GSH (column 3) in equivalent 

units of ^mol per gram hemoglobin. 

Table 4.1 Comparison of human erythrocyte glutathione depletion and trivalent arsenic 
formation after five hours incubation with pentavalent arsenic. 

Initial As(V) GSH after 5 hr depleted GSH As(III) formed 
(mM) (nmol/g Hb) (nmol/g Hb) (nmol/g Hb) 

Control 7.89 ± 1.03 - -

0.001 7.94 ± 1.11 0 0.00183 ±0.00044 
0.01 8.17± 1.07 0 0.0187 ±0.0039 
O.I 7.98 ±0.86 0 0.156 ±0.043 
1.0 7.12± 1.24* 0.77 0.667 ±0.231 
10 3.71 ±0.69'' 4.18 2.88 ±0.84 

a (statistical trend, p<0.1); b (p<0.05); n = 5 
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Figure 4.4 Effect of As (III) exposure on erythrocyte GSH and GSSG. 

Erythrocytes were incubated with As(III) for five hours (fmal concentrations 
0.001 - 10 mM). Results are presented as glutathione equivalents (IxGSH and 

2xGSSG) in ^mol/g Hb, mean ± s.d.. Incubation with As(III) did not affect 
GSH and small changes were observed in GSSG. (n = 3 individual donors; a -
significantly different from control at p<0.05; b - trend from control, p<0.1) 
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At the lower arsenate exposures, this discrepancy is expected simply because the 

high intracellular concentration of glutathione would mask any small changes. This does 

not, however, explain the differences at the higher As(V) concentrations. In mammalian 

ceils, glutathione is not a static pool. It is constantly being synthesized and utilized for 

various biochemical reactions, and oxidized glutathione is recycled by glutathione 

reduction to regenerate GSH. Glutathione reductase activity could explain the apparent 

lack of GSH depletion. To determine if this was a factor in this system, glutathione 

reductase activity was measured after five hours incubation with the highest arsenate 

concentration (10 mM) and compared to arsenite treated (10 mM) and untreated controls 

(figure 4.5). As(V) incubation did not affect glutathione reductase activity. As(III) and 

the tris complex of As(III) and glutathione are reported to inhibit glutathione reductase 

(Styblo and Thomas, 1995). In human erythrocytes, 10 mM As(III) inhibited glutathione 

reductase by 50%. This amount of inhibition is not sufiBcient to cause glutathione 

depletion, as 10 mM As(in) treatment did not resuh in significant losses of GSH (Fig. 

4.4). 
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Control As(V) As(III) 

Figure 4.5 Glutathione reductase (GR) activity in As(V) and As (III) treated 

erythrocytes. GR activity was asse^ed in erytlirocytes after five hours e:q}osure to 10 

mM As(V) or 10 mM AsGH) and compared to saline controls. Data arc expressed as 
% of control activity. As(in) significantly inhibited activity by 50% but As(V) did 
not alter GR. (mean ± sd; n = 3 individual donors, a - p<0.05) 



4.3 .4 AsfTy reduction is dependent on the presence of thiols. To determine if 

metabolism was dependent on the presence of reduced thiols, erythrocytes were 

preincubated with a thiol derivatizing agent. N-ethylmaleimide (NEM). After 30 minutes 

incubation with 30 mM NEM, there were no detectable non-protein thiols as measured by 

reaction with DTNB according to the method of Beutler (1983). The formation of As(III) 

in untreated and thiol-depleted cells was compared as a function of initial As(V) 

concentration (Table 4.2). Data are expressed as the inhibition of As(III) formation in 

NEM treated cells compared to untreated controls. Five concentrations of As(V) ranging 

from 0.001 mM to 10 mM were examined and NEM was able to inhibit >95% of 

reduction for all As(V) levels. This indicates that the main pathway for As(V) reduction in 

human erythrocytes is dependent on the presence reduced thiols. 

Table 4.2 Inhibition of As(III) formation 
in human erythrocytes pretreated with 
NEM 

AsCV)(mM) % inhibition 
0.001 95.9 
0.01 94.6 
0.1 96.1 
1.0 96.2 
10 98.2 

4.3.5 Comparison to chemical reduction by GSH. Although As(V) reduction in 

the human erythrocyte requires reduced thiols, this does not distinguish between chemical 



reduction by GSH or a protein dependent process which could also require reduced thiols. 

To address this issue, erythrocyte reduction was compared to chemical GSH reduction in 

an aqueous solution. Results are presented in Table 4.3 and data are expressed as total 

nmol As(in) produced. The reduction in the erythrocyte was substantially higher than 

GSH in aqueous solutions at all dose levels. Interestingly, the erythrocyte metabolism 

begins to saturate above 0.1 mM As(V) and the chemical metabolism only &Ils off slightly 

at 10 mM As(V). Consequently, between 0.001 and 0.1 mM As(V), GSH reduction may 

represent only 3-5% of the total reduction in the cell but at higher concentrations it could 

represent up to 20%. It is important to note that these estimates represent a maximum of 

possible GSH-mediated reduaion as the two sets of data are compared based on initial 

arsenate concentration overestimating the actual concentration in the cell. Clearly, 

chemical reduction (protein independent pathway) cannot account for the reductive 

capacity of the red cell, and an alternate process is probably utilized. Further detailed 

studies into the kinetics of the metabolism are required to make this distinction. 

Table 4.3 Comparison of As(V) reduction in erythrocytes and glutathione solutions. 

As(V) 
(mM) 

Total nmol As(ni) produced GSH contribution 
to reduction (%) 

As(V) 
(mM) Erythrocytes 2mMGSH 

GSH contribution 
to reduction (%) 

0.001 0.0255 ±0.0126 0.00103 ±0.00008 4.1 
0.01 0.262 ±0.119 0.00999 ± 0.00089 3.8 
0.1 2.12 ±0.97 0.110 ±0.005 5.2 

1 8.97 ±4.05 1.02 ±0.10 11.4 
10 41.4 ± 19.2 7.99 ± 0.46 19.3 
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4.4 DISCUSSION 

It is clear from the literature that inorganic arsenic metabolism both in vivo and in vitro 

is dependent in part on the presence of reduced thiols, particularly glutathione. Pretreatment of 

hamsters with buthionine sulfoximine inhibitor of glutathione synthesis) impaired metl^lation 

and increased tissue retention of As(lII) (Hrata et al., 1990). Similar results were found for 

rats in vivo, and glutathione was required for fiill methylase activity in rat liver cytosol (Buchet 

and Lauwerys, 1987; Buchet and Lauwerys, 1988). Thiol depletion in fibroblasts and rat 

erythrocytes impaired As(V) metabolism (Bertolero et al., 1987; Winski and Carter, 1996). It 

is difiScult to separate the requirement of GSH for methylation and potential requirement for 

As(V) reduction. The erythrocyte offers a unique setting to study biological reduction without 

conflicting metabolism from methylation. 

In the experiments presented here, As(V) metabolism was studied in vitro in human 

whole blood and isolated erythrocytes. The only metabolite found in As(V) exposed blood 

was As(III); no methylation occurred (figure 4.1). As the cells are complete, they should not 

require any extra supplementation to methylate if possible. The reductive capacity of the blood 

was localized to the erythrocyte fiaction of the blood (figure 4.2), and it appears that the 

majority of the metabolism was dependent on the presence of reduced thiols. Evidence to 

suggest this is as follows: As(V) in suflBcient quantities was able to deplete GSH and increase 

GSSG. This effect was specific to As(V), as As(III) exposure did not affect thiols (figures 3.3 

and 3.4). In addition, depletion of thiols by derivatization with N-ethylmaleimide almost 
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completely inhibited As(III) formation independent of As(V) dose (table 4.2). Cleariy 

glutathione is instrumental in causing the reduction of As(V) in the erythrocyte. What these 

data do not address is how glutathione is being utilized in this process. 

There is little evidence to support either an enzymatic or a chemically mediated 

reduction in mammalian cells. Kno\«des and Benson (1983) believed As(V) reduction was due 

to the actions of glutathione reductase but lata* reports do not support this theory (Styblo and 

Thomas, 1995). Arsenate reductase has been characterized in bacteria (Ji and Silver, 1992), 

but similar enzymes have not been isolated in mammalian cells. Uthe and Reinke (1978) found 

that biological samples (seal liver, fish muscle) inactivated by boiling were still able to reduce 

As(V) to As(III) implying a chemically mediated reduction. Glutathione in an aqueous solution 

is able to reduce both inorganic and organic As(V) (Scott et ai, 1993; CuUen et ai, 1984). 

It is my hypothesis that As(V) is reduced by both non-protein and protein dependent 

means. To address this issue, As(V) reduction was compared in human erythrocytes and 

aqueous solutions of glutathione. The samples were matched for volume, radiolabel and 

glutathione concentration. In addition, the aqueous glutathione solution was incubated with 

buffer matched for intracellular levels of salts and pH (appendix A). The reduction in the 

erythrocyte far exceeded simple chemical reduction by glutathione. There are two possibilities 

to explain the difference: First, it is possible that glutathione works with another non-protein 

component which was absent in the aqueous solution or second, there is a protein dependent 

pathway. The protein dependent pathway can be further broken down into 1) enzymatic 

reduction and 2) nonspecific reduction through formation of mixed disulfides with protein 
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thiols (ProSSG). With the information presented here, it is not possible to determine which is 

more likely and fluther studies are warranted. 

The reduction of As(V) and dependence on thiols is in agreement with similar 

experiments performed in rat erythrocytes (Winsid and Carter, 1995). Thiol depletion with 

NEM inhibited As(V) reduction by up to 98% (Winski and Carter, 1995). In contrast, 

depletion of thiols in BALB/3T3 cells with DEM only resulted in 25% inhibition of As(V) 

metabolism (Bertolero et ai, 1987). Unfortunately non-protein thiol levels were not 

concurrently measured in that study, so it is unclear if the DEM was completely effective 

in depleting thiols. The concentration of DEM used (1 X 10'^ M) has also been to 

reported to induce GSH formation in nucleated cells over the same incubation period 

(Bannai, 1984; Phelps et al, 1989). Without information concerning the GSH levels in 

the BALB/3 T3 cells, it is not possible to determine if these cells truly have a thiol 

independent reduction pathway. 

Rat and human blood were similar in their response to As(V) in terms of 

glutathione depletion and dose-dependence of As(V) reduction. One major difference in 

the response between these two species was the formation of GSSG. The rat had higher 

GSH depletion, but formed almost no GSSG. It appeared to oxidize to a non-GSSG 

species almost exclusively. In contrast, the main oxidized species in the human appears to 

be GSSG. Similar glutathione oxidation profiles have been observed in rat blood exposed 

to other oxidants. Kosower and co-workers (1977) found that exposing rat blood to 

sulfhydryl oxidizing agents depleted GSH, but GSSG did not form in sufficient quantities 



to account for the loss. They postulated that rat hemoglobin thiols were forming mixed 

disulfides with glutathione (HbS-SG). In addition, human and rat blood thiols responded 

differently to exposure to other oxidants. Rats primarily formed protein-mixed-disulfides 

and humans formed GSSG preferentially (Neis et al, 198S). 

In summary, we have demonstrated that As(V) is metabolized in the human 

erythrocyte to As(III), and that this reduction is dependent on the presence of reduced 

thiols. Comparison to aqueous reduction by GSH indicates that erythrocytic metabolism 

cannot be completely explained by simple chemical reduction. At physiological levels of 

arsenate (<1 ^M), chemical reduction by glutathione may comprise only 3-5% of the total 

reduction at maximum with the remaining from other thiol-dependent pathways. 
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CHAPTERS 

KINETIC ANALYSIS OF ARSENIC METABOLISM IN INTACT HUMAN 

ERYTHROCYTES AND HEMOLYSATES 

5.1 INTRODUCTION 

Toxicity of inorganic arsenic is afifected by valence state. The trivalent state, 

arsenite or As(III), exhibits higher acute toxicity and stronger interactions with cellular 

macromolecules than the pentavalent state, arsenate or As(V) (Franke and Moxon, 1936; 

Aposhian, 1989). As(V) is more thermodynamically stable and is more commonly found 

in the environment (Cullen and Reimer, 1983; Del Razo et al, 1989). Recently there has 

been considerable interest in determining the mechanism of As(V) reduction in cellular 

systems. It is clear that glutathione is able to chemically reduce As(V) (Cullen et al., 

1984; Scott et al., 1993) and this may occur in biological systems (Delnomdedieu et al, 

1994; Winski and Carter, 1995). Total reduction in cells, however, cannot be completely 

accounted for by the simple chemical reduction by GSH (chapter 4). 

To date, there have been no definitive studies on the reduction kinetics of As(V) in 

mammalian systems, and little evidence exists for a potential enzymatic or protein 

dependent pathway. The goal of the following studies was to characterize As(V) 

reduction in human erythrocytes and determine the relative contributions of glutathione 

mediated chemical metabolism and possible enzymatic metabolism. Human erythrocytes 
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offer a unique opportunity to study reduction without other complicating factors from 

further metabolic steps. 

5.2 MATERIALS AND METHODS 

Blood collection and preparation. Blood was obtained by venipuncture from healthy 

male and female volunteers (ages 21-40). The blood was sedimented by centrifligation 

(900 X g, 10 minutes) and rinsed twice with isotonic saline. Plasma and bufiy coat were 

removed during the washing procedure. Packed erythrocytes were mixed 1:1 with 2X the 

final concentration of As(V) as sodium arsenate. The final arsenic concentrations that 

were used ranged from 5 x 10"^ to 1 x 10'^ M. Total hemoglobin was determined 

spectrophotometrically by reaction with Drabkin's reagent (Sigma diagnostic kit S25a) 

and used to normalize all measurements. 

Preparation of arsenic solutions. Arsenic solutions were diluted in phosphate-free 

saline (150 mM sodium chloride, 5 mM Tris-HCl, 1 mM magnesium chloride, 1 mM 

calcium chloride, I mM glucose) and the pH adjusted to 7.4 before incubation unless 

otherwise stated. The radioisotope, '^As(V), was added as a tracer (0.1 nCi/mL cell 

suspension) and was purified before use by ion-exchange chromatography. 

Preparation of [73]arsenate for use in metabolism studies. [73]As(V) was 

purified before use by ion-exchange chromatography. A neutral solution containing the 

[73]As(V) was applied to a Sep-Pak Bond-Elut strong anion exchange cartridge followed 

by 3-0.25 mL aliquots of distilled water. The pure As(V) was then eluted with 0.5 N HCl 



into receptacles containing sufficient 2 N NaOH to neutralize the eluant. This yielded a 

preparation of As(V) that was at least 98% pure as determined by ion-exchange 

chromatography. 

Speciation of inorganic arsenic. Inorganic As(in) and As(V) were separated by 

ion-exchange chromatography as described by Winsid and Carter (1995). For erythrocyte 

suspensions, a 100 ^L aliquot was osmotically lysed in 2 mL ice cold distilled water. The 

resulting hemolysate was applied to an anion exchange column which bound As(V) and 

allowed As(III) to pass freely through. For hemolysates, 2 mL of the final hemolysate 

mixture was added directly to the column with no further treatment. After separation, the 

eluant was counted to determine As(III), and the column was directly counted to 

determine the amount of As(V) remaining. 

Preparation of hemolysates and dialysates and use in metabolism studies. Packed 

erythrocytes were osmotically lysed by diluting 1:10 with distilled deionized water. To 

reestablish osmotic strength, a concentrated buffer was added to yield a final concentration 

of 10 mM Na\ 140 mM 40 mM CI", 33 mM P04^', 20 mM Mg^* (pH 7.0). The 

hemolysate solution was centrifiiged for 30 minutes at 9,000 x g to pellet cellular debris 

and resulting supernatant maintained at 4 °C until use. To prepare a dialysate, the 

supernatant was enclosed in dialysis tubing with a molecular weight cut-oflf (mwco) of 

8000. Samples were dialyzed against buffered saline balanced for intracellular salts to 

ensure that the final dialysate contained salt concentrations that matched those found in an 

intact cell (appendix A). The samples were dialyzed at 4 °C for 24 hours with at least 2 
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changes of bufifer. The resulting dialysate was centrifuged to pellet any precipitated 

material and filtered under sterile conditions before use in metabolism studies. 

To determine metabolism, the hemolysates or dialysates were supplemented with 

one or more of the following; 1 mM glucose, 1 jiM As(V), 0.1 ^Ci/mL [73]As(V), 

NADPH regenerating system (NADP+, glucose-6-phosphate, G6PDH). If GSH was 

used, the concentration chosen was 2 mM to match the intracellular concentration in 

human erythrocytes. The final preparations were composed of 50% lysate. The reaction 

was started by addition of As(V) after a IS minute preincubation to equilibrate the 

solutions to 37°C. 

Effect of temperature on hemolysate activity. The effect of temperature on 

hemolysate metabolism was determined in two separate experiments. First, hemolysates 

and As(V) solutions were preincubated for 15 minutes at temperatures ranging from 4°C 

to 75°C. After equilibration at the temperature, the solutions were mixed and samples 

were incubated for up to 90 minutes. The designated temperature was maintained 

throughout the experiment. The second approach involved heat-inactivated hemolysates. 

Samples were boiled for three minutes at 95°C, allowed to cool and incubated with As(V) 

at 37°C for 90 minutes. Glutathione was added after the heat-inactivation step. The 

boiled samples were divided into two groups: 1. precentrifiiged to remove denatured 

proteins before addition of As(V) or 2. centrifuged after incubation and prior to 

application to the ion-exchange columns. 
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5.3 RESULTS 

5.3.1 Progress of As(III) formation in intact erythrocytes aver time. To determine 

the linear range of As(ni) formation, metabolism in human erythrocyte suspensions 

representing a range of As(V) concentrations (O.OOOS, O.OS and S mM) was determined 

over 90 minutes and results presented in figure S.l. All three concentrations exhibit a lag 

phase prior to a linear phase of As(III) formation. The lag phase was dependent on initial 

arsenic concentration. For O.OOOS and O.OS mM initial As(V), As(III) formation is linear 

after 10 minutes (panels A and B) but S mM As(V) does not increase linearly until after 45 

minutes incubation (panel C). Once past the lag phase, As(III) formation progressed 

linearly for up to 90 minutes. 

5.3.2 Effect of As(III) on As(V) metabolism. To investigate the possibility that 

As(III) could aflFect As(V) metabolism, erythrocytes were preincubated with 100 jiM 

As(in) for 30 minutes then metabolism of 1 ^M As(V) was determined and results are 

presented in figure 5.2. There was no significant difference in the metabolism of As(III) 

with or without preincubation with 100 jiM As(ni). The lag phase was unaifected, and 

the extent of metabolism was unchanged. 
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Figure 5.1 Progress atrves of arsenate reduction in intact erythrocytes. The formation of As(III) was detennined in 
aythrocyte suspensions containing 0.0005, 0.05 and 5 mM As(V). Data are expressed as nmol As(III) formed per gram 
hemogjobin, mean ± s.d. (n=3 individual donors). The three treatment groups had similar profiles of metabolite formation. 

Each exhibited a lag phase followed by a linear phase. The lag phase was dose-dependent with the hi^est concentration (C) 
demonstrating the longest lag 
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Figure 5.2 Effect of As (III) on As(V) metabolism. Erythrocyte metabolism of I 

AsCV) was determined after preincubation with 100 nM As(III) and compared to 
untreated controls. Data are e?q)ressed as nmol 73As(IIl) formed/ g Hb mean i: s.d. 
(n=3 individual donors). As(III) had no significant effect on the time course or rate of 
metabolism. 



5.3.3 Velocity of erythrocyte reduction as a function of initial As(V) 

concentration. Due to the concentration dependent lag phase in the formation of As(III), 

single point estimations of reduction rates were not possible. Rates of As(III) formation 

were determined between 60 and 90 minutes as this appeared to represent a linear time 

frame for the range of As(V) concentrations (see figure 5.1). The results of those 

experiments are illustrated in figure 5.3 as velocity of As(III) formation (nmol/min/g Hb) 

versus initial As(V) concentration. The kinetics of reduction appear to be first order 

below As(V) concentrations of 0.1 mM. Above this the rates begin to saturate and 

approach zero order kinetics above 1 mM As(V). The data were linearized by the Eadie-

Hofstee transformation, as this method supports data which encompass a broad range of 

substrate concentrations. The more traditional Lineweaver Burke method is not shown 

for this reason. The result of the Eadie-Hofstee transformation is shown in figure 5.4. 

Without a purifed system this transformation can only render information concerning the 

type of kinetics that are observed. A straight line indicates that the reduction process 

follows simple Michaelean kinetics. Curved lines can represent cooperativity or indicate 

that more than one mechanism is present in a defined system. In the whole cell, the 

transformation of As(V) reduction rate yielded a negatively curved line. This indicates 

that As(V) reduction is non-Michalean in nature. It may indicate that there is more than 

one process involved. 
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Figure 5 J Velocity versus substrate of arsenic metabolism in intact erythrocytes. The 
formation of As(III) in As(V) incubations was over a linear portion of the progress 
curve (60-90 minutes). Velocity is expressed as nmol As(III) produced per minute per 
g-am hemogtobin, mean ± s.d. These are related to inital As(V) concentration in mM 
([S]). At lower concentrations, the velocities are first order but approach zero order 
kinetics above I mM As(V)- (n=6 individual donors) 
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Figure 5.4 Standard Eadie-Hofstee transformation of kinetic data. Kinetic 
data obtained from As(V) whole cell reduction experiments demonstrates a non
linear line using standard Eadie-Hofstee transformation. This indicates that the 
process does not follow simple Michalean kinetics and may involve more than 
one process. 



5.3.4 Reduction activity in erythrocyte hemolysates; dependence on GSH, glucose 

and NADPH. Reduction in a erythrocyte cytosol (hemolysate) was determined and 

compared to hemolysates supplemented with glutathione, reaction mixture (glucose, 

NADPH regenerating system) or a combination of both and results are presented in figure 

S.S. Data are presented simply as nmol As(III) formed due to the comparison of 

hemolysates and aqueous solutions. In doing these experiments, the cellular contents were 

diluted 10 fold compared to the whole cells experiments, but the amount of hemolysate 

analyzed for As(in) formation was also 10 fold higher. Essentially this means that the 

absolute amount of arsenic and cellular material remained the same for both procedures, 

but dilution of the cellular contents resulted in virtually undetectable As(V) reduction 

(•lysate. Figure 5.5, panel A). Activity was restored if glutathione was added back at the 

original intracellular concentration (•lysate + GSH). The increase in activity of the lysate 

+ GSH is supra-additive compared to lysate and GSH alone. Interestingly the addition of 

glucose and NADPH as a reaction mixture did not augment activity (Figure 5.5, panel B). 

5.3.5 Effect of dialysis and NEM pretreatment on hemolysate-mediated reduction. 

To begin preliminary protein characterization, hemolysates were dialyzed or alkylated with 

NEM, and the effects on hemolysate-mediated reduction were determined. By first 

dialyzing the hemolysate, it was possible to determine if other small molecular weight 

compounds were required for fiill activity (Fig. 5.6). 
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Figure 5.5 Reduction activity of erythrocyte hemofysates: dependence on GSH, glucose and NADPH. 

Erythrocyte hemolysates (lysate) were incubated with As(V) at a final concentration of 50 Panel A depicts 

the formation of As(lll) in the lysate alone, 2 mM GSH alone and lysate supplemented with 2 mM GSH. Data 
are expressed as total nmol produced, mean ± s.d. (n=4 individual donors). Addition of GSH to the lysate 
resulted in a supra additive reduction of As(V). Addition of glucose and a NADPH regenerating system (panel B) 
did not significantly affect reduction. 
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Figure 5.6 Reduction activity of erythrocyte hemofysates: effect of dialysis and NEM 

pretreatment Reduction in untreated lysates was compared to reduction in a dialyzed 
iysate and an NEM pretreated lysate. 2 mM GSH was supplemented after treatment 
and prior to addition of 50 ^M As(V). Data are expressed as nmol As(in) produced, 
mean s.d. (n=3 individual donors), and reduction by GSH alone is also depicted for 
ease of comparison. Dialysis to remove small molecular weight compounds did not 
significantly alter reduction, indicating that the protein only requires GSH for full 
activity. NEM pretreatment to derivatize protein thiols inhibited reduction, indicating 
that the protein has a sensitive SH group required for full activity, (a - significantly 
different from untreated lysate p < 0.05). 



Samples were pretreated with NEM to mask protein thiols before determining reduction. 

To do this, whole cells were treated with NEM then washed repeatedly to remove excess 

NEM, then hemolysates prepared from these cells. This experiment was designed to 

determine if the protein had a thiol (ProSH) that was required for activity. Glutathione 

was supplemented after the above treatments and data are presented in Figure S.6. Also 

depicted is the reduction in an aqueous solution of glutathione for ease of comparison. 

Dialysis did not significantly alter the reduction, indicating that the protein which is 

responsible does not require low molecular weight compounds other than GSH. NEM 

pretreatment did, however, inhibit reduction. To ensure that this effect was not due to 

inadequate removal of NEM, the samples were analyzed for the supplemented GSH after 

the experiment was complete, assuming that if significant NEM remained then GSH levels 

would be lowered. GSH in the supplemented untreated lysate, dialysate and NEM treated 

lysate was not significantly different within these groups and not different from standard 

GSH solutions. This validates the assumption that inhibition was due to masking of 

protein thiols alone. It is possible that addition of GSH begins to regenerat protein thiols. 

Without further investigation into the status of the protein thiols, it is not possible to 

distinguish if this is occurring. 

5.3.6 Effect of temperature on reduction of As(V) in hemolysates. Erythrocyte 

hemolysates and arsenic solutions were preincubated at the specified temperatures for 15 

minutes and then mixed. The rate of As(III) formation was determined between 60 and 90 

minutes, and the samples were held at the designated temperatures throughout the 
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experiment. A distinguishing feature of protein systems is their temperature dependence. 

The rate of both chemically mediated and enzymatic processes tend to increase with 

temperature, but at some point, many proteins will denature and the activity will fall off. 

This behavior is demonstrated in figure 5.1. 

Reduction was severely inhibited by decreasing temperature to 4°C. Activity was 

slowly restored with increasing temperature up to SO°C. Above this, no further increase in 

activity was observed. Visually, the erythrocyte suspensions remained in solution at 50°C 

but proteins were clearly denatured at 75°C. To support these results, reduction in 

erythrocyte suspensions boiled for three minutes was compared to untreated samples and 

results presented in Figure 5.8. The denatured proteins were either removed by 

centrifligation before addition of arsenic or directly prior to arsenic speciation. No 

noticeable differences were observed in total recovery of arsenic from the ion-exchange 

column with removal of denatured proteins that had been in contact with arsenic. In 

comparison to untreated samples, boiling inhibited 50% of the reduction in the 

hemolysate. There was no difference if the denatured proteins remained throughout the 

incubation. 
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Figure 5.7 Temperature dependence of reduction: temperature profile. The rate of 
reduction of 50 jiM As(V) in erythrocyte hemoiysates was measured ranging from 4 -
75°C. Data are expressed as reduction rate = nmol As(III) formed /minute /gram 
hemoglobin, mean ± s.d. (n=4 individual donors). The reduction exhibited a strong 
temperature dependence. Activity was plateaued above 50 °C where protein 
denaturation occurred. 



Heated/centrifuged Control Heated 

Figu re 5.8 Temperature dependence of reduction: reduction in heat denatured 

samples. Erythrocyte hemolysates were heat-denatured and reduction in the 
treated samples compared to untreated controls. Heat denaturation destroyed 
approximately 50% of the reduction activity. The presence of the denatured 
proteins did not affect this result (centrifuged vs noncentrifuged). Data are 
expressed as the rate of reduction of 50 nM As(V) in units of nmol/min/g 
hemoglobin, mean ± s.d. (n=3 individual donors; a - significantly difTerent from 
untreated controls, p<0.05). 
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5.4 DISCUSSION 

An interesting finding in this study was the dose-dependent lag phase preceding the 

linear portion of the progress curves (figure S. 1). Lag phases are not uncommon in many 

enzyme systems, but they generally decrease with increasing substrate concentration, 

which is opposite of the effect observed here. Some common causes are (fi-om Eisenthal 

and Danson, 1993); 1) slow dissociation of a reversible inhibitor (this would behave 

opposite of the lag phase observed for arsenate reduction), 2) product activation, but 

As(III) did not alter reduction (figure 5.2), 3) substrate interconversion, which may occur 

as As(V) reduction is a two electron process and each step may have different kinetic 

characteristics and finally 4) pre-steady state transients that keep substrate concentrations 

fi'om equilibrating. Uptake is an obvious possibility but this has already been shown to be 

linear for the As(V) concentrations examined (Chap. 3). None of the above reasons easily 

explain the lag phase observed with As(V) reduction. Interesting to note is the fact that 

the hemolysate + GSH appears to exhibit a similar lag phase (figure 5.5) which points to 

an intrinsic characteristic of the protein and not a phenomenon of the whole cell. One final 

possibility is the presence of an inhibitory contaminant, which is also added in increasing 

concentrations as the substrate concentration is increased. All chemicals used were 

analytical grade but an alternate source could be used to investigate this possibility. 

To date, an enzyme which is capable of reducing As(V) to As(in) has not been 

characterized in mammalian systems but a bacterial enzyme has been discovered. 

Resistance of bacteria to arsenate requires the arsC operon which encodes an arsenate 
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reductase. The enzyme is a small, soluble, heat-stable cytoplasmic protein that reduces 

arsenate to arsenite (Ji and Silver, 1992). The purified enzyme couples to thioredoxin, 

requires NADPH and is inhibited by arsenite (Ji et al., 1994). We have presented data 

here to suggest that As(V) reduction is mediated by both chemical and protein-dependent 

processes in human erythrocytes. Reduction activity was sensitive to heat denaturation 

(figures 5.7 and 5.8), and the erythrocyte cytosol was able to utilize GSH to catalyze 

reduction in excess of GSH chemical reduction (figure 5 .5). The question remains; what 

is identity of the protein and is it an enzyme? At this time, it is not possible to answer that 

question without purification of the putative protein, and this remains for future studies. 

Attempts to identify an enzyme which is capable of reducing arsenate based on the 

redox metabolism of other metals have not yielded results. Knowles and Benson stated 

that glutathione reductase was a likely candidate. Ganther (1971) demonstrated that 

glutathione reductase was able to reduce the selenium in selenium/glutathione complexes, 

but Styblo and Thomas (1995) later demonstrated that this did not occur for arsenic 

compounds. Chromium is a tantalizing prospect as it is a substrate for both enzymatic 

reduction and non-enzymatic reduction utlizing glutathione. Enzymatic reduction of 

chromium is dependent on NADPH and thought to specifically be due to the actions of 

DT-diaphorase. Unfortunately, arsenate reduction does not appear to require NADPH or 

other cofactors (figure 5.5, figure 5 .6) and arsenate did not have any activity as a substrate 

in purified DT-diaphorase systems (Ross, D.R.; personal communication). 
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It is also possible that the 'enzymatic' activity described here is not a traditional 

enzyme but rather a protein sulfhydryl with a redox potential which is more favorable for 

arsenate reduction than the formation of GSSG from GSH. There is some evidence to 

suggest that protein mixed disulfides are being formed in both rat and human erythrocytes 

exposed to arsenate (Winski and Carter, 1995; table 4.1). In addition, reduction was 

inhibited by masking protein thiols with NEM (figure 6) and the resulting reduction rate 

was not significantly different from GSH alone. This would indicate the high-molecular 

weight contribution to reduction requires a free, reduced thiol on the protein. 

In summary, arsenate reduction in the human erythrocyte is a saturable process and 

is dependent in part on the proteins in the erythrocyte. Thiol depletion in the intact cell by 

derivatization with NEM (table 4.2) inhibited reduction indicating that reduced thiols were 

necessary for metabolism. With the data presented in this section, it is clear that the 

reduced thiols which are required by the cell include glutathione (GSH) and also protein 

thiols (ProSH). The most likely scenario to explain the results as a whole is that arsenate 

is reduced by two separate processes in the cell. The first is chemically mediated 

reduction by glutathione. The second is a protein dependent process which may simply be 

due to formation of protein mixed disulfides (ProSSG). It is possible that the redox 

potential for this reaction is more favorable for arsenate reduction or some intrinsic 

physical property of the protein attracts arsenate and facilitates reduction. The data 

presented do not imply that the protein is an enzyme according to traditional definitions, 

and purification of the protein will be required to make this distinction. 
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CHAPTER 6 

CHARACTERIZATION AND DETERMINATION OF THE MECHANISM OF 

ARSENATE TOXICITY IN HUMAN ERYTHROCYTES 

6.1 INTRODUCTION 

Human exposure to arsenic in drinking water has been epidemiologically linked to 

a rare circulatory disorder known as 'Blackfoot disease'. Early symptoms of toxicity 

include acrocyanosis (bluish color from slow circulation), Raynaud's phenomenon (pallor, 

numbness and pain) and decreased blood pressure in the extremities (Tseng, 1977). These 

changes in circulation can eventually lead to gangrene and spontaneous or surgical 

amputation. 

Little is known concerning the mechanism of arsenic damage although it does 

appear to affect the small arterioles. Gangrene is accompanied by arteriosclerosis and 

thromboangiitis obliterans (Tseng, 1977). While toxicity to the blood vessels is 

established, toxicity to the red blood cell (RBC or erythrocyte) has not been evaluated. 

Toxicity to the erythrocyte can be manifested as a change in shape and deformability of the 

cell, and this has been linked to other pathological conditions such as Sickle Cell Anemia 

(Kaul et al., 1994; Hasegawa et ai, 1995). The purpose of this study was to characterize 

the toxicity of inorgarvic arsenic in human erythrocytes and evaluate this toxicity as a 

potential contributing factor to arsenic circulatory disease. 
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6.2 MATERIALS AND METHODS 

Determination of hemolysis. Total cell death or hemolysis was determined by 

monitoring the release of hemoglobin from erythrocytes exposed to arsenic. Hemoglobin 

was determined spectrophotometrically by reaction with Drabkin's reagent (Sigma kit 

525a, 540 mn). Hemolysis was calculated as the percent released hemoglobin relative to 

total hemoglobin in the sample. 

Preparation and viewing of samples for scanning electron microscopy. Scanning 

electron microscopy was utilized to characterize the detailed morphologic changes 

induced by As(V). Cells were fixed overnight in 4% formaldehyde / 1% glutaraldehyde 

(4F1G). For ease of sample preparation, the cells were sealed between polycarbonate 

filters (1 ^m pore size). Samples were post-fixed for 1 hour in 1% osmium tetraoxide and 

rinsed with buffered saline. A graded series of ethanol washes was used to dehydrate 

samples: 30, 50, 70, 75, 80, 85, 90, 95% followed by three changes of 100% ethanol (10 

minutes each wash). Samples were critical point dried in ethanol/C02. The filters were 

carefiilly removed, mounted and gold sputter coated at opposing angles before viewing 

(I.S.I. dsl30 scarming electron microscope, 25 keV accelerating voltage). 

Preparation and viewing of samples by light microscopy. Light microscopy was 

utilized to determine numbers of morphologically altered cells. Erythrocytes were lightly 

fixed by gently placing them onto a solution of 4F1G. When the cells were partially 

settled, they were resuspended and a 5 nL aliquot was smeared on a glass slide. With this 

procedure, no staining was required as the fixation clearly delineated the cell surface 
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architecture. AAer drying, the cells were viewed by bright field microscopy and 

photographs were taken for tabulation of morphologic changes. At least 3 fields were 

photographed at 40X and constituted a minimum of 200 cells. The cells were scored as 

either normal (biconcave, O-I crenation), echinocyte n (flat with multiple crenations), 

echinocyte m (round with visible rounded spicules) or sphero-echinocytes (spherical, no 

visible spicules by light microscopy). 

Determination of ATP. ATP was determined spectrophotometrically in a coupled 

enzymatic assay. Erythrocyte samples were mixed 1:1 with distilled water and protein 

precipitated by microwave treatment (<30 sec). This procedure did not afifect stability of 

standard ATP solutions. The sample was centrifliged and 0.5 mL aliquot of the 

supernatant was mixed with 1.88 mL buffer (50 mM triethanolamine, 10 mM MgCb, 5 

mM EDTA, pH 7.4), 0.1 mL 10 mg/mL NADP, 0.01 mL 50 U/mL G6PDH and 0.01 mL 

1 M glucose. After mixing by inversion, an initial absorbance reading was taken at 340 

nm. To start the reaction, 0.01 mL 400 U/mL hexokinase was added, and the absorbance 

again measured after 5 minutes. The increase in absorbance due to the formation of 

NADPH was directly related to the initial content of ATP in the sample. 

Separation of erythrocyte age populations by density centrifugation. Erythrocytes 

were separated by density centrifugation according to the method of Lutz et al. (1992) 

which incorporates portions of procedures from Beutler et al. (1976) for leukocyte and 

platelet removal and Lutz and Fehr (1979) for Percoll gradient preparation. Whole blood 

was diluted 2:1 with PBS/EDTA (150 mM NaCl, 10 mM NaKHP04, 0.05 mM EDTA, pH 
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7.4). One mL aliquots were passed through cellulose columns (1:3 microciystalline 

cellulose;a-celluIose, 0.6 cm X 1.6 cm) followed by 3 mL PBS/EDTA. Eluants were 

collected on ice, washed 3 times with PBS/EDTA and resuspended in Percoll*^ at a final 

hematocrit of 15%. The PercoU*^ buffer consisted of: 75.58 v/v Percoll^ 114 mM NaCl, 

0.5% D-glucose, 10 mM NaKHP04, 0.5 mM EDTA and 30 ^g/mL 

phenylmethylsulfonylfluoride. The pH was adjusted to 7.4 and osmolarity to 320-330 

mosmol/kg, respectively. The suspension was centrifuged for 20 minutes at 33,000xg in a 

Beckman L8-55 Ultracentrifiige (SW 41 Ti swinging bucket rotor). Density marker beads 

were run in parallel to estimate density of final erythrocyte populations. 

Statistical handling of data. All experiments were performed at least three times 

in independent experiments, and sample size (n) refers to the number of blood samples 

fi'om separate volunteers. Data are presented as the arithmetic mean ± standard deviation. 

Analysis of variance and student's t-test were performed where appropriate, and 

differences in data were considered significant only if calculated p values were less than 

0.05 (Microsoft Excel statistical package). 
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6.3 RESULTS 

6.3.1 Hemolysis of human erythrocytes exposed to inorganic arsenic. Human 

erythrocytes were not highly susceptible to inorganic arsenic as determined by total cell 

death (hemolysis). As(V) caused a small significant increase in hemolysis, and As(III) was 

relatively ineffective in damaging these cells (figure 6.1). Because of this difference, it is 

clear that these two forms of arsenic cause damage by separate pathways and that it is not 

necessary for As(V) to be reduced to As(III) to cause toxicity to the whole cell. 

6.3 .2 Examples of morphological changes induced by As(V). The morphological 

damage induced by As(V) treatment was crenation of the cellular membrane, forming 

echinocytes and sphero-echinocytes (Figure 6.2). The observed changes were typical of a 

discocyte-echinocyte transformation. 

6.3.3 Dose dependent changes in morphology. The morphologic changes induced 

by arsenate were dependent on dose (Fig. 6.3, table 6.1). Damage caused by As(V) was 

more extensive both in terms of loss of normal cells and formation of irreversibly altered 

cells. Formation of spherocytes only occurred in As(V) treated cells, and the number of 

sphered cells increased with As(V) dose. Again it is clear that As(V) and As(in) have 

very different effects on the erythrocyte. As(ni) exposure did decrease the numbers of 

biconcave cells but damage did not progress much beyond formation of type I echinocytes 

and no sphero-echinocytes were observed. 
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1.5-

Control As(V) As(III) 

Figure 6.1 Hemolysis of erythrocytes exposed to As(V) and As(III). After five 
hours incubation with 10 mM As(V), 10 mM AsGH) or saline for control, only 
As(V) was able to cause total cell death. Data are expressed as % released 
hemoglobin, mean ± s.d. (n=3 individual donors), (a - significantly higher than 
control, p<0.05) 
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Figure 6.2 Examples of morphological changes induced by As(V). Human erythrocytes 

exposed to As(V) exhibited a classic discocyte - echinocyte transformation. Above are 

examples of the cells involved in this transformation. The top three cells are either normal 

discocytes or type I echinocyte (<2 crenations). The lower two cells represent later stages 

of damage; a type n echinocyte (lower left) and a sphero-echinocyte (lower right). 
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Figure 6.3 Photomicrographs of As(V) treated erythrocytes at three different arsenic 

concentratiorts. The following two pages demonstrate the concentration dependent 

changes in erythrocyte morphology after five hours incubation with As(V). With 

increasing concentration the extent of damage increased both in numbers and types of 

cells. 

A - control cells incubated with buffered saline 

B-0.1 mMAs(V) 

C - 1 mM As(V) 

D - 10 mM As(V). 
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Table 6.1: Morphological Changes in Human Erythrocytes after Five Hours 
Incubation -with Arsenic. A dose-dependent increase in morphologically altered 
ceils was observed which included formation of pre-lytic spherocytes. These 
irreversibly altered cells were only observed in the As(V) treated cells. AsGII) 
exposure resulted in fewer changes indicating that As(V) does not require 
metabolism to AsfllR to cause toxicity. 

Normal EchinJI Echinlll Spherocyte 

Control 9 3  ± 5  7 ± 5  . 1  ± . 3  0 
0.1 mM As(+5) 8 5  ± 5  1 3  ± 5  2 ± 2  0 
0.5mMAs(+5) 7 9 ± 7  1 7 ± 4  4 ± 2  . 3  ± . 5  
1.0mMAs(+5) 6 6 ±  1 3  1 8 ± 7  8 ± 6  . 4 ±  . 9  
5.0 mM As(+5) 5 1  ± 2 0  37 ± 13 1 3  ± 4  2± 1 
10 mM As(+5) 3 2 ± 3 1  2 6 ±  1 0  4 3 ±  1 9  8 ± 5  
10mMAs(+3) 4 9  ± 2 2  41 ± 16 1 2 ± 4  0 
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6.3.4 Effect of As(V) on erythrocyte ATP. Figure 6.4 illustrates the efifect of 

As(V) and As(III) on human erythrocyte ATP. Data are presented as % of control. ATP 

was significantly depleted by all As(V) concentrations except 0.001 mM (statistical trend). 

In contrast, incubation with As(III) as high as 10 mM only resulted in a 10% drop in ATP. 

Using ATP depletion as the toxic endpoint, As(V) is at least 1000 times more toxic than 

As(III) to the erythrocyte. 

6.3 .5 Age dependent toxicity of As(V): morphologic changes. To determine if 

erythrocyte age was a factor in arsenate toxicity, erythrocytes were separated by density 

centrifligation in self-forming percoll gradients. The resuhing cells were divided into three 

density groups, and the cells with the highest density were designated the oldest based on 

the criteria of Lutz et al. (1992). The three fi"actions of cell were exposed to 0.1 and 10 

mM arsenate or saline control for five hours then evaluated for morphological changes. 

Figure 6.5 represents the results of this experiment; A - untreated cells, B - 0.1 mM As(V) 

treated and C - 10 mM As(V). Control cells (panel A) incubated for five hours in saline 

did not exhibit age related changes. Type I and 11 echinocytes were more prolific in the 

denser cells but the two lighter fi-actions appeared the same. After incubation with 0.1 

mM As(5) for five hours, the lighter two fractions of cells did not exhibit many 

morphological changes (panel B) but the older cells showed an increase in the formation 

of echinocytes. A similar trend was observed for 10 mM As(V) treated cells (panel C). 

All three groups contained morphologically altered cells but the extent of damage in the 

older cells was more extensive with fewer discocytes and more sphero-echinocytes. 



10 mM 
Asail) 

Arsenate concentration (mM) 

Figure 6.4 Effect of inorganic arsenic on erythrocyte ATP levels. Erythrocytes 
were incubated for five hours at the above concentrations of arsenic. Data are 
expressed as % from saline treated controls, mean ± s.d. (n=5 individual donors). 
10 mM As(III) exposure only resulted in a small change in ATP. AsCV) was a 
potent depletor of ATP causing sigiificant loss above 0.001 mM initial 
concentration (0.001 trend), (a - statistically sig^flcant from controls, p<0.05, b -
trend from control) 
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Figure 6.5 Age-dependent toxicity: morphologic changes. Human erythrocytes were 

separated by density centrifligation into three populations; 

Fraction I 1.083 - 1.087 g/mL 

Fraction 2 ^ 1.087 - 1.019 g/mL 

Fractions -> 1.131 - 1.134g/mL 

Each group was exposed to As(V) for five hours, and representative cells are presented on 

the following three pages. The older cells (fi-action three) exhibited more extensive 

toxicity when incubated with arsenic. For each fraction, panel A - control cells, panel B -

0.1 mM As(V) and panel C - 10 mM As(V). 
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6.4 DISCUSSION 

Human erythrocytes were exposed to As(V) at concentrations ranging from 0.001 

- 10 mM As(V); this range includes both physiological (<0.01 fiM) and non-physiological 

levels. The toxic endpoints that were monitored were total cell death, changes in shape 

and loss of energy (ATP). The erythrocytes appear to be uniquely susceptible to As(V) or 

rather they seem to be uniquely insensitive to As(III). In nearly all in vivo and in vitro 

mammalian systems in which the two have been compared, As(III) is the more toxic form 

(Franke and Moxon, 1936; Squibb and Fowler, 1983; Aposhian, 1989). The explanation 

for this inconsistency lies in understanding the biochemical mechanisms of toxicity of 

arsenicals. Both As(V) and As(in) inhibit energy production but at different pathways. 

As(III) is a sulfhydryl derivatizing agent which exerts many of its acute toxic effects by 

inhibiting the pyruvate dehydrogenase multienzyme complex and therefore inhibiting the 

citric acid cycle (Aposhian, 1989). As(V), on the other hand, is a phosphate analogue and 

inhibits ATP production by uncoupling oxidative phosphorylation (Krane and Lipmann, 

1947; Gresser, 1981). The red blood cell generates its ATP and NADH through 

anaerobic glycolysis (Embden-Meyerhof Pathway) and NADPH through the hexose 

monophosphate shunt (figure 2.3 and 2.4). Essentially there is no target for As(III) to 

damage. Arsenate on the other hand, can inhibit ATP production in any system, and the 

erythrocyte requires ATP to maintain cellular integrity. Measurement of ATP in human 

erythrocytes supported this theory. As(V) exposure as low as 0.01 mM resulted in a 
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significant depletion in cellular ATP, and As(III) as high as 10 mM did not alter ATP 

levels. 

Both acute and chronic arsenic exposure cause anemia in humans (ATSDR, 1993). 

It is suggested that this occurs through bone marrow suppression. Results presented here 

indicate that direct toxicity to the erythrocyte may also contribute to the obseved anemia. 

Arsenate was not a potent hemolytic agent in vitro (figure 6.1), but in vivo the cell is 

placed under much more demands and the loss of ATP can be quite traumatic to the cell. 

Hemolytic anemia is documented in patients with decreased circulating ATP (Wolf and 

Koett, 1980; Jacob and Amsden, 1985). 

The damage appeared to be specific to sub-populations of cells. Even at the 

highest As(V) concentration where hemolysis was occurring (Figure 6.1) and ATP was 

very low overall (Figure 6.4), there were still distinct populations of completely normal 

cells and highly damaged cells. This may be due to the presence of aged erythrocytes. A 

human erythrocyte lasts approximately 90 days in circulation before removal by the spleen 

or liver. In this time it loses potassium and water and consequently becomes more dense 

(Lutz et aL, 1993), and these cells may be more susceptible to arsenic toxicity. To 

confirm this, erythrocytes were separated by age through density centrifugation and 

exposed to arsenate. The older cells did exhibit more morphological changes which may 

indicate a higher susceptibility to arsenate. The circulating blood levels of arsenic in 

individuals exposed to arsenic contaminated drinking water is reported to reach as high 1 

arsenic. Toxicity was observed near this level of arsenic. With the unique 
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susceptibility of the erythrocyte to arsenate, this could suggest that this mechanism of 

damage could contribute to in vivo toxicity. A cell with an altered morphology will not be 

able to deform through capillaries and this could contribute to decreased blood flow, loss 

of oxygen and tissue damage. This pathway of toxicity may have implications in the 

etiology of arsenic-induced circulatory disorders. 
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CHAPTER? 

SUMMARY AND CONCLUSIONS 

7 . 1  Summary 

Toxicity of arsenic is known to be dependent upon the chemical oxidation state. 

Inorganic arsenic in the trivalent state, arsenite or As(III), is the most protein and DNA-

reactive species in most biological systems and is also the most acutely toxic. Pentavalent 

arsenic, arsenate or As(V), is less toxic by most measures, but is also more stable and 

prevalent in the environment. Worldwide, many populations are exposed to arsenic in 

drinking water and one result is a peripheral vascular disorder, Blackfoot's disease. To 

understand toxicity and the implications of arsenic oxidation state, human erythrocytes 

were used to model the metabolism and toxicity of sodium arsenate, As(V), in a biological 

system. 

It was determined that As(V) can efficiently enter the human erythrocyte in the 

presence of physiological levels of phosphate, a potential competitor. Uptake and 

metabolism were compared and arsenic accumulated in the cell faster than it was 

metabolized. This fact is of particular importance considering the toxicity of As(V) to the 

cell. This implies that As(V) is able to accumulate in the red cell in the form to which it is 

susceptible. 
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Once inside the cell, the erythrocyte was able to metabolize As(V) to As(IlI). This 

was the limit of the metabolism as no methyl metabolites were found. By pretreating the 

cells with a thiol derivatizing agent, it was determined that virtually all of the reduction 

was dependent in some manner on the presence of reduced thiols. Other evidence that 

As(V) interacted with thiols was obtained by determining the effect of exposure on GSH 

and GSSG. The result of this was depletion of GSH and formation of GSSG and another 

disulfide species which was not identified. This effect was specific to As(V) as incubation 

with As(III) at equimolar levels had no effect. This pointed towards a chemically 

mediated reduction, but comparison to chemical reduction in equivalent aqueous solutions 

of glutathione demonstrated that the erythrocyte reduction was much greater. Based on 

this, it was hypothesized that there was more than one thiol-dependent pathway for As(V) 

reduction in the erythrocyte. 

More detailed experiments were performed to test this hypothesis. First, the 

kinetics of metabolism were characterized and reduction kinetics did not follow classical 

Michealean forms. This implicated that more than one mechanism was involved. Next, 

the cell was fi'actionated and the cellular cytosol (hemolysate or lysate) was utilized to 

investigate reduction. Results from these experiments suggested a protein dependent 

reduction pathway. First, dilution of the cellular matrix inhibited reduction, but addition 

of intracellular levels of GSH restored activity. Second, reduction was temperature 

dependent, and heat denaturation inhibited reduction by 50%. The protein depended on 

glutathione, but not NADPH as other bacterial reductases do. It was also heat labile and 
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was sensitive to NEM inhibition demonstrating that the protein requires a reduced thiol 

(ProSH) for its actions. Based on these data the following mechanisms of reduction are 

hypothesized (RSH = protein thiol or other small molecular weight thiol): 

1. 2GSH + As(V) -> As(III) + GSSG 

2. GSH + RSH+As(V)-> As(III) + RSSG 

The protein did not share any characteristics with bacterial reductases. It is 

possible that the protein dependence could be explained by formation of mixed disulfides 

between GSH and proSH to form proSSG. This may be more favorable for arsenate 

reduction than GSH oxidation to GSSG. The classical definition of an enzyme would 

require that the protein had a mechanism for regeneration. This distinction cannot be 

determined without purification of the putative protein. 

Although As(in) is considered the more toxic of the two main inorganic forms of 

arsenic, the human erythrocytes appeared to be more susceptible to the actions of As(V). 

As(V) caused more total cell death (hemolysis) than As(ni) treated or control cells. Light 

and electron microscopy were utilized to characterize morphological changes induced by 

arsenic exposure. The arsenic exposed erythrocytes underwent a discocyte-echinocyte 

transformation characterized by buckling of the cellular membrane. This process known 

as 'crenation' led to the formation of echinocytes (crenated erythrocytes) which eventually 

formed sphero-echinocytes (spherical erythrocytes with small short spicules on the outer 
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membrane). These changes were consistent with the effects of metabolic starvation from 

depletion of the energy cofactor, adenosine triphosphate (ATP). Analysis of ATP in this 

system indicated that As(V) was a very potent inhibitor of ATP production in the human 

erythrocyte and As(III) was largely ineffective. This process was also dependent on the 

age of the cells. Older cells exhibited greater toxicity as measured by morphological 

changes and depletion of ATP. Without ATP, the erythrocyte is unable to deform in 

circulation effectively and this pathway for damage may have implication for the 

pathogenesis of arsenic-induced circulatory disorders. 

7 .2 Conclusions 

• The erythrocyte is able to accumulate As(V) at a higher rate than the subsequent 

metabolism. In addition, uptake in vivo would not be inhibited by physiological levels 

of phosphate. 

• Metabolism is limited to reduction via thiol-dependent pathways. These pathways 

include chemical reduction by GSH and a protein dependent pathway. Although 

erythrocyte mediated reduction is thiol-dependent, glutathione mainly works in concert 

with other pathways to reduce arsenate. Elucidation of these pathways will contribute 

to understanding of As(V) reduction in all cells. 
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• The presence of As(V) is detrimental to the ability of the cell to perform its intended 

function. As(V) is a potent depletor of ATP, and the morphological changes 

accompanying As(V) exposure may contribute to toxicity in vivo. 
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APPENDIX A 

EXTRACELLULAR AND INTRACELLULAR VALUES FOR COMMON SALT 
CONCENTRATIONS, GLUCOSE LEVELS AND pH» 

Ions (mEq/L) Eitracellular Intracellular 

Sodium (Na") 142 10 
Potassium (K^ 4 140 

Chloride (CI") 103 4 
Magnesium (Mg^^ 1.2 58 

Calcium (Ca^^ 2.4 0.0001 
Bicarbonate (HCOs") 28 10 
Phosphate (HP04^') 4 75 

Sulfate (S04^") 1 2 

Other 
Glucose 90 mg/dL 0-20 mg/dL 

Li 7.0 

* From: Guyton, A C. (1991). 
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