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ABSTRACT 
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Trivalent arsenic (As(III)) exposure is linked to cancer, 

but exposure includes pentavalent arsenic (As(V)). These 

forms interconvert in biological systems, and the mechanism is 

not understood. Arsenic has a high affinity for sulfhydryls, 

and the interaction of As(III) and As(V) with biological 

sulfhydryls and cellular uptake was investigated in this 

study. 

Incubation of rat blood at 1 mM arsenic showed As(V) 

uptake, membrane and protein binding to be time dependant. 

These processes were almost immediate with As (III) incubation. 

Incubation at 25 mM As(V) resulted in 40% thiol depletion with 

no oxidized glutathione formation. Metabolite analysis showed 

half of the As(V) converted to As(III). In As(III) 

incubation, 27% thiol depletion occurred with 300% increase in 

GSSG. As(V) reduction combined with thiol depletion could 

indicate that arsenate used sulfhydryls as reducing 

equivalents. Because arsenate uptake was slow this reduction 

may not be a main contributor to the overall in vivo process. 
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INTRODUCTION 

Arsenic 

Chemistry 

Arsenic is a group V metalloid with a molecular weight of 

74.9216 g/mol. It can exist in valence states ranging from (-

3) to (+5) . Because of the diversity in states, this 

discussion will be limited to the forms that were pertinent to 

this investigation: namely the inorganic trivalent (+3) and 

pentavalent (+5) oxyacids (arsenous and arsenic acid, 

respectively) and the methylated acids (monomethylarsonic acid 

and dimethylarsinic acid). 

Inorganic trivalent arsenic (meta-arsenous acid) has the 

chemical formula of HAs02, and its salts are called arsenites 

(MAS02) . Aqueous solutions of inorganic arsenites contain 

As(OH)3 which has successive pKa values of 9.1, 12.13 and 

13.40. At physiological pH, it would remain undissociated. 

The meta-acid (HAs02) and its salts (MAs02) are not found in 

solution, but the hydrated arsenite anions, H^sOj', HAs03'2 and 

AS03"3 are found in solution (Cullen and Reimer, 1989; NAS, 

1977). Notable of the chemistry of trivalent arsenic in vivo 

and in vitro is its reactivity with sulfhydryls (Webb, 1966). 

Inorganic pentavalent arsenic (arsenic acid) has the 

chemical formula of H3As04> and its salts are called arsenates 

(MHgAsO^). With successive pKa values of 2.20, 6.97 and 11.53, 
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it would be ionized (HAs04"2) at physiological pH (NAS, 1977) . 

Because of structural similarities between arsenic acid and 

phosphoric acid (H3P04, pKa values of 2.15, 7.10 and 12.32), 

arsenate is thought to substitute for phosphate in 

biologically important molecules and reactions (NAS, 1977; 

Budavari et al., 1989). 

The arsenic in the methylated acids monomethylarsonic 

acid (MMAA, CH3As(0) (OH)2) and dimethylarsinic acid (DMAA, 

(CH3)2As(0)OH) is thought to be in the pentavalent state. 

Monomethylarsonic 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 

and low affinity to macromolecules, the formation of the 

methyl arsenicals is thought to be a pathway for 

detoxification. 

Environmental and industrial Sources 

Trace arsenic is found in the air, oceans, fresh water, 

soil and in all living things (Fitzgerald, 1983; NAS, 1977). 

Because of its greater stability under aerobic conditions, 

arsenate is the main form of exposure in the environment 
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(Marafante et al., 1985). The daily exposure of humans is 

thought to be 10-50 jug from food, 2 fig from water, 10-32 pg 

from smoke and 0.2-3 ng from air. Marine organisms accumulate 

arsenic, and a diet high in fish (particularly shellfish) can 

influence daily arsenic exposure (Aposhian, 1991). A main 

source of environmental arsenic is from smelters as a by

product of non-ferrous metal production (Fitzgerald, 1983). 

Other large contributors are the herbicide industry and from 

the burning of fossil fuels (Cullen and Reimer, 1989; NAS, 

1977) . 

Trivalent arsenic as arsenic trioxide is the main form of 

arsenic used in industry (herbicides, cotton desiccants and in 

glass production to produce opacification). Pentavalent 

arsenic as chromated-copper-arsenate is used to produce wood 

preservatives (Fitzgerald, 1983; Aposhian, 1991). A newer 

source of occupational exposure is found in the electronics 

industry where gallium arsenide (GaAs) is used to make semi

conductor chips. Exposure in this industry is to gallium 

arsenide particles and to arsine gas (AsH3) which is used as 

a doping agent (Ladou, 1983). 

Toxicity 

Physiological Effects. Because of its long history, 

human exposure to inorganic arsenic has been well documented. 

Acute exposure by ingestion is characterized by profound 



12 

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. Skin lesions and inflammation 

could to be due to inhibition of pyruvate metabolism which 

arsenic is known to inhibit. The physical integrity of the 

epidermis relies on intact pyruvate metabolism (NAS, 1977). 

Subacute exposure to arsenic (as documented in 1901 by 

Reynolds) is 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). 

Chronic occupational and environmental exposure is well 

documented from smelter workers and inhabitants of 

contaminated areas. Chronic exposure is characterized by 

initial hyperpigmentation followed by keratoses and skin 

cancer (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). 
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Carcinogenicity. The mechanism of carcinogenicity of 

inorganic arsenicals is not yet defined due to the inability 

to reproduce skin and lung cancers in animal models. In cell 

culture, arsenite and arsenate acted as gene amplifiers of 

dihydrofolate reductase in mouse 3T3 cells and also caused rat 

cell transformation (Lee et al., 1985, 1988). Other studies 

have shown that arsenic is not mutagenic in the Ames 

Salmonella bacteria test and is not a promoter (Lofroth and 

Ames, 1978; Rossman et al., 1977). 

Teratogenicity. Sodium arsenate has been shown to be 

teratogenic in hamsters, mice and rats (NAS, 1977). Pregnant 

hamsters given a single intravenous dose of sodium arsenate 

(15, 17.5 or 20 mg/kg) showed dose dependent incidence of 

dead, resorbed and malformed embryos with mainly anencephaly 

and rib deformities (Ferm and Carpenter, 1968). Similar 

results were found in mice where a single dose of 25 or 45 

mg/kg sodium arsenate was given by intraperitoneal injection. 

There was a high incidence of embryo resorption, gross 

malformations (mainly exencephaly) and death (Hood and Bishop, 

1972). In rats 20-50 mg/kg sodium arsenate was administered 

by intraperitoneal injection between days 7-12 of gestation. 

Lethality to embryos was dose dependent and common 

malformations were eye defects and exencephaly (Beaudcin, 

1974). In contrast pregnant ewes were given 0.5 mg/kg 
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potassium arsenate during most of the gestation period with no 

effect (James et al., 1966). 

Biochemical Toxicity. Toxicity of trivalent arsenic is 

due to binding to sulfhydryls 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 sulfhydryls to form stable five- and 

six-membered rings (Hassey 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 (figure 1) (Aposhian, 1991). The sensitivity of 

enzyme systems to arsenic has been related to the ability to 

form a ring system (Squibb and Fowler, 1983). 

Because of its similarity in structure arsenate can 

substitute for phosphate in certain biochemical reactions 

(Squibb and Fowler, 1983). An area that is susceptible to 

this is glycolysis, where arsenate competes with phosphate for 

the substrates which are used to form adenosine triphosphate 

(ATP) (figure 2). To phosphorylate ADP to ATP, 1,3-

bisphospho-D-glycerate is needed but l-arsenato-3-phospho-D-

glycerate is formed. The arsenate bond is not stable and 

rapidly hydrolyzes (Aposhian, 1991). Gresser (1981) confirmed 

the formation of ADP-arsenate. It also hydrolyzes rapidly in 

solution without benefit of the high energy phosphate bonds. 
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m H0\ y s\ 
As —^ ̂  As OH 

SH HO/ °H > s/ 

(CH2)4 (CH2)4 

I I 
O = C - Enzyme O = C - Enzyme 

Figure 1. Inhibition of Pyruvate Dehydrogenase (PDH) by 
trivalent arsenic which forms a stable six-
membered ring system with vicinal carbons on a 
lipoic acid moiety of PDH. The result of this is 
inhibition of the enzyme. Adopted from Aposhian, 
1990. 
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Figure 2. Mechanism of Arsenolysis which is the postulated 
mechanism of toxicity for pentavalent arsenic. 
Arsenate which is structurally similar to 
phophate competes for the cofactors which 
ultimately form ATP. The result is formation of 
a weak arsenato bond which hydrolyzes without 
phosphorylation of ADP to ATP. 
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Disposition of Arsenic 

Metabolism. Metabolism of arsenic in living systems can 

be broken down into two main areas: oxidation-reduction 

reactions and biomethylation to form monomethylarsonic acid, 

dimethylarsinic acid, trimethylarsine oxide and 

trimethylarsine. Another possible metabolic pathway is 

protein binding. 

Oxidation of arsenite has been reported in animals 

(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 74As(III). One-half of the 

i.m. injection was found in the form of As(V) after two days 

in the urine (Bencko et al., 1976). Lindgren et al., (1982) 

found 74As in the skeleton of mice and hamsters following 

intravenous dosing of 74As(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(III) has 

been considered a detoxification pathway. 

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

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(III) in dogs following intravenous infusion of 

arsenate. Rowland and Davies (1982) gave intraintestinal or 

intravenous injections of sodium arsenate to rats. The 

reduced form was seen within 5 minutes in the blood. Vahter 

and Envall (1983) showed arsenate reduction occurred in mice 

and rabbits following intravenous or oral administration. 

Because arsenic is modified by microorganisms (Cullen and 

Reimer, 1989), it is possible that oxidation and reduction can 

occur in the gut due to the microflora present in mammals. 

Rowland and Davies (1981) showed in vitro reduction of 

arsenate by rat intestinal or caecal contents. The authors 

later showed the pattern of arsenic species formation in the 

blood was independent of dose when comparing intravenous 

injection and oral administration. These data suggested that 

redox contributions from the gut microflora were not 

significant (Rowland and Davies, 1982) 

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 macromolecules, methylation is 

thought to be the pathway for detoxification. Arsenic is 
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further metabolized to trimethylarsenic oxide and 

trimethylarsine in molds and fungi (figure 3). 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 al., 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 et al., 

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 al., 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 of arsenic by methylation 

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. 

Absorption. Distribution and Excretion. 

ABSORPTION. Absorption of arsenic can occur through the 

respiratory tract, gastrointestinal system (GI) and the skin. 

Respiratory absorption is dependent on particle size and 
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Figure 3. Biotransformation of Inorganic Arsenic in mammals 
to monomethylarsonic acid and dimethylarsinic 
acid. DMAA is further methylated to 
trimethylarsenic oxide and trimethylarsine but 
only in molds and fungi. Adopted from Cullen et 
al., 1984. 
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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 et al., 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 al., 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 shown to be rapidly absorbed (Munrom, 

1976; Lunde, 1977). 

DISTRIBUTION. Arsenic is distributed by the blood, and 

blood clearance in humans, dogs, mice and rabbits follows a 

two or three exponential curve (Healey et al., 1959; 

Charbonneau et al., 1978b; Vahter and Norin, 1980; Bertolero 

et al., 1981). Blood clearance in rats is unusually slow, and 

has been reported to be 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, 
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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 et 

al., 1976; Hanlon and Ferm, 1977). 

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 

50% 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). 

Interaction of Arsenic With Thiols 

Interaction of glutathione with metalloids is recognized. 

Glutathione nonenzymatically reacted with pentavalent selenium 

(Se(V)) to form a selenotrisulfide derivative of glutathione, 
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and further nonenzymatic reduction of selenite was possible 

(Ganther, 1971). Arsenic and selenium are also thought to 

share similar metabolic pathways (Levander and Baumann, 1966; 

Levander, 1977). In vitro interaction of arsenic with thiols 

was shown by Anundi et al., (1982) who found that biliary 

excretion of GSH, GSSG and glutathione-S-conjugates increased 

following administration of arsenite to perfused rat liver. 

As (III) has been reported to affect GSH levels in vivo 

(Pisciotto and Graziano, 1980). Arsenite given orally to rats 

induced glutathione biosynthesis in the intestinal mucosa. 

Thiols 

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 (H202) (oxidative stress) produce active 
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oxygen species which lead to the formation of organic 

peroxides which are fatal to cells (Chance et al., 1979). GSH 

is used as a reducing equivalent by glutathione peroxidase 

(GSH-px) to reduce and inactivate H202 to H20 (figure 4). 

Metabolism 

Glutathione is metabolized in a variety of ways (figure 

5). 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 02 or GSSG and 

sulfite (S02). 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 cramma-

glutamyltranspeptidase and dipeptidases (Meister, 1988). 

Control of Thiol Levels 
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GSSG 

GSH Peroxidase 

GSH 

NADP+ 

GSSG Reductase 

NADPH 

Figure 4 .  Actions of Glutathione Peroxidase. Hydrogen 
peroxide (H202) is potentially cytotoxic to cells. 
Glutathione peroxidase inactivates H202 to H20 but 
at the expense of glutathione (GSH) with 
formation of oxidized glutathione (GSSG). GSSG 
is also potentially damaging to cells and is 
reduced back to its active state (GSH) by 
glutathione reductase using NADPH as a cofactor. 



26 

GSH 

Disulfides 

(GSSG, 
GSS-protein, 
GSS-R) 

Sulfhydryl 
Oxidation 

Amino Acids 

Mercapturic Acid 

Figure 5. Metabolism of Glutathione can occur through a 
variety of pathways. GSH is oxidized to 
primarily form disulfides with another 
glutathione molecule (GSSG), protein sulfhydryls 
(GSS-protein) or low molecular weight sulfhydrls 
(GSS-R). Further oxidation at the sulfhydryls 
can result in formation of sulfonic acids 
derivatives of glutathione. Glutathione is also 
consumed in biotransformation of xenobiotics (GS-
X) to ultimately form a mercapturic acid which is 
excreted. Glutathione is also broken down into 
its constituent amino acids to replete cysteine 
pools or remove excess GSH. 
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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-glutamylcvsteine synthetase. Two 

agents that are taken up into the cell and cause inhibition 

are buthionine 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)-1-nitrosourea (BCNU), 

which is a specific 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 GSH 

directly (Smith et al., 1979). 

Because glutathione is not taken up in the cell, 

increasing intracellular glutathione is accomplished by 

indirect means. Although GSH is not taken up, the monoesters 

can increase GSH levels because they are transported and 
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hydrolyzed inside the cell. Cysteine can increase GSH but is 

toxic even in moderate doses, however cysteine derivatives 

such as n-acetylcysteine are effective. Another derivative 

that can be used is L-2-oxothiazolidine-4-carboxylate, which 

is readily transported and cleaved to L-cysteine inside the 

cell. Finally inhibition of the enzymatic breakdown of GSH by 

gamma-glutamyl transpeptidase (GGT) causes glutathionemia and 

glutathionuria. Two agents that inhibit GGT effectively are 

L-a-Glu-(o-carboxy)-phenylhydrazine and L-a-amino-3-chloro-

4,5-dihydro-5-isoxazoleacetic acid (Meister, 1988). 

Detection and Quantitation 

Glutathione can be determined by electrochemical, 

spectroscopic, chromatographic and flow injection techniques. 

For a more complete review and discussion of these techniques 

the reader is referred to Redegeld et al., 1990, and Russo and 

Bump, 1988. 

Sample handling is an important part of any glutathione 

determination, because GSH is easily oxidized to GSSG. 

Experimental conditions that can lead to high GSSG 

determinations are warm temperatures (above 4 °C) and the 

presence of trace metal ions. The reduced sulfhydryl is most 

stable in acid; basic conditions should be avoided. (Beutler, 

1983; Redegeld et al., 1990). To determine non-protein 

sulfhydryls, acids are used to precipitate proteins. Acids 
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that do not cause excess oxidation are trichloroacetic acid 

(TCA), meta-phosphoric acid (H3P04), sulfosalicylic acid (SSA), 

picric acid and perchloric acid (HC104). An exception to this 

is determination of non-protein sulfhydryls in the blood where 

oxidation has been reported with perchloric acid (Beutler, 

1965). 

Oxidized glutathione determinations are usually 

complicated by the presence of reduced glutathione. The GSH 

must be removed and this is commonly accomplished by reaction 

with n-ethylmaleimide (NEM) or 2-vinylpyridine (2-VP) which 

form stable derivatives. There are two main differences 

between these reagents. NEM reacts immediately with the 

sulfhydryl and 2-VP is slower (20-60 min reaction time). 

However a common method of determination for GSSG is to use 

GSSG reductase which NEM profoundly inhibits. If NEM is used, 

exhaustive extractions are required whereas 2-VP does not 

inhibit GSSG Reductase (Russo and Bump, 1988). 

Although flow injection and electrochemical analyses may 

be used to determine GSH and GSSG, the majority of 

determinations are by spectroscopic or chromatographic 

techniques. Most spectrophotometric determinations of 

glutathione rely on the reaction of GSH with 5,5-dithio(bis)-

2-nitrobenzoic acid (DTNB or Ellman's reagent). DTNB oxidizes 

GSH to GSSG while being reduced to form the chromophore TNB 

which is measured at 412 nm (e = 13,600 (M"1*cm"1>) (Redegeld et 
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al., 1990). A problem in using this reagent is that it is not 

specific for glutathione sulfhydryls, and values obtained 

reflect all non-protein sulfhydryls. Determination of GSH 

using DTNB is possible using the GSSG reductase recycling 

assay (figure 6). Glutathione is oxidized by DTNB and then 

reduced by GSSG reductase, absorbance at 412 nm over time is 

measured. It is not appropriate to monitor NADPH oxidation 

which is not specific to the GSH/GSSG cycling in a crude 

sample (Griffith, 1980; Russo and Bump, 1988). Another 

spectroscopic method involves determination of glutathione 

fluorometrically. A common reagent for this is o-

phthalaldehyde which causes overestimation of GSSG (Beutler 

and West, 1977). 

Chromatographic methods mainly involve HPLC with 

electrochemical, fluorometric or ultraviolet detection. The 

fluorometric and ultraviolet detection require pre- or post-

column derivatization. The derivatization process can affect 

the ratios of GSH and GSSG because of the high temperatures 

required for the reactions (Redegeld et al., 1990). The 

advantage to the HPLC methods is that GSH and GSSG can be 

separated from other thiols and can be determined 

simultaneously, but a disadvantage is the long analysis times 

(Russo and Bump, 1988). 

Red Blood Cells 
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DTNB NADPH 

GSSG Reductase 

NADP+ 

Figure 6. The Glutathione Recycling Assay uses glutathione 
reductase to reduce GSSG to GSH which is 
subsequently oxidized by DTNB, resulting in 
formation of the chromophore TNB. The rate of 
this reaction (measured as Abs/min) is directly 
proportional to glutathione content and can be 
related to concentration. Adopted from Russo and 
Bump (1988). 
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Normal Cell Structure and Function 

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. 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 direct oxidative hexose 

monophosphate shunt which produces NADPH. This is used as an 

energy source for oxidized glutathione reductase which 

maintains glutathione in its active, reduced state (Beutler, 

1983). Without glucose, oxidized glutathione will accumulate, 

and the cell will undergo osmotic lysis (Beutler, 1978). 

Glutathione in Blood 

Glutathione is found in high (mM) concentrations in the 

red blood cell (table 1). The red cell contains high levels 

of GSH and contains the metabolic machinery to produce 

glutathione (Rathbun, 1980). It is more susceptible to 
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Table 1 

Enzyme Activities* and Glutathione Levels 
in Normal Adult Red Blood Cells 

Glutathione Reductase 

Glutathione Peroxidase** 

Reduced Glutathione 

Oxidized Glutathione 

7.18 ± 1.09 IU/g Hb 

30.8 ± 4.73 IU/g Hb 

6.57 ± 1.04 jLunol/g Hb 

0.0123 ± 0.0045 #mol/g Hb 

* Activities taken at 37 "C in normal human adult red blood 
cells 

** Activity in U.S. Northern European and African males and 
blood was collected in EDTA. 
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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 (/liM) and originates from 

synthesis in the liver. 

Glutathione is important in the red cell in maintaining 

critical sulfhydryls on the hemoglobin molecule and on the red 

cell membrane (Reglinski et al., 1988). The red cells are 

protected from oxidative stress by glutathione peroxidase 

which uses GSH to inactivate H202 with formation of GSSG and 

H20 (figure 4). The GSSG formed is reduced back to GSH by 

glutathione reductase at the expense of NADPH. The 

erythrocyte also has activity in catalase and superoxide 

dismutase which are used to inactivate superoxide and hydrogen 

peroxide. If oxidative stress is occurring, the cell will 

transport GSSG out of the cell (Akerboom and Sies, 1990). If 

the cell's defense mechanisms are overcome, hemolysis will 

occur. 

Significant sulfhydryls 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 sulfhydryls are 

important in protecting against oxidative stress. Haest et 
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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 sulfhydryl (Batt et al., 1976). In hepatocytes, 

surface sulfhydryls were essential to maintain membrane 

integrity (Isaacs and Binkley, 1977). 

Arsenic and Blood Binding 

Distribution of arsenic in plasma and red cells is 

dependent on the arsenic valence form. In mice 74As-labelled 

trivalent arsenic showed a red cell to plasma concentration 

ratio of 2 and for As(V) the ratio was closer to 1 (Vahter and 

Norin, 1980). Dogs showed a similar ratio when given As(V) 

(Charbonneau et al., 1978b, 1979). In the rabbit, arsenite 

was shown to be poorly bound to plasma proteins (Bertolero et 

al., 1981; Marafante et al., 1981). Rats show a different 

blood profile where the half-life of administered inorganic 

As(III) or As(V) is about 60-80 days and is due to binding of 

arsenic to the erythrocytes (Dutkiewicz, 1977). Also in rat 

red blood cells, arsenite was found to be associated with the 

protein fraction, possibly with hemoglobin (Marafante et al., 

1980, 1981). Lerman et al., 1983, found that isolated 

hepatocytes could not methylate arsenate while arsenite 

metabolism was rapid. It was postulated that this was due to 

differences in uptake and is most likely due to ionization 
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state. While arsenate is ionized at physiological pH, 

arsenite is not and would have freer access across the 

cellular membrane. 

Summary 

There is a strong epidemiologic correlation between 

chronic trivalent arsenic exposure and lung and skin cancer. 

Exposure in the workplace and in the environment is not 

limited to trivalent arsenic but includes pentavalent arsenic. 

It has previously been shown that pentavalent arsenic is 

reduced to trivalent arsenic in biological systems. Because 

of the carcinogenicity of trivalent arsenic, it is necessary 

to understand the mechanism of this conversion. 

Some evidence exists that the biological reduction takes 

place without enzyme activity. Because arsenic is known to 

have a high affinity for sulfhydryls, an obvious substrate for 

the reduction was glutathione. Previous work in our lab 

demonstrated two types of interactions between arsenic and 

glutathione: binding and redox reactions. When GSH was mixed 

with As (III) an As(SG)3 complex was formed, and when mixed 

with As (V), the GSH was oxidized to GSSG with reduction of 

As(V) (Scott, personal communication, 1991). Because of the 

complexity of glutathione metabolism in vivo, a simple model 

was needed to investigate the biological interactions of 

arsenic and glutathione. Blood was chosen because of its poor 
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ability to combat GSH depletion and because arsenic is 

distributed into this compartment. 

This study will determine the interactions of inorganic 

trivalent and pentavalent arsenic in whole blood with 

sulfhydryls and possible metabolism by redox or methylation. 

The effect of arsenate on sulfhydryls will also be determined 

in vivo in the rat, and the effect of sulfhydryls on arsenic 

toxicity will be investigated in the mouse. 
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MATERIALS AMD METHODS 

Materials 

Chemicals 

Unless otherwise specified, all chemicals were reagent 

grade or better. Water used was distilled, deionized water 

(d.d. H20). Sodium arsenate, dibasic, heptahydrate 

(Na2HAs04-7H20), was obtained from J.T. Baker, N.J., lot # 

428273. Purity was determined to be greater than 99% by 

applying a standard solution to an ion exchange column and 

determining arsenic by graphite furnace atomic absorption 

spectrophotometry (GFAAS). Anhydrous meta-sodium arsenite (m-

NaAs02) was obtained from Fischer Scientific, N.J., lot # 

713607. Because of its instability in solution, arsenite 

standards were prepared fresh daily. 

Pretreatment of Glassware 

To ensure removal of trace arsenic, all glassware was 

washed with detergent and rinsed with tap distilled water, 

then rinsed three times with d.d. H20. They were then soaked 

overnight in a 30% solution of nitric acid and rinsed three 

times with d.d. H20. 

Animals 

Male, Sprague-Dawley rats were obtained from Sasco, Inc. 
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(Omaha, NE), and male, B6C3F1/Hsd BR mice were obtained from 

Harlan Sprague Dawley, Inc. (Indianapolis, IN). Animals were 

allowed to acclimate for at least 4 days prior to use. 

Animals were allowed free access to a standard laboratory diet 

(Wayne Lab-Blox) and water. A 12 hour light cycle and ambient 

temperature were maintained. All procedures were carried out 

or begun between 8:00 and 9:00 a.m. to control for natural 

diurnal variations in glutathione levels and enzyme 

activities. Naive, male, greyhound dogs were used as blood 

donors. The animals were cared for by the University Animal 

Care Center and were fed a standard lab diet. 

Assays and Procedures 

Erythrocyte Preparation 

Rats were killed by inhalation of carbon dioxide gas. 

Blood was drawn using a 20 gauge needle from the inferior vena 

cava into a heparinized syringe and was used for incubation 

with arsenic species within two hours. Dog blood was drawn 

(by animal care personnel) into a heparin solution and held at 

4 "C until use. All blood was used within 18 hours. Blood 

held overnight was stored in an acid citrate dextrose solution 

for better preservation (Beutler, 1983). 

Perfusion of Rat Liver 

The animal was anesthetized with an intraperitoneal 
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injection of sodium pentobarbital (65 mg/kg). After the 

animal lost its righting reflex, it was placed on its back and 

secured with tape. When the animal lost its pain reflex 

(determined by tail pinch), an incision was made and the 

portal vein was exposed. The vein was catheterized using a 

heparinized over-the-needle teflon catheter with luer plug 

(Quik-Cath, Baxter Healthcare Corp., Deerfield, IL, lot # 

90D25H01) and secured with suture. After removing the needle 

a syringe was attached to the catheter and 100 mL saline (4 

°C) was injected into the portal vein. After the injection 

was started, the inferior vena cava was cut to allow the 

saline to escape. 

Blood Glutathione Determination 

The following reagents were prepared for the 

determination of nonprotein sulfhydryl containing compound in 

erythrocyte preparations as described by Beutler et al., 1963. 

Glutathione standards: A stock solution of 1.0 mM 

glutathione (Sigma chemical, St. Louis, MO, lot # 60H0981) was 

made up in 50 mM PBS, pH 7.4 which was deaerated by bubbling 

N2 for 15 minutes. Standards were made by diluting the stock 

solution to a concentration range of 0.005-0.5 mM in 100 /xL. 

DTNB: 40 mg 5,5'-Dithiobis(2-nitrobenzoic acid) (Sigma 

chemical, St. Louis, MO, lot # 35F-3653) was made up to 10 mL 

with 1% sodium citrate (Fisher Scientific, N.J., lot # 
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775538). Solution was made every two hours and kept on ice 

until used. 

Precipitation Solution: 1.67 grams meta-phosphoric acid 

(Aldrich, lot # 01012PM, mixture of HP0j/NaHP03 ( 65%)), 0.2 

grams disodium ethylaminediamine tetraacetic acid (EDTA) 

(Aldrich, lot # 100467) and 30 grams NaCl (J.T. Baker, lot # 

D14723) were diluted in 100 mL d.d. H20. This solution was 

stored at 4 *C and used as needed. 

Prior to analysis, test tubes were loaded with 0.9 mL 

d.d. H20 to hemolyze red blood cells by osmotic stress. 

Aliquots (0.1 mL) of the red blood cell suspension were added 

to the d.d. H20 to form the lysate. A volume of 1.5 mL of the 

precipitation solution was added immediately to the lysate to 

form the precipitate, which was allowed to stand for at least 

5 minutes. Authors of the method indicated that the 

precipitate was stable for several hours at this step as 

sulfhydryls are relatively stable at acid pH (Beutler et al., 

1963). The precipitated solution was centrifuged at 4000xg 

for 10 minutes. If the solution was not clear it was then 

filtered through a 5 micron HPTE syringe filter. The filtrate 

(0.5 mL) was added to 2.0 mL of the 0.3 H phosphate solution 

(pH 7.4) in a plastic cuvette. Immediately prior to insertion 

into the spectrophotometer, 0.25 mL of the DTNB reagent was 

added and the cuvette was inverted three times and absorbance 

measured at 412 nm. The absorbance was then related to 



42 

concentration on a standard curve generated previously with a 

concentration range of 0.005-0.5 mmol/L in a sample volume of 

0.1 mL. 

Tissue Glutathione Determination 

The following reagents were prepared for the 

determination of nonprotein sulfhydryl containing compounds in 

the liver or kidney of laboratory animals as described by 

Sedlak and Lindsay (1968). 

Tris-HCl buffer (0.05 M): 6.06 grams Trizma base (Sigma 

Chemical Co., St. Louis, MO, lot # 36F-5607) and 372 mg 

disodium EDTA dihydrate (Aldrich Chemical Co., Milwaukee, Wl, 

lot # MA100467) were dissolved in 800 mL of d.d. H20. The 

addition of 1 M HC1 was continued until a pH of 7.4 was 

achieved. This solution was diluted to a volume of 1 liter 

with d.d H20. 

Tris-HCl buffer (0.2 M): 24.2 grams Trizma base and 3.72 

g disodium EDTA dihydrate were dissolved in 800 mL of d.d. 

H20. The addition of HC1 was continued until a pH of 8.9 was 

reached. This solution was diluted with d.d. H20 to a volume 

of one liter. 

Trichloroacetic acid (TCA): 30 g TCA (Mallinckrodt, lot 

# 2928 KAHY) were dissolved in 100 g d.d. H20 for a final 

concentration of 30%. 

Ellman's reagent: 39.6 mg DTNB was dissolved in 10 mL 
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methanol. This solution was prepared fresh on an hourly 

basis. 

Glutathione stock solution: 30.7 mg glutathione was 

dissolved in 100 mL of the 0.05 M Tris-HCl buffer for a final 

stock concentration of 1 mM. Standards were diluted to 0.005-

0.5 M in 1.0 mL GSH with the same buffer. 

The perfused tissue of interest was excised and 

homogenized in buffer using a Potter-Elveh j em type homogenizer 

for 2 minutes on ice. The homogenate was then centrifuged at 

7000xg for 15 minutes. 

A 0.5 mL aliquot of the tissue homogenate supernatant was 

placed in a centrifuge tube and diluted with 1.5 mL d.d. H20. 

Protein were precipitated by the addition of 200 /zL 30% TCA. 

Samples were gently vortexed and centrifuged for 15 min at 

4000xg. A 1.0 mL aliquot of the supernatant was added to 2 mL 

0.2 H Tris buffer. The absorbance (412 nm) of each tube was 

recorded as the turbidity background. After the addition of 

100 /xL of the Ellman's reagent, the absorbance of the sample 

was immediately read. A standard curve between 0.005-0.5 mM 

GSH in 1 mL 0.05 M Tris buffer was run. The net absorbance 

was the total nonprotein sulfhydryls present. 

Total Hemoglobin and Hemolysis Determination 

The following solutions were prepared for the 

determination of hemoglobin in red blood cells. 
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Drabkin's Solution: (Sigma chemical, St. Louis, MO, 

Sigma kit catalog number 525-2, lot # 109F-6107) One vial was 

diluted in one liter d.d. H20 with 1 mL Brij solution. This 

was stored at room temperature in an amber bottle until use. 

Hemoglobin standard: Lyophilized human methemoglobin was 

provided in the Sigma total hemoglobin kit and was 

reconstituted in Drabkin's solution for a final concentration 

of 18 g Hb/dL. The solution was stored at 4 °C until use. 

Standards were diluted with Drabkin's solution with 

concentrations 2.0-18.0 g Hb/dL for unknown determination. 

Total hemoglobin was determined by pipetting 14 /xL of the 

unknown into 3.5 mL Drabkin's solution and mixing. The 

samples were incubated at room temperature for 15 minutes and 

read spectrophotometrically (Beckman DU-40) at 540 nm. To 

determine hemolysis, an aliquot of the unknown was centrifuged 

at 2000xg for 2 minutes. The supernatant was tested in the 

same manner as described above for total hemoglobin. 

Hemolysis was expressed as the percent of total hemoglobin 

released from the red blood cells into the plasma or 

incubation media. 

Protein Determination 

The following reagents were prepared for the 

determination protein in the tissue of laboratory animals as 

described by the method of Lowry modified by Hartree (1972). 
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Bovine Serum Albumin (BSA): A 1 mg/mL solution was 

prepared by dissolving 100 mg BSA (Sigma Chemical Co., St. 

Louis, HO, lot # 16F-0209) in 100 mL d.d. H20. Standards were 

diluted to the range of 0 and 100 fig BSA in 0.1 mL. 

Solution A: 2.618 g potassium sodium tartrate-4H20 

(Sigma Chemical Co., St. Louis, MO, lot # 38F-0855) , 100 g 

sodium carbonate and 500 mL 1 N NaOH were dissolved and 

diluted to 1 L with d.d H20. 

Solution B: 2.618 g potassium sodium tartrate-4H20 and 

1 g cupric sulfate-5H20 (Sigma Chemical Co., St. Louis, MO, 

lot # 38F-0872) were dissolved in 90 mL d.d. H20. A volume of 

10 mL of 1 N NaOH was added to make a final volume of 100 mL. 

Solution C: 1 volume of Folin-Ciocalteau reagent (2 N, 

Sigma Chemical Co., St. Louis, MO, lot # 21H5007) was diluted 

with 15 volumes of d.d. H20 and prepared fresh daily. 

Solution A was diluted 1:1 with d.d. H20 and 1.8 mL was 

pipetted into test tubes. An aliquot of unknown sample (0.1 

mL) or 0.1 mL diluted standard was added. The solutions were 

mixed and heated at 50 'C for 10 minutes in a water bath. The 

samples were allowed to cool to ambient temperature at which 

time 0.1 mL of solution B was added to each tube. The samples 

were vortexed and incubated at room temperature for at least 

10 minutes after which 3 mL solution C was added and vortexed. 

The samples were heated in a water bath at 50 °C for 10 

minutes and subsequently cooled to room temperature. The 
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absorbance was then read at 650 nm using a Beckman DU-40 

spectrophotometer. 

Oxidized Glutathione Determination 

The following reagents were prepared for the 

determination of non-protein GSSG in tissue or erythrocyte 

suspensions as described by Griffith (1980). 

Phosphate buffer: A 50 mM solution was prepared by 

dissolving 0.68 g monobasic potassium phosphate (Fisher 

Scientific, NJ, lot # 701002), 4.565 g dibasic potassium 

phosphate (Mallinckrodt, lot # 7088 KWY) and 1.172 g disodium 

EDTA dihydrate in 400 mL d.d. H20. The pH was adjusted to 7.5 

with dropwise addition of 1 N HC1 or 1 N NaOH. Solution was 

made up to a final volume of 500 mL with d.d. H20. 

NADPH: A 1 mM solution was prepared by dissolving 42 mg 

NADPH, tetra sodium salt (97%, Type I, Sigma, Chemical Co., 

St. Louis, MO, lot # 79F-7130) in 50 mL phosphate buffer. The 

solution was kept frozen at -40 °C until used and was stable 

for up to two weeks. 

DTNB: A 6 mM solution was prepared by dissolving 118.9 

mg DTNB in 50 mL phosphate buffer. The solution was kept 

frozen at -40 °C until used and was stable for up to two 

weeks. 

GSSG reductase: A 50 U/mL activity solution was prepared 

by diluting 0.227 mL stock solution GSSG reductase (Type III 
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from yeast, Sigma Chemical Co., St. Louis, MO, lot # 59F-8200) 

in 10 mL phosphate buffer. The solution was kept frozen at 

-40 °C until used and was stable for up to two weeks. 

GSSG stock solution: A 1 mM solution was prepared by 

dissolving 30.7 mg GSSG (free acid, grade III, Sigma Chemical 

Co., St. Louis, HO, lot # 74F-8005) in 50 mL phosphate buffer. 

Standard solutions were diluted to a concentration range of 

0.0005-0.1 mM GSSG in 50 fiL. 

Sulfosalicylic acid (SSA): A 25% solution was prepared 

by dissolving 25 g SSA (Sigma Chemical Co., St. Louis, MO, lot 

# 105F-0596) in 100 mL d.d. H20. 

Picric acid: A 1% solution was prepared by dissolving 1 

g picric acid (MCB, Ohio, lot # 5F12) in 100 mL d.d HzO. 

The tissue sample was prepared for GSSG determination by 

homogenizing it for 90 seconds on ice in 1% picric acid (1:10, 

tissue:acid) using a Polytron homogenizer set at speed 4. The 

homogenate was centrifuged for 15 minutes at 6000xg. The 

resulting supernatant was used directly for GSH 

derivatization. Blood was first hemolyzed (200 ̂ L blood in 

700 fih d.d. H20) before the proteins were precipitated using 

100 fih 25% SSA. The hemolysate was centrifuged at 200xg for 

5 minutes and the resulting supernatant was used directly for 

GSH derivatization. 

Glutathione (GSH) derivatization: 5 /iL 2-vinylpyridine 

(97%, Aldrich Chemical Co., lot # 04628 KX) was mixed with 200 
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fj.h supernatant. The sample was incubated for 30 minutes at 25 

°C. Since 2-vinylpyridine does not interfere in the assay (by 

GSSG Reductase inhibition), the samples were read with no 

further modifications. 

A 50 nL aliquot of unknown sample or diluted standard was 

added to a microcuvette containing 850 /xL NADPH and 100 ixL 

DTNB. The cuvette was inverted three times and placed in a 

water bath to equilibrate the sample to 30 °C. GSSG Reductase 

(10 juL) was added to the warmed solution. The absorbance over 

time was monitored at 412 nm. The absorbance per min was a 

function of GSSG concentration and was used to calculate GSSG 

concentration. 

Glutathione Reductase Activity 

The following solutions were prepared for the 

determination of glutathione reductase activity in the liver 

of laboratory animals as described by Smith et al., 1988. 

NADPH: A 1 mM solution was prepared by dissolving 41.7 

mg NADPH in 50 mL phosphate buffer. The solution was kept 

frozen at -40 °C until used and was stable for up to two 

weeks. 

DTNB: A 6 mM solution was prepared by dissolving 118.9 

mg DTNB in 50 mL phosphate buffer. The solution was kept 

frozen at -40 °C until used and was stable for up to two 

weeks. A standard curve was diluted with phosphate buffer to 
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the concentrations of 0.006-0.1 mM DTNB. 

GSSG: A 20 mM solution was prepared by dissolving 614.0 

mg GSSG in 50 mL phosphate buffer. 

To prepare the tissue for assay, 1 g liver was 

homogenized using a Potter-Elvehjem type homogenizer in 10 

volumes of phosphate buffer (pH 7.5) containing 0.5 mM EDTA. 

The homogenate was centrifuged 10 minutes at 20,000xg to 

sediment particulate matter. The supernatant was referred to 

as the crude fraction. A 5 mL aliquot of the crude fraction 

was applied to a Sephadex G-25 column (Pharmacia Laboratory 

Separations, Piscataway, N.J., lot # MF02215) having the 

dimensions of 1.5 X 25 cm. The column was maintained at 4 °C, 

and protein was eluted with 0.1 M phosphate buffer. Fractions 

were collected on an Isco Retriever II and monitored with an 

Isco UA-5 absorbance detector then assayed for protein levels. 

The eluate was referred to as the desalted fraction. 

To assay for activity, 0.1 mL phosphate buffer, 0.25 mL 

DTNB, 0.5 mL d.d. H20, 1 mL NADPH and 0.05 mL desalted 

fraction are allowed to equilibrate to room temperature. The 

enzymatic reaction was started by the addition of 0.1 mL GSSG 

and absorbance was followed at 412 nm over time. Activity was 

expressed as nmol glutathione (GSH) produced per minute per mg 

protein. 

Determination of Diene Conjugation Levels 
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The following solutions were prepared to determine levels 

of conjugated dienes in the liver of laboratory animals as 

described by Recknagel and Glende (1984). 

Chloroform:methanol (CHCl3:MeOH): A 2:1 solution was 

prepared by mixing 20 mL chloroform with 10 mL methanol. This 

solution was prepared fresh daily. 

Perfused liver was excised and homogenized as a 10 % 

homogenate in phosphate buffered saline. One mL of the 

homogenate was vortexed with 3 mLs CHCl3:MeOH. The sample was 

centrifuged 2000xg for 5 minutes to separate the organic and 

aqueous layers. A 0.5 mL aliquot of the organic layer was 

removed (bottom layer) and evaporated with nitrogen gas. The 

resulting residue was dissolved in one mL hexane and placed in 

a quartz microcuvette. The average absorbance from 230-236 nm 

was measured on a Hewlett Packard 8452A diode array 

spectrophotometer (Hewlett Packard, Avondale, PA) using 500-

506 nm as a reference wavelength range. The absorbance per 

gram liver was considered a measure of diene conjugation 

levels. 

Pyruvate Dehydrogenase (PDH) Activity 

The following solutions were prepared for the 

determination of PDH activity in the kidneys of laboratory 

animals as described by Aposhian et al., (1983). 

Reaction Mixture: 3.63 g Trizma base, 61.0 mg anhydrous 
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MgCl2, 16.7 mg anhydrous CaCl2, 94.6 mg anhydrous L-cysteine 

HC1 (Sigma Chemical Co., St. Louis, HO, lot # 45F-0406) and 

53.7 mg disodium EDTA dihydrate were dissolved in 75 mL d.d. 

H20. When completely dissolved, 27.7 mg thiamine 

pyrophosphate (CoCarboxylase, Sigma Chemical Co., St. Louis, 

MO, lot # 118F-0845), 497.6 mg 6-NAD+ (99 %, grade IIIc, Sigma 

Chemical Co., St. Louis, MO, lot # 30H-7040) and 29.9 mg 

CoEnzyme A (CoA) (95 %, sodium salt from yeast, Sigma Chemical 

Co., St. Louis, MO, lot # 80H-7000) were added. The pH was 

adjusted to 8.1 with the dropwise addition of 1 N HC1 or 1 N 

NaOH, and the solution was made up to a final volume of 100 mL 

with d.d. HzO. 

Sodium Pyruvate (0.42 mCi/mmol): A 2 mM solution was 

prepared by dissolving 13.0 mg sodium pyruvate (Sigma Chemical 

Co., St. Louis, MO, lot # 68F-0752) and 0.17 mg [1-14C] sodium 

pyruvate (32 mCi/mmol, Amersham, Arlington Heights, IL, Batch 

# 148) in 25 mL d.d. H20. 

Sucrose: A 0.25 M solution was prepared by dissolving 

21.4 g sucrose in 250 mL d.d. H20 and kept at 4 °C until used 

(Sigma Chemical Co., St. Louis, MO, lot # 90H-0679). 

The kidneys were excised and placed in liquid nitrogen 

until frozen (approximately 90 seconds). After thawing, they 

were homogenized (50% w/v with 0.25 M sucrose) on ice using a 

Potter-Elvehjem type homogenizer. The homogenate was 

centrifuged at 3000xg at 4 *C for 30 minutes. The resulting 
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crude supernatant was used to assay for PDH activity. 

Activity in the crude supernatant was determined by the 

production of 14C02. To trap the 14C02, a closed system of two 

linked progressive test tubes were used. Test tube number one 

(reaction tube) was kept at 30 °C using a warm water bath and 

contained 80 /zL reaction mixture, 100 fiL sodium pyruvate and 

60 /iL supernatant. Test tube number two (trapping tube) was 

kept on ice and contained 2 cm glass beads (1 mm diameter) and 

7 mL of carbosorb trapping agent (Packard, Meriden, CT, lot # 

50101). The reaction was started by the addition of sodium 

pyruvate at which time nitrogen gas was used to move the 

generated 14C02 to the trapping tube. The reaction was allowed 

to continue for 10 minutes and was terminated by addition of 

0.1 mL 30 % TCA. To evacuate the reaction chamber, the flow 

of nitrogen was allowed to continue for an additional minute. 

The carbosorb was placed in a glass scintillation vial and 

mixed with 11 mL universol cocktail (ICN Radiochemicals, 

Irvine, Ca, lot # U4325). The disintegrations per minute 

(dpm) were counted using a Beckman liquid scintillation system 

(LS-2800) and activity of PDH was expressed as dpm per minute 

per mg protein. 

Acid Digestion of Biological Samples for Arsenic Determination 

by GFAAS 

Test tubes used for digestion procedure were silanized 
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with a rinse of 5% dimethyldichlorosilane in toluene prior to 

use. A five mL aliquot of diluted sample or 0.5 mL aliquot of 

undiluted incubation suspension to be digested was 

quantitatively transferred to a silanized 16 X 100 mm test 

tube. One mL concentrated nitric acid was added (Ultrex II 

ultrapure reagent, J.T. Baker, NJ, lot # D44539), and the 

samples were heated at 90-100 °C for 30 minutes in a heating 

block with heating wells of the same size as the test tubes 

used. After heating the samples, 0.5 mL 30% hydrogen peroxide 

was added dropwise (approximately 10 drops). The samples were 

again heated at 90-100 °C for 30 minutes, allowed to cool to 

room temperature and finally diluted to 25 mL in a volumetric 

flask. Palladium chloride (PdCl2) (Johnson Matthey 

Electronics, MA, Lot # L13A02) was added (final concentration 

of 200 ppm) to act as a matrix modifier for atomic absorption 

analysis. 

Separation of Arsenic Species 

The following solutions were prepared for the separation 

of organic and inorganic species of arsenic in biological 

samples as described by Maiorino and Aposhian (1985). 

Hydrochloric acid (HC1): A 0.5 M solution was prepared 

by diluting 41.7 mL of concentrated HC1 (12N) to one liter 

with d. d. H20. 

Trichloroacetic acid (TCA): A 0.006 M solution was 
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prepared by dissolving 0.98 g TCA in one liter of d.d. H20. 

TCA: A 0.2 M solution was prepared by dissolving 32.68 

g TCA in one liter d.d. H20. 

Ammonium hydroxide (NH4OH): A volume of 105.5 mL of 37% 

NH40H was diluted to one liter with d.d. H20 for a final 

concentration of 1.5 M. 

A disposable pipet (29 cm X 0.9 cm i.d.) was packed with 

a slurry of Dowex 1-X2 strong anion exchange resin (SAX) 50-

100 mesh in the chloride form (BioRad Laboratories, CA, Lot # 

27042) to a height of 4.5 cm at a flow rate of 3 mL/min using 

a peristaltic pump. Above this, a slurry of AG 50W-X8 strong 

cation exchange resin (SCX) 100-200 mesh in the hydrogen form 

(BioRad Laboratories, CA, Lot # 23503) was packed until a 

total height of 16.5 cm was reached. A flow rate of 3 mL per 

minute was maintained to wash the column with 20 mL 0.5 M HCl 

followed by 25 mL of d.d. H20. The column was equilibrated 

with 20 mL of 0.006 M TCA. 

For sample application, the flow rate was adjusted to 1 

mL per minute, and a volume equivalent to the sample volume 

was collected and discarded. The elution was run at 1 mL per 

minute with 28 mL 0.006 M TCA followed by 4 mL 0.2 H TCA. The 

flow rate was then adjusted to 3 mL per minute, and elution 

was continued with 28 mL 1.5 M NĤ OH followed by 20 mL of 0.2 

M TCA. Fractions collected in order were: 

1 - 10 mL (inorganic As(III)) 



55 

2 - 16 mL (monomethylarsonic acid) 

3 - 18 mL (inorganic As(V)) 

4 - 10 mL (unknown arsenic species) 

5 - 25 mL (dimethylarsinic acid) 

Fractions were then ready for digestion for atomic absorption 

analysis. 

Analytical Determination of Arsenic 

Arsenic was analyzed by graphite furnace atomic 

absorption spectrophotometry (GFAAS) (Thermo Jarrel Ash Video 

12E Spectrophotometer, Menlo Park, CA). Absorbance was 

measured at 193.7 nm using a Visimax II hollow cathode lamp 

(Thermo Jarrell Ash Corp., Franklin, MA, lot # 9107-4689) and 

all samples were analyzed in triplicate. Concentration was 

related to absorbance by an acid digested standard curve of 

inorganic arsenic as sodium arsenite ranging from 5 to 80 ppb 

(appendix 1). 

Incubation of Blood with Arsenic Species 

Whole blood was mixed 1:1 with a 50 mM solution of 

arsenic as sodium arsenite or sodium arsenate to give a final 

concentration of 25 mM. The blood suspensions were incubated 

at 37 °C while being gently shaken. The levels of GSH and 

GSSG were measured in two hour intervals for up to six hours. 

Total hemoglobin was measured to normalize individual 
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incubations and oxidative stress was measured as hemolysis. 

Experimental Protocols 

Uptake of Arsenic in Rat Erythrocytes 

A 50 mM arsenic solution as sodium arsenite or sodium 

arsenate in hepes buffered saline was incubated 1:1 with whole 

rat blood as described above. At two, four and six hours a 

250 uli aliquot of the incubation was taken to determine the 

amount of arsenic outside the cells, inside the cells as free 

arsenic or associated with protein. Figure 7 illustrates the 

procedure used to separate these fractions. Fractions were 

acid digested as described above, diluted to 25 mL and total 

arsenic was determined using GFAAS. 

An additional experiment was performed to determine 

uptake and membrane binding of arsenic at a lower 

concentration. For this study 2 mM arsenic as sodium arsenite 

or sodium arsenate was incubated 1:1 with whole rat blood. 

The same isolation procedure was followed as shown in figure 

7, but an additional step was added. After removing the 

extracellular fraction, the cell were washed twice with 5 mM 

meso-dimercaptosuccinic acid (DMSA) (McNeil, lot # 9000021) 

which is a strong binding agent of arsenic. Arsenic 

determined in the DMSA fraction was considered membrane bound. 

Effect of Arsenic on GSH and 6SS6 Content in Rat Erythrocytes 



57 

Supernatant = 
Extracellular 

Supernatant = 
Intracellular 

1:1 As/Blood 
Incubation 

1 
Centrifuge 

, Pellet (cells) 
t 

Wash 2X wtih saline & 
I Centrifuge 

%% Pellet (cells) 

I 
Hemolyze w/dd H2O, 

Precipitate protein w/ 30% TCA, 
Centrifuge 

J 
Pellet (protein) 

I 
Wash 2X with ddH20& 
Centrifuge 

Pellet = Protein fraction 

Figure 7. Separation of Extracellular, Intracellular and 
Protein in Erythrocytes. 
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To determine the effect of As(V) and As (III) on thiol 

content, whole rat or dog blood was incubated with the arsenic 

species of interest. After two, four and six hours, non

protein sulfhydryls were determined by the method of Beutler 

(1963) and GSSG was determined by the method of Griffith 

(1980). As a measure of oxidative stress and cellular 

integrity, hemolysis was measured using Drabkin's reagent. 

Characterization of Protein Binding Site 

Protein bound arsenic was found in As(III) and As(V) 

incubations. To characterize a possible binding site, 2 mM 

74AS(III) (purity not determined) was mixed one to one (v/v) 

with whole rat blood and incubated for 30 minutes at 37 °C. 

An aliquot was washed, centrifuged and applied to a 

polyacrylamide gel for electrophoretic analysis. When 

complete the gel was exposed to X-ray film to determine the 

location of the 74As(III). The gel was then stained to 

determine location of protein bands. 

Effect of Arsenate on GSH, GSSG, GSSG Reductase and Conjugated 

Dienes in the Rat 

Male Sprague-Dawley rats weighing 275-400 g were randomly 

divided into four groups of three (three treatment groups and 

one control group). Animals were allowed free access to 

standard lab rat chow (Wayne Lab Blox) and tap water 
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containing 40 ppm arsenic as sodium arsenate. The animals 

daily weight and water intake were recorded and used to 

calculate an average daily dose. After four, seven or 

fourteen days exposure, the animals were killed between eight 

and ten a.m. by injection of sodium pentobarbital. Livers 

were perfused in situ. Glutathione was measured by the method 

of Sedlak and Lindsay (1968) and GSSG was measured by the 

method of Griffith (1980). Protein levels were determined 

(Hartree, 1972) and the activity of glutathione reductase was 

measured by the method of Smith et al., 1988. As a measure of 

oxidative stress, conjugated diene levels were determined by 

the method of Recknagel and Glende, (1984). 

Effect of Thiols on Arsenic Toxicity in the Mouse 

Because of its sensitivity to arsenic, activity of 

pyruvate dehydrogenase in the mouse was used as a measure of 

toxicity. The effect of sulfhydryls on toxicity was 

determined by measuring PDH activity with or without 

pretreatment with 625 mg/kg L-buthionine sulfoximine (BSO, pH 

8.1, Sigma Chemical Co., St. Louis, MO, lot # 80H-0050). BSO 

is a potent inhibitor of GSH biosynthesis and results in up to 

75% depletion of endogenous glutathione (Meister, 1985). Male 

B6C3F1 mice were randomly divided into six treatment groups of 

five animals per group. Three groups received 625 mg/kg BSO 

at 8:00 a.m. and 1 mg/kg As(V), As(III) or saline three hours 
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later (11:00 a.m.) and the remaining groups received 1 mg/kg 

As(V), As(III) or saline at 11:00 a.m. All animals were 

killed one hour after arsenic administration by inhalation of 

carbon dioxide. Kidneys were excised and analyzed for GSH 

(Sedlak and Lindsay, 1968) and protein (Hartree, 1972). PDH 

activity was determined by the method of Aposhian et al., 

1983. 
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RESULTS 

Interaction of Arsenic with Thiols in Blood 

To compare animals models for study of glutathione 

depletion, blood from Sprague-Dawley rats and greyhound dogs 

were incubated with 50 mM As(V), As(III) or saline (one:one, 

V:V). Figure 8 illustrates the decrease of non-protein thiols 

after four hours under these conditions. In both the rat and 

the dog blood incubations, pentavalent arsenic resulted in 

significantly higher depletion than trivalent arsenic (39.8 ± 

2.7 jzmol/g Hb for As(V) compared to 31.7 ± 2.1 /imol/g Hb for 

As (III) in the rat, and 27.1 ± 3.8 jumol/g Hb for As(V) 

compared to 13.2 ± 3.6 /xmol/g Hb for As (III) in the dog) . For 

both As(V) and As(III), incubation with rat blood resulted in 

significantly higher thiol depletion compared to the dog. 

Hemolysis was used as a measure of cellular integrity and 

oxidative stress to compare rat and dog blood stability during 

incubation (figure 9). For the rat blood suspensions, As(V) 

incubation resulted in a 10 fold increase in hemolysis 

compared to saline control, but As(III) incubation did not 

result in significant hemolysis after four hours. For the dog 

blood suspensions, both As(V) and As(III) incubation resulted 

in a significant two fold increase in hemolysis compared to 

saline control. The difference between As(V) and As(III) 

hemolysis for dog blood was not significant. A comparison of 
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Figure 8. Arsenic Induced Thiol Depletion in Rat and Dog 
Red Cells. Rat and dog whole blood were 
incubated one to one with 50 mM As(V) or 50 mM 
As(III) at 37 °C. Non-protein thiols were 
measured after four hours incubation. Data are 
expressed as % thiols remaining relative to 
thiols measured at the start of incubation. Data 
represent mean ± s.d. of three determination and 
similar letters indicate statistical differences. 
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Figure 9. Arsenic Induced Hemolysis in Rat and Dog Red 
Cells. Whole blood from rats or dogs was 
incubated one to one at 37 *C with 50 mM As(V) or 
50 mM As(III). After four hours incubation, 
hemolysis was measured as the percent of total 
hemoglobin released into the extracellular 
matrix. Data represent mean ± s.d. and a 

indicates statistically different from control 
incubation and b indicates statistically different 
from As(III) incubation.) 
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the stability of the controls for rat and dog incubations, 

showed that dog blood was not as stable under the chosen 

incubation conditions, which is illustrated by significantly 

higher hemolysis compared to rat blood control incubation 

(2.43 ± 0.64 % total Hb for the dog and 0.33 ± 0.58 % total Hb 

for the rat). The rat was chosen for further studies because 

it had significantly higher hemolysis for As(V) incubation, 

and significantly higher thiol depletion for As(V) and As (III) 

incubation at equimolar concentrations. 

Rat blood was stable in this incubation system, and to 

assess stability, whole blood was incubated with hepes 

buffered saline (one:one V:V, pH 7.4, 37 °C). Non-protein 

thiols and oxidized glutathione were measured over time, and 

hemolysis was measured after six hours incubation (table 2). 

Non-protein thiols did not change, and only 1 % hemolysis was 

observed after six hours. The increasing trend in oxidized 

glutathione at six hours (0.042 ± 0.002 compared to 0.035 ± 

0.004 /mol/g Hb at zero) could indicate that some oxidative 

stress was occurring by this time. 

Thiol levels (compared to saline control incubation) in 

rat blood were dependent on time and As(V) concentration as 

illustrated in figure 10. When incubated with 50 mM As(V) 

(final concentration of 25 mM), significant thiol depletion 

was observed after two (« 16%), four (« 40%) and six (» 45%) 

hours. When incubated at a final concentration of 2.5 mM 
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Table 2 

Stability of Glutathione in Rat slood when 
incubated 1:1 with Saline for Six Hours at 37 ac 

Time Thiols GSSG Hb(lys) 
(hr) (pmol/g Hb) (/imol/g Hb) (% tot Hb) 

0 13.11 ± 1.50 0.035 ± 0.004 

2 14.58 ± 0.35 0.035 ± 0.006 

4  14.41 ± 0.38 0.035 ± 0.005 

6 14.06 ± 1.27 0.042 ± 0.002* 1.11 ± 0.24 

significant increasing trend (0.05 < p < 0.075) 
compared to GSSG measured at zero hours 
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Figure 10. Effects of Arsenic Concentration on Thiol 
Depletion in Rat Red Cells. Rat blood incubated 
at 2.5 and 25 iDM As(V) as sodivun arsenate showed 
depletion of arsenic that was dependent on time 
for both concentrations. After six hours blood 
incubated at 37 *C with 25 mM As(V) had 
significantly higher depletion than when 
incubated with 2.5 mM As (V). Data represent mean 
± s.d. and * indicates statistical difference 
compared to control saline incubation. 
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As(V), significant thiol depletion (« 25%) was only observed 

after six hours. 

Oxidized glutathione formation in rat blood was dependent 

on time and arsenic species (figure 11). All incubation 

results were normalized to GSS6 measured at the start of the 

incubation (expressed as percent increase), and compared to an 

incubation with saline for significance. For pentavalent 

arsenic, there was a small significant increase in GSS6 at two 

hours, but not at four or six hours. In contrast, incubation 

with trivalent arsenic resulted in a time-dependent increase 

in GSSG. After six hours, GSSG levels were 400% higher than 

incubation with saline. 

Table 3 compares the thiol equivalents (GSH or 2*GSSG) 

formed or depleted when whole rat blood was incubated with 50 

mM As(V), As(III) or saline for six hours. Some discrepancy 

between reduced thiols and oxidized glutathione was expected, 

because thiol measurement included all non-protein sulfhydryls 

(90-95 % GSH), and GSSG measurement by GSSG reductase was 

specific to glutathione disulfides. For the As(V) incubation 

there was a large discrepancy in thiols depleted and GSSG 

formed. This is most likely due to formation of mixed 

disulfides (GSS-protein and GSS-R) for which GSSG reductase 

does not have activity, or the possible formation of 

sulfhydryl oxidation products (glutathione sulfonate for 

example). For the As(III) incubations, approximately 10% of 
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Figure 11. Formation of 6SS6 in Rat Red Cells Depends on 
Arsenic Species. Whole rat blood was incubated 
one to one at 37 #C with 50 mM As(V), 50 mM 
As(III) or saline. GSS6 was measured after 2, 4 
or 6 hours incubation. Data were normalized to 
GSSG concentration at the start of incubation. 
Data represent mean ± s.d. of three determination 
and * indicates statistically significant 
differences compared to saline incubation. 
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Table 3 

Equivalents of Thiols depleted and GS86 Formed 
in Rat Blood after Six Hours Incubation with 

25 mM As(V), 25 mM As(III) or saline 

Arsenic Form 

As (V) 

As(III) 

Saline 

Thiols Depleted" 

5.43 ± 1.20* 

3.89 ± 0.19* 

0.94 ± 0.94 

2X(GSSG Formed)b 

0.0871 ± 0.0190 

0.281 ± 0.0927* 

0.0849 ± 0.0037 

a expressed as jtxmol thiols/g hemoglogin 

b expressed as 2 X (nmol GSSG/g hemoglobin) 

* significant from saline control value 
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the thiol depletion is accounted for by GSSG formation, but 

again the discrepancy is most likely due to mixed disulfide 

and sulfonic acid formation. 

A possible interaction of arsenite and glutathione was 

formation of a 1:3 complex (As(SG)3). To test the stability 

of this complex in an Ellman's glutathione determination, 

purified As(SG)3 (purity determined by NMR) was dissolved in 

d.d. H20 and mixed with DTNB. Table 4 illustrates that the 

glutathione in the complex reacted with the DTNB reagent. 

Because of limited sample material the mixture was measured 

only once at three concentrations, so statistical significance 

was not considered. However it is evident that arsenic 

complexed with glutathione would not be observed in incubation 

as depletion of glutathione, and therefore the observed 

depletion must be due to factors other than complex formation. 

Arsenic Uptake into Rat Erythrocytes 

To confirm presence of arsenic in rat red cells in 50 mM 

arsenic incubations, aliquots were separated into 

extracellular, intracellular and protein bound fractions. 

Protein bound arsenic was determined by analyzing the protein 

precipitated by TCA in hemolyzed red cell preparations. 

Table 5 indicates the percentage of total arsenic that was 

present in these cellular fractions as determined by GFAAS. 

By two hours there was significant arsenic inside the cell for 
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Table 4 

Measurement of As(SG)3 by Ellman's Reagent 

Theoretical GSH Cone" Calculated GSH Concb 

0.9 mM 0.8 mM 

0.09 mM 0.2 mM 

0.05 mM 0.09 mM 

a based on 3 mg As(SG)3 in 10 mL d.d. H20 with a 
theoretical GSH concentration of 0.9 mM 

b GSH concentration of actual As(SG)3 solution as 
calculated by a standard curve of GSH. 
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Table 5 

Total ng Arsenic in the Extracellular/ Intracellular 
and Protein Fractions of Rat Red Cells after 2, 4 or 6 

Hours Incubation at 25 mM As(V) or 25 mM As(III)8 

25 mM As(V) Incubationb 

Fraction 2 hrs (/xg) 4 hrs (/xg) 6 hrs (/xg) 

intracellular 8.61 ± 0.33 10.6 ± 0.5 8.10 ± 2.67 

protein bound 1.84 ± 0.39 1.68 ± 0.14 1.82 ± 0.56 

extracellular 111 ± 2 113 ± 4 111 ± 7 

25 mM As(III) Incubationb 

Fraction 2 hrs (/xg) 4 hrs ( f i g )  6  hrs (/ig) 

intracellular 4.72 ± 1.00 3.97 ± 2.48 3.39 ± 0.78 

protein bound 3.29 ± 0.44 2.52 ± 0.91 2.53 ± 0.26 

extracellular 104 ± 6 105 ± 14 112 ± 5 

a all values were significant from control arsenic 
values obtained from incubation of saline and whole 
blood 

b nq arsenic in fraction as detected by GRAAS 
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both species, but arsenic content decreased over time. This 

was due to loss of the cellular contents from hemolysis and 

from washing. As the incubation continued, the cells were 

fragile and when washed, hemolysis occurred (observed as red 

in the supernatant after centrifugation). The As(III) 

incubation had a higher amount of arsenic in the intracellular 

fraction, and this was because As(III) did not cause as much 

hemolysis as As(V) and were not as fragile when washed (figure 

9). Of the arsenic (III) that was in the cell, approximately 

half was bound to protein. In contrast, most of the arsenic 

(V) found in the cell was in the intracellular fraction. This 

was not surprising because it is known that trivalent arsenic 

binds more readily to proteins that As(V) . Because of the 

cellular destruction and instability, a quantitative uptake 

profile for 50 mM arsenic incubations could not be obtained. 

To determine uptake of arsenic, 2 mM arsenic (V) or (III) 

was incubated with whole rat blood. Aliquots of the 

suspensions were taken and separated into extracellular, 

membrane bound, intracellular and protein bound after 15 

minutes or two hours incubation. Membrane bound arsenic was 

determined by washing the intact red cells twice with 5 mM 

DMSA and analyzing the wash for total arsenic content. Table 

6 indicates the percentage of total arsenic of the As(V) and 

As(III) in the incubation fractions as determined by GFAAS. 

When incubated with As(V) for fifteen minutes, significant 
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Table 6 

Total Arsenic in Extracellular/ Intracellular, 
Protein and Membrane Bound Fractions of Rat 
Blood Incubated at 1 mM As(V) or As(III) 

1 mM As(V) Incubation* 

Fraction 15 min (% tot As) 2 hr (% tot As) 

extracellular 64.1 ± 1.9 30.9±9.9 

membrane bound 27.6±3.0 45.3 ± 1.5 

intracellular 4.15 ± 0.19 15.5 ± 3.6 

protein bound N.S. 8.35 ± 0.01 

1 mM As(III) Incubation* 

Fraction 15 min (% tot As) 2 hr (% tot As) 

extracellular 34.5±2.3 41.5 ± 4.8 

membrane bound 45.9±2.3 35.6 ± 1.2 

intracellular 2.40 ± 0.11 3.75 ± 0.37 

protein bound 17.1 ± 0.7 19.1 ± 0.08 

Data are expressed as percent of total arsenic in 
all fractions as determined by GFAAS 

S. Not significant from control incubation of whole 
rat blood and saline 
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arsenic was found only in extracellular, intracellular and 

membrane bound. By two hours membrane bound and intracellular 

levels had increased, significant protein bound was detected, 

and a corresponding decrease was observed in the extracellular 

fraction. This indicated a time dependent uptake of arsenic 

(V). Membrane bound arsenic may have resulted from reduction 

of As(V) to As(III) by membrane sulfhydryls and subsequent 

binding of the As(III) to remaining membrane sulfhydryls. 

When incubated with As(III), significant arsenic was detected 

in all fractions by fifteen minutes, but the intracellular 

fraction contained only a small, but significant, amount. At 

two hours there was no significant increase in any of these 

fractions; this could indicate that uptake of As(III) was 

complete by fifteen minutes. These data suggest that arsenite 

but not arsenate had free access into the cell. 

Arsenic Binding to Rat Blood 

To characterize the protein to which arsenic was bound, 

2 mM 74As(III) was incubated with red cells for 30 minutes. 

Red cells were hemolyzed and centrifuged before the proteins 

were separated by electrophoresis. The gel was exposed to 

autoradiography film to determine the location of the arsenic. 

Numerous protein bands were observed, however only one between 

60 and 64 Kda showed arsenic binding. A rat hemoglobin 

standard was not available, but the molecular weight of that 
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protein is in the 60-65 Kda range. 

Metabolism of Arsenic by Rat Blood 

Whole rat blood was incubated one to one with 50 mM As(V) 

or As(III) to determine possible metabolism. Aliquots were 

washed free of the extracellular medium, hemolyzed and applied 

to ion exchange resins. In the arsenic (V) incubation, 

significant As(III) and As(V) was found at all timepoints 

indicating a reductive process had occurred (table 7). The 

amount detected decreased over time, due to cellular fragility 

and hemolysis, but the percentage of As (III) to As(V) remained 

between 60 and 80% throughout. Significant arsenic was 

detected in the MMAA fraction, but other metabolites were not 

found to a great extent. Arsenic in the MMAA fraction could 

be from incomplete separation of the As (III) and MMAA. 

Further characterization of the arsenic in the MMAA fraction 

is necessary. 

When incubated with As(III), most of the arsenic found 

remained as As (III), but some As(V) was found. Some oxidation 

of As(III) during column separation has been reported, and 

confirmation of significant As(V) formation by other means was 

not pursued. Total arsenic levels decreased over time, and 

was from cellular fragility and loss from hemolysis. Although 

arsenic was found in the MMAA fraction, further metabolite 

identification must be performed to confirm this. 
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Table 7 

Metabolism of Arsenic Compounds when Incubated 
with Whole Rat Blood for up to Six Hours 

25 mM As(V) Incubation* 

Fraction 2 hr (/ig) 4  hr (#ig) 6 hr (Jig) 

As(III) 6.86 ± 1.79 4.46 ± 2.77 3.42 ± 0.32 

MMAAb 1.34 ± 0.63 1.20 ± 0.88 0.69 ± 0.12 

As (V) 9.17 ± 0.56 7.58 ± 1.95 5.12 ± 1.18 

UAC N.S. N.S. N.S. 

DMAAd 0.24 ± 0.01 0.30 ± 0.14 0.22 ± 0.14 

25 mM AS fill) Incubations* 

Fraction 2 hr (M9) 4  hr (Mg) 6 hr (/ng) 

As(III) 17.91 ± 11.4 22.10 ± 4.65 14.04 ± 4.75 

MMAA 0.91 ± 0.78 N.S. 0.77 ± 0.41 

AS (V) 0.92 ± 0.54 1.00 ± 0.19 0.88 ± 0.27 

DA N.S. 0.32 ± 0.08 N.S. 

DMAA 0.17 ± 0.04 0.35 ± 0.05 0.16 ± 0.12 

a fig arsenic as determined by GFAAS 
b monomethylarsonic acid 
c unknown arsenic fraction 
d dimethylarsinic acid 

N.8. As levels detected not significant above control 
incubation of whole rat blood and saline. 
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Effect of Repeated Exposure of Arsenate on the Rat 

To determine the effect of As(V) on thiols in vivo. 40 

ppm As(V) as sodium arsenate was given to rats in their 

drinking water. Daily animal weight and water intake were 

used to calculate an average daily dose of 3.8 mg As/kg body 

weight. Figure 12 illustrates a two-fold increase in non

protein sulfhydryls in the arsenic treated rats after four and 

seven days exposure. After fourteen days exposure, the thiol 

levels decreased near control levels. Oxidized glutathione 

levels were not affected by the treatment and no oxidative 

stress occurred as measured by diene conjugation (table 8) . 

GSSG reductase activity was also not significantly affected by 

arsenate exposure. 

Effect of Glutathione Depletion on Arsenic Toxicity 

Toxicity in mice was measured by the activity of pyruvate 

dehydrogenase, which is highly sensitive to inhibition by 

As(III). The effect of GSH depletion was determined by 

pretreating the animals with buthionine sulfoximine (BSO), a 

potent glutathione depletor. Three hours pretreatment with 

BSO resulted in approximately 75% depletion of endogenous 

glutathione (table 9). Although there was a statistically 

significant difference in non-protein thiol levels between 

As(V), As(III) and saline treatment, these differences were 

not considered valid because the animal tissues were pooled to 
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Days of Exposure 

Figure 12. Effect of Repeated Exposure to Arsenate on Non-
Protein Thiols in Rat Liver. Male rats were 
exposed to 40 ppm As(V) as sodium arsenate in 
their drinking water for up to fourteen days. 
Thiols were measured after 4, 7 or 14 days 
exposure. Data represent mean ± s.d. of three 
determinations and * indicates statistically 
significant differences compared to controls. 
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Table 8 

Effect of Continuous As(V) Exposure to Rats 
on GS86 Levels, Oxidative Stress* and 
Activity of Glutathione Reductase (GR)e 

Days GSSGb GRC Dienesd 

4 N.M. 13.9 ± 4.6 2 .53 ± 0.73 

7 0. 331 ± 0. 053 13.9 ± 1.6 N.M. 

14 0. 229 ± 0. 018 13.6 ± 1.6 2 .71 ± 0.76 

control 0. 242 ± 0. 045 14.2 ± 1.3 2 .27 ± 0.17 

a Oxidative stress assessed by the levels of 
conjugated dienes found in the liver. 

b Data are expressed as jLtmol GSSG/ g liver. 

c Data are expressed as nmol GSH produced per minute 
per mg protein. 

d Diene conjugation expressed as abs/g liver. 

e None of the data expressed were significantly 
different from values obtained from control 
animals. 

N.M. Not measured 
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Table 9 

Non-Protein Thiol Levels* in Mice Treated with 
1 mg/kg As(V) or As(III); with or without 

Pretreatment with Buthionine Sulfozimine (BSO)b 

No Pretx BSO Pretx 

AS(V) 6.45 ± 0.04 1.25 ± 0.01 

AS(III) 5.84 ± 0.03 1.26 ± 0.01 

Saline 5.17 ± 0.04 1.20 ±0.02 

a Data are expressed as nmol thiols/g kidney. 

b Statistical significance between arsenic treatment 
groups was not considered valid because tissues 
were pooled to obtain these values. 
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obtain these values. Neither As(V) nor As (III) administration 

resulted in PDH inhibition, indicating that no toxicity 

occurred after one hour at 1 mg/kg arsenic dosage (figure 13). 

When glutathione was depleted, there was no statistical 

difference in activity for As(V) or saline treatment, however 

the As(III) treatment resulted in a three-fold increase in 

activity. Under these conditions, glutathione was not a 

factor in toxicity measured by PDH activity. 
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Figure 13. Effect of Thiol Depletion on Arsenic Toxicity in 
the Mouse. Male mice were administered 1 mg/kg 
As(V) or As(III) by intraperitoneal injection 
with or without pretreatment with the glutathione 
inhibitor buthionine sulfoximine. Toxicity was 
assessed by measurement of pyruvate dehydrogenase 
(PDH) activity one hour after arsenic 
administration. Data represent mean ± s.d. of 
five determination and * indicates statistically 
significant differences compared to saline 
administration. 
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DISCUSSION 

Introduction 

There is a strong epidemiologic correlation between 

chronic trivalent arsenic exposure and lung and skin cancer. 

Exposure in the workplace and in the environment is not 

limited to trivalent arsenic but includes pentavalent arsenic. 

It has previously been shown that pentavalent arsenic is 

reduced to trivalent arsenic in biological systems. Because 

of the carcinogenicity of trivalent arsenic, it is necessary 

to understand the mechanism of this conversion. 

Some evidence exists that the biological reduction takes 

place without enzyme activity. Because arsenic is known to 

have a high affinity for sulfhydryls, an obvious substrate for 

the reduction was glutathione. Previous work in our lab 

demonstrated two types of interactions between arsenic and 

glutathione: binding and redox reactions. When GSH was mixed 

with As (III) an As (SG)3 complex was formed, and when mixed 

with As (V), the GSH was oxidized to GSSG with reduction of 

As(V) . Because of the complexity of glutathione metabolism in 

vivo, a simple model was needed to investigate the biological 

interactions of arsenic and glutathione. Blood was chosen 

because of its poor ability to combat GSH depletion and 

because arsenic is distributed into this compartment. 

Red cell glutathione is high (mM range), and to see 
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depletion by arsenic a high non-physiologic concentration (25 

inM) was chosen to ensure that the 6SH was overwhelmed. To 

characterize the interactions of arsenic and glutathione, 

blood was incubated with 25 mM arsenic, and non-protein thiols 

and GSSG were monitored over time. Hemolysis was used as a 

measure of toxicity to the red cell. The results of these 

incubations were surprising. Incubation of blood with As(V) 

resulted in depletion of thiols without a corresponding 

increase in GSSG formation, and As (III) incubation resulted in 

some thiol depletion and significant GSSG formation. As(III) 

is more toxic than As(V), so it was also surprising to find 

hemolysis much higher in As(V) incubations than As(III). It 

was clearly demonstrated that both As(V) and As(III) have 

biological interactions with sulfhydryls, and that they 

interact by different mechanisms. With the interaction of 

arsenic with sulfhydryls confirmed, it was necessary to 

characterize the uptake and distribution of arsenic in the red 

cells as this would be required for intracellular sulfhydryl 

interaction. For these studies a lower arsenic concentration 

(1 mM) was chosen. At the higher concentrations cellular 

damage made quantitative uptake analysis impossible. 

Uptake of Arsenic into Red Cells 

The results obtained in this study clearly demonstrated 

that As(III) was taken up faster in rat red cells than As(V) 
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when incubated with 2 mM arsenic. By 15 minutes As(III) 

uptake was complete and almost all intracellular arsenic was 

protein bound. In contrast, intracellular As(V) at fifteen 

minutes was just above controls and none was protein bound. 

Differences in uptake based on arsenic oxidation state has 

been found in vivo and in vitro in several systems. Fisher et 

al., (1985) studied mouse fibroblasts in culture with 2.5-5 /tM 

As (III) as AS(C1)3 or 50-75 /LIM As(V) as sodium arsenate. They 

found that As(III) had a greater uptake, and that As(V) was 

over one log factor less effective in growth inhibition due to 

lower uptake. Bertolero et al., (1987) studied another cell 

culture system incubating BALB/3T3 CI A31-1-1 cells with 

equimolar concentrations (3 fill) of As(III) or As(V). They 

reported a four fold increase in uptake for As(III) compared 

to As(V) over 24 hours incubation, and although cytotoxicity 

was higher for As(III) incubations, it was not significantly 

different when adjusted for total arsenic level in the cell. 

In rat liver slices (Georis et al., 1990), 1-10 /xM As(III) 

uptake was complete by one hour which is the same time period 

as the As(III) uptake in blood found in this study. The 

authors stated that As(V) uptake was not as extensive but 

presented no data to that effect. Finally Vahter (1981) 

incubated As(V) or As(III) with rat or mouse blood at room 

temperature and found an increased association of As(III) to 

erythrocytes compared to As(V). After one hour incubation, 
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57% of the total As (III) was associated with the red cells 

compared to 7% of the total As(V). In the work presented 

here, 40-50% of As(III) was taken up at either time point. 

This incubation was carried out at 37 °C, and the similar 

uptake could suggest that uptake of As (III) was independent of 

temperature. A factor to consider in an uptake study of 

arsenate is the effect of phosphate in the extracellular 

medium. Arsenate has been shown in many biological systems to 

compete with phosphate (Squibb and Fowler, 1983), and arsenate 

uptake could occur through phosphate mechanisms. Because of 

this possibility, all arsenic incubation solutions were in 

saline buffered with hepes. If phosphate influences arsenate 

uptake, the implication of this is that arsenate uptake could 

have been encouraged in this system. 

The main problem with the previous work discussed is 

there was no distinction made between cellular uptake, 

intracellular binding or association with the cell membrane. 

In all the papers presented, uptake was determined by 

separating extracellular medium or plasma from the cellular 

component, and no effort was made to determine sub-cellular 

arsenic distribution. In the work presented here, it was 

found that As(III) was distributed mainly bound to 

intracellular protein and the membrane, and As(V) was mainly 

bound to the membrane and free in the cell after two hours 

incubation. 
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The reason for the difference in uptake between As(III) 

and As(V) could be related to degree of ionization. At 

physiological pH arsenate is negatively charged and must rely 

on phosphate uptake or gradient diffusion. The lowest pKa of 

As(III) is 9.23, and it would not be charged at physiological 

pH. This could result in free gradient diffusion across the 

cellular membrane. 

Reduction of Arsenate 

It was clearly demonstrated in our system that As(III) 

was formed in As(V) incubation concurrent with non-protein 

thiol depletion. Inorganic As(V) reduction to As(III) is a 

source of some controversy, as it has not been shown where the 

reduction occurs or if it is enzymatically driven. Little 

concrete evidence exists for either theory. Knowles and 

Benson (1983) believed the reduction to be enzymatic, and 

stated that the reduction of arsenic in rat erythrocytes was 

due to the actions of glutathione reductase. Vahter and 

Envall (1982), however, found that mouse and rabbit liver 

homogenate inactivated by boiling was still able to reduce 

As(V) to As(III) in mice and rabbits. Previous work in our 

lab (Scott, personal communication, 1991) characterized the 

chemical interaction of glutathione with arsenate or arsenite. 

As(V) or As(III) was mixed with glutathione at room 

temperature under a nitrogen atmosphere, and the reactions 
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were monitored by 1H and 13C nuclear magnetic resonance 

spectroscopy. When arsenite and glutathione were mixed, a 

direct arsenic glutathione complex was formed with the formula 

of AS(SG)3. The complex was isolated, and the structure was 

confirmed by mass spectrometry. Arsenate mixed with GSH was 

reduced as shown by the formation of GSSG. The solutions were 

free of oxygen and iron, so the oxidation of GSH that occurred 

was not autooxidation. If glutathione was more than twice the 

concentration of arsenate, the As(SG)3 complex was formed 

confirming the presence of As(III). The existence of As(SG)3 

in the rat blood system has not been demonstrated yet, because 

a biological isolation procedure for the complex does not 

exist. When mixed with DTNB in a neutral solution the complex 

was not stable (table 4). 

Other evidence exists that reduced thiols may be a factor 

in arsenic reduction. Cullen et al., (1984) mixed 

dimethylarsinic acid with thiols in a neutral solution and 

monitored the products using 1H and 13C NMR. They found that 

the As (V) in dimethylarsinic acid was easily reduced by thiols 

to trivalent dimethyl arsenic as a sulfur derivative. In cell 

culture, depletion of GSH has been shown to affect the 

reduction process. Bertolero et al., (1987) incubated As(V) 

with BALB/3T3 CI A31-1-1 cells and showed reduction of the 

As(V) to As(III). When glutathione was depleted with 

diethylmaleate, the reduction was inhibited up to 25% of 
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controls. Because glutathione was being depleted and arsenate 

was simultaneously being reduced, it is possible that As(V) 

used GSH as a reducing equivalent in the rat blood system. 

Membrane Sulfhydryl Reduction 

The sulfhydryls used for arsenate reduction do not need 

to be intracellular. A substantial pool of reduced 

sulfhydryls exists on the red blood cell membrane. Haest et 

al., 1977, found that 80% of these thiols were close enough to 

form disulfides and participate in oxidation-reduction 

reactions. Results presented here indicated that arsenic was 

bound to the red cell membrane in both As(V) and As (III) 

incubations. The red cells were washed first with saline then 

with meso-dimercaptosuccinic acid (a strong impermeable 

arsenic binding agent) and significant arsenic was found in 

this wash for both incubations by fifteen minutes. Arsenic 

found in the membrane-bound fraction of the As(V) incubation 

could be from reduction of As(V) by sulfhydryls (forming 

disulfides), and the resulting As(III) binding to remaining 

membrane sulfhydryls. Membrane bound arsenic levels in the 

As(V) incubation were time dependent. If the incubation had 

been allowed to continue, the level of binding would not have 

reached that of As (III) membrane binding. Sulfhydryls used to 

reduce As(V) would be cross-linked and unavailable for 

binding. 
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Disulfide formation on the cellular surface was not 

determined directly, but there is some evidence that it 

occurred. Isaacs and Binkley (1977) found that reduced 

membrane sulfhydryls were necessary to maintain cellular 

integrity in hepatic cells. Fischer et al., (1978) found that 

reagents able to cross-link membrane sulfhydryl groups 

decreased the red cell's ability to deform. This 

deformability was required to maintain mechanical stability, 

and red cells with more than 5% of their sulfhydryl groups 

modified were fragile. A striking feature of the system 

presented here was that As(V) incubation resulted in 

significantly more hemolysis than As(III) incubation (figure 

9). This seems unusual because As(III) is considered a more 

toxic agent, but in this system As(V) was more toxic to the 

cellular integrity. As (III) in the incubation would only bind 

to membrane sulfhydryls, but As(V) could cause oxidation of 

membrane sulfhydryls forming disulfides and resulting in 

hemolysis due to loss of membrane integrity. 

Formation of 68S6 

A problem with the hypothesis that arsenate was reduced 

by glutathione was that glutathione depletion was not 

accompanied by oxidized glutathione formation. For the 

As (III) incubations some GSSG was formed but for the As(V) 

incubations, no significant GSSG was formed. It has 
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previously been shown that GSH depletion does not necessarily 

result in GSSG formation because there are alternate 

glutathione oxidation pathways. The most common alternate 

fate is the formation of mixed disulfides with proteins 

(Jocelyn, 1975), although further oxidation of the sulfhydryl 

can occur to form sulfinic and sulfonic acid. Wefers and Sies 

(1983) found when glutathione was oxidized by superoxide in a 

non-cellular system, 6-15% of the oxidized product was 

glutathione sulfonate. The most likely fate of glutathione 

radicals in the rat blood system was formation of disulfides 

with hemoglobin. Glutathione is the main source of non

protein sulfhydryls, but proteins also contribute to the 

reduced sulfhydryl pool. Each hemoglobin tetramer contributes 

two sulfhydryl groups (Knowles and Benson, 1983), and each red 

cell contains 15-30 picograms of hemoglobin. Neither 

hemoglobin disulfides nor mixed disulfides are reduced by 

glutathione reductase. Sulfhydryls on the hemoglobin tetramer 

like many other proteins are kept in the active state by 

glutathione. 

When As (III) and whole rat blood were incubated, some 

GSSG was formed, and this may be linked to GSSG reductase 

activity. Glutathione reductase has vicinal sulfhydryls which 

can be modified by As(III) binding to alter the activity. 

Knowles (1985) found that glutathione reductase was inhibited 

by 1 mM arsenite in vitro. When As(III) was taken up in the 
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rat erythrocytes, glutathione reductase was probably 

inhibited, and glutathione that was oxidized in the process 

was not re-reduced. Knowles and Benson (1983) stated that 

glutathione reductase in the red cell was protected from 

inhibition by the high concentration of reactive sulfhydryls 

on the hemoglobin molecule. When incubating 25 mM As (III), it 

was found that some of the intracellular arsenic was not bound 

to protein probably due to overloading the cells with 

abnormally high arsenic levels, and this meant that arsenic 

was free to bind and inhibit enzymes. Glutathione reductase 

was not inhibited when As(V) was incubated with the rat blood. 

Reduction of As(V) to As(III) must precede inhibition, and 

As(III) that was formed most likely encountered a hemoglobin 

molecule before an enzyme. Because of the high intracellular 

concentrations of hemoglobin, it was able to protect enzyme 

activity. 

Arsenic Binding 

When rat blood was incubated with 2 mM 74As(III), arsenic 

was found bound to protein inside the cell. Characterization 

of this protein by SDS-PAGE and autoradiography showed the 

molecular weight to be in the range of 60-64 KDa, which is 

could be likely hemoglobin (mw 60-65KDa). Further 

characterization of this protein is necessary to determine the 

identity of this binding site. Some controversy exists 
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concerning arsenic binding to rat red blood cells, and it is 

important to address this because it is a reason that rats are 

not recommended for arsenic metabolism studies (NAS, 1977). 

The controversy centers around the form of arsenic that is 

bound to the red cell; whether it is inorganic arsenic or the 

dimethyl metabolite. Administration of inorganic arsenic to 

marmoset monkeys resulted in a long excretion profile and 

tight red cell binding, which is similar to the rat 

disposition profile. This species is the only one which does 

not have the capacity to methylate arsenic, therefore arsenic 

that is tightly bound must be inorganic (Vahter et al., 1982). 

The rat may also have a poor ability to methylate arsenic, 

resulting in tight binding to cellular sulfhydryls by 

inorganic arsenic. Vahter (1981) incubated rat or mouse blood 

for one hour with As (III) or As(V) and found no differences in 

the extent of arsenic association with the red cells which 

contained approximately 50% of the total arsenic in the blood. 

No effort was made to distinguish the site of binding in the 

red cell. 

Another hypothesis indicates that the rat produces the 

dimethyl metabolite, and it binds tightly to the red cell. 

Lerman and Clarkson (1983) found that after intravenous dosing 

of arsenite or arsenate, the dimethyl metabolite (separated by 

ion exchange chromatography) was bound in the blood but did 

not demonstrate what the binding site was. Stevens et al. 
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(1977) showed strong evidence of DMAA binding, when they 

exposed rats to 13C- or 74As-DMAA by intravenous, intratracheal 

or oral administration. They reported that arsenic was found 

in the blood after 75-90 days independent of the radio-label 

(indicating no demethylation had occurred) or route of 

administration. Fractionation of the blood to locate the site 

of binding was not performed. Rowland and Davies (1982) 

showed that after oral dosing of 74As(V), the blood contained 

mainly DMAA after three hours. Because of the rapid 

methylation and high blood levels they concluded that arsenic 

accumulates in rat blood as DMAA, however they do not separate 

the plasma from the red cells and show no evidence that DMAA 

is the ultimate binding species. 

In the results presented here, rat blood incubated with 

2 mM 74As(III) for 30 minutes had arsenic that was bound to 60-

64 kDa proteins. Methylation is thought to occur in the 

liver, therefore the arsenic was most likely in the inorganic 

state. Knowles and Benson (1983) also report that arsenic 

binding to hemoglobin occurs in rats and claim that the 

arsenic is inorganic. The results presented here may support 

the theory that inorganic arsenic binds to hemoglobin which 

falls in the weight range of the protein described above. 

Effect of Thiols on Toxicity 

The effect of thiols on toxicity have been studied in 



96 

dogs where depletion of thiols caused increased acute 

nephrotoxicity of arsenite. The role of thiols in toxicity as 

measured by PDH activity was investigated but toxicity was not 

demonstrated in arsenic treatment groups with or without thiol 

depletion. Inhibition by both As(V) and As(III) in vivo has 

been reported and failure of inhibition for this study could 

be due to low arsenic concentration. Stine et al., (1984) 

found complete in vivo inhibition of PDH after 30 minutes 

exposure to 0.1 mmol/kg (7.5 mg/kg) arsenic as sodium 

arsenite. The major difference is a 7 fold increase in 

arsenic concentration which could definitely be the cause of 

the absence of inhibition. Another in vivo study indicated 

that As(V) in drinking water inhibited PDH activity after 

three of six weeks exposure. Although time and concentration 

was a factor in the control arsenic treatment groups, 

glutathione depletion did not result in PDH inhibition for 

As(V) or As(III). Conversely, activity of PDH was increased 

for As(III) treatment after GSH depletion. The cause of this 

increase is unclear. It is possible that glutathione is not 

a factor in toxicity as measured by PDH activity. If As(V) 

were reduced by thiols to As(III), toxicity measured by PDH 

should not be affected. This is because As (III) is a more 

potent inhibitor of PDH activity than As(V) and depletion of 

thiols would result in less production of the more toxic 

species. Further studies at a higher concentration should 
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produce the inhibition with arsenic alone and comparison of 

thiol effects would be more valid. 

In Vivo Interactions of Arsenic with Thiols 

When rats were exposed to As(V) as sodium arsenate in 

their drinking water for up to two weeks an interesting 

glutathione interaction occurred. There was a two-fold 

increase in non-protein thiols after 4 or 7 days, returning to 

control levels after 14 days. Because of its availability and 

concentration, glutathione would appear to be an obvious 

substrate for arsenic interactions, but few researchers have 

addressed this possibility in vivo. Glutathione increases 

have occurred in the intestinal mucosa following As(III) 

exposure and in bile following As(III) and As(V) exposure. 

Pisciotto and Graziano found a three-fold increase in mucosal 

glutathione synthesis three hours after an oral dose of 1 

mg/kg As(III) as arsenic trioxide. There was a return to 

normal values after 18 hours and GSH levels were not tested 

after this time. Both As(V) and As(III) intravenous exposure 

in rats resulted in 20 to 30-fold increases in GSH and GSSG in 

bile (Gyurasics et al., 1991). In this study liver thiol 

levels were not quantified, however biliary glutathione 

originates in the liver and a parallel decrease could be 

expected. The time frame for this study was limited to two 

hours, but an increase in glutathione synthesis could occur 
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due to loss of feed-back inhibition by 6SH (Meister, 1988). 

No directly correlated study was available to compare data 

from our study but increased thiols observed in the intestinal 

mucosa were thought to be from increased de novo synthesis. 

Summary 

To study the interactions of arsenic and glutathione, rat 

blood was a good model. Throughout six hours of incubation no 

significant GSH depletion, GSSG formation or hemolysis 

occurred. A comparison with dog blood showed that at 

equimolar arsenic concentrations, rat blood had increased GSH 

depletion and hemolysis with greater stability of the control 

incubations. It was clearly demonstrated in rat blood that 

arsenic interacted with thiols, and that these interactions 

were quite different for As(V) and As(III). In vivo 

interactions between arsenic and glutathione were complex. 

When rats were exposed to As(V) in their drinking water GSH 

levels had a two fold increase indicating that some 

interaction was occurring but was too complex to correlate 

arsenate reduction with GSH levels. PDH activity in mice was 

not a good model to study the effect of thiols on arsenic 

toxicity. Depletion of 75% of the kidney thiols had no affect 

on the activity, and GSH depletion combined with As(III) 

administration resulted in an increase in activity. The cause 

of this increase is not clear. 
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When As (III) was incubated with rat red cells, it was 

taken up quickly and distributed to the protein inside. In 

contrast, As(V) was taken up much slower and was distributed 

evenly between the protein and intracellular matrix. The 

binding site for As (III) could be hemoglobin, and the strength 

of the binding was unusually strong. Bound metals can often 

be displaced by acidic conditions, and precipitation of 

protein with trichloroacetic acid did not remove the bound 

arsenic. Binding of As(III) and As(V) was demonstrated and 

was more extensive for As(III). Some glutathione depletion 

and GSSG formation occurred when rat blood was incubated with 

25 mM As (III), and was probably from inhibition of GSSG 

reductase which compromised the cell's ability to protect 

against oxidative stress. Binding of As(III) to GSH to form 

the As(SG)3 could not demonstrated, because the compound was 

found to be unstable in an Ellman's determination of GSH. 

The interactions of As(V) with red cells were complex. 

Arsenate could first be reduced by sulfhydryls on the cellular 

surface to yield disulfides. The As(III) that was formed 

could then bind to remaining sulfhydryls, and indeed time-

dependent membrane binding was demonstrated. Of particular 

interest was the depletion of up to 50% of the intracellular 

glutathione without formation of GSSG. This is most likely 

due to formation of mixed disulfides with proteins and 

hemoglobin. After two hours incubation with 25 mM As(V), 
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approximately half of the intracellular arsenic was in the 

reduced state. Because the reduction was combined with 

depletion of glutathione, As(V) may have used glutathione as 

reducing equivalents to form As (III) . In an in vivo 

situation, the intracellular reduction of As(V) by GSH may not 

be significant. After fifteen minutes incubation with 2 mM 

As(V), intracellular arsenate levels were almost 

insignificant. Rats given a single intraintestinal dose of 

arsenate produce As(III) in the portal blood within five 

minutes (Rowland and Davies, 1982). It could be concluded 

from this that intracellular arsenate reduction is slow and is 

not the main contributor to the overall reduction process, and 

therefore the reduction takes place extracellularly or at the 

membrane. 
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Figure l: Analytical Determination of Arsenic by GFAAS. 
Arsenic was digested in 100 JLIL blood or water and 
made up to a final volume of 24 mL. All 
standards were run in triplicate and data 
represent mean ± s.d. No significant difference 
was determined between the two standard curves 
and further determinations of unknowns were from 
digested blood standards. 
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