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ABSTRACT 

The purpose of this work was to assess the effectiveness of 

several thiolic carpounds and their isaners in increasing the 

excretion and tissue mobilization of arsenic in male New Zealand 

white rabbits. 

The carpounds of interest included meso-2,3-dimercaptosuccinic 

acid, DMSA; dl-DMSA; 2,3-dimercapto-l-propanol, BAL; 

dl-2,3-dimercapto-l-propanesulfonic acid, dl-DMPS; (+)—DMPS; 

(-)-DMPS; N-(2,3-dimercaptopropyl)phthalamidic acid, DMPA; and 

S-2-(3-andnopropylamino)ethylphosphorothioic acid trihydrate, WR2721. 

All of the compounds tested were effective to varying degrees 

in increasing the excretion of arsenic-74 except WR2721 which 

produced no beneficial effects as compared to controls. The iscmers 

of DMPS were found to be the most effective, followed by DMSA, BAL, 

and DMPA. 

Further studies indicated that only BAL increased the arsenic 

content in brain tissue and that the valence state of arsenic (+3 or 

+5) at the concentrations used in this study did not have any 

significant effect on the efficacy of these agents. 



CHAPTER 1 

INTRODUCTION 

Physical-Cheimical Properties of Arsenic 

Arsenic, the 20th most abundant element in the earth's crust 

is in its elemental form, a gray, shiny, metallic looking substance 

often classified as a metalloid. Having an atonic weight of 74.9 and 

common valences of -3,0,+3, and +5, arsenic is ubiquitous in the 

environment. Indeed, arsenic is thought to be present throughout the 

universe and concentrations of arsenic in meteorites have ranged froti 

0.0005 percent to 0.1 percent (Windholz 1976). Arsenic has one 

natural isotope, arsenic 75 and several artificial radioactive 

isotopes including isotopes 68 through 74 and 76 through 81. Both 

arsenic-76 and arsenic-74 have frequently been used in radioactive 

tracer studies, the latter being used for this study. Arsenic-74 is 

a gamma emitter with 61 percent of the radiation being emitted at an 

energy of 0.596 MEV. The half-life is 17.9 days. 

Applications of Arsenic 

Arsenic has been known to man since antiquity; the first 

directions for its synthesis dating back to 1520 A.D. Its toxic 

nature has also been kncwn to man for centuries and because it is 

1 



tasteless and odorless, has been used as a homicidal agent. Even 

today, it is occasionally used for hcmicidal and suicidal activity. 

Arsenic is not however without merit. It has for instance been used 

quite successfully in medicine (Table I) for the treatment of certain 

protozoan diseases such as intestinal amebiasis, trichomoniasis, and 

moniliasis. It has also been used in veterinary medicine in the 

treatment of hemobartonella and the heartworm, Dirofilasia inmitus. 

Other uses of arsenic containing compounds include decolorizing 

additives in glass manufacture, alloy additives to increase hardness 

and heat resistance, and as components in insecticides, herbicides, 

rodenticides, in light-emitting diodes of watches, in paints 

including fresco, tempera, watercolor, and oil, as fire salts to 

produce multicolored flames and even as a component of poultry, 

cattle, and swine feed to "improve their nutritional status". Even 

though many arsenic containing pesticides have been banned since 

1968, especially those containing sodium arsenite, scare are still 

being used today. 

Arsenic Exposures 

Because of its ubiquitous nature in the environment and its 

myriad of uses in our economy, it is not unreasonable to assume that 

exposures to arsenic are coimonplace. It has been estimated by the 

National Institute of Safety and Health that 1.5 million people are 

potentially exposed to arsenic during the course of their work (Table 

II). In addition to being exposed to arsenic in the workplace, we 



Table I. Medicinal uses of arsenic 
compounds (Woolson 1975) . 

Drug Dose 
grams Use Formula 

Fowler's 
Solution 

.005 
Leukemia 

Tonic 
K 0 As = 0 

Peorson's 
Solution 

.005 Tonic 
/H3 

No OAs = 0 
ch3 

Arrhenol .05 Tonic 
/H3 

No OAs^ 0 
nch3 

Sodium 

Cocodylate 
.05 Tonic 

/h3 
No 0As'=0 

ch3 

Arsphenomine .3-6 Syphilis 
As == As 

Onh2 Onh2 
OH OH 

Atoxyl .02-20 Tryponosomiosis 
0 

No OAs < />NH2 
6h 

Tryparsamide 2 0 Trypanosomiasis 
0 0 

NoOAs ( )NH-CH?-C-NHy 
OH 

Carborsone .75 Amebiasis 

0 0 
» /=\ 11 

N oOAs (/NH-C — NH? 
OH 

Melarsoprol .18 Trypanosomiasis 

nh2 .S — CH? VN H y—\ / | ft >-N-0-As 
NH2>n \s—CH — CH20H 



Table I I .  Occupations with potential 
arsenic exposure (Costa 1980) 

Alloy makers 
Aniline color makers 
Babbitt metal workers 
Boiler operators 
Brass makers 
Bronze makers 
Bronzers 
Cattle dip workers 
Ceramic enamel makers 
Ceramic makers 
Copper smelters 
Defoliant applicators 
Defoliant makers 
Drug makers 
Dye makers 
Enamelers 
Farmers 
Fireworks makers 
Glass makers 
Gold refiners 
Hair remover makers 
Herbicide makers 

Hide perservers 
Insecticide makers 
Lead shot makers 
Lead smelters 
Leather workers 
Paint makers 
Painters 
Petroleum refinery workers 
Pigment makers 
Printing ink workers 
Rodenticide makers 
Semiconductor compound makers 
Sheep dip workers 
Silver refiners 
Taxidermists 
Textile printers 
Tree sprayers 
Type metal workers 
Water weed controllers 
Weed sprayers 
Wood preservative makers 
Wood preservers 
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are also being exposed to arsenic via our diet (Table III). In the 

United States during a market-basket survey, arsenic was found in 3.2 

percent of the food items with arsenic residues ranging frcm 0.1-4.7 

mg/Kg. Although many people in this country do not have a diet rich 

in seafood, seafood nevertheless remains a major contributor to 

dietary arsenic with foods such as lobster containing as much as 70 

parts per million arsenic. Marine organisms in general contain 

arsenic at concentrations as much as ten times higher than found in 

other foods. 

Dietary mass poisonings have occurred in the past as a result 

of ingestion of foodstuffs contaminated with arsenic. At the turn of 

the century, 6,000 people were afflicted because of accidental 

contamination of food sources in which the sulfuric acid used in the 

preparation of the sugar source for fermentation was found to contain 

arsenious acid, an incident that was to become known as the 

"Staffordshire Beer Epidemic" (Vallee, Ulmer, and Wacker 1960). In 

an incident in western Minnesota, 11 cases of arsenic poisoning 

occurred following ingestion of well-water that had become 

contaminated during an attempt to destroy grasshoppers with an 

arsenic containing pesticide (Feinglass 1973). In Japan, 12,131 

disease cases and 130 infant deaths were reported in a large scale 

poisoning incident in which powdered milk had become contaminated 

during the blending process with phosphate containing a high 

concentration of arsenic. The valence state of the arsenic was not 



Table III. Estimated dietary intakes of heavy metals by food class 
(Oehme 1978) . 

(M-g 
Lead 

( %  o f  
/day) total) /day) total) 

Cadmium 
Ijlg (% of 

Zinc 
(M>g ($ of 

Mercury 
TmTs ( % o f  

Arsenic 
(ng 

Selenium 
(ng 

/day) total) /day) total) /day) total) /day) total) 

I. Dairy products 0.0 0.0 3-94 7.7 3837 21.4 0.0 0.0 2.34 23.1 0.0 0.0 

II. Meat, fish, and poultry 4.00 6.6 2.49 4.9 6660 37-2 2.89 100.0 5-64 55.6 56.3 37.6 
III. Grain and cereal 4.16 6.9 11.66 22.8 3370 18.8 0.0 0.0 1.35 13.7 92.5 61.8 
IV. Potatoes 0.70 1.2 9.11 17.8 1198 6.7 0.0 0.0 0.64 6.3 0.65 0.4 

V. Leafy vegetables 3-05 5-0 3.18 6.2 136 0.8 0.0 0.0 0.0 0.0 0.0 0.0 

VI. Legume vegetables 18.80 31.1 0.42 0.8 542 3.0 0.0 0.0 0.0 0.0 0.0 0.0 
VII. Root vegetables 3.83 6.4 0.76 1.5 80 0.5 0.0 0.0 0.0 0.0 0.25 0.2 
VIII. Garden fruits 11.36 18.8 1.71 3-4 267 1.5 0.0 0.0 0.0 0.0 0.0 0.0 
IX. Fruits 9-49 15.7 9.38 18.3 194 1.1 0.0 0.0 0.0 0.0 0.0 0.0 

X. Oil and fats 0.67 1.1 1.36 2.7 314 1.8 0.0 0.0 0.17 1.7 0.0 0.0 
XI. Sugars and adjuncts 0.55 0.9 0.68 1.3 254 1.4 0.0 0.0 0.0 0.0 0.0 0.0 
XII. Beverages 3.81 6.3 6.49 12.7 1066 6.0 0.0 0.G 0.0 0.0 0.0 0.0 

Totals 60 A 51. 17918 
(17.9 
nig) 

2.89 10.1 149-7 



7 

known. Of those surviving, sane experienced learning and hearing 

impairment (Hamamoto 1955). 

Toxicity 

Arsenic exerts its toxic effect primarily by reversible 

combination with sulfhydryl groups. As one would expect, as the 

concentration of arsenic in the tissues increases, the number of 

enzymes which are significantly inhibited also increases. Table IV 

lists same of the enzymes that are most sensitive to arsenic 

inhibition. Of the many enzyme systems that are vulnerable to 

inhibition by arsenic, probably the most sensitive to disruption are 

the pyruvate and succinate oxidation pathways, the principal site of 

inhibition being the sulfhydryl cofactor, dihydrolipoate. Lipoate is 

needed in the formation of acetyl coenzyme A from pyruvate and of 

succinyl-CoA from ketoglutarate. Inhibition of the conversion of 

dihydrolipoate to lipoate (Fig. 1A) results in a blockage of the 

Kreb's cycle, thereby interrupting oxidative phosphorylation. 

Dihydrolipoate dehydrogenase, a necessary converting enzyme, 

possesses a reactive disulfide which is also susceptible to binding 

by arsenic. Interruption of oxidative phosphorylation results in a 

marked depletion of ATP and other cellular energy stores, disruption 

of metabolic systems, and cell death. A clinical picture similar to 

that seen in thiamine deficiency results from arsenics prevention of 

the transformation of thiamine into acetyl-CoA and succinyl-CoA (Fig. 

IB). 



Table IV. Enzymes inhibited by arsenic 
(Carnow 1976). 

Glutamic-oxaloacetic transaminase 

Pyruvate oxidase 

Monamine oxidase 

Choline oxidase 

Glucose oxidase 

Urease 
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DIHYDROLIPOATE 

R-AS=0- -^ARSENOLIPOATE 

DIHYDROLIPOATE 

DEHYDROGENASE 

/ 

7  

V 
LIPOATE 

Fig. 1A. Arsenical compounds (R-As=0) inhibit 
the formation of lipoate from 
dihydrolipoate (Schoolmeester and 
White 1980) . 

THIAMINE DIPHOSPHATE 
+ 

PYRUVATE 

CO 

PYRUVATE 
DEHYDROGENASE 

N/ 
ACETYL-THIAMINE 

LIPOATE 

THIAMINE 

CoA-SH 

^ * 

PYRUVATE 

V 
ACETYL-LIPOATE 

"""N 

ACETYL-CoA 

DIHYDROLIPOATE 
TRANSACETYLASE 

V 
DIHYDROLIPOATE 

Fig. IB. Arsenic depletes lipoate, blocking 
acetyl-CoA formation and thus 
interfering with the Krebs cycle 
(Schoolmeester and White 1980). 
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The other major form of toxicity produced by arsenic has been 

termed "arsenolysis" and refers to the process of arsenic anions 

substituting for phosphate in many cellular reactions. This process 

also disrupts oxidative phosphorylation through replacement of stable 

phosphoryl canpounds with less stable arsenyl compounds. These 

unstable arsenyl compounds can spontaneously and irreversibly 

decompose, resulting in a loss of high energy phosphate bonds. This 

causes the cell to increase metabolic respiration in a futile attempt 

to restore lost energy. 

Other actions of arsenic include the blockage of the 

conversion of iralate to fumarate and vice versa in the citric acid 

cycle and the binding of arsenic to the thiol groups of DNA 

polymerase, thus interfering with DNA repair (Jung and Trachsel 

1970). 

Depending on the compound ingested (it is generally 

recognized that arsenate (+5) is less toxic than arsenite (+3)), its 

physical form, and a person's tolerance to the compound, the toxic 

dose varies considerably. Very serious toxicity has been noted with 

ingestion of as little as one milligram of arsenous oxide. As little 

as 20 milligrams could be life threatening. Symptoms of acute 

intoxication can occur within 30 minutes after ingestion or as long 

as several hours later. At first, the patient may experience a 

metallic taste and a garlicky odor to the breath associated with 

dysphagia and xerostomia. Vasodilation and increased capillary 

permeability may result in a variable degree of circulatory failure 
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depending on the extent of exposure. Marked gastrointestinal 

symptoms, conjunctival and respiratory mucosal inflammation, 

jaundice, epistaxis, cardiomyopathy, skin rash, hematologic changes, 

and urinary tract dysfunction can also result. Neurological symptoms 

including muscle cramps, headaches, vertigo, restlessness, 

irritability, memory loss, delirium, mania, stupor, and coma may 

occur and can develop without the gastrointestinal involvement. In 

patients recovering fran an acute exposure, 7 to 14 days after the 

initial illness subsides, a neuropathy may still appear and it is not 

uncommon for 60 percent of the survivors to present with severe 

polyneuropathy and permanent disability. This unfortunate outcome 

seems to be less frequent if treatment is administered promptly. 

Table V lists seme of the symptoms of arsenic poisoning in humans and 

other maitmals. 

In chronic exposures to arsenic, lesions are associated with 

the skin, liver, peripheral nerves and bone marrow. Peripheral 

neuritis affecting mainly the upper and lower extremities is also 

symptomatic of chronic arsenic intoxication. As the poisoning 

continues, edema of the eyelids and ankles, associated with 

conjunctivitis, inflammation of the inner membranes of the nose and 

throat, and dermititis appear. Other disturbances include anemia, 

encephalitis, and exfoliative dermititis. 



Table V. Signs and symptoms of arsenic intoxication in 
animals and man (Carnow 1975) . 

Symptom Group Human Veterinary 

Gastro-intestinal 

metallic taste in mouth 
garlic odor of breath 
dryness of mouth and throat 
burning pain in stomach 

profuse diarrhea 
blood "rice water" stool 

intestinal inflammation 
distress due to abdominal 

pain 
profuse diarrhea 
bloody mucous stool 

Dermatologic 
skin eruption 
skin ulceration 

perforation of nasal septum 

depilation 
dry ("leathery" or "papery") 

skin 
ulceration of nasal sinuses 

Musculoskeletal muscular cramps muscular twitching 

Circulatory 

rapid, feeble pulse 
cold, clammy extremities 
increased capillary 

permeability 
sighing respiration 
cyanosis 

weak pulse 

Neurologic 

frontal headache 
vertigo 
depression 
stupor 
convulsions tremors 
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Carcinogenisis 

Despite the fact that the toxic effects of arsenic have been 

known for centuries, little is known about its carcinogenicity; a 

confusing fact is that animal studies have failed to produce cancer, 

yet carcinogenicity in humans has been demonstrated. 

Carcinogenicity can be shown in several ways. There could be 

an increase in the number of neoplasms as compared to controls, the 

development of a type of neoplasm not observed in controls, a 

decrease in the latent period as compared to controls, or a 

combination of the above. 

In a typical animal study, 50 C57BL mice received arsenic 

trioxide in their drinking water as a 0.0004 percent solution of a 12 

percent aqueous ethanol solution starting at 2 months of age to 17 

months. The results showed no excess of tumors compared with 

controls (Hueper and Payne 1962). Another study conducted with 77 

Swiss mice receiving 0.01 percent arsenic trioxide in their drinking 

water showed tumor incidence similar to controls in those mice 

surviving after 60 weeks (Baroni, Van Esch, and Saffiotti 1963). 

These same authors treated 49 rats for two years with arsenic 

trioxide at levels of 0.0004 percent in drinking water and at higher 

concentrations (0.0034 percent) and also reported negative results. 

As part of a human study, Lee and Fraunemi (1969) conducted a 

mortality study of approximately 8,000 white male smelter workers who 

were exposed to arsenic trioxide during 1938 to 1963. They 

classified the workers into 5 cohorts based on the total number of 
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years of smelter work completed. They further divided the workers 

into three occupational catagories with respect to the relative level 

of arsenic trioxide exposure. Those workers classified as heavy 

exposure had worked in the arsenic kitchen, the cottrell, and arsenic 

roaster. Medium exposure workers were those who had worked in the 

reverberatory furnace, the acid plant, and the converter. All other 

smelter workers were classified as light exposure. The mortality 

statistics for white male populations of the states in which the 

smelters of interest were located were used for comparison. The 

results were that the mortality of srrelter workers was significantly 

increased. Some specific diseases were also elevated, these being 

tuberculosis, respiratory cancer, heart disease and cirrosis of the 

liver. They then grouped the respiratory cancer deaths according to 

the relative level of arsenic exposure. The observed mortality was 

significantly higher than expected in all three groups, being 6.7, 

4.8, and 2.4 times in the heavy, medium, and light exposure groups 

respectively. However, in addition to arsenic trioxide, the smelter 

workers were simultaneously exposed to sulfur dioxide in 5,000 cases 

and lead fumes in 35 cases. A similar classification was set up for 

sulfur dioxide exposure and respiratory cancer mortality was also 

directly related. 

In a study by Rockstrok (1959), 45 cases of lung cancer and 

two of skin cancer were reported among workers handling nickel and 

cobalt ores at a nickel refinery. The ores contained 15 to 50 

percent arsenic. The study covered eleven years with an average work 



15 

force of 111 men. In personnel not involved in production only one 

case of lung cancer was found. Here again, other agents such as 

sulfur dioxide were found to be present in the environment. 

Various studies have showed increases in skin, lung, and 

liver cancer in people exposed to arsenic. Skin cancer has occurred 

in patients treated with inorganic arsenic for psoriasis, and in 

people living in regions of the world where the water simply is 

contaminated with inorganic arsenic (i.e. the southwest coast of 

Taiwan and the Cordoba region of Argentina) (Costa 1980). Table VI 

shows the increase in pigmentation and warts of workers exposed to 

arsenic and Figure 2 shows the prevalence of skin cancer with respect 

to age and arsenic concentration. Furthermore, it was the clinical 

finding that among other cutaneous changes, one of the latent effects 

of arsenical administration was the development of skin cancer, that 

lead to its discontinued use by dermatologists. 

Studies by Blot and Fraunemi Jr. 1975, have shown an increase 

in the mortality rate from lung cancer from 1950 to 1959 among women 

and men who resided in areas where copper, lead, and zinc refineries 

were located. 

However, despite the large number of studies, it still 

remains somewhat questionable as to whether arsenic is directly 

carcinogenic in humans or functions as a promoting agent. Also, in 

spite of the epidemiological association between exposure to arsenic 

and cancer of the skin and lungs, as well as angiosarcoma of the 

liver in man, a reliable and consistent induction of cancer in 



16 

Table VI. Arsenic concentration and 
prevalence of warts and 
pigmentation (Perry et al. 1948). 

Workers 
No. 
Persons 

Arsenic 
Concentration. 
ppm 

Urine 

Prevalence. 

Hair Pigmentation Warts 

Chemical workers 33 
Maintenance workers 32 

and packers 
Control- 56 

0.24 
0.10 

0.09 

108 

78 

13 

90 
38 

18 

29 
3 

>0.6 ppm 

0.3-0.6 ppm 

0-0.3 ppm 

AGE (vrs) 

Fig. 2. Prevalence of skin cancer with respect 
to age and arsenic concentration in well 
water (Tseng et al. 1968). 
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animals via arsenic exposure has not been achieved as yet. Two 

possible exceptions include a study by Osswald and Goerttler (1971) 

who reported an increased incidence of leukemia in both the mothers 

and offspring of Swiss mice given sodium arsenate during pregnancy 

and a study reviewed by Kraybill and Shimkin (1964) in which 5 trout 

out of 50 exposed to carbarsone via their diet developed hepatanas. 

Their diet however, also contained aflatoxin, which may have 

compromised the results. 

Interactions with Other Metals 

The interaction of arsenic with other metals such as selenium 

has been described by Levander (1977). He concluded that arsenic has 

a protective effect against selenium toxicity in several species. 

Novakova (1969) showed that a combined exposure to arsenic and lead 

had an additive effect on tissue respiration and functional changes 

in the central nervous system of experimental animals. Mahaffey and 

Fowler (1977) have observed lowered serum alkaline phosphatase levels 

in rats treated with cadmium and arsenic in food when each metal was 

administered alone. 

Teratogenicity 

The teratogenicity of arsenic in golden hamsters has been 

shown by a number of investigators (Ferm and Carpenter 1968, Ferm, 

Saxon, and Smith 1971, Ferm 1977). When sodium arsenate was 

administered iv to pregnant golden hamsters on the 8th day of 



gestation, both the reabsorption and malformation rates of the fetus 

increased with increasing doses of arsenate. Sane of the teratogenic 

effects seen included anencephaly, renal agenisis, and rib 

malformations. Other studies with mice (Hood and Bishop 1972) and 

rats (Beaudoin 1974) have shovn similar results when sodium arsenate 

was administered ip at doses of 11 mg As/Kg body weight and 5 to 12 

mg As/kg body weight respectively. 

Unlike the carcinogenic effects which have been seen in 

humans exposed to arsenic but not in animals, the teratogenic effects 

have been shown to occur in animals but have not been observed in 

humans. Nor are the mechanisms understood why arsenic concentrates 

in the kidney and encephalon or why it preferentially damages the 

development of these tissues (Fig. 3). 

Genetic Effects 

As for the genetic effects of arsenic, Beckman, Beckman, and 

Nordenson 1977, observed an increased incidence in chromosome 

abnormalities in lymphocytes of workers exposed, to arsenic and in 

patients receiving therapeutic treatment with arsenicals (Petres, 

Baron, and Hagedorn 1977). The fact that arsenic interfered with the 

DNA repair process was noted by Jung, Trachsel, and Inmich (1969), 

and Rossman, Meyn, and Troll (1977), leading to the possibility of 

cellular gencme damage. However, Lofroth and Ames (1978) in testing 

trivalent and pentavalent inorganic arsenic on Salmonella bacteria in 

the Ames test failed to produce point mutations. 
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CADIUM 

(Face and palate) 

INDIUM 
(Limb buds) 

LEAD 
(Tail bud) 

I 
ARSENIC 

(Head and kidney) 

Fig. 3. Sites of teratogenic effects of 
4 different elements on embryonic 
development in the golden hamster 
(Perm 1972). 
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Absorption, Distribution and Metabolism of Arsenic 

It has been known for sane time that of all the manuals 

studied, the rat metabolizes arsenic in a manner unlike the others. 

In particular, the rat has a low rate of arsenic excretion, most 

likely resulting from the fact that 80 to 90 percent of an arsenic 

dose becomes concentrated in the hemoglobin of the red blood cells 

which must be broken down before the arsenic can be released. Early 

research was conducted primarily with the rat and led to many 

misconceptions when the findings were applied to man. 

In addition to the data on arsenic poisonings obtained from 

mass exposures and the like, several researchers have studied the 

distribution and excretion of arsenic in humans in the laboratory or 

hospital setting. As early as 1959 a study by Mealey, Brownell, and 

Sweet had shown that when radioactive arsenic-74 was administered iv 

as inorganic trivalent arsenite, the species present in the urine was 

a mixture of both the arsenite and arsenate. After 4 days 75 percent 

of the arsenic excreted in the urine was in the pentavalent form. 

They also found that with the exception of liver, kidney, muscle, and 

skin, inorganic arsenic seemed to have no particular affinity for any 

one tissue. In the brain, arsenic was found at low concentrations 

and this coupled with the fact that the turnover for radioactive 

arsenic in the brain was slow, suggested that the blood-brain barrier 

may impede movement of labeled arsenic ions from the plasma into the 

brain. The high arsenic concentration noted in the liver and kidneys 
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was probably a reflection of the detoxification and excretory 

processes of these tissues. 

In a study by Tarn et al.(1979) approximately 6 yCi containing 

approximately 0.01 yg arsenic (as arsenic acid) was administered to 

six adult male volunteers who had fasted overnight. As the post dose 

interval increased, the percent of arsenic excreted in the urine as 

the inorganic form decreased while the percent of methylated arsenic 

increased. After 5 days, more than 70 percent of the ingested 

inorganic arsenic had been excreted in the organic form. The two 

organic forms present in the urine were the dime thy lated form 

(dimethylarsinic acid or cacodylic acid) and the monomethylated form 

(methylarsonic acid). 

Further studies by Buchet, Laurwerys, and Roels (1981) 

centered on the metabolism and excretion of repeated doses of arsenic 

in human volunteers. Four males were given 125, 250, 500, or 1000 yg 

arsenic administered as sodium arsenite with a glass of water in the 

presence of ascorbic acid to maintain arsenic in the trivalent state. 

Each morning at 9:00 AM for the next four days the subjects were 

administered the same dose, and urine was collected during 24 hour 

periods for up to 14 days. A steady state in the urinary excretion 

of arsenic was attained at the end of 5 days at which time 60 percent 

of the arsenic dose was excreted per day. As for the form of arsenic 

excreted, in the lower three doses more than 80 percent of the 

arsenic excreted during the experiment was present as the methylated 

form and 74 percent was present in the urine at the highest dose. 
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Because the subjects receiving the highest dose of arsenic (1000 

yg/day) had shewn the same rate of methylation as the other three 

subjects in a previous experiment, the authors proposed that at this 

dosage the body's methylating capacity was becoming saturated, though 

not completely. 

The same authors also compared the excretion of arsenic 

metabolites after administration of a single oral dose of sodium 

arsenite, mononethylarsenate, or dime thy larsinate in man. In this 

study 3 subjects received orally with a glass of water, 500 yg of 

arsenic as sodium arsenate, 4 other subjects received the same dose 

of arsenic but as sodium mononethylarsinate and finally four more 

received the same dose but as sodium dime thy lar senate. It was found 

that the excretion rate was fastest for the monorie thy lated form, 

followed by the dime thy lated form and the slowest being the inorganic 

form. After 4 days, the amount of arsenic excreted in the urine 

represented approximately 46, 78, and 75 percent of the ingested dose 

in the case of the inorganic, monanethylated and dime thy lated forms 

respectively. It was further concluded that the dime thylated arsenic 

was excreted unchanged, monanethylated arsenic was slightly 

methylated to the dime thy lated compound (13 percent) and that 

approximately 75 percent of the inorganic arsenic was methylated. 

There was no evidence that the dime thy lated form was deme thy lated in 

vivo. 

Because the methylation of arsenic seems to be the preferred 

metabolic pathway, efforts to stimulate the body's methylation 



capacity were examined (Buchet et al. 1981). It was found that 

treatment with gelatin capsules containing 250 mg methionine, 250 mg 

choline, 250 mg inositol and 50 yg vitamin twice a day during 3 

days before and 4 days after arsenic ingestion (500 yg) did not 

stimulate the body's methylation of arsenic. However, as pointed out 

by the authors the normal methylating capacity had not yet been 

reached since previous studies indicated that only seme saturation of 

the methylation process occurred at repeated doses of 1000 yg per 

day. 

The fact that the moncmethylated form is more rapidly 

excreted than the dime thy lated form is probably related to the 

differences in their pKa values. The moncmethylated form behaves as 

a bivalent acid (pKa^ = 4.1, pf^ = 8.7) while the dime thy lated form 

is less acidic (pKa = 6.19). 

That the methylation of arsenic is an important mechanism for 

detoxification is evident not only in the increased rate of excretion 

of the methylated form but also in the different toxicities to man. 

The oral LD Q̂ of arsenic trioxide in man is 1.43 mg/Kg whereas the 

oral I£>5Q for the monanethyl form is 50 mg/Kg and for the 

dime thy lated species it is 500 mg/Kg (Fairchild, Lewis, and Tatken 

1977). 

It has been estimated that normal ingestion of arsenic is 

approximately 1 mg per day. The gastrointestinal absorption of 

course depends on numerous factors, one of which is the physical form 

of the compound. Once the arsenic is absorbed, it is rapidly 



sequestered in the red blood cells combining with the globin portion 

of hemoglobin and in leukocytes. As already mentioned/ penetration 

of the blood-brain barrier is not substantial. Redistribution occurs 

quickly, and within 24 hours, arsenic has left the intravascular 

space and has distributed primarily to the liver, kidney, spleen, 

lung and gastrointestinal tract. As arsenic binds to the sulfhydryl 

groups of keratin, it is incorporated into hair, nails, and skin 2 to 

4 weeks after ingestion. About 4 weeks after ingestion, arsenic 

begins to localize in bone where it replaces phosphate (a process 

known as arsenolysis). This seems to coincide with a decrease in the 

levels in the liver and kidney. 

The major route of excretion is via the kidneys and like the 

rabbit, is biphasic in man. Ginsberg (1965) has demonstrated the 

renal mechanism of removal to be both glomerular filtration as well 

as active transport of arsenic in the proximal tubule. Arsenic is 

also excreted into the feces but this represents a minor pathway. 

Small amounts have also been detected in sweat. 

Besides undergoing methylation in vivo, data indicates that 

arsenic is also oxidized in vivo from the trivalent to pentavalent 

species. This has been demonstrated in both man and other animals by 

a number of researchers (Mealey et al. 1959; Bencko, Benes, and Cikrt 

1976). They found that when trivalent arsenic was administered 

parenterally, pentavalent arsenic was found in the urine. 

It has also been observed that tolerance to ingestion of 

arsenic can occur. Possible explanations proposed for this 



25 

phenomenon have included alterations in distribution and acceleration 

of the transformation from the trivalent to the pentavalent species. 

The resistance to organic arsenicals by seme parasites such as 

trypanoscmes has been attributed to changes in the membrane 

permeability to the particular arsenical thereby blocking its 

absorption (Goodman and Gilman 1975). 

Arsenic Metabolism in the Rabbit 

It has already been stated that rats are unique in their 

response to arsenic ingestion. The rabbit however is much more 

similar to man. Bertolero et al. (1981) followed the fate of arsenic 

administered ip to male albino rabbits as arsenic-74 labelled AsC^ 

(1 yg arsenic per kilogram). As was found in dogs, cows, mice, and 

humans, the arsenic present in the urine after dosing was a mixture 

of inorganic, monanethy lated, and dime thy lated arsenic with the 

latter being the major metabolite. Elimination was mainly via the 

urine with greater than 80 percent of the dose being found in the 

urine and 11 percent being present in the feces after 4 days. The 

plasma half-life for arsenic was biphasic with the rapid elimination 

half-life being 2 hours and the slower phase being 42 hours. The 

fact that rabbits also methylate arsenic i£i vivo was further 

evidenced by noting that as early as 1 hour after dosing with 

inorganic arsenic the dimethylated species was already being 

detected. Furthermore, the concentration of the dimethylated form 

increased with time until at 6 hours post dose 80 percent of the 



total dose in the plasma was in the dime thy lated form. The 

moncmethylated species was also detected but its concentration was at 

no time greater than 5 percent. In terms of tissue distribution, the 

highest initial concentration of arsenic was found in the lungs, 

kidneys, and liver. Somewhat indicative of arsenics toxic effects on 

the kidneys was the observation that there was significantly more 

binding of arsenic-74 to kidney cytosol proteins than found in the 

lung or plasma. 

As with other animal species, biliary excretion of arsenic 

does occur in rabbits although this is a minor pathway. Klaassen 

(1974) examined the biliary excretion of arsenic-74 trichloride in 

rabbits, rats, and dogs. Both the rabbit and the dog had a much 

slower excretion rate than did the rat, with the dog being the 

slowest excretor. It was also noted, at least in the case of the 

rat, that arsenic was excreted into the bile against a large bile: 

plasma concentration gradient, suggesting an active transport of 

arsenic into the bile. Furthermore, it was found that the biliary 

excretion of arsenic was not as dependent on terrperature as it is for 

other metals such as lead (Klaassen and Shoeman, 1974) and copper 

(Klaassen, 1973). 

The effect of the oxidation state on the metabolic patterns 

of arsenic in the rabbit was examined by Sabbioni et al. (1979) and 

this author. In the previous study, rabbits were dosed ip with 

trivalent arsenic chloride, anionic arsenite (AsC^-), or anionic 

pentavalent compounds at low concentrations (from 0.5 yg to 1 yg of 
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As) and the various tissues and subcellular fractions analyzed. They 

showed that the simultaneous injection of the (+3) or (+5) species 

gave similar results for lung and liver (the results were not 

conclusive for the kidney). Also, the intracellular distribution of 

the two valence forms in the liver, lung, and kidney showed similar 

qualitative and quantitative values within the same tissues. 

Arsenic Metabolism in the Marmoset Monkey 

Arsenic metabolism has also been examined in the marmoset 

monkey (Vahter et al. 1982), which seems to handle arsenic in a 

manner different frcm the other species studied thus far. Readily 

apparent is the marmoset's extraordinarily slow excretion rate. In 

humans, 60 to 70 percent of an injected dose of trivalent arsenic is 

excreted within 48 hours, for rabbits the value is close to 80 

percent and for mice, as much as 90 percent is excreted in this time 

period. For the marmoset monkey however, the value is about 30 

percent excreted in 4 days. Possible explanations for this behavior 

include differences in biotransformation and differences in 

interactions with cellular constituents. In the case of the marmoset 

monkey, both explanations seem to be valid. For instance, even 

though excretion via the urine is more important than the fecal 

elimination of arsenic (as is the case in most animals), the form of 

arsenic found in the urine is only the inorganic and not the usual 

methylated forms. It was also found that all the diffusable arsenic 

in the tissues was in the inorganic form. Apparently, the marmoset 
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monkey is the only animal studied that does not me thy late arsenic. 

Strong binding of arsenic to microsomes, particularly to the rough 

microsomes of the liver, which has not been shown for other animals 

(Hunter, Kip, and Irvine 1942; Du Pont, Ariel, and Warren 1941; 

Liebscher and Smith 1968; Vahter and Nor in 1980; Marafante et al. 

1981; Wester, Brune, and Nordberg 1981) has been shown for the 

marmoset monkey. 

Because of such large species variations in arsenic 

metabolism, the choice of a single animal model is a crucial one and 

if not made properly, can produce misleading conclusions when the 

data is applied to man. 

Principles of Chelation 

As was stated earlier, arsenic exerts its toxic effects by 

interacting with the sulfhydryl groups of a variety of proteins. 

These interactions usually result in the formation of metal complexes 

or metal chelates. A metal complex can be thought of as a 

coordination compound of a metal, in which one or more of the water 

molecules have been displaced by a different electron donor such as a 

molecule of ammonia. Canton electron donor aterns include nitrogen, 

oxygen, and sulfur. A metal chelate on the other hand, is a metal 

complex in which two or more of the electron donating groups 

(ligands) are bound together by a chemical linkage to form a ring 

structure. The size of the ring is important in determining the 

stability of the compound with 5 and 6 membered rings being the most 



stable. For simplicity, the thiols used in this study are referred 

to as chelators although it is not known if they form complexes or 

chelates with arsenic in vivo. 

The effectiveness of a particular chelator in a biological 

system depends on a number of properties. Water solubility, 

resistance to metabolic degradation (both the ligand itself and the 

ligand-metal conplex), the ability to reach the target tissues, and 

the maintenance of chelating activity in body fluids and tissues are 

all important. Of course for any therapeutic effect, the complex 

thus formed must be less toxic than the metal itself, and elimination 

of the conplex should be a single process with no adverse effects. 

In administering a chelator, one must also be aware of the possible 

chelation of biologically important metals such as calcium, which is 

readily available in the plasma for chelation. 

In searching for the desired chelator, one must keep in mind 

that there may be differences in chelation in vivo and chelation in 

vitro due to various physiological factors that effect the activity 

of the chelator after it enters the body. The pH for instance is 

important not only for the formation of a chelate in the tissues but 

also in determining its stability in the urine. Urine pH can be 

extremely important in the elimination of a chelate and in protecting 

the kidneys. 

The effectiveness of several chelators can be assessed in a 

number of ways. One may look solely at the prevention or reversal of 

a given effect attributed to the metal in question or changes in the 
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excretion or tissue content of the metal due to administration of the 

chelator may be monitored. This latter approach is the one applied 

in this study. Alternatively, the ligand may form an insoluble, 

non-toxic, inert complex, in which case excretion rates and tissue 

contents may be of less importance. 

Chelators 

bal 

The drug of choice in this country for the treatment of 

arsenic intoxication since the 1940's has been British Anti-Lewisite 

(BAL; 2,3-dimercaptopropanol), Table VII. Originally developed during 

World War II as an antidote for the arsenic containing war gas 

Lewisite, it has been used not only for arsenic intoxication but for 

gold and mercury poisoning as well. Because BAL complexes of iron, 

cadmium and selenium are more toxic than these metals alone, 

particularly to the kidneys, BAL is not used to treat intoxications 

with these metals (Hynson, Westcott, and Dunning 1980). 

BAL has a number of disadvantages, including a low 

therapeutic index, unpleasant side effects, limited water solubility, 

and the necessity to administer it by injection. Approximately 50 

per cent of the patients given BAL experience some side effects, most 

of which are more annoying than life-threatening (Greenhouse 1982). 

Side effects observed have included pain at the site of injection, 

fever, nausea, salivation, paresthesias in the mouth and throat, 
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Table VIII. Structures of the chelators used in 
this study. 

H H H C H H O 
ii i i ii 

H-C-C-C-O H  HO-C-C-C-C-O H 
i l l  I I  

S S H s S 
H  H  H  H 

BAL DMSA 

• ^-c-ohu <• ^ 
H-d-C-g-SOgNA 

h h 

DMPS DMPA 

H x  y  y  H  y  H  H 
N-C-C- t -N-C- i -S -P  0 .H 9 -3H 9 0  

H ' H H H  H H  

WP272I 
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headaches, flushing, lacriitation, rhinorrhea, sensation of burning in 

the genitals (especially the penis), hyperhidrosis, abdominal pain, 

weakness, restlessness, and anxiety. It has also been observed that 

lew doses can constrict peripheral arteries whereas large doses 

(toxic) result in vasodilation and hypotension. BAL may also 

potentiate some enzymes through its action on metals, for instance, 

the enhancement of the hypotensive effect of bradykinin by inhibiting 

the zinc-containing peptidase that normally destroys bradykinin 

(Levine 1975). Sane of the side effects witnessed are believed to be 

the result of an increase in histamine release caused by BAL 

(Greenhouse 1982). Most of the side effects develop and subside 

quickly. 

BAL reaches therapeutic blood levels in approximately 30 

minutes and has a short half-life with degradation and elimination 

being complete in about 4 hours. Therefore, BAL is usually given in 

a number of small repeated doses over a period of days. 

BAL is contraindicated in most cases of hepatic and renal 

insufficiency and it should be stressed that the BAL-metal complex is 

unstable in an acidic medium, therefore maintenance of an alkaline 

urine protects the kidneys from injury. 

DMPS 

DMPS (2,3-dimercapto-l-prqpanesulfonic acid, sodium salt; 

Unithiol; Dimaval) is a water soluble analog of BAL that has been 

used for treatment of arsenic intoxication by the Soviets since 1956 



(Aposhian, Tadlock, and Moon 1981). It is also an approved drug in 

West Germany for the treatment of mercury poisoning (Aposhian 1982). 

It has been claimed to be an effective antidote against mercury 

(Kostygov 1958; Belonozyko 1958; Ashbel 1959), arsenic (Lunganski and 

Loboda 1960), cobalt (Cherkes and Braver-Chernobulskaya 1958), 

organic lead (Okonishnikova et al. 1976), polonium (Zotova 1958), 

chromium (Sarkisian, Epremian, and Simavorian 1971), gold (Romanov 

1967), and copper (Angelova and Stoytchev 1973). It has also been 

shewn to be effective in rabbits and rats (Lunganskii, Mizyukova, and 

Lokantsev 1959) in preventing the lethal effects of such arsenic 

compounds as arsenous oxide, sodium arsenite, calcium arsenite, Paris 

green (copper acetoarsenite), neodiarsenol, sodium arsenate, and 

osarsol, when administered one hour after the arsenic compound. 

Because DMPS has an asymmetrical carbon it can exist as the d 

and 1 isomers. Experiments (Aposhian 1983) have shewn that both 

isomers are equally active in preventing and reversing the inhibition 

by sodium arsenite of the activity of mouse kidney pyruvate 

dehydrogenase enzyme complex in vitro, and the lethal effects of 

sodium arsenite in mice. 

Several studies relating to the pharmacokinetics of DMPS have 

been done. When sulfur-35 labelled DMPS was given to rabbits sc, the 

maximum blood concentration occurred 30 minutes after injection. The 

blood concentration then decreased rapidly, the half-life being 60 

minutes, until 24 hours later the blood was free of sulfur-35 

(Klimova 1958). When carbon-14 labelled DMPS was given po to beagle 



dogs, the plasma radioactivity reached a peak in 30 to 45 minutes and 

approximately 50 percent of the dose was absorbed (Wiedemann, Fichtl, 

and Szinicz 1982). 

The side effects of DMPS therapy have been studied in a group 

of 168 scleroderma patients who received DMPS as their only therapy 

(Dubinsky and Guida 1979). The subjects were predominantly women, 9 

to 74 years of age, who received 5 to 10 milliliters of a 5 percent 

DMPS solution im daily, some for as long as 780 days. Twenty-six 

patients experienced seme degree of allergic reaction to DMPS but 

many of these people had a history of allergies. No anaphylactic 

shock was seen. Other side effects observed included nausea (11 

patients), weakness (7 patients), vertigo (4 patients), and itching 

skin (3 patients). Unlike treatment with D-penicillamine, DMPS 

therapy did not produce any observable nephrotoxicity. At 

concentrations of 100 mg/kg, necrotization and ulceration can occur 

at the site of injection (sc and im) in man (Sanotsky et al. 1967). 

In animal experiments with cats, dogs, guinea pigs, rabbits, 

and mice, single or repeated administration of IMPS at 15 and 80 

mg/kg produced no changes in behavior, weight, or blood composition 

(Klimova 1958). At higher doses a brief period of motor excitement 

followed by lethargy, vomiting, and cramps was observed in some of 

the animals. The order of decreasing sensitivity to the toxic 

effects of DMPS was cats, dogs, guinea pigs, rabbits, and mice (mice 

being the least sensitive). DMPS when given iv to rabbits at 

concentrations of 30 to 300 mg/kg did not cause any changes in blood 
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pressure, although at concentrations greater than 500 mg/kg IMPS did 

produce hypotension. DMPS was also negative for mutagenicity in the 

Ames Salmonella microsome test. 

DMSA 

DMSA (meso-dimercaptosuccinic acid; succimer), which was 

first used in 1954 to increase the uptake of antimony in 

schistosomiasis therapy, has been found to be as effective as 

calcium-EDTA in treating occupational lead poisoning and as effective 

as IMPS for treatment of mercury intoxication (Freidheim and Corvi 

1975; Freidheim, Corvi, and Wakker 1976; Magos 1976; Aaseth and 

Freidheim 1978). Although most studies have used the me so i sorer 

because it is easier to prepare and more readily available, Egorova 

et al. (1972), reported that dl-DMSA was more active than the me so 

form in causing an increase in excretion of mercury-203, cadmium-115, 

and zinc-65, when given to male rats challenged by these metals. 

However, there is no significant difference between the two isomers 

in preventing or reversing the inhibition of the activity of mouse 

kidney pyruvate dehydrogenase complex caused by sodium arsenite in in 

vitro tests (Aposhian, Hsu, Hoover 1983). 

Ting et al. (1965), have investigated the antidotal effects 

of DMSA against a variety of metal salts and have demonstrated that 

DMSA protects mice against the lethal effects of silver nitrate, 

arsenic trioxide, cadmium sulfate, cobalt chloride, cupric chloride, 

mercuric chloride, chloroplatinic acid, nickel chloride, zinc 



chloride, and zinc nitrate. On the other hand, DMSA did not protect 

mice against the acute toxicity of ferric sulfate, aluminum chloride, 

barium chloride, beryllium sulfate, bismuth chloride, chromium 

sulfate, potassium dichromate, magnesium chloride, selenium oxide, 

tin chloride, triethyl tin sulfate, strontium nitrate, thallium 

chloride, or sodium tungstate. 

Pharmacologic studies with rats given sulfur-35 labelled 

DMSA, showed that peak serum levels were reached 15 minutes after sc 

injection and 30 minutes following oral dosing. Most of the 

radioactivity left the blood within 2 hours and 95 percent was 

eliminated from the body in 24 hours (Okonishnikova and Nirenburg 

1974). 

DMSA. appears to be premising as a relatively non-toxic agent 

for treatment of metal poisoning. When rats and mice were injected 

with up to 200 mg of DMSA/kg ip 5 days per week for 6 months, no drug 

induced gross or histopathologic changes could be detected (Graziano, 

Leong, and Friedheim 1978). Furthermore, neither DMSA or DMPS 

appears to drastically change the amount of trace elements excreted 

when given at therapeutic levels. A comparison of some of the 

properties of DMPS and DMSA appear in Table VIII. 

DMPA 

DMPA has been reported to be effective against hepatitis 

epidemica (Ciuhandu and Voiculescu 1960). When mice were given sc 

0.5 mg of mercury/Kg as mercury chloride once a day for 5 days and 



Table VIII. Comparison of some of the 
information available about 
DMPS and DMSA (Aposhian 1982) . 

2.3-Dimercaptopropane-l-sulfonate. Meso-2,3-dimercaptosuccinic acid 
Na salt (DMPS, unithiol. dimaval) (DMSA, Succimer) 

I. Synthesized in 1950-51 at the Ukranian 
Res. Inst, for Health-Chemistry by 
Petrunkin. Published in 1956 (4). 

2. Crystalline powder, readily soluble in 
water. Very stable during sterilization 
and long-term storage. 

3. Low toxicity, well tolerated even for 
chronic use, but DMSA is less toxic (20). 

4. Major toxic effect of high dose is 
hypotension (6, 8). 

5. Distributed in extracellular space, 
exclusively (14). Excretion is urinary and 
rapid (14). Metabolic involvement 
supposedly none. 

6. Effective antidote for As, Hg, Sb, Ag, 
Au. Cu, Cr, Pb, Po. Co, (6, 7, 16, 20, 
45-49) 

7. Urinary excretion of Cu and Zn. Increase 
Fe, Co, Mn or Ni excretion, none or 
minimal (55). 

8. Increase bile flow. 
9. Therapeutic dose about 250 mg for 

70 kg man. 
10. Can be given by mouth, s.c., i.p., i.m., 

i.v. Only 30-40% of oral dose absorbed 
from g.i. tract. 

1. Friedheim, 1954, used Sb-DMSA to 
increase Sb uptake in schistosomiasis 
therapy (5). (Intensively studied by 
mainland Chinese, 1959, for therapy of 
occupational metal poisoning (II). 
Primary Soviet investigator since 1965 
has been Okonishnikova (50). 

2. Crystalline powder. Must be brought to 
pH 5-5.5 before completely soluble in 
water. Stability during sterilization and 
long term storage unknown. 

3. Toxicity is about 2.5 times less than 
DMPS (20). 

4. Major toxic effect of high dose unknown 
at present. 

5. Distribution in body compartments 
unknown at present. 

6. Effective antidote for As, Pb. Hg. Zn( 16. 
20, 50-54) 

7. Urinary excretion of Co. Fe, Mn, Cu. or 
Zn, none or minimal (41* 

8. Effect on bile flow unknown.. 
9. Therapeutic dose from 0.5 to 2 g for 

70 kg man. 
10. Can be given by mouth, s.c., i.p.. i.m.. 

i.v. Indications of oral dose being 
completely absorbed from g.i. r.i.ct. 
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various chelators administered simultaneously sc at one quarter their 

LD Q̂, it was found that DMPA increased the urinary and fecal 

excretion of mercury more so than did either BAL or dl-penicillamine. 

At equimolar concentrations, DMPA and BAL were equally effective in 

increasing the urinary excretion but DMPA was almost lh times better 

than BAL in increasing the fecal excretion of the metal (Yonaga and 

Morita 1981). From studies such as the one above, it has been found 

that DMPA increases the bile flow rate and that the increase in 

biliary excretion of mercury is probably due to the excretion of DMPA 

via the hepatocytes into bile by active transport. 

WR2721 

WR2721 (S-2-(3-aminopropylamino)ethylphosphorothioic acid 

trihydrate) has been studied for its potential as an antiradiation 

agent (Piper et al. 1969). In antiradiation screening tests, mice 

were given ip a 0.3 to 5.0 percent solution or suspension of the drug 

15 to 30 minutes before irradiation with a lethal dose of X or gamma 

rays. In these tests, WR2721 provided an 86 percent survival rate. 

The ability of sulfhydryl containing drugs to trap free radicals is 

undoubtedly a requirement for significant radioprotection in vivo. 

Such a compound, if also effective in preventing the effects of 

arsenic toxicity, would be useful for protection of armed forces 

personnel who may be exposed to both arsenic containing war gases 

such as Lewisite and radiation simultaneously. 



CHAPTER 2 

MATERIALS AND METHODS 

Rabbits 

Male New Zealand white (NZW) rabbits (1.5-2.0 Kg) were 

purchased frcm Blue Ribbon Ranch, Tucson, Arizona. They were 

quarantined for one week, after which they were housed individually 

in stainless steel metabolism cages prior to the start of the 

experiment. The room temperature was 23°C ± 2° and the light 

(6:00a.m. - 6:00 p.m.) - dark cycle was 12 hours. Water and Wayne 

Rabbit Ration were given ad libitum. 

Reagents 

Arsenic-74 (Amersham) was produced by proton bombardment of 

germanium which is distilled frcm arsenic in the +5 valence state. 

The arsenic is then distilled frcm non-volatile impurities after 

having been first reduced to the +3 valence state. This arsenic is 

once again oxidized to the +5 state and any remaining germanium is 

distilled off. Finally, the product is further purified by passing 

it through a cation exchanger. 

39 
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After purification, the arsenic is analyzed for gartma 

emitting impurities by gairma spectrometry (limit of detection is 

about 0.1 - 0.5%). Radiochemical purity is assessed by paper 

chromatography on Whatman 541 paper eluted with 900:82:18 methanol: 

water: concentrated hydrochloric acid. After approximately 2 hours 

running time, the Rp of arsenate is 0.6 and arsenite is 0.5 (Zimmicki 

1983). The specific activity was approximately 1.5 mCi/yg arsenic. 

The major impurity found in a batch of arsenic-74 is 

arsenic-73 10%). Minor impurities are arsenic-71 0.2%), 

arsenic-72 0.003%), and arsenic-76 .0005%). Because 

arsenic-71,72, and 76 have shorter half-lifes than does arsenic-74, 

the percentage of these impurities in any given sanple of arsenic-74 

decreases with time, whereas arsenic-73 with its longer half-life, 

increases. 

A purity check of the sodium arsenite (MCB reagent grade) and 

sodium arsenate (MCB reagent grade) used in these experiments was 

performed using the TLC method of Miketukova, Kohlicek, and Kacl 

(1968). Ten to 30yl of a freshly prepared solution of sodium 

arsenate, sodium arsenite or a mixture of the two were spotted on 

Eastman cellulose sheets (13255 cellulose). Enough sodium arsenite 

or sodium arsenate was spotted to give 50 and lOOyg of arsenic per 

spot. The mixture was spotted to give a total of 150yg of arsenic 

(75yg of each valence state). Running time was approximately 80 

minutes in a mobile phase of methanol: IN anmonium hydroxide (8:2, 

V/V). The detection agent was a solution of 2N silver nitrate in 10% 
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airmonium hydroxide, which reacts with sodium arsenite to produce a 

yellow spot and sodium arsenate a blue spot, Figure 4. 

Concentrations of as little as 0.05yg arsenic can be detected for 

both the trivalent and pentavalent species. To verify that the 

dosing solutions containing sodium arsenite (As+3) were not being 

oxidized to arsenic +5 while standing, they were spotted 28 hours 

after preparation along with solutions which had been freshly 

prepared. No arsenic +5 was detected in either set of solutions, 

Figure 5. 

BAL in oil was a gift frcm Hynson, Westcott, and Dunning 

(Baltimore, MD.) and was pharmaceutical grade. DMSA (Johnson and 

Johnson), dl-DMSA (Starks Associates Inc.), (+)- IMPS (Heyl and Co., 

Fabrik, Berlin), (-)- DMPS ( Heyl and Co.), and DMPS ( Heyl and Co.) 

were also pharmaceutical grade. DMPA and WR2721 were synthesized by 

the U.S. Army. The identification and purity of these latter two 

compounds were determined via melting points, elemental analysis 

(C,H,N,S,P), IR, UV, chromatography, or NMR. 

Dosing Solutions 

Sodium arsenite or sodium arsenate was dissolved in deionized 

distilled water and enough ^As (arsenic acid in 0.4 N HC1,) added to 

yield 83.3 yCi/ml and 3.3 mg arsenic/ml. All the chelators except 

BAL were dissolved in deionized, distilled water and the pH adjusted 

to 7.4 -7.5 with sodium hydroxide for a final concentration of 0.67 

mmole/ml. The BAL (Dimercaprol Injection, USP) solution contains 100 



Fig. 4. TLC separation and purity check of 
sodium arsenite and sodium arsenate. 

Yellow spots are sodium arsenite 
(larger Rf) and the blue spots are 
sodium arsenate. Spots are from left 
to right, 50 ug As (+3), 50 ug As(+5), 
a mixture of 75 ug As (+3) and As (+5), 
100 ug As (+3) and 100 ug As (+5). 
(See Reagents section of text) 
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Fig. 5. Stability check of As (+3) dosing solution. 

A fresh solution containing 50 ug As (+3) 
(left spot) was spotted next to an 
identical solution prepared 28 hours 
earlier. There was no evidence for the 
oxidation of As (+3) to As (+5). 
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mg BAL, 200 mg benzyl benzoate, and 700 mg peanut oil/ml. All 

solutions were frozen (-16°C) until needed (within 24 hours after 

preparation) exoept BAL and the arsenic dosing solution which were 

refrigerated (2°C). 

instrumentation 

The amount of arsenic -74 present in the tissue samples was 

determined with the aid of an LKB 1282 gamma counter. This 

instrument utilizes a 3" x 3" thallium doped sodium iodide well type 

crystal detector. Results were printed out directly in counts per 

minute (CPM) which are calculated using the measured counts, the 

count time, the measured dead time, and background counts. A decay 

correction was also made to provide the final corrected CPM values. 

The CPM error percentage for each sample was also calculated using 

the following formula: 

CPM = counts 

- mean background 

(count time/60) ( 1-dead time %/100) 

All samples had a CPM error percentage less than 5 percent and 

typically ranging frcm 0.1 to 2.0 percent. 

Before any of the operating conditions were set, a spectrum 

plot of arsenic -74 was obtained (Fig. 6). Because arsenic -73 is a 

major impurity in any sample of arsenic -74, a spectrum plot of 
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Fig. 6. Spectrum plot of arsenic-74 produced by LKB 1282 gamma counter 
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arsenic -73 (Fig. 7) was also obtained to insure that there was no 

overlap of the two spectra. 

Supplied with the instrument was a standard sample consisting 

of iodine -129 in crystalline form dispensed as a water solution of 

sodium iodide into a hollow polyester resin mold. The water had then 

been evaporated and the active sodium iodide powder sealed with more 

polyester. A spectrum plot of this material was also obtained after 

installation of the instrument and was analyzed as a sample before 

each set of tissue samples to insure that the instrument was 

operating properly from experiment to experiment. 

The linearity of the response to arsenic-74 was also 

determined. A total of 8 samples ranging from 0.003yCi (796 cpm) to 

8yCi (2,370,478 cpm) were analyzed and found to give a linear 

regression correlation coefficient of 0.988. 

Arsenic concentrations in brain and urine samples were also 

determined via atomic absorption spectroscopy. Using an 

Instrumentation laboratory model 151, the absorbance was measured at 

193.7nm, the flame was hydrogen-nitrogen, lamp current was 4 mA and 

the chart recorder operated at 20 mV with a paper speed of h inch per 

minute. Sample introduction involved the generation of arsine in a 3 

- neck, 100 ml round bottom flask containing 20 ml of 3 N 

hydrochloric acid to which was added a known quantity of analyte 

followed by a 330 mg sodium borohydride pellet. The arsine generated 

was introduced directly into the flame by a stream of nitrogen which 

constantly purged the flask. Arsenic concentration of the sample was 
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Fig. 7. Spectrum plot of arsenic-73 obtained from LKB 1282 gamma counter. 
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calculated from the recorder tracing by determining the peak height 

of the sample and comparing it to a set of standards. A typical 

tracing is shewn in Figure 8. The detection limit of this method is 

10 ng and the error is about 10%. 

Animal Studies 

74 
Part 1 ( As Tracer Studies) 

Rabbits, 3 per compound tested, and a total of 9 controls, 

74 
were dosed with the sodium arsenite - As solution sc (0.3 ml/Kg, 

25.0 yCi/Kg, 1 ng As/Kg). One hour later, test animals received im, 

0.2 rrmole chelator/Kg in a volume of 0.30 ml/Kg (volume of BAL given 

was 0.25 ml/Kg). Control animals received 0.3 ml of 0.9% saline/Kg 

im instead of the chelator. The animals were returned to their 

metabolism cages and urine and fecal samples collected. Twenty-four 

hours after arsenic administration the animals were euthanized via 

CC>2 inhalation. Tissues were removed, homogenized using a Janke and 

Kunkel Tissumizer, and aliquots counted using an LKB 1282 gamma 

counter. Blood samples were obtained via cardiac puncture and muscle 

samples were taken from the left gastrocenemius (opposite the site of 

injection). Tissue arsenic concentration was expressed as %^As 

dose/gram tissue, wet weight. 



Fiq. 8. Typical recorder tracing from 
representative of the arsenic 
obtained from rabbits given 1 

atomic absorption analysis. Peaks are 
concentration of various urine samples 
mg/kg sodium arsenate. 



Part 2 (Arsenic Content of Brain Tissue) 

An experiment similar to the one just described was performed 

using the typical therapeutic regimen, according to the package 

insert of Dimercaprol Injection, USP, a patient would expect to 

receive in the first 12 hours after having been diagnosed as having 

mild arsenic intoxication. Four rabbits were administered sodium 

74 arsenite - As as described above. One hour later, each of the three 

received im, 2.5 mg BAL/Kg, (0.025 ml/Kg), and the fourth rabbit 

received im the same volume of a mixture of benzyl benzoate and 

peanut oil. Therapy continued for 12 hours, injection of BAL or the 

benzyl benzoate-peanut oil solution being given every 4 hours. The 

total number of BAL injections for each animal was four. Animals 

were euthanized 24 hours after administration of arsenic and the 

concentration of arsenic in the brain determined as described above. 

The sampling interval was chosen because it is part of an established 

screening protocol in this laboratory. 

Part 3 (Effect of Arsenic Valence State) 

This experiment was similar to that described in Part 1 

except that the radioactive arsenic -74 was diluted with "cold" 

sodium arsenate (+5) rather than "cold" sodium arsenite (+3). Thus, 

all of the arsenic was present in the +5 valence state. Only the 

chelating effects of dl-DMSA were examined in this experiment and the 

results were then compared to the results obtained for dl-DMSA in 

Part 1. 



Part 4 (Atonic Absorption Studies) 

In this experiment the total arsenic content of urine and 

brain tissue was determined via atomic absorption spectroscopy. 

One set of 6 rabbits were dosed sc with sodium arsenite (+3) 

for a total arsenic concentration of 1 nig/Kg. Three of these rabbits 

were given 0.2nmole/Kg BAL im one hour later. The other three 

received the same volume of 0.9% saline im. The animals were placed 

in stainless steel metabolism cages and terminated 24 hours post 

arsenic dose via CO2 inhalation. Urine and brain samples were taken 

at the time of termination. Another set of 6 rabbits were treated 

similarly except that instead of receiving sodium arsenite they were 

given sodium arsenate. 

Sample preparation for atonic absorption analysis consisted 

of the following. One to 2 ml of tissue homogenate or urine were 

pipetted into 25 ml Erlenmeyer flasks to which was added a boiling 

stone, 20-30 mg of potassium dichrcmate (I^Ct^O^), and 3 ml of 

concentrated nitric acid. The flasks were heated to near dryness 

1 ml) at 120-140°C. After cooling, an additional 3 ml of nitric acid 

were added to the flasks along with 3 ml of sulfuric acid. Samples 

were then heated for 30-40 minutes after the first sign of fuming. A 

lavender precipitate formed (probably chromium sulfate) which upon 

cooling turned beige. If charring occurred during the sulfuric acid 

stage the flask was cooled, more nitric acid was added, and the 

samples reheated to remove the nitric acid. This was repeated until 

charring stopped. 
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After successful digestion of the samples, the flasks were 

rinsed with distilled deionized water. One ml of 20% (W/V) sodium 

iodide was then added to convert all the arsenic to the trivalent 

state. The samples were brought to volume with distilled deionzed 

water and heated at 50°C for 30 minutes. Aliquots were then 

introduced into an arsine generator for analysis. Final 

concentrations were expressed as % arsenic dose/g tissue wet weight 

for brain sarrples and as % arsenic dose excreted for urine. 

Statistics 

Linear regression analysis and the determination of the 

correlation coefficient were performed on a programmable calculator 

(Texas Instruments TI 55). All other statistical analyses (two-way 

analysis of variance, F-test, t-test) were done at the computer 

center of the University of Arizona in accordance with the 

statistical methods published in EMDP Statistical Software (Dixon, 

1981). 



CHAPTER 3 

RESULTS 

74 
Part 1 ( As Tracer Studies) 

As shown in Figure 9, administration of any of the chelators 

tested results in a decrease in liver arsenic-74 concentration as 

compared to controls (cont). The decreases in arsenic-74 

concentration observed are statistically significant as determined by 

the t test. Both the dextrorotary (+) and levorotary (-) isomers of 

DMPS were most effective in reducing the amount of arsenic in the 

liver, whereas WR2721 and BAL were the least effective. 

Much the same pattern is evident in Figure 10, which 

illustrates the arsenic concentration in the kidneys following 

administration of the various chelators. Both the (+) and (-) 

isomers of DMPS are the most effective in mobilizing arsenic out of 

the kidneys, whereas BAL and WR2721 are the least effective. 

Although the dl isomer of DMSA appears to be more effective in 

removing arsenic from the kidneys than meso-DMSA, this difference is 

not significant (p=0.245). 

The amount of arsenic remaining in the lungs after therapy is 

shown in Figure 11. Once again the degree of chelator effectiveness 

is similar to that seen for the liver and kidneys. Indeed, this 
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Fiq. 9. Liver arsenic-74 concentration of rabbits 24 hours 
after dosing with sodium arsenite-^As and 23 
hours post chelator administration. 

Rabbits, 3 per compound tested, and a total of 9 
controls, were dosed with a sodium arsenite-^As 
solution sc (0.3 ml/kg, 25.0/tCi/kq, 1 mg As/kg). 
One hour later, test animals received im, 0.2 mmole 
chelator/kg in a volume of 0.30 ml/kg (volume of 
BAL given was 0.25 ml/kg). Control animals 
received instead of the chelator, 0.3 ml of 0.9% 
saline/kg im. Standard error bars are shown for the 
mean of each group. The mean for each test group 
was statistically different from the control mean 
(p<0.05) when indicated by an asterisk (*). 
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ranking of the various chelators is similar in almost all of the 

tissues examined (Table IX). 

However, one striking exception is seen in Figure 12, which 

shows the amount of arsenic present in the brain. Instead of 

decreasing the arsenic concentration in the brain, RAL actually 

causes an increase of approximately 2% times that of control animals. 

All the other chelators tested showed either a decrease in arsenic 

concentration in the brain or at the very least, no statistically 

significant difference (p>0.05) from controls. Both (+)- and (-)-

DMPS were typically the most effective in reducing the brain arsenic 

content. 

The only other tissue which showed an increase in arsenic 

concentration after the administration of BAL was the testis. 

Unfortunately, the standard error for the testes samples were 

unusually large and testes data for the meso-and dl-DMSA compounds 

were not available, thus the increase seen for the testes may not be 

as statistically valid as that observed for the brain. The large 

standard error seen for the testes samples may be the result of a 

large variation in testicular maturation and physiology. For 

instance, in many of the rabbits, one or both of the testicles 

remained undescended at the time of the experiment, thus even 

differences in the temperature of the descended and undescended 

testes could have effected the results. 

Figure 13 illustrates the amount of arsenic excreted in the 

feces of control and test animals. Only WR2721 and BAL did not 



Table IX. The effect of various chelators on the concentration of arsenic-74 
in tissue. (See Part 1 of text) 

Tissue Control WR2721 BAL meso-DMSA dl-DMSA DMPA dl-DMPS (+)-DMPS (-)-DMPS 

Spleen 0.008 0.006 0.006 0.006 0 .004 0.002 0.003 0.002 0 .002 

Heart 0.005 0.003 0.005 0.004 0 .004 0.001 0.002 0.001 0 .001 

Skin 0.019 0.009 0.010 0.011 0 .006 0.003 0.010 0.007 0 .005 

Muscle 0.006 0.004 0.005 0.004 0 .002 0.002 0.002 0.001 0 .001 

Blood 0.003 0.002 0.002 0.002 0 .001 0.001 0.001 0.001 0 .001 

Testes 0.005 0.004 0.013 0.002 0.005 0.002 0 .001 

cn 
oo 
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Fig. 13. Percent arsenic dose excreted 
in the feces 24 hours after 
arsenic administration. (See 
legend of Fig. 9.) 
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significantly increase fecal arsenic excretion as compared to 

controls. Although dl-DMSA appeared to increase fecal arsenic 

excretion the most, the increase observed was not significantly 

different from that associated with DMPA, or any of the isomers of 

DMPS. It was however significantly different fran controls. 

Urine arsenic excretion for both control and test animals is 

shown in Figure 14. As with the fecal excretion of arsenic, WR2721 

did not significantly increase urinary arsenic excretion when 

compared to controls. The isaners of DMPS were the most effective in 

mobilizing arsenic into the urine. Even though DMPA was very 

effective in increasing fecal arsenic excretion, it was not as good 

as most of the others in increasing urinary arsenic excretion. 

Table X lists the p values obtained for all the compounds 

tested. Whether a particular compound produced an effect 

significantly different frcm that produced by any other compound 

(including saline controls) in a given tissue is indicated by a p 

value less than 0.05 for the particular compounds in question. 

Part 2 (Arsenic Content of Brain Tissue) 

Figure 15A shows the arsenic concentration in brain tissue of 

rabbits receiving BAL, DMPS, or saline (controls). DMPS 

significantly (*) decreased the brain arsenic content as compared to 

controls (p<0.004) whereas BAL significantly increased the arsenic 

concentration (p>0.009). Figure 15B is representative of the arsenic 

concentration in brains of rabbits given BAL in fractionated doses. 
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URINE 

Fig. 14. Urinary arsenic-74 excretion 
24 hours post arsenic dose. 
(See legend of Fig. 9.) 



Table X. Probability values for the means of various chelators tested 
according to tissue type. 

Liver 

Control 
meso- dl-

BAL 
dl- (+)- (-)-

DMPA Control 
DMSA DMSA 

BAL 
DMPS DMPS DMPS 

DMPA 

Control 1.0000 
meso-DMSA .0000 1.0000 
dl-DMSA .0000 .1572 1.0000 
BAL .0477 .0075 .0002 1.0000 
dl-DMPS .0000 .4723 .4723 .0013 1.0000 
(+)-DMPS .0000 .0281 .3896 .0000 .1213 1.0000 
(-)-DMPS .0000 .0281 .3896 .0000 .1213 1.0000 1.0000 
DMPA .0000 .0697 .6652 .0001 .2542 .6652 .6652 1.0000 
WR2721 .0099 .0281 .0009 .5646 .0053 .0001 .0001 .0003 

WR2721 

Kidney 

Control 
meso-
DMSA 

dl-
DMSA 

BAL 
dl- (+)- (-)-

DMPS DMPS DMPS 
DMPA WR2721 

Control 1.0000 
meso-DMSA .0000 1.0000 
dl-DMSA .0000 .2451 1.0000 
BAL .0001 .0404 .0026 1.0000 
dl-DMPS .0000 .6687 .4557 .0157 1.0000 
(+)-DMPS 0.0000 .0321 .2895 .0002 .0779 1.0000 
(-)-DMPS 0.0000 .0321 .2895 .0002 .0779 1.0000 1.0000 
DMPA .0000 .3947 .7480 .0057 .6687 .1719 .1719 1.0000 
WR2721 .0026 .0026 .0001 .2451 .0009 .0000 .0000 .0003 1.0000 



Table X. Probability values for the means of various chelators tested 
according to tissue types—Continued 

Brain 

Control 
meso- dl-

BAL 
dl- ( + )- (-)-

DMPA Control 
DMSA DMSA 

BAL 
DMPS DMPS DMPS 

DMPA 

Control 1.0000 
meso-DMSA .3206 1.0000 
dl-DMSA .1413 .6825 1.0000 
BAL .0000 .0000 .0000 1.0000 
dl-DMPS .0016 .0494 .1107 .0000 1.0000 
(+)-DMPS .0000 .0029 .0079 .0000 .2262 1.0000 
(-)-DMPS .0000 .0029 .0079 .0000 .2262 1.0000 1.0000 
DMPA .0001 .0079 .0204 .0000 .4158 .6825 .6825 1.0000 
WR2721 .0182 .2262 .4158 .0000 .4158 .0494 .0494 .1107 

WR2721 

Blood 

Control 
meso- dl-

BAL 
dl- (+)- (-)-

DMPA Control 
DMSA DMSA 

BAL 
DMPS DMPS DMPS DMPA 

Control 1.0000 
meso-DMSA .0444 1.0000 
dl-DMSA .0093 .5691 1.0000 
BAL .1701 .5691 .2596 1.0000 
dl-DMPS .0017 .2596 .5691 .0961 1.0000 
(+)-DMPS .0017 .2596 .5691 .0961 1.0000 1.0000 
(-)-DMPS .0017 .2596 .5691 .0961 1.0000 1.0000 1.0000 
DMPA .0017 .2596 .5691 .0961 1.0000 1.0000 1.0000 1.0000 
WR2721 .0444 1.0000 .5691 .5691 .5691 .2596 .2596 .2596 

WR2721 

1.0000 



Table X. Probability values for the means of various chelators tested 
according to tissue types—Continued 

Lung 

Control 
meso-
DMSA 

dl-
DMSA 

BAL 
dl-
DMPS 

(  +  ) -
DMPS 

(-)-

DMPS 
DMPA WR2721 

Control 1.0000 
meso-DMSA .0053 1.0000 
dl-DMSA .0000 .1278 1.0000 
BAL .0323 .5222 .0356 1.0000 
dl-DMPS .0000 .0239 .4119 .0054 1.0000 
(+)-DMPS .0000 .0054 .1507 .0011 .5222 1.0000 
(-)-DMPS .0000 .0027 .0907 .0005 .3627 .7831 1.0000 
DMPA .0000 .0239 .4119 .0054 1.0000 .5222 .3627 1.0000 
WR2721 .0090 .8543 .0907 .6469 .0158 .0034 .0017 .0158 1.0000 

Spleen 

Control 
meso-
DMSA 

dl-
DMSA 

BAL 
dl-

DMPS 
( + )-
DMPS 

(-) 
DMPS 

DMPA WR2721 

Control 1.0000 
meso-DMSA .0170 1.0000 
dl-DMSA .0000 .0469 1.0000 
BAL .0170 1.0000 .0469 1.0000 
dl-DMPS .0000 .0127 .5551 .0127 1.0000 
(+)-DMPS .0000 .0007 .0852 .0007 .2430 1.0000 
(-)-DMPS .0000 .0015 .1476 .0015 .3782 .7673 1.0000 
DMPA .0000 .0031 .2430 .0031 .5551 .5551 .7673 1.0000 
WR2721 .0073 .7673 .0852 .7673 .0248 .0015 .0031 .0063 1.0000 



Table. X. Probability values for the means of various chelators tested 
according to tissue types—Continued 

Heart 

Control 
meso-
DMSA 

dl-
DMSA 

BAL 
dl-

DMPS 
( + )-
DMPS 

(-)-
DMPS 

DMPA 

Control 1.0000 
meso-DMSA .1796 1.0000 
dl-DMSA .0849 .7379 1.0000 
BAL .5854 .5048 .3199 1.0000 
dl-DMPS .0021 .1034 .1882 .0262 1.0000 
(+)-DMPS .0001 .0123 .0262 .0024 .3199 1.0000 
(-)-DMPS .0000 .0055 .0123 .0011 .1882 .7379 1.0000 
DMPA .0001 .0123 .0262 .0024 .3199 1.0000 .7379 1.0000 
WR2721 .0368 .5048 .7379 .1882 .3199 .0534 .0262 .0534 

WR2721 

1.0000 

Muscle 

Control 
meso- dl-

BAL 
dl- (+)- (-)-

Control 
DMSA DMSA 

BAL 
DMPS DMPS DMPS 

Control 1.0000 
meso-DMSA .0010 1.0000 
dl-DMSA .0000 .0522 i.-oooo 
BAL .5375 .0174 .0003 1.0000 
dl-DMPS .0000 .0174 .6142 .0000 1.0000 
(+5-DMPS .0000 .0004 .0522 .0000 .1385 1.0000 
(-)t-DMPS .0000 .0004 .0522 .0000 .1385 -1.0000 1.0000 
DMPA .0000 .0053 .3172 .0000 .6142 .3172 .3172 
WR2721 .0010 1.0000 .0522 .0174 .0174 .0004 .0004 

DMPA WR2721 

1.0000 
.0053 1.0000 



Fig. 15A. Brain arsenic concentration of rabbits 
administered sodium arsenite and followed 
by saline, BAL, or DMPS. 

One hour after dosing with sodium arsenite, 
each of five rabbits were administered 0.3 ml 
of 0.9% saline/kg im (I), each of three received 
0.2 mmole BAL/kg im (II), and each of three 
received 0.2 mmole DMPS/kg im (III). Samples 
were obtained 24 hours post arsenic dose. Arsenic 
concentration is expressed as % of arsenic dose 
given per gram of brain wet weight. Standard 
error bars are shown for the mean of each group. 
Means that are significantly different (p<0.05) 
from the control mean, as determined by the t test, 
are indicated with an asterisk (*). 

Fig. 15B. Brain arsenic concentration of rabbits given sodium 
arsenite followed by fractionated doses of saline, 
BAL, or a peanut oil/benzyl benzoate solution. 

One hour after dosing with sodium arsenite- ^ A s  

one rabbit received 0.025 ml/kg im of a benzyl 
benzoate-peanut oil solution (V) and each of three 
rabbits received 2.5 mg BAL/kq im (VI). These 
dosages were repeated every 4 hours for a total of 
4 doses. Treatment was stopped 13 hours after 
sodium arsenite administration. Standard error 
bars are shown for the mean of each qroup and an 
asterisk (*) indicates a significant difference 
(p<0.05) between the control and test means as 
determined by the t test. Group IV is the mean 
of 5 saline control animals and one benzyl 
benzoate-peanut oil control animal. 
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Doses were administered over a 12 hour period for a total of 4 

injections which is typical of the initial treatment that a patient 

would receive after being diagnosed as having mild arsenic 

intoxication. The results are similar to those in Figure 15A. 

Peanut oil containing 20% benzyl benzoate (a preservative 

used in BAL preparations) was given to one rabbet to determine if 

this vehicle produced any change in arsenic concentration as compared 

to controls (rabbits receiving saline). As seen in Figure 15B there 

was no apparent difference between controls and benzyl 

benzoate/peanut oil dosed animal. 

Brain weights were also determined for each rabbit and the 

means for the BAL and control groups obtained (Table XI). The 

difference between the means was not statistically significant, 

indicating that a change in brain weight did not result frcm BAL 

treatment. Furthermore, blood samples for both groups were not 

significantly different (p>0.05) either, indicating that the 

difference observed was not related to blood arsenic content. 

Part 3 (Effect of Arsenic Valence State) 

Table XII gives the arsenic concentration of various tissues 

and excreta taken frcm rabbits administered arsenic-74 (valence state 

+5) in an excess of either sodium arsenate (valence state +5) or 

sodium arsenite (valence state +3). The rabbits also received im, 

dl-DMSA. In all the samples except urine, there was no statistically 

significant difference between the means (n=3) of the respective 
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Table XI. Comparison of brain weight to body weight 
ratios for control and test animals receiving 
BAL. 

Controls (n=10) 

brain wqt. (g)/body wgt. 

0.0057 

0.0054 

0.0046 

0.0045 

0.0045 

0.0039 

0.0032 

0.0032 

0.0031 

0.0027 

mean= 0.0041 

S.E.= 0.0003 

lal 

BAL (n=6) 

brain wgt. (g)/body wqt. 

0.0052 

0.0045 

0.0041 

0.0041 

0.0039 

0.0039 

lai 

mean= 0.0042 

S.E.= 0.0002 



Table XII. Effect of dl-DMSA on the mobilization of arsenic-
74 (+5) in the presence of excess sodium arsenite 
(+3) or sodium arsenate (+5). (See part 3 of text) 

Group A animals received arsenic-74 (valence 
state +5) in an excess of sodium arsenate (+5) 
followed one hour later with dl-DMSA. Group B 
animals received the same amount of arsenic-74 
(+5) but in an excess of sodium arsenite (+3) 
and followed one hour later with dl-DMSA. 
Values given are the mean arsenic tissue 
concentrations 24 hours after arsenic dosing. 
P-values are from the students t-test. 



Table XII. 

Tissue 

Liver 

Kidney 

Lung 

Spleen 

Heart 

Skin 

Muscle 

Brain 

Blood 

Feces 

Urine 

Total 

A 
% 74AS 

0.007 

0 . 0 1 2  

0.009 

0.003 

0.003 

0 . 0 0 8  

0 . 0 0 2  

0.003 

0 . 0 0 2  

3.81 

81.6 

86.1 

B 
% ,7:4 As 

0.005 

0.014 

0 . 0 1 0  

0.004 

0.004 

0 . 0 0 6  

0 . 0 0 2  

0.003 

0 . 0 0 1  

7.13 

78.1 

83.8 

p-value 

0.566 

0.403 

0.691 

0.778 

0.349 

0.328 

0.768 

0.768 

0.678 

0.192 

0 . 0 1 0  

0.493 
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tissues of the two groups. The fact that the amount of arsenic 

excreted in the urine was significantly different, albeit only 

slightly (p=0.01), may be due to the fact that one urine sample from 

each group was lost during the experiment, therefore n=2 instead of 

n=3. However, upon combining the results of the feces and urine 

samples to obtain the total amount of arsenic excreted for each 

group, the difference between the two means was not significant 

(p=0.493). 

Part 4 (Atomic Absorption Studies) 

Table XIII shows the results of the determination of arsenic 

concentration in brain samples by an atomic absorption technique. 

Each group represents 3 rabbits that were dosed with either sodium 

arsenate and BAL (group 1), sodium arsenate and saline (group 2), 

sodium arsenite and BAL (group 3), or sodium arsenite and saline 

(group 4). The statistical analysis of the means of each group 

consisted of a 2 way analysis of variance. 

As can be seen from the table, there was no statistical 

difference between groups differing only in the valence state of the 

arsenic administered (group 1 versus group 3 and group 2 versus group 

4). These findings correlate well with the dl-DMSA study (Part 3A). 

However, there is a statistically significant difference between 

groups receiving BAL and those receiving saline for both the +3 and 

+5 valence states (group 1 versus group 2 and group 3 versus group 

4). This latter finding is also in agreement with earlier gamma 
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Table XIII. Effects of arsenic oxidation state and BAL 
therapy on arsenic concentration in brain 
tissue. 

Rabbits (three per group) were dosed according 
to the standard protocol (animal studies, Part 1) 
and samples collected 24 hours post arsenic dose. 
The values shown are the percent arsenic dose 
found in each brain sample. (See text, Part 4 ) 

group 1 group 2 group 3 grouD 4 
arsenic (+5) arsenic (+5) arsenic (+3) arsenic (+3) 

+ + + + 
BAL saline BAL saline 

0.014 0.001 0.026 0.002 

0.017 0.003 0.018 0.003 

0.013 0.005 0.019 0.005 



counting data (parts IA and 2A) that showed an increase in brain 

arsenic content as compared to controls when animals received BAL. 

This increase apparently does not depend on the valence state of 

arsenic. 

Data in table XIV represents urine samples taken frcm the 

same group of rabbits used for table XIII. Group 5 were those 

rabbits dosed with sodium arsenate and BAL, group 6 were those dosed 

with sodium arsenate and saline, group 7 were those dosed with sodium 

arsenite and BAL, and group 8 were those dosed with sodium arsenite 

and saline. 

Part of the data in table XIV confirms gamma counting 

results, in that the urinary excretion of arsenic is not 

statistically different in respect to the valence states of arsenic 

(group 5 versus group 7 and group 6 versus group 8). However, unlike 

previous gamma counting data which showed an increase in urinary 

arsenic excretion when animals were dosed with BAL, the atomic 

absorption data indicates no difference in arsenic excretion 

resulting from BAL therapy (group 5 versus group 6 and group 7 versus 

group 8). Further experiments (data not shown) indicated that the 

differences seen for urine by gairma counting were too small to be 

seen via atomic absorption and that the presence of BAL in the urine 

samples either depressed the signal or interfered with the digestion 

procedure. 
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Table XIV. Effect of BAL therapy and arsenic oxidation 
state on the urinary excretion of arsenic in 
rabbits. 

Rabbits (three per group) were dosed according 
to the standard protocol (animal studies, Part 1) 
and urine samples collected 24 hours post 
arsenic dose (23 hours post BAL administration). 
Values shown represent the percent arsenic dose 
excreted in the urine in 24 hours. (See text, 
Part 4A) 

group 5 group 6 group 7 group 8 
arsenic (+5) arsenic (+5) arsenic (+3) arsenic (+3) 

+ + + + 
BAL saline BAL saline 

68.9 67.9 78.7 69.9 

66.9 62.3 61.1 67.7 

60.0 59.1 60.9 64.3 



CHAPTER 4 

DISCUSSION AND CONCLUSION 

Of the eight compounds tested for effectiveness in mobilizing 

arsenic in rabbits, WR2721 proved to be the least efficacious, a 

finding which was not entirely unexpected. Indeed, this compound 

provided a means by which to assess the usefulness of the methods 

employed in this study in determining the efficacy of a number of 

different compounds for the treatment of arsenic intoxication. 

The fact that monothiols such as WR2721 are not always successful in 

protecting against the toxic action of same arsenicals has been known 

for years. For exairple, Schmitt and Skow 1935, showed that cysteine 

and glutathione delayed but did not prevent the toxic action of 

sodium arsenite on the medullated nerves of frogs, as measured either 

by their respiration or by their action potential. Furthermore, 

monothiols in general, failed to prevent the inhibition by sodium 

arsenite or Lewisite (2-chlorovinyldichloroarsine) of the pyruvate 

oxidase system in pigeon brain or the respiration of rat skin slices. 

They also failed to protect human skin frcm the vesicant action of 

Lewisite (Peters and Stocken et al. 1945). It was then discovered 

that when arsenic reacted with keratin, 75% of the bound arsenic was 

combined to two thiol groups, suggesting the formation of a ring 
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structure. From this it was postulated that dithiol compounds might 

be able to compete more successfully with thiol containing proteins 

for arsenic than monothiols. 

More recent work by Cherian et al. 1982, showed that for 

cadmium, vicinal sulfhydryl groups enhanced ligand-metal complex 

formation. The results obtained with WR2721 in this study were also 

supported by earlier studies (Aposhian, unpublished) which utilized 

an enzyme assay for the kidney pyruvate dehydrogenase complex in mice 

and showed that WR2721 is ineffective in reversing the arsenite 

inhibition of this enzyme complex. 

Although BAL appeared to be only slightly effective in 

decreasing tissue arsenic concentration, it was more effective than 

WR2721 in increasing arsenic excretion, particularly via the urine. 

Even though the urinary increase in arsenic concentration was 

approximately 15%, as determined by gairma counting, studies using an 

atomic absorption method failed to discern this difference. Several 

explanations for this include interference of the digestion procedure 

by BAL and/or BAL metabolites, decreased instrument sensitivity and a 

greater degree of error for the atonic absorption technique. Because 

the half-life of BAL is short and metabolic degradation and excretion 

are largely complete within four hours, the differences in urinary 

arsenic excretion of BAL treated animals versus controls may be 

obscured to some extent by the use of a 24 hour sampling interval. 

This interval was chosen because it is part of an established 

screening protocol in this laboratory. Furthermore, arsenic is 



rapidly eliminated by the rabbit via the urine, and in 24 hours, the 

large amount of arsenic excreted may also tend to obscure any changes 

in urinary arsenic concentration. 

The most surprising observation made in the BAL study was 

that the brain arsenic concentration was increased following BAL 

therapy by approximately 2% times that seen in the control animals. 

Other studies have shown that BAL is unable to reduce the mercury 

content in mouse brain and, in fact increases it (Berlin and 

Rylander 1964; Aaseth and Alexander 1982). 

BAL was also shewn to increase the concentration of cadmium 

in mouse kidney when administered ip inmediately after administration 

of cadmium chloride (Cantilena and Klaassen 1981). Hcwever, no 

previous evidence has been found for an increase in brain arsenic 

concentration. 

Experiments by Granziano, Cuccia, and Freidheim 1978, have 

shewn a decrease in brain arsenic levels in rats following BAL 

administration. This may be due to a species-related phenomenon 

since the rat, unlike the rabbit or man, stores arsenic in its red 

blood cells (National Research Council, 1977). Furthermore, in the 

studies by Graziano et al. arsenic was administered orally rather 

than subcutaneously as in this study. Such a route of administration 

may enhance the rate of biotransformation of inorganic arsenic to the 

mono- and di- methylated species. 

Although the mechanism for the increase in brain arsenic 

concentration observed in the rabbit remains unknown, other 
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experiments performed as part of this study indicate that the valence 

state of arsenic, either +3 or +5 has little, if any, effect on the 

process. This may be surprising in light of the fact that trivalent 

arsenic compounds are generally more readily absorbed through mucous 

membranes due to their greater lipid solubility. The absorption 

through skin, for example, is greater for the trivalent form than the 

pentavalent form (Schoolmeester and White 1980). However, in this 

study, both the trivalent and pentavalent species were seen in equal 

concentrations in the brain. It may be that the BAL arsenic complex 

is more lipid soluble than the arsenic alone or even BAL itself and 

can therefore more easily cross the blood - brain barrier. Once 

inside the brain, the canplex may dissociate, leaving the arsenic 

trapped in the nervous tissue. Another possibility might include the 

substitution of arsenic for phosphorous (arsenolysis) in brain 

tissue, thereby trapping the arsenic in the brain. 

Whatever the actual mechanism, the observed increase in 

brain arsenic following BAL administration does not depend on whether 

the dose of BAL is fractionated or not, at least at the 

concentrations used in this study. Additionally, the effect seen is 

not an artifact produced by changes in brain weight or changes in 

blood arsenic concentration. 

An increased arsenic concentration in the brain need not 

produce any toxic effects since the mechanism may be one in which the 

BAL - arsenic complex leaves the brain at a slower rate than it 

entered. As long as the complex is not toxic and does not dissociate, 
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the effects produced on the brain cells may be negligible. On the 

other hand, if the mechanism is one in which the complex dissociates 

in the brain tissue, the effects may be of a serious nature. 

It seems that in addition to deciphering the mechanism by 

which BAL increases the arsenic concentration in the brain, other 

studies dealing with the consequences of this increase are needed. 

Such studies may be important in helping us understand why BAL 

dramatically reverses the hematological effects of arsenic 

intoxication but usually does not reverse the neurological lesions 

(Jenkins 1966). The significance of the apparent increase in arsenic 

concentration in the testes of BAL treated animals also remains 

unknown at this time and warrants further investigation. 

Because of the presence of two chiral centers and a plane of 

symmetry between them, DMSA is superimposible on its mirror image and 

can exist in the optically inactive me so form. The dl form of DMSA 

is also optically inactive due to the presence of equal numbers of 

dextrorotary and levorotary molecules. However, the two forms do 

exhibit different chemical properties. For instance, the me so form 

melts at 210-211°C whereas dl-DMSA melts at 124-125°C. 

Despite their differences in physical properties, the two 

isomers appear to be equally effective in mobilizing arsenic, as 

determined in this study. Both compounds were effective in 

decreasing the arsenic concentration in almost all tissues (except 

brain) and in increasing arsenic excretion. No significant 



80 

difference in activity between the two was evident except in splenic 

tissue (p = 0.048). 

Even though the activity of the two compounds is 

similar, their toxicities do differ, albeit the difference is not 

great. In LD q̂ studies with mice (Aposhian, Hsu and Hoover 1983), 

the ip LD q̂ of meso-DMSA and dl-DMSA was 13.73 and 10.84 ittnole/kg 

respectively. These two values are statistically different. Much 

the same situation exists for penicillamine in which the L or DL 

iscaner is more toxic than the D isomer. The difference in toxicity 

is related to the greater tendency of ^penicillamine to inhibit 

enzymes that are pyridoxal dependent, such as cysteine desulfhydrase 

(Aposhian 1961). In rats given large doses of penicillamine, 

symptoms resembling those seen in pyridoxine deficiency, were 

reversed by feeding them pyrodoxine (Heddle, McHenry, and Beaton 

1963). Unfortunately, the difference in toxicity for the meso- and 

dl- isomers of DMSA has not been fully elucidated. 

The conclusion of equal activity of the two DMSA isomers in 

mobilizing arsenic is supported by other studies (Aposhian, Hsu, and 

Hoover 1983) which have shown that they are also equally effective in 

preventing and reversing the inhibition by sodium arsenite of mouse 

kidney pyruvate dehydrogenase enzyme complex in vitro, as well as 

preventing the lethal effects of sodium arsenite in mice. For more 

information on the PDH enzyme assay, the reader is referred to the 

article by HSU et al. 1983. 
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DMPS also possess a chiral center and the molecule is not 

superimposible upon its mirror image. Therefore the dextrorotary (+) 

and levorotary (-) isomers are enantiomers. The configurations 

corresponding to the direction of rotation of the plane of plane 

polarized light have not yet been determined. 

In comparing the three forms of DMPS (dl,(+),(-)), there was 

no significant difference between them as to their effectiveness in 

mobilizing arsenic, despite the fact that for the dextrorotary and 

levorotary forms, the tissue arsenic concentrations were usually 

lower than for the dl form. As in the studies with the isomers of 

DMSA, these results are supported by the finding of equal efficacy in 

the in vitro pyruvate dehydrogenase enzyme assay. 

One of the reasons for including DMPA in this study was that 

it met the basic structural requirements of having vicinal sulfhydryl 

groups. However, a much more salient feature of this conpound, 

namely the finding that DMPA dramatically increases the fecal 

excretion of mercury, lead to the inclusion of the compound in this 

project. Work by Yonaga and Morita (1981) indicated that the 

increase in the fecal excretion of mercury in mice was due to the 

enhanced bile flow rate. Although the bile flow rate was also 

enhanced by the administration of BAL, the effect was less than that 

for DMPA. In the same study, D-penicillamine administration had no 

effect on the bile flew rate. 

In this study, DMPA was one of the most effective compounds 

in increasing the fecal elimination of arsenic in rabbits. 



Unfortunately, but in agreement with the mercury studies, it was one 

of the least effective in increasing the urinary excretion of 

arsenic. The reason for DMPA's lack of effectiveness as compared to 

the other cortpounds in increasing the urinary excretion of arsenic is 

not known, but may relate to the structure of the compound. 

In mammals, foreign organic compounds may be eliminated via 

the kidneys by one of the two major active secretory mechanisms: one 

for bases (organic cations) and one for acids (organic anions). Both 

the acid and base systems appear to be located in the proximal 

convoluted tubules and are carrier mediated. Seme cornron drugs 

secreted by the organic acid transport system are acetozolamide, 

ethacrynic acid and salicylate (La Du, Mandel, and Way 1971). Both 

acids and bases can undergo subsequent tubular reabsorption, a 

process which is dependent upon physical and physiological variables. 

Furthermore, the secretory system can be saturated (Vfeiner and Madge, 

1964). At this time, for the acid secretory mechanism, it is not 

possible to define a minimal structural requirement other than that 

the compound in question be an acid. 

While secretion into the lumen is an active process, 

reabsorption is usually passive and would thus depend on the 

permeability of the tubular epithilium to the compound in question. 

This in turn would depend on lipid solubility and pH. DMPA would 

probably be more lipophilic than either DMSA or DMPS at the pH of 

urine and would more likely be reabsorbed into the tubule to a 

greater extent. Also, because DMPS and DMSA are stronger acids, they 



would probably be secreted into the lumen more readily than DMPA, 

since they could more easily compete for carrier sites. 

There was initially seme concern as to the effect of the 

valence state of arsenic on the chelating ability of the compounds 

tested and on the distribution and excretion patterns themselves. At 

the concentrations of arsenic used in this study (1 mg arsenic/kg 

body weight), no differences were observed between the +3 and +5 

valence states in animals given arsenic/BAL or in animals given 

arsenic/saline. This may suggest that the conversion from the 

trivalent to pentavalent form occurs rapidly and that the system is 

not yet saturated at these concentrations. It may also suggest that 

BAL does not recognize any difference between the two valence states. 

It may be unlikely that at higher concentrations the distribution 

patterns for the two valence states would be the same, since it is 

well known that the trivalent form is more toxic than the pentavalent 

form. 

In summary, despite the widespread use of BAL in this 

country as an antidote for arsenic intoxication, it appears that 

other compounds, particularly IMPS, in addition to having advantages 

such as increased water solubility and higher therapeutic indices, 

are also more effective in decreasing arsenic tissue concentrations 

and increasing arsenic excretion. 

In vivo studies such as this one may be useful in the future 

for screening prospective agents for efficacy against heavy metal 

intoxication. 
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