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ABSTRACT 

S-(trans-l,2-dichlorovinyl)-L-cysteine (DCVC) is a recognized 

nephrotoxin. The goal of this project was to investigate the genotoxic 

effects of this compound on renal tissue. 

DNA damage was assessed by detecting DNA single-strand breaks 

using alkaline elution. Swiss male mice and albino male rabbits were 

dosed with DCVC (5-100 mg/kg) 1 and 4 hr prior to termination. A dose 

dependent increase in strand breaks was observed only in the renal 

tubular DNA of exposed rabbits. Perfusion of rabbit kidneys and 

-5 -3 
incubation of isolated rabbit renal tubules with DCVC (10 to 10 M) 

both resulted in a dose dependent increase in DNA single-strand breaks. 

A chronic study to determine the carcinogenic potential of DCVC 

was undertaken. After 21 weeks of exposure no neoplastic nodules were 

observed. However, atypical cellular changes were present in the 

kidneys of exposed animals. 

ix 



INTRODUCTION 

I 

Halogenated vinyl cysteine conjugates are potent, specific 

nephrotoxins in vivo and in vitro (Berndt and Mehendale, 1979; 

Bhattacharya and Schultze, 1967; Gandolfi et al., 1981). The pars recta 

portion of the proximal tubule appears to be a selective target for the 

nephrotoxicity (Gandolfi et al., 1981; Potter et al., 1981). The 

proposed mechanism of renal toxicity involves a 3-sulfur lyase located 

in the brush border membrane of renal tubular epithelial cells 

(Anderson and Schultze, 1965; Bonhaus and Gandolfi, 1981). This enzyme 

converts halogenated vinyl cysteine conjugates to a reactive thiovinyl 

intermediate which has been shown to alkylate subcellular macromolecules 

(Anderson and Schultze, 1965). In this study S-(trans-1,2-dichloro-vinyl) 

L-cysteine, DCVC, was used as the prototype of these cysteine conjugates. 

In vivo studies have demonstrated that besides the nephrotoxicity 

DCVC can cause alterations in the DNA of tissues with high rates of 

mitosis (Bhattacharya and Schultze, 1971). In vitro studies have shown 

that the reactive intermediate of DCVC alkylates exogenous DNA 

(Bhattacharya and Schultze, 1972). The kidney is composed of a hetero

geneous mixture of cells which are known to rapidly regenerate in 

response to a toxic insult (Finn, 1977). This»coupled with the above 

information helped to formulate the hypothesis that DCVC exposure could 

result in renal DNA damage. The purpose of this project was to 

investigate the genotoxic effects of DCVC on its primary target tissue, 

1 
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the kidney. DNA strand breaks were used as an indicator of DCVC induced 

damage. To ascertain if the kidney itself was capable of bioactivating 

(a term used for the metabolic conversion of an unreactive chemical to 

a reactive electrophile) DCVC experiments were performed, in vivo, in 

isolated perfused kidneys and in isolated renal proximal tubules. 

In addition, the possible carcinogenic potential of this compound was 

evaluated in mice given DCVC-water, as a substitute for tap water, 

ad libitum for an extended period of time. 

The Kidney as a Target Organ for Toxicity 

It is not surprising that the kidney is the primary target 

tissue for DCVC toxicity. There are a number of factors that partici

pate in this response. At physiological pH DCVC behaves as a 

zwitterion. This indicates that the kidney handles this compound in a 

manner similar to other organic anions and cations, by active secretion 

into the proximal tubule (Vander, 1980). Since halogenated vinyl 

cysteine conjugates are bioactivated in the proximal renal tubule 

(Bonhaus and Gandolfi, 1981) it is possible that the resulting toxic 

intermediate is highly concentrated in this area. It has been shown by 

Derr and Schultze (1963) that the kidney is the primary organ involved 

in the excretion of DCVC and its metabolites rendering this tissue more 

susceptible to DCVC toxicity by increasing the concentration and time of 

exposure. 

The kidney has a major role in terminating the action of a 

number of xenobiotics and their metabolites. To further understand the 



kidney's role and response to nephrotoxins a brief explanation of renal 

physiology is necessary. 

The kidney is a highly dynamic organ making it extremely sus

ceptible to any toxin in the systemic circulation. The total amount of 

noxious substances delivered to the kidney may be disproportionally high 

due to the magnitude of renal blood flow.- On an average the kidney is 

0.4% of the body weight and receives 20-25% of the resting minute 

cardiac output. It is composed of three major regions: the cortex, 

medulla, and papilla. The renal cortex and medulla are anatomically and 

physiologically distinct. The cortex contains all the glomeruli and is 

a richly vascular tissue receiving greater than 90% of the total renal 

blood flow (Finn, 1977; Hook, 1980). The medullary structures contain 

the counter-current exchange system in the vasa recta which makes it 

possible for blood borne toxicants to reach high concentrations in this 

area even though the region receives only a small percentage of the 

total renal blood flow (Beeuwkes and Bonventre, 1975; Duggins and Mudge, 

1976; Vander, 1980). 

The nephron is the functional unit of the kidney. It consists 

of a glomerular capillary network surrounded by a Bowmans capsule, 

proximal tubule, loop of Henle, and distal tubule which connects with the 

collecting duct. Three main processes occur in the nephron. (1) Forma

tion of a nearly protein-free ultrafiltrate occurs at the glomerulus; 

(2) there is active reabsorption, principally in the proximal tubule, of 

solutes from the glomerular filtrate; (3) Active excretion of substances 

into the tubular lumen occurs in both the proximal and distal tubule. 



A 

Each element of the nephron has specific functions which may be 

influenced by nephrotoxins (Vander, 1980; Hook, 1981). 

Nephrotoxins may manifest their toxicity at one or more sites 

in the kidney. The proximal tubules are the primary site for many 

nephrotoxins (Hook, 1980). This is reasonable because it is the area 

of greatest blood flow and active secretion and. reabsorption (Maunsbach, 

1966). There is marked structural, biochemical, histochemical and func

tional heterogeneity within the proximal tubule. Based on istudies 

in rats, three distinct areas have been labeled:. S^, S2, and S^. The. 

region is composed of the first portion of the pars convoluta. The 

epithelial cells in this area are slightly taller with lateral invagina

tions of the basal plasmalemma and a high number of mitochondria. The 

remainder of the pars convoluta contain S2 type cells along with the 

initial portion of the pars recta. Sg cells are smaller with ill defined 

brush border membranes. The region contains the remainder of the pars 

recta and extends to the transition- with the thin descending limb of 

Henle. The cells in this region are cuboidal with a more extensively 

developed brush border membrane, the location for many renal enzymes 

(Maunsbach, 1966; Woodhall et al., 1976). 

Acute renal tubular injury can be caused by the nephrotoxin 

itself and/or be a result of related prolonged ischemia or hypoxia. 

Redistribution of renal blood flow is an important early event in the 

initiation of acute renal failure. Most tubular toxins result in injury 

to the epithelium leading to alterations in tubular fluid absorption 
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characterized by an increase in distal tubule sodium concentration. 

This results in localized activation of the renin-angiotensin system 

and the observed decrease in peir tubular blood flow (Flamenbaum, 

Hamburger, and Kaufman, 1976; McDowel et al., 1976). The frank nephro

toxicity that occurs in response to most renal tubular toxins is often 

the result of a combination of ischemia secondary to vasoconstriction 

and direct cellular toxicity. 

Bloactivation of Xenobiotics by the Kidney 

The brush border membrane of the proximal tubule is the location 

for many renal enzymes responsible for biotransformation, detoxification 

and excretion of many xenobiotics. Although the kidney's function as an 

excretory organ for xenobiotics and their polar metabolites has been 

well described in terms of physiological function, its involvement in 

the biotransformation of xenobiotics is not well understood. 

Recent studies have shown that the kidney is metaholically very active 

in effecting biotransformation of a variety of chemicals and drugs and 

may in some cases surpass the liver (Anders, 1980). Kluwe and Hook 

(1980) have shown that the kidney is capable of altering a wide variety 

of endogenous chemicals. Like the liver most of the time this altera

tion leads to reduced biological activity. However, in some instances 

metabolic transformation may result in a compound with greater or 

different biological activity. Thus, metabolism of chemicals within the 

kidney itself is an important factor in determining the response of the 

kidney to a particular chemical exposure (Kluwe et al., 1978), 
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Most of the drug metabolizing capability of the mammalian kidneys 

resides in the smooth endoplasmic reticulum of the cells in the 

proximal tubule (Kluwe and Hook, 1980). Oxidation of xenobiotics in the 

cortex proceeds via cytochrome P-450 mediated mixed function oxidases. 

In non-induced animals cytochrome P-450 levels are not detectable in 

either the inner or outer medulla. In the renal cortex phase I enzymes 

are very low compared to similar enzymes in the liver. However, phase II 

enzymes are approximately equal (Kluwe et al., 1978; Kluwe and Hook, 

1980; Fry and Perry, 1981). Barbiturate-type inducers result in little 

change in renal mixed function oxidase activity. Polycyclic 

hydrocarbons, however, induce a dramatic change in renal phase I enzymes, 

enhancing their activity to that of the liver. Induction by polycyclic 

hydrocarbons also increases the mixed function oxidase activity in the 

outer medulla so that it is detectable. Although the inner medulla has 

no detectable cytochrome P-450 activity, oxidation of xenobiotics has 

been shown to occur in this region of the kidney mediated via 

prostaglandin cooxidation mechanisms (Fry and Perry, 1981). Non-

oxidative metabolism also takes place in the kidney. Peptidases, lyases 

and other enzymes located in the brush border membrane of the proximal 

tubule are also very important in the biotransformation of certain 

classes of chemicals and will be discussed in regards to the nephro

toxicity of halogenated olefins. 



7 

The Nephrotoxicity of Halogenated Olefins 

Halogenated aliphatic hydrocarbons are one of the most important 

categories of industrial chemicals from a consideration of volume, use, 

environmental toxicology and potential population risks. These 

chemicals are manufactured in vast amounts in the chemical industry 

and find their way via industrial, agricultural and consumer use into 

the environment (Fishbein, 1976), Most of these compounds pose some 

sort of health hazard some are known carcinogens. 

1,1-dichloroethylene (DCE), chlorotrifluoroethylene (CTFE), 

hexachlorobutadiene (HCBD) and trichloroethylene (TCE) are all 

structurally similar compounds that have been shown to be nephrotoxic 

(Jenkins and Anderson, 1978; Berndt and Mehendale, 1979; Potter et al., 

1981; Fishbein, 1976). DCE is used in the manufacturing of polyvinyl-

chloride resins. Renal damage occurs within the pars recta region of 

the proximal tubule and resembles that of mercury poisonings. In 1977 

Cesare Maltoni demonstrated the oncogenic effect of this chemical in 

male mice kidneys. To date no other species or organ has been 

responsive to the carcinogenic effect of DCE exposure and its mechanism 

of toxicity has not been fully established. CTFE is a monomer for the 

industrial production of the fluoropolyme^ polychlorotrifluoroethylene 

used in the synthesis of Teflon-like polymers. It produces a focal 

necrosis of .the proximal tubule of rats, damage occuring as with DEC in 

the pars recta region. The mechanism of toxicity has not been 

established. However, defluorination has been determined not to be 
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sufficient enough to produce the extent and type of damage observed 

(Potter et al., 1981j Buckley et al., 1981). No chronic exposures have 

been performed so the carcinogenic potential of this compound has not 

yet been determined. 

HCBD is a by-product of the synthesis of perchloroethylene and 

trichloroethylene. It induces lung damage, histological abnormalities 

within the liver, effects the central nervous system and is perhaps one 

of the most nephrotoxic aliphatic chlorinated hydrocarbon (Berndt and 

Mehendale, 1979). HCBD has been shown to impair renal organic anion 

transport and cause necrotic changes in the outer stripe of the outer 

medulla shortly after exposure (Lock and Ishmael, 1979; Duprat and 

Gradiski, 1978). The reason that the damage is localized at the cortico-

medullary junction is not clear. A two year feeding study produced 

evidence for a dose-response HCBC-induced toxicity affecting primarily 

the kidney. HCBD Induced renal neoplasms occurred only at dose levels 

higher than that causing discernible Injury (Kociba et al., 1977). 

TCE has been extensively used in the dry cleaning industry and 

as a metal degreasing agent (Lloyd et al.f 1975). Exposure has been 

reported to result in a variety of disorders including central nervous 

system depression, hepatotoxicity and nephrotoxicity. It has been found 

to be weakly mutagenic in the presence of liver activating enzymes and 

carcinogenic in mice but not rats (Fishbein, 1976; Henschler et al., 

1977). There is a direct correlation between the extent of metabolism of 

TCE and its hepatotoxicity (Van Durren and Banerjee, 1976; Moslen et al., 

1977; Allemand et al., 1978). However the extent of metabolism does not 

fully explain TCE nephrotoxicity. 
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These structurally similar compounds all produce a focal 

necrosis in the pars recta region of the proximal tubule. There is a 

rapid initial regeneration and complete recovery of renal function is 

evident within two weeks after a single non-lethal dose in all of the 

compounds. The reason for the localized damage is not clear. Possibly 

the compounds are concentrated in the cortico-medullary region prior to 

their excretion or reabsorption, establishing a high concentration 

gradient of the parent compounds or their metabolites. The structural 

functional differences between the cells in the various segments of the 

proximal tubule could play a major role in the mechanism of toxicity of 

these compounds. Most investigators have attempted to demonstrate a 

role for cytochrome P-450 catalyzed bioactivation of these compounds. 

Hook et al. (1981), using a variety of hepatic and renal inducers and 

inhibitors of mixed function oxidase enzymes established strong 

evidence against their role in the bioactivation of HCBD. An alternative 

route of bioactivation has been suggested. 

The Bioactivation of Halogenated Olefins 

There is some evidence that secondary metabolites of glutathione 

(GSH) conjugates of halogenated alkenes may be involved in the produc

tion of nephrotoxicity. It has been shown after administration of 

certain halogenated alkenes there is a 50% depletion of hepatic GSH 

levels within six hr. No depletion in renal GSH levels haye been 

observed (Davis et al., 1980; Berndt and Mehendale, 1979; Lock and 

Ishraael, 1981; Moslen, 1977b). Lock et al. (1982) investigated the 

mechanism of HCBD induced GSH depletion using rat liver microsomal 
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fractions. When HCBD was incubated with liver microsomal fractions 

fortified with GSH a HCBD-dependent loss of GSH was observed. A 

metabolite was separated by TLC and identified as S(1,1,2,3,4-

pentachloro-l:3-butadienyl)-glutathione, confirming a direct substitu

tion reaction. The glutathione conjugates could undergo hydrolyses by 

two peptidases located in the pars recta region of the kidney (gaimna-

glutamyl transpeptidase and cysteineylglycyl dipeptidase) to yield 

vinyl cysteine conjugates (Hughey et al., 1978; Green and Elce, 1975). 

This proposed pathway is similar to the pathway for mercapturic acid 

formation except that the vinyl cysteine conjugates would not be 

acetylated (Chasseaud, 1976). Instead they would serve as substrates 

for g-sulfur lyase, an enzyme(s) concentrated in the brush border 

membrane of the proximal tubule (Anderson and Schultz, 1965; Tateishi 

et al., 1978; Bonhaus et al., 1981). g-Sulfur lyase catalyzes the 

bioactlvation of vinyl cysteine conjugates leading to the formation of 

a reactive thiovinyl group, pyruvate, and ammonia. The thiovinyl group 

may serve to alkylate tissue macromolecules and trigger the production 

of renal damage. 

Vinyl cysteine conjugates have been chemically synthesized from 

CTFE, HCBD and TOE. All of the synthesized vinyl cysteine conjugates 

were found to be nephrotoxic after administration to rats and mice. The 

nephrotoxic response of these vinyl cysteine conjugates mimicked the 

response seen with the parent compounds. Although the vinyl cysteine 

conjugates exhibited similar toxicities their potency varied (Bonhaus 

and Gandolfi, 1981; Gandolfi et al., 1981; Hassall et-al., 1982). 
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Toxicity of DCVC 

The Interest in vinyl cysteine conjugates evolved prior to 1950 

after reports of fatal blogd dyscrasias and renal disease in livestock 

fed TCE defatted soybean meal (Pritchard et al., 1956; Rundles, 1958). 

The toxic factor in the TCE extracted soybean meal was found to result 

from the reaction of TCE with protein residues (McKinney et al,, 1957; 

Schultz et al., 1959). In 1957 McKinney et al, reported the reaction of 

TCE with cysteine to produce a cysteine conjugate, S-(trans-l,2-

dichlorovinyl)-L-cysteine, DCVC. Oral administration of this compound 

produced the characteristic hematopoietic toxicity previously reported 

for the TCE extracted soybean meal along with considerable kidney damage 

(McKinney et al., 1959; Schultze et al., 1959). Further studies found 

that administration of DCVC to laboratory rats and mice produced a dose-

response in focal necrosis of the pars recta region of the proximal 

tubule, loss of brush border membrane, nuclear karolysis and eosino-

phillic debris in the dilated tubular lumens (Parker, 1965; Tarloff 

et al., 1979). 

To date DCVC has been nephrotoxic in all mammal species tested , 

although variation in susceptibility has been observed (Stonard, 1973). 

Work by Anderson and Schultze (1965) demonstrated that the toxic effects 

of DCVC in susceptible species was elicited by a reactive xintermediate 

formed by enzymatic cleavage in vivo. Although young turkeys <were more 

resistant to DCVC than calves, requiring ten times as much DCVC to 

produce acute renal effects and showing no hematopoietic genotoxicity, 
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their kidneys contained an enzyme which cleaved DCVC rapidly by the same 

reaction as the bovine counterpart (Derr and Schultze, 1963). 

DCVC was metabolized very rapidly in both species. In 

less than 80 min after an i.v. dose no DCVC could be detected in the 

blood plasma or lymph fluid of calves. In spite of a very high rate of 

excretion of the tracer no DCVC was detected in the urine. Evidence was 

obtained for at least nine radioactive components in the urine of 

exposed calves. To date only organic sulfur has been identified. Very 

little radioactivity was found in bone marrow cells removed by biopsy or 

in red bone marrow collected at slaughter (Derr and Schultze, 1965). 

Rats, like turkeys, are much more resistant to DCVC toxicity than 

35 
cattle. By administering radiolabeled S-DCVC to rats, it was deter

mined that 80% of the label that was excreted in the first one hundred 

min was acetylated. There has been no evidence of N-acetyl-DCVC.in the 

urine of calves. 

In both species the highest concentration of radioactivity 

was found in the kidney^ the liver contained about one-quarter as 

much and other organs less than one-tenth per unit dry weight. The 

major portion of the radioactivity in the kidney was associated with 

the protein fraction (Derr and Schultze, 1963). Evidence suggests that 

the initial phase of metabolic degradation of DCVC is the same in the 

highly susceptible and relatively resistant species. Acetylation of 

DCVC may be an important mechanism through which animals protect them

selves against its toxic effects. This may account in part for the 
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difference in susceptibility to DCVC toxicity seen in the calf, turkey, 

and rat. 

The toxicity of DCVC was shown to be the result of its 

bioactivation to a toxic intermediate by a 3-sulfur lyase (Anderson and 

Schultze, 1965; Tateishl et al., 1978). The cleavage of DCVC by the 

lyase involves a fl-elimination, the C-S bond of the cysteine moiety is 

cleaved, and results in the formation of a highly toxic vinyl sulfur 

fragment, pyruvate and ammonia (Anderson and Schultze, 1965; 

Bhattacharya and Schultze, 1967). It is not known if one or more 

lyases are involved in the biotransformation of vinyl cysteine con

jugates. The enzyme is associated with the 100,000 x g supernatant from 

livers and the brush border membrane of the renal proximal tubules 

(Dohn and Anders, 1982; Bonhaus and Gandolfi, 1981). Glutathione and 

mercapturic acid conjugates do not serve as substrates for the lyase. 

Also an unsaturated moiety attached to the cysteine along with a halogen 

atom at the alpha position are required for the compound to be nephro

toxic (Tateishi et al., 1978; Gandolfi et al., 1981). The enzyme 

activity has been shown to decrease rapidly as the substrate is cleaved 

suggesting a suicidal nature (Anderson and Schultze, 1965). 

As early as 1963, Derr and Schultze demonstrated that the 

reactive product of DCVC combines irreversibly with proteins and other 

tissue compounds containing nucleophilic groups, possibly by alkylation. 

This was confirmed when it was shown that the thiovinyl fragment reacted 

with the alkyl acceptor 4-(p-nitrobenzyl)-pyridine. This alkylating 
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fragment may Initiate the chain of events through which the toxicity of 

DCVC manifests itself. 

Interaction of DCVC with DNA 

Previous work has suggested that the thiovinyl fragment produced 

by the enzymatic cleavage of DCVC can react with DNA. The effect of 

35 
this fragment on DNA was observed by administering radiolabeled S-

DCVC to calves and isolating DNA from a variety of organs 7 to 10 days 

after treatment. The DNA isolated from the thymus gland, bone marrow 

and lymph nodes had several abnormal properties. The buoyant density 

was lower, the DNA was more resistant to heat denaturation and hydroly

sis by deoxyribonuclease. There-was.a decrease in the ability 

of the DNA to act as a template for DNA polymerase and for DNA dependent 

RNA polymerase, although no changes in base composition were detected. 

DNA isolated from the liver, spleen, kidney and intestinal mucosa 

appeared no different from control (Bhattacharya and Schultz, 1971). 

35 
When S-DCVC underwent cleavage in the presence of lyase and native 

35 
DNA, the reisolated DNA was radioactive; the S-fragment of DCVC was 

firmly bound to the DNA. The interaction with the reactive intermediate 

of DCVC and DNA in vitro induced changes in the DNA which were very 

similar to those found in the specimens of DNA isolated from the thymus, 

lymph nodes and bone marrow of calves administered DCVC. The in vivo 

altered DNA properties occur slowly (7 to 10 days) and the DNA of some 

organs was not changed (i.e., liver, kidney, spleen and intestinal 

mucosa). In vitro the reaction proceeded rapidly and all specimens of 



DNA regardless of the organ were affected (Bhattacharya and Schultze, 

1971; Bhattacharya and Schultze, 1972). 

In vitro studies have demonstrated that the rate of incorpora-

35 
tion of the S-alkylating fragment of DCVC into DNA coincided with the 

rate of cleavage of DCVC. Both reactions reached their maximum after 

five min (Bhattacharya and Schultze, 1972). Using native DNA the 

35 
incorporation rate was one S atom per 100 nucleotides. When nicked 

DNA was used the rate and extent of incorporation was greater indicating 

that the production of the fragment by the 0-sulfur lyase was not the 

rate limiting step in the incorporation Into native DNA (Bhattacharya 

and Schultze, 1973). Looking at the modifications of polynucleotides 

produced by the reactive intermediate of DCVC has shown that all poly

nucleotides combine with the alkylating fraction. Homogenous poly-

deoxynucleotides were more susceptible to the alkylating fragment of 

DCVC than their polyribonucleotide counterpart. Sequential hydrolysis 

35 
of the S-alkylating fragment substituted polydeoxyribonucleic acids 

indicated that the alkylating fraction does not form interstrand cross

links between complementary chains (Bhattacharya and Schultze, 1973), 

When the alkylating fragment from DCVC reacted in vitro with 

35 
bovine thymus chromatin most of the S-fragment was found firmly bound 

to the histone fraction. The DNA protected by the chromatin retained 

its ability to serve as a template for both DNA and RNA synthesis. This 

is not a unique feature of chromatin. All synthetic basic amino acid 

polymers protected DNA from attack by the alkylating fragment 

(Bhattacharya and Schultze, 1974). Such protection may occur in vivo 
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and has been used to explain the absence of abnormal DNA In some of 

the tissues of the bovine. This lends support to the hypothesis of 

Bhattacharya and Schultze that the more rapidly dividing tissues are more 

susceptible to the toxic effects of DCVC due to the increased exposure 

of the DNA during replication. This has been partially observed in 

their work (Bhattacharya and Schultze, 1973; Bhattacharya and Schultze, 

1974). Alterations in the physical and biological properties of DNA 

due to in vivo DCVC toxicity has been observed only in the hemato

poietic tissue of susceptible species where rates of mitosis are high. 

Though the kidney is a major target organ and contains high concentra

tions of $-sulfur lyase no alterations in DNA isolated from this organ 

were observed 7 to 10 days after administration of DCVC to cattle 

(Bhattacharya and Schultze, 1971). In this study acute changes in renal 

DNA due to DCVC exposure were examined within 24 hr after administration 

of the compound. One of the most commonly used techniques to detect 

"• DNA damage by a potential genotoxin is the measurement of the size of 

single strand fragments of DNA. In order to address this issue, the 

modified alkaline elution technique developed by White et al. (1981) 

was used as a sensitive method to detect DCVC induced damage. 

Alkaline Elution as a Technique to Detect DNA Damage 

The alkaline' elution technique has been used by numerous 

investigators to detect DNA damage caused by environmental toxins, both 

in vivo and in vitro (Swenberg et al., 1976; Petzold and Swenberg, 1978; 

Tsapakos et al., 1980; Bolognesi et al., 1981; Parodi et al., 1980; 

White et al., 1981). The technique was originally developed by Kohn 
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and co-workers (1973). They found that DNA from mammalian cells elute 

from filters slowly in alkaline solutions. The elution rates sub

stantially increased when a small number of strand breaks were introduced 

in the DNA. They developed a technique which separates single strand 

DNA on the basis of its length in alkaline solutions. An inert filter 

with a small pore size is used to mechanically impede the passage of 

long DNA strands while allowing the shorter strands to pass through more 

rapidly. The range of DNA single strand lengths that can be detected 

8 10 
by alkaline elution is 5x10 to 1x10 daltons (Kohn et al., 1976), 

This method is more sensitive to small changes in the molecular weight 

of native mammalian DNA than the standard technique used to measure DNA 

single strand breaks, alkaline sucrose sedimentation. Other advantages 

of the alkaline elution technique are that the procedure removes 

cellular components which may reduce sensitivity before the DNA sizing 

begins and the DNA on the filters is not subjected to the shearing 

forces experienced by DNA migrations through sucrose gradients (Kohn 

et al.t 1976). 

Several types of DNA damage other than single strand breaks can 

be demonstrated by alkaline elution as shown by Kohn et al. (1981). One 

of these is alkali-labile sites. " Alkali-labile sites are DNA lesions, 

alkylated bases which convert to single strand breaks in alkaline 

solutions. Alkali-labile sites often give elution profiles a convex 

appearance and make them highly dependent on the pH of the elution buffer 

(Kohn et al., 1976). Another type of lesion that can be shown by the 

alkaline elution technique is DNA cross-linking, both DNA-DNX and 
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DNA-protein. Bifunctional alkylating agents can form a covalent bond 

between one DNA strand and the other DNA strand or nearby proteins. 

The cross-linked complex will not elute rapidly from the filter even 

when x-ray radiation Induced DNA single strand breaks are present. 

Renal Carcinoma Models 

Although there appears to be only a small correlation between the 

production of renal epithelial neoplasms and acute tubular toxicity a 

chronic study to determine the carcinogenic potential of DCVC was 

undertaken. This was done in part because of the carcinogenic properties 

of the parent compound, TCE and the structurally similar compound HCBD. 

Along with this, the fact that DCVC is bioactivated to a reactive inter

mediate which causes alterations in the DNA of the hematopoietic tissue 

of cattle and alkylates exogenous DNA in vitro (Anderson and Schultze, 

1965; Bhattacharya and Schultze, 1971; Bhattacharya and Schultze, 1972) 

suggests that the compound may be potentially carcinogenic, 

The process of carcinogenesis is a relatively rare event within 

a tissue. Usually treatment with a carcinogen results in the reaction 

of the carcinogen and/or its metabolites with components in most of the 

cells within a tissue. Eventual tumor formation occurs only at a few 

foci within the tissue although most cells were originally damaged to 

some extent. 

Renal cancer is three times more common in males than in females 

although it is an extremely rare form of cancer in both sexes. 

Naturally occuring and experimentally induced renal adenocarcinomas in 

humans and animals arise from the proximal convoluted tubule. 
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Electron microscopic studies have demonstrated that renal adeno

carcinomas are almost identical to normal epithelial cells of the 

proximal convoluted tubule (Holland, 1973; Bennington, 1973). 

Although it is fairly well accepted that hepat'ocarcinomas arise 

from hyperplastic nodules, the literature on renal carcinomas remains 

controversial over whether the neoplasm progressively develops from 

hyperplastic to adenoma to adenocarcinoma. In support of the progres

sion to adenocarcinomas, electron micrographs have whown a remarkable 

similarity in the lutrastructure of dysplasias, small nodules, and well 

developed tumor nodules. Also, transplantation studies suggest that the 

tiny nodules possess neoplastic capabilities (Bees et al., 1980a,b; 

Bennington, 1973). 

Two adequate animal models for the production of renal tubular 

carcinomas of the proximal tubular epithelial cells have been developed. 

Trump and colleagues have developed a rat model which uses N-4-(4'-

fluorobiphenyl)acetamide (FBPA) (Reuber, 1974; Deese et al., 1976; 

Dees et al., 1980a,b; Heotfield et al., 1976). Buffalo rats were 

placed on a diet containing FBPA for 52 weeks. Terracini and co-workers 

(Terracini et al., 1966; Hard and Butler, 1971) have developed a model 

using Wistar rats and DMN. The tumors that developed in both models 

were similar. However, the rate of appearance and specificity for the 

pars convoluta epithelial was more specific in the FBPA model (Riopelle 

and Jasmin, 1969; Hard, 1979). 

After four weeks on the FBPA carcinogenic diet large bizarre 

nuclei were observed in the region of the cortical medullary ray. A 
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eight and twelve weeks the number of giant nuclei increased such that 

occasionally several large nuclei were present in the same tubule. By 

the twenty-fourth week focal hyperplasia was present and at thirty-six 

weeks grossly visible lesions were observed. Although karyomegaly 

is the earliest abnormality observed in response to carcinogen-

associated alterations, it is not clear to what extent if any it 

signifies the transformation process. Hyperplastic cells possessed 

small nuclei as did the tumor cells. At present time there is no 

direct evidence that links karyomegaly to neoplastic formation, even 

though a number of renal carcinogens (Aflatoxln G^» HCBD, FBPA), all 

lead to the random production of enlarged nuclei throughout the proximal 

tubule (Hard and Butler, 1971; Kociba et al., 1977; Harleman and Seinen, 

1979; Dees et al., 1980). 

Statement of Purpose 

In this study S-(trans-l,2-dichlorovinyl)-L-cysteine, DCVC, is 

used as a prototype cysteine conjugate. In vivo studies have demon

strated that besides the nephrotoxicity, DCVC can cause alterations in 

DNA of tissue with high rates of mitosis. In vitro studies have 

demonstrated that the reactive intermediate of DCVC alkylates exogenous 

DNA. The rapid rate at which damaged tubular cells regenerate coupled 

with the above information leads us to investigate the genotoxic effects 

of this compound on renal tissue.' 

DNA damage was analyzed from renal tissue of exposed rabbits and 

mice, perfused rabbit kidneys, isolated renal tubules and subcellular 
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incubations. The damage was assessed by the alkaline elution technique 

of Kohn et al., 1981. This technique was employed to detect single 

strand breaks in the DNA of exposed tissue. 

In view of the possible connection between DNA damage, repair 

and the tumorigenicity of genotoxins, chronic in vivo drinking 

studies were evaluated, using mice, to determine any possible 

carcinogenic potential that might result from the administration of DCVC. 



MATERIALS AND METHODS 

Chemicals 

1,2-Dichlorovinylcysteine (DCVC) was synthesized by Dr. A. J. 

Gandolfi, Anesthesiology Department, University of Arizona, from 

trichloroethylene by the method of McKinney et al. (1959). The 

compound was characterized as described by Gandolfi et al. (1981). 

Benzidine dihydrochloride was purchased from Fisher Scientific Company, 

Fair Lawn, New Jersey, USA. Mercuric chloride (HgClj)» phenyl 

methylsulfonyl fluoride (FMSF)f sodium lauryl sulfate (SDS), ethylene 

glycol-bis (B-amino ethyl ether) N,N-tetraacetic acid (EGTA), ethylene-

diamine tetraacetic acid (EDTA), spermidine trihydrochloride, spermine 

tetrahydrochloride, 2-mercaptoethynol, bovine serum albumin (BSA), beef 

muscle lactic acid dehydrogenase (LDH), and 3-nicotinamide adenine di-

nucleotide, reduced form (NADH) were all obtained from Sigma Chemical Co., 

St. Louis, Mo., USA. Dimethyl sulfoxide (DMSO), diaminobenzoic acid di

hydrochloride (DABA) and tetraethyl ammonium hydroxide (20% in l^O) were 

purchased from Aldrich Chemical Company, Inc., Milwaukee, Wi., USA. The 

DABA was treated with activated charcoal and recrystallized before use by 

the method of White et al. (1981). Methyl orange was obtained from East

man Kodak Company, Rochester, N.Y., USA. Proteinase K was obtained through 

Beckman Instruments, Inc., Bioproducts Dept., Palo Alto, Ca., USA. 

Polyvinylchloride filters, 47 mm diameter, 2 micron pore size 

and Swinnex filter holders, 47 mm in diameter were obtained from 

22 



23 

Millipore Corporation, Bedford, Ma., USA. Polycarbonate filters, 47 ran 

diameter, 2 micron pore size were purchased from Nuclepore Corporation, 

Pleasanton, Ca., USA. 

Distilled, deionized water was used to prepare all buffers and 

to dilute all acids and bases to the desired concentrations. 
* 

Animals 

Male, Swiss Webster mice (CFW) weighing 25-35 g were obtained 

from Charles River, Boston, Ma., USA. They were housed 5 to 6 animals 

per stainless steel cage, which contained pine shavings as bedding. 

Male, New Zealand white rabbits (4 weeks, 600-800 g) were 

purchased from Blue Ribbon Ranch, Tucson, Az., USA. They were housed 

1 animal per stainless steel wire cage. 

Wayne lab blocks and rabbit chow (Allied Mills, Chicago, 111.) 

were fed to mice and rabbits, respectively. All animals received food 

and tap water ad libitum unless otherwise stated. Lighting was 

controlled to provide a cycle of 12 hr light and 12 hr darkness. 

Room temperature and humidity were set and maintained at 22°C and 55%, 

respectively. After arrival, all animals were allowed at least 5 days 

to adapt to their new surroundings before experiments were undertaken. 

Cervical dislocation was the method of choice for the termina

tion of the mice, while the rabbits were killed with a pellet gun, by a 

shot to the head. 
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Cellular and Subcellular Isolations 

Renal Tubule Isolation 

Renal tubules were isolated from male rabbits by the method of 

Brendel and Meezan (1975). Immediately after termination of the animal 

both kidneys were cannulated via the renal arteries and excised. The 

kidneys were then flushed with buffer containing 0.12 M NaCl, 10,3 mM 

Na+CH3C00~, 4.8 mM KC1, 1.2 mM KE^PO^,, 2.6 mM CaCl2-2H20, 1.2 mM 

MgS0^*7H20, 27.2 mM NaHCO^, pH 7.4. Following this they were perfused 

for IS min with oxygenated buffer. The cortical tissue was removed and 

homogenized in 10 ml of the above buffer. Using a 210 micron filter 

debris was removed from the preparation and the tubules were then 

isolated on a 64 micron nylon mesh filter. The isolated tubules were 

resuspended in 1% albumizined buffer, identical to the above except 

that 10 mM EDTA was added. 

Hepatic Nuclei Isolation 

Hepatic nuclei were isolated from male mice (30-35 g) by the 

method of Woll et al. (1981). After termination the livers were removed, 

weighed and homogenized in two volumes of ice cold buffer containing 

0.12 M KC1, 30 mM NaCl, 0.3 mM spermine, 1.0 mM spermidine, 0.25 M 

sucrose, 4 mM EDTA, 1 mM EGTA, 15 mM Tris-HCl, 1 mM FMSF, 15 mM 

2-mercaptoethanol, pH 7.4. Two volumes of ice-cold 2.1 M sucrose 

solution containing 60 mM KC1, 15 niM NaCl, 0.15 mM spermine, 0.5 mM 

spermidine, 2 mM EDTA, 0.5 mM EGTA 1 mM PMSF, 15 mM 2-mercaptoethanol, 

15 mM Tris-HCl, pH 7.4 were added to the liver homogenates. Ten ml of 
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the resultant mixtures were placed in centrifuge tubes and underlayed 

with 5 ml of the 2.1 M sucrose solution. The tubes were centrifuged at 

25,000 rpm (81,800 x g) for 40 min at 40°C in a SW-27 swinging bucket 

rotor (Beckman Instruments, Palo Alto, Ca,, USA). The nuclear pellets 

were either resuspended in 10 ml of ice cold phosphate buffered saline 

containing 1 mM EDTA, pH 7.4 and analyzed Immediately by alkaline 

elution or else they were resuspended in 10 ml of a buffer containing 

25% glycerol, 60 mM KC1, 15 niM NaCl, 1 mM EDTA, 0.25 mM EGTA, 0.15 mM 

spermine, 0.5 mM spermidine, 15 mM Tris-HCl, pH 7.4 and stored in 

plastic tubes at -70°C for further study. 

Renal Cortex Nuclei Isolation 

Renal cortex nuclei were prepared according to the method of 

Lilija et al. (1971) using male mice (30-35 g). Following termination 

the kidneys were excised, weighed and placed on ice. The cortex was 

carefully dissected from the kidney and hand homogenized in 5 ml of ice 

«iold buffer containing 0.14 M NaCl, 3 mM KC1, 10 mM EDTA, 8 mM 

NagPO^, 15 mM KI^PO^, pH 7.3. The homogenate was filtered through a 

64 micron nylon mesh filter and the resultant solution was centrifuged 

at 2000-2500 rpm for 10 min at 4°C in a table top Sorvall GLC-2B, 

OuPont Company, Newtown, Ct., USA. The pellets were resuspended in 

A ml of the same buffer and aliquots were immediately analyzed for DNA 

damage using alkaline elution. 
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Renal Brush Border Membrane Isolation 

Renal brush border membranes were prepared by a modified method 

of Booth and Kenny (1974) using male mice (30-35 g). After the animals 

were killed their kidneys were removed and the cortical tissue was 

carefully dissected. Approximately 2 g of cortex tissue was homogenized 

in ice cold 10 mM mannitol-2mM Tris-HCl pH 7.1 buffer. The homogenate 

was brought up to a final volume of 20 ml. Solid MgClj^I^O was added 

to the homogenate to give a final concentration of 10 mM. This mixture 

was stirred occasionally for 15 min while being kept in an ice bath. It 

was then centrifuged at 4000 rpm (1500 g) for 12 min at 4°C in a P-l 

rotor, Sorvall Superspeed RC2-B, DuPont Company, Newtown, Ct., USA. The 

supernatant was decanted into pre-cooled (4°C) centrifuge tubes and 

centrifuged at 13,000 rpm (15,000 x g) for 12 min at 4°C. The pale-pink 

layer on top of the pellet was removed and resuspended in 10 ml of the 

mannitol-Tris-MgCl^ buffer. This suspension was centrifuged at 13,000 

rpm (15,000 x g) for 12 min at 4°C. The pellet was then resuspended in 

1.0 ml of mannitol-Tris buffer and used as a source of 6-sulfur lyase. 

Protein concentrations were routinely determined using the biuret method 

(Gornall, Bardawill and David, 1949). In absolute terms, about 5 mg of 

protein was isolated from 2 g of cortical tissue. 

Assays 

Protein 

Protein concentrations were determined using the biuret method 

(Gornall et al. , 1949), An aliquot (100-200 microliter-o.f homogenized tissue 
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was brought to a final volume of 0.5 ml with buffer. Biuret reagent 

(2.5 ml) was added to each tube. The tubes were vortexed and left alone 

at room temperature for 30 min. An absorbance reading was taken of the 

sample at 540 nm on a Gilford 300 spectrophotometer, Absorbance values 

were compared with those of bovine serum albumin standards to obtain 

concentrations for samples in mg/ml. A color blank comprised of 0.5 ml 

of buffer plus 2.5 ml biuret reagent was substracted from each value 

prior to quantification. 

Analysis of g-Sulfur Lyase 

. -i . . C-S lyase v Vxnyl cysteine conjugate > 

pyruvate + ammonia + "toxic metabolite?' 

Pyruvate + NADH lactic dehydrogenase) + 

Pyruvate is an enzymatic breakdown product of vinyl cysteine 

conjugates (Anderson and Schultze, 1965). The formation of pyruvate in 

the tissue preparations incubated with DCVC was used to determine B-sulfur 

lyase activity (micromoles pyruvate/mg/hr). In the presence of lactic 

dehydroganase and NADH, pyruvate is converted to lactate and NADPH is 

oxidized to NAD . As NADH is oxidized there is a decrease in 

absorbance at 340 nm. By measuring the change in absorbance and 

comparing it with pyruvate standards the concentration of pyruvate in 

each sample can be determined (Bucher et al., 1965). Various concentra

tions of tissue homogenates and DCVC (final volume 1.0 ml) were 

incubated in a 37° water bath for 2 to 60 min. The reaction was stopped 
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by the addition of 6% perchloric acid (3 ml). The solution was mixed 

thoroughly for 5 min and then centrifuged for 5 min at 3000 x g in a 

table top Sorvall at room temperature. The supernatant was decanted into 

glass test tubes and placed in an ice bath. Methyl orange (.05%) was 

added to each sample (0.01 ml/sample) as a pH indicator. Potassium 

carbonate (5 M) was slowly added while mixing to neutralize each sample. 

When the evolution of CO2 had almost ceased the titration was continued 

until the end-point of the indicator was reached (pH *^3.5, salmon-pink). 

The mixture was allowed to stand for 10 min in an ice bath. It was then 

centrifuged for 3 min at 3000 x g at 4°C and the fluid was decanted off 

the precipitated potassium perchlorate. A portion of this supernatant 

fluid was analyzed for the presence of pyruvate. One volume of tri-

ethanolamine buffer (0.4 M, pH 7.6 with HC1) was added to two volumes 

of the supernatant, mixed and placed in glass cuvettes. Samples were 

then read on an Acta C III spectrophotometer (Beckman Instruments, Inc., 

Fullerton, Ca., USA) at a wavelength of 340 nm. NADH (100 yl, 5 x 10-3 M) 

was added to the cuvettes and the absorbance was read. At this time, 5 yl 

of LDH (free of pyruvate, 10 mg/ml) was added to the cuvettes and 3 min 

later the absorbance was again measured. The change in absorbance was 

determined and.compared with those of a pyruvate standard to obtain 

concentrations of samples in micromole pyruvate/ml. 

Alkaline Elution 

Alkaline elution, originally developed by K, W. Kohn and R. R. 

Grimek-Ewig (1973) was performed according to the modifications devel

oped by White et al. (1981). The technique separates single strand DNA 
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in alkaline solutions. The rate of elution depends on the length of the 

single strand DNA: the shorter the strand the faster it elutes. This 

makes the technique extremely sensitive to small changes in the 

molecular weight of mammalian DNA. Tubules, cells and nuclei were 

loaded onto polycarbonate filters (47 mm) using 10 ml cold phosphate 

buffered saline plus 1 mM EDTA, pH 7.4. The samples were lysed on the 

filters with 15-20 ml of buffer containing 2% sodium' lauryl sulfate, 

25 mM EDTA-Na^, pH 9.7. The DNA was rinsed with 10 to 15 ml of buffer 

containing 0.1% SDS, 20 mM HgEDTA adjusted to pH 10 with tetraethyl-

ammonium hydroxide. The outflow needle of the filter holder was then 

connected to a peristaltic pump and 25 ml of elution buffer, identical to 

rinsing buffer, but with a pH adjusted to 12.4 was added and pumped 

through the filter at a flow rate of 0.1 ml/min. Six 3 ml fractions 

were routinely collected. A modification of this procedure included a 

1 hr proteinase K digestion step between the lysing and rinsing steps. 

After the sample had been lysed on the filter, 5 ml of a proteinase K 

solution (0.5 mg/ml lysing buffer) were added to each filter. The out

flow needle was blocked for 1 hr. At. this time the effluent was 

allowed to flow through by gravity and the DNA was rinsed as stated 

above. 

To determine the presence of DNA cross-linking, the tubules or 

nuclei were x-irradiated (400 rads) at 0°C with a Varian Clinac 18 

accelerator prior to being loaded onto the filters. 

To measure the amount of DNA placed on the filter an aliquot of 

the original sample was mixed with 3.0 ml of the elution buffer and 

processed along with the elution fractions. The results were plotted 
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as the log of the fraction of DNA retained on the filter versus the 
V 

elution volume. Linear regressions were performed to obtain the best 

fit line. DNA damage was quantified by determining- the first order 

rate constant for the initial phase of elution. 

DNA 

Bovine serum albumin (0.25 mg) was mixed with each elution sample 

followed by the addition of 0.5 ml of 50% trichloroacetic acid. The 

samples were vortexed and then centrifuged for 15 min at 1000 x g in a 

table top Sorvall. The pellet was dissolved in 3.6 ml 100% ethanol 

containing 0.1 ml concentrated HC1 by shaking at room temperature for 

35 min. The samples were chilled to 4°C and then centrifuged at 

1000 x g for 15 min. The supernatant was removed and the residue 

evaporated to dryness. The DNA content was determined by the micro-

fluorometric assay of Kissane and Robins (1958). An aqueous DABA solution 

(35% w/v) was added to each sample tube (0.1 ml). Tubes were capped 

and heated to 70°C for 35 min in a water bath. After cooling, 1 ml of 

filtered 1 N HC1 was added to each tube and the relative fluorescence 

of each solution was determined using an Aminco-Bowman fluoroineter 

(American Instruments Co., Silver Spring, Md., USA) with an excitation 

wavelength of 420 run and an emission wavelength of 520 nujr 

Single Exposure Studies 

In Vivo Experiments 

Doses of mercuric chloride (0.5-5.0 mg/kg) and benzidine 

dihydrochloride (50-150 mg/kg) were administered i.p. to 
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male mice (30-35 g). Mercuric chloride was dissolved in distilled water 

such that all animals received a constant volume to body weight ratio 

(0.1 ml/10 g) . Benzidine dihydrochloride was dissolved in small ali-

quots of DMSO and then diluted in the required amount of distilled water 

to obtain the desired final concentrations. All animals in each group 

received equal DMSO volumes at all dose levels. Control animals 

received vehicle alone. 

The animals were terminated at various time points (3 to 24 hr 

after injection to determine any renal toxicity. The kidneys were 

immediately excised, weighed and placed on ice. One kidney from each 

animal was sliced longitudinally and placed in phosphate buffered 

formalin (10%) . The cortex from the remaining kidney was peeled off and 

homogenized in ice cold buffer containing 0.14 M NaCl, 3 mM KC1, 10 mM 

EDTA, 8 mM ^2^0^, 15 mM K^PO^ pH 7.3. Cortex nuclei were isolated and 

immediately analyzed for DNA-single strand breaks. 

DCVC in distilled water was administered either i.p. or i.v. to 

male mice (30-35 g) and rabbits (600-800 g). Doses of DCVC ranged from 

0 to 100 mg/kg. Dosing volumes were 0.1 ml/10 g for mice and they ranged 

from 1.0 to 8.0 ml for the rabbits. The animals were terminated at 

various time points (45 min to 18 hr). Mice kidneys were immediately 

removed, weighed and placed on ice. One kidney from each mouse was 

sliced longitudinally and fixed in phosphate buffered formalin (10%). 

Hematoxylin and eosin stains were done on sections of preserved, para-

fin fixed specimens. The cortex from the remaining kidney was 

homogenized in ice cold buffer, nuclei were isblated and immediately 

analyzed for DNA damage. Rabbit kidneys were immediately cannulated via 
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the renal arteries, excised and perfused with oxygenated buffer saline 

for 13 min. A small section of the cortex was removed and placed in 

phosphate buffered formalin (10%). Histology was performed on the thin 

sections (6 microns) that had been stained with hematoxylin and eosin. 

Renal tubules were isolated from the remaining cortex and analyzed for 

DNA damage by alkaline elution. 

In Vitro Studies 

Perfused Kidney Experiments 

Immediately following sacrifice, male rabbit kidneys were 

cannulated via the renal arteries and excised. The kidneys were 

flushed with a buffer containing 0.12 M NaCl, 10.3 mM Na acetate, 

4.8 mM KC1, 1.2 mM KH2P04, 2.6 mM CaCl^I^O, 1.2 mM MgS04»7H20, 

22.7 mM NaHCO^, pll 7.4. Following this both kidneys were placed in a 

perfusion apparatus. The perfusion pressure was kept constant at 100 mm 

Hg and the flow rate was 5 ml/g cortex/min. The buffer kept at 37°C 

was continuously oxygenated with 95% O2, 5% C02 and was not recirculated. 

After 10 min of perfusion various concentrations of DCVC were added to 

one buffer reservoir such that one kidney was exposed while the other 

acted as its control. The kidneys were perfused in this manner for 

45 min. At this time a small portion of each cortex was placed in 

phosphate buffered formalin for histopathological evaluation. Tubules 

were isolated from each remaining cortex by the method of Brendel and 

Meezan (1975) and immediately analyzed for DNA-single strand breaks. 
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Renal Tubule Experiments 

Isolated renal tubules from male rabbits were Incubated with 

-2 -5 
various concentrations of DCVC (10 to 10 M) for 30 min in a 37° 

water bath. Aliquots of the tubule suspensions were Immediately 

analyzed for DNA damage using the alkaline elution technique. 

Subcellular Experiments 

7 
Hepatic nuclei (1 x 10 ) isolated from male mice were incubated 

with isolated brush border membranes, and DCVC for 30 min in a 37° water 

bath. The final incubation volume was constant at 2 ml. The concentra

tion of bursh border membrane protein and DCVC were varied 0.5 to 1.5 mg 

and 0.1 to 10 mM, respectively. The incubations were stopped by loading 

onto an elution filter in ice cold phosphate buffered saline containing 

1 mM EDTA. DNA damage was then assessed by alkaline elution. 

Chronic Study 

In order to assess the possible carcinogenicity of DCVC a 

chronic study was undertaken. Male mice (25-27 g) were divided into 

three groups of 24 and a control group which contained 36 animals. The 

animals were housed 6 per cage. DCVC was dissolved in tap water at 

concentrations of 0.01, 0.05, and 0.1 mg/ml and substituted for drinking 

water a<i libitum. Fresh DCVC-water was made up every third day and 

water consumption was monitored in the three treatment groups. Animals 

were weighed once a week and 24 hour urine samples were collected from 

one cage per group once a week for the first month. 
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At various time points (4, 8, 12, 21 weeks) 5 to 6 animals per 

group were terminated. Immediately upon necropsy 1.0 ml of phosphate 

buffered formalin (10%) was injected, using a 1 ml syringe and a 27 

gauge needle, into the bladder. The bladder was then removed from the 

animal and placed in phosphate buffered formalin. The spleen, liver and 

kidneys were removed, weighed and placed on ice. One kidney per animal 

sliced longitudinally, a section of liver, and the spleen were all 

placed in phosphate buffered formalin. The preserved specimens were 

sectioned in paraffin, mounted on slides and stained with hematoxylin 

and eosin to elucidate cytoplasmic and nuclear detail under light 

microscopy. Histopathological evaluations were confirmed by Dr. R. 

Nagle, Pathology Department, University of Arizona. 

The cortex from the other kidney was removed and hand 

homogenized in 4.0 ml of buffer containing 0.14 M NaCl, 3 mM KC1, 

10 mM EDTA Na,,, 8 mM Na^O^,, 15 niM KHjPO^, pH 7.2. Aliquots (100 to 

200^il) were analyzed for DNA and protein content as described earlier. 

The remainder of the animal was frozen at -70°C following termination. 

Statistics 

Statistical comparison of elution rate constants from different 

treatment groups were performed using one-way analysis of variance.and 

the Newman-Keuls test.(Armitage, 1971)-. Data from the .chronic study was 

analyzed by the_.Biostatistics Center at the University of Arizona, 

Medical School. 



RESULTS 

Alkaline Elution! A Method for the Detection of Damaged Renal DNA 

To evaluate the sensitivity of the alkaline elution technique of 

White et al. (1981) on the detection of damaged renal DNA, benzidine 

was used as a positive control. Benzidine, a known bladder carcinogen, 

has been shown by Bolognesi, Cesarone and Santi (1981) to induce DNA 

single-strand breaks in the liver and kidneys of Swiss male mice. 

Benzidine was administered by i.p. Injection A hr before isolation of 

renal nuclei in male Swiss-Webster mice. The nuclei were analyzed by 

alkaline elution for the presence of DNA single-strand breaks. DNA 

from mice treated with vehicle (DMSOil^O) expressed no damage. Benzi

dine treatment resulted in a dose-dependent increase in single-strand 

breaks (Table 1). Examination of renal histology at 4 hr after 

benzidine administration was performed to evaluate cytotoxicity. At 

the doses used in this study, evidence of nephrocellular damage was not 

observed. The isolation procedure of Lllija et al. (1977) yielded a 

large quantity of renal cortex nuclei without any observable DNA damage 

due to the isolation procedure Itself. This demonstrated that these 

techniques are valuable tools for the assessment of renal DNA damage 

after in vivo exposure to a xenobiotic. 

35 
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Table 1. Dose-response of damage to mouse renal DNA by exposure to 
benzidine. 

a —3 
Dose of benzidine (mg/kg) Elution Rate Constant (x 10 ) 

Control 6 ± 3 

50 6 ± 2 

100 13 ± 6 

150 37 ± 18b 

Various doses of benzidine were administered i.p. to mice 4 hr 
prior to termination and isolation of renal nuclei. Data are 
expressed as the mean ± S.D. (N = A) of the elution rate 
constant, Kml**^. 

^ Significantly different from control (p <0.05). 
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Cytotoxic Xenobiotics and Non-specific DNA Damage 

Highly cytotoxic xenobiotics can cause considerable non-specific 

DNA. damage due to cell death and autolysis. A known renal cytotoxin was 

studied to determine if this would be an important factor in assessing 

renal DNA damage after exposure to cytotoxic xenobiotics. Mercuric 

chloride, a nephrotoxin with little known genotoxic effects (McDowell 

et al., 1976) was evaluated for its ability to induce DNA damage after 

in vivo exposure. 

Mice were administered mercuric chloride by i.p. injection 1 and 

24 hr prior to isolation of renal nuclei. The nuclei were analyzed by 

alkaline elution for the presence of DNA single-strand breaks. No DNA 

damage was detected by this technique at any dose level or time point 

(Table 2). Gross kidney changes were observed at necropsy in the 

animals that had been dosed 24 hr previously. At 2.5 and 5.0 mg/kg the 

kidneys appeared pale and swollen with mottled cortices and hyperemic 

medullary regions. Histological examination showed initial cellular 

abnormalities near the junction of the convoluted and straight portion 

of the proximal tubule at the highest dose level 1 hr post Injection. 

Examination 24 hr after mercuric chloride administration (5 mg/kg) 

showed necrosis of the proximal tubule involving most of the convoluted 

portion and the pars recta region within the outer medulla. 
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Table 2. Detection of single-strand breaks in mouse renal DNA after 
in vivo exposure to HgC^ 

HgCl2(mg/kg) Elution Rate 
—3 a 

Constant (x 10 ) HgCl2(mg/kg) 
1 hr 24 hr 

Control 6 ± 2 6 + 2 

0.5 6 ± 4 9 ± 1 

2.5 4 ± 2 

5.0 9 ± 3 7 ± 1 

Data are expressed as the mean ± S.D. of the elution rate 
constant, Kml~l (N= 3). Various doses of HgCl2 were 
administered i.p. to mice 1 or 24 hr prior to termination. 

k Not performed. 
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Single Exposure DCVC Studies 

Nephrotoxicity of DCVC in Mice 

To evaluate the genotoxicity of DCVC, mice were administered 

DCVC by i.p. and i.v. injections 1 and A hr before isolation of renal 

nuclei. The nuclei were analyzed by alkaline elution for the presence 

of DNA single-strand breaks and DNA cross-linking. DCVC treatment by 

both routes of exposure and at both time points did not appear to cause 

DNA single-strand breaks (Table 3). DNA cross-linking appears to 

contribute to a small but observable amount of DNA damage caused by 

DCVC (Table 4). The effect of cross-links on DNA elution rate constants 

was ' determined by introducing single-strand breaks into the DNA. This 

was accomplished by subjecting the samples to A00 rads of x-ray 

radiation prior to the start of the elution procedure. Cross-links 

reduce the DNA elution that would otherwise be produced by the x-ray 

dose alone and are gauged on the basis of the reduction in elution rate 

constants. This can result from an increase in strand length due to 

DNA-DNA cross-linking or by adsorption of protein to the filter resulting 

from DNA-protein interactions. The dose related decrease in the 

elution rate constant seen in Table A indicates that a small amount of 

cross-linking has occurred. 

The cytotoxicity of DCVC was evaluated by measuring kidney to 

body weight ratios. As seen in Table 3, DCVC treatment resulted in a 

dose-dependent increase in the. kidney to body weight ratios at the A hr 

time point. Kidneys removed from mice treated with DCVC A hr previously 
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Table 3. Detection of single-strand breaks in mouse renal DNA after 
in vivo exposure to DCVC. 

Dose/Route Elution Rate Constant (x 10 ) Kidney , -Q-3,b 
(mg/kg) 1 hr A hr Body Weight X 

Control - ip 8 ± 3 6 + 3 1 4 + 3  

Control - iv 7 + 2 
c c 

5 - iP 9 + 2 10 + 8 
c 

10 - ip 
c 

8 ± 3 15 ± 3 

15 - iP 9 8 
c 

16 ± 4 

30 - iP 7 ± 4 6 ± 2 18 + 2 

50 - ip 8 ± 1 5 + 1  20 ± ld 

50 - iv 6 ± 1 c c 

75 - iv 7 ± A 
c c 

100 - iP 8 ± 3 7 ± 2 22 ± ld 

100 - iv 8 + 2 
c c 

Various doses of DCVC were administered to mice 1 or 4 hr prior to 
termination. Data are expressed as the mean ± S.D. of the elution 
constant, Kml~l, (N 13 3). 

1. 

Kidney to body weight ratio A hr after treatment with DCVC. Data 
are expressed as the mean ± S.D., (N = 3). 

(» 
Not performed. 

d Significantly different from control (p <0.01), 

Statistical comparison was performed using Student's t-test 
(Awmitage, 1971). 
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Table 4. Analysis for DNA cross-linking in mouse renal nuclei after 
in vivo exposure to DCVC. 

Elution Rate Constant (x 10"^) 

Radiation dose Control DCVC dose (mg/kg)a 

10 50 100 

None 8 15 11 16 

400 rads 92 83 58 52 

Difference^ 84 67 47 36 

a Various doses of DCVC were administered ip to mice 1 hr prior to 
termination. Data are expressed as the mean qf the elution rate 
constant, Kral-1, (N = 2). 

I. 

Change in the elution rate constant caused by X-ray radiation. 
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were swollen with pale cortices and hyperemic medullas. This was also 

seen in the animals that had been treated with 50 and 100 mg/kg (i.v.) 

1 hr prior to germination. 

Histopathological examination of the kidneys from mice after 

treatment with DCVC showed necrosis of the proximal tubule involving 

part of the convoluted portion and the pars recta region within the 

outer medulla 4 hr after dosing. A dose-response in focal necrosis, loss 

of brush border membrane and eosinophilic• debris in the dilated tubular 

lumens was evident 4 hr after exposure. Damage was more severe at the 

4 hr time point but it was evident 1 hr after dosing (Figure 1). 

Nephrotoxicity of DCVC in Rabbits 

To further evaluate the genotoxicity of DCVC rabbits were 

administered DCVC 1 hr prior to isolation of renal tubules. The 

tubules were analyzed by alkaline elution for the presence of DNA 

single-strand breaks. Although there was no evidence for DCVC induced 

single-strand breaks in the kidney cortex nuclei of mice, there was a 

significant dose-dependent difference in the amount of DNA damage 

induced by DCVC in rabbit renal tubules (Table 5). The rabbits appeared 

to be more sensitive to the genotoxic effects of DCVC thus becoming the 

animal of choice for studying DCVC whenever possible. 

The route of administration influenced the genotoxicity of 

DCVC in rabbits. Animals were administered DCVC by i.p. or i.v. 

injections 1 hr prior to isolation of renal tubules. DNA damage was 

analyzed by the alkaline elution technique. There was a significant 

difference (p <0.005) in the elution rate constant between the two routes of 



Figure 1. Photomicrographs of hematoxylin and eosin (H&E) stained 
kidney sections from mice 2 hr after ip injection. — 
A. Control animal received vehicle alone. B. Animal 
injected with 50 mg/kg DCVC. Evidence of ranal tubular 
necrosisloss of brush border membrane and eosinophillic 
debris in the dilated tubular lumens can be seen. 



Figure 1. Photomicrographs of hematoxylin and eosin (H&E) stained 
kidney sections from mice 2 hr after ip injection. 



Table 5. Species variation in the detection of single-strand breaks 
in renal DNA after exposure to DCVC. 

DCVC Elution Rate Constant (x 10~^)a 

(mg/kg) Rabbit Mouse 

Control 14 6 
±3 

15 b 
5 
±2 

20 12 

50 19 6 
±1 

100 37 7 
±3 

Various doses of DCVC were administered 1 hr ip prior to 
termination. Data are expressed as the mean ± S.D. of the 
elution rate constant, Kml~l, fN = 2 rabbits, N = 4 mice). 

Not performed. 
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exposure at 20 mg/kg. The intravenous route resulted in an increased 

elution rate constant (Table 6). However, because of a solubility 

problem intravenous injections were not feasible at concentrations 

greater than 20 mg/kg. 

Histological examination of the renal cortex of treated rabbits 

showed a dose-dependent increase in tubular damage. At the 100 mg/kg 

dose swollen and broken tubules were present along with a loss of brush 

border membrane and some evidence of proteinaceous material within'the 

tubules (Figure 2). 

In Vitro Experiments 

Effects of DCVC on Isolated 
Perfused Rabbit Kidneys 

To determine if the kidney itself was capable of bioactivating 

DCVC to a reactive metabolite resulting in both cytotoxic and genotoxic 

damage, rabbit kidneys were perfused under physiological conditions for 

45 min in the presence of various concentrations of DCVC. Tubules were 

isolated from the cortex and immediately analyzed for DNA single-strand 

breaks. DCVC treatment resulted in a dose-dependent increase in DNA 

damage (Figure 3). The elution curves were linear indicating random 

distribution of single strand breaks. First order rate constants for 

the initial phase of the elution were calculated and statistical 

comparisons of elution rate constants from different treatment groups 

were made. At 0.1 and 1.0 mM DCVC concentrations the elution rate 

constants were significantly different from control (p <0.005). 



Table 6. Dose—response of DNA damage in rabbit renal tubules after 
in vivo exposure to DCVC. 

Elution Rate Constant (x 10~3)a 

DCVC Route of Administration 
(mg/kg) 

xv IP 

Control 11 14 

10 15 
b 

20 27 12 

50 b 
19 

100 b 
37 

g 
Various doses of DCVC were administered 1 hr prior to 
termination. Data are expressed as the mean 
elution rate constant, Kml-1, (N = 2). 

k Not performed. 



Figure 2. Photomicrographs of H&E stained kidney cortex sections from 
rabbits 1 hr after ip injections of 20 (A) and 100 (B) mg/kg 
DCVC. — The kidneys were perfused for 15 min with 
oxygenated buffer saline prior to removal of the cortex 
section. A dose dependent increase in tubular damage is 
evident. At the 100 mg/kg dose swollen, broken tubules can 
be seen. 



Photomicrographs of H&E stained kidney cortex sections from 
rabbits X hr after ip injections of 20 (A) and 100 (B) 
tng/kg DCVC. 



Figure 3. Detection of DNA single-strand "breaks in isolated perfused 
rabbit kidneys after exposure to DCVC. — Rabbit kidneys were 
perfused under physiological conditions with DCVC for 45 min. 
Tubules were isolated and analyzed for DNA damage. K is 
expressed as the mean ± S.D. of the elution rate constant, 
K ml-1 x 10-3, (N H 3). control, O- 0.01 mM DCVC, 
• - 0.1 mM DCVC and Jf- 1.0 uiM DCVC. Significantly 
different firom control (p <0.005). 
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Figure 3. Detection of DNA single-strand breaks in isolated perfused 
rabbit kidneys after perfusion with DCVC. 
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Isolated perfused kidneys were more sensitive to the genotoxic effects 

of DCVC than the kidneys from exposed animals (Table 6). This assumes 

that an i.v. dose of 20 mg/kg is approximately equivalent to an 

extrapolated initial concentration of 1.0 mM. The assumption is based 

on the fact that the blood volume of a rabbit is 9% of its body weight 

and the average weight is 1 kg. 

Histological examination of the renal cortex from perfused 

kidneys showed a dose-dependent increase in tubular damage. At 0.01 mM 

DCVC the only observed histopathological changes were an occasional 

swollen tubule. At the highest perfusion concentration (1.0 -mM) 

tubular lumens were extremely dilated with some containing eosinophillic 

debris. 

Effects of DCVC on Isolated 
Rabbit Renal Tubules 

Proximal tubules were isolated from non-exposed rabbit kidneys 

and incubated with DCVC for 30 minutes. A significant dose-dependent 

difference in the amount of DNA single-strand breaks was observed 

(Figure A). Data not presented indicate that after 30 min of 

exposure no further increase in DNA damage was detected. Time points 

prior to 30 min- were not studied so the kinetics of this reaction 

are not known. As in the case of the perfused kidneys the resulting 

damage was more severe than that observed in the in vivo rabbit studies. 

The alkaline elution plots from the exposed rabbits, perfused 

kidneys and isolated tubules were all linear. Thus, first order rate 

constants could be used to describe the rate of elution. The presence 



Figure 4. Alkaline elution profiles from rabbit renal tubules after 
in vitro exposure to DCVC. — Isolated renal tubules were 
incubated with various concentrations of DCVC at 37°C for 
30 min and analyzed for DNA single-strand breaks. K is 
expressed as the mean + S.D, of the elution rate constant, 
K ml-1 x 10-3, (n > 3). •- control, O- 0.01 mM DCVC, 
• - 0.10 niM DCVC and 1.0 mM DCVC. V Significantly 
different from control (p <0.005). 
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Figure 4. Alkaline elution profiles from rabbit renal tubules after 
exposure to DCVC. 
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of alkali-labile sites in the DNA was studied by delaying the start of 

the elution for 6 hr after addition of elution buffer. The 6 hr delay 

allows the alkylated sites in the DNA to be converted to strand breaks 

which are then detected by the alkaline elution technique. The alkali-

labile rate constants were never greater than 10% of the corresponding 

single-strand rate constant. It appears that alkali-labile sites do not 

contribute significantly to the renal DNA damage caused by DCVC. 

DNA-DNA and DNA-protein cross-linking were not studied in rabbits and 

have yet to be determined. 

g-Sulfur Lyase Activity in Mice Renal Post-
Mitochondrial Kidney Supernant Fractions 

Vinyl cysteine conjugates are thought to be bioactivated by 

(3-sulfur lyase, resulting in the formation of toxic metabolite(s) and 

pyruvate along with some other breakdown products (Anderson and 

Schultze, 1965). The formation of pyruvate in post-mitochondrial renal 

supernatant fractions incubated with DCVC.was.used to determine' the 

presence of B-sulfur lyase activity in mice kidneys. 

Using 10 raM DCVC, a value obtained from the literature (Anderson 

and Schultze, 1965) and a protein concentration of 19 rag/ml the effect 

of incubation time on pyruvate production was studied. These data 

indicate that the maximum pyruvate production occurred during the first 

15 min of the incubation (Table 7). These findings are in agreement 

with previous studies that have attempted to characterize 0-sulfur 

lyase in the renal tissue of cattle, turkey and rats (Derr and Schultze, 

1963; Anderson and Schultze, 1965; Bhattacharya and Schultze, 1967). 

Thus, there is strong evidence that suggests renal enzymes responsible 
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Table 7. Pyruvate production in post-mitochondrial kidney supemant. 

a 

Incubation time DCVC Protein Pyruvate production 
(min) (mM) (mg/ml) (ymoles/ml/hr) 

5 10 19 1.68 
10 10 19 2.96 
15 10 19 2,88 
20 10 19 2.86 

15 10 2.1 0.34 
15 10 6.3 1.30 
15 10 10.5 2.01 
15 10 14.5 2,56 
15 10 19 2.90 

15 
15 
15 
15 

0.01 
0.1 
1.0 
10 

19 
19 
19 
19 

0.18 
0.25 
0 . 7 2  
2.80 

a 
All samples were incubated at 37°C for various amounts of time. 
The final sample size was 1.0 ml» (N = 3). 

k Tissue blanks were substracted from all values, which included 
everything but the substrate. 
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for the bioactivation of DCVC behave in a similar manner in all species 

studied. 

Anderson and Schultze (1965) have shown evidence for at least 

two proteins which can produce pyruvate from DCVC in bovine renal 

preparations. A Lineweaver-Burk plot of the data in Table 7 indicates 

that there may be more than one enzyme catalyzing the same reaction in 

the post-mitochondrial kidney preparation over a substrate concentration 

range of 0.10 to 10.0 mM. This is shown by the obvious inflection in 

the total velocity curve. The greatest curvature is located in the 

region close to the l/v axis, that is, at very high substrate concentra

tions. It ia slao interesting to note that significant product 

formation did not occur until a substrate (DCVC) concentration of 10 mM 

was used. There is evidence in the literature (Anderson and Schultze, 

1965; Buckley et al., 1981; Bonhaus.et al., 1981) which indicates that 

a product formed from the cleavage of vinyl cysteine conjugates binds 

irreversibly with the fl-sulfur lyase inhibiting its activity. It 

appears that the majority of DCVC is cleaved rapidly leading to a large 

initial burst of product formation. Further studies to determine the 

kinetics of B-sulfur lyase should be performed using an enzyme system of 

greater purity and a method for the detection of its activity that is 

more specific than pyruvate assay used in these studies. 
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Subcellular Incubations with DCVC, 
B-Sulfur Lyase and DNA 

Bonhaus and Gandolfi (1981) have shown that 0-sulfur lyase 

activity is most concentrated in the renal brush border membrane. To 

determine if g-sulfur lyase was responsible and/or required for the 

conversion of DCVC into genotoxic metabolite(s)various subcellular 

incubations were performed. Renal brush border membranes and hepatic 

nuclei were isolated from mice and used as a source of 3-sulfur lyase 

and DNA, respectively. 

Before these incubation experiments were performed the stability 

of hepatic nuclei incubated at 37°C was tested. There was. no significant 

alteration in the elution rate constants of hepatic nuclei incubated at 

37°C for up to 30 min. The initial elution rate constant for nuclei was 

0.005 ± 0.001 and after 30 minutes of incubation the rate constant only 

increased slightly to 0.012 ± 0.002. 

Concentrations of DCVC ranging from 0 to 10 mM were incubated 

with a fixed amount of nuclei (1 x 10^) and brush border membrane (1 mg) 

for 30 min. Under these conditions the production of DNA single-strand 

breaks was significantly increased only at the highest concentration of 

DCVC (10 mM). Nuclei Incubated with DCVC in the absence of brush 

border membrane did not contribute to the observed renal DNA damage. 

This indicates that the renal brush border membrane was required for the 

activation of DCVC into genotoxic metabolite(s) (Table 8). 

Brush border membrane concentrations ranging from 0.5 to 1.75 mg 

were incubated with nuclei (1 x 10^) and DCVC (10 mM) for 30 min. A 

significant brush border membrane concentration-dependent increase in 

the amount of DNA single-strand breaks was evident. The increase in 
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Table 8. Detection of single-strand breaks after bioactivation of DCVC 
by renal brush border membrane. 

-3 a 
DCVC Elution Rate Constant (x 10 ) 
(mM) 

0 14 + 4 

0.1 14 + 5 

1.0 18 + 3 

10 36 ± 9 

All samples were incubated at 37°C for 30 min. Data 
are expressed as the mean S.D. of the elution rate 
constant K ml~l minus the elution rate constant of the 
appropriate nuclei control, (n = 4). 

k Significantly different (p <,05). 
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elution rate constants was linear over the concentration range of brush 

border membrane. This indicates that the concentration of brush border 

membrane is a rate limiting factor in the production of DNA single-

strand breaks (Figure 5). 

Chronic DCVC Study 

DCVC exposure results in acute renal tubular cytotoxicity. 

The research presented here has shown that DCVC is also capable of 

damaging renal DNA. Although there appears to be only a small correlation 

between the production of renal epithelial neoplasms and acute tubular 

toxicity, a connection does exist between DNA damage, repair and 

tumorigenicity. In view of this a chronic study to elucidate the 

carcinogenic potential of DCVC was undertaken. 

DCVC consumption as measured in mg/kg body weight/day was 

relatively constant throughout the study. The animals in the 0.01 rag/ml 

treatment group consumed an average of 1.75 to 2.35 mg/kg/day of DCVC. 

Animals in the 0.05 mg/ml • treatment group consumed 7.2 to 12.7 mg/kg/day 

and the animals in the highest treatment group (0.1 mg/ml) consumed 17 

to 22 mg/kg/day of DCVC (Figure 6), 

At the end of 21 weeks of treatment, growth retardation was 

approximately 30%, at the two highest dosing levels (0.05 and 0.1 mg/ml) 

(Figure 6). The kidney to body weight ratios decreased significantly in a 

dose related manner .(Figure 9, page 63). 



Figure 5. House renal brush border membrane concentration dependence 
on the production of DNA damage after exposure to DCVC. — 
Various concentrations (0.5 to 1.75 mg) of brush border 
membrane were incubated with nuclei (1x10?) and DCVC (10 mM) 
for 30 tnin at 37°C.and samples were analyzed for DNA single-
strand breaks. Data points are expressed as the mean ± S.D. 
of the elution rate constant, K ml"! x 10~3, (N = 4). 
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Figure 5. Production of DNA single-strand breaks following 
incubation of DCVC with nuclei and mice renal brush 
border membrane. 



Figure 6. Profiles of the body weights of mice in a chronic DCVC study 
and their DCVC consumption versus time. — Each point 
represents the mean ± S.D. for 5 to 12 animals depending on 
the time point and treatment group. 0- control, 
O- 0.01 mg/ml DCVC-water, •- 0.05 mg/ml DCVC-water, 
•¥• - 0.10 mg/ml DCVC-water. 
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Figure 6. Profiles of mice body weights and DCVC consumption versus time. 
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Hyperchromatic nuclei have been shown to be one of the earliest 

abnormalities observed in response to renal carcinogen-associated 

alterations. Although their significance has not yet been determined, 

quantification of this response was attempted. This was done by 

measuring the amount of DNA/g renal cortex at all treatment groups and 

time points. The amount of DNA present per gram renal cortex in the 

lowest treatment group (0.01 rag/ml) was not significantly different 

from control at any of the time points (Figure 9). There was a dose-

related increase in the DNA present per gram renal cortex at the 0.05 

and 0.10 mg/ml doses. This difference was significant at 4, 8 and 12 

weeks. However, at 21 weeks there was a dramatic decrease in the amount 

of DNA per gram renal cortex in all groups. At this time only the 

highest dose (0.1 mg/ml) group had markedly increased amounts of DNA per 

gram renal cortex. 

Gross morphological changes were not observed at necropsy except 

in the kidneys-of the highest treatment group. At 12 and 21 weeks the 

kidneys from these animals appeared finely granular, small and pale when 

compared to controls. Histopathological examinations revealed treatment-

related pathological changes in the kidney and bladder. In the kidneys 

from mice in the highest treatment group pathological changes were 

observed in both the pars convoluta and pars recta region of the 

proximal tubules. Epithelial cells of the proximal tubules showed large 

hyperchromatic nuclei. Hypercellular!ty of the epithelial layer was the 

most prominent feature in the straight segment of the proximal tubule. 

In comparison with controls these epithelial cells were large, more 

basophilic and finely vacuolated. The nuclei were large, often 
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hyperchromatic with very prominent nucleoli. Focally necrotic cells 

were observed and casts were found in Henle's loop'and the collecting 

ductules. At 21 weeks there was evidence of disseminated renal tubular 

epithelial hyperplasia. Comparable renal changes were found at two 

lower treatment groups. However, they were present to a lesser degree 

and restricted to the straight parts of the proximal tubules, especially 

at the earlier time points. The epithelial cells of the straight por

tion of the proximal tubules contained enlarged hyperchromatic nuclei 

at all dose levels as early as A weeks after initiation of treatment 

(Figure 10) (page 6^). 

Except for the dose-related decrease in body weights the 

general health of the mice remained unaffected until 19 weeks after 

initiation treatment. At this time the animals in the highest 

treatment groups (0.10 mg/ml) developed cortical cataracts. There was 

a continual increase in the number of animals which developed cataracts 

with time. After 26 weeks of treatment all the remaining animals in 

this group had developed cataracts (Figure 7,8). Cataracts were not 

observed in any other treatment group during the first thirty weeks of 

this study. 



Figure 7. The development of cortical cataracts in mice exposed 
chronically to DCVC. — The percent incidence (number of 
mice with cataracts/total number of mice) versus time in 
animals exposed to 0,1 mg/ml DCVC-water, 
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Figure 7. The development of cortical cataracts in mice exposed 
chronically to DCVC. 



Figure 8. Cortical cataract development in mice, — Top photo- is an 
eye from a control animal after 20 weeks of exposure. Bottom 
photo is an eye from a mouse exposed to 0.1 mg/ml DCVC-H2O 
for 20 meeks. Cortical cataract formation is evident. 



Figure 8. Cortical cataract development in mice. 



Figure 9. Kidney to body weight ratios and mg DNA/g renal cortex versus 
time in mice exposed chronically to DCVQ, — Each point 
represents the mean + S.D. for 5 to 12 animals depending on 
the time point and treatment group, f"| - control, 
^ - 0.01 mg/ml DCVC-water, f|| - 0.05 mg/ml DCVC-water, 

- 0.10 mg/ml DCVC-water. 
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Figure 9. Effect on kidney to body weight ratios and renal cortex DNA content 

in mice exposed chronically to DCVC. 



Figure 10. Photomicrographs of H&E stained kidney sections from 
mice exposed chronically to DCVC. — A. an animal 
exposed for 4 weeks to 0.01 mg/ml DCVC-H20 (40x). 
B. an animal exposed for 4 weeks to 0.01 mg/ml 
DCVC-H2O (lOx). Hyperchromatlc nuclei are clearly 
visible in the epithelial cells of the proximal tubule. 
C. an animal exposed for 21 weeks to 0.1 mg/ml 
DCVC-H2O. An increase in damage is evident. Focally 
necrotic cells, casts in the collecting ducts and a 
renal tubular hyperplastic lesion can all be seen. 
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visible in the epithelial cells of the proximal tubule. 
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DCVC-H2O. An increase in damage is evident. Focally 
necrotic cells, casts in the collecting ducts and a 
renal tubular hyperplastic lesion can all be seen. 



Figure 10. Photomicrographs of H&E stained kidney sections from mice 
exposed chronically to DCVC—continued. 



DISCUSSION 

The present study lends support to the contention that a 

reactive intermediate of DCVC interacts with and alters DNA (Anderson 

and Schultze, 1965; Bhattacharya and Schultze, 1971; Bhattacharya and 

Schultze, 1972; Bhattacharya and Schultze, 1973). The alkaline elution 

technique was used to investigate the genotoxicity of DCVC on renal 

tissue. Genotoxic damage resulting from exposure to DCVC was demon

strated in vivo in rabbits and in vitro in perfused kidneys, isolated 

renal tubules, and subcellular incubations of renal cortex brush border 

membrane and hepatic nuclei. 

In vivo DCVC studies using mice and rabbits resulted in 

species differences in renal DNA damage. DNA strand breaks were not detected 

in the renal cortex nuclei isolated from exposed mice. Comparable doses 

in the rabbit resulted in a dose-dependent increase in renal tubular DNA 

single-strand breaks. The observed species differences could be the 

result of variations in the renal tissue isolation techniques or be due 

to variations in competing pathways of DCVC metabolism. If the nephro

toxicity of DCVC is confined to a specific cell type then the nuclei 

isolated from the kidney cortex would contain greatly diluted amounts of 

the specific cellular nuclei. This would decrease the sensitivity of 

the assay making it difficult to detect any genotoxic effect. In future ' 

studies to"test this, rabbits could be exposed to a dose of DCVC that 

resulted in renal tubular DNA single-strand breaks. Instead of isolating renal 

tubules, renal cortex nuclei would be isolated and analyzed for the presence of 

66 
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DNA single-strand breaks. If DNA strand breaks are evident in the 

isolated nuclei then a true species variation exists. If the nuclei do 

not exhibit any DNA damage the difference is due to technique and 

indicates that the cellular specificity of DCVC toxicity is very high. 

The balance between enzymatic toxification and detoxification is 

critical in the degree of tissue injury produced by exposure to a toxic 

chemical. It depends on the inherent sensitivity of the affected 

tissue and the concentration of the chemical and its metabolites. The 

inherent sensitivity is determined by the relative seriousness of the 

molecular lesion produced by the toxicant and the ability of the tissue 

to repair the damage. The availability of the substrate is affected by 

the excretion of the parent compound and by the existence of competing 

pathways of metabolism. -

Figure A.l. shows a tentative mechanism to explain the nephrotoxic 

action of DCVC. It assumes that there are two major routes of metab-1 

olism which occur in the kidney: acetylation and cleavage by (J-sulfur 

lyase. The vinyl cysteine conjugate can undergo N-acetylatlon resulting 

in the excretion of N-acetyl derivatives or 0-sulfur lyase can cleave 

the C-S bond of the cysteine moiety. Acetylation of DCVC to the 

mercapturic acid is the most important route of metabolism in most 

species. This pathway does not lead to the formation of toxic inter

mediates (Bhattacharya and Schultze, 1967). Bioactivation of the vinyl 

cysteine conjugate is due to cleavage via the enzyme g-sulfur lyase in 

the minor pathway and results in the formation of a highly reactive 

toxic product. As indicated by Derr and Schultze (1963), the relative 
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predominance of one pathway over the other may explain species 

differences in susceptibility to DCVC toxicity. They showed that in 

rats acetylation of DCVC occurs rapidly. While in cattle, a species 

mors susceptible to DCVC toxicity, no N-acetyl derivatives have been 

found, even though DCVC is extensively metabolized (Derr and Schultze, 

1963). Clearly further work needs to be performed in this area. Urine 

35 
of mice and rabbits exposed to S-DCVC needs to be examined for the 

presence of N-acetyl derivatives. Studying the effect of DCVC 

exposure in animals lacking renal N-acetyl-transferases and/or in 

animals whose N-acetyl-transferase activity has been inhibited by drugs 

would yield a tremendous amount of information concerning the role of 

this pathway in the nephrotoxicity of DCVC. These are critical experi

ments that need to be performed to further elucidate the nephrotoxic 

mechanism of this compound. 

It should be noted, that while there was a species variation in 

regards to DCVC induced renal DNA damage this was not true for renal 

cytotoxic damage. In both rabbits and mice there was a dose response in 

observed cytotoxicity. Necrosis of the proximal tubule, loss of brush 

border membrane and eosinophillic debris in the swollen tubular lumens 

was evident in both species at the highest dose level (100 mg/kg) 1 hr 

after administration. In the rabbits the genotoxicity of DCVC seemed 

to parallel the cytotoxic response. An increase in histopathological 

damage always went along with an increase in DNA single-strand breaks. 

This was not true for the exposed mice. Many investigators have shown 

that cytotoxicity and DNA damage do not always correlate quantitatively 



69 

with each other and that different factors can contribute to the cyto

toxic and genotoxic effects of a compound (Zwelling et al., 1979a,b; 

Erickson et al., 1980). 

The difference in the genotoxic and cytotoxic response observed 

in the renal tissue of exposed rabbits and mice might simply be due to 

a lack of sensitivity in the ability to detect DNA damage as a result 

of the renal cortex nuclei isolation procedure. Also, a difference in 

the predominance of one metabolic pathway over the other as discussed 

previously may explain the resulting lack of DNA damage. It has been 

shown by Schultze and co-workers (Anderson and Schultze, 1965; 

Bhattacharya and Schultze, 1974a,b) that the alkylating fragment 

resulting from the enzymatic cleavage of DCVC binds preferentially to 

proteins over DNA. It is quite possible that a specific concentration 

of the alkylating fragment is required within a cell prior to its inter

action with DNA. Thus, if only a small percentage of the total dose of 

DCVC underwent cleavage by B-sulfur lyase, the resulting reactive inter

mediate could bind cellular proteins leading to cytotoxic damage 

without causing significant genotoxic damage. The same mechanism may be 

responsible for the observed cytotoxic and genotoxic damage. However, 

the cellular concentration of the alkylating fragment might be the 

critical factor in determining the type and magnitude of the toxic 

damage expressed. 

B-sulfur lyase has been shown to exist in high concentrations 

in renal tissue, specifically in renal brush border preparations 

(Bonhaus and Gandolfi, 1981; Bhattacharya and Schultze, 1967} Anderson 
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and Schultze, 1965). This enzyme cleaves DCVC into a reactive fragment 

known to alkylate macromolecules both in vivo and in vitro (Derr and 

Schultze, 1963, Bhattacharya and Schultze, 1971; Bhattacharya and 

Schultze, 1972; Bhattacharya and Schultze, 1973; Bhattacharya and 

Schultze, 1974a,b). DCVC has been shown to impair renal organic anion 

and cation transport and cause necrotic changes in the pars recta region 

of the kidney both in vivo and in vitro (Hassall, et al,, unpublished 

observation). This suggests that extensive biotransformation of DCVC 

occurs in the kidney. To ascertain if the kidney is capable of 

bioactivating DCVC to a reactive intermediate resulting in both cyto

toxic and genotoxic damage, numerous experiments were performed. Rabbit 

kidneys were excised from the animals and set up in a perfusion 

apparatus where they were incubated with various concentrations of DCVC. 

Renal tubules were also isolated from rabbits and incubated with 

various concentrations of DCVC. When analyzed for DNA damage both sets 

of experiments resulted in a dose-dependent increase in DNA single-

strand breaks (Figure 3 and 4). Histological examination also revealed 

a dose-dependent increase in tubular damage. This data implies that 

the kidney itself is responsible for the observed DCVC induced nephro

toxicity. 

To carry this a step further, Isolated renal brush border 

membranes were used as a source of fj-sulfur lyase and incubated with 

DCVC and nuclei (a source of DNA). Nuclei incubated with DCVC in the 

absence of renal brush border membranes did not result in 

DNA damage. The production of DNA damage resulted from the 
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incubation of renal brush border membranes, nuclei, and 10 miM DCVC 

(Table 8). No significant increase in DNA single-strand breaks were 

observed at DCVC concentrations equal to or less than 1.0 triM, As 

previously stated the alkylating fragment resulting from the enzymatic 

cleavage of DCVC binds preferentially to proteins. Data presented in 

this study supports the contention that a critical concentration of the 

alkylating fragment is required before genotoxicity occurs. This set of 

experiments also demonstrated that the kidney, more specifically renal 

brush border membranes are capable of bioactlvating DCVC to a reactive 

intermediate resulting in renal cytotoxic and genotoxic damage. 

At equivalent doses the resulting DNA damage was similar in the 

isolated rabbit tubules and perfused rabbit kidneys. However, the DNA 

damage was less severe in the exposed rabbit. This can easily be ex

plained by the concentration of DCVC that actually arrives at the site 

35 
of activation within the kidney. Dispositional studies using S-DCVC 

have shown that although the highest concentration of radioactivity was 

found in the didney, the liver contained approximately one-quarter as 

much radioactivity, indicating the presence of 0-sulfur lyase in this 

tissue (Derr and Schultze, 1963; Dohn and Anders, 1982). Thus, the 

percent of dose arriving as parent compound to the kidney would depend 

on route of administration. Animals were administered DCVC by both 

Intravenous and intraperitoneal injections. The intravenous route 

appeared more sensitive to the renal toxicity induced by DCVC (Table 5), 

In an intraperitoneal exposure the vast majority of the compound would 

pass through the liver prior to arriving at the kidney. Thus, the 
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amount of parent compound reaching the kidney would be less. This is 

in agreement with the observed increase in sensitivity to DCVC toxicity 

following an intravenous dose. 

It is interesting to note that the hematopoietic tissue of cattle 

has been the only other tissue responsive to induced DCVC genotoxic 

damage (McKinney et al., 1957; Schultze et al., 1959; Derr and Schultze, 

35 
1963; Parker, 1965). Dispositional studies on cattle using S-DCVC 

.showed very little radioactivity in the bone marrow, indicating a lack of 

binding of the reactive fragment to this tissue (Derr and Schultze, 

1965). Thus, the mechanism of genotoxicity and species variation may be 

more complex than what has been presented. Covalent binding studies 

35 
- using S-DCVC need to be performed both in vivo and in vitro to help 

ascertain the nature and extent of DNA binding in renal tissue and the 

nature of resulting DNA-adducts. 

35 
Bhattacharya and Schultze (1972) have shown that the S-

alkylating fragment of DCVC can covalently bind to DNA in vitro. They 

35 
found that one S atom binds per 100 nucleotides using native DNA. 

Data obtained in this study indicates that the observed DNA strand 

breaks could result from the direct action of a DNA-damaging metabolite 

of DCVC of through partial enzymatic repair of a damaged site. It is 

unlikely that the observed DNA damage is the result of hydrolysis of an 

alkylated site due to the alkaline conditions of the assay. This is 

evident by the small change in DNA single-strand elution rate constants 
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and the corresponding alkali-labile elution rate constants. Bhattacharya 

and Schultze (1973) also presented evidence that implies that the 

reactive intermediate of DCVC will not form cross-links between 

complementary DNA strands in vitro. In this study there was some initial 

evidence to suggest that DNA cross-linking had occurred in the renal 

cortex nuclei of mice exposed to DCVC (Table 4). It was not determined 

if the observed cross-linking was a result of DNA-DNA or DNA-protein 

interactions. The proceeding information would suggest that the observed 

cross-linking resulted from DNA-protein Interactions. It would be 

interesting to elucidate the cross-linking effect and determine if 

rabbit renal tubular DNA exhibits cross-linking characteristics after 

exposure to DCVC. 

This work has demonstrated that the kidney itself is responsible 

for the bioactivation of DCVC to reactive intermediate(s) capable of 

inducing both cytotoxic and genotoxic damage within this organ. Although 

i:1ie mechanism of action has not been clearly shown one can speculate 

that a similar mechanism is involved in both types of damage. The 

mechanism of nephrotoxicity may be similar for all the structurally 

similar vinyl cysteine conjugates. Further studies need to be under

taken to prove that the 0-sulfur lyase pathway proposed in this study 

is important in the nephrotoxicity of these related compounds. 

Numerous other studies still need to be performed to elucidate 

tha toxicity of DCVC. As stated earlier covalent binding along with 

35 
dispositional studies using S-DCVC would be beneficial. Determining 

the presence of DNA cross-linking along with the rate of repair of 



renal DNA is extremely important and needs to be undertaken in order to 

further assess the genotoxicity of this compound. It would also be 

beneficial to perform other types of experiments which detect DNA 

damage. As an example, normal non-mitotic cells exhibit very little 

thymidine incorporation. If the cells are subject to a DNA damaging 

agent, nucleoside phosphates of thymidine are incorporated during the 

polymerization stage of excision repair. By exposing isolated tubules 

or renal brush border membrane plus nuclei to DCVC and then incubating 

the exposed tissue with radioactive thymidine and hydroxyuria for 

several hours, one could measure the thymidine incorporation and deter

mine DNA damage. Hopefully studies of this sort would corroborate our 

current findings. It would also be extremely interesting to look at the 

hemopoietic tissue, intestinal mucosa, and bladder for the presence of 

acute DNA damage resulting from DCVC exposure. These experiments along 

with ones previously described in the text are just some of a few types 

of experiments that would help determine the mechanism of vinyl cysteine 

toxicity. 

A chronic study to determine the carcinogenic potential of DCVC 

was undertaken. Single exposure studies in mice did not produce a 

detectable genotoxic response in the renal tissue. However, a pilot 

study involving chronic exposure to DCVC resulte d in renal polyploidy 

nuclei, indicating a genotoxic response. In view of this, along with 

the expense involved and the amount of DCVC required to undertake a 

long term ingestion study in rabbits, mice were the animal of choice. 
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Long term Ingestion of DCVC causes multiple toxicological 

effects in mice. As in acute studies the kidney appears to be the 

primary target organ. Ingestion of drinking water containing 0.05 and 

0.1 mg DCVC/ml caused a decrease in body weight gain and a decrease in 

kidney to body weight ratioswas observed in all treatment groups with 

time (Figure 6 and 9). 

An unexpected irreversible toxicological effect occurred after 

19 weeks of treatment in the highest dose group (0.1 mg/kg). The 

animals in this group started to develop cortical cataracts. After 

26 weeks of treatment 100% of the animals in this group had cortical 

cataracts. This was not seen in any other treatment group during the 

30 week period of the study (Figure 7 and 8). Cortical opacities are 

associated with changes in the cell structure occurring during a 

process of globular degeneration of the lens fiber cells (Grom, 1975: 

Jedziniak et al., 1973). Vitamin E, ascorbate and glutathione all 

prevented experimentally induced cortical cataracts (Heffley and 

Williams, 1974; Creighton and Trevithick, 1979). This suggests that 

the ability to scavenge free radicals is a critical factor in the forma

tion of these opacities (Creighton and Trejithick,' 1979). 

In 1967, Murzakaev found a significant decrease in the-concentration of 

serum non-protein SH-groups in rats fed 7 mg HCBD/kg/day for a period of 

six months. There was no mention of cortical cataract development and 

not much has been published on this since. It is known that halogenated 

olefins and vinyl cysteine conjugates cause a depletion in liver 
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glutathione levels after an acute dose. However, the liver glutathione 

level usually returns to normal within 24 to 48 hr after exposure. It 

would be very interesting to measure the systemic glutathione levels in 

all animal treatment groups to determine if there is a relationship 

between systemic glutathione depletion and cortical cataract formation. 

Hyperchromatic nuclei were noted at our earliest time point» 

4 weeks, in the pars recta region of the nephron in all treatment groups 

(Figure 10). Although there was a dose-dependent, time-dependent, 

increase in the amount of these altered nuclei, there was a decrease in 

the amount of DNA/g renal cortex at the 21 week time point (Figure 9). 

At this time only animals receiving the highest dose of DCVC-water 

(0.1 mg/ml) had values increased over control. This could be the result 

of the loss of normal cellular structure observed in all treatment 

groups at this time. 

It has been shown that chronic administration of a nephrotoxin 

or even advancing age can bring about significant changes in the 

structure of the kidney (Hook, 1980; Goyal and Chatterjee, 1981). 

Investigators have shown that the kidneys respond to chronic exposure of 

a nephrotoxin by the production of interstitial fibrotic tissue (Finn, 

1977; Hard and Butler, 1971; Dess et al., 1980a,b). Results from the 

present study are in agreement with these findings. A steady decrease 

tn kidney to body weight ratios were observed with time. At 12 and 

11 weeks the kidneys from animals receiving the highest concentration of 

DCVC-water (0.1 mg/ml) appeared pale and small when compared to 

controls. Histopathological examination revealed some evidence of 

fibrous tissue, dilated cystic tubules, focal areas of necrosis and an 
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increase in hyperchromatic nuclei deep within the medullary ray. All of 

these factors are important in the observed decrease in DNA/g renal 

cortex 21 weeks after exposure. 

The kidneys from the animals receiving the highest concentration 

of DCVC-water (0.1 mg/kg) showed extensive tubular degeneration in the 

pars recta portion of theproximal tubule. Degeneration and necrosis of 

individual epithelial cells occurred along with an increase in cellu-

larity of the epithelial lining. This tubular hyperplasia could be the 

result of exuberant regeneration or possibly a preneoplastic change. 

The type of damage was similar in all treatment groups. However, there 

was a dose-dependent, time-dependent response in the extent and severity 

of induced damage. Alghough there was strong evidence of abnormal 

cellular changes at the 21 week time point, in the highest treatment 

group (0.1 mg/kg), no neoplastic nodules were observed. 

Changes similar to those reported in this study have been 

reported by a number of investigators studying chemically induced renal 

carcinomas (Hard and Butler, 1971; Kociba et al., 1977; Hareleman and 

Seiner, 1979; Dees et al., 1980). Grossly enlarged nuclei have been 

reported in the section of the proximal tubule at early time points 

in chronic studies involving hexachlorobutadiene, fluorobiphenyl— 

acetamide and dimethylnitrosamine. An inflammatory response along with 

interstitial fibrosis has also been observed two to three months after 

chronic exposure to these compounds. In addition to the above 

abnormalities, atypical hyperplasia, foam cells, dilated cystic tubules 

and tubules surrounded by areas of fibrosis were observed after 6 months 
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of exposure. Small nodules and tumors usually show up approximately 

nine months after exposure. At this stage hyperplasia can still be 

observed along with hyperchromatic nuclei and intraluminal cast through

out parenchyma (Terracini et al., 1966; Hard and Butler, 1971; Kociba 

et al., 1977; Harleman and Seiner, 1979; Deese et al., 1980a,b). 

Although the changes that develop in the kidney as a result of chronic 

exposure to hexachlorobutadiene, fluorobiphenylacetamide and dime thy 1-

notrosamine are all similar, the rate of appearance and specificity for 

the pars convoluta epithelial cells varies (Riopelle and Jasmin, 1969; 

Hard, 1979; Kociba et al., 1977). 

In summary, this investigation has demonstrated that DCVC 

induces acute cytotoxic and genotoxic damage in the renal tissue of 

exposed rabbits. The kidney itself was shown to be responsible for the 

bioactivation of DCVC to a reactive intermediate resulting in the toxic 

damage seen within this organ. Chronic exposure confirmed that the 

kidney was still the primary target organ for DCVC toxicity in both mice 

and rabbits. Chronic ingestion of DCVC resulted in severe kidney injury 

but no defined neoplasms. Further studies to determine the reversibility 

of the reversibility of the chronically induced lesions and the latency 

period involved in the expression of these lesions should be performed. 

The effect of promotion should be examined, will it increase the rate of 

toxic response, cancer development or have no effect whatsoever? Also, 

the role of DCVC as a co-carcinogen and/or specific renal promoter needs 

to be examined. 

To date, conjugates of halogenated olefins have not been shown 

to form in vivo. However, Lock and co-works (1982) have demonstrated 
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that the incubation of hexachlorobutadiene with liver microsomal 

fractions fortified with glutathione resulted in one major metabolite. 

The metabolite was identified as Sdjl^^^-pentachloro-liS-

butadienyl)-glutathione, confirming a direct substitution reaction. In 

light of this and the aforementioned toxicological similarity between 

the vinyl cysteine conjugates and their parent halogenated olefins the 

3-sulfur lyase pathway should not be ignored when attempting to 

elucidate the mechanism of toxicity of these compounds. 



APPENDIX A 

PROPOSED MECHANISM FOR THE METABOLISM AND BIOACTIVATION 

OF HALOGENATED VINYL CYSTEINE CONJUGATES 
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Figure A.l. ' Proposed mechanism for the metabolism and bioactivatlon 
of halogenated vinyl cysteine conjugates, using DCVC as 
the prototype conjugate. 
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