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ABSTRACT 

The potential efficacy of N-(2, 3-dimercaptopropy1) 

phthalamidic acid against arsenic intoxication was determined in male 

albino mice. The ip LD^q of DMPA was found to be 0.819 mmol/kg. The 

ip ED50 DMPA for prevention of the lethal effects of 0.15 mmol 

NaAsOg/kg was 0.022 mmol/kg. DMPA was found also to increase the 

LD50 of sodium arsenite by approximately 2.5 fold following 2 ip 

injections of 0.20 mmol DMPA/kg. The effectiveness of DMPA in 

reducing the toxicity of NaAs02 was further demonstrated by its 

reversal of the sodium arsenite inhibition of pyruvate dehydrogenase 

multienzyme complex (PDH) activity. PDH activity was measured in 

vitro following iji vivo administration of DMPA and arsenic (arsenic 

given 30 minutes prior to DMPA such that PDH activity was maximally 

inhibited at the time of DMPA administration). In addition, a 

reversed-phase high performance liquid chromatography (HPLC) assay 

was developed for the quantification of dimercaptosuccinic acid. 

ix 



INTRODUCTION 

Occurrence of Arsenic in the Environment 

Arsenic is widely distributed within the environment, and is 

commonly found in trace amounts in air, water, and soil. Indeed, 

arsenic ranks twentieth in abundance of the elements of the earth's 

crust with an estimated mean concentration of 1.5-2.0 ppm (National 

Academy of Sciences, 1977). The arsenic content of virgin soils has 

been found to vary from 0.2-40 ppm (Beckert, 1978), while a maximum 

of 8000 ppm has been found in soil overlying sulfide ore deposits 

(NAS, 1977). 

As a crustal constituent, arsenic is most often found in sulfide 

deposits as either sulfides, sulfosalts, arsenides, or as oxidation 

products of these minerals (NAS, 1977). Arsenic is also found bound 

to soil cations and oxides, and to organic matter from which it is 

released as the organic matter is oxidized. 

Arsenic is present in trace amounts in marine and fresh waters. 

Invariably however, the concentration of dissolved arsenic is much 

lower in the water than in the associated sediments. This scavenging 

of arsenic from solution is believed to be largely due to 

coprecipitation with hydrous oxides of iron and manganese, along with 

adsorption onto marine clays (NAS, 1977). Johnson (1972) has shown 

that biological reduction of arsenic in seawater results in a 

dramatic shift in the ratio of As(V) to As(III) from the 

1 
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thermodynamically calculated value of 10^:1 to the observed ratio of 

as low as 10:1. 

Under the influence of adequate oxygen, arsenic in the 

physical environment is found primarily in the pentavalent arsenate 

form. Conversely, under reducing conditions, arsenic is found 

predominantly as trivalent arsenite (World Health Organization, 

1981). 

In addition to being widely distributed in the physical 

environment, arsenic has been found in all living organisms tested 

(Dickerson, 1980). Among the members of the plant kingdom, marine 

algae have been found to contain very high arsenic levels. Jones 

(1922) recorded levels up to 94 ppm in one species of brown algae. In 

general, terrestrial plants are quite sensitive to the phytotoxic 

effects of arsenic although there is a great deal of variability 

between species (Walsh and Keeney, 1975). This sensitivity of plants 

to arsenic makes it unlikely that animals would become poisoned from 

ingestion of plant material. The level of arsenic absorbed by 

terrestrial plants shows a generally poor correlation with the total 

arsenic content of the soil, but instead appears dependent on the 

arsenic species present and their relative solubility, along with the 

affinity of the soil for adsorption of arsenic. 

Within the animal kingdom, the highest tissue levels of arsenic 

are again found in marine representatives; arsenic levels are 

especially high in marine invertebrates. Domestic animals and humans 

most commonly have tissue levels below 0.3 ppm (NAS, 1977). Such low 
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levels contrast markedly with the maximum value of 128 ppm found in 

shrimp by Coulson and coworkers (1934). 

Production and Use of Arsenicals: Potential for Exposure 

While arsenic is widely distributed throughout the 

environment by natural processes, it is, in most cases, only through 

the action of man that arsenic is encountered at levels of 

toxicological significance. Arsenic is present in many non-ferrous 

ores such as those of lead, zinc, and copper. Arsenic is an unwanted 

contaminant of these ores and is evolved as a gas during the smelting 

process (NAS, 1977). Arsenic trioxide, obtained as a by-product of 

such smelting, accounts for virtually all of the arsenic used 

industrially (97%). The remaining 3% of industrially used arsenic 

consists of arsenic metal which is used as a metallurgic additive in 

various alloys of copper and lead (NAS, 1977). Arsenic trioxide 

serves as a starting material for the production of the many organic 

and inorganic arsenicals used in industry. 

By far, the largest industrial usage of arsenic is for 

pesticide manufacturing (U.S. Bureau of Mines, 1979). Many organic 

and inorganic arsenicals have been widely used as insecticides, 

herbicides, and fungicides. Although the use of arsenicals for many 

of these applications has decreased with the advent of various 

organic pesticides having greater selectivity, the use of arsenicals 

in agriculture remains a major source of arsenic introduction into 

the environment (NAS, 1977). 
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Other industries using arsenicals include the glass industry, 

the chemical industry, and the pharmaceutical industry. There is 

also a growing demand for arsenic in the form of gallium arsenide in 

the manufacture of semiconductors for the electronics industry. 

Within the medical field, arsenicals have long been used to treat 

various parasitic conditions (NAS, 1977). The introduction of 

antibiotics has greatly decreased the number of conditions in which 

arsenic containing drugs are indicated; however their use in 

veterinary and human medicine is still warranted for some parasitic 

infections (WHO, 1981). 

At this point, it should be clear that the many uses of arsenic, 

as well as its unintentional release into the environment through 

smelting and the burning of fossil fuels, provide for a variety of 

conditions under which exposure to arsenic may result in toxicity. 

The literature contains many citations of such incidences occurring 

either through occupational exposures or exposure of the general 

public by the contamination of air, food, or water supplies. In 

addition to unintentional exposures, arsenicals have been involved in 

purposeful attempts at suicide and homicide as well as their use as 

chemical warfare agents. It was, in fact, concern over the potential 

use of lewisite (2-chlorovinyl-dichloroarsine, a vesicant arsenical), 

during the Second World War that led Peters, Stocken, and Thompson to 

develop British anti-lewisite (BAL) as an antidote to arsenic 

intoxication. 
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Mechanism of Arsenic Toxicity 

Although arsenic has been described as a "general 

protoplasmic poison" (Stocken and Thompson, 1946; Berman, 1980), it 

is clear that such a nebulous description of arsenic intoxication 

imparts no understanding of the underlying mechanism of toxicity. 

Futhermore, it is generally recognized that the toxic effects of 

arsenic vary with respect to the chemical species being considered. 

For example, the toxicity of trivalent arsenic is different from 

arsine gas (Asl^). The purpose of this section is to describe the 

biochemical mechanisms involved in arsenic toxicity. 

Of the most commonly occurring arsenicals containing arsenic 

in either the trivalent or pentavalent state, trivalent arsenicals 

are generally recognized as being more toxic than the pentavalent 

forms (Hammond and Beliles, 1980). The toxicity of trivalent arsenic 

has been shown to result from the covalent binding of arsenic to 

endogenous sulfhydryl groups of enzymes. While such a mechanism was 

first proposed by Ehrlich in 1909, it was not until 1940 that Stocken 

and Thompson showed that arsenic binds to thiol groups of proteins 

(these data were not reported in the general literature until 1945 

due to the confidential nature of the research being conducted for 

the British Chemical Defense Research Department). These same 

authors noted that most of the arsenic bound to proteins was bound to 

2 such thiol groups simultaneously. This finding demonstrated that 

the preferred stoichiometry of the binding of arsenic to sulfhydryl 

groups is 1:2, respectively. This propensity for forming bonds with 

sulfhydryl groups has been demonstrated to underlie the poisoning by 
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arsenic of a number of sulfhydryl containing enzyme systems 

(Thompson, 1948). Indeed, Peters and co-workers (1946) described the 

exquisite sensitivity of the pyruvate oxidase enzyme system, since 

identified as the pyruvate dehydrogenase multienzyme complex (PDH) 

(Stryer, 1981), to poisoning by arsenicals. The PDH multienzyme 

complex catalyzes the oxidative decarboxylation of pyruvate to form 

acetyl CoA, which then enters the citric acid cycle. Arsenic has 

been shown to bind simultaneously to two nearby sulfhydryl groups of 

the coenzyme dihydrolipoamide of the PDH complex, resulting in the 

formation of a stable six membered ring (NAS, 1977). This binding 

results in the inactivation of the enzyme complex and stops the 

production of acetyl CoA. This mechanism of toxicity has furthermore 

been demonstrated to result in the uncoupling of mitochondrial 

oxidative phosphorylation. The uncoupling of oxidative 

phosphorylation is described as resulting from the depletion of the 

electron carriers NADH and FADH2 which are generated in the citric 

acid cycle (Fluharty and Sanadi, 1960, 1961; Fletcher and 

Sanadi,1962). 

In addition to the PDH multienzyme system just described, the 

list of enzymes shown to be inhibited by arsenic include: 

monoamineoxidase, urease, glucose oxidase, choline oxidase, alanine 

amine transferase, aspartate amino transferase, 2-glutamic acid 

oxidase, and fumarase. The most marked effects of arsenite toxicity 

are seen in those tissues rich in oxidative systems such as the 

alimentary tract, kidneys, liver, lung and skin (Buck, 1979). 
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The biochemical lesion produced by pentavalent arsenate has 

not been as clearly defined as that of trivalent arsenite. Arsenate 

appears not to act through binding with endogenous sulfhydryl groups 

(Johnstone, 1963; Schroeder and Balassa, 1966). Instead, arsenate has 

been described as a bioisostere of inorganic phosphate. As such, 

arsenate competes with phosphate in phosphorylation reactions leading 

to the formation of glucose-l-phosphate (Duodoroff et al., 1947) and 

adenosine triphosphate (ATP) (Crane and Lipmann, 1953; Wadkins, 

1961). The resulting arsenate ester undergoes spontaneous hydrolysis 

without the energy yield available to the cell from the corresponding 

cleavage of high energy phosphate bonds. Some investigators suggest 

that the toxicity of arsenate is due to in vivo reduction of arsenate 

to arsenite (with its associated toxicity) as reported in yeast 

(Pauwels et al., 1965) and in dogs (Ginsburg and Lotspeich, 1963). 

The final consideration relative to the mechanism of action 

of arsenic toxicity is that of the hydride of arsenic, arsine. Arsine 

is the most toxic arsenical known (Klaassen, 1980), occurring as a 

gas which is perceivable by smell only above safe levels (Hammond and 

Beliles, 1980). Arsine does not occur naturally but is a leading 

cause of industrial arsenic toxicity. Arsine evolution results from 

the reducing action of acids on arsenic containing metals. Toxic 

exposure to arsine is especially severe due to the production of 

massive hemolysis and renal failure, coupled with the absence of any 

effective antidote (Vallee et al., 1960; Klaassen, 1980). 

In addition to the toxicities just described, there is 

evidence which suggests that arsenic may be carcinogenic in humans. 
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Much of the data supporting this claim comes from a number of 

epidemiological studies carried out with workers who were 

occupational ly exposed to arsenic either in the use or production of 

pesticides or through the smelting of ores. While it is beyond the 

scope of this overview to extensively review such investigations, the 

most striking and consistent correlations of occupational arsenic 

exposure to cancer are seen with cancers of the respiratory tract and 

of the skin. These studies have been reviewed in the World Health 

Organization's report on arsenic (1981). While such studies support 

the theory that arsenic is carcinogenic, the poor degree of control 

in such studies, coupled with the general absence of tumor formation 

in laboratory animals following dermal or inhalation exposures to 

arsenic, has precluded the general acceptance of arsenic as a 

carcinogen. 

Absorption and Distribution of Arsenic 

The many potential exposures previously described underscore the 

fact that arsenic can be absorbed across all surfaces of the body. 

This results in absorption across a number of membranes including: 

the gastrointestinal tract following ingestion of arsenic containing 

food or water, the lungs due to inhalation of arsenic in the air, and 

dermal absorption following exposure of the skin to a wide variety of 

arsenicals. Indeed, all of these routes of exposure have been 

documented, both experimentally in animals and clinically in man 

(WHO,1981). 
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The absorption of arsenic has been demonstrated to vary 

considerably based on the physical form and chemical nature of the 

particular arsenic containing compound. There is also considerable 

species variation in the pattern of arsenic absorption. Buck et al. 

(1976) demonstrated that the absorption of arsenic across the 

gastrointestinal tract of swine is influenced by the solubility and, 

in the case of solids, the particle size of the arsenical to which 

the animal was exposed. Furthermore, preparations such as dips, 

herbicides, and defoliants in which arsenic is present in a highly 

soluble form, are considered especially dangerous due to their 

enhanced absorption following exposure (Buck, 1979). The absorption 

of various organic arsenicals from the small intestine of the rat was 

shown to correlate well with their chloroform:water partition 

coefficients, suggesting that gastrointestinal absorption occurs 

primarily by diffusion (Hwang and Schanker, 1973). Such a mechanism 

of absorption is further supported by the apparent lack of saturation 

of absorption with increasing concentration of such arsenicals. 

Once absorbed, arsenic is relatively rapidly distributed to the 

tissues in all experimental animals except the rat (WHO, 1981). 

Indeed, the rat represents an anomaly relative to arsenic 

distribution, in that approximately half of the administered dose of 

arsenic in rats is accumulated in the blood, primarily in 

erythrocytes (Hunter et al., 1942; Ducoff et al., 1948; Klaassen, 

1974). Furthermore, this sequestering of arsenic in the red blood 

cells of rats is seen with both trivalent and pentavalent arsenic 

containing compounds. The World Health Organization's publication on 



arsenic (1981) cites work done by Lanz et al. (1950) and Ariyoshi and 

Ikeda (1974) in which the half-life of arsenic in the blood of rats 

was determined to be 60 to 90 days. Such accumulation of arsenic in 

blood has not been observed in other animals, suggesting that the rat 

is not a suitable model for studying arsenic intoxication. 

Following parenteral dosing with radiolabeled trivalent 

inorganic arsenic in mice, rabbits, guinea pigs, hamsters, and 

monkeys, the arsenic is found distributed to all tissues tested 

(Hunter et al., 1942; Ducoff et al., 1948; Cikrt et al., 1980). 

Furthermore, these investigators found that in all animals studied, 

the highest levels of arsenic were found in the liver and kidneys, 

while relatively lower levels were found in the spleen and lungs. 

Arsenic was also found in the brain of animals following parenteral 

dosing. However, the levels of arsenic in the brain were relatively 

low, suggesting minimal transit across the blood-brain barrier. 

Lowry et al. (1942) studied the distribution of arsenic within 

tissues following parenteral administration of potassium arsenite. 

These investigators found that the vast majority of arsenic was found 

bound to the protein fraction of the tissues studied. The high 

sulfhydryl content of many proteins, along with the affinity of 

arsenicals for sulfhydryl groups, has been used to explain the 

affinity of skin, hair, and nails for arsenic (WHO, 1981). Hair and 

nails actually retain arsenic long after it has been eliminated from 

the rest of the body, a phenomenon which accounts for the practice of 

assaying these tissues as an index of arsenic exposure (NAS, 1977). 
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Vahter and Norin (1980) compared the distribution of pentavalent 

and trivalent inorganic arsenic following oral dosing in mice. These 

investigators demonstrated that the whole body retention of trivalent 

arsenic was two to three times higher than that of pentavalent 

arsenic. This difference between the two ionic species was most 

marked in the liver and bile where trivalent arsenic was found at 

levels 2 to 10 times that found in animals dosed with pentavalent 

arsenic. 

Data from distribution studies conducted in humans resemble 

those from animal studies, with arsenic distributing to all tissues 

following parenteral administration of trivalent arsenic. As seen in 

animals, the highest tissue levels are found in the liver and 

kidneys. Hunter et al. (1942) found that arsenic did not cross the 

blood-brain barrier in humans, while small amounts were found in the 

brains of primates under the same conditions. While the distribution 

of trivalent arsenic in humans apparently resembles that seen in 

animal models, there is a general lack of data concerning the distri

bution of arsenic in humans following dosing with pentavalent forms. 

Metabolism of Arsenic 

Arsenicals have been shown to undergo biotransformation in a 

variety of organisms. Several microorganisms have been shown to 

methylate arsenic. McBride and Wolfe (1971) demonstrated that 

Methanobacterium can methylate and reduce arsenate to dimethylarsine 

in a reducing environment. The earliest evidence for 

biotransformation of arsenic came early in the 19th century when 



arsenic poisoning was associated with the arsenical pigments used in 

wallpaper, as outlined in the National Academy of Sciences Report on 

Arsenic (1977). A number of species of molds have been shown to 

methylate arsenic, resulting in the evolution of trimethylarsine. 

Indeed the production of this volatile arsenic containing compound 

has been associated with the aforementioned arsenic poisonings. 

Several species of fungi isolated from soil and sewage have also been 

shown to produce trimethylarsine. In addition to methylation, 

Johnson (1972) demonstrated that bacteria normally found in seawater 

were capable of reducing arsenate to arsenite in the laboratory. 

Such reduction is proposed to account for the observed ratio of 

arsenate to arsenite of between 10~1 and 10 found in oxygenated 

seawater. As described previously, this level of arsenite is markedly 

higher than that calculated on the basis of thermodynamic 

calculations. 

A number of mammalian species have been shown to biotransform 

arsenic iii vivo. Lakso and Peoples (1975) detected methylated 

arsenic in the urine of dogs and cows after oral dosing with either 

sodium arsenate or potassium arsenite. Furthermore, these same 

authors have found the principal form of arsenic in mammalian urine 

and plants to be a methylated form of the parent compound. Tam et 

al. (1978) found that approximately 90% of the administered iv dose 

of arsenic acid was found in the urine as dimethylarsenic acid. 

Further studies by these authors (1979) demonstrated that the 

observed methylation was essentially absent from in vitro incubations 

done in urine, plasma and erythrocytes from dogs and humans. Thus, 
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methylation is proposed to occur via the animal's own metabolic 

machinery, not through the action of bacteria. Charbonneau et al. 

(1978) found that following intravenous dosing of arsenic acid 

(H3ASO4) in dogs, the methylated derivative, dimethylarsenic acid is 

detectable in plasma and erythrocytes within 50 minutes of dosing. 

Furthermore, by six hours after dosing, greater than 70 percent of 

the arsenic found in plasma and erythrocytes is present as 

dimethylarsenic acid. 

In addition to methylation, experiments done with laboratory 

animals have demonstrated that both reduction and oxidation of 

arsenic occur in^ vivo. Ginsburg (1965) found both trivalent and 

pentavalent arsenic in the plasma and urine of dogs following 

intravenous dosing with trivalent arsenite. Furthermore, Ginsburg 

detected arsenite in the urine and glomerular filtrate of dogs dosed 

with arsenate. Further studies, as outlined in the World Health 

Organization's Publication on Arsenic (1981), have demonstrated the 

reduction of arsenate to arsenite in rats. Jji vivo oxidation of 

arsenite has also been demonstrated in mice. 

Finally, the limited studies carried out in humans have shown 

that in vivo methylation occurs following dosing with inorganic 

arsenic. Crecelius (1977) found that orally ingested inorganic 

arsenite or arsenate led to urinary excretion of the unchanged parent 

along with dimethylarsenic acid and methylarsonic acid (found only 

after dosing with arsenite). Tam et al. (1979) dosed adult.human 

males orally with arsenic acid. Within five days of dosing, 58 
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percent of the administered dose had been excreted. Of the arsenic 

excreted, 51 percent was present as dimethylarsenic acid, 21 percent 

as an unknown monomethylarsenic compound, and 27 percent as inorganic 

arsenic. 

It is significant that representatives from several phyla 

exhibit the property of methylation of inorganic arsenic. As 

outlined by Lakso and Peoples (1975), the methylated metabolites of 

inorganic arsenic are less toxic than the parent molecule. Based on 

this observation, the methylation of arsenic in animals appears to be 

a true detoxification mechanism, unlike the methylation of mercury 

which results in enhanced toxicity (Hammond and Beliles, 1980). 

Excretion of Arsenic 

In all animals studied, urinary excretion is the primary route 

of elimination with fecal excretion generally accounting for only a 

small fraction of the total amount excreted. Only in the case of 

certain organic arsenicals of relatively high molecular weight and 

lipophilicity, does biliary excretion of arsenic begin to approximate 

the levels excreted via the urine (WHO, 1981). 

Urinary excretion of trivalent and pentavalent inorganic arsenic 

was examined in mice (Vahter and Norin, 1980). These authors 

demonstrated that approximately 70% of the dose, administered either 

sc or po, is excreted via the urine within 24 hours. These same 

authors demonstrated that mice given 0.4 mg/kg or 4.0 mg/kg showed 

significantly higher urinary excretion following dosing with 

pentavalent arsenic than with trivalent arsenic. A possible 



explanation for this observed difference has been proposed by 

Ginsburg (1965). Ginsburg suggests that there exists a renal 

mechanism whereby trivalent arsenite ions are secreted into the urine 

down a concentration gradient from cell to urine. Furthermore, this 

concentration gradient is proposed to be maintained by the 

reabsorption of arsenate from the glomerular filtrate, with its 

subsequent intracellular reduction to arsenite. This proposed 

mechanism is supported by observations by Ginsburg of a direct 

relationship between the rate of arsenite secretiori and arsenate 

reabsorption. Furthermore, Ginsburg's work demonstrated the in vivo 

reduction of arsenate to arsenite. 

Ducoff et al. (1948) showed that rabbits receiving trivalent 

inorganic arsenic parenterally had excreted approximately 70% of the 

administered dose via the urine within 24 hours. Similar rapid 

urinary excretion has been documented in dogs following the iv or po 

administration of arsenic acid (Hollins et al., 1979). These authors 

proposed a two phase model of elimination for arsenic in dogs: 85% 

of the dose being eliminated with a half-time of approximately 6 

hours while the second phase, representing 14% of the dose, was 

eliminated with a half-time of 2.4 days. 

Urinary excretion of arsenic in humans appears to occur at a 

rate slower than that described for most experimental animals. 

Following a single oral dose of carrier-free ^As, Tam et al. (1979) 

found only 58% of the dose excreted in the urine over a 5 day period. 
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The Protective Mechanism of Dithiols In Arsenic Poisoning 

Much of the experimentation which has been conducted in 

search of an antidote to arsenic poisoning has focused on poisoning 

by arsenicals in which the arsenic is in the +3 valence. This fact 

is significant for two reasons: as described earlier, the purpose of 

much of the early experimentation was to find an antidote to the 

trivalent arsenical, lewisite. Additionally, the fact that 

pentavalent arsenicals can undergo reduction in vivo to trivalent 

compounds (Peters, 1955; Johnstone, 1963), coupled with the greater 

toxicity generally associated with trivalent arsenicals, has 

supported such an emphasis. 

Once the binding of trivalent monosubstituted arsenicals to 

the sulfhydryl groups of enzymes was accepted as the probable 

mechanism of their toxicity, research for potential antidotes was 

focused on agents designed to reverse this binding. Early work done 

by Voegtlin and coworkers (1920) with glutathione demonstrated that 

this endogenous sulfhydryl containing tripeptide was ineffective in 

reversing the toxicity caused by the monosubstituted arsenical, 

mapharside. Despite this early failure, the demonstration by Cohen 

et al. (1931) that thioarsenites were dissociable suggested that the 

reversal of arsenic toxicity through the breaking of the arsenic 

sulfur bond was possible. 

It was within the next decade that Peters, Stocken, and 

Thompson made great progress in the development of an antidote to 

lewisite intoxication. As outlined earlier, the arsenic of lewisite 

was shown to combine with the sulfhydryl groups of kerateine in a 
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preferred 1 As:2 SH stoichiometry. This finding led these authors to 

speculate that the monosubstituted arsenic of lewisite was forming a 

stable cyclic thioarsinite with two nearby sulfhydryl groups on the 

protein molecule (Stocken and Thompson, 1946a). This theory is 

commonly referred to as the "Ring Hypothesis" of arsenical toxicity 

(Whittaker, 1947). Based on this proposed mechanism of toxicity and 

the ineffectiveness of monothiols as arsenic antidotes, these authors 

proposed that protection against trivalent arsenicals would be best 

afforded by dithiols capable of forming a relatively stable ring 

compound with the arsenical (Stocken and Thompson, 1946b). Indeed, 

subsequent work by these authors with a series of small molecular 

weight 1,2 and 1,3 dithiols led to the development of 2,3 

dimercaptopropanol (British Anti-Lewisite,BAL, dimercaprol) (Peters 

et al., 1945). 

British Anti-Lewisite 

Since its introduction as an antidote to lewisite 

intoxication in the 1940's, 2,3 dimercaptopropanol has remained the 

treatment of choice for clinical arsenic poisoning in the United 

States (Klaassen, 1980). As described by Peters (1955), BAL has been 

demonstrated to reverse the inhibition by lewisite of pyruvate 

oxidation (PDH activity) in vitro, and has been demonstrated to act 

as an antidote to lewisite induced lethality in vivo. BAL has also 

been shown to protect animals against sodium arsenite (NaAsC>2) and 

medicinal arsenicals (Stocken et al., 1947). 



18 

BAL, as previously described, is a dithiol. Each sulfhydryl 

(thiol) moiety is a potential ligand which can bind to a metal, in 

this case arsenic. As a compound which can form a complex with 

metals through two (or more) ligands, BAL is classified as a 

chelating agent. The binding of a metal to two ligands of a 

chelating agent results in the formation of a heterocyclic ring. 

This ring structure is usually more stable than a complex formed 

through the binding of the same metal with a single ligand (Klaassen, 

1980). 

Chemically, BAL is highly lipophilic in nature with only very 

slight water solubility. BAL is limited in its route of adminis

tration to either intramuscular injection, or topical application to 

the site of lewisite contact. BAL is not available for oral adminis

tration, apparently due to low stability with in the gastrointestinal 

tract. 

Despite BAL's current status as the treatment of choice for 

arsenic intoxication, there are a number of factors which have led 

investigators to search for alternative agents. Such factors 

include: a relatively low margin of safety due to BAL's high 

toxicity, low water solubility which precludes oral administration 

and necessitates that BAL be given by intramuscular injection, the 

pain associated with im injections of BAL, and allergic reactions 

seen in some individuals. Finally, the recent findings of Hoover and 

Aposhian (1983) that BAL actually increases the transit of arsenic 

into the brain of rabbits further supports the need for more 

effective agents for the treatment of arsenic intoxication. 



Water Soluble Analogs of British Anti-Lewisite 

In their search for an antidote to arsenic intoxication that 

would be more suitable than BAL, investigators sought a number of 

molecular characteristics based on the information gathered in the 

development of BAL. The vicinal dithiol portion of the molecule was 

retained in keeping with the ring hypothesis of arsenic chelation. 

The formation of a 5-membered thioarsinite ring, as with vicinal 

dithiols, is believed to result in a more stable thioarsinite than 

that formed between arsenic and the lipoic acid cofactor of the PDH 

multienzyme complex (Peters, 1955). This increase in stability would 

favor the formation of the chelate complex over the lipoic acid 

complex, resulting in reversal of the poisoning of the PDH 

multienzyme complex. Another consideration: for the agent to be 

effective in reversing the poisoning due to arsenic, it must 

penetrate into the mitochondria since PDH is a mitochondrial enzyme 

complex. In addition to these properties which are analogous to BAL, 

newer antidotes were sought which would display decreased toxicity 

and increased efficacy relative to BAL. Such properties would lead 

to an increase in the margin of safety of treatment. Furthermore, 

many researchers have directed their research at water soluble 

analogs of BAL such that they can be administered orally. In 

addition to the relative ease of oral dosing, one further attribute 

of a water soluble agent is that it would be available for 

prophylactic treatment. Prophylaxis has been considered for those 

members of the population at risk of occupational exposure to 

arsenic. In light of the structural similarity between these agents 
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and BAL, they are commonly referred to collectively as water soluble 

analogs of BAL. 

Figure 1 shows the structure of 2,3 dimercaptopropanol (BAL) 

along with the structures of three of its water soluble analogs, 

including 2,3 dimercaptosuccinic acid (DMSA), 2,3 dimercaptopropane-

sulfonic acid, Na Salt (DMPS), and N-(2,3-dimercaptopropy1), 

phthalamidic acid (DMPA). With each of the analogs of BAL, retained 

the vicinal dithiol moiety has been retained. The analogs differ 

chemically from BAL in that they each contain an ionizable functional 

group which increases the water solubility of the compound. 

DMPS and DMSA have been studied extensively relative to their 

potential utility as antidotes for poisoning by a number of "heavy 

metals". Included among those metals studied are mercury, lead, 

cadmium, copper, and arsenic (Aposhian, 1983). Indeed, while BAL has 

remained the only dithiol approved for routine treatment of arsenic 

intoxication in the United States, DMPS has long been an official 

drug in the Soviet Union (Aposhian et al., 1982). 

Within the Soviet Union, DMPS is known as unithiol and is widely 

accepted as an antidote for "thiol poisoning" by arsenicals. In 

addition to the treatment of confirmed arsenic poisonings, DMPS is 

used prophylactically in the Soviet Union to reduce the risk of 

arsenic intoxication among workers (Luganskii and Loboda, 1960). 

DMSA, following its initial description as an agent effective 

in increasing the uptake of antimony in the treatment of 

schistosomiasis (Friedheim et al., 1954), was extensively studied by 

both Soviet and Chinese investigators. Conversely, researchers in 
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the United States and much of Western Europe virtually ignored such 

works until the publication of a paper by Friedheim and Corvi (1975) 

stimulated interest in DMSA as a potential agent useful in chelation 

therapy. The pharmacology and toxicology of both DMSA and DMPS are 

presented in a recent review by Aposhian (1983). 

Much of the work done recently in over laboratory has focused 

on the study of DMPS and DMSA relative to their potential efficacy 

against poisoning by arsenic. These studies have been designed to 

determine the relative toxicity of the dithiols, their efficacy in 

preventing the lethal effects of sodium arsenite (a trivalent 

arsenical) In vivo, as well as their iri vitro effectiveness in 

reversing the inhibition by sodium arsenite of the PDH multienzyme 

complex. Such experiments have demonstrated that DMPS and DMSA are 

indeed considerably less toxic than BAL on a molar basis. Further

more, both of these water soluble analogs of BAL show higher activity 

both iii vivo and in vitro in reducing the toxicity of arsenic 

exposure than that afforded by BAL. 

A third water soluble analog of BAL has recently been 

included in these studies. This agent is N-(2,3-dimercaptopropy1) 

phthalamidic acid (DMPA). Portnyagina and Morgun (1966) described 

the synthesis of DMPA from phthalic acid and demonstrated that it 

forms relatively stable complexes with cadmium, zinc, and mercury in 

non-biological systems. More recently, Yonaga and Morita (1981) 

reported that DMPA was effective in decreasing tissue retention while 

increasing both fecal and urinary excretion of mercury in mice 

following treatment with mercuric chloride. 
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Thesis Objectives 

The work presented herein represents the research completed 

by the author, working in the laboratory of Dr. H. V. Aposhian, as 

partial fulfillment of the requirements for the degree of Master of 

Science in Toxicology. This research involved two separate and 

distinct research problems relative to the study of water soluble 

analogs of British Anti-Lewisite as potential antidotes to arsenic 

intoxication. 

The initial part of this study was designed to examine both 

the toxicity and the efficacy of DMPA, a new water soluble analog of 

BAL, previously untested as an antidote to arsenic intoxication. 

While Yonaga and Morita (1981) demonstrated the effectiveness of DMPA 

against HgC^ in mice and previously published the LD50 of DMPA 

following subcutaneous injection in mice (Morita and Yonaga, 1976), 

no reports of the effectiveness of DMPA against arsenic intoxication 

have been published to date. Toward this end, a number of 

experiments were performed in this laboratory (Aposhian, 1982). In 

general, these experiments were carried out under the same experi

mental conditions used to test DMPS and DMSA in this laboratory. By 

examining the effect of DMPA in experiments previously conducted with 

DMSA and DMPS; DMPA could be compared directly with DMSA, DMPS, and 

BAL relative to its potential utility as a treatment for arsenic 

poisoning. 

The remainder of the research described in this manuscript 

deals with the development of an analytical method for the 

quantification of DMSA in biological matrices. Such a method was 



considered a prerequisite to pharmacokinetic studies of DMSA. In 

addition, it was hoped that the analytical separation of DMSA from 

other compounds present in blood and urine would allow further 

characterization of the proposed DMSA:arsenic chelate.complex, as 

well as potential metabolites of DMSA. Finally, such an analytical 

method would be useful in confirming that purity of pharmacological 

preparations of DMSA along with monitoring the degree of oxidation of 

such preparations. 

A reversed-phase high-performance liquid chromatography 

(HPLC) procedure was modeled after separations published for a number 

of sulfur containing compounds. These procedures involve a diverse 

group of sulfur compounds including: glutathione (Reeve et al., 

1980), glucuronide and sulfate conjugates of various drugs (Karakaya 

and Carter, 1980), and a series of low molecular weight alkylthiols 

(Kuwata et al., 1982). Upon examination of the structure of DMSA 

(Figure 1), a complicating factor becomes readily apparent: DMSA is 

a dicarboxylic acid and as such is relatively polar. The relatively 

high polarity would be expected to minimize the degree of 

partitioning of DMSA into the non-polar stationary phase of a 

reversed-phase HPLC column. This low partitioning would provide poor 

separation of DMSA from other non-polar compounds found in urine and 

blood. To increase the partitioning of DMSA into the C-18 stationary 

phase and thereby increase the chromatographic resolution, the ion-

pairing agent tetrabutylammonium hydrogen sulfate was added to the 

mobile phase. The resultant ion-pairing mobile phase was essentially 

identical to that described by Karakaya and Carter (1980) except that 
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the counter ion was changed from bromide to hydrogen sulfate to 

prevent the corrosive action of halides on the stainless steel 

components of the HPLC. 

By selectively controlling the pH of the mobile phase above 

both pKa's values for DMSA, it was believed that the cationic 

tetrabutylammonium ions would form an ion pair at the two carboxylic 

acid moieties of DMSA. The resultant ion pair would not only mask 

the polar carboxylic acid groups; the two tetrabutyl groups would be 

expected to add significant non-polar character to the DMSA complex, 

thereby increasing the retention of DMSA on the C-18 column. 

To allow for visualization of DMSA by UV absorption 

detection, 5,5'-dithiobis (2-Nitrobenzoic acid) (DTNB, Ellman's 

Reagent) was used as a chromophore (Sedlak and Lindsay, 1968; Reeve 

et al., 1980; Kuwata et al., 1982). At controlled values of pH 

between 8.0 and 9.0, the formation of a mixed disulfide between DTNB 

and the sufhydryl groups in the medium results in the concomitant 

formation of a nitromercaptobenzoic acid anion (Figure 2). This 

anion produces an intense yellow color which can be monitored 

spectrophotometrically to quantify the thiol groups present in 

solution. Given that DMSA contains two vicinal thiol groups, it was 

necessary to determine the stoichiometry of the reaction to allow for 

quantification of the DMSA. 
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MATERIALS AND METHODS 

Chemicals 

N-(2,3-Dimercaptopropy1) Phthalamidic acid (DMPA) was 

synthesized by Starks Associates Inc., of Buffalo, NY. The purity of 

DMPA was confirmed by iodometrictitration. Sodium arsenite (NaAsC^) 

was purchased from MCB, Gibbstown, NJ. Thiamine pyrophosphate, NAD+, 

coenzyme A, and cysteine-HCl were purchased from Sigma Chemical Co., 

St. Louis, MO. For the assay of pyruvate dehydrogenase multienzyme 

complex (PDH) activity, [ 1-^C]-sodium pyruvate was purchased from 

New England Nuclear (Boston, MA), dissolved in water, and stored 

frozen at -20°C until immediately prior to use. Such treatment has 

been demonstrated not to affect the stability of the radiolabeled 

sodium pyruvate (personal communication, H. V. Aposhian). 

Dosing solutions of DMPA were prepared immediately prior to 

use by dissolving DMPA in 0.9% saline; IN NaOH was added dropwise to 

facilitate complete solution. Once the DMPA was completely 

solubilized at a pH of approximately 9, IN HC1 was titrated rapidly 

into the solution to bring the final pH to 6.5. DMPA solutions were 

prepared immediately prior to use, at slightly acidic pH to minimize 

oxidation of the sulfhydryl groups (Stine et al., 1984). Sodium 

arsenite dosing solutions were also prepared immediately prior to use 

by dissolving NaAs02 in 0.9% saline. 

27 
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Animals 

All experiments involving animal models were carried out 

using male Swiss Webster mice of the CD-I strain (random bred 

albino), purchased from Charles River Breeding Labs, Wilmington, MA. 

At the time of shipment from Charles River, all mice weighed 23-25 

grams. Following receipt at the animal handling facility, the mice 

were randomly assigned to cages in groups of four. All mice were 

maintained on a 12 hour light/dark cycle at 24°C and given Wayne 

brand lab blox and tap water ad libitum. Following a minimum of 

seven days for acclimatization, the mice, weighing 25-40 grams, were 

randomly assigned to the various dosing groups. 

Prior to dosing, mice were caged individually and weighed to 

the nearest decigram for calculation of dose. During the time from 

approximately one hour prior to dosing until approximately two hours 

after dosing, the mice were denied access to food and water and left 

undisturbed except for the administration of injections. 

Approximately two hours after dosing, the animals were returned to 

freshly bedded cages (sawdust bedding), along with their original 

cagemates, and returned to the animal housing facility where they 

were maintained under the previously described environmental 

conditions. 

In Vivo Toxicity and Efficacy Studies 

For the LD50 determination of DMPA, injections were given ip 

at a volume of 0.2 ml/25 g body weight. Mortalities were recorded 

daily for a minimum of seven days, all deaths having occurred by the 
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third day. All doses were calculated on a mmol/kg basis, over a 

range of 0.25 to 3.00 mmol/kg. 

The dosing regimen for the ED5Q determination of DMPA 

consisted of injecting 0.15 mmol/kg of NaAs02 (the approximate LD99 

in this laboratory), followed by an injection of DMPA. Effectiveness 

was defined as reversal of the lethal effects of the sodium arsenite. 

The sodium arsenite was dissolved in 0.9% saline and injected sc in 

the right rear leg at a volume of 0.05 ml/25 g body weight. Prior to 

returning the mice to their cages, the injection site was examined 

for any signs of seepage which would constitute a misdosage. Ten 

minutes after the NaAs02 injection, an ip injection of DMPA (0.2 

ml/25 g body weight) was given, with control animals receiving an 

equal volume of saline in lieu of DMPA. Mortalities were monitored 

as described above. The dosage range for DMPA was from 0.005 to 

0.150 mmol/kg. A single ip injection of 0.150 mmol DMPA/kg was 

demonstrated to be well below the minimum lethal dose for DMPA in the 

above-mentioned LD^Q determination. 

To determine the effect of DMPA on the LD^Q of NaAs02, the 

regimen described above for the ED^g determination was followed 

except that the NaAs02 dose was varied and followed by two ip 

injections of 0.20 mmol DMPA/kg. One DMPA injection was given 

immediately following the sodium arsenite injection, the second 

injection was given 90 minutes later. The sodium arsenite doses 

ranged from 0.20 to 0.40 mmol/kg. 

Finally, the oral efficacy of DMPA in reversing the lethal 

effects of sodium arsenite was examined in a protocol similar to that 



used for the ED50 determination. In this experiment, mice that had 

been denied food for 12 hours were given an sc injection of 0.15 mmol 

NaAs02/kg* DMPA was given ten minutes later via oral gavage at a 

volume of 0.3 ml/25 g. Two groups of control animals were employed: 

one group receiving saline in lieu of the NaAs02» the other group 

receiving saline in lieu of the DMPA. Two doses of DMPA were used 

(0.25 mmol/kg and 0.50 mmol/kg) and no attempt was made to quantitate 

a median effective oral dose. 

In Vivo/In Vitro Pyruvate Dehydrogenase Assay 

Reversal of the inhibition by NaAs02 of pyruvate 

dehydrogenase multienzyme complex (PDH) was examined using an in 

vitro assay, following the in vivo absorption, distribution, and 

metabolism of sodium arsenite and DMPA. Male Swiss Webster mice, as 

described previously, were given sc injections of 0.10 mmol NaAs02/kg 

at an injection volume of 0.05 ml/25 g body weight. Thirty minutes 

after the arsenic injection, DMPA was administered ip according to 

the following scheme: Two groups of three mice each received 0.05 

mmol DMPA/kg, two groups received DMPA at 0.10 mmol/kg, and the final 

two groups received 0.9% saline. All ip injections were given at a 

volume of 0.10 ml/25 g body weight. One group from each dosing 

regimen was terminated via cervical dislocation at 20 and 40 minutes 

following the ip injection. The kidneys were removed, sliced 

longitudinally into quarters, and rinsed with distilled, deionized 

water. The slices were stored in a refrigerator at 2°C for two days 

(Linn et al., 1972). The tissue slices were then homogenized in 



approximately A ml of 0.25 M sucrose using a B. Braun Melsungen 

homogenizer: 25 strokes at 650 rpm. The homogenates were then 

centrifuged for 20 minutes in the JA-20 rotor of a Beckman J2-21M 

centrifuge at 6000 rpm (4360xG) at 2° C. The supernatant was 

collected, 0.1 ml was drawn off for protein determination (Biuret 

Assay), and the remainder was stored frozen at -70°C until needed. 

Carbon-14 labeled CO2 produced by the decarboxylation of 1ZfC-

pyruvate, was used as a measure of PDH activity. The reactions were 

carried out in closed vessels to facilitate trapping of ^C02 as 

described by Palmatier et al. (1970). Twenty yl of the l^C-pyruvate 

solution (0.25 mCi/mMole, 24 mM) was pipeted into the bottom of a 

10x75 mm culture tube. Subsequently, 60 yl of the thawed mouse 

kidney supernatant was added along with 80 yl of 0.25 M sucrose 

solution. The reaction volume was brought to 240 yl with the 

addition of 80 yl of Tris-HCl buffer (pH 8.1), which contained the 

cofactors for the reaction. The final solution in the culture tube 

contained 0.1 M Tris-HCl, 1 mM MgCl2, 0.5 mM CaCl2> mM EDTA, 0.2 

mM thiamine pyrophosphate, 2.5 mM NAD+, 2 mM cysteine-HCl, 0.13 mM 

acetyl-CoA, and 2.0 mM [1-^C] sodium pyruvate (Kresze and Steber, 

1979). All reagents and glassware were maintained in an ice bath to 

minimize reactivity prior to incubation. The culture tubes 

containing the reaction mixture were placed into 14 ml conical tubes, 

into which had been placed a 3 x 30 mm glass rod and a 1 x 4 cm piece 

of Whatman No.l filter paper, saturated in NCS (Nuclear Chicago 

Solubilizer) reagent. The reaction vessels were stoppered and placed 

in a water bath at 30°C for 10 minutes. Duplicate incubations were 



incubated using the mouse kidney supernatant samples for each of the 

three animals per group (n=6). Following the incubation period, the 

reaction was stopped by inserting a syringe needle through the 

stopper and injecting 0.24 ml of a 20% trichloroacetic acid (TCA) 

solution into the reaction tube. The tubes were then allowed to 

stand and equilibrate for at least one hour following the addition of 

TCA. At the end of this time, the reaction vessels were unstoppered 

under a hood. The filter paper was removed, cut into pieces, and 

placed into glass scintillation minivials. Four milliliters of 

Triton X-100 scintillation fluid was then added to the vials. The 

vials were capped, inverted several times to insure adequate mixing, 

and to let stand overnight. It was necessary to let the vials stand 

overnight to rid them of the chemiluminescence produced by the 

interaction of the scintillation fluid with the basic quaternary 

ammonium component of the NCS tissue solubilizer (Long, 1976). 

Prior to placing the vials into the liquid scintillation 

counter, each vial was inspected to insure that the filter paper 

pieces were lying flat on the bottom of the vial. This was necessary 

to prevent the opaque paper from interfering with the detection of 

scintillation events by the photomultiplier tubes. The samples thus 

prepared were counted for two minutes in the carbon-14 window of a 

Beckman Model 7800 liquid scintillation counter. 

Since the data were reported as dpm/mg protein, it was also 

necessary to prepare a quench curve for the parameters of this 

counting procedure. Varying amounts of quenching agent 

(nitromethane) were added to vials into which had been pipeted 200 yl 
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of l^C-toluene standard (New England Nuclear). To these vials was 

added 4.0 ml of triton X-100 scintillation fluid. The vials were 

then counted as described previously and efficiency ([CPM/DPM]xl00) 

vs. H# was plotted graphically as a quench curve (Long, 1977). The 

quench curve thus obtained is shown in Figure 3. The data points for 

the quench curve were analyzed using non-linear regression and the 

corresponding cubic equation of the curve designating efficiency vs. 

H# was calculated as: 

Efficiency=l.1549-0.0027(H)+9.606xl0"6(H2)-1.77xl0"8(H3),r2=0.9986 

(Horrocks, 1977). From the above equation, CPM values and the 

corresponding H^s from the scintillation counter were converted to 

dpms according to the equation: DPM=(CPM - blank)/efficiency. 
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Figure 3 Quench curve for the determination of the efficiency of counting of radioactive 

disintegrating over a range of instrumentally determined H-numbers. A series of quenched 

vials were prepared as described in the text and counted to determine the relationship of 

counting efficiency vs. H-number. From the data points thus obtained (x), the polynomial 

equation which best describes the counting efficiency as a function of H-number was 

calculated along with the corresponding coefficient of correlation (r2). Finally, a series 

of H-numbers were chosen and the corresponding counting efficiency extrapolated from the 

equation of the quench curve (•)• 
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HPLC Assay of DMSA 

An HPLC assay for the detection and quantification of DMSA 

was developed using a C-18 reversed-phase column with 

tetrabutylammonium hydrogen sulfate added to the mobile phase as an 

ion-pairing agent. The mobile phase was prepared by adjusting the pH 

of a 0.02 M aqueous solution of tetrabutylammonium hydrogen sulfate 

to 7.0. An equal volume of methanol was added to yield a 50:50 

methanolrwater solvent system with a final 0.01 M tetrabutylammonium 

hydrogen sulfate concentration. The mobile phase thus prepared was 

filtered through a nylon filter with a pore size of 0.45 m (Alltech 

Associates; Deerfield, IL.), and degassed under vacuum. 

All samples were run on a Spectra Physics Model 3500 liquid 

chromatograph, equipped with a fixed wavelength detector at 254 nm. 

An Alltech Associates Rosil C-18 column (5 m particle size, 250 x 4.6 

mm I.D.) was used in this chromatographic separation. The analytical 

column just described was preceded in series by a 5 cm precolumn, 

packed with C-18 bonded 30 m glass beads (Whatman; Clifton, NJ). 

Flow through the system was maintained at 1 ml/min. 

Standard solutions of DMSA were prepared by dissolving DMSA 

in 6.3 x 10~2m dipotassium phosphate, 3.3 x 10~3m potassium 

biphosphate buffer at pH 8.0 (Kuwata et al., 1982). To the aqueous 

standards of DMSA was added a methanolic solution of 5,5'-dithiobis 

(2-nitrobenzoic acid) (DTNB), such that the concentration of DTNB was 

in excess of twice the concentration of DMSA. The formation of the 

DMSA:DTNB chromophore complex occurred immediately, at pH 8, as 

evidenced by the brilliant yellow coloration of the solution. 
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Standards of mono-mercaptosuccinic acid (MSA) were prepared 

as described above and used to confirm the stoichiometry of the 

complex formed between DMSA and DTNB. 

Carbon-14 labeled DMSA was added to solutions of unlabeled 

DMSA, in the presence of excess DTNB, for use as a radioactive tracer 

in studying the chromatographic profile of the DMSArDTNB complex. 

Carbon-14 labeled standards thus prepared were chromatographed and 

fractions of the column effluent were collected at 1 minute 

intervals. Fractions were collected in polypropylene scintillation 

vials, to which 7 ml of Beta Phase scintillation fluid (Westchem; San 

Diego, CA) was added. The vials were then counted in a Beckman Model 

7800 liquid scintillation counter, and dpm/fraction was determined. 

From these data it was possible to determine what percentage of the 

total radioactivity eluted in each fraction. Using this system, the 

elution profile of the ^C-DMSA was obtained. 

Statistical Analyses 

Experimental results from the in vivo animal testing were 

analyzed using quantal response methodology, as described by Aposhian 

et al. (1981). 



RESULTS 

Animal Studies with DMPA 

Prior to examining the potential efficacy of DMPA in the 

treatment of arsenic intoxication, it was necessary to determine the 

inherent toxicity of DMPA. As with any therapeutic agent, it was of 

foremost importance to establish the relative toxicity of DMPA such 

that doses given therapeutically are well below levels which elicit 

toxic'responses in the organism. The most obvious toxic response is 

that of lethality following exposure of an organism to a given agent. 

It is for this reason that the LD50 is commonly employed as a crude 

measurement of toxicity. Table 1 shows the results of a series of 

individual dosings designed to determine the LD5Q of DMPA in Swiss 

Webster mice. Following ip injection of an aqueous solution of DMPA, 

the LD50 was determined to be 0.819 mmol/kg with a corresponding 95% 

confidence interval of from 0.801 to 0.837 mmol/kg. 

As described in the Methods, animals were observed for at 

least two hours after dosing at which time they were returned to 

their cages. It is interesting to note that in all cases lethality 

occurred during this two hour period following the DMPA injection. 

It was therefore possible to observe the outward effects of DMPA 

prior to lethality. Signs of intoxication were often noted within 

approximately 10 minutes following the DMPA injection and consisted 

of severe, involuntary muscle spasms and diarrhea. Along with the 
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TABLE 1 

LD50 DETERMINATIONS IN MICE 

LD5Q 95% Confidence Dose Range No. of 
(mmol/kg) Interval (mmol/kg) mice 

DMPA, ip 0.819 (0.801,0.837) 0.25 - 1.25 188 

BAL, ip 1.48 (1.11 ,1.97) 0.60 - 1.80 212 



dose-response effect of increasing mortality with increasing dose, 

the severity of the muscle spasms was also observed to be a graded 

phenomenon. Those animals in the low dose groups (0.25 and 0.50 

mmol/kg) showed mild or no symptoms, while doses above 1.0 mmol/kg 

invariably produced spasms of such severity that the animals were 

literally propelled about the cage. Death in the 1.75 mmol/kg group 

was rapid, all animals having died within 40 minutes of receiving the 

DMPA injection. 

The efficacy of DMPA against sodium arsenite was in part 

measured by the ED50 f°r DMPA following a subcutaneous injection of 

0.15 mmol NaAs02/kg (the approximate LDgg). In this case the desired 

effect was prevention of the lethality caused by sodium arsenite. 

When DMPA was injected ip, 10 minutes after the NaAs02 injection, the 

ED50 was determined to be 0.022 mmol/kg with a 95% confidence 

interval of 0.008 to 0.058 mmol/kg (Table 2). All doses of DMPA used 

in the ED50 determination were well below the threshold dose for 

lethality due to DMPA alone. No outward signs of DMPA intoxication 

were observed at the doses used for the ED50 determination. 

The LD^q an(j ED50 for a given compound can be combined into a 

ratio called the therapeutic index (TI), where TI=LD5()/ED50* This 

ratio is often used to determine the relative margin of safety of a 

drug given therapeutically. This relationship produces a therapeutic 

index which is directly proportional to the LD^q and inversely 

proportional to the ED5Q, such that a high relative toxicity (low 

LD50) relative to the ED^q will result in a low TI. In the case of 

DMPA, the low LD50 is offset by the fact that the ED50 is 
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TABLE 2 

ED50 AND THERAPEUTIC INDEX OF DMPA AND BAL WHEN GIVEN, IP, 
TO MICE 10 MIN AFTER 0.15 MMOL NaAs02/Kg, SC. 

DMPA BAL 

ED50 (mmol/kg) 0.022 0.169 

95% Confidence 0.008 (0.088-
Interval 0.058 0.325) 

Dose Range (0.005- (0.05 -
Used (mmol/kg) 0.150) 0.50 ) 

No. of Mice Used 287 210 

Therapeutic Index 37 8.8 

The amount of NaAs02 given is the approximate LDgg. 
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correspondingly low, resulting in a therapeutic index of 37.2 

(0.819/0.022). 

In addition to the ED^q determination, efficacy in protecting 

mice from NaAs02 was also demonstrated in the experiment designed to 

determine the effect of DMPA on the LD^Q Qf NaAs02» The LD50 of 

NaAs02 following subcutaneous injection has been determined to be 

0.129 mmol/kg in this lab (Aposhian, 1982). Table 3 shows the 

results of an LD50 study in which an injections of 0.20 mmol DMPA/kg 

was given intraperitoneally immediately after and 90 minutes 

following the sodium arsenite injection. Under these conditions, the 

LD50 of sodium arsenite is increased approximately 2.5 fold to 0.316 

mmol/kg. The corresponding 95% confidence interval is from 0.192 to 

0.439. 

Table 4 lists the data from the determination of the oral 

activity of DMPA in reversing the lethal effects of sodium arsenite. 

When DMPA was given by oral gavage 10 minutes after sodium arsenite 

challenge, eight of ten and nine of ten animals survived in the 0.25 

mmol/kg and 0.50 mmol/kg dose groups, respectively. None of the ten 

animals receiving 0.50 mmol/kg DMPA died in the control group 

receiving 0.9% saline in lieu of NaAs02. This fact demonstrates that 

DMPA given orally at 0.50 mmol/kg is not lethal to mice and that the 

deaths seen in this experiment are due solely to the NaAs02 

injection. 

Figure 4 shows the data obtained from the in vivo/in vitro 

pyruvate dehydrogenase enzyme (PDH) assay. PDH activity fell sharply 

in animals receiving saline following challenge with sodium arsenite. 
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TABLE 3 

INCREASE IN THE LD50 OF NaAs02 BY THE ADMINISTRATION OF 
0.20 MMOL DMPA/Kg IP, IMMEDIATELY AFTER AND 

90 MIN FOLLOWING NaAs02 INJECTION 

LD50 95% Confidence Dose Range No. of 
(mmol/Kg) Interval (mmol/kg) Mice 

NaAs02a 0.129 0.125 - 0.139 0.08 - 0.16 116 

NaAs02 + DMPA 0.316 0.192 - 0.439 0.20 - 0.40 113 

NaAs02 was injected sc in right rear leg. 

aTlie data for NaAs02 taken from Aposhian et al. (1982). 
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TABLE 4 

PROTECTIVE EFFECT OF ORAL DMPA AGAINST 
SODIUM ARSENITE LETHALITY IN MICE 

7-Day Survival3 

mmol/kg No.Survived/ % Survived 
No. Start 

0.15 NaAs02 + 0.25 DMPA 8/10 80 

0.15 NaAs02 + 0.50 DMPA 9/10 90 

Saline + 0.50 DMPA 10/10 100 

0.15 NaAs0£ + Saline 1/10 10 

aDMPA or saline was given po 10 min after NaAs02 (0.15 mmol/kg sc). 
Mice were fasted for about 18 hours before treatment po. The 
concentration of the DMPA solution was such that a 25 g mouse 
received 0.30 ml po. 
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Indeed, thirty minutes after the arsenite injection, PDH activity had 

fallen to 2.3% of control activity and remains at about this level 

throughout the time course of the experiment. Those animals 

receiving 0.05 mmol/kg DMPA (thirty minutes after the NaAs02 

injection) showed a recovery of PDH activity to 21.9% of control 

within 20 minutes following the DMPA injection. No further recovery 

was apparent by 40 minutes after the DMPA injection, PDH activity 

Those groups receiving 0.1 mmol/kg DMPA showed increased PDH activity 

to 74.0 and 89.0% of control at 20 and 40 minutes post-DMPA 

injection, respectively. 

HPLC Assay of DMSA 

Figure 5 shows a representative chromatogram obtained from 

aqueous standards of DMSA dissolved in phosphate buffer (pH 8), in 

the presence of DTNB. The molar concentration of DTNB in these 

standards was greater than twice the concentration of DMSA. Three 

chromatographic peaks, having retention times of approximately 5, 10, 

and 15 minutes following the sample injection, were observed. 

The first question to be addressed relative to the assay 

development was that of determining the identity of the peaks 

obtained from the chromatogram. As described in the introduction the 



45 

0.10 mmol 
DMPA/kg 

T" o 
X 

e 
CP 

o 
o. 

E  

0.05 mmol 
DMPA/kg 

Saline 

100 
Minutes 

Figure 4 Reversal, in vivo, of the sodium arsenite inhibition of the 
PDH complex activity measured in vitro. Mice were injected sc with 
sodium arsenite (0.10 mmol/kg) and 30 min later (as noted by the 
arrow) DMPA or saline was injected ip. Groups of three mice were 
killed at specific times, their kidneys were removed and stored at 4° 
C for 2 days and extracts were prepared. The activity of the PDH 
complex was determined as described in Methods. Each point 
represents the mean ± SE from duplicate incubations for each of the 3 
animals. 
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Figure 5 Representative chromatogram of an aqueous standard of DMSA 
dissolved in pH 8 buffer to which DTNB was subsequently added in 
excess of twice the concentration of DMSA. Elution times for peaks 
1, 2, and 3 are 5, 10, and 15 minutes, respectively at a flow rate of 
2 ml/minute. Sample injected at 0 min. 



reaction of DTNB with sulfhydryl groups results in the cleavage of 

the disulfide bond of the DTNB molecule. This cleavage results in 

the reduction of DTNB by the sulfhydryl groups of DMSA to form 1 mole 

of 2-nitro-5-mercaptobenzoic acid per mole of sulfhydryl groups 

(Sedlak and Lindsay, 1968). In addition to nitromercaptobenzoic 

acid, chromatographic peaks were expected which would correspond with 

unreacted DTNB along with the DMSA-DTNB complex of interest. 

The third peak (peak 3) on the chromatogram, having a 

retention time of approximately 15 minutes, was determined to be the 

unreacted DTNB. This determination was made by preparing a blank to 

which DTNB had been added without the subsequent addition of DMSA. 

The resulting chromatogram showed a single peak eluting with the same 

retention time as peak 3 of the standard chromatogram. Figure 6 is a 

representative chromatogram obtained from such a blank. Further 

evidence for the identity of this peak was obtained by serially 

adding increasing amounts of DTNB to the standard, resulting in 

progressively greater peak areas of peak 3 without a concomitant 

change in the remaining peaks. 

It has been demonstrated that disulfide bonds are cleaved in 

the presence of mercaptoethanol (Habeeb, 1973). This fact was 

utilized to confirm the identity of the nitromercaptobenzoic acid 

peak; with the cleavage of one molecule of DTNB yielding two 

molecules of nitromercaptobenzoic acid. The addition of 

mercaptoethanol to a blank solution of DTNB in the phosphate buffer 

previously described, yielded a single peak with an elution time of 

five minutes after the sample injection. Such a chromatogram is 
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Figure 6 Chromacogram of DTNB added to pH 8 phosphate buffer. The 
peak elutes with a retention time of 15 minutes at a solvent flow 
rate of 2 ml/minute. Sample injected at 0 min. 



represented in Figure 7. Peak 1 of the standard chromatogram, having 

identical chromatographic properties, was therefore demonstrated to 

be the nitromercaptobenzoic acid anion, resulting from the cleavage 

of DTNB. 

The remaining peak, having an elution time of approximately 

10 minutes, was demonstrated to be the DMSA-DTNB complex. This 

determination was facilitated by preparing standard solutions 

containing ^C-DMSA. The chromatograms of these standards were run 

under the same chromatographic conditions as previously described. 

During the chromatographic separation of the l^C-DMSA containing 

standards, the effluent exiting the HPLC column was collected at one 

minute intervals. Scintillation fluid was then added to the vials 

and the radioactivity in each vial determined. As can be seen in 

Figure 8, the majority of the radioactivity injected onto the column 

(approximately 85%) elutes in the chromatographic peak with an 

elution time of 10 minutes. From this it was concluded that the 

remaining peak, peak 2, was in fact the DMSA-DTNB complex. 

Along with confirming the identities of the various 

chromatographic peaks, it was also necessary to confirm the 

stoichiometry of the DMSA-DTNB complex formation. While DMSA has two 

sulfhydryl groups, the question remained whether both of these groups 

were available for complex formation. The absence of a peak 

corresponding to unreacted DTNB in standards containing less than 

twice as much DTNB as DMSA, suggested a 2:1 stoichiometry (DTNB:DMSA, 
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Figure 7 Chromatogram obtained following the addition of 
mercaptoethanol to a solution of DTNB dissovled in phosphate buffer 
at pH 8. The peak elutes with a retention time of approximately 5 
minutes at a solvent flow rate of 2 ml/minute. Sample injected at 0 
min. 
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Figure 8 Chromatogram of ^C-DMSA dissovled in pH 8 phosphate buffer 
followed by the addition of excess DTNB. The chromatogram (solid 
line) shows the relative change in optical density over the course of 
the chromatographic run; peak heights are not drawn to scale. The 
stippled histogram shows the disintegrations per minute in each one 
minute fraction of the column effluent collected over the 
chromatographic run. The total radioactivity injected onto the 
column was approximately 20,000 dpm. The solvent flow rate was 2 
ml/minute. 



respectively). To confirm this 2:1 stoichiometric reaction, 

standards of DMSA were prepared along with standards of mono-

mercaptosuccinic acid (MSA). Since neither of these compounds absorb 

light at 254 nm, any absorbance in subsequent chromatographic 

analyses of these standards must be due to the substituted benzoic 

acid moiety from DTNB which complexes with the sulfhydryl groups, 

acting as a chromophore. Furthermore, if both sulfhydryl groups of 

DMSA are complexed with the chromophore, the molar absorptivity of 

the DMSA complex, as measured by the area under the chromatographic 

peak of the complex, should be twice that of the MSA-DTNB complex. 

Indeed, Figure 9 shows that by plotting peak area (cm^) of the 

chromophore complex against the concentration of the thiol compounds 

(mM), the slope of the line for the DMSA complex is twice that of the 

MSA complex. Since the slope of the lines in Figure 9 is 

proportional to the molar absorptivity of the two chromophore 

complexes, it is readily evident that each molecule of DMSA complexes 

with two chromophore groups of DTNB, yielding a 2:1 stoichiometry for 

the reaction of DTNB and DMSA, respectively. 

A standard curve was prepared over a range of 4.5 ng to 9.1 

yg (10 yl of a 5.0 mM aqueous standard.) to demonstrate linearityof 

detection of the DMSA complex. Figure 10 shows this plot of peak 

area (cm^) vs. concentration. The response is seen to be linear over 

the above listed concentration range, with a coefficient of 

correlation of 0.997. It is interesting to note that 9.1 yg 

represents the upper end of this linear standard curve. Beyond this 
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Figure 9 Standard curves of DMSA and MSA complexes with DTNB showing 
peak area (cm^) vs. concentration of the two thiols (mM). Each point 
represents the mean of two injections of 10 yl each. 
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Figure 10 Standard curve of peak area (cm2) vs. concentration of DMSA standards. All g 
points represent a single injection of 10 yl onto the column. Peak areas have been 
normalized to an optical density range of 0.01. 



point the standard curve tapers off in a non-linear fashion. This 

results in a linear standard curve over a 2,000 fold increase in DMSA 

concentration. 



DISCUSSION 

As outlined in the introduction, arsenic is present in low 

levels throughout the physical environment. At these low levels of 

exposure, there are generally no overt signs of toxicity seen within 

the biological community. Indeed, the relatively rapid excretion of 

arsenic, coupled with the methylation of arsenicals to less toxic 

metabolites seen in animals and in man would be expected to help 

minimize intoxication from such constant, low level exposures. There 

are, however, a number of circumstances under which there is signif

icant potential for exposure of animals and man to toxic levels of 

arsenic. Many such circumstances were described earlier. It is 

interesting to recall that virtually all such circumstances where 

arsenic is encountered at potentially toxic levels are the direct 

result of man's activities. 

It seems unrealistic to expect that man's use and production 

of arsenicals will cease and thereby prevent much of the above 

mentioned threat of arsenic intoxication to animals and man. For 

this reason, it is very important that treatments be developed for 

use in cases of acute and chronic arsenic intoxication. The 

dithiols, as a class, represent what is currently believed to be the 

most promising approach to the treatment of arsenic poisoning thus 

far developed. At the same time, British Anti-Lewisite has proven 

not to be as effective in the treatment of arsenic intoxication as 

56 



57 

was initially believed. While DMSA and DMPS appear to have many of 

the desirable attributes of BAL, combined with an increased margin of 

safety and high water solubility relative to BAL, much remains 

unknown about the actions of these agents in biological systems. 

Along with confirmation of the proposed chelation of arsenic by these 

agents, little is known about the metabolic fate of these dithiols in 

biological systems. In addition, DMPA has recently been added to the 

list of water soluble analogs of BAL with potential utility as 

therapeutic agents for use in arsenic poisoning. 

The original intent of this research was to address two 

questions pertaining to the use of dithiols in arsenic poisoning: 

first, is DMPA effective in preventing or reducing the severity of 

the toxic effects of arsenic, both in vivo and iin vitro? Secondly, 

what is the metabolic fate of DMSA once absorbed into the body? 

Inherent in this second question was the need for the development of 

a sensitive assay for the separation, detection, and quantification 

of DMSA in biological matrices. 

In Vivo and In Vitro Studies of DMPA 

As described by Klaassen and Doull (1980), the determination 

of the LDijQ is generally the first toxicological experiment performed 

on a new chemical. The LD50 is a special case of the dose-response 

relationship in which lethality is the quantal response being 

examined. In accordance with the fundamental dose-response concept, 

the percentage of the test population responding is plotted against 

the logarithm of the dose. The resultant plotted points yield a 



typical sigmoidal dose-response curve which is relatively linear 

between 16 and 84 percent response. It is this portion of the curve 

which is used to determine the LD5q: that dose which when 

administered to a normally distributed population, results in approx

imately 50 percent mortality. 

Once determined, the LD^Q gives a rough measure of the margin 

of safety of a compound, one that can be directly compared with LD50 

values of other chemicals. For such comparisons to be valid the 

chemicals must be tested in the same species, sex, and strain of 

animal, and under identical experimental conditions. Such factors 

must be considered to rule out differences in toxicity due to 

differences in the animal model, route of exposure, or other 

variable. In the case of DMPA, Morita and Yonaga (1976, 1981) 

reported an approximate LD^q for DMPA, following jsc injection in male 

ddY mice of 300 mg/kg (1.17 mmol/kg). This value is considerably 

higher than the ip value of 0.819 mmol/kg reported in this work. It 

should be noted that while both LD50 determinations were done in 

mice, differences existed in both the strain of mice used, and in the 

route of administration. In this case it seems probable that the 

observed difference is more a reflection of the difference in the 

route of exposure. The general increased rate of absorption 

following ip injection would be expected to produce an increase in 

toxicity relative to sc administration. In comparison with LD50 

studies conducted in this laboratory (Aposhian, 1982), DMPA exhibits 

greater toxicity than either DMPS or DMSA (LD50 values of 5.22 and 

13.58 mmol/kg, respectively). Conversely, the LD^Q for DMPA is 
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slightly higher than the value reported for purified BAL (0.73 

mmol/kg) following ip injection in mice (Zvirblis and Ellin, 1976). 

In this laboratory, the LD50 of USP grade BAL following ip injection 

in mice is 1.48 mmol/kg. Based strictly on the LD50 determinations 

conducted in this laboratory, DMPA is slightly more toxic than BAL, 

which is considerably more toxic than both DMPS and DMSA. 

In conjunction with the LD50 determination, a second dose-

response relationship is commonly measured as an index of the 

therapeutic potential of new chemicals. This index is the ED50 which 

is the median effective dose. In this case the desired effect is 

determined by the investigator and can be either a quantal or a 

graded response. The basic statistical model used for the ED^Q 

determination is the same as that used in the LD5Q. In the case of 

the metal binding agents studied in this laboratory, effectiveness 

was defined as a dose sufficient to prevent the lethal effects of an 

sc injection of NaAsC>2 in mice. The dose of NaAsC^ was chosen on a 

mmol/kg basis such that approximately 99 percent of a sample 

population receiving such an injection would die without treatment 

(the LD99 of NaAsC>2)» 

While DMPA exhibits greater toxicity than either DMPS or DMSA 

(as measured by the LD50) ic is more potent in preventing the lethal 

effects of an LD^QQ dose of NaAs02» Indeed, the ED50 of DMPA was 

determined to be 0.022 mmol/kg as compared with 0.055 mmol/kg for 

DMPS (Hsu et al., 1983) and 0.037 mmol/kg for DMSA (Aposhian et al., 

1983). In addition, the ED50 of DMPA is far lower than that of BAL 
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which has been determined to be 0.169 mmol/kg in this laboratory 

(Aposhian et al., 1983). 

Upon close examination of the data obtained from the ED^Q 

determination of DMPA, an interesting observation becomes apparent. 

The ED^q 0f DMPA, defined as that dose which protects 50 percent of a 

test population from an otherwise lethal dose of NaAs02> was found to 

be 0.022 mmol/kg. The LD^QQ 0f NaAs02 which was administered to 

these animals was 0.15 mmol/kg. Subtraction of the ED50 for DMPA 

from the LD^qO NaAs02 gives a value of 0.128, a value essentially 

identical to the LD5Q of NaAs02 determined in this laboratory (0.129 

mmol/kg). This finding suggests that DMPA interacts with NaAs02 on a 

one to one molar basis, in exactly the manner predicted by the ring 

hypothesis proposed by Stocken and Thompson (1946b) to explain the 

mechanism by which dithiols protect against arsenic intoxication. 

This observation also suggests that following ip injection, DMPA is 

rapidly distributed to allow interaction with the arsenic. It should 

be readily apparent that for these dithiol agents to protect against 

arsenic toxicity in vivo, such distribution to sites where inter

action with arsenic can occur would be an important consideration 

therapeutically. 

The ED^Q and LD50 values previously listed allow for the 

ranking of the four dithiol agents as to their expected therapeutic 

utility based on their therapeutic indices. The therapeutic index is 

defined as the ratio of the median lethal dose (LD50) to the median 

effective dose (ED^Q). Since the therapeutic indices for DMPA, DMPS, 

DMSA, and BAL were determined under virtually identical experimental 



parameters, it is possible to directly compare these four dithiol 

agents as to the potential utility as therapeutic agents for the 

treatment of arsenic intoxication. Such a comparison yields the 

following rank order, based solely on the therapeutic index: DMSA 

(TI=369) > DMPS (TI=119) > DMPA (TI=37) > BAL (TI=8). 

The effectiveness of DMPA in preventing arsenic toxicity was 

further examined in an experiment designed to determine the effect of 

DMPA on the LD^Q 0f NaAsC>2. The administration of two ip injections 

of 0.20 mmol/kg DMPA, one immediately following and the other 90 

minutes after the sc injection of NaAs02, resulted in an approximate 

2.5 fold increase in the LD50 of NaAs02- This finding demonstrates 

that DMPA is effective in reducing the lethal effects of NaAs02; 

indeed, the two injections of DMPA just described led to 100 percent 

survival at doses of NaAs02 that produced 100 percent mortality in 

control animals receiving saline in lieu of DMPA. In similar experi

ments conducted with DMPS and DMSA, two injections of 0.80 mmol/kg of 

these dithiols yielded 4.2 and 4.4 fold increases respectively in the 

LD50 of NaAs02 (Aposhian, 1982). In this experiment it was not 

possible to directly compare DMPA with DMPS and DMSA due to the 

lethal effects of 0.80 mmol/kg injections of DMPA observed in the 

LD50 determination. 

The final iin vivo bioassay performed with DMPA consisted of a 

simple experiment to determine if DMPA is orally effective in 

protecting mice from the lethal effects of NaAs02. While no attempt 

was made to quantitate the oral ED50» t^le data demonstrate 

qualitatively that DMPA is effective in protecting mice from the 
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lethal effects of NaAs02* As described in the introduction, oral 

efficacy is a desirable property for these agents, as oral dosing 

allows for increased ease of dose preparation and administration in 

cases of acute arsenic intoxication as well as for prophylactic 

administration. 

While the previously described studies with DMPA were 

designed to examine the In vivo toxicity and efficacy of this dithiol 

against sodium arsenite, the PDH multienzyme assay demonstrated the 

specific reversal by DMPA of the inhibition by NaAsC>2 of this enzyme 

system's in vitro activity. As described in the introduction, the 

PDH multienzyme complex has been shown to be highly sensitive to 

poisoning by arsenic (Peters et al., 1946). While the actual deter

mination of PDH activity was performed in vitro, the resultant level 

of PDH activity reflects the in vivo activity of DMPA given after the 

intoxication of mice with NaAs02« Indeed, as shown in Figure 3, by 

the time DMPA is administered, PDH activity has been maximally 

inhibited at 2.3% of control levels by the sc injection of sodium 

arsenite thirty minutes previous. This suggests that under the 

influence of DMPA, given after the arsenic injection, any increase in 

PDH activity represents the reversal by DMPA of the poisoning by 

sodium arsenite. Furthermore, the fact that PDH is a mitochondrial 

enzyme (Stryer, 1981) implies that DMPA must either cross the 

mitochondrial membrane and thus interact directly with the inhibited 

PDH enzyme complex, or act via mass action to draw arsenic out of the 

mitochondria. It therefore seems that given the time frame for the 

reversal of the inhibition of PDH, DMPA must be rapidly distributed 
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into both the intracellular and extracellular fluid following ip 

injection into mice. 

It is interesting to note that while PDH appears very 

sensitive to arsenic poisoning, its activity, at least in the kidney, 

is not necessarily directly related to the toxicity of arsenic. 

Indeed, while the administered sc dose of 0.10 mmol NaAs02/kg 

inhibited PDH activity to a mere 2.3% of control activity, previous 

LD50 studies demonstrated that none of twenty mice receiving 0.10 

mmol/kg NaAs02 died. It should, however, also be noted that the LD^Q 

of NaAs02 exhibits a very steep dose-response curve, with the LD50 

this laboratory determined at 0.129 mmol/kg (Aposhian, 1982). With 

this steep dose-response relationship in mind, one can envision two 

possibilities relative to the assay of PDH activity as an index of 

arsenic toxicity: The first possibility is that although PDH 

activity is inhibited by arsenic, the ultimate toxicity to the 

organism involves the poisoning of another enzyme or enzyme system. 

A second possible explanation for this discrepancy is that PDH 

inhibition does indeed have lethal consequences, but that higher 

levels of arsenic are necessary to reach and totally inhibit PDH in 

less accessible areas, such as the brain. In either case, the 

previously described in vivo effects of DMPA demonstrate that it is 

distributed such that it interacts with arsenic sufficiently toa 

greatly increase the dose of sodium arsenite required to produce 

lethality (Table 3). 



HPLC Assay of DMSA 

As described in the introduction, interest in the development 

of an HPLC assay for DMSA centered on the use of such an assay for 

the quantification of DMSA in biological matrices as well as helping 

to characterize and confirm the mode of action of DMSA in biological 

systems. While it was originally the purpose of this research to 

develop such an assay to the point where it could be used directly 

for such assays of biological fluids, work was halted before such a 

point was reached. While the original objective was not reached, 

significant progress was made toward it. What follows is a review of 

the progress made toward the development of an HPLC assay for the 

quantitation of DMSA in biological matrices. 

In choosing a reversed-phase HPLC system, it was believed 

that most of the substances found in biological matrices, such as 

plasma and urine, would have significant hydrophilic nature and 

thereby be poorly retained on the column. In this manner, potential 

interferences due to co-elution of such substances with the compounds 

of interest would be minimized. It must, however, be remembered that 

DMSA is itself a di-carboxylic acid and as such has significant 

hydrophilic nature. This hydrophilicity, as with unwanted polar 

substances in urine and blood, would be expected to elute rapidly 

from a reverse-phase system where the mobile phase is polar relative 

to the highly non-polar C-18 stationary phase. This problem was 

solved with the addition of tetrabutylammonium (TBA) ion-pairing 

agent to the mobile phase. By forming a proposed ion pair with the 

carboxylic acid moieties of DMSA, TBA would be expected to lend 
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considerable lipophilicity to the molecule, thereby increasing its 

retention on a C-18 column and increasing the resolution of DMSA from 

other less lipophilic compounds in the matrix. The peak corre

sponding to the DMSA-DTNB complex is well retained, eluting at 

c.pproximately 10 minutes post-injection. At this elution time it 

would be expected that the peak of interest would be well separated 

from co-eluting substances of the matrix. 

Relative to the detection of DMSA, the use of Ellman's 

Reagent (DTNB) has been well documented as a chromophore for the UV 

detection of sulfhydryl groups (Ellman, 1958; Sedlak and Lindsay, 

1968). In addition, this derivatizing agent has previously been 

adapted for use in HPLC systems (Reeve et al., 1980; Kuwata et al., 

1982).. As described by Kuwata et al. (1982), the reaction of DMSA 

with DTNB proceeded rapidly and quantitatively in the presence of 

excess DTNB, at a pH of 8.0. Indeed, under these conditions, the 

addition of DTNB to the aqueous solutions containing DMSA resulted in 

the immediate development of an intense yellow coloration to the 

solution. Samples thus prepared were demonstrated to give reproduc

ible chromatograms for at least two days when stored in the 

refrigerator at 2°C. That the reaction proceeds rapidly and 

quantitatively would be advantageous for clinical applications, 

thereby minimizing the sample manipulation prior to analysis. 

A study was conducted to determine the reproducibility of the 

assay by injecting ten samples of 10 yl each from a 1.0 mM standard 

solution of DMSA. These injections were made over the course of an 

eight hour period. The resultant mean peak area of the DMSA:DTNB 



complex was 6.14 cm^ with a standard deviation of +0.14. In 

addition, the reproducibility of the assay performed on different 

days was tested. This was done by running five 10 yl samples of a 

1.0 mM DMSA standard which was prepared four days after the solution 

previously described. The mean of these five runs was 6.30 cm^ with 

a standard deviation of +0.18. From these two studies it appears 

clear that the assay procedure produces reproducible results, both 

with duplicate injections of the same standard solution and with 

equimolar injections of standards prepared separately and assayed on 

different days. 

As described in the results, linearity of detection was 

demonstrated over the range from the detection limit of 4.5 ng to 9.1 

yg of DMSA injected onto the column. While the detection limit of 

4.5 ng of DMSA per injection would likely provide adequate 

sensitivity for the quantitation of DMSA in biological matrices, 

sensitivity can undoubtedly be markedly increased through the use of 

a variable wavelength UV detector. Kuwata et al. (1982) demonstrated 

that the maximum absorbance of a series of alkylthiol/DTNB 

derivatives occurs at approximately 330 nm. Therefore, the use of a 

variable wavelength UV detector set at approximately 330 nm should 

further increase the sensitivity and also the precision achievable in 

this assay. Although perhaps not readily apparent, the increase in 

precision at 330 nm would be associated with reading the absorbance 

of the DMSA:DTNB complex at the associated peak absorbance. In 

reading absorbance at the peak, any slight fluctuation of the actual 

wavelength of light put out by the detector will result in a 



relatively small change in absorbance. On the contrary, in reading 

absorbance at other than the peak absorbance wavelength (as with 

reading at 254 nm), the data of Kuwata et al. (1982) demonstrate that 

the absorbance of the complex changes dramatically with small changes 

in the wavelength of light emitted,. For this reason, any slight 

fluctuation in the actual wavelength of light passed through the 

sample will result in a relatively large error in the recorded 

absorbance. 

While the development of this assay was not advanced from 

aqueous standards to biological fluids, a preliminary study was 

conducted that suggests that such transition would indeed be 

possible. In this study DMSA, dissolved in phosphate buffer at pH 

8.0, was added to dog plasma. The proteins in the plasma were 

precipitated by adding an equal volume of acetonitrile. The 

resultant serum was separated and diluted with two volumes of 

phosphate buffer containing excess DTNB in solution. The addition of 

this DTNB containing buffer resulted in the immediate, characteristic 

yellow coloration of the solution. Upon injection of a 10 yl aliquot 

of this spiked serum onto the HPLC column, a chromatogram was 

obtained that was essentially identical to those obtained from 

aqueous standards. These data suggest that the adaptation of this 

assay for use in quantitative and biotransformation studies with 

DMSA, should proceed with relative ease. 



CONCLUSIONS 

1. DMPA is water soluble analog of BAL with slightly greater 

toxicity, as measured by LD^O determinations in male Swiss 

Webster mice following ip injection. 

2. BMPA demonstrates greater potency than BAL in preventing the 

lethal effects of NaAs02 in mice, resulting in an approximately 

four fold increase in the Therapeutic Index under the previously 

described experimental paramenters. 

3. Intraperitoneal injections of approximately one-quarter of the 

LD^O of DMPA, given immediately after and 90 min following the 

sc injection of NaAs02> results in an approximately 2.5 fold 

increase in the LD^® of NaAs02« 

4. DMPA is orally active in preventing the lethal effects of 

NaAs02> 

5. NaAs02 maximally inhibits kidney PDH activity within 30 min 

following sc injection in mice. DMPA given ip, 30 min after 

NaAs02, reverses this inhibition in a dose dependent manner. 

6. A reversed-phase HPLC assay was developed for the quantification 

of DMSA in aqueous standards. Further work remains to be done 

to determine the applicability of this assay for quantification 

of DMSA in biological matrices. 
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