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ABSTRACT 

A novel test system using isolated erythrocytes (red 

blood cells, RBCs) and arsine (AsHj) gas dissolved in 

aqueous solution was characterized which allows for the 

quantitation of RBC exposure to AsHj in vitro and for in 

vitro study of the toxicity of AsHj. AsHj was found to be 

rapidly and strongly associated with RBCs. Toxicity, 

measured as hemolysis, was time- and dose-dependent and 

exhibited a lag phase of about 30 minutes in both dog and 

rat RBCs. Hemolysis of dog RBCs was completely blocked by 

carbon monoxide preincubation and was reduced by pure 

oxygen. Sodium nitrite induction of methemoglobin (metHb) 

in intact rat RBCs decreased hemolysis, confirming the 

importance of hemoglobin in the mechanism of AsHj-induced 

hemolysis. Spectrophotometric studies of the reaction of 

AsHj with purified dog hemoglobin revealed that AsHj reacted 

with reduced and oxygenated hemoglobin (Hb02) to produce 

metHb and degraded Hb, characterized by gross precipitation 

of the protein. AsHj did not alter the spectrum of deoxyHb 

and did not cause degradation of metHb in oxygen, but bound 

to and reduced metHb in the absence of oxygen. Oxidative 

reactions as the putative cause of hemolysis were 
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investigated. AsHj caused a slight decrease in cellular 

glutathione levels in dog RBCs, but only after hemolysis had 

reached maximijm levels. Hydrogen peroxide (HjOj) was 

detected in aqueous solutions containing AsHj and HbOz or 

AsHj alone but not in intact RBCs or lysates suggesting that 

cellular defenses were adequate to detoxify the amount 

formed. Additionally, high activity catalase or 

glutathione peroxidase added to solutions of HbOz and AsHj 

had little effect against AsHj-induced damage. The 

differences between the visible spectra of HbOz treated with 

either AsHj or H2O2 suggest that two different degradative 

processes occur. Superoxide anion was not detected in 

AsHj/HbOz mixtures and superoxide dismutase did not affect 

AsHj-induced HbOj damage. Other antioxidants, mannitol, 

DMSO, ascorbate, and glutathione, had no effect against HbOj 

damage. These results indicate that the superoxide anion, 

the hydroxyl radical, and H2O2 are not responsible for AsHj-

induced HbOa damage and the subsequent hemolysis. A 

mechanism by which an arsenic species is the hemolytic agent 

is proposed. 
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INTRODUCTION 

Arsine (arseniuretted hydrogen, arsenous hydride)is a 

highly toxic gas first identified in 1775. The first 

recorded fatality occurred in 1815 when a Munich chemist 

named Gehlen inhaled some of the gas and died nine days 

later. In the period 1815-1974, 454 cases of arsine 

poisoning were reported. Of the 207 cases between 1928 and 

1974, 51 (25%) were fatal (Fowler and Weissberg, 1974). 

Physical and chemical properties 

AsHj is a colorless, nonirritating gas (with a boiling 

point of -62.5 °C) and is said to have a garlic-like odor 

although severe poisoning will occur at AsHj concentrations 

far below the odor threshold (Hocken and Bradshaw, 1970) . 

It is 2.69 times heavier than air, soluble in chloroform and 

benzene and slightly soluble in water (8.93 mM; Weast, 

1974) . 

Occurrence 

AsHj is used extensively in the semiconductor segment 
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of the microelectronics industry for epitaxial growth of 

gallium arsenide and as a dopant for silicon based 

electronic devices. Thus, exposure to AsHj is possible from 

accidental release of the gas during research or 

manufacturing processes. In fact, of the 24 cases of 

exposure from all sources reported from 1974 to 1986, the 

only fatalities were two cases in this industry. In 1982, a 

23-year-old technician using an ion implanter (common 

equipment in the industry) at the Massachusetts Institute of 

Technology Lincoln Laboratories was found dead near the AsHj 

cylinder he was replacing and, in 1984, a 31-year-old 

technician at M/A-Com (Burlington, Massachusetts) died 

following a similar incident. Both deaths were consistent 

with AsHj exposure (Wald and Becker, 1986). Further, Wald 

and Becker (1986) report that in a worst case scenario, a 

standard compressed gas cylinder containing 200 cubic feet 

of AsHj could contaminate an 800,000 cu ft environment with 

250 ppm (the immediate danger to life level). This would 

have to be diluted in 33 million cu ft to give an extremely 

dangerous 6 ppm that would have to be diluted in 4 billion 

cu ft to reach 0.05 ppm. This value is the American 

Conference of Governmental Industrial Hygienists threshold 

limit value, TLV, for a normal 8-hour workday and a 40-hour 
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workweek (American Conference of Governmental Industrial 

Hygienists, ACGIH, 1982). Compare this value with the TLV 

of 50 ppm for carbon monoxide. 

Exposure to AsHj is also possible from the accidental 

generation of the gas from arsenic containing substances 

such as in metals mining and manufacturing(reviewed by 

Buchanan, 1962; Klimecki and Carter, 1995) or in substances 

such as paints and herbicides. The following cases 

illustrate the situations in which AsHj can be formed. 

1. A worker was exposed to AsHj when cleaning aluminum 

transmission casings in acidic solutions in a steel tank. 

The tank was found to be contaminated with arsenic probably 

through cleaning of agricultural spray equipment (Risk and 

Fuortes, 1991). 

2. AsHa poisoning was suspected in workers using an 

alkaline cleaning solution on a painted cyclorama. Pigments 

in the painting contained arsenic and zinc (Williams et al., 

1981) . 

3. Two workers were exposed after clearing a clogged drain 

with sodium hydroxide and aluminum chips. A tank, previously 
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used to store arsenical herbicides, had been emptied into 

the drain (Parish et al., 1979). 

4. A worker cleaned a drain in an enclosed space by 

removing an acidic sludge containing arsenic into a 

galvanized bucket (Hocken and Bradshaw, 1970) . 

5. Three workers became seriously ill after entering a tank 

containing aqueous sodium arsenite using an aluminum ladder; 

one worker reported observing bubbling at the foot of the 

ladder (De Palma, 1969). 

6. A cadmium processor was exposed while treating an 

arsenic-contaminated liquor with sulfuric acid and powdered 

zinc (Jenkins et al., 1965). 

7. Two workers were exposed after applying water to hot 

dross containing metallic aluminum and arsenic compounds 

(Nau et al., 1944). 

These cases demonstrate that AsHj generation occurs 

when a metal, such as aluminum or zinc, contacts an arsenic-

containing substance, usually in the presence of an acid or 
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alkaline solution. 

It is commonly reported that ^^nascent" hydrogen is 

produced in the presence of metals: 

2NaOH + 2A1 + 2 H2O - 2NaA102 + 3H2 (1) 

and that this newly-formed hydrogen is unusually reactive. 

ASH3 is then said to be generated from arsenic compounds due 

to the action of the nascent hydrogen (Jenkins et al., 1965; 

Levinsky et ai., 1970; Parish et al., 1979): 

3H2 + HASO2 - AsHj + 2H2O (2) 

This reaction is sometimes written as: 

6H° + HASO2 - ASH3 + 2H2O (3) 

There are two problems with these equations. First, the 

electrode potential, E, is -0,18 volts (Klimecki and Carter, 

1995) indicating that the reaction will not proceed 

spontaneously as written. Second, there is no evidence for 

the existence H° although Zenghelis (1920a and 1920b) 
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reported that passed through fine-grained filter paper 

showed the same reactivity as Hj generated in situ, which is 

the "nascent" hydrogen. This indicates that the perceived 

reactivity of nascent hydrogen may be a function of 

increased surface area. The RATE of a reaction may increase 

(catalysis), but the THERMODYNAMICS will not change. 

Therefore, the reactivity of H2 in equation 2 is 

inconsequential since this reaction is not thermodynamically 

favored. 

Alternatively, the reaction may be written as: 

6E* + 2A1(0) + HASO2 - AsHa + 2H2O + 2A1^" (4) 

in which E=+1.48 volts. This is a spontaneous reaction. 

This reaction is favored in the presence of zinc, iron, 

cadmium, nickel, tin, or lead in place of the aluminum. 

AsHj can be also formed by the acid hydrolysis of arsenides 

such as in the following reaction: 

ZnjAs, + 6 H" - 2 AsHj + 3 Zn(II) (5) 

Thus, the potential for exposure to AsHj is high 

because of the use of AsHj as a raw material in the 
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microelectronics industry and because of the large number 

and variety of situations in which AsHj generation has been 

proven or at least shown to be possible. 

Toxicology 

AsHj is the most acutely toxic form of arsenic. 

Symptoms may become evident as early as 30 minutes following 

exposure or may be delayed up to about 24 hours post

exposure. Early symptoms include generalized weakness, 

headache, shivering, thirst and abdominal pain. Hematuria 

may be evident four to six hours after exposure and jaundice 

often appears at 24 to 48 hours. The abdominal pain, 

hematuria, and jaundice constitute the characteristic triad 

of symptoms in AsHj poisoning (Fowler and Weissberg, 1974). 

Mees lines (transverse white striae of the fingernails) may 

appear two to three weeks following exposure (Levinsky et 

al., 1970). Patients may also present with fever, 

tachycardia, tachypnea, abdominal tenderness and rigidity, 

enlargement and tenderness of the liver, and costovertebral-

angle tenderness. 

Erythrocyte Toxicity. The most striking effect of AsHj 

is anemia due to massive intravascular hemolysis. 

Hemoglobin concentrations in the blood may fall below 10 
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g/100 ml (normal values are 12-18 g/100 ml) and plasma 

hemoglobin levels may reach 2 g/100 ml or higher (normal 

values are less than 5 mg/100 ml). Peripheral blood smears 

may show anisocytosis, poikilocytosis, red cell fragments, 

and ghost cells. Large amounts of methemoglobin have been 

detected in plasma and urine (Jenkins et al., 1965). 

Studies conducted by Graham et al. (1946) showed 50-100% of 

the arsenic in the blood of AsHj-exposed rabbits was "fixed" 

in a nondialyzable form, 47-60% of the arsenic in rabbit 

blood treated with AsHj in vitro is in a nondialyzable form, 

and 33-41% of the arsenic in AsHj-treated horse hemoglobin 

was nondialyzable. This indicates that a reaction of AsHj 

with blood components, including hemoglobin, results in 

arsenic binding. 

Renal Toxicitv. Early urinalysis reveals the presence 

of both hemoglobin and other proteins (Fowler and Weissberg, 

1974) while analysis several weeks post-exposure may reveal 

the presence of a few red blood cells (RBCs), red cell 

casts, and granular casts (Hesdorffer et al., 1986; Muehrcke 

and Pirani, 1968). Acute oliguric or anuric renal failure 

is the complication most often resulting in death. As 

reviewed by Muehrcke and Pirani (1968), once anuria occurs, 

mortality approaches 100% with death occurring between the 
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fourth and twelfth days. AsHj-induced anuria may result 

from 1) inhibition of renal tubular cell respiration; 2) 

hypoxia, secondary to the hemolytic anemia; and/or 3) 

hemoglobin-haptoglobin precipitation in the txibular lumen. 

Cardiac Toxicity. Electrocardiographic changes have 

been reported, characterized by T-wave elevations, and four 

deaths were attributed to myocardial degeneration and 

cardiac failure (Josephson et ai., 1951). AsHj, or a 

metabolite such as arsenite, was postulated to act directly 

in the myocardial degeneration. 

Other Toxicities. Other effects were studied in animal 

models. Dose-dependent reductions in T-killer and natural 

killer cell functions were observed in mice exposed to AsHj 

for 14 days. However, host response to viral and tumor cell 

challenge was not affected (Rosenthal et ai., 1988). No 

developmental toxicity was observed in rats and mice exposed 

to AsHj during gestational days 6-15, even at doses that 

produced significant maternal hematopoietic toxicity 

(Morrissey et ai., 1990). 

Chronic Toxicity. Chronic toxicity in the human has 

not been well characterized although a few cases of 

suspected chronic (low-dose) exposure to AsHj have been 

reported. The symptoms included headache, nausea, vomiting. 
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shortness of breath, jaundice, and paresthesia of the 

extremities (Bulmer et al., 1940). A recent case in which a 

patient presented with similar symptoms was exceptional for 

its lack of evidence of hemolysis. Since the patient's 

physical condition and arsenic body burden as well as 

investigation of his workplace strongly suggested exposure 

to AsHj, it was proposed that the patient suffered 

transient, undetected hemolysis during his several months of 

exposure (Risk and Fuortes, 1991). 

Long-term studies in three species of animals (B6C3Fi 

mice, Fischer 344 rats, and Syrian Golden hamsters) to 0.025 

ppm to 5.0 ppm for 1 to 90 days suggested that the 

hematopoietic system is the primary target of AsHj (Blair et 

al., 1990a). The effects on both sexes of all three species 

were similar and included decreased packed cell volumes, 

increased relative spleen weights, and increased 5-

aminolevulinic acid hydratase. Importantly, these 

researchers found that a single exposure to 0.5 ppm (10 

times the TLV for AsHj) resulted in no significant 

hematopoietic effects although repeated exposure to one-half 

the TLV caused significant anemia in rats. 

Currently, treatment of poisoning in humans is limited 

and tends to be supportive. However, the use of exchange 



transfusion has been deemed mandatory in severe cases 

(Hesdorffer et al., 1986) in order to replace damaged RBCs 

and to clear the circulation of cellular debris and AsHj-

hemoglobin complexes. As reviewed by Risk and Fuortes 

(1991), chelation therapy is of little use in cases of AsH 

intoxication although use of arsenic chelators may help 

clear the body of its burden of other species of arsenic 

particularly in cases of chronic poisoning. 

Phosphine and Stibine Toxicity 

Phosphine (PHj) and stibine (SbHj), the gaseous 

hydrides of two other Group VB elements, phosphorous and 

antimony, respectively, are chemically similar to AsHj. 

They are considered slightly less toxic than AsHj; the TLV 

for PHj is 0.3 ppm and the TLV for SbHj is 0.1 ppm (ACGIH, 

1982). Clinically, SbHj toxicity may resemble AsHj 

toxicity, characterized by headache, dyspnea, and 

hemoglobinuria caused by hemolysis. However, patients may 

also suffer lung irritation, pulmonary edema, and seizures 

(TOMES(R); Stibine, 1993). PHj exposure generally results 

in pulmonary irritation, cough, headache, lethargy, stupor 

and eventually pulmonary edema. Jaundice may be evident, 

but is not caused by hemolysis as in AsHj intoxication. 



24 

Rather, hepatic damage is responsible for the jaundice in 

this case (TOMES(R): Phosphine, 1993). Although PH3 has 

been shown to react with hemoglobin and form Heinz bodies 

(precipitated hemoglobin within the RBC) in vitro, there is 

little clinical evidence that such reactions occur or are 

important in vivo even when the outcome of exposure is death 

(Misra et al., 1988). In contrast, SbHj is recognized as a 

hemolytic agent, although the mechanism for SbHj-induced 

hemolysis is less clear than that for AsHj. 

In summary, these three Group VB hydrides have several 

strikingly similar effects in humans as well as some equally 

striking differences. It is possible that these compounds 

participate in some of the same reactions in the body but to 

different extents or that differences in their physical 

properties lead to different dispositions after exposure. 

Therefore, a detailed study of the mechanism of toxicity of 

AsHj may lead to a partial understanding of the toxicities 

of these similar compounds, as well. 

Mechanisms of Toxicity 

Although the mechanism of AsHj toxicity is not clearly 

understood, many hypotheses have been put forth in the last 

few decades, some based merely on clinical examination of 
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exposed individuals. It has been postulated that AsHj 

exerts its toxic effects through oxidative damage since 

oxygen has been shovm to be necessary for hemolysis in vitro 

(Labes, 1937). Some of the published evidence points to 

depletion of glutathione (GSH) and the involvement of other 

cellular sulfhydryl groups as measures of oxidative injury 

to the cell and as critical events for toxicity (Pernis and 

Magistretti, 1960; Levinsky et ai., 1970; Blair et a l . ,  

1990b). In particular, Pernis and Magistretti reported 

that, in vitro^ AsHj could reduce RBC GSH to less than 40% 

of initial levels within about 25 minutes and that hemolysis 

did not occur until after this extent of GSH depletion was 

achieved. Blair et al. (1990b) also reported a 60% 

reduction in RBC GSH, although this was not observed until 

after four hours of constant exposure to ASH3 in the gas 

phase. The extent of hemolysis in these samples was not 

reported. Levinsky et al. (1970) suggested that AsHj reacts 

with key sulfhydryl groups of the membrane sodium, 

potassium-ATPase (Na*,K^-ATPase) and that inhibition of this 

pump constitutes the mechanism of AsHj-induced hemolysis. 

They deduced that this may be the mechanism after noting 

that a known nonpermeable sulfhydryl inhibitor had been 

shown to impair the function of erythrocyte Na+,K+-ATPase 
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which leads to cell swelling and hemolysis (Jacob and Jandl, 

1962). 

In contrast, colloidal As, thought to be formed by the 

intracellular oxidation of AsHj, was said to be the 

hemolytic agent (Labes, 1926 and 1937), although no direct 

evidence was offered for this. Later, Jung (1947) reported 

that colloidal arsenic had no hemolytic effect on RBCs which 

suggests that this hypothesis was baseless. 

Henze (1938) detected hydrogen peroxide (H2O2) and 

concluded it was the hemolytic agent. Jung (1939) and Lasch 

(1958) expanded on this by postulating that AsHj produced 

H2O2 within the RBC and that AsHj or an oxidized arsenic 

species also inhibited catalase, the enzyme that catabolizes 

H2O2 to water and oxygen. 

Involvement of hemoglobin has long been recognized as 

well. In one of the first such reports, Meissner (1913) 

described precipitation of the protein and recorded a 

spectrum reported to be like that of sulfhemoglobin. 

Methemoglobin (metHb) formation has been reported in vitro 

and in vivo (Gebert, 1937; Jung, 1939; Rozhkov and Osherov, 

1946). Jung (1947) observed Heinz body formation in RBCs 

and, recently, Blair et al. (1990b) observed that AsHj 

administered to mice caused both methemoglobinemia and Heinz 
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body formation in vivo.  Methemoglobin formation has not 

been universally observed, however. In one study, no metHb 

was found in the RBCs or the hemolytic plasma of rabbits, 

dogs, or cats exposed to ASH3 (Heubner, 1935) . 

Since AsHj is a strong reducing agent (Reckleben and 

Lockemann, 1908), the oxidation of hemoglobin (HbOj) to 

metHb must be indirect. Oxidation of HbOj by reducing 

agents is common (such as by nitrite, Bunn and Forget, 1986) 

and Equations 6 and 7 illustrate a possible mechanism. 

AsHj could reduce the O2 bound to the heme iron of HbOj by 

one electron which facilitates auto-oxidation of this iron. 

The final oxygen product is H2O2. 

AsHj + Hb(Fe2^)02 - Hb(Fe2")02- + As (oxidized) (6) 

Hb(Fe2^)02" - Hb(Fe^')022- - - Hb(Fe^^) + H,02 (7) 

AsHj may reduce unbound O2 to form superoxide anion, as 

well. The resulting arsenic species (As(oxidized)] in 

either case could be arsine dihydride, AS2H4, or another 

oxidized species such as ASH2OH or even As (the colloidal 

arsenic discussed above). 

The implications of this are twofold. In the first 
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case, although RBCs have an extensive antioxidant system, 

HbOj and the red cell membrane are vulnerable targets for 

reactive oxygen species such as H2O2 and O2". The result of 

oxidative attack on HbOz is oxidation of the heme iron, and 

alterations in the structure of the heme component of HbOj, 

the globin (protein), or heme-globin interactions. The 

resultant destabilization of the molecule induces 

precipitation of the protein (Heinz bodies) and release of 

hemin that lead to cell membrane disruption and RBC 

destruction. The red cell membrane could be directly 

damaged by reactive oxygen species through lipid 

peroxidation reactions (Babior, 1981). 

In the second case, putative products of AsHj 

oxidation, such as AS2H4, have been considered to be active 

hemolytic agents (Heubner and Wolff, 1936). 

Despite these divergent theories, direct experimental 

evidence is lacking and the mechanism of red cell damage has 

yet to be demonstrated. 

Hemoglobin 

As discussed above, hemoglobin may be involved in the 

toxicity of AsHj. As reviewed by Winterbourn (1990), 

hemoglobin is active in oxidation-reduction reactions. It 
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may participate in one-electron oxidations or reductions and 

may act as a source or sink of free radicals. Hemoglobin 

may also interact with xenobiotics, forming xenobiotic 

radicals and initiating reactions that generate other 

radicals or oxidant species. These reactions may lead to 

changes in the globin conformation, protein denaturation and 

protein precipitation. 

Hemoglobin products of such reactions include metHb, 

hemichrome, and ferrylHb. MetHb is the one electron 

oxidation product containing Fe^". Destabilized metHb may 

convert to hemichrome, which contains either the distal 

histidine residue of the globin or an exogenous ligand in 

the sixth coordination position of the heme. Hemichromes 

may be reversible or irreversible and may result in 

denaturation and precipitation of the protein. Hemichromes 

are the major constituents of Heinz bodies (Rachmilewitz et 

al., 1971). FerrylHb is an Fe(IV) complex formed from HbOs 

and H2O2; short-lived ferryl radicals are produced in the 

reaction of metHb with H2O2 and consist of an Fe(IV) species 

with the additional oxidizing equivalent localized on the 

globin portion of the molecule. The final product of Hb02-

H2O2 reactions may be metHb (if HbOa is in excess) or 

irreversibly oxidized hemoglobin leading to protein 
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denaturation and precipitation. Sulfhemoglobin is another 

species of interest. It is thought to be not a single 

molecular species but a mixture of green pigments caused by 

interaction of the heme group with endogenous or exogenous 

sulfur-containing compounds. It is irreversible but is not 

associated with further hemoglobin degradation or RBC damage 

(Bunn and Forget, 1986). 

Hemoglobin species may be identified 

spectrophotometrically. Table 1.1 contains a list of common 

hemoglobin species and their spectral characteristics. 

TABLE 1.1 

Spectral Characteristics of Hemoglobin Species 

Hemoglobin Species Spectral Characteristics 

HbOa Peaks: 412, 542, 577 nm 

deoxyHb Peaks: 429, 554 nm 

metHb Peaks: 406, 630 nm 

metHbCN Peaks: 419, 540 nm 

Sulfhemoglobin Peak: broad band 620 nm 

FerrylHb Peak: broad band 580-600 nm 

Hemichrome Peak: 406; decreased trough 
at 560 relative to 542, 577 
nm 

Denatured hemoglobin Increased absorbance above 
650 nm 
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MetHb, deoxyHb, and sulfhemoglobin are not associated 

with RBC damage. However/ ferrylHb, hemichrome and their 

eventual breakdown product, denatured protein (Heinz bodies) 

are associated with RBC damage and hemolysis. Chiu and 

Lubin (1989) have reviewed the deleterious effects on the 

RBC of both Heinz bodies and hemin, the heme moiety released 

from hemichrome at the time of protein precipitation. 

Effects of Heinz bodies include redistribution of membrane 

proteins and increased membrane rigidity while effects of 

hemin include oxidation of membrane protein sulfhydryl 

groups, dissociation of membrane skeletal proteins, and 

perturbation of membrane ion gradients. 
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STATEMENT OF THE PROBLEM 

Arsine is a highly toxic gas used in the 

microelectronics industry. Further, it can be generated 

accidentally from a variety of arsenic containing or 

contaminated substances such as paint, herbicides or 

materials in metals mining and manufacturing. Exposure to 

the gas may not be immediately recognized because it is 

colorless and nonirritating. Although AsHj is said to have 

a garlic-like odor, in most cases the victim did not report 

noticing such an odor. AsHj has many toxic effects on the 

body, but the most striking effect is a rapid, massive 

intravascular hemolysis. Current treatments for poisoning 

are primarily supportive and are aimed at maintaining kidney 

function. The studies presented in this dissertation were 

designed to test the hypothesis that reaction(s) of AsH-, 

with hemoglobin fHbOJ lead(s) to hemolysis bv a mechanism 

in which oxidized hemoglobin is an intermediate; reactive 

oxygen species are the hemolytic agents. Understanding the 

mechanism of toxicity of AsHj on the red blood cell should 

help in the design of better treatment strategies for 

exposed individuals. 
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Research objectives 

The overall objective of this research was to elucidate 

the mechanism of toxicity of AsHj on the red blood cell. In 

pursuit of this, three specific aims were established. 

1. Characterize an in vi tro system for studying AsHj-

induced hemolysis. 

2. Determine reactions of AsHj with hemoglobin and the 

importance of these reactions in AsHj-induced 

hemolysis. 

3. Measure the production of reactive oxygen species by 

AsHj in intact RBCs or in HbOj solutions and determine 

the effect of various antioxidant compounds and enzymes 

on AsHj-induced HbOs damage. 

Each specific aim is addressed in one of the following 

chapters: 

Chapter 2. A test system using isolated rat or dog red 

blood cells and AsHj trapped in aqueous solution was 

developed to allow quantitation of AsHj exposure and to 

study the toxicity of AsHj in vitro. The system was used to 

examine factors influencing ASH3 toxicity using hemolysis as 

the endpoint and to investigate theories of AsHj toxicity 

put forth in the literature. 
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Chapter 3. The involvement of HbOj in the mechanism of 

AsHj-induced hemolysis was studied using intact RBCs and 

purified hemoglobin species. In RBCs, the effect of 

changing the ligand state of hemoglobin was investigated by 

incubating RBCs under carbon monoxide, reduced or 

supplemented oxygen conditions, or ambient oxygen. The 

importance of the oxidation state of hemoglobin (in ambient 

oxygen) was examined using sodium nitrite to convert HbOz to 

metHb. Reactions between AsHj and HbOz, metHb, metHbCN, 

deoxyHb or deoxygenated metHb were studied 

spectrophotometrically in solutions of purified dog 

hemoglobin. 

Chapter 4. Since oxygen seems to be required for AsHj 

to exert its toxic effects, the role of reactive oxygen 

species was investigated. The formation of reactive oxygen 

species such as H2O2 was measured in solution, in RBCs and 

in HbOj solutions. Additionally, the ability of antioxidant 

compounds or enzymes to affect the AsHj-induced HbOz damage 

was examined. 

Chapter 5. Summary. A comprehensive summary of the 

results and significance is included. 
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CHAPTER 2 

AN IN VITRO MODEL FOR ARSINE TOXICITY USING ISOLATED RED 

BLOOD CELLS^ 

Previous studies have usually involved administration 

of AsHj gas through inhalation by animals in in vivo studies 

or by bubbling through red blood cell suspensions in in 

vitro studies. Because bubbling itself causes cellular 

disruption through mechanical means and does not allow for 

quantitation of cellular AsHj exposure, it was of interest 

to establish an experimental method for exposing cells that 

avoids direct application of the gas. This was facilitated 

by the fact that AsHj is slightly soluble in aqueous 

solution to 8.93 mM (Weast, 1974) which is high enough to 

cause hemolysis when solutions of AsHj are mixed with red 

blood cells. 

As discussed in Chapter 1, although the mechanism of 

AsHj toxicity is not clearly understood, many hypotheses 

'The material presented in this chapter was originally 
published as Hatlelid, K.M., Brailsford, C. and Carter, D.E. 
(1995). An In Vitro Model for Arsine Toxicity Using Isolated 
Red Blood Cells. Fvndam. Appl. Toxicol. 25, 302-306, and is 
included here with permission from Academic Press, Inc. 
Copyright © 1995 by the Society of Toxicology. 
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have been put forth in the last few decades. It has been 

postulated that AsHj exerts its toxic effects through 

oxidative stress, as evidenced by depletion of glutathione 

in AsHj-exposed cells (Pernis and Magistretti, 1960; Blair 

et al., 1990b). The purpose of the work presented here was 

to develop a reliable method to study AsHj toxicity in vitro 

and to investigate subsequently the mechanism of hemolysis. 
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MATERIALS AMD METHODS 

Chemicals and Instrximents 

Zinc arsenide, 99%, was obtained from Pfaltz and Bauer, 

Inc. (Waterbury, CT). Arsenic trioxide 1000 ppm atomic 

absorption standard was purchased from EM Science (Cherry 

Hill, New Jersey). Silver diethyldithiocarbamate, ACS 

Grade, was purchased from J.T. Baker Chemical Co. 

(Phillipsburg, NJ). 5,5'-dithiobis(2-nitroben2oic acid) was 

purchased from Sigma Chemical Co. (St. Louis, MO). All other 

reagents were AR grade and used without further 

purification. The incubator was a Lab-Line Orbit Environ-

Shaker Model 3527GM set at 37°C and 100 rpm (Lab-Line 

Instruments, Inc., Melrose Park, IL) and the 

spectrophotometer was a Beckman Model DU-7HS (Beckman 

Instruments, Inc., Fullerton, CA). 

Arsine Production 

AsHj was produced from zinc arsenide in the following 

reaction: 

Zn3As2 + 6 - 2 ASH3 + 3 Zn(II) (1) 
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and trapped in water or 10 mM phosphate buffered saline 

(PBS) at pH 7.4. One half ml of this solution was added to 

4.5 ml 0.55% silver diethyldithiocarbamate (AgDDC) in 

pyridine (final AgDDC concentration = 0.5%) and the 

absorbance was measured at 510 nm. The AsHj concentration 

in the buffer solution was calculated using a calibration 

curve generated by the quantitative reduction of specific 

amounts of arsenic trioxide to AsHj by sodiiam 

tetrahydroborate. The AsHj thus generated was carried with 

nitrogen directly into 5 ml 0.5% AgDDC and the eibsorbance 

measured at 510 nm. In order to use the calibration curve 

for direct calculation of AsHa concentration in buffer, the 

quantity of AsHj produced from arsenic trioxide reduction 

was converted to the equivalent concentration of AsHj that 

would be found in 0.5 ml solution added to 4.5 ml 0.55% 

AgDDC. 

Caution: Arsine is a toxic gas and appropriate 

precautions should be taken.  Experiments should be 

conducted in an approved fume hood. A saturated potassium 

permanganate solut ion trap,  in- l ine after the aqueous trap,  

should be used to oxidize excess AsH^ before i t  escapes into 

the air .  Potassium permanganate solut ion should also be on 

hand in the event of  loss of  containment of  the AsH^-
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generating mixtures or the AsHj-saturated aqueous solut ions.  

Whole Blood Collection and Red Blood Cell Isolation 

Bl^ood was drawn from the vena cava of adult male, 

Sprague-Dawley rats (200-250 g, obtained from Sasco, Inc., 

Omaha, NE) immediately following termination by carbon 

dioxide inhalation or after anaesthesia by intraperitoneal 

pentobarbital administration. Venous blood was also drawn 

from adult, female greyhound dogs. Heparin was used as the 

anticoagulant. Isolated red blood cells were prepared by 

centrifugation at 800 x g for 10 minutes. The plasma and 

buffy coat were removed and the cells washed twice with PBS. 

Aliquots of the standardized AsHj solutions were added 

directly to isolated RBCs to achieve 50%, v/v, mixtures of 

RBCs or whole blood to achieve approximately 37.5%, v/v, 

mixtures of cells. 

Arsenic Uptake 

The amount of arsenic in, or associated with, red blood 

cells was determined after incubation with AsHj for five 

minutes. The RBC suspensions were centrifuged at 800 x g 

and the supernatant removed as the first wash. The cells 

were washed a second time. The packed cells and both washes 



40 

along with standards were analyzed for arsenic by X-ray 

fluorescence at 34 keV x-ray tube voltage and 0.02 mA tube 

current for 100 seconds using energy dispersive x-ray 

fluorescence spectroscopy equipped with a rhodiiam filter 

(Tracor Model 5000 x-ray fluorescence spectrometer). 

Arsenic Distribution 

The distribution of arsenic between the membrane of the 

cells and the soluble fraction was determined following 

incubation of rat RBCs with AsHj for ten minutes. The 

samples were centrifuged at 800 x g and the supernatants 

removed. The remaining packed RBCs were lysed in 20 mOsM 

PBS (Dodge at al., 1963) and the membranes were isolated 

from the cytosol by centrifugation at 16,000 x g for 30 

minutes and washed twice. The resulting fractions were 

analyzed for total arsenic following hydride generation by 

sodium tetrahydroborate with quantification of the resultant 

AsHa using the reaction with AgDDC in pyridine as described 

above. 

Hemolysis Determination 

Hemolysis was measured as hemoglobin leakage and was 

determined following centrifugation of the RBC or whole 
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blood samples at 8,700 x g and measurement of the hemoglobin 

released into the extracellular fluid. Hemolysis was 

calculated as the percent hemoglobin leaked with respect to 

total hemoglobin in non-centrifuged samples. Hemoglobin 

concentrations were determined by the method of Drabkin (Kit 

# 525-2, Sigma Chemical Co., St. Louis, MO). 

Sulfhydryl determination 

Non-protein sulfhydryl concentrations were determined 

by spectrophotometric measurement of 5,5'-dithiobis (2-

nitrobenzoic acid) reduction using the method of Beutler et 

ai. (1963). 
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Use of AsHj in aqueous solution 

The calibration curve (Fig. 2.1) used for determination 

of AsHj concentration in solution was prepared by 

quantitative reduction of specific amounts of arsenic 

trioxide with sodium tetrahydroborate. Aliquots of the 

standardized AsHj-containing buffer solutions were added to 

RBCs to achieve 50% v/v RBC suspensions. Final AsHj 

concentrations in RBC suspensions or in aqueous solutions 

were in the range of 0.3 to 0.5 iiiM. 

The stability of AsHj in solution was investigated in 

order to validate the use of AsHj containing solutions in 

the in vitro toxicological studies. Although AsHj is 

considered to be the hydride of arsenic it does not act like 

a hydride in aqueous solution, i.e., it does not rapidly 

decompose, even in mild acid solution. Fig. 2.2 shows that 

approximately 50% of the initial 0.23 rr.M AsHj concentration 

was measured in solution after five hours at room 

temperature in water, in 1 mM glutathione (GSH) or in 

hydrochloric acid at pH 4 (0.1 mM) . AsHj was rapidly lost 

from solution at pH 2 (10 mM) indicating reactivity in the 

presence of the more concentrated acid. AsHj is as stable 
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in alkaline solution, up to pH 9, as in neutral solutions 

(data not shown) . It was found that AsHj stability in 

solution also depends on head space volume of the sample 

vessel (data not shown) which may indicate that ASH3 may be 

lost from solution by equilibration between the solution and 

gas phase as well as by reacting in solution with acid. 

Distribution of AsHj in RBC mixtures 

In vitro,  AsHj appears to be taken up rapidly by dog 

RBCs or at least strongly associated with them within five 

minutes. Approximately 74% of the total arsenic was found 

in the cell fraction after two washes with buffer (Table 

2.1) . Incubation of rat RBCs with AsHj for ten minutes gave 

similar results with 82% of the total arsenic found 

associated with the cells (Table 2.2). This table also 

shows the distribution of arsenic between the insoluble 

membrane fraction and the soliible cytosolic fraction of the 

cells. Greater than 55% of the cellular arsenic was found 

in the precipitated membrane fraction, accounting for 45% of 

the total arsenic added to the cell suspensions. The 

balance of the cellular arsenic was found in the soluble 

cytosolic fraction. Since the chemical species of the 

arsenic was not determined in either study, the measured 
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arsenic could be in a form other than AsHj. 

Characterization of AsHa-induced hemolysis 

Table 2.3, Fig. 2.3 and Fig. 2.4 show that the extent 

of hemolysis measured in vitro depended on several factors 

i n c l u d i n g  u s e  o f  w h o l e  b l o o d  o r  i s o l a t e d  R B C s  ( T a b l e  2 . 3 ) ,  

the length of inciibation, temperature and animal species 

(Fig. 2.3) and the concentration of AsHj (Fig. 2.4) . 

Hemolysis in whole blood samples was greater than in 

isolated red blood samples (Table 2.3), although the extent 

of damage was more variable in whole blood. Therefore, 

isolated RBCs were used for all experiments. Isolated RBCs 

incubated with 0.4 mM AsHj showed increasing hemolysis with 

time characterized by a lag phase of approximately 30 

minutes followed by a rapid increase in hemolysis over one 

hour (Fig. 2.3). Under the conditions of these experiments, 

maximum hemolysis was achieved within two hours except for 

dog RBCs at 22''C which showed a longer lag period of 

approximately one hour. An increase in temperature from 

22''C to 37°C resulted in increased levels of hemolysis in 

both rat and dog RBC samples. The rat cells proved to be 

more sensitive to the increase in temperature than dog 

cells; the rat showed an increase in hemolysis from 30% at 
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room temperature to 90% at 37'C while dog RBC hemolysis 

increased from 20% at 22''C to 36% at 37°C. Thus, using 

hemolysis as the endpoint for toxicity, rat RBCs showed 

significantly more cell damage than dog RBCs at 37°c whereas 

the difference between the dog and rat cells at 22"C was 

much less pronounced. Although the lag phase was shorter in 

duration for the rat than for the dog, the total amount of 

hemolysis measured at two hours at 22"C differed only 

slightly. 

The AsHj concentration dependence of hemolysis was 

measured after inciibation of rat RBCs for two hours at room 

temperature. As the concentration of AsHj was increased, 

the percent of lysed, i.e. leaky, cells increased in a near 

linear fashion (Fig. 2.4). This demonstrates that AsHj-

induced hemolysis follows the principle of concentration 

dependence in this In vitro system. 

Effect of AsHj on cellular non-protein thiols 

Our tests of the hypotheses proposed for AsHj-induced 

hemolysis started with an investigation of the role of 

cellular non-protein sulfhydryl compounds, which in the red 

blood cell consist predominantly of glutathione (Beutler, 

1984) . Sulfhydryls are known to be involved in protection 
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against oxidative stress and the depletion of free 

sulfhydryl groups has been postulated to be necessary for 

hemolysis. In this test system, incxibation with AsHj for 

five hours did not cause significant sulfhydryl depletion in 

rat RBCs (Table 2.4) . While dog RBC sulfhydryl levels were 

not significantly different in AsHj-treated and control 

samples at five hours, there was a significant decrease 

after three and four hours incubation. However, hemolysis 

in these samples reached maximum levels by about 2 hours 

indicating that the loss of non-protein sulfhydryls that 

occurs at later time points may not be involved in the toxic 

pathway. Oxidative reactions have not been ruled out as 

important for toxicity since the effects of AsHj on only 

non-protein sulfhydryls have been considered while the 

involvement of protein sulfhydryls contained in hemoglobin 

or the RBC membrane have not yet been determined. 
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FIG. 2.1. Calibration curve for determination of arsine 
content of buffer solutions. The procedures used are as 
outlined in METHODS. Each point represents the mean ± SD, 
n=5. The equation of the line is given by: mM = 1.06(A5io) 
0.06, R2 = 0.9928. 
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FIG. 2.2. Measurement of arsine remaining in various 
solutions over time as percent of initial concentration. 
Circles, HjO; inverse triangles, 1 mM GSH; squares, HCl pH 
4; diamonds, HCl pH 2. Each point represents mean ± SD, 
n=3. Total sample volume was 1.4 ml in closed 1.7 ml sample 
vessels. Initial AsHj concentration was 0.23 mM. 
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TABLE 2.1 

Arsenic Recovered from AsHa-Treated Dog Red Blood Cells 
After Five Minutes Incubation 

1 Sample Percent Arsenic recovered' 

First Wash 13.9 ± 3.12 

Second Wash 12.2 ± 0.9 

L Red Blood Cells 73.9 ± 4.1 

Note.  Dog RBCs were incubated with 0.56 mM AsHj for five 
minutes, centrifuged at 800 x g and the supernatant removed 
as First Wash. The packed RBCs were washed a second time 
with PBS. The arsenic contents of the samples were 
determined by x-ray fluorescence as described in METHODS. 
®The data are expressed as mean ± SD, n=3 blood samples. 
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TABLE 2.2 

Arsenic Distribution in AsHj-Treated Rat Red Blood Cells 
After Ten Minutes Incubation 

Sample Percent Arsenic 
Recovered^ 

Percent of 
Cellular Arsenic® 

Red Blood Cells 82.3 ± 11.4 100 

Cytosol 37.3 ± 14.3 44.5 ± 11.9 

Membrane Associated 44.8 ± 6.5 55.6 ± 11.8 

Note.  Rat RBCs were incubated with 0.49 iriM AsHj for ten 
minutes, centrifuged at 800 x g and the supernatant removed. 
The remaining packed RBCs were lysed in 20 mOsM PBS and the 
membranes isolated from the cytosol by centrifugation at 
16,000 X g for 30 minutes and washed twice. The resulting 
fractions were analyzed for arsenic by hydride generation 
with AgDDC detection as described in METHODS. 
^The results are expressed as mean ± SD for two inciabations 
from each of three blood samples for a total of six samples. 
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TABLE 2.3 

Arsine-Induced Hemolysis in Rat Whole Blood and Isolated 
RBCs 

Time of 
Incubation(min.) 

Percent Hemolysis" Time of 
Incubation(min.) Whole Blood Isolated RBCs 

0 0 0 

30 12.2 ± 4.4 3.8 ± 3.9 

60 43.1 ± 22.6 12.6 ± 7.0 

120 56.5 ± 21.2 30.1 ± 5.5 

Note.  Rat whole blood or isolated RBCs was incubated with 
0.4 mM AsHa at room temperature. 
®The data are expressed as mean ± SD, n^3 blood samples. 
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FIG. 2.3. Effect of time, temperature, and animal species 
on arsine-induced hemolysis. AsHj concentration was 0.45 mM 
in RBC suspensions. Open circles, rat RBCs, 37°C; open 
inverse triangles, dog RBCs, 37°C; closed circles, rat RBCS, 
22°C; closed inverse triangles, dog RBCs, 22°C The data are 
expressed as mean ± SD, n^3. 
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FIG. 2.4. Dependence of hemolysis on concentration of 
arsine. Rat RBCs were incubated with AsHj from 0.12 to 0.59 
mM for two hours. Each point represents mean ± SD of 
hemolysis measurements of n=3 samples from a single animal. 
The three different symbols (squares, circles, and 
triangles) represent RBC samples obtained from three 
individual animals. R^=0.92. 
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TABLE 2.4 

Effect of Arsine on Non-protein Sulfhydryl Levels in Red 
Blood Cells from the Rat and the Dog 

Time 
(Hours) 

Non-Protein Sulfhydryl Levels"''' 
Time 

(Hours) Rat Dog 
Time 

(Hours) 

Control Arsine Control Arsine 

0 8.2 ± 0.4 8.6 ± 0.4 8.6 ± 0.5 7.9 ± 0.6 

1 8.8 ± 0.1 9.6 ± 1.4 8.6 ± 0.9 8.0 ± 0.7 

2 8.5 ± 0.8 9.3 ± 2.8 8.7 ± 1.7 7.7 ± 0.5 

3 9.0 ± 0.3 9.7 ± 2.2 8.5 ± 0.7 6.9 ± 0.7= 

4 8.5 ± 0.6 9.2 ± 1.2 0
 

0
 

+1 • 

C
O

 

6.1 ± 0.6= 

5 9.1 ± 2.1 9.6 ± 1.6 8.1 ± 0.9 6.8 ± 1.0 

Note.  The dog ElBC samples were incubated at 31°C with 0.5 
mM ASH3, while the rat RBCs were incubated at room 
temperature with 0.33 mM AsHj. In both cases, maximum 
hemolysis was observed by about two hours. 
®The results are expressed as paol sulfhydryl/g hemoglobin. 
"Each value represents mean ± SD of n2 3 independent 
measurements of non-protein sulfhydryls. 
''Significantly different from control by student's t-test, 
p<0.05. 
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Investigation of the solubility and stability of AsHj 

in water has led to the development of a reliable method to 

control the concentration of AsHj in in vitro RBC test 

systems while avoiding the cellular disruption that may 

result from passing a gas through cell suspensions. This 

test system will provide a model for the investigation of 

the mechanism of AsHj-induced hemolysis using isolated red 

blood cells rather than whole animals. Although the toxic 

effects of AsHj in vivo are many and varied, the most 

striking effect is acute, rapid, and extensive hemolysis 

(Fowler and Weissberg, 1974) . The effects of this hemolysis 

are probably responsible for morbidity and mortality 

associated with AsHj exposure. Therefore, these studies 

were limited to the tissue most severely affected after 

acute AsHj exposure, the red blood cell. 

In this in  vi tro system, AsHj is rapidly taken up into, 

or strongly associated with, RBCs with greater than half of 

the arsenic found associated with the cell membrane. The 

significance of this is not yet known. Toxicologically, 

these results show that the extent of AsHj-induced hemolysis 

depends on AsHj concentration, time and temperature of 
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incubation, and animal species. Thus, it appears that the 

toxic effects of AsHj on the red blood cell in vitro adhere 

to established toxicological principles. 

A mechanism of AsHj-induced toxicity proposed in the 

literature is through oxidative stress involving important 

sulfhydryl-containing compounds such as glutathione (Pernis 

and Magistretti, 1960; Blair et al., 1990b). Pernis and 

Magistretti reported that hemolysis occurred in human RBCs 

exposed to 0.1 to 0.5 mM AsHj only after a 40 minute lag 

period characterized by a 60% depletion of GSH. Blair et 

al. also found that AsHj-exposed murine RBCs (bubbled with 

purified air containing 963 ppm AsHj) showed a 60% GSH 

depletion. However, in this case, the GSH depletion was not 

observed until after 4 hours exposure to the gas. Since 

Blair et al. did not report the extent of hemolysis in the 

GSH depleted cells, the cause and effect relationship 

between GSH depletion and hemolysis cannot definitively be 

established. In our hands, GSH depletion in dog RBCs 

neither preceded nor coincided with hemolysis. A lag phase 

before hemolysis did occur in our (jxperiments, but the GSH 

(measured as non-protein sulfhydryls) was not depleted 

during that time. This indicates that toxicity occurs 

without prior oxidation of glutathione as previously 
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thought. 

The reason for the discrepancy between our work and 

that published by Pernis and Magistretti is not clear at 

this time. It may be due to the use of different species* 

RBCs or to differences in methodology. It is possible that 

the exceptionally high concentration of AsHj used by Blair 

et al. caused decreases in GSH levels not related to the 

mechanism of AsHj toxicity but related to the presence of 

excess ASH3 which may participate in reactions not favored 

under conditions of lower, environmentally relevant AsHj 

exposures. Our results with GSH content do not rule out the 

possibility that oxidative stress plays a role in AsHj-

induced hemolysis since the effects of AsHj due to protein 

sulfhydryl reactions, such as in hemoglobin or the cell 

membrane, or through generation of active oxygen species 

have not yet been explored in detail. 

Levinsky et a l . ,  1970, suggested that AsHj reacts with 

essential sulfhydryl groups of the membrane Na",K^-ATPase 

causing inhibition of the transporter and resulting in cell 

swelling and lysis. This is a valid hypothesis until one 

considers that normal dog RBCs do not contain this 

particular transporter (Chan et al., 1964) yet they undergo 

lysis when treated with AsHj. Since rat RBCs do contain the 
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ATPase (as do human RBCs) and are more sensitive to the 

effects of AsHa than are dog RBCs at 37°C (the temperature 

favorable for enzyme activity), it is possible that 

inhibition of the transporter is at least partially 

responsible for the rat RBC damage. The increased hemolysis 

at 37"C in both species could also be due to an endothermic 

chemical reaction which precedes RBC lysis. 
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REACTIONS OF ARSINE WITH HEMOGLOBIN^ 

Involvement of hemoglobin has long been recognized in 

studies of AsHj toxicity. As discussed in Chapter 1, 

Meissner (1913) described precipitation of the protein and 

recorded a spectrum reported to be like that of 

sulfhemoglobin and methemoglobinemia and Heinz body 

formation have been detected in vivo (Blair et ai., 1990b). 

The purpose of the work presented here was to investigate 

the mechanism of hemolysis by studying AsHj toxicity in  

vitro with particular attention to AsHj-hemoglobin 

reactions. 

'The material presented in this chapter was originally 
published as Hatlelid, K.M., Brailsford, C., and Carter, D.E. 
(1996). Reactions of Arsine with Hemoglobin. J.  Toxicol .  

Environ. Health. 47, 145-157, and is included here with 
pennission. Copyright © 1996 Taylor & Francis. 
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MATERIALS AND METHODS 

Chemicals and Instruments 

Zinc arsenide, 99%, was obtained from Pfaltz and Bauer, 

Inc. (Waterbury, CT). Silver diethyldithiocarbamate, ACS 

Grade, was purchased from J.T. Baker Chemical Co. 

(Phillipsburg, NJ). Dog hemoglobin was purchased from Sigma 

Chemical Co. (St. Louis, MO). Carbon monoxide, oxygen, air, 

and argon were medical grade or better and were obtained 

from the University of Arizona Stores. All other reagents 

were AR grade and used without further purification. The 

spectrophotometer was a Beckman Model DU-7HS (Beckman 

Instruments, Inc., Fullerton, CA) . The incxibator was a Lab-

Line Orbit Environ-Shaker Model 3527GM set at 37°C and 100 

rpm (Lab-Line Instruments, Inc., Melrose Park, IL). 

Arsine Production 

Arsine was produced, trapped in aqueous solution and 

quantitated as described in Chapter 2. 

Red Blood Cell Isolation 

Red blood cells were isolated from blood was obtained 

from rats or dogs as described in Chapter 2. Although data 



using both rat and dog RBCs are described here, we have 

shown that RBCs from these species respond comparably to 

ASH3 treatment except for the increased sensitivity of rat 

RBCs incubated at 37°C vs. room temperature (see Chapter 2 

or Hatlelid et al., 1995). Likewise, we foxind that purified 

hemoglobin from the rat and the dog react similarly. 

Therefore, only purified dog hemoglobin data are presented 

here. 

Hemolysis Determination 

Hemolysis was measured as hemoglobin leakage as 

described in Chapter 2. Hemoglobin concentrations were 

determined by the method of Drabkin (Kit # 525-2, Sigma 

Chemical Co., St. Louis, MO). 

Atmosphere 

Aliquots of isolated dog RBCs were placed in vessels 

fitted with gas inlets/outlets and rubber septa. Argon, 

air, oxygen and carbon monoxide were passed over the RBCs at 

a flow rate of 500 ml/minute for each gas for 15 minutes. 

The vessels were sealed and the preparations incubated an 

additional 15 minutes. Aliquots of AsHj-containing buffer 

solutions were added to each sample through the rubber 
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septa. Samples were removed through the septa periodically 

for hemolysis determination. All samples were incubated in 

an orbital shaker at 37°C. 

Preparation of Hemoglobin solutions 

Reduced and oxygenated hemoglobin (HbOz) was prepared 

from dog metHb (Sigma Chem. Co.) by either of two methods: 

the method of Kajita et al.{1910), which uses NADH for the 

reducing equivalents with phenazine methosulfate as the 

catalyst, or by careful reduction with sodium dithionite 

followed by dialysis (Spectra/Por 7 Membrane, 8,000 MW cut

off, Spectrum, Houston, TX) for 12 hours against several 

changes of PBS to remove reaction by-products and excess 

reagent. DeoxyHb was produced by titration with sodium 

dithionite in anaerobic conditions. MetHb was produced in 

intact rat RBCs by the addition of sodium nitrite in PBS to 

the cell suspensions. Hemichrome controls were prepared by 

r e a c t i o n  o f  s a l i c y l a t e  w i t h  m e t H b  ( R a c h m i l e w i t z  e t  a l , ,  

1971). 

Data presentation 

All spectra shown are representative of at least three 

spectra recorded for each experiment. All other data are 
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presented as the mean and standard deviation calculated from 

nk3 independent measurements. Statistical significance was 

determined using Student's t-test. 
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RESULTS 

Effect of atmosphere on AsHs-induced hemolysis 

The extent of AsHa-induced hemolysis depended on the 

composition of the gases in contact with the RBCs. 

Preincubation of dog RBC suspensions with carbon monoxide 

prior to addition of AsHj (0.85 mM initial concentration) 

resulted in nearly complete inhibition of hemolysis (Fig. 

3.1). After four hours, hemolysis in CO treated samples was 

less than 4% compared to 65% in incubations under air. 

Oxygen incubations also resulted in decreased levels of 

hemolysis compared to air incxibations with approximately 30% 

hemolysis at four hours. Reducing the O2 tension in the 

RBCs with argon resulted in decreased hemolysis (53%) 

compared to air as well. Since oxygen has been shown to be 
/ 

required for hemolysis (Labes, 1937), the displacement of 

oxygen by argon should have resulted in significant 

inhibition of hemolysis. The unremarkable decrease in 

hemolysis by argon incubation presented here may be due to 

the sample preparation methodology; i.e., the 15 minute gas 

exchange period followed by the 15 minute equilibration 

period did not efficiently deoxygenate the RBC suspensions. 

Thus, spectrophotometry of diluted, lysed cells after 



65 

exposure to argon indicated the presence of both deoxyHb and 

HbOz with peaks at 542 and 577 nm and a shallow trough at 

560 nm. The composition of the mixture was determined to be 

approximately 76% deoxyHb based on calculation using the 

estimated extinction coefficients of both hemoglobin species 

at 546 and 576 nm and solving the simultaneous equations 

(Winterbourn, 1990 and Zulstra and Buursma, 1987). 

Effect of metHb on AsHj-induced hemolysis 

The possibility that AsHa-induced hemolysis is 

dependent on the presence of HbOz was examined further by 

pretreating rat RBCs with sodium nitrite. This treatment 

has the effect of removing HbOz by oxidizing it to metHb 

while allowing ambient oxygenation of the cell suspensions. 

Two concentrations of sodium nitrite were used to achieve 

metHb concentrations of 34% and 85% prior to the addition of 

AsHj. Fig. 3.2a shows metHb levels, as percent of total 

pigment, at the start of incubation with 0.35 mM AsHj and at 

3 1/2 hours incubation. Fig. 3.2b shows AsHj-induced 

hemolysis in these samples. Hemolysis measurements 

indicated that an initial metHb content of 85% of total 

pigment resulted in a 56% decrease in AsHa-induced hemolysis 

compared to the non-nitrite treated samples after four hours 
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inciibation; 34% metHb resulted in a 16% decrease in 

hemolysis. 

In this in  vi tro system, rat RBCs treated with AsHa 

alone resulted in an increase in metHb concentration to 44% 

of total pigment after 3 1/2 hours. Incubation of nitrite-

treated RBCs with AsHj resulted in increases in metHb levels 

to 60% and 92% from the initial levels of 34% and 85%, 

respectively. Thus, in these samples, the action of AsHj 

caused net oxidations of hemoglobin of 26% and 7%, 

respectively. Taken together, the data in Figs. 3.2a and 

3.2b show that there were net decreases in the AsHj-induced 

oxidation of HbOj to metHb that corresponded to decreased 

hemolysis. This shows that a reaction with HbOz in which 

one of the products is metHb may be required for AsHj-

induced cell damage. 

Spectrophotometrie studies of the reactions of purified 

hemoglobin species with AsHs 

The apparent dependence on HbOj for AsHj-induced 

hemolysis was investigated by studying the reaction of AsHj 

with purified dog hemoglobin. Fig. 3.3a shows that the 

addition of AsHj to HbOj resulted initially in the rapid 

loss of HbOj, characterized by decreased absorbance at 540 



and 576 nm, and increased absorbance below 530 nm and above 

580 nm. The increased absorbance above 650 nm that occurs 

over time indicates protein precipitation. The formation of 

metHb is suggested by the increase in absorbance between 600 

and 650 nm, and hemichrome formation is suggested by the 

relative decrease in depth of the trough at 560 nm. The 

reversibility of the reaction was investigated by adding 

K3Fe(CN)6 followed by KCN. This resulted in the spectrum of 

metHbCN with a single peak at 540 nm but with a very high 

background absorbance due to precipitated hemoglobin (data 

not shown). Removal of the precipitated protein by 

centrifugation of the samples at 16,000 x g for 30 seconds 

prior to spectrophotometry resulted in a spectrum identical 

to control metHbCN. 

The identities of hemoglobin products of the reaction 

of HbOj with AsHj were investigated by observing changes in 

the Soret region of the spectriom of HbOj (Fig. 3.3b) . The 

numbered traces in this figure show the progression of the 

AsHj-induced changes with time which include shifts in the 

position of the peak and changes in the intensity of the 

peak. By 20 minutes after addition of AsHa, the position of 

the peak shifted to the shorter wavelengths which most 

likely indicates metHb and/or hemichrome formation which 



68 

both have a wavelength maximum at 406 nm. Hemichrome can be 

identified by its lower intensity at this wavelength with 

respect to that of metHb. 

The visible spectrum of pure metHb immediately after 

addition of AsHj (Fig. 3.4a) showed the rapid loss of metHb. 

The spontaneous reappearance of metHb was evident within a 

few minutes. The initial change in the spectrum was not 

characteristic of a single form of hemoglobin but contained 

features of both metHbCN, with increased absorbance between 

450 and 500 nm and an in increase at 540 nm, and of 

hemichrome, with a broad region of increased absorbance 

between 540 and 575 nm and a decreased absorbance between 

600 and 650 nm. The presence of hemichrome was investigated 

by adding a few crystals of sodiiam dithionite to the samples 

to reduce any hemichrome to hemochrome which has a large 

peak at 558 nm and a smaller peak at 530 nm (Winterbourn, 

1990). The results indicated that the major product of this 

treatment was deoxyHb as evidenced by a single, broad peak 

at 554 nm (data not shown) . As with HbOa, the AsHj-induced 

changes were readily reversed upon the addition of KCN. The 

reaction appeared to be rapidly and spontaneously 

reversible. The similarities to known metHb forms were also 

examined through use of spectra in the Soret region. Fig. 
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3.4b shows that the addition of AsHj to metHb caused a rapid 

decrease in intensity of the Soret band (406 nm) without a 

shift in wavelength, followed by a gradual return toward the 

original metHb spectrum. Since the Soret spectriam of 

metHbCN is characterized by a peak at 419 nm, an analogous 

species may not be formed by AsHj. Conversely, hemichrome 

formation involves a decrease in intensity of the Soret peak 

similar to that observed on treatment with AsHj. Thus, these 

results indicate that the reaction of AsHj with metHb is not 

similar to the heme-ligand interaction in metHbCN but 

suggest that it may involve the formation of a species 

analogous to a reversible hemichrome. 

Initially, the spectrum of metHb with ASH3 in the 

absence of oxygen was similar to metHbCN (Fig. 3.5). 

Exhibiting a distinct peak at 540 nm and loss of absorbance 

at 630 nm, this spectrum appeared to correspond much better 

to that of metHbCN than to that obtained by the reaction in 

the presence of oxygen (Fig. 3.4a). There was little 

evidence of hemichrome in these spectra. The spectrum 

gradually changed over 10 minutes, resulting in a spectrum 

similar to deoxyHb, which has a single peak at 554 nm. The 

Soret spectra of this reaction confirmed that metHb was 

lost, as evidenced by the loss in intensity at 406 (similar 
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to the reaction of AsHj with metHb in the presence of 

oxygen. Fig. 3.4b) while deoxyHb, with a peak at 429 nm, was 

formed (data not shown). No further reaction was evident in 

either the visible or Soret spectra after the deoxyHb was 

formed. Additionally, spectrophotometry of purified deoxyHb 

treated with AsHj showed that no reaction or interaction of 

AsHj with this reduced and deoxygenated form of hemoglobin 

occurred at all since all visible and Soret spectra of this 

reaction mixture recorded up to 30 minutes corresponded 

exactly with control deoxyHb (data not shown). 
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Carbon Monoxide 

Time (Hours) 

Fig. 3.1. Effect of atmosphere on arsine-induced hemolysis. 
Dog RBC suspensions, 50% v/v, were preincubated with argon, 
air, oxygen or carbon monoxide as described in Methods. 
Initial AsHj concentrations were 0.85 mM. Each point 
represents the mean and SD for n=3 measurements. 
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Fig. 3.2a. Effect of metHb concentration on arsine-
dependent hemoglobin oxidation. Treatment of rat RBCs with 
either 1.6 mM or 5.8 mM sodium nitrite prior to addition of 
AsHj resulted in initial metHb contents of 34% (denoted 
metHbl) and 85% {metHb2) . Initial AsHj was 0.35 mM. Each 
bar represents the mean and SD for n=ll for HbOz samples, 
n=6 for metHbl and n=5 for metHb2. AsHj caused a 
significant increase in metHb content after 3.5 hours 
incubation in all cases {p^O.008 by Student's t-test) while 
metHb levels did not significantly change in non-AsHj 
treated samples during the 3.5 hour incubations. 
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Fig. 3.2b. Effect of laetHb concentration on arsine-induced 
hemolysis. Treatment of rat RBCs with either 1.6 mM or 5.8 
mM sodium nitrite prior to addition of AsHj resulted in 
initial metHb contents of 34% (denoted metHbl) and 85% 
{metHb2). Initial AsHj was 0.35 mM. Each point represents 
the mean and SD for n=ll for HbOj samples, n=6 for metHbl 
and n=5 for metHb2. Each point of each curve is 
significantly different from the other two at p^0.03 as 
determined by Student's t-test. 
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Fig. 3.3a and b. (Following page). Interaction of arsine 
with dog HbOj. a. ASH3 was 0.13 mM and HbOz was 0.040 mM as 
heme. Control HbOz is Spectrum 1. Spectra of AsHj treated 
hemoglobin were recorded immediately and 30 minutes after 
mixing {Spectra 2 and 3, respectively). b. Soret region 
measurements were conducted with 0.033 mM AsHj and 0.010 mM 
HbOz. Spectra were recorded for control HbOj/ HbOz 
immediately after addition of AsHj, and 20 minutes after 
mixing {Spectra 1-3, respectively). 
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Fig. 3.4a and b. (Following page) Interaction of arsine 
with dog metHb. a. The AsHj concentration was 0.14 itiM and 
the metHb was 0.040 mM as heme. Spectra were recorded for 
control metHb, metHb immediately following addition of AsHj, 
and 10 minutes after mixing (Spectra 1-3, respectively). b. 
Measurements in the Soret region were conducted with an AsHj 
concentration of 0.035 mM and a metHb concentration of 0.010 
mM as heme. Spectra were recorded for control metHb, metHb 
immediately after addition of AsHj, and 2 and 20 minutes 
after mixing [Spectra 1-4, respectively). 
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Fig. 3.5. Interaction of arsine with dog metHb in an oxygen 
free atmosphere. The initial AsHj concentration was 0.3 mM 
and the metHb concentration was 0.070 as heme. Spectra 
were recorded for control metHb, and metHb immediately after 
addition of AsHj and 10 minutes after mixing [Spectra 1-3,  
respectively). 
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DISCUSSION 

Although AsHj toxicity involves a variety of tissues 

within the body, the rapid and extensive lysis of red blood 

cells is the most striking effect. Since RBCs contain a 

large amount of the transport protein, hemoglobin, the 

possibility that hemoglobin is involved in the toxic action 

of AsHj was explored by altering the hemoglobin within 

isolated RBCs. 

The results indicate that the ligand state, extent of 

oxygen saturation of hemoglobin, and the oxidation state of 

the heme iron influences the extent of AsHj-induced 

hemolysis. The data show that CO and high O2 tension, which 

block the heme-ligand binding site, eliminate or reduce 

hemolysis, respectively. Reducing the oxygen content of the 

cell suspensions by flushing with argon also reduced 

hemolysis compared to incubations under air. This supports 

the findings by Labes (1937) that oxygen is required for the 

action of AsHj but also conflicts with our finding that a 

high oxygen tension inhibits the hemolytic reaction. A 

possible explanation for this is that the excess oxygen 

participates in a side reaction with AsHj forming a non

hemolytic arsenic species and, in effect, removing the AsHj 
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from the system. Further, the importance of HbOj was 

demonstrated by the conversion of HbOj to metHb with sodium 

nitrite prior to the addition of AsHj. This treatment 

resulted in decreased hemolysis compared to control cells 

containing normal levels of HbOz. The results of these 

experiments indicate that oxygen, hemoglobin containing the 

reduced iron, and access to the heme-ligand binding site 

are required for AsHj-induced hemoglobin destruction and 

hemolysis. 

Solutions of purified hemoglobin were used to examine 

AsHj-hemoglobin reactions in greater detail. In these 

solutions, AsHj very rapidly caused the oxidation of HbOj to 

metHb and the formation of a hemichrome which was followed 

by protein degradation and precipitation of the protein. 

Treatment of these samples with KjFe (CN) g and KCN resulted 

in spectra similar to metHbCN. This indicates that the 

hemoglobin that is not precipitated is reversibly altered by 

the reaction with AsHj. This also indicates that 

sulfhemoglobin is not a product of the reaction between AsHj 

and hemoglobin, as reported previously (Meissner, 1913), 

because sulfhemoglobin formation is not reversible in  vivo 

or in vitro and its spectrum is characterized by a broad 

band at 620 nm that is not altered by the addition of 
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cyanide. Additionally, sulfhemoglobin has not been 

associated with hemolysis (Bunn and Forget, 1986). 

Whatever the cause, the degradation of hemoglobin may 

lead to hemolysis. As discussed in Chapter 1, Chiu and 

Lubin (1989) have reviewed the deleterious effects on the 

RBC of Heinz bodies and hemin. Effects of Heinz bodies 

include redistribution of membrane proteins and increased 

membrane rigidity while effects of hemin include oxidation 

of membrane protein sulfhydryl groups, dissociation of 

membrane skeletal proteins, and perturbation of membrane ion 

gradients. AsHs-induced hemolysis may be due to such 

effects of Heinz bodies and hemin on the structural 

integrity and function of RBC membranes. 

AsHj also appears to react with metHb (summarized in 

Fig. 3.6, Scheme a). Under anaerobic conditions a two-step 

reaction is evident and may be described as an initial 

binding of AsHj to metHb that is unlike the binding of 

cyanide anion to metHb followed by a reduction of the 

Fe(III) to Fe(II) by AsHj. Under ambient oxygen conditions, 

the reaction of AsHj with metHb appears to involve changes 

in the ligand state of the hemoglobin somewhat analogous to 

the binding of cyanide as in metHbCN but more closely 

analogous to a hemichrome. This reaction is quickly and 
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spontaneously reversed. The reactions of AsHj with metHb 

probably are not related to toxicity since we have shown 

that when metHb is treated with AsHj (with or without the 

presence of oxygen) only transient changes in the visible 

and Soret spectra are observable and no hemoglobin 

degradation or precipitation occurs. Additionally, we have 

shown that the generation of metHb in intact RBCs prior to 

addition of AsHa reduces hemolysis. Thus, it is likely that 

metHb is a nontoxic by-product of the AsHj-HbOj reaction. 

Likewise, no irreversible degradation or precipitation of 

deoxyHb is evident on treatment with AsHj (Fig. 3.6, Scheme 

b). These results confirm that oxygen and hemoglobin with 

iron in the reduced state are both required for AsHj to 

exert its degradative effect on hemoglobin as well as its 

hemolytic effect on red blood cells. 

However, it is still not clear how AsHj initiates 

damage. Fig 3.6, Scheme c outlines possible mechanisms by 

which AsHj may cause hemoglobin damage and subsequent 

hemolysis. AsHa may react directly with HbOs at the heme-

ligand binding site or elsewhere on the protein causing 

destabilization of the protein and siabsequent degradation of 

hemoglobin. The release of hemin and the Heinz body 

formation could result in hemolysis. It is also possible 



83 

that the (as yet unknown) arsenic product of the reaction 

with HbOj subsequently reacts with metHb or another HbOj 

molecule to cause the hemoglobin degradation. Conversely, 

AsHj may react directly with O2 (either free in solution or 

bound to the heme), creating an oxidized arsenic species 

and/or active oxygen species, such as superoxide anion 

radical, hydroxyl radical or hydrogen peroxide, that then 

react with the hemoglobin or other sites in the cell. 

However, since high oxygen tension over RBC incubations 

reduced hemolysis, such reactions, should they be shown to 

occur, may not be important in the mechanism of toxicity 

although the formation of reactive oxygen species could 

accelerate hemoglobin degradation initiated by AsHj. 
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a) reversible binding 
*Oz -

AsHg + metHb 

binding > deoxyHb 

b) AsHs + deoxyHb > no reaction 

[HbOa or metHb] 

c) AsHg + HbOg > MetHb + [As species or act. Og] 

binding 

i 
destabilized Hb 

ppt. Hb 

i 
Hemolysis 

Fig. 3.6. Summary of hemoglobin reactions with AsHj. 
Reaction of metHb in the presence or absence of oxygen (a) 
and of deoxyHb (b). Scheme (c) indicates possible routes by 
which AsHj may directly or indirectly cause protein 
precipitation and hemolysis. 
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CHAPTER 4 

REACTIVE OXYGEN SPECIES ARE NOT THE HEMOLYTIC AGENTS IN 

ARSINE-INDUCED RED BLOOD CELL DAMAGE 

Although ASH3 is a reducing agent, it has been 

postulated that it damages cells through oxidative 

mechanisms (Henze, 1938; Jung, 1939; Pernis and Magistretti, 

1960; and Blair et ai., 1990b) possibly through the 

formation of hydrogen peroxide and inhibition of catalase. 

Since reactive oxygen species can be produced in biological 

systems through the action of exogenous compounds or during 

normal cellular functions, cells, especially RBCs, contain 

an extensive antioxidant system of enzymes and cofactors. 

However, when this system is overwhelmed, the HbOj contained 

within the RBC is a vulnerable target for attack by such 

species. The result of such attacks on HbOs is oxidation of 

the heme iron, followed by alterations in the structure of 

the heme component of Hb02, the globin and heme-globin 

interactions. The resultant destabilization of the molecule 

induces precipitation of the protein (Heinz bodies) and 

release of hemin that lead to cell membrane disruption and 

RBC destruction (Babior, 1981). Since we have observed that 
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AsHj causes HbOz precipitation and RBC destruction and that 

the interaction with HbOa is central to the mechanism of 

toxicity (see Chapter 3; Hatlelid et al., 1996)/ it was 

important to determine the role of reactive oxygen species 

in this toxicity. The purpose of the work presented here 

was to investigate the involvement of reactive oxygen 

species such as superoxide anion radical, H2O2/ or the 

hydroxyl radical in AsHj-induced HbOa damage. 
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M2^TERIALS AND METHODS 

Chemicals and Instrtiments 

Zinc arsenide, 99%, was obtained from Pfaltz and Bauer, 

Inc. (Waterbury, CT). Silver diethyldithiocarbamate, ACS 

Grade, was purchased from J.T. Baker Chemical Co. 

(Phillipsburg, NJ). Dog hemoglobin, bovine erythrocyte 

superoxide dismutase (SOD) and glutathione peroxidase (GSH-

Px), baker's yeast glutathione reductase, 3-amino-l,2,4-

triazole (3-AT), bovine liver catalase, butylated 

hydroxyanisole (BHA), nitro blue tetrazolium (NBT), and 

ascorbate were purchased from Sigma Chemical Co. (St. Louis, 

MO). Mannitol was purchased from Mallinkrodt, Inc. (St. 

Louis, MO). All enzyme and reagent solutions were made in 

10 mM phosphate buffered saline (PBS) with the exception of 

BHA, which was made in PBS with 10% DMSO (J.T. Baker Chem. 

Co.). All other reagents were AR grade and used without 

further purification. The spectrophotometer was a Beckman 

Model DU-7HS (Beckman Instruments, Inc., Fullerton, CA) . 

Arsine Production 

AsHj was produced, trapped in aqueous solution and 

quantitated as described in Chapter 2. 
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Red Blood Cell Isolation 

Red blood cells were isolated from blood obtained from 

rats as described in Chapter 2. 

Hemolysis Determination 

Hemolysis was measured as hemoglobin leakage as 

described in Chapter 2. Hemoglobin concentrations were 

determined by the method of Drabkin (Kit # 525-2, Sigma 

Chemical Co., St. Louis, MO). 

Preparation of Hemoglobin solutions 

HbOz was prepared from dog metHb (Sigma Chem. Co.) as 

described in Chapter 3. 

Assays 

Hydrogen peroxide (H2O2) was determined by the method 

of Marcocci et ai. (1992) . Briefly, RBC samples or 0.05 rtiM 

(as heme) HbOz solutions were incubated with 50 mM 3-AT and 

AsHj. Loss of catalase activity indicates an irreversible 

catalase-SAT-HjOj complex formed in the presence of a H2O2 

flux. Catalase activity was measured by the method of 

Marcocci et ai. (1992) . The assay for superoxide anion was 

as described by Green and Hill (1984) and is based on the 
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superoxide-dependent reduction of nitro blue tetrazolium. 

Samples contained 0.04 mM NBT, and 100 ug/ml SOD. SOD 

activity was measured by the method of Beutler (1984) which 

is based on SOD inhibition of pyrogallol auto-oxidation in 

slightly alkaline solutions. GSH-Px activity was measured 

by the method of Beutler (1984) with modifications from 

Flohe and Giinzler (1984) which included conversion of 

hemoglobin to cyanomethemoglobin prior to the assay and use 

of H2O2 rather than t-butyl hydroperoxide to initiate the 

reaction. GSH-Px activity was calculated as units defined 

by Flohe and Giinzler (1984) as Alog[GSH]/min. 

Statistics and data presentation 

All spectra shown are representative of at least three 

spectra recorded for each experiment. All other data are 

presented as the mean and standard deviation calculated from 

ni3 independent measurements. Statistical significance was 

determined using Student's t-test. 



RESULTS 

Involvement of hydrogen peroxide in AsHa-induced hemolysis 

and HbOz damage 

H2O2 was measured qualitatively by the method of 

Marcocci et al. (1992) . This method relies on the formation 

of an irreversible complex consisting of 3-amino-l,2,4-

triazole, catalase, and H2O2. The formation of this complex 

is indicated by the loss of catalase activity. Therefore, 

decreased catalase activity is a measure of H2O2 formation. 

Fig. 4.1 shows that in solutions containing 8500 U/ml 

catalase, 50 yM Hb02, and either 0.17 mM or 0.04 mM AsHj, 

catalase activity decreased 58% and 23%, respectively, 

during a 30 minute incubation. Since ASH3 itself does not 

inhibit catalase (catalase activity in rat RBCs treated with 

0.4 mM AsHj was 8.39x10"' ± 2.21x10^ units/g HbOz vs. 8.23x10" 

± 1.53x10^ units/g HbOj for untreated controls after two 

hours inc\ibation; total hemolysis in the AsHj treated 

samples averaged 23%), the data demonstrate that H2O2 is 

produced by AsHj in a dose-dependent manner (p<0.001). In 

contrast, no loss of catalase activity was measured in the 

presence of AsHj and 3-AT in either intact RBCs (7.49x10'' ± 

7.9x10^ units/g HbOz with AsHj treatment vs. 7.77x10" ± 
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9.8x10^ iinits/g Hb02 for controls; hemolysis at two hours 

averaged 19%) or hemolysate (7,04x10^ ± 7.65x10^ units/g HbOj 

after AsHj treatment vs.7.12x10* ± 2.39x10^ units/g HbOj for 

controls). Additionally, Fig. 4.1 shows that in samples not 

containing HbOj, 0.13 itiM AsHj caused a significant decrease 

in catalase activity (indicating catalase/S-AT/HjOa complex 

formation) vs. controls, approximately equal to the decrease 

in the presence of both HbOj and 0.04 mM AsHj. 

Fig. 4.2 shows the spectra of HbOz recorded 10 minutes 

after treatment with either H2O2 or AsHj. Treatment with 

these two compounds resulted in different hemoglobin 

species. AsHj caused hemichrome and metHb fomation (peaks 

at 540 and 575 nm and increased absorbance at 630 nm) and 

protein precipitation (increased absorbance above 650 nm), 

while H2O2 treatment resulted in the formation of ferrylHb 

(lack of a peak at 630 nm and a broad band between 580 and 

600 nm) . 

The effect of exogenous catalase on AsHj-induced 

hemoglobin damage is shown in Fig. 4.3. High activity 

catalase had little effect on the initial HbOz changes 

caused by AsHj (up to ~20 minutes incubation) . However, by 

30 minutes, catalase did appear to slow the progression of 

protein precipitation. Similarly, GSH-Px (Fig. 4.4) had 
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only a minor effect on AsHj-induced HbOz changes after 20 

minutes. GSH-Px activity was determined in the presence of 

AsHj in order to rule out the possibility that AsHj 

inactivates this enzyme. GSH-Px was measured both in the 

presence and absence of HbOz in order to measure any effect 

on this enzyme of the HbOs breakdown products induced by 

AsHj. No GSH-Px inhibition by AsHj was measured in either 

case (data not shown). 

Involvement of superoxide anion in AsHj-induced Hb02 damage 

The presence of the superoxide anion radical in AsHj 

solutions was investigated by measuring the superoxide 

dismutase (SOD) inhibitable reduction of nitroblue 

tetrazolium (NBT) (Table 4.1). Although a small amount of 

NBT reduction was evident in samples containing both HbOz 

and AsHj, it was not inhibited by SOD, indicating that the 

NBT reduction was not caused by the superoxide anion. No 

NBT reduction was detected in solutions containing either 

AsHj alone or HbOj alone. As with GSH-Px, the effect of AsHj 

on SOD activity was determined both in the presence and 

absence of Hb02. No SOD inhibition was measured in either 

case based on the observation that SOD inhibition of 

superoxide-dependent pyrogallol autoxidation was not 
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affected (data not shown). 

Effects of other antioxidants on AsHj-induced Hb02 damage 

Several other antioxidants were investigated for their 

ability to slow or prevent AsHa-induced HbOz destruction. 

Table 4.2 summarizes these results. In these experiments, 

the HbOz spectral changes caused by AsHj in the presence of 

an antioxidant were compared to the changes caused by AsHj 

alone. None of these compounds at the concentrations listed 

caused any alteration in AsHj-induced HbOz spectral changes. 

BHA was ineffective in slowing or preventing HbOj 

destruction at high micromolar or low millimolar 

concentrations (^ 2 mM), but greatly potentiated the damage 

at 5 mM (Fig. 4.5) as shown by the rapid and extensive 

precipitation of the protein (indicated by the increased 

absorbance in the range of 450 to 700 nm) . The AsHj-induced 

damage observed by five minutes incubation in the presence 

of this concentration of BHA was equivalent to the damage 

observed after 20-30 minutes incubation with AsHj alone. 

Although BHA is known to cause oxidation and precipitation 

of HbOj, no damage was observed under the conditions given 

when HbOj was incubated with 5 mM BHA alone (data not 

shown). 



94 

10000 

3 

>« 

> 

u 
< 

M 
i5 
(S 
<8 
O 

8000 -

^ 6000 -

4000 -

2000 

f 

Sample Groups^ 

Fig. 4.1. Assay for hydrogen peroxide production by AsHj in 
solution. The 3-AT-catalase method was used with samples 
containing 0.05 mM HbOj, 8500 units/ml catalase, 50 mM 3-AT, 
and different concentrations of AsHj. 1: Sample A contained 
Hb02 and catalase; B contained HbOj, catalase, and 3-AT; C 
and D contained the complete assay mixture with 0.16 mM and 
0.04 mM AsHj, respectively; E contained only 0.13 mM AsHj in 
the presence of catalase and 3-AT. * indicates statistically 
significant decreases from both controls (samples A and B) 
for p< 0.03. 
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Fig. 4.2. Spectral comparison of AsHj- and HzOz-induced HbOj 
degradation. The differences between the visible spectra of 
HbOj after inciibation for 10 minutes with either AsHj (0.17 
mM) or H2O2 (0.4 mM) indicate that the two compounds produce 
different types of HbOs damage. This demonstrates that AsHj 
does not destroy HbOj through the formation of H2O2. 
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Fig. 4.3a and b. (Following page) Effect of catalase on 
AsHa-induced HbOj degradation, a: Samples contained 0.04 inM 
HbOa and 0.12 itiM ASH3. b: 19,200 U/ml catalase was added 
prior to addition of AsHj. These are representative spectra 
of several experiments. The overall greater absorbance in 
the catalase sample was due to the absorbance of catalase 
itself. 



1.0 

Hb02 
Ht>02 • A»H3 -20 min. 
m)02 • A»H3 - 30 min. 

0.8 

0.6 

0.2 

0.0 

450 500 550 650 600 700 
Wavelength (nm) 

Fig 4.3a. 

1.0 

Hb02-'-catalase 
+ASH3 - 20 min. 
• ASH3 - 30 min. 

0.8 

0.6 

B 0.4 

0.2 X 

0.0 
450 500 600 550 650 700 

Wavelength (nm) 

Fig 4.3b. 



98 

Hb02 + AsH3 

Hb02/AsH3/GSH/GSH-Px 
0.8 

0.6 

0.4 

0.2 

0.0 
450 700 500 550 600 650 

Wavelength (nm) 

Fig. 4.4. Effect of glutathione peroxidase on AsHj-induced 
HbOs degradation. The control samples contained 0.04 mM 
HbOz and 0.12 mM AsHj. The glutathione peroxidase samples 
contained 68 U/ml GSH-Px and 1 mM GSH. The spectra were 
recorded 20 minutes after addition of AsHj. These are 
representative spectra of several experiments using up to 
272 U/ml GSH-Px and recorded up to 30 minutes. 
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TABLE 4.1 

NBT reduction in the presence of AsHj and HbOj 

Incubation 
NBT reduced, yM 

- SOD 
NBT reduced, yM 

+ SOD 

5 minutes 1.5 ± 0.1 1.5 ± 0.1 

10 minutes 2.3 ± 0.1 2.4 ± 0.2 

Note: Samples contained 0.04 rnM HbOj, 0.12 itiM AsHj, 0.04 mM 
NBT, and 100 pg/ml SOD. No reduction of NBT occurred in 
solutions of AsHj alone or Hb02 alone. The NBT-containing 
AsHj-HbOz samples showed greatly accelerated HbOj 
precipitation after 10 minutes inc\ibation. Data is 
represented as mean ± SD for n=3 independent samples. 



100 

TABLE 4.2 

Antioxidants with no effect on AsHj-induced HbOz spectral 
changes 

Antioxidant Concentration used 

Superoxide dismutase 100 ^g 

Ascorbate i 10 mM 

Mannitol 20 mM 

DMSO 20 mM 

BHA ^ 2 mM 

GSH ^ 1 mM 

Note: HbO, spectra were recorded up to 20 minutes following 
addition of AsHj and these antioxidants. No changes in 
AsHj-induced HbOg degradation or precipitation were observed 
compared to HbOa exposed to AsHj alone. 
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Fig. 4.5. Potentiation of AsHj-induced HbOj degradation by 
BHA. Samples contained 0.04 mM HbOj/ 0.12 mM ASH3, and 5 mM 
BHA. The spectra are representative of several experiments 
and were recorded immediately after addition of AsHj to 
HbOs/BHA samples and at 1, 5, and 10 minutes post-mixing 
(spectra labeled 1-4 respectively). Compare to effect of 
AsHj alone, Fig. 4.2. 
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It has been postulated that AsHj causes oxidative 

damage within cells through the formation of HjOj and 

through inhibition of catalase (Henze, 1938). In these 

studies, no AsHj-dependent catalase inhibition was measured 

in intact RBCs. Additionally, AsHa-dependent hydrogen 

peroxide formation was not detected in RBCs or in 

hemolysates using the 3-AT-catalase inhibition method. 

Hydrogen peroxide was detected in simple solutions 

containing AsHj. Fig. 4.1 showed that all three AsHj 

incubations resulted in production of HjOj as measured by 

significant decreases in catalase activity with the greatest 

effect found in the presence of HbOj. The catalase 

inhibition in the samples containing 0.04 mM AsHj and HbOj 

was statistically identical to the inhibition measured in 

the samples containing a much larger concentration (0.13 mM) 

of AsHj^ but not HbOj. The samples containing HbOj and 0.16 

mM AsHj showed greater catalase inhibition than both of the 

other two AsHj samples. These results suggest that AsHj may 

form H2O2 directly from O2 in solution, but that AsHj-

dependent HjO, production occurs primarily through reaction 

with Hb02. The results also show that HjO, production 
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depends on AsHj concentration. However, Fig 4.2 shows that 

the HbOz damage caused by H2O2 is not similar to the HbOa 

damage caused by AsHj based on observation of the changes in 

the visible spectrum of HbOz caused by these two compounds. 

Finally, the involvement of H2O2 in AsHa-induced Hb02 damage 

was probed by the use of peroxide-scavenging enzymes, 

glutathione peroxidase in the presence of glutathione or 

catalase (Winterbourn, 1990). These enzymes had little 

effect in preventing AsHj-induced HbOj damage but did slow 

the progression of protein damage. This may indicate that 

although H2O2 is not responsible for inducing HbOa damage, it 

may contribute to the final stages of protein destruction. 

Since it was shown that the Hb02 damage is central to the 

mechanism of AsHj-induced toxicity (see Chapter 3; Hatlelid 

et al., 1996), these data indicate that H2O2 is not involved 

in this mechanism. Overall, these results indicate that 1) 

AsHj does not cause significant HjOj formation in whole RBCs 

and that the cells can readily destroy the small amount 

formed and 2) H2O2 is unlikely to be responsible for AsHj-

induced red blood cell damage that occurs through HbOs 

destruction. 

Another important reactive oxygen species is the 

superoxide anion radical. No evidence was found for the 
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involvement of this species in the mechanism of AsHj-induced 

HbOz destruction using either the SOD inhibitable reduction 

of NBT as a measure of superoxide anion formation or by 

adding SOD to AsHj/HbOs incubations to measure any 

inhibition of the HbOz damage (Winterbourn, 1990) . A very 

small amount of NBT was reduced in our experiments but this 

was not inhibited by SOD indicating that superoxide was not 

the reductant. The actual reductant is unknown but it is 

known that it is neither AsHj nor HbOa since control 

incubations of NBT with each of these species did not result 

in NBT reduction. Another product of the reaction between 

ASH3 and HbOz may be the reductant. 

Several other antioxidants were used to identify the 

involvement of reactive oxygen species or other radical 

species. These included the hydroxyl radical scavengers, 

mannitol and DMSO which had no effect on reducing AsHj-

induced HbOz damage. Antioxidants that inhibit hydroxyl 

radical damage generally act by scavenging or inhibiting the 

formation of its precursors such as superoxide anion and 

H2O2 (Halliwell et aJ., 1995). Since we have determined 

that these species are not involved in the HbOj destruction, 

it is unlikely that the hydroxyl radical plays a role in the 

mechanism. The more general antioxidants, ascorbate, BHA, 
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and glutathione had no effect on AsHj/HbOz reactions even in 

high concentrations, except BHA. at concentrations of 5 mM or 

greater which caused a great acceleration of the protein 

precipitation. This mechanism of potentiation of AsHj-

induced HbOj precipitation by BHA is unknown. Although BHA 

is an excellent inhibitor of lipid free radical reactions, 

it may not be an antioxidant in other systems, such as 

protein or DNA samples, and could have pro-oxidant effects 

(Halliwell et ai., 1995). It is possible that the results 

of these experiments reflect those pro-oxidant reactions. 

In summary, these experiments provide little evidence 

that suggest the involvement of H2O2, superoxide anion, or 

hydroxyl radical with the exception of the possible role of 

peroxides in the later stages of hemoglobin destruction. We 

have also determined that AsHj does not alter the activities 

of the antioxidant enzymes, catalase, superoxide dismutase, 

and glutathione peroxidase. 

That AsHj causes oxidative damage to HbOs is apparent 

(formation of metHb and hemichrome) although the mechanism 

through which this occurs is unclear since AsHj does not 

produce significant amounts of reactive oxygen species nor 

does it interfere with endogenous antioxidant systems of 

RBCs. 
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CHAPTER 5 

SUMMARY 

The findings presented in this dissertation support the 

hypothesis that a reaction of AsHj with hemoglobin 

(specifically HbOa) leads to hemolysis and that oxidized 

hemoglobin is an intermediate in this reaction but do not 

support the hypothesis that reactive oxygen species are the 

hemolytic agents. In summary: 1) Exploitation of the slight 

aqueous solubility of AsHj has led to the development of a 

method to expose RBCs in vitro. Using solutions of AsHj 

dissolved in aqueous buffer allowed for precise control of 

the concentration of AsHj in RBC samples in vitro while 

avoiding the cellular disruption that may result from 

passing a gas through cell suspensions. As discussed in 

Chapter 2, ASH3 is stable in neutral pH solutions for up to 

several hours. It was also shown that RBCs exposed to AsHj 

in this manner rapidly accumulated AsHj (measured as total 

arsenic). Toxicity was monitored oy measuring the amount of 

hemoglobin leaked from the damaged cells (hemolysis). The 

results showed that the extent of AsHa-induced hemolysis 

increases with increased AsHj concentration, increased 
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length of incubation and increased temperature of 

incubation. Thus characterized, this test system was found 

to be a reliable model for the investigation of the 

mechanism of AsHj induced hemolysis using isolated red blood 

cells. 

Part of the scope of this project was to address 

hypotheses put forth in the literature. One of those 

hypotheses states that AsHj damages RBCs through a process 

of oxidative stress, and, in particular, that glutathione is 

involved in this mechanism {Pernis and Magistretti, 1960; 

Blair et al., 1990b). As discussed in Chapter 2, GSH 

depletion in dog RBCs neither preceded nor coincided with 

hemolysis. Instead, glutathione levels did not drop 

significantly until maximiom hemolysis was observed. A lag 

phase before hemolysis was evident in these experiments, but 

the GSH (measured as non-protein sulfhydryls) was not 

depleted during that time. This indicates that toxicity 

occurs without prior oxidation of glutathione as previously 

thought. One explanation for the discrepancy between the 

work presented in this dissertation and that published by 

Pernis and Magistretti and Blair et al. is that AsHj may be 

involved in many reactions within a cell and that only a few 

of these reactions result in hemolysis. Thus, oxidation of 
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GSH may occur in the presence of AsHj/ but this may not have 

any bearing on the extent of hemolysis. Further, the use of 

RBCs from different species or selection of a different dose 

of AsHj may cause different reactions to become evident, 

although such reactions may not be responsible for the 

hemolysis. Nonetheless, the GSH results presented in this 

dissertation do not rule out the possibility that oxidative 

stress through reaction with cellular thiols plays a role in 

AsHj-induced hemolysis since the effects of AsHj due to 

protein sulfhydryl reactions, such as in hemoglobin or the 

cell membrane have not yet been explored in detail. 2) The 

importance of hemoglobin in the reduced and oxygenated state 

(HbOj) was established using direct and indirect means. As 

shown in Chapter 3, in intact cells, carbon monoxide, which 

binds tightly to the heme-ligand binding site of hemoglobin, 

eliminated hemolysis. Reducing the oxygen content of the 

cell suspensions by flushing with argon also reduced 

hemolysis compared to incubations under air. Further, the 

importance of HbOz was demonstrated by the conversion of 

HbOj to metHb with sodium nitrite prior to the addition of 

ASH3. This treatment resulted in decreased hemolysis in a 

dose-dependent manner compared to control cells containing 

normal levels of HbOj. The results of these experiments 
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indicate that oxygen, hemoglobin containing the reduced 

iron, and access to the heme-ligand binding site are 

required for AsHj-induced hemoglobin destruction and 

hemolysis. Solutions of purified hemoglobin were used to 

examine AsHj-hemoglobin reactions in greater detail. In 

these solutions, ASH3 caused rapid oxidation of HbOj to 

metHb and formation of a hemichrome which was followed by 

protein degradation and precipitation of the protein. 3) 

Little evidence was found that suggests the involvement of 

H2O2, superoxide anion, or hydroxyl radical in HbOz 

destruction, or in the subsequent hemolysis. However, it is 

possible that peroxides do participate in the later stages 

of hemoglobin destruction, but that the damage is 

insurmountable at that point. It was also determined that 

AsHj does not alter the activities of the antioxidant 

enzymes, catalase, superoxide dismutase, and glutathione 

peroxidase. 

That AsHj causes oxidative damage to HbOj is apparent 

(formation of metHb and hemichrome) although the mechanism 

through which this occurs is unclear since AsHj does not 

produce significant amounts of reactive oxygen species nor 

does it interfere with endogenous antioxidant systems of 

RBCs. 
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This leads to the supposition that an arsenic species 

is the hemolytic agent. This revised hypothesis follows 

from the data presented in this dissertation as well as in 

the literature, such as Graham et aJ. (1946). As discussed 

in Chapter 1, Graham et al. (1946) showed that the major 

fraction of arsenic administered as ASH3 to rabbits in vivo 

or added to rabbit blood or horse hemoglobin in vitro was 

found to be fixed in a nondialyzable form, presumably bound 

to the hemoglobin. The spectrophotometric analyses of AsHj 

reactions with hemoglobin presented in Chapter 3 showed that 

AsHj reacted very quickly with various hemoglobin species 

under various conditions. 

To summarize, AsHj reduces metHb to deoxyHb under 

anaerobic conditions, reacted transiently with metHb under 

aerobic conditions in what appeared to be a binding type of 

interaction, did not react with metHbCN or deoxyHb, and most 

importantly, reacted with HbO, within seconds to produce 

several products including metHb, hemichrome and severely 

damaged protein that rapidly precipitated. 

These observations indicate that the heme-ligand 

binding pocket of hemoglobin is readily accessed by AsHj and 

that AsHj readily participates in oxidation-reduction 

reactions with hemoglobin, such as the reduction of metHb to 
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deoxyHb in the absence of oxygen. Ions that bind tightly to 

the heme such as cyanide appear to block reactions with 

ASH3, probably by blocking access to the reactive site of 

the hemoglobin molecule. Also, based on its ability to 

inhibit hemolysis, carbon monoxide probably works by 

blocking access to the heme. The requirement for oxygen in 

AsHj-induced hemolysis and HbOz destruction may indicate 

that ASH3 does not act directly as AsHj but as an arsine 

radical or an oxidized arsenic species. Such a reaction may 

occur in proximity to the heme (i.e. with the oxygen bound 

to the heme iron) such that the putative reactive arsenic 

product immediately reacts with the heme or nearby site on 

the hemoglobin molecule. The following equations 

demonstrate possible reactions involving ASH3 and HbOz. 

H2AS-H + HbOz - HzAs- + Hb-Oj-H (1) 

These products may then react to form metHb and an arsine 

peroxide. 

HsAs- + Hb-Os-H - metHb + HjAs-OOH (2) 

As discussed in Chapter 1 and Chapter 3, metHb has been 
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identified as a reaction product in RBCs or HbOz solutions 

treated with AsHj. 

Alternatively, the reaction may produce hydrogen 

peroxide and an arsenic adduct such as HzAs-Hb or HzAs-heme. 

HaAs- + Hb-Os-H - adduct + HjOj (3) 

Again, this may be consistent with observed reactions of 

AsHj since H2O2 has been identified as present in AsHj/HbOz 

mixtures (Chapter 4) and in RBCs treated with AsHj in vitro 

(Henze, 1938). 

An arsine-hemoglobin adduct or arsine-heme adduct has 

not yet been identified, although, as discussed in Chapter 1 

and above, Graham et ai.(1946) reported a strong association 

of arsenic with hemoglobin. Such an adduct would likely 

distort the hemoglobin molecule, resulting in a product such 

as the AsHj-induced hemichrome-like species discussed in 

Chapter 3. This distortion may cause destabilization of the 

hemoglobin molecule leading to the rapid denaturation and 

precipitation of the protein that was also observed. As 

Discussed in Chapter 1 and Chapter 3, hemoglobin 

precipitation (formation of Heinz bodies within the RBC) and 

the concomitant release of hemin may be responsible for 
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AsHa-induced RBC destruction. Thus, a series of reactions 

such as that presented above may occur in AsHj-exposed RBCs 

or HbOz solutions. 
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