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ABSTRACT 

During the past decade precision-cut tissue slices have begun to be utilized for 

toxicity and metabolism studies. These studies have primarily involved a single organ 

type. In this study, a new preparation of rat renal cortical slices was validated and used to 

investigate the toxicity of chlorotrifluoroethylene and its cysteine and glutathione 

conjugates. An additional level of complexity was added by utilizing a sequential 

incubation system in which rat renal cortical slices were directly incubated in the medium 

from liver slice incubations. Once the new renal slice preparation and sequential 

incubation system had been validated, these new methods were used to study the 

mechanism of toxicity of chlorotrifluoroethylene and it metabolites. The hypothesis 

being tested m these studies is that sequential biotransformation in the liver and the 

kidney is required for CTFE nephrotoxicity. 

In these studies I developed a sequential incubation system with precision-cut rat 

liver slices as the drug activating system and renal cortical slices as the target tissue for 

toxicity. It was found that CTFE was metabolized to the glutathione conjugate in rat liver 

slices. Utilizing the sequential incubation system, I found that first incubating liver slices 

with CTFE and then transferring kidney slices to this liver slice incubation medium 

causes toxicity in the kidney slices. I also found that this toxicity correlates well with the 

toxicity observed with kidney slice incubations with the cysteine and glutathione 

conjugates of CTFE. 

By incubating slices with inhibitors of the various enzymes in the proposed 
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metabolic pathway of CTFE, it was determined that glutathione conjugation in the liver 

and subsequent degradation by y-glutamyltranspeptidase are important steps in toxicity of 

CTFE. Although previous research with inhibitors of P-lyase have indicated that p-lyase 

is an essential enzyme in the bioactivation of CTFE, inhibition of the pyridoxal phosphate 

cofactor of this enzjTne in renal slices did not reduce the toxicity of conjugates of CTFE. 

There was no reduction in toxicity when dipeptidases were inhibited when transport via 

the organic anion transporter or neutral amino acid transporter were inhibited. These data 

indicate that the glutathione conjugate of CTFE is formed in the liver and that the 

subsequent metabolism of this glutathione conjugate in the kidney is required for 

nephrotoxicity. 
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INTRODUCTION 

Tissues Slice Organ Culture as an In vitro System to Evaluate Toxicity 

In today's fast paced pharmaceutical and industrial market, hundreds of new 

chemicals are being prepared each year, and each must be rapidly evaluated to determine 

its potential toxicity to human, animals, and the environment. Historically, the 

metabolism and toxicity of numerous xenobiotics have been studied in whole animal in 

vivo studies, but the integrated physiological system of the whole animal can make 

investigating multi-organ interactive toxicity extremely difficult. Furthermore, the in vivo 

use of live animals in toxicology is becoming exceedingly expensive, requiring large 

experimental groups and long duration of exposure to produce toxic endpoints and 

elaborate control groups to evaluate nonspecific toxic side effects (Condouris, 1971; 

Grisham et al., 1978). In addition, animal welfare advocates continue to exert pressure on 

the medical and scientific community to reduce the number of animals used in 

experimental research (Dagani, 1984; Push, 1984). 

Mechanistic studies of specific aspects of drug and xenobiotic toxicity and 

metabolism can be conducted in the in vitro situation under rigidly controlled 

experimental conditions (Grisham, 1979). Such investigations are difficult to evaluate in 

vivo because of complicating secondary systemic effects and the difficulty in identifying 

short-lived toxic metabolites (Moldeus et al., 1978). As such, experimental systems 

capable of maintaining isolated animal organs or firagments thereof, alive and functional 

in vitro have become indispensable tools useful in simplifying the staggering interactive 
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complexity of the intact organism. In general, four in vitro models have been used to 

study the toxic effects and metabolism of various xenobiotics: organ perfusion, organ 

culture, cell culture, and subcellular firaction metabolism. 

In the organ perfusion in vitro model, whole organs are carefully excised, leaving 

the circulatory system intact, and are then perfused with an appropriately oxygenated 

nutrient solution in a retrograde fashion using circulatory or non-recirculatory modes 

(Maack, 1986). Organ perfusion maintains the tissue in its original state, and because 

medium continues to circulate through and oxygenate the organ, this is the most 

physiological of the in vitro systems. Toxicity can be observed in the organ histologically 

and by biochemical markers that appear in the perfiisate. 

In the organ culture in vitro system, the organ is cut into small pieces and these 

pieces are cultured. The organ fbagment is deprived of blood circulation and, as a result, 

must depend exclusively on diffusion to deliver oxygen and nutrients and to remove 

carbon dioxide and waste products. Pick's law predicts that oxygen diffusion is directly 

proportional to the exposed surface and only those cells that are close to the surface will 

have their metabolic requirements satisfied and therefore survive. In other words, organ 

culture can only be carried out satisfactorily using very thin pieces not exceeding 6-10 

layers of cells depending on tissue structure (Trowell, 1959). 

Cell culture refers to the culture of isolated, dispersed cells obtained from the 

original tissues by enzymatic, mechanical, or chemical disaggregation. Cell culture 

provides a way of isolating mammalian cells in an environment free of the systemic 

influences present in the whole animal. It allows the investigator to thoroughly 
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manipulate the conditions in which the cells are exposed (Carrel, 1912; Pomerat and 

Leake, 1954). 

When tissue is homogenized, the resultant homogenate can be separated by 

differential centrifugation into subcellular fractions including cytosolic, microsomal 

(endoplasmic reticulum), and mitochondrial fractions. These isolated fractions can be 

used to study specific metabolic aspects, for example, in mitochondria, the dose-response 

effect of compounds on respiration can be studied (Lash et al., 1986). A decrease in 

respiration is an indication of toxicity. Phase I and Phase 11 metabolism can be studied in 

microsomal or cytosolic fractions. 

Tissue Slices as an In vitro System to Evaluate Toxicity 

In the current studies, precision-cut tissue slices were the in vitro system used. 

Tissue slices are a form of organ culture, but because they are very thin (200 jam K- 50 

(om), the diffusion distance is small, waste products can be removed and the entire slice 

can be adequately oxygenated and nourished. Although tissue slices have been used in 

toxicology studies since the 1920s, the difficulties associated with preparing and culturing 

the slices prevented them from being widely used (Warburg, 1923; Bach et al., 1996). 

Until the development of the Krumdieck precision-cut tissue slicer (Krumdieck et al., 

1980), tissue slices were prepared free-hand or were prepared with simple hand-held 

slicers such as the Stadie-Riggs microtome (Bach et al., 1996). These techniques were 

not easy to learn, and obtaining reproducible slices was difficult, even for someone 

experienced with the technique. After Smith and colleagues reported the use of a new 



technique for preparing and culturing rat liver slices in 1985, however, the method 

became more widely accepted. Before this development in the 1980s, cell culture had 

been far more popular than slice culture (Griem, 1980). Recently, tissue slices derived 

from almost every organ in the body and from multiple species have been used in 

studying xenobiotic metabolism, bioactivation and toxicity. 

Utility and Advantages of the Tissue Slice In vitro System in Toxicology 

Precision-cut tissue slices preserve an intermediate level of complexity. The 

tissue slice in vitro model of organ culture can theoretically overcome many of the 

disadvantages associated with both larger, more complex systems, such as whole animal, 

or organ perfusion, as well as less complex systems, such as isolated cell culture or the 

use of subcellular fractions (McGuirmess et al., 1993). First, as with cell culture, the use 

of tissue slices in lieu of whole animal reduces the number of animals used in 

experimental research. Multiple experimental conditions can be investigated using organ 

tissue from a single animal. Also, the complexity and systemic influences observed in in 

vivo can be eliminated, allowing an investigator to both isolate and focus on the effects of 

a drug or xenobiotic directly on its target organ. 

The intermediate level of organizational complexity preserved within the tissue 

slice may better reflect the response of the target organ by maintaining the tissue in a 

differentiated state and preserving cell-cell and cell-matrix interactions (Gandolfi and 

Brendel, 1990) Because cell cultures can often become homogenous, with cells losing 

their phenotypic characteristics (Sweeny, 1983), tissue slices may better preserve the 
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functional heterogeneity of the original, intact tissue. Also, since some organizational 

complexity is maintained, data from animal tissue slice studies can be extrapolated and 

compared with in vivo data and be directly compared to results obtained in human tissue 

slice experiments conducted using tissue pieces available upon biopsy, surgical resection, 

or organ donation (Fisher et al., 1991; 1995). Finally, tissue slices are prepared with 

relative ease, as compared to other in vitro cell or organ preparations. 

It has been estimated, mathematically and through histological observations, that 

tissue slice thickness of 250 ^m + 50 ^un are optimal to ensure adequate oxygenation and 

nutrient delivery via diffusion. Slices thinner than this have a large percentage of the 

overall cells destroyed at or near the cut surfaces, while thicker slices contain an 

appreciably large percentage of cells in the center of the slice that become deprived of 

oxygen and nutrients, resulting in a banding necrosis in the center of the slice. Both of 

the two commercially available precision-cut tissue slicers are capable of rapidly 

producing thin, highly uniform thin slices (250|im + 50 fim) under quasi-physiological 

conditions. The current dynamic roller culture incubation system developed by Smith et 

al. (1985) is similar to that first proposed by Trowell (1959) in which tissue is held 

statically on a screen at the interface of the gas and nutrient phase such that both surfaces 

are uniformly available to oxygen and nutrient exchange. In dynamic roller culture, the 

slice is supported on a titanium mesh screen held within a titanium cradle. This cradle in 

then inserted into a 20 ml scintillation vial with enough medium such that the bottom of 
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the slice touches the medium, but not so much medium that the slice floats off of the 

screen. The vial is then rotated, exposing the slice alternately to nutrients and oxygen. 

As will be discussed in Chapter I, experimental manipulations of the basic tissue 

slice culture methodology can be performed, allowing the investigation of an activator 

tissue/target tissue model of interactive toxicity. In addition, restricting the incubation 

environment to a given volume can allow the investigation of gaseous or volatile phase 

compounds. 

Models of Bioactivation of Xenobiotics 

There are three models of bioactivation that I will discuss. In the first model, the 

original, unchanged parent compound is toxic or it may be bioactivated within a single 

cell type and be toxic to that same cell. Carbon tetrachloride, which causes fatty 

infiltration and hepatic necrosis, is the prototype compound for this model. In the hepatic 

parenchymal cell, cytochrome P-450 metabolizes CCI4 to a reactive intermediate which 

causes toxicity within that cell (Moslen, 1996). 

Mechanisms become more complicated in the second model, however, when a 

compound is biotransformed within one cell type to a reactive metabolite which acts on 

and is toxic to another cell type. This is the model by which vinyl chloride is toxic. 

Vinyl chloride is metabolized by cytochrome P-450 in hepatic parenchyma] cells to an 

epoxide, which forms DNA adducts in neighboring hepatic endoihelial cells (Moslen, 

1996). 
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In the third model, which is the pertinent model for my studies, a compound is 

metabolized in one cell type, and the metabolite is transported to, and further metabolized 

in another cell type, where it forms a reactive intermediate and causes toxicity within that 

cell. Compounds that are thought to be nephrotoxic by this model are acetaminophen, 

bromobenzene and several halogenated ethylenes, including hexachlorobutadiene 

(HCBD), S-(l,2-dichlorovinyl)-L-cysteine (DCVC) and chlorotrifluoroethylene (CTFE) 

(Dekant et al., 1989; Monks et al., 1990). An example of this multi-cell type interactive 

toxicity involves the toxicity of the glutathione conjugates of bromobenzene. 

Bromobenzene is metabolized in the liver by cytochrome P-450 first to 

bromophenol and then to bromohydroqiiinone (BHQ). BHQ is then conjugated with 

glutathione, and this glutathione conjugate is transported to the kidney. In the kidney, the 

bromobenzene glutathione conjugate is metabolized to the cysteine and N-acetyl cysteine 

conjugates by ••--glutamyl transpeptidase and aminopeptidase M. The conversion to the 

cysteine conjugate reduces the redox potential of the compound. Regiospecific 

nephrotoxicity occurs in the proximal tubule as a result of undergoing redox cycling of 

the cysteine conjugate and the generation of reactive oxygen species (Lau & Monks, 

1993). 

Toxicity of Halogenated Alkenes and Their Cysteine Conjugates 

S-r 1.2-dichloro vinvl)-L-cvsteine 

S-(l,2-dichlorovinyl)-L-cysteine (DCVC) is an example of a well studied 

halogenated ethylene that exhibits complex interactive toxicity and is thought to produce 
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regiospecific nephrotoxicity, which is similar to that observed with 

chlorotrifluoroethylene nephrotoxicity, which is used in the current studies. In fact, 

DCVC is considered to be a model compound for cysteine conjugate induced toxicity. 

DCVC is formed by an addition-elimination reaction of glutathione with 

trichloroethylene with subsequent degradation by y-glutamyl transpeptidase and 

cysteinylglycine dipeptidase (Elfarra et al., 1986). Toxic cysteine S-conjugates were first 

investigated in 1959 when cattle fed trichloroethylene-extracted soybean meal exhibited 

hematopoietic toxicity. It was postulated that DCVC was the toxic agent in these cattle 

(McKinney et al., 1959). Since then, nephrotoxicity has been observed in other species 

(Dekant et al., 1989). In vitro experiments have demonstrated that the metabolism by 

renal 9€-lyase is essential for the induction of the nephrotoxicity associated v^dth DCVC. 

In 1965, Parker reported that exposure of rat and guinea pig renal slices to DCVC 

reduced respiration in these preparations. The toxicity of DCVC has been studied 

extensively in rabbit renal cortical slices (Wolfgang et al., 1989a, b). Wolfgang and 

colleagues demonstrated, in positional rabbit renal cortical slices, that DCVC produced 

site-selective (pars recta) nephrotoxicity and that this toxicity was reduced by treating 

slices with the P-lyase inhibitor, (aminooxy)acetic acid, and the organic anion transport 

inhibitor, probenecid. DCVC is cleaved by B-lyase to form pyruvate, ammonia, and a 

reactive thiol which binds to protein and DNA and is thought to initiate toxicity (Anders, 

1995). From these and other studies, the resulting nephrotoxicity is thought to involve the 

binding of this reactive thiol to cellular macromolecules causing the disruption of 

mitochondrial respiration and cellular calcium homeostasis and resulting in reduced 
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cellular ATP levels (Groves, et al, 1990; Hayden and Stevens, 1990; Wolfgang et al., 

1990). Other effects may occur simultaneously or precede these effects, including 

oxidative stress and lipid peroxidation (Groves et al., 1991a). 

Chlorotrifluoroethvlene (CTFE') 

Chlorotrifluoroethylene (CTFE) is a gaseous halogenated ethylene with a 

molecular weight of 116 da (Figure 1). CTFE is used in the plastics industry in the 

production of fluoropolymers. High molecular weight poly-chlorotrifluoroethylene is a 

chemically and thermally resistant teflon-like plastic, whereas the low molecular weight 

poly-chlorotrifluoroethylene is a lubricant and hydraulic fluid (3.1 oil) used in advanced 

aircraft and weapons (Kroschwitz, 1994, Godin et al., 1993, Del Raso et al., 1991). 

The toxicity of CTFE was reported in rats in 1977 by Clayton. In 1981. Potter and 

coworkers reported the observed toxicity of CTFE in Fischer-344 rats following a 4 hr 

exposure to CTFE. Doses as low as 220 ppm elicited significant changes in urine 

osmolality, urinary LDH, and BUN, and serum creatinine. It was noted that at 

concentrations of 220 ppm and above necrosis was localized to the pars recta of the 

proximal tubule. This work was followed up by Buckley et al. (1982) who exposed male 

Fischer-344 rats to 395 ppm CTFE for 4 hr per day for 5 consecutive days. In this study, 

while histological damage increased to day 3, biochemical markers were improved fi-om 

the second exposure onward. 

CTFE is not directly toxic but instead requires a multi-step bioactivation process 

that occurs within the liver and kidney (figure 1). Bioactivation is initiated by an addition 
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Figure 1 
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reaction with glutathione catalyzed by glutathione-S-transferase (GST) in the liver 

yielding S-(2-chloro-l,l,2-trifluoroethyI)glutathione (CTFG) (Dohn and Anders, 1982; 

Dohn et al., 1985; Hargvis et al., 1991; Tanaka and Anders, 1995). Studies have shown 

that the glutathione conjugate of a related halogenated ethylene, hexachlorobutadiene, is 

secreted in the bile of rats (Gietl and Anders, 1991) and enters the enterohepatic 

circulation. Although no direct evidence has been reported in the literature, it is 

hypothesized that unchanged CTFG enters the enterohepatic circulation, eventually enters 

the blood and is transported to the kidney where it is acted on by y-glutamyl 

transpeptidase (GGT) and renal cysteinyl-glycine dipeptidase (DP) to form the cysteine 

conjugate S-(2-chloro-l,l,2-trifluoroethyl)-L-cysteine (CTFC) (Dekant et al., 1984). 

CTFC is transported into the cells of the proximal tubule where it is further metabolized 

by cysteine P-lyase to form pyruvate, ammonia, and a reactive thiol (Anders, 1995). 

This metabolic scheme has been chziracterized in many cell preparations and in 

vivo (Hargus, et al., 1991; Dohn et al., 1985; Potter et al., 1981) It has been shown that 

CTFG is formed in both rat hepatocytes and human hepatocytes (Tanaka and Anders, 

1995). Studies have also demonstrated the nephrotoxicity of CTFE and its conjugates 

(Hassall et al., 1984; Boogaard et al., 1989). These investigators have clearly shown that 

the nephrotoxicity of CTFE is regiospecific in that it occurs almost exclusively in the S3 

segment of the proximal tubule. 

Although the nephrotoxicity of CTFE has been demonstrated in vivo, and the 

nephrotoxicity of CTFC and CTFG have been demonstrated in various in vitro renal 

preparations, the interactive metabolism and resultant nephrotoxicity of CTFE has never 
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been fully demonstrated in an in vitro system. The data from these previous studies has 

led me to the following hypothesis that sequential biotransformation in the liver and the 

kidney is required for CTFE nephrotoxicity. To study this hypothesis, experiments 

detailing method validation, bioactivation, toxicity and pathway manipulation are 

described in the following chapters. The nephrotoxicity of CTFE, in sequential culture in 

rat liver and rat renal cortical slices, and its synthetic conjugates, CTFC and CTFG was 

studied in renal cortical slices. 
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MATERIALS AND METHODS 

Materials: 

Chlorotrifluoroethylene (CTFE) was purchased from PGR (Gainesville, FL), and 

fiingibact was obtained from Irvine Scientific (Irvine, CA). Waymouth's MB 752/1 

powdered medium, specially prepared without phenol red, sodium bicarbonate and L-

glutamine, was purchased from Gibco Laboratories (Grand Island, NY). Fetal calf serum 

was purchased from Hyclone Laboratories (Logan, UT). Acivicin, aminooxyacetic acid 

(AOAA), gentamicin sulfate, D-saccharic acid, L-glutamine, penicillin, L-penicillamine, 

L-canaline, isoniazid, probenecid, phenylalanine, bestatin, aminobenzotriazole, L-

buthionine-[S,R]-sulfoximine, cysteine HCl, glutathione, and luciferin were purchased 

from Sigma Chemical Co. (St. Louis, MO). The compound 2-mercaptobenzothiazole 

was purchased from Aldrich Chemical Company (Milwaukee, WI). The ATP standard 

was purchased from Turner Instruments (Mountain View, CA), and recombinant 

luciferase was purchased from Research & Diagnostic Systems (Minneapolis, MN). 

Cilastatin was a generous gift from Dr. Henckler of Merck Institute. S-(2-

benzothiazolyl)cysteine was synthesized by the method of Dohn and Anders (1982). 

Acetonitrile was purchased from VWR scientific products. All other chemicals were of 

analytical grade or better and were obtained from commercial sources. 

Experimental Animals 

Adult male Sprague-Dawley rats (250 g) were purchased from Harlan Sprague 

Dawley, Inc. (Indianapolis, IN). The rats were housed four per cage and allowed to 
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acclimate for one week prior to use. The rats were fed Wayne Lab Chow, allowed free 

access to food and water, and housed on Sani-chips. Cages were kept at 23*fC and 30% 

relative humidity with a 12-hr light/dark cycle. On the day of the experiment, the rats 

were terminated by CO2 exposure. The liver and kidneys were excised through a 

midventral incision and immediately placed into ice cold slicing buffer. 

Medium and Slicing Buffer 

It has been found that use of cold preservation solutions in the isolation and 

storage of tissue slices helps in the maintenance of tissue slices in long-term culture 

(Fisher et al., 1996). V-7 cold preservation solution, as first described by Fisher et al., 

(1996) was used as a slicing buffer in the current experiment and consists of the 

following: 13.4 g/1 gluconic acid potassium salt, 2.2 g/l ascorbic acid, 8.2 g/1 saccharic 

acid monopotassium salt, 3.4 g/1 potassium phosphate monobasic, 0.65 g/1 potassium 

citrate, 0.24 gA succinic acid, 1.2 gA magnesium sulfate, 0.41 g/1 magnesium chloride, 

0.20 g/1 potassium bicarbonate, 0.36 g/l glucose, 0.36 g/1 fructose, 1.9 g/l reduced 

glutathione, 1.4 g/1 adenosine, 3.3 g/l deferroxamine, and 100,000 units/1 penicillin-G. 

The pH was adjusted to 7.4 with concentrated potassium hydroxide. 

Krebs-bicarbonate buffer consisted of 6.9 g/l sodium chloride, 0.4 g/1 potassium 

chloride, 0.1 g/1 potassium phosphate (monobasic), 2.4 g/l sodium bicarbonate, 4.5 g/l 

glucose, 0.3 g/1 magnesium sulfate (heptahydrate), 0.4 g/1 calcium chloride (dihydrate), 

and 1.0 ml/1 gentamicin sulfate (50 mg/ml). The buffer was adjusted to pH 7.4 with 

sodium hydroxide (1.0 N) and hydrochloric acid (2.0 N). 
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One liter of Waymouths medium without phenol red was supplemented with 2.24 

g/1 sodium bicarbonate, 0.35 g/11-glutamine, 1 ml of gentamicin sulfate (50 mg/ml), 10 

ml Fungibact, and 100 ml fetal calf serum. The medium was adjusted to pH 7.4 with 

sodium hydroxide (1.0 N) and hydrochloric acid (2.0 N). 

All media were filter sterilized using a sterilized Nalgene filter (cellulose acetate, 

0.20 (im). 

Preparation of Liver Slices 

Cylindrical tissue cores were prepared firom the rat liver lobes using a sharpened, 

stainless steel tube with an 8 mm inside diameter. Tissue cores were produced by slowly 

turning and advancing the metal tube by hand into the liver that was spread out on a wax 

support. These cylindrical tissue cores were stored submerged in ice cold V-7 as the 

slicing buffer until use. Based on previous research, larger diameter tissue slices maintain 

viability in culture longer than do smaller diameter tissue slices. It was found that 8 mm 

rat liver slices were maintained longer than 6 mm rat liver slices (Fisher et al., 1995). 

A BrendeWitron tissue slicer (Vitron Inc., Tucson, AZ) was used to prepare 

individual precision-cut liver slices under oxygenated, ice cold V-7 preservation solution. 

The cylindrical cores were placed into an 8 mm diameter cylindrical tissue holder and 

lightly compressed with a piston holding adjustable weights. Slices are produced by 

manually moving the immobilized, weighted tissue cylinder across a rotating circular 

blade. The freshly sectioned slices are swept away by a channeled stream of buffer and 

are periodically collected. Slice thickness is determined by the weight of the piston and 
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the distance between the adjustable base plate and the bottom of the tissue holder. Liver 

slice thickness ranged from 200 to 250 |Jin, as determined by both slice wet weight and 

micrometer measurement. 

Preparation of Rat Kidney Slices 

The kidneys were decapsulated and placed on a wax platform, and invaginated 

portion of each kidney was removed with a razor blade. Because the rat kidney is small, 

the entire kidney was placed into the 8 mm cylinder holder in the slicer and sagittal slices 

were produced. Kidney slices, containing both cortex and medullary tissue, were then 

made and collected in a crystal dish containing ice cold slicing buffer. Renal cortical 

slices was prepared by removing the medulla of these whole kidney slices with a 5-6 mm 

sharpened, stainless steel coring tool (Figure 2) in ice cold slicing buffer on a wax 

platform. 

Slice Organ Culture 

Slice Incubation in Roller Culture Bottles for Gas or Volatile Exposure 

Individual tissue slices in slicing buffer were floated onto half-cylinder titanium 

50-100 mesh screens held within 40 mm long by 15 mm diameter cylindrical titanium 

cradle inserts. Depending upon the particular experiment being performed, either two 

liver slices were floated onto each insert, or one renal cortical slice was floated onto each 

insert. Once the slices were in place, the titanium rollers were then carefully blotted to 

remove excess preservation solution and loaded horizontally into 20 ml glass scintillation 
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vials containing 1.7 ml of Waymouth's culture medium without phenol red and 

supplemented with 10 ml/1 Fungi-Bact, 50 ng/ml gentamicin sulfate, 0.35g/l l-glutamine, 

2.4 g/1 sodium bicarbonate, and 10% fetal calf serum. Fetal calf serum is added to help 

maintain the slices for longer periods of timeThe scintillation vials were sealed with 

polypropylene caps, into which 2 mm diameter holes had been drilled to allow for media 

oxygenation, and placed into a larger 500 ml roller culture bottles with the capacity to 

hold 6 smaller scintillation vials per bottle (Figure 3). These bottles are designed to allow 

slice oxygenation during exposure to a gaseous or volatile compound. The roller culture 

bottle containing 6 scintillation vials was then capped and gassed with filtered (Acor 50, 

0.20 |xm) 95% O2 : 5% CO2 for 30 seconds through a threaded central hole in the lid of 

the bottle. Immediately following oxygenation, this hole was quickly capped with 

another holed cap containing a Teflon/silicone septum. The bottles were then placed into 

a roller tissue culture incubator (Bellco Glass Co.) modified such that slices are 

maintained at 37°C and rotating at 2 rotations/ min. All slices were preincubated for 1 hr 

prior to exposure to compounds. 

Slice incubation dvnamic roller culture incubator: 

Tissue slices were loaded onto titanium mesh screen inserts and placed into 20 ml 

glass scintillation vials, as described above for volatile/gas roller bottle exposure, but 

were instead placed directly and individually into a heated (37°C) Vitron dynamic roller 

culture incubator (Vitron Inc., Tucson, AZ), capable of holding up to 96 scintillation 

vials. The vials were rotated at a rate of 2 rotations/min. The incubation chamber was 



Figure 3 
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continually gassed (0.5 l/niin) with 95% O2 : 5% CO2. A Gelman in-line filter unit 

(ACOR 50, 0.20 ^m) was placed between the gas cylinder and the incubator gas inlet. 

Slices were preincubated for 1 hr prior to exposure to compounds. 

Chemical Exposure and Viability Indicators: 

Chlorotrifluoroethylene (CTFE) was injected through a septum into the roller 

culture bottle with a gas-tight syringe. To fill the syringe, the needle was removed from 

the syringe and used to puncture the septum in an adapter in the regulator (set at 10 p.s.i. 

after-pressure) on the CTFE cylinder. CTFE was allowed to flow through the needle for 

five seconds in order to purge the adapter. The syringe was then fitted onto the needle 

while the needle punctured the septum, and the plunger was slowly pulled back to the 

volume desired. The red stop button was then pressed on the syringe, and the s\Tinge and 

needle were removed from the septum. The bottles were then immediately injected v\ith 

1 ml, 3 ml or 5 ml of CTFE. The volume of CTFE used for sequential incubation 

experiments was 1 ml. The concentration of CTFE in the medium was determined as 

described elsewhere. 

Synthetic CTFC and CTFG were dissolved in distilled water at 100 times the 

required final concentrations and added to the vials so that the concentration in the culture 

medium was between 10 joM and 200 ^iM. 

A stock solution of acivicin was prepared by first adding acivicin to one-fourth of 

the final volume of distilled water and then adding enough 2.0 N hydrochloric acid to 

solubilize the acivicin. Sodium hydroxide (1.0 N) was then added to bring the pH to 
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neutral, and distilled water was added to q.s. to the final volume desired. This lOOX 

stock solution was added to the culture medium such that the final concentrations of 

acivicin were either 250 jiM or 500 |xM. 

Aminooxyacetic acid (AOAA) was dissolved in one-half the final volume of 

distilled water. The pH of this solution was then brought to neutral by adding 1.0 N 

NaOH and brought up to the final volume with distilled water. The concentration of the 

stock was 100 times the final concentration required by the experiments. This stock 

solution was added to the culture medium such that the final concentrations of AOAA 

were 100 fxM or 1.0 mM. 

Cilastatin was dissolved in distilled water at 100 times the final concentration 

desired for the experiments and added to the vials so that the concentration in the culture 

medium was 100 |iM or 1.0 mM. 

Animal Injections 

Aminobenzotriazole 

Rats were injected with 2-aminobenzotriazole (ABT) to inhibit multiple cyt P4SOS. 

Rats were injected intraperitoneally with 50 mg/kg ABT made up in 0.9% saline (2.0 

ml/kg). After 2 hr., the animals were sacrificed and tissue slices were prepared as 

described previously. The rats used for both liver slices and kidney slices were injected 

with ABT. 
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L-Buthionine-[S, RJ-Sulfoximine 

Rats were injected with L-Buthionine-[S,R]-Suifoximine (BSO) to inhibit y-

glutamylcysteine synthetase and deplete the livers of glutathione. Rats were injected 

intraperitoneally with 4 mmol/kg BSO made up in 0.9% saline (5.0 ml/kg). BSO was 

solubilized by first adding 200 mg BSO to 400 |il saline and then adding 600 jal NaOH 

(1.0 N). When it was dissolved, the final volume was brought to 1.25 ml with saline. 

The final pH was 8.5. The rats were injected 4 hr prior to being sacrificed, and dien liver 

slices were prepared as described previously. 

(Aminooxy)Acetic Acid 

Rats were injected with AOAA to inhibit P-lyase. Rats were injected 

intraperitoneally with 0.5 mmole/kg AOAA in 0.9% saline (2.5 ml/kg). AOAA was 

dissolved in saline and the pH was increased to 6.5 with NaOH (1.0 N). The animals were 

injected 1 hr prior to being sacrificed. Renal cortical slices were prepared as described 

previously. 

Cilastatin 

Rats were injected with cilastatin to inhibit renal dehydropeptidase I. Rats were 

injected intraperitoneally with 100 mg/kg cilastatin in 0.9% saline (2.5 ml/kg). The 

animals were injected 1 hr prior to being sacrificed. Renal cortical slices were prepared 

as described previously. 
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Viability Indicators 

At each timepoint, slice viability was determined by assessing intracellular 

potassium content, ATP content, and in liver slices, non-protein sulfhydryl content. Each 

method is described below. 

Intracellular Potassium Content: 

Following culture, liver and kidney slices were blotted to remove excess media, 

weighed on an analytical balance, and placed in 1 ml of 10% TCA. The slice was then 

homogenized with a hand-held tissue homogenizer obtained from Fisher Scientific 

(Tissue Tearor, Pittsburgh, PA). The microflige tube containing the homogenate was 

capped and immediately flash frozen in a bath of liquid nitrogen and stored at -80° C until 

analysis. Analyses were performed within 1 week of the experiment. 

At the time of the assay, the homogenate was thawed at room temperature and 

centrifliged at 10,000 x g for 10 min in a Microftige B obtained from Beckman 

Instruments (Palo Alto, CA). The intracellular potassium content was determined using 

the resultant supernatant fraction. The potassium levels were measured using a flame 

photometer (Model CA-51) obtained from Bacharach, Inc. (Pittsburgh, PA), set in the 

urine potassium mode. Potassium concentrations were calculated from a standard curve 

of potassium chloride (0 - 2.0 mM KCl) by linear regression analysis. Results are 

expressed as nmoles K"^ / mg slice wet weight. 
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ATP Content: 

Following culture, liver and kidney slices were blotted to remove excess buffer, 

weighed, placed in I ml of 10% TCA, and homogenized with a hand-held tissue 

homogenizer obtained from Fisher Scientific (Pittsburgh, PA). The homogenate was then 

flash frozen in liquid nitrogen. Samples were stored at -8G°C until analysis. Analyses 

were performed within 1 week of the experiment. 

Tissue slice ATP content was analyzed by the luciferin-luciferase assay, as 

described by Kricka (1988). The samples were thawed and centrifuged (10,000 x g, 10 

min) at 4°C. A portion of the supernatant (10 |il) was diluted with HEPES buffer (0.025 

M, pH 7.75), and 200 (il of this diluted sample was added to 100 |al of the luciferin-

luciferase solution which consisted of 30 |il luciferase, 750 nl luciferin, 7.5 ml stabilizing 

buffer, and 6.75 ml HEPES buffer. Sample bioluminescence was monitored over a 5 

second interval on a luminometer obtained from BioOrbit (Turka, Finland). Sample ATP 

concentrations were determined by comparison with a standard curve prepared with 

known concentrations of ATP ranging from 0 to 395 pmol / ml. Results are expressed as 

pmoles ATP / mg slice wet weight. 

Non-protein Sulfhydryl Content: 

Non-protein sulfhydryl levels in cultured rat liver slices were quantitated by a 

modified method of Sedlak and Lindsay (1968) using Ellman's reagent (Ellman, 1959). 

Following culture, liver and kidney slices were blotted, weighed, placed in 1 ml of 10% 

TCA, and homogenized with a handheld tissue homogenizer obtained from Fisher 
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Scientific (Pittsburgh, PA). The homogenate was then flash firozen in liquid nitrogen, and 

samples were stored at -80°C until analysis. Analyses were performed within I week of 

the experiment. 

At the time of analysis, the samples were thawed and the homogenate was 

centrifiiged (10,000 x g, 10 min). After centrifiigation, 125 fil of the supernatant was 

transferred to an 8 mm x 15 mm glass test tube. The supernatant was then fiirther diluted 

with 125 |il of distilled water. Ellman's reagent (1.25 ml) was added to the diluted 

sample before transferring to polystyrene cuvettes and reading the absorbance at 405 nm 

on a Beckman DU7 spectrophotometer. Sample absorbance at 405 nm has been shown to 

be directly proportional to the non-protein sulfhydryl content. Non-protein sulfhydryl 

concentration was then determined through comparison with a standard curve prepared 

with known concentrations of reduced glutathione ranging from 0 to 1 mM. Results are 

expressed as nmoles GSH / mg protein. 

Biotransformation 

Following incubation of the slices, the medium was transferred to 1.5 ml screw 

cap micro centrifuge tubes and stored at -80° C. To 0.5 ml of the medium was added 25 

|al of 70% perchloric acid, and the tubes were centrifiiged in a cold room at 4° C at 11,000 

g for 10 min to remove any precipitated protein. The amount of CTFC and CTFG in the 

supernatant was determined according to a slightly modified method of Tanaka and 

Anders (1995). The concentrations of CTFC and CTFG were determined by reverse-

phase HPLC on a 4-|am Cig column (Nova-Pak, 3.9 x 300 mm; Water, Milford, MA). 
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The column was eluted at I ml/min with 15% (v/v) aqueous acetonitrile (adjusted to pH 

2.2 with trifluoroacetic acid (0.06% TFA)), and the absorbance of the eiuate was 

measured at 210 nm using a Spectra-Physics UVA^is detector. Concentrations were 

ultimately determined by referencing a standard curve prepared using the same method 

with synthetic CTFG. The HPLC system used was a Spectra-Physics SP8775 

autosampler attached to a SP8800 ternary pump and the absorbance was measured on a 

SP8450 UVA^is detector. Data were collected on a Gateway 2000, 486DX computer 

with Winflow HPLC software. 

Mass Spectroscopy 

Synthetic compounds were analyzed with the assistance of the analytical core of 

the Southwest Environmental Health Sciences Center. The molecular mass of each of the 

synthetic compounds was determined by flow injection electrospray on a Finnigan MAT 

TSQ 7000 mass spectrometer (San Jose, CA), and the compounds were injected into a 

Hewlett Packard 1050 HPLC (Palo Alto, CA) at a flow rate of 0.3 ml/min. The mobile 

phase consisted of 0.5% imidazole in water (pH 8.5). Data were collected and analyzed 

on a DEC 3000 computer. 

CTFG Synthesis 

CTFG, the glutathione conjugate of CTFE, was synthesized by a modified method 

of Dohn et al. (1985). A solution of 20 mmol of glutathione and 0.2 mmol of Na2EDTA 

in 10 ml of water was adjusted to pH 9.6 with solid KOH. To this was added 10 ml of 

EtOH containing 0.2 mmol of butylated hydroxytoluene. These solutions were poured 
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into a 2 1 round-bottom flask, and 12.5 ml of water was added, yielding a clear solution. 

The flask was gassed with N2 for 5 min through an adapter in the top of the flask that 

allowed for the gas to exit through a second hole. The flask was sealed with a stopper, 

and the N2 hose was replaced with a hose leading to a cylinder of CTFE. The flask was 

gassed lightly with CTFE for 15 seconds and then sealed with a stopper. The contents 

were stirred on a magnetic stir plate, and as the reaction progressed, the CTFE was used 

and additional CTFE was added to the flask. The reaction was monitored for completion 

by thin layer chromatography on silica gel plates, with a mobile phase of l-butanol/95% 

ethanol/water (35/35/20, v/v/v) (Dohn and Anders, 1982). 

After 5 hr of stirring at room temperature, the contents of the flask were 

transferred to a beaker, the flask was washed twice with 20 ml portions of 50% ethanol, 

and the reaction solution and washings were combined. This solution was diluted with 80 

ml of 100% ethanol. The pH of the solution was adjusted to 4.6 with 70% perchloric 

acid, and the resultant precipitate was vacuum filtered and dried. To the precipitate was 

added 100 ml of 85% ethanol. The precipitate was then heated to boiling, in order to 

dissolve the CTFG, and continually stirred on a heating magnetic stir plate. To 

compensate for evaporation, 30 ml of 85% ethanol was added to the solution. The 

boiling ethanol solution was quickly vacuum filtered through a #5 Whatman filter. The 

effluent was allowed to remain at room temperatiu"e overnight, and the white precipitate 

was vacuum filtered the next day. The yield was 2.67 g (31.5% yield) of CTFG. 

To ensure that the compound synthesized was indeed CTFG, the synthetic 

compoimd was analyzed using thin layer chromatography (TLC), High Performance 
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Liquid Chromatography (HPLC), and MS-MS as described elsewhere (results in Chapter 

3). 

CTFC Synthesis 

CTFC, the cysteine conjugate of CTFE, was synthesized using a modified method 

of Hayden and Stevens (1990). Cysteine-HCl (20 mmol) was dissolved in 40 ml of 

MeOH. To this was added 3 molar equivalents (60 ml) of 1 N NaOH. This solution was 

added to a 2 1 round-bottom flask. The flask was purged with N2 for 5 min through an 

adapter that allows for escape of the gas and can be sealed with a stopper. CTFE was 

added at a rate of 2 1/min for a duration of 3 min. The reaction was allowed to proceed 

for 5 hr with CTFE being added occasionally as the reaction progressed. The reaction 

was monitored by thin layer chromatography according to the method of Hayden and 

Stevens (1990). 

The pH of the solution was adjusted to 7.0 with glacial acetic acid, and the 

methanol was removed by rotary evaporation at 35°C. The pH of the remaining solution 

was adjusted to 5.0 with glacial acetic acid. This solution was stored in a cold room at 4° 

C overnight. The precipitate was vacuum filtered and the supernatant was left overnight 

in the cold room. The next day the new precipitate was filtered and added to the first 

precipitate. The yield was 0.6121 g (12.9%) of CTFC. 

To ensure that the compound synthesized was indeed CTFC, the synthetic 

compound was analyzed using thin layer chromatography (TLC), High Performance 
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Liquid Chromatography (HPLC), and MS-MS as described elsewhere (Results in Chapter 

3). 

ENZYME ACTIVITY ASSAYS 

B-Lvase Activity 

The activity of P-lyase enzyme was determined by spectrophotometrically 

measuring the production of 2-mercaptobenzothiazole (MBT) from S-(2-

benzothiazolyl)cysteine (BTC) using the method of Dohn and Anders (1982). After 

incubation, the renal cortical slice was homogenized in 1 ml of 0.1 N potassium borate 

buffer (pH 8.6), and this homogenate was subsequently incubated with 1 ml of 2.0mM 

BTC (in borate buffer) for 15 min at 37° C. The reaction was stopped by the addition of 

0.4 ml of 50% trichloroacetic acid. The samples were centrifuged, and supernatant 

absorbance was read using a Beckman DU7 spectrophotometer set as 321 nm. Samples 

were quantified by comparison with standards prepared from MBT (0-200 nmol). The 

spectrophotometer was calibrated using a blank prepared by adding the homogenate after 

the TCA step. Data is expressed as nmoles MBT produced/min/mg protein. 

Inhibitors of p-lyase activity (AOAA, L-penicillamine, isoniazid, and L-canaline) 

were assessed by incubating slices in the presence of the inhibitor, rinsing the slice, and 

then performing the above assay. The inhibitor was also assessed by directly adding the 

inhibitor to the homogenate of a control slice, and then the assay was performed as 

described above. 
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Alternately, following incubation with or without AOAA, the slices were 

transferred to Krebs-bicarbonate buffer supplemented with 2.0 mM BTC. The slices 

were incubated with BTC for 15 min at 37° C. The slice was then homogenized with a 

Tissue Tearor, and 200 |al of 30% TCA was added to 1.0 ml of the medium and the 

homogenate. MET was measured in both the slice homogenate and the medium. 

Y-Glutamvl Transpeptidase Activity 

Gamma glutamyl transpeptidase (GOT) activity was determined by spectro-

photometrically measuring the production of p-nitroaniline from y-glutamyl-p-nitroanilide 

(GPN) using the method of Tate and Meister (1974). After a 2 hr incubation period, a 

slice was homogenized in I ml of 50 mM Tris HCl (pH 8.6) containing 75 mM NaCl and 

20 mM glycylglycine, and subsequently incubated with 1 ml of 2.5 mM GPN (in Tris 

HCL) for 15 min at 37° C. The reaction was stopped by the addition of 0.4 ml of 50% 

trichloroacetic acid. The samples were centrifixged and the absorbance of the supernatant 

read on a Beckman DU7 spectrophotometer set at 410 run. Samples were quantified by 

comparison with standards prepared from p-nitroaniline (0-200 nmol). The 

spectrophotometer was calibrated using a blank prepared from homogenate after the 

addition of TCA. Data is expressed as nmoles p-nitroaniline produced/min/mg protein. 

The activity of GGT and inhibition of GGT by acivicin were also assessed by 

performing the above homogenate assay with synthetic 100 )iM CTFG in Tris HCl (pH 

8.6) and measuring the disappearance of CTFG from the homogenate on a Spectra-
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Physics HPLC system. Data are expressed as the amount of CTFG remaining / min / mg 

protein. 

Acivicin inhibition of GOT was assessed by incubating slices in the presence of 

the inhibitor, rinsing the slice, and then performing the above assay. In control slices, the 

inhibitor was added directly to the homogenate prior to performing the above assay. 

DitJeptidase Activity 

Renal dipeptidase activity was determined by the appearance of the CTFE-cys-gly 

peak on the HPLC chromatogram following incubation with 100 |iM synthetic CTFG. 

Following a 2 hr incubation, each renal cortical slice was homogenized in 50 mM Tris-

HCl (pH 7.8). This homogenate was added to 1 ml of 100 (iM CTFG m Tris-HCl (pH 

7.8) and then incubated for 15 min at 37° C. The reaction was stopped by the addition of 

0.4 ml of 50% trichloroacetic acid, the samples were centrifuged, and HPLC peak area 

was determined by HPLC as described earlier. Blanks were determined by adding the 

homogenate after the TCA step, and the areas of the peaks which coincided with the 

cysteinyl-glycine conjugate of CTFE (CTFE-cys-gly) were determined. 

Bestatin and cilastatin, inhibitors of dipeptidase activity, were assessed by 

incubating slices in the presence of the inhibitor, rinsing the slice, and then performing 

the above assay. Alternately, the inhibitor was added directly to the homogenate of 

control slices before performing the above assay. 
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Determination of Slice Protein Content 

Protein content for enzyme assays was determined by tlie metiiod of Bradford 

(1976). Following incubation, slices were homogenized in the buffer which was used for 

the respective enzyme assay. The homogenate was centrifiiged for 5 min to remove 

debris. From the supernatant, 5 ^il was aliqoted into a polypropylene cuvette and 0.5 ml 

of distilled water was added. To this was added 1.0 ml of Bradford reagent (850 ml 

distilled water, 100 ml 85% phophoric acid, 50 ml 95% ethanol and 100 mg Coomassie 

blue). The samples were mixed and after 10 min, the absorbance at 595 nm was 

determined on a DU7 spectrophotometer. The protein content was compared to a 

standard curve of bovine serum albumin (0-20 |ag). 

Determination of CTFE Concentration in the Medium 

CTFE concentration in the medium was determined by head space gas 

chromatography. Six 20 ml scintillation vials were placed into the roller culture bottles. 

The bottles were then treated as for a typical experiment and either gassed with 1 ml, 3 ml 

or 5 ml of CTFE. After 30 min, the vials were removed and 0.5 ml of medium from each 

vial was transferred to 1.5 ml reaction vials, being careful to wipe off any bubbles. A 

gas-tight syringe was used to draw 1 ml of air from the reaction vial through a septum, 

and this air was injected into Hewlett-Packard 5890 Series II gas chromatograph with a 

flame ionization detector. The column was a Supeico Porapak QS column (80/100 mesh). 

The carrier gas was Nj at a flow rate of 0.5 ml / min. The concentration of CTFE was 
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determined by comparison with a standard curve prepared from a stock solution. The 

stock solution was prepared by subtracting the weight of a reaction vial containing 0.5 ml 

of DMSO, before and after 1 ml of CTFE injected into the vial and the vied was evacuated 

by puncturing the septum with a syringe needle. Different volumes of this stock solution 

was then added to 0.5 ml of Waymouth's to create a standard curve (0 -1.0 mM). 

Histopathology 

Histology was examined with whole kidney slices. Following incubation, slices 

were flat-fixed in six-well plates (Nunc) with 10% formalin solution (Sigma). The slices 

remained in the formalin solution for at least 24 hr. The slices were then taken to the 

pathology core of the Southwest Environmental Health Sciences Center where the slices 

were embedded in paraffin and 2 |xm sections were cut and stained with hemotoxylin and 

eosin. Photographs were taken using a Olympus BH2 microscope equipped with and 

Olympus C-35AD-4 camera and an Olympus AD auto exposure control unit. 

Statistical Analysis 

Except where noted, each value is the mean ± standard error of the mean (SEM) 

from three separate experiments. Either 2 or 3 slices were used for each experimental 

point. Values were compared to controls by analysis of variance (ANOVA) followed by 

Newman-Keuls multiple comparison post-hoc test. A 0.05 level of probability or less 

was considered significant. The analysis was performed on a Pentium PC using 

Graphpad Prism as the statistical program. 
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Results and Discussion 

Chapter 1: Method Development 

Objective: To develop new techniques to aid in the study of the metabolism and toxicity 

of CTFE in rat liver and kidney slices. 

Introduction; 

Little work has been performed on the development of an in vitro toxicant 

activator tissue/target tissue toxicity model. Coculture in vitro of suitable cellular 

systems offers a toxicity model that has the advantage of restricting the number and type 

of systemic influences while allowing the study of complex interactive metabolic and 

toxic events. Coculture of hepatocytes with liver epithelial cells have been shown to be 

superior at maintaining hepatocyte function as compared to culture of hepatocytes alone 

(Lerche et al., 1997). Advantages of a tissue slice coculture model over other in vitro 

models include the physical separation of the two tissues, the ability to manipulate 

toxicant delivery to the target organ tissue slice, the ability to perform enzyme induction 

or enzyme or cofactor depletion studies in the activator slice, and the ability to increase or 

decrease the target tissue's susceptibility to a specific toxicant. Also, the preparation of 

tissue slices, as compared to the tissue preparation in other in vitro systems, is simpler 

and relatively rapid. 

Researchers have used hepatocytes or microsomal liver fractions as activating 

systems with various cell systems as target tissue, such as cerebellar granular cells 
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(Westergaard et al., 1989), neuroblastoma (Ericsson and Walum, 1988), and human 

tumor cell lines (Alley et al., 1984). For example, Gofflot and colleagues (1993) 

designed and tested a system which uses rat hepatocytes in concert with whole rodent 

embryo culture to overcome the absence, in vitro, of maternal metabolism in determining 

the effect of a particular suspected teratogen. Spahr et al. (1985) cultured adult rat 

myocytes atop a monolayer of hepatocytes to demonstrate the hepatocyte-influenced 

phenotypic modulation of myocytes. 

In 1994, Alan Parrish and colleagues described the coculture of rabbit liver and 

myocardial slices in the study of the cardiotoxicity of allyl alcohol. Allyl alcohol was 

studied because its cardiotoxicity is dependent upon activation within the liver to the 

toxic metabolite, acrolein (Parrish et al., 1994). Protein synthesis measurements, as an 

indicator of cell viability, demonstrated that no detrimental effect was observed when 

liver and myocardial tissue slices were cultured together. Parrish and colleagues further 

demonstrated that allyl alcohol produced a significant and concentration-dependent toxic 

effect on myocardial slices when studied in a coculture model consisting of two liver 

slices and one myocardial tissue slice. In contrast, the cardiotoxicity of allylamine, which 

does not require bioactivation within the liver, was not altered by coculture with liver 

slices. 

Also, in these initial experiments, the possibility of coculturing rat liver and 

kidney slices while being exposed to a gaseous toxicant was examined. Slices in 

individual vials were incubated within a larger bottle to allow the tissue slices to 

simultaneously be oxygenated and exposed to a definable concentration of a gaseous 
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compound over an extended incubation period. Michaud (1994) had previously 

developed an incubator and a bottle for this type of culture. Essentially, the bottle 

developed by Michaud was similar to the one used in these experiments but was modified 

to be easier to use. 

Finally, I investigated methods of preparing of rat renal cortical slices. Because 

the rat kidney is very small, it is difficult to produce large numbers of positional slices 

from these kidneys. I investigated the preparation of saggital slices from rat kidney and 

compared these slices to saggital slices in which the medullary portion had been removed. 

Results 

Viabilitv of Rat Liver Slices Cultured in Roller Culture Bottles 

Before the roller culture bottle method of tissue slice incubation could be utilized 

as a tool to study the mechanism of toxicity of CTFE, it was necessary to determine if the 

viability of precision-cut tissue slices could be maintained in these roller cultiu-e bottles 

without toxicant exposure. Rat liver slices were incubated in either the Vitron dynamic 

roller culture incubator or in 500 ml roller culture bottles that were specifically designed 

for these experiments. The slices incubated in roller culture bottles, gassed with 95% / 

5% oxygen/COi, showed no loss in viability, as assessed by intracellular potassium 

(Figure 4) and ATP content (Figure 5) over an incubation period of 72 hr. These values 

are not significantly different from the values obtained by incubating liver slices in single 

vials in a roller cultiu-e incubator that was continually gassed with 95% / 5% oxygen/COi 
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Figure 4 
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(data not shown). These data indicate that slice incubation in roller culture bottles 

constitute a viable system for the incubation of precision-cut tissue slices. 

Viability of Cocultured Rat Liver and Kidney Slices 

One method of delivering metabolites from one tissue slice, the metabolic or 

activator slice, to another tissue slice, the target slice, is to coculture tissue slices from 

both organs on the same slice insert and in the same incubation vial. Experiments were 

performed to determine if rat liver and kidney slices can be incubated together without 

either tissue slice type losing viability. For these experiments, two rat liver slices were 

incubated with one kidney slice. As controls, liver and kidney slices were also incubated 

separately in their own vials. 

Rat kidney slices coincubated with rat liver slices showed no difference in 

viability when compared with control kidney slice viability over an incubation period of 

24 hr, as assessed by intracellular potassium content (Figure 6). Although, rat liver slices 

cocultured with rat kidney slices also showed no statistically significant loss in viabilit\^ 

out to 24 hr, the viability of cocultured rat liver slices was significantly less than that of 

control slices at 24 hr as assessed by intracellular potassium content.(Figure 6). 

Viability of Rat Renal Cortical Slices Sequentially Incubated in Rat Liver Incubate 

Another method to deliver metabolites from an activator slice to a target slice is to 

first incubate the activator slice with the toxicant for a period of time, remove the 

activator slice, and then incubate the target slice in that same incubation medium. To 
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Figure 6 
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determine whether rat renal cortical slices will remain viable when sequentially incubated 

in this manner, rat liver slices were first incubated for 6 hr in Waymouth's medium 

supplemented with fetal calf serum. The liver slices were then removed, and rat renal 

cortical slices were incubated in the liver incubation medium. For 24 hr no significant 

difference in slice viability was observed when compared to control renal cortical slices 

incubated in fresh medium, as assessed by both intracellular potassium content (Figure 7) 

and ATP content (Figure 8). Although sequentially incubated slices on average exhibited 

120% higher intracellular potassium levels than control slices, indicating a possible 

beneficial effect, this trend was generally not observed using other viability markers such 

as ATP content as a measure of slice viability and was therefore not pursued. 

Toxicity in Whole Rat Kidney Slices as Compared To Renal Cortical Slices 

Rat kidney slices were prepared using two methods. In the first method, kidneys 

were sliced perpendicular to the long axis of the organ, and saggital slices were incubated 

without further preparation. In the second method, a small coring tool was used to 

remove the medullary portion of each saggital slice, thus creating crescent-shaped renal 

cortical slices. 

Both whole and cortical kidney slices were exposed to 100 |iM synthetic CTFG as 

a model toxicant. By 12 hr, renal cortical slice viability was significantly less from that 

of control renal cortical slices. By 24 hr, viability dropped by approximately 34%, as 

assessed by intracellular potassium content (Figiu-e 9). Conversely, whole kidney slices 

showed no loss in viability at 12 hr, and at 24 hr, while still significantly different from 
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Figure 7 
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Figure 8 
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control, had only lost approximately 10% viability. Whole kidney slice viability was 

significantly different j&om renal cortical slice viability at both 12 and 24 hr. Whole 

slices showed no difference from control out to 24 hr, while punched crescent slices were 

significantly different from control slices at 24 hr as assessed by ATP content (Figure 10). 

Renal cortical slices exhibited, at 24 hr, a 27.2% decrease in viability as compared to 

control when exposed to 100 joM synthetic CTFG. CTFG toxicity will be further 

discussed in Chapter 3. 

Discussion 

Experiments presented in this chapter were primarily concerned with the 

development and validation of techniques used in the following studies. CTFE is a gas, 

making it difficult to dose in the tissue slice model. Studies with volatile anesthetics in 

tissue slices have previously used a wick in a closed vial (Payne et al., 1995). Michaud 

(1994) has also developed a system for the incubation of tissue slices with volatiles in a 

large bottle. Although this system maintained slices well when incubating slices under 

oxygenated conditions, the bottle proved awkward. 

As a result of these early studies, an improved version was designed, built, and 

tested. A 500 ml bottle was selected that holds six 20 ml scintillation vials at one time. 

The lid of the bottle was modified to have a threaded central hole into which a 

Teflon/silicone septum can be permanently inserted. Once the bottle is closed, it can be 

gassed with 95% / 5% oxygen/COi or any other atmosphere appropriate for the 

experiment. 
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Catania et ai. (1998) have recently used the roller culture bottles used in these 

experiments to expose mouse liver slices to hypoxic conditions by gassing the bottle with 

N2. After filling the bottle with nitrogen, a small volume of either a gaseous or volatile 

compound can be injected through the septum into a central vial in the bottle. The data 

from these studies mdicate that the viability of liver slices incubated in the roller culture 

bottle is well maintained and that the viability is comparable to data obtained from slices 

incubated in the Vitron dynamic roller culture incubator. 

Viability of Cocultured and Sequentially Incubated Renal Cortical Slices 

Slice viability has previously been shown to be well maintained over several days 

when tissue slices are incubated under specific conditions (Fisher et al., 1995). Coculture 

of rabbit liver and myocardial slices has been used previously to study the bioactivation 

of ally] alcohol and allylamine in the liver and their subsequent toxicity in the heart 

(Parrish et al., 1994). Parrish found that, following a 2 hr preincubation to remove 

enzymes released as a result of slice preparation, there was no toxic effect on either tissue 

slice as a result of coculture with the other tissue slice. No experiments involving the 

coculture of liver and kidney tissue slices have been reported in the literature. 

Data obtained from early experiments in this laboratory indicated that the 2 hr 

preincubation to remove enzymes released in the slice preparation process and reported in 

the Parrish paper was not necessary to maintain viability in cocultured rat liver and 

kidney slices (data not shown). In these studies, coculture of rat liver and kidney slices, 

without a preincubation, did not affect the viability of either tissue slice. 
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Viability data indicate that the incubation medium from liver slice culture did not 

have a negative effect on sequentially incubated rat renal cortical slices. Although the 

effect was not statistically significant, rat renal cortical slices incubated in liver incubate 

exhibited greater viability than slices in control medium, as assessed by intracellular 

potassium levels. Potentially, this could indicate that liver slice incubate may contain 

factors that are beneficial to kidney slice viability. 

I have noted, on other occasions, in this laboratory that slices display a notable 

drop in viability when the medium is changed, as compared to slices when the medium is 

not changed (data not shown). These data may indicate that the slices condition the 

medium, probably by secreting compounds into the medium that stabilize the slice. 

Several substances secreted by the liver could potentially affect the viability of co- or 

sequentially incubated renal cortical slices when exposed to a toxicant. Glutathione, 

which is synthesized and sequestered in high concentrations (5-10 mM) within the liver, 

for example, could be secreted into the medium and serve a beneficial role in promoting 

renal cortical slice viability. The liver also secretes bile salts which aid in digestion by 

emulsifying large fat particles and aiding in their absorption from the intestine. The 

effect of these bile salts on the kidney is unknovra. 

Neither of the two systems studied showed a negative effect on the viability of 

kidney slices. Since sequential incubation allows liver metabolism of CTFE to be 

terminated at a specific time and the coculture system does not, it was decided that the 

following studies would utilize sequential incubation. 
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Whole Kidney Slice vs. Renal Cortical Slice 

With rabbit kidneys and kidneys from other animals larger than rats, multiple 

cores can be made from a single organ, and a large number of positional slices can be 

produced. Because of the small size of the rat kidney, however, very few cores can be 

made, and the number of slices from each core is fewer than from larger animals. Since 

one of the advantages of using the tissue slice in vitro model is that the number of 

animals is reduced, the rat kidney tissue slice preparation method was further modified to 

reduce the number of animals used. This modification involved slicing the entire rat 

kidney and using a punch to produce renal cortical slices as opposed to making 

cylindrical cores and then slicing these cores. Using this modified method in which each 

kidney is sliced whole, a total of approximately 70 slices can be prepared from the two 

kidneys from a single animal, as compared with approximately 24 slices obtained by 

slicing tissue cores. With this method, each slice contains all cell types in the kidney 

from regions of both the cortex and the medulla. 

Many compounds cause toxicity in a site-specific or regiospecific manner. For 

example, in the liver, carbon tetrachloride (CCI4) causes centrilobular necrosis (Noguichi 

et al., 1982). In the rabbit kidney, the cysteine conjugate DCVC has been shown to cause 

site-specific toxicity in the pars recta proximal tubule (Wolfgang et al., 1989a). CTFE 

has been shown to cause proximal tubule necrosis in rats exposed to CTFE (Buckley et 

al., 1982; Potter etal., 1981). 

In whole kidney slices treated with the model toxicant CTFG, only a 10% drop in 

viability was observed, as compared to control slices (the toxicity of CTFG will be fiirther 
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discussed in Chapter 3). Because so little toxicity was observed in whole kidney slices, 

tissue slices prepared from whole kidney were deemed an insufficient model to measure 

the toxicity of CTFE and its metabolites by biochemical means. 

To further study the regiospecificity of this toxicant, then, the medullary region of 

each kidney slice was removed from each slice using a 6 mm cylindrical punch, resulting 

in a horseshoe-shaped, rat renal cortical slice. When this renal cortical slice was treated 

with 100 (iM CTFG, a statistically significant drop in viability was observed, as 

compared to control. 

In other words, because little toxicity was observed in the whole kidney slices 

when exposed to CTFE and considerably more toxicity was demonstrated in the renal 

cortical slices, regiospecific nephrotoxicity was indicated. By removing the large mass of 

unaffected medullary tissue, the site-specific toxicity of CTFE and its conjugates within 

the renal cortex can be evaluated. 
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Chapter 2: Experiments with Chlorotrifluoroethylene 

Objective: To study the metabolism and toxicity of CTFE in rat liver and kidney slices, 

and determine the toxicity in rat renal cortical slices of CTFE rat liver incubate. 

Introduction 

There have been a number of experiments studying the toxicity of CTFE. The 

acute renal toxicity of CTFE was studied by Potter and colleagues who exposed male 

Fischer-344 rats for 4 hr to CTFE concentrations ranging from 100 to 540 ppm (Potter et 

al., 1981). Dose-related proximal tubular necrosis was observed within 24 hr of 

exposure, as demonstrated by light microscopy. Although epithelial cells were destroyed, 

tubular basement membranes remained intact, and the epithelium rapidly regenerated. 

Necrosis was isolated to the pars recta. Renal dysfunction was indicated by diuresis and 

increases in urinary fluoride, urinary lactic dehydrogenase (LDH) activity, serum 

creatinine, and BUN. Renal fimction was recovered and damaged cells were regenerated 

within 2 weeks of the study, indicating that nephrotoxicity was reversible at the 

concentrations used in these experiments. 

In 1982, Buckley and colleagues studied the nephrotoxicity of CTFE in male 

Fischer-344 rats exposed to subacute concentrations of 395 ppm + 33 ppm for 4 hrs per 

day for 5 consecutive days. Using the same indicators, nephrotoxicity was observed after 

I day, and results obtained from repeated exposures were similar to those obtained from 

animals who had received a single exposure, indicating the development of tolerance. 
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Similarly, coagulative necrosis, involving primarily the pars recta, was observed, but the 

damage was reversed by the third day. 

Hassall et al. (1984) studied the formation and biotransformation of cysteine 

conjugates of CTFE and their role in the nephrotoxicity of CTFE in rabbit renal tubule 

suspensions. Most notably, a dose-dependent decrease in paraaminohippurate (PAH), an 

organic anion, transport was observed, indicating decreased viability and regiospecific 

toxicity to the renal tubule. 

Tanaka and Anders, in 1995, demonstrated that CTFG, the glutathione conjugate 

of CTFE, is formed in both rat hepatocytes and human Hep G2 cells. CTFG formation 

was quantified using high-performance liquid chromatography. In addition, they and 

others have found that glutathione-S-transferase (GST) was primarily localized to the 

hepatic microsomal fraction (Hargus et al., 1990; Dohn et al., 1985; Dohn and Anders, 

1982), and that the S enantiomer was the primary stereoisomer formed (Hargus et al.. 

1990). 

To date it has also not been shown that the metabolites of CTFE formed in the 

liver cause toxicity in the kidney. These studies were performed to study the metabolism 

CTFE in rat liver slices and to determine if these metabolites cause toxicity in rat renal 

cortical slices without further metabolism in other organs. 
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Results 

Determination of Concentration of CTFE in Wavmouth's Medium 

When working with volatile and gaseous compounds, the actual concentration of 

the compound in the medium cannot be calculated unless exact values for the volume, 

pressure, and the partition coefficient of the gas are known. Because these values were 

not known for the conditions of these experiments, head-space gas chromatography was 

used to produce a standard curve with which to measure the concentration of CTFE in the 

medium within the vials as different volumes of CTFE were introduced. From this 

standard curve, it was determined that 45 |iM ± 3 )xM, 100 |j.M + 2 |iM, and 168 |J.M + 4 

|iM concentrations in the medium were obtained upon injection of 1 ml, 3 ml, and 5 ml 

volumes of CTFE, respectively, into the 500 ml roller culture bottle. 

Metabolism of CTFE in Rat Liver Slices 

To determine if CTFE is metabolized in rat liver slices, the slices were exposed to 

45 |iM, 100 |iM and 168 |iM CTFE in roller culture bottles. The appearance of 

metabolites in the medium was monitored by HPLC analysis. Since cellular debris is 

produced and the medium contained 10% fetal calf serum, the protein in the medium was 

precipitated prior to injection on the column by the addition of perchloric acid and 

subsequent centrifligation. Chromatograms obtained after injection of medium firom liver 

slice culture with CTFE were compared to chromatograms obtained after injecting 

synthetic CTFC and CTFG (0 to 200 i^M). A peak was observed at 11 ;20 min which 
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coincides with the peak obtained upon injection of synthetic CTFG. No peak coinciding 

with the CTFC peak was observed, and no unidentified peaks were present. These data 

indicate that the only metabolite detected by this HPLC method is the glutathione 

conjugate of CTFE although with a more sensitive assay, other metabolites might be 

detected. 

Once it had been determined that CTFG was the only detectable metabolite 

formed in rat liver slices during incubation with CTFE, it was necessary to determine the 

dose-response curve for CTFG production and consequent secretion into the medium. 

From HPLC analysis it was determined that no significant difference in the amount of 

CTFG was formed from either 45 pM, 100 (xM or 168 [j,M concentrations of CTFE 

following 6 hr exposure (Figure 11). At all three concentrations, CTFE was metabolized 

to CTFG at a linear rate up to 6 hr of incubation. From those slices exposed to 45 |iM 

CTFE, the amount of CTFG formed was 4.8 nmoles CTFG / mg wet weight formed over 

6 hr, corresponding to a concentration of 75 |aM CTFG in 1.7 ml of medium in the 

incubation vial. 

Viability of Rat Liver Slices Incubated With CTFE 

Although according to the literature, CTFE is not hepatotoxic at the 

concentrations used in these experiments (Tanaka and Anders, 1995), to confirm that no 

toxicity occurs in liver slices exposed to CTFE prior to renal cortical slices being 

transferred to this medium, rat liver slices were incubated alone with three different 

concentrations of CTFE in the roller culture bottles. The three volumes of gas injected 
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into the bottles were 1 ml, 3 ml, or 5 ml of CTFE, which, according to head-space gas 

chromatography, are equivalent to medium concentrations of 45 |iM, 100 |iM, and 168 

pM CTFE. Liver slice viability was maintained, as there was no decrease in intracellular 

potassium concentration upon exposure to the three concentrations of CTFE (Figure 12). 

Liver slice ATP content was lower than controls at 6 hr in those slices exposed to 100 (xM 

and 168 jiM CTFE , but the slice incubated with 45 |iM CTFE did not lose viability as 

compared to control (Figure 13). Glutathione levels in control liver slices increased for 4 

hr and were then maintained out to 6 hr (Figure 14). Interestingly, glutathione levels 

rapidly decreased in liver slices at all concentrations of CTFE. At I hr the slices exposed 

to 100 jaM and 168 |aM CTFE exhibited glutathione concentrations that were 37% that of 

control. While glutathione levels increased in control liver slices out to 4 hr, there was no 

increase in glutathione levels over 6 hr. Liver slices exposed to 45 fiM CTFE exhibited a 

similar, though smaller, decrease in glutathione at 1 hr, but by 2 hr, the levels were the 

same as those exposed to the higher concentrations of CTFE. 

Sequential Incubation of Rat Liver and Renal Cortical Slices with CTFE 

To study the direct effect of CTFE metabolism in the liver and subsequent toxicity 

of these metabolites in the kidney, following 6 hr of liver slice culture with or without 

CTFE, the liver slices were removed and renal cortical slices were transferred to this liver 

incubate. Sequential incubation allows liver metabolism of CTFE to be terminated at a 

specific time which allows for better control over the experiment. 
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Rat renal cortical slices were incubated in the 6 hr liver incubation medium from either 

control liver slices or from liver slices exposed to 45 CTFE. At 6 hr of renal cortical 

slice culture, there was no difference in viability, as assessed by intracellular potassium 

content (Figure 15) or ATP content (Figure 16) between treated and control kidney slices. 

By 12 hr, the viability of treated renal cortical slices was significantly less than that of 

control renal cortical slices. The viability of treated slices continued to decrease to 18 hr 

when the values were significantly different from the same condition at 6 hr. No 

decrease in viability was observed in control slices. 

Histologically, renal cortical slices incubated in CTFE rat liver incubation 

medium for 12 hr exhibited multiple picnotic nuclei and greater vacuolization (Figure 

17b) as compared to sections from slices incubated in control rat liver incubation medium 

(Figure 17a). 

Incubation of Rat Renal Cortical Slices with CTFE 

The effect of CTFE on rat renal cortical slices was demonstrated without prior 

metabolism, and potential bioactivation, by the liver. Rat renal cortical slices were 

incubated with CTFE for 6 hr and then incubated for an additional 18 hr without exposure 

to CTFE in a Vitron roller culture incubator. No toxicity was observed in these renal 

slices over the course of 24 hr, as assessed by intracellular potassium content (Figure 18) 

and ATP content (Figure 19). No metabolites were detected by HPLC from CTFE 

exposed rat renal cortical slices (Data not shown). 
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Figure 17. Hstopathology of rat renal cortical slices exposed for 12 hr to A) medium 
from control rat liver slices B) medium from CTFE exposed rat liver slices (H&E, 200X). 

Rat renal cortical slices incubated in medium from control rat liver slices show some 
indications of vacuolization, but nuclei are normal. Vacuolization is more extensive in 
slices exposed to medium from CTFE exposed rat liver slices, and most of the nuclei in 
these slices are picnotic. 
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Discussion 

The CTFE concentration in the medium was determined to be 45 |iM when I ml 

of CTFE was injected into the roller culture bottle, as determined by head-space gas 

chromatography. Based on the amount of CTFG that is produced from this volume of 

CTFE, it was determined that approximately 1% of the total amount of CTFE in the bottle 

was metabolized during the 6 hr experiment. Because such a small amount of CTFE was 

being metabolized to CTFG during the course of the experiment, the concentration of 

CTFE in the medium effectively remained constant. Because there is a layer of water 

surrounding the slice, CTFE can diffuse into the slice through this layer of water, and it is 

possible that this route of exposure is more important than exposure through contact with 

the medium. 

These experiments show that CTFE is metabolized to CTFG when exposed to rat 

renal cortical slices in culture. Beyond the confirmation that CTFG was indeed formed, 

however, these experiments attempted to determine the minimum concentration of CTFE 

required to produce a maximum concentration of CTFG without resulting in 

hepatotoxicity. A maximum concentration is desired so that enough metabolite is 

produced to affect the kidney slice. The concentration of CTFE observed with the 

injection of a 1 ml volume of gas, 45 [iM CTFE, produced the same amount of CTFG as 

the two higher concentrations but without hepatotoxicity. Furthermore, the lack of dose-

response at the three concentrations used in these experiment indicates that the Vmax of 



83 

GST had been reached. With high CTFE concentrations and maximal enzyme output, the 

only limiting factor is the availability of GSH, as long as the liver slices remain viable. 

As can be seen from Figure 14, in the slices exposed to CTFE, the concentration 

of GSH drops dramatically in the first hr of the experiment with no recovery of GSH over 

time. In contrast, control slice GSH levels increased over the entire duration of the 

experiment, presumably due to the synthesis of new GSH from cellular amino acids as 

well as amino acids in the medium. This de novo GSH synthesis accounts for the 

observed increase in CTFG production following the initially observed GSH depletion in 

response to CTFE exposure. 

While no other metabolites of CTFE were detected using this HPLC method, it is 

possible that other metabolites were formed that were not separated from compounds that 

formed larger peaks on the chromatogram. CTFG was not detected when liver slices 

were not in the incubation medium, indicating negligible non-specific conversion of 

CTFE to CTFG. Dohn and Anders first identified the structure of CTFG in 1982 in an 

incubation of CTFE with the cytosolic fraction from rat liver. Dohn et al. (1985) later 

found that CTFG was produced in both the cytosolic and microsomal fractions, and 

Hargus et al. (1991) found that the microsomal fraction appeared to contain the 

predominant enzyme for this reaction in rat hepatocytes. These data were later confirmed 

by Tanaka and Anders (1995) in rat and human hepatocytes. This is consistent with the 

fact that CTFE is lipophilic, and the concentration of CTFE will be greater in lipid 

membranes than in the cytosol. 
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While CTFE was rapidly metabolized to CTFG in rat liver slices, no CTFG was 

detected upon exposure of renal cortical slices to CTFE. Also, no nephrotoxicity was 

observed following a 12 hr exposure of rat renal cortical slices to CTFE in culture. These 

data are in contrast to data presented by Hassall et al. (1984) who showed that isolated 

rabbit renal proximal tubules exhibited a marked decrease in viability and the production 

of CTFG upon exposure to CTFE. These differing results may be due to species or in 

vitro system effects, since Hassall performed his experiments with rabbit proximal 

tubules. Rat renal cells may not possess enough glutathione-S-transferase (GST) to 

conjugate CTFE in culture, or more likely, it is possible that any CTFG formed in renal 

cortical slices is rapidly degraded so as not to be detectable in the medium. It is known 

that GST activity is greatest in the liver, and while the activity in the kidney is still 

significant, it may not be great enough to produce amounts of CTFG significant enough 

to produce nephrotoxicity or be detected by HPLC. It is also possible CTFE is not a 

substrate for the isozymes of GST in the kidney. 

In these experiments, it was also demonstrated that rat renal cortical slices 

incubated in medium from CTFE-exposed rat liver slices were less viable, as compared to 

rat renal cortical slices incubated in the medium from control liver slices. To the author's 

knowledge, this is the first time that nephrotoxicity has been attributed to the metabolic 

products of CTFE produced in the liver without fiirther metabolism in other organs, such 

as the intestine. Based on these experiments, no subsequent metabolism in the intestine is 

necessary for toxicity to occiu- in the kidney. I have already determined in Chapter 1 that 

sequential incubation of renal cortical slices in control liver incubate does not cause 
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toxicity. CTFG was the only metabolite detected by HPLC, and so I make the assumption 

that CTFG is the metabolite that is causing toxicity. To further evaluate this conclusion, 

experiments were performed and discussed in Chapters 3 and 4. 
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Chapter 3: Experiments with Synthetic CTFC and CTFG 

Objective: To study the toxicity of CTFC and CTFG in rat liver and rat renal cortical 

slices. 

Introduction 

Glutathione and cysteine conjugate toxicity has been demonstrated in a number of 

in vitro systems, including subcellular fractions, renal proximal tubule cells, renal 

proximal tubules, and slices, as well as in vivo. In 1986, Lash et al., demonstrated 

decreased oxygen consumption in rat kidney mitochondria upon exposure to a lOOfaM 

concentration of CTFC. Hayden and Stevens (1990) also showed decreased oxygen 

consumption in rat kidney mitochondria exposed to 1 mM concentration of CTFC. 

In rat renal proximal tubule cells Dohn et al. (1985) demonstrated, over a 4 hr 

period, CTFC and CTFG toxicity, as assessed by LDH leakage and trypan blue dye 

accumulation. Boogaard et al. (1989) also demonstrated cysteine conjugate 

nephrotoxicity in rat renal proximal tubule cells, as assessed by decreased alpha methyl 

glucose uptake in cells exposed to CTFC. 

Hassall et al. (1984) demonstrated the dose-dependent nephrotoxicity of CTFC 

and CTFG using a rabbit renal proximal tubule model by assessing paraaminohippurate 

(PAH) tetraethylammonium transport (TEA). Groves et al. (1991) showed the time-

dependent release of LDH in rabbit renal proximal tubules exposed to 25 |iM CTFC. 



87 

In 1993, Stijntjes and co-workers studied the toxicity of 1 mM CTFC 

concentrations in positional rat renal cortical slices and reported a dose- and time-

dependent effect over the range of 100 to 1 niM over a period of 6 hr. Toxicity was 

measured by using percent control of intracellular potassium concentrations. 

In vivo, Dohn et al. (1985) injected male Sprague Dawley rats wath 100|iM/kg 

CTFC and CTFG and reported increased urine glucose and blood urea nitrogen and 

histological evidence of necrosis in the proximal convoluted tubules and Loops of Henle. 

This study was designed to determine the dose response effect of CTFC and 

CTFG in rat renal cortical slices. I also wanted to determine the rate of uptake of CTFG 

in rat renal cortical slices, which has not been studied previously. 

Results 

Synthesis of (SVl-chloro-1.1.2-trifluoroethvlcvsteine 

(S)-2-chlcro-l,l,2-trifluoroethylcysteine (CTFC) was synthesized using a 

modified method of Dohn et al. (1985). The method was modified slightly to reduce the 

amount of CTFE used in the synthesis. Reaction progress was monitored by thin layer 

chromatography (TLC). The reaction was complete when no more cysteine was detected 

in the solution. Cysteine had an Rf value of 0.214, and the product of the reaction had an 

Rf value of 0.790 (Table lb). To be sure that the product of the reaction was not the 

oxidized form of cysteine (cystine), cystine was also nm on TLC and found to have a 

distinct Rf value of 0.256. 
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Table 1 

Thin-Layer Chromatography of the Glutathione and Cysteine 
Conjugates of Chlorotrifluoroethylene 

Table la 

Compound Rf" 
GSH 
GSSG 
CTFG 

0.222 
0.239 
0.733 

® - TLC was performed with silica gel plates. The mobile phase for glutathione and its 
derivatives was l-butanol/95% ethanol/water (35/35/20, v/v/v) (Dohn and Anders, 1982). 

Table lb 

Compound Rf '  
Cysteine 
Cystine 
CTFC 

0.214 
0.256 
0.790 

® - TLC was performed with silica gel plates. The mobile phase for cysteine and its 
derivatives was propanol/water/acetic acid (70/30/1, v/v/v) (Hayden and Stevens, 1990). 
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Product purity was further demonstrated using HPLC analysis. When the reaction 

product was run on HPLC, a single peak was seen at 4:58. When the product was 

analyzed by mass spectroscopy, the major peaks observed had mass to charge ratios (m/z-

1): 227, 236, 304, and 350. CTFC has a molecular weight of 237, but because the 

mobile phase was basic, a proton was abstracted and the apparent molecular weight 

would be 236. Also, because there is a chlorine in the molecule, one would expect there 

to be a doublet pattern with a 3:1 ratio for 236Da:238Da. This pattern arises from the fact 

that chlorine has a 75% abundance at 35Da and a 25% abundance at 37Da. This relative 

abundance of chlorine accounts for any molecule with a single chlorine to have this 3:1 

ratio. Similarly, any molecule with 2 chlorine molecules would have a ratio of 9:6:1. 

In the mass spectroscopic analysis for this reaction product, peaks were observed 

at 236 and 238 with the ratio of approximately 3:1. This ratio is also seen for the peaks at 

304:306 and 350:352, indicating that the molecules at these peaks contain a single 

chlorine atom. When these peaks were analyzed by MS/MS it was determined that these 

were adducts of CTFC that were formed within the beam. It was also determined that the 

peak at 227 was an adduct of imidazole in the mobile phase. From these analyses it was 

determined that the product from these reactions was CTFC with no detectable 

contaminants. 

Synthesis of rS')-2-chloro-I.1.2-trifluoroethvlglutathione 

(S)-2-chloro-l,l,2-trifluoroethylglutathione (CTFG) was synthesized using a 

modified method of Dohn et al. (1982). The method was modified for reasons described 
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in the above section. The reaction was considered complete when no glutathione was 

detected by TLC. The Rf value for glutathione was 0.222, and the Rf value for the 

product of the reaction was 0.733 (Table la) and only one spot was detected with 

ninhydrin reagent. To be sure that the product of the reaction was not oxidized 

glutathione, the Rf value of the oxidized glutathione was determined to be 0.239. The 

purity of the product was further determined by HPLC, and a single peak at 11:20 was 

seen. 

By mass spectrometry a single mass peak of 422 was seen, with minor peeiks at 

278 and 227. The mass peak at 422 was paired with a peak at 424 in the 3:1 ratio pattern 

expected for monochlorinated compounds. The molecular weight of CTFG is 424 with 

two potential sites for deprotonation. As stated above, the mobile phase was basic so that 

acidic residues would be deprotonated. As a result, CTFG would yield a mass of 422 by 

mass spectroscopy from deprotanation of the carboxyl groups on the glutamate residue of 

glutathione. The minor peaks were found to be adducts of the mobile phase formed 

within the beam. From these analyses it was determined that the product from these 

reactions was CTFG with no detectable contaminants. 

CTFC and CTFG Toxicity in Rat Liver Slices 

Once synthesized, CTFC and CTFG hepatotoxicity was investigated because 

some minor toxicity was associated with the exposure of rat liver slices to CTFE. Rat 

liver slices were exposed to 100 |iM CTFC and 100 |iM CTFG for up to 12 hr. No loss 

in viability was observed, as assessed by intracellular potassium content (Figure 20) or 
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Figure 21 
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ATP content (Figure 21). Although there had been toxicity from exposure to CTFE, no 

toxicity associated with the exposure of CTFC or CTFG was observed, indicating that 

the minor toxicity observed in rat liver slices from CTFE exposure is not a result of the 

metabolites CTFC or CTFG. This toxicity from CTFE is possibly due to glutathione 

depletion wdthin the liver and the resultant oxidative stress related to the loss of the 

protective effects of glutathione (Figure 22). 

CTFG Disappearance from the Medium of CTFG-Exposed Rat Renal Cortical Slices 

Rat renal cortical slices were incubated with 100 (iM CTFG, and the 

concentration of CTFG was determined in the medium up to 6 hr. When plotted on a 

semi-logarithmic graph, the data was linear with a correlation coefficient of R^ = 0.9945. 

In the roller culture system used in these studies, half of the CTFG was gone from the 

medium in 2.6 hr (Figure 23). This results in an initial rate of 5.7 nmoles/hour/mg wet 

weight. There was no detectable loss of CTFG from medium incubated without slices. 

CTFG Toxicity in Rat Renal Cortical Slices 

Rat renal cortical slices were exposed to increasing concentrations of CTFG (10 

HM, 50 |jM, 100 |xM and 200 }IM). Tissue slices exposed to CTFG concentrations of 100 

JIM and 200 CTFG were significantly different from controls at 12 and 24 hr, as 

assessed by intracellular potassium content (figure 24), while the renal slices exposed to 

50 [IM CTFG were not significantly different from controls until 24 hr. Also, by 12 hr, 

the viability of the slices exposed to 100 and 200 |IM CTFG dropped significantly as 
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Figure 24 

Toxicity of CTFG in Rat Renal 
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Figure 25 
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Figure 26. Histopathology of rat renal cortical slices exposed for 6 hr to A) control B) 
100 |iM CTFG (H&E, 200X). 

Slices exposed to 100 |iM CTFG show increased vacuolization as compared to control 
slices and karyorrhexis is beginning to occur in some of the cells of the proximal tubule, 
particularly to the right of the glomerulus. 
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Figure 27. Histopathology of rat renal cortical slices exposed for 24 hr to A) control B) 
100 nM CTFG (H&E, 200X). 

Control slices have a few picnotic nuclei and some vacuolization, while the nuclei of the 
cells in the slices exposed to 100 (iM CTFG have extensive picnotic nuclei and 
karyorrhexis. The distal tubule at the top has normal nuclei. 
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Figure 28. Hstopathology of rat renal cortical slices exposed for 12 hr to A) 10 nM 
CTFG B) 100 pM CTFG (H&E, 200X). 

PT Cells in the slices exposed to 10 |iM CTFG have a few picnotic nuclei. PT Cells in the 
slices exposed to ICQ jiM CTFG show extensive picnotic nuclei and some karyorrhexis 
and a few cells look healthy. 
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compared to the slices exposed to 100 |iM and 200 |iM CTFG respectively at 6 hr. By 24 

hr, the slices exposed to 50 |iM were significantly different firom the slices exposed to 50 

^M CTFG at 6 hr. The same differences were observed when ATP content was assessed 

except that the slices exposed to 100 (iM CTFG were not different from the 6 hr 

treatment until 24 hr (figure 25). The 10 |iM concentration was not toxic during the 24 hr 

incubation period, as assessed by intracellular potassium content or ATP content. 

Light microscopic examinations of renal slice sections revealed that at 6 hr there 

was increased vacuolization in slices treated with 100 [iM CTFG (Figure 26b)as 

compared to control slices (Figure 26a). There is also the begiimings of karyorrhexis 

occurring in some sections of the convoluted proximal tubules. At 24 hr, a majority of 

the nuclei are picnotic or are in a stage of karyorrhexis (Figure 27b). In the sections from 

control slices, a majority of the nuclei are normal, while there is some vacuolization 

(Figure 27a). To demonstrate the dose response effect, at 12 hr sections were made from 

slices exposed to 10 |aM and 100 {J.M CTFG. In these sections, the slices exposed to 10 

jiM CTFG show some vacuolization, but a majority of the nuclei are normal (Figure 28a), 

whereas in the slices exposed to 100 |iM CTFG, while there are still some normal nuclei, 

a majority of the nuclei are picnotic (Figure 28b). 

CTFC Toxicity in Rat Renal Cortical Slices 

The renal cortical slices exposed to 200 |j.M CTFC were significantly different 

from controls by 6 hr whereas slices exposed to 100 CTFC were different from 

controls by 18 hr as assessed by both intracellular potassium content (Figure 29) and ATP 
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Figure 30 
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Figure 31. Histopathology of rat renal cortical slices exposed for 12 hr to A) 10 (iM 
CTFC B) 100 CTFC (H&E, 200X). 

PT Cells in the slices exposed to 10 |iM CTFC have a few picnotic nuclei while most 
nuclei appear normal. PT Cells in the slices exposed to 100 (iM CTFC show extensive 
picnotic nuclei, some karyorrhexis and a few cells look healthy. 
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content (Figure 30). The slices exposed to 10 |AM CTFC did not lose viability over 24 hr. 

At 18 and 24 hr the slices exposed to 100 |iM CTFC were significantly different from the 

slices exposed to the same treatment at 6hr by intracellular potassium content and ATP 

content. According to intracellular potassium content, the slices exposed to 200 |-iM 

CTFC were different at 24 hr as compared to the slices treated with 200 piM CTFC at 6 

hr. 

Light microscopic examination of sections from slices exposed to 10 CTFC 

and 100 |aM CTFC at 12 hr reveal that while the majority of nuclei are normal in the 

slices exposed to 10 |iM CTFC (Figure 31a), the nuclei in the slice exposed to 100 fiM 

CTFC has numerous picnotic nuclei (Figure 3 lb). 

Discussion 

The cysteine and glutathione conjugates (CTFC and CTFG) of CTFE were 

successfully synthesized by the methods described in the materials and methods section. 

The yield was relatively low, but the material was of excellent purity. It should be noted 

that because this synthesis was performed in solution, the products formed were racemic 

mixtures of both the R and the S isomers. It has been demonstrated in vitro that the 

primary product formed is the S enantiomer (Dohn et al., 1985). This racemic mixture 

could potentially have a different toxicity from that observed from the S enantiomer 

alone. 

Both CTFC and CTFG exhibited a dose-response toxicity in this precision-cut 

tissue slice in vitro model. Significant toxicity was observed at 6 hr upon exposure to 
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200 jiM CTFC, but 200 ^iM CTFG was not toxic until 12 hr of exposure. This is 

consistent with the hypothesis that CTFG is processed in the kidney to CTFC prior to 

being transported into the cells. This initial processing would delay the toxicity of CTFG 

in relation to CTFC. 

When Dohn et al. (1985) determined the toxicity of 100 [aM CTFC and 100 |iM 

CTFG in isolated rat renal proximal tubule cells, toxicity was seen after 0.5 hr of 

exposure, and CTFC was slightly more toxic than CTFG. There may be several reasons 

for the rapid toxicity that was observed. First, cultured cells are a relatively homogenous 

cell type, while tissue slices include several different cell types. As was seen with the 

histological sections, when rat renal cortical slices were exposed to CTFC and CTFG, the 

toxicity was relatively site-specific with a majority of the toxicity observed in the 

proximal tubule cells. This leaves a number of cells that were unaffected by die toxicant. 

As noted in Chapter 1, the medulla was removed from these slices to reduce this masking 

effect. 

Another reason for the observed difference between the data with cells and the 

data with slices is the difference in the exposure to each in vitro preparation. While 

cultured cells are continuously bathed in medium and have immediate exposure to the 

toxicant, tissue slices only dip into the medium intermittently and diffusion is required to 

reach the inner cells. 

When Stijntjes et al. (1993) treated rat renal cortical slices with 100 |iM CTFC for 

6 hr, a 40% drop in viability was observed, as assessed by intracellular potassium content. 
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Here, different results were also obtained. First, Stijntjes prepared kidney slices that 

were 3 mm in diameter. It has previously been shown that smaller diameter tissue slices 

yield less viable tissue because the proportion of damaged to undamaged tissue is greater 

(Fisher et al., 1995). This same study showed that bicarbonate based media are superior 

to HEPES based media. Although the viability of the tissue slices is not compromised by 

these two factors at the timepoints used by Stijntjes, these less than optimal conditions 

can lead to a greater susceptibility to toxicity. It should also be noted that use of a cold-

preservation solution for slicing, such as V-7, yields more viable slices than those 

prepared using a salt buffer such as BCrebs-bicarbonate. There is also preliminary 

evidence that slicing in V-7 solution induces the synthesis of heat shock proteins that may 

protect cells against toxic insults. Slicing with Krebs-bicarbonate does not lead to the 

induction of heat shock protein synthesis (data not shown). 

The disappearance of CTFG from the medium when rat renal cortical slices were 

exposed to CTFG was relatively rapid. This disappearance is due to metabolism by 

extracellular enzymes (GGT, DP) and subsequent transport into the cells. This 

hypothesis is supported by data in Chapter 4 in which an inhibitor of GGT virtually 

eliminated the disappearance of CTFG fi-om the medium, and CTFG remained in the 

media for 24 hr. While half of the CTFG was gone by 2.6 hr, toxicity was not observed 

until 18 hr for slices exposed to 100 piM CTFG. 

In Chapter 2, results were presented that indicated that the two higher 

concentrations of CTFE caused toxicity in rat liver slices at 6 hr. I also found that the 

concentration of CTFG formed after 6 hr was approximately 75 jiM. To determine if this 



108 

hepatotoxicity was due to the metabolites of CTFE, rat liver slices were incubated with 

100 nM CTFC or 100 CTFG for up to 12 hr. There was no apparent toxicity in the 

rat liver slices associated with exposure to either CTFC or CTFG, indicating that the 

toxicity observed is a result of some other mechanism. The toxicity could be due to 

oxidative stress related to the loss of glutathione in the cells. Glutathione is not depleted 

as rapidly in the slices exposed to 45 ^M CTFE, and these were the only slices that failed 

to show any toxicity when exposed to CTFE. 
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Chapter 4: Enzyme Inhibition Studies 

Objective: To manipulate the enzymes of the various steps in the bioactivation pathway 

of CTFE in order to alter the metabolism and toxicity of CTFE and its conjugates, and 

ultimately elucidate the mechanism of toxicity of CTFE. 

Introduction 

The mechanism by which CTFE and other halogenated alkenes become 

bioactivated has been investigated by manipulating different enzymes in the proposed 

metabolic pathway. By inhibiting and inducing the enzymes, the toxic effects of the 

compounds can be reduced or enhanced. Lack of effect by inhibitors does not necessarily 

indicate that the enzyme is not involved in the metabolic pathway of the compound. A 

lack of effect could indicate that there are multiple pathways by which the compound is 

bioactivated, or it could also indicate that the activity of the enzyme is not diminished 

enough to decrease toxicity. 

There are multiple steps in the proposed bioactivation pathway of halogenated 

alkenes as described in the general introduction and figure 32. In this chapter, 1 

investigate decreasing toxicity in rat renal cortical slices exposed to either CTFC, CTFG, 

or CTFE liver slice incubation medium when the renal slices are treated with various 

inhibitors. 

It has been proposed that sulfoxidation is a pathway by which cysteine conjugates 

are bioactivated (Sausen and Elfarra, 1990). Cytochromes P-450 have been implicated in 
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this process. Aminobenzotriazole (ABT), a suicide substrate inhibitor of several 

cytochrome P-450s, was chosen as a general inhibitor of cytochrome P-450 to determine 

if this pathway is relevant for the bioactivation of CTFE. 

With many halogenated alkenes it has been demonstrated that glutathione 

conjugation is the first metabolic step (Dekant et al., 1989). In Chapter 2,1 demonstrated 

that CTFG was the only metabolite detected by HPLC following incubation of rat liver 

slices with CTFE. To test whether decreased glutathione conjugation would decrease the 

nephrotoxicity associated with incubation medium from CTFE exposed liver slices, 

buthionine-[S]-sulfoxamine (BSO) was used to deplete glutathione (Drew and Miners, 

1984) prior to liver slices being incubated with CTFE. 

The following metabolic steps occur in the kidney. Acivicin, a non-competitive 

irreversible inhibitor of y-glutamyl transpeptidase (Scott and Curthoys, 1987), was used in 

studies to determine the role of CTFG in the observed nephrotoxicity, since GOT 

metabolizes glutathione-S-conjugates to its corresponding cysteinyl glycine conjugate. 

Related to these studies, Dohn et al. (1985) demonstrated that rat renal proximal tubule 

cells incubated with CTFG were protected from cellular damage by pretreatment with 

acivicin. In an isolated rat kidney cell model exposed to DCVG, Lash and Anders (1986) 

demonstrated reduced nephrotoxicity associated with acivicin addition. 

There are multiple dipeptidase enzymes in the kidney. Cilastatin has been used to 

inhibit dehydropeptidase I (Hiroto et al., 1985), and bestatin has been used to inhibit 

aminopeptidase M. Lash and Anders reported in 1986 that rat renal cells were protected 

by the dipeptidase inhibitors 1,10-phenanthroline and phenylalanylglycine. 
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Studies have indicated that by blocking transport of the conjugates of halogenated 

alkenes into renal proximal tubule cells, the nephrotoxicity of these compounds can be 

diminished (Wolfgang et al., 1989b). In these studies, I attempted to block the organic 

anion transporter with probenecid and the neutral amino acid transporter with 

phenylalanine. 

Evidence indicates that the enzyme that ultimately results in the formation of a 

bioactivated compound is P-lyase. AOAA has been used to inhibit the pyridoxal 

phosphate dependent en2yme p-lyase in previous studies with cysteine conjugates. In 

addition, L-penicillamine, L-canaline, and isoniazid have also been shown to bind and 

inhibit pyridoxal phosphate. A 100p.M concentration of AOAA inhibited CTFC toxicity 

in isolated mitochondria (Lash et al., 1986; Hayden and Stevens, 1990), rat renal 

proximal tubule cells (Dohn et al., 1985; Lash and Anders, 1986), and isolated renal 

proximal tubules (Groves et al., 1991b). Others, however, have found that either AOAA 

only delays the toxicity (Wolfgang et al., 1990) or, in fact, has no protective effect (Davis 

andPetry, 1994). 

By inhibiting the various enzymes in the proposed pathway of CTFE bioactivation 

I hoped to further elucidate this pathway using rat renal cortical slices. Rat renal cortical 

slices were exposed to not only CTFC and CTFG but were cultured in the incubation 

medium firom CTFE exposed rat liver slices. 
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Results 

Inhibition of Cytochrome P-450 with Aminobenzotriazole (ABT) 

Aminobenzotriazole (ABT) is a suicide substrate inhibitor of several cytochrome 

P-450s (Coceani et al., 1996). Studies were performed to determine whether cytochrome 

P-450 metabolism plays a role in the metabolism of CTFE in liver or kidney slices. 

Animals used to harvest liver and kidney tissue were injected with ABT one hr prior to 

sacrifice, eliminating the possibility that metabolism could occur in one organ but not the 

other. Control animals were injected with 0.9% saline. The slices from animals 

pretreated with ABT did not have increased viability, following exposure to CTFE, 

compared to animals without pretreatment. Both groups were significantly different from 

control at 18 and 24 hr as assessed by intracellular potassium content (Figure 33) and 

ATP content (Figure 34). 

Depletion of Glutathione with Buthionine-rSI-Sulfoxamine 

To test the hypothesis that the glutathione conjugate of CTFE is responsible for 

the toxicity of CTFE in renal cortical slices, rats were pretreated with buthionine-[S]-

sulfoxamine (BSO) to deplete liver glutathione levels prior to exanguination and slice 

incubation with CTFE. BSO depletes glutathione levels by inhibiting the rate-limiting 

step in the synthesis of glutathione, y-glutamyl-cysteine synthetase. BSO pretreatment 

did not affect the potassium concentration of liver slices over 6 hr (Figure 36), but ATP 

content was significantly less at 6 hr as compared to controls (Figure 37). The 
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Figure 34 
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Figure 35 
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Figure 36 
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Figure 37 
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Figure 38 

Effect of BSO Pretreatment on 
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actual ATP content did not decrease from I to 6 hr. Pretreatment did reduce initial 

glutathione levels in the liver, but over 6 hr, the levels of glutathione increased at die 

same rate as control glutathione levels increased. (Figure 38). CTFE metabolism to 

CTFG was also significantly reduced such that the amount of CTFG produced in 6 hr was 

1.8 nmoles CTFG / mg wet weight as compared to 4,9 nmoles CTFG / mg wet weight in 

slices from untreated animals (Figure 35). This is equivalent to a final concentration of 

30 (iM CTFG and 75nM CTFG in the medium respectively. When rat renal cortical 

slices were sequentially incubated in CTFE liver incubation medium from BSO-

pretreated animals, the renal slice viability was significantly improved at 12 and 18 hr, as 

compared to renal slices incubated in CTFE liver incubation medium from untreated 

animals as assessed by intracellular potassium content (Figure 39). ATP content was not 

significantly different from controls in renal cortical slices incubated in CTFE liver 

incubation medium to 24 hr (Figure 40), although the ATP content decreased at 24 hr as 

compared to the same condition at 12 hr. 

Inhibition of y-Glutamvl Transpeptidase with Acivicin 

To fiirther investigate whether CTFG was the metabolite responsible for the 

toxicity observed following CTFE incubation with liver slices, the first step in the 

degradation of CTFG in the kidney was inhibited with acivicin. Acivicin is a non

competitive irreversible inhibitor of y-glutamyltranspeptidase (GGT). In the enzymatic 

processing of glutathione S-conjugates, GGT metabolizes the glutathione S-conjugates to 

the corresponding cysteinylglycine S-conjugate. 
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In these experiments, when rat renal cortical slices were preincubated with 250 

|iM acivicin and then cultured in rat liver incubate with acivicin, the toxicity of the CTFE 

rat liver incubate was significantly reduced. No decrease in intracellular potassium was 

observed in slices treated with either 250 |iM or 500 acivicin and CTFE liver 

incubate (Figure 41). The viability of renal slices incubated in CTFE liver incubate and 

250 i^M acivicin was not significantly different from controls at all three timepoints, but 

those slices also treated with 500 foM acivicin were significantly different from controls at 

18 and 24 hr as assessed by ATP content (Figure 42). 

To study whether acivicin would block the toxicity of CTFG in rat renal cortical 

slices, following preincubation with acivicin, renal cortical slices were transferred to vials 

containing 250 (iM acivicin and 100 pM CTFG. Incubation with acivicin significantly 

reduced the toxicity caused by CTFG at 12, 18, and 24 hr, as assessed by intracellular 

potassium content (Figure 43). Acivicin improved slice viability, as compared to slices 

incubated with CTFG alone, when ATP content was used as the viability indicator, but at 

24 hr, the ATP content of slices incubated with acivicin and 100 |aM CTFG were 

significantly less than slices incubated under the same condition at 6 hr (Figure 44). 

Treatment with acivicin did not protect against toxicity caused by CTFC in rat renal 

cortical slices, as assessed by either intracellular potassium content (Figure 45) or ATP 

content (Figure 46). 

Light microscopic investigation of rat renal cortical slices treated with acivicin 

and then either 100 faM CTFC or 100 |aM CTFG shows that, while sections from slices 
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Figure 42 
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Figure 43 
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Figure 44 
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Figure 46 
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Figure 47. EQstopathology of rat renal cortical slices treated with 250 |jM acivicin and 
exposed for 12 hr to A) 100 nM CTFG B) 100 ^iM CTFC (H&E, 200X). 

Acivicin protects slices exposed to CTFG, as most nuclei appear normal, though there is 
some vacuolization. Slices exposed to CTFC were not protected and most nuclei were 
either picnotic or in kaiyorrhexis. 
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Table 2 

Determination of (-Glutamyl Transpeptidase Activity 

in Renal Cortical Slice Homogenates 

P-Nitroaniline Produced 
Preincubation'' Addition*^ nmoles MBT / min / mg Protein'^ 
None None 81.0 + 7.3 

•^GPNA None Acivicin 82.7 + 9.0 
Exposure^ Acivicin None 2.8 ± 0.4*^ 

nmoles CTFG / min / mg 
protein*^ 

None None 2.52 + 2.52 
CTFG Exposure None Acivicin 4.67 + 0.28 

Acivicin None 35.9 ± 5.78*^ 

® - Following a 2 hr preincubation, the renal cortical slices were homogenized in Tris-HCl 
buffer (pH 8.6) and the homogenate was incubated with 2.5 mM Y-glutamyl-p-nitroaniline 
for 15 min. 

^ - The slices were incubated with or without 250 nM Acivicin prior to incubation with 
mM y-glutamyl-p-nitroaniline. 

- Renal slice homogenate was incubated with 2.5 mM y-glutamyl-p-nitroaniline alone, 
or 250 (iM Acivicin was added to the homogenate just prior to addition of BTC. 

- Values are the mean + SEM of three observations 

- The enzyme assay was performed with 100 jiM CTFG in the homogenate and the 
amount of CTFG following the 15 min incubation is reported. 

* - Significantly different from slice homogenate control with no addition (p < 0.05). 

^ - Indicates a significant difference from control slice homogenate with Acivicin added to 
the homogenate (p < 0.05). 
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incubated with acivicin and CTFG show a relatively normal morphology with normal 

nuclei (Figtire 47a), sections from slices incubated with acivicin and CTFC have 

predominantly picnotic nuclei or nuclei in karyorrhexis (Figure 47b). 

To determine whether acivicin inhibits GOT activity in tissue slices, GOT enzyme 

activity was assessed with and without acivicin in rinsed, homogenized slices. When 

slices were incubated with acivicin for 2 hr prior to the assay, the activity of GGT was 

decreased from 1412.5 nmoles /mg protein to 42.3 nmoles / mg protein (Table 2), 

however, the activity of GGT was not significantly decreased when acivicin was added 

directly to the homogenate. 

Inhibition of Dipeptidases with Cilastatin and Bestatin 

Although there are several distinct dipeptidases in the rat kidney, two specific 

dipeptidases have been shown to be active against cysteinyl-glycine compounds (Hiroto 

et al., 1985, 1987). Specifically, dehydropeptidase 1 and aminopeptidase M have been 

shown to be inhibited by cilastatin and bestatin, respectively. When rat renal cortical 

slices were incubated in CTFE rat liver medium and incubated with cilastatin (Figure 48 

and 49) or bestatin (Figure 50 and 51), no decrease in toxicity of the CTFE rat liver 

incubate was observed, as assessed by either intracellular potassium content or ATP 

content. Cilastatin also did not improve the viability of rat renal cortical slices incubated 

with 100 fxM CTFG as assessed by intracellular potassium content (Figure 52) or ATP 

content (Figure 53). The viability of renal cortical slices from animals that had been 

injected with 100 mg/kg cilastatin also showed no improvement in viability as assessed 
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by intracellular potassium content (Figure 54) or ATP content (Figure 55) when treated 

with 100 |iM CTFG. 

When tissue slice homogenate was incubated with 100 piM CTFG for 15 min with 

either 100 cilastatin or 100 (iM bestatin, a peak was observed at 6:20 which coincides 

with CTF-cys-gly on the chromatogram. The area of the peak when bestatin was used as 

the inhibitor was larger than the peak produced when cilastatin was used as the inhibitor 

(Table 3). Bestatin added directly to the homogenate produced a significantly larger peak 

than when the slices were preincubated with bestatin. This peak was only seen in these 

homogenate assays and was not observed in the medium from CTFG-treated rat renal 

cortical slices. No peak coinciding with CTFG was detected following these homogenate 

incubations. 

Rat renal cortical slices were also incubated with cysteinyl-glycine (cys-gly) 

which might possibly be an inhibitor of both CTF-cys-gly hydrolysis as well as CTF-cys-

gly transport. No reduction in toxicity was observed when slices were preincubated with 

1.0 mM cys-gly, as determined by intracellular potassium content (Figure 56) or ATP 

content (Figure 57). 

Transport Inhibition 

Probenecid is an inhibitor of organic ion transport in the kidney. In studies 

involving hexachloro-1,3-butadiene or HCBD (Lock and Ishmael, 1985) and S-(l,2-

dichlorovinyl)-L-cysteine or DCVC (Elfarra et al., 1986), nephrotoxicity was inhibited in 

vivo by probenecid. DeKant reports that inhibition of organic anion transport system with 
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Figure 49 

Inhibition of Renal 
Dehydropeptidase I With 
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Figure 50 

Inhibition of Aminopeptidase IM 
With Bestatin in Rat Renal 
Cortical Slices Exposed to 
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Figure 51 

Inhibition of Aminopeptidase M 
With Bestatin in Rat Renal 
Cortical Slices Exposed to 

CTFE Liver Incubate 
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Figure 52 

Inhibition of Renal 
Dehydropeptidase I With 

Cifastatin In CTFG Treated Rat 
Renal Cortical Slices 
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Figure 53 

Inhibition of Renal 
Dehydropeptidase I With 

Cilastatin in CTFG Treated Rat 
Renal Cortical Slices 
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Figure 54 

Toxicity of CTFG in Rat Renal 
Cortical Slices After i.p. 
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Figure 55 

Toxicity of CTFG in Rat Renal 
Cortical Slices After i.p. 

Injection of AOAA or Cilastatin 
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Table 3 

Dipeptidase Activity Rat Renal Cortical Slice Homogenate 

Preincubation® Addition" Peak Area*^ 
None None 2.90 + 0.83 
None Cilastatin 5.09+ 1.82 
Cilastatin None 5.74 + 2.74 
None Bestatin 27.49 + 0.36* 
Bestatin None 21.02 + 0.51*' 

® - The renal cortical slices were incubated with either no addition or 100 jiM of the 
following compounds for 4 hr prior to the assay. 

'' - Either 100 fxM of the following compounds were added to the homogenate just prior to 
addition of CTFG or no addition was made. 

- Values are the mean ± SEM of the CTFE-cys-gly peak at 6:20 on chromatograms from 
three homogenate preparations. 

* - Indicates a significant difference from control values (p < 0.05). 

* - Indicates a significant difference from control slice homogenate with bestatin added to 
the homogenate (p < 0.05). 
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Figure 56 

Inhibition of Renal Dipeptide 
Transport With Cysteinyl-

Glycine in CTFG Treated Rat 
Renal Cortical Slices 

Control 

100 mM CTFG 

1.0 mM Cys-Gly 
Cys-Gly + CTFG 
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* - Indicates a signficant difference from control (p < 0.05) 
**- Indicates a signficant difference from same condition at 6 hours (p < 0.05) 
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Figure 57 

Inhibition of Renal Dipeptide 
T ransport With Cysteinyl-

Glycine in CTFG Treated Rat 
Renal Cortical Slices 
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probenecid protected cells from the cytotoxic effects of DCVC and CTFEC (Dohn et al., 

1985; Lash and Anders, 1986). Dantzler and colleagues (1995) reported, based on 

transport inhibition studies that both DCVC and N AC-DC VC interacted with and were 

transported by the organic anion transporter present in the basolateral membrane. 

No reduction in toxicity was observed when sequentially incubated rat renal 

cortical slices were cultured in the incubation medium from CTFE-exposed rat liver slices 

with 2.0 mM probenecid, as assessed by intracellular potassium content (Figure 58)or by 

ATP content (Figure 59). At 24 hr, some toxicity was observed with probenecid alone 

when intracellular potassium content was measured, but this toxicity was not observed 

using ATP content as the viability indicator. 

Phenylalanine, an inhibitor of the neutral amino acid transporter, was also studied. 

Here again, no reduction in toxicity was observed when sequentially incubated rat renal 

cortical slices were incubated in the incubation medium from CTFE-exposed rat liver 

slices and also with 5.0 mM phenylalanine, as determined using intracellular potassium 

content (Figure 60) or ATP content (Figure 61). Phenylalanine did not cause toxicitj' 

when incubated with slices. 

Inhibition of B-lvase 

Cysteine-P-lyase is a pyridoxal phosphate-dependent enzyme located in both the 

cytosol and the mitochondria (Stevens, 1985). The highest activity for this enzyme is in 

the kidney, but there is activity in other tissues as well. It has been found that the activity 
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Figure 58 
Inhibition of Organic Anion 
Transport with Probenecid 
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Renal Cortical Slices 
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* - Indicates a significant difference from control (p < 0.05) 
**- Indicates a significant difference from same condition at 12 hours (p < 0.05) 
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Figure 59 
Inhibition of Organic Anion 
Transport with Probenecid 

in Sequentiall Incubated Rat 
Renal Cortical Slices 
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Figure 60 
Inhibition of the Neutral Amino Acid 
Transporter with Phenylalanine in 
Sequentially Incubated Rat Renal 

CorticalSlices 
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Figure 61 
Inhibition of the Neutral Amino Acid 
Transporter with Phenylalanine in 
Sequentially Incubated Rat Renal 

CorticalSlices 

I 
at 

Q. O) 

< I 
ili 
o 
E Q. 

2500 n 

2000 

1500-

1000-

500-

0 

Control 

45 mM CTFE 
5 mM Phenylalanine 
Phenylalanine+CTFE 

—I— 
12 18 

—r— 
24 

Time (hours) 

* - Indicates a significant difference from control (p < 0.05) 



150 

in the liver is approximately 1/10 of that found in the kidney (Stevens, 1985). A p-lyase 

inhibitor that has been shown to reduce the toxicity associated with many cysteine 

conjugates is aminooxyacetic acid (AOAA). AOAA irreversibly binds to the pyridoxal 

phosphate cofactor, making it unavailable to the P-lyase enzyme (Lash et al., 1990). 

When rat renal cortical slices were incubated with 100 AOAA and then 

transferred to medium from CTFE-exposed rat liver slices, no reduction in toxicity was 

observed. Neither intracellular potassium content (Figure 62) nor ATP content (Figure 

63) were improved by incubation with AOAA. Increasing the concentration of AOAA to 

1.0 mM also did not reduce the toxicity associated with CTFE rat liver incubate (Figures 

62 and 63). 

Rat renal cortical slices were then incubated with 100 [iM AOAA and either 100 

I^M CTFC or 100 jiM CTFG. AOAA did not protect the rat renal cortical slices from 

CTFG, as assessed by intracellular potassium content (Figure 64) or ATP content (Figure 

65). There appeared to be a slight protective effect on the slices exposed to 100 |j.M 

CTFC at 12 hr, but by 18 hr, no protective effect was observed using either intracellular 

potassium or ATP content as the viability indicator (Figures 66 and 67). 

To determine if AOAA did in fact inhibit the activity of p-lyase in rat renal 

cortical slices, P-Iyase activity was assessed by measuring the amount of 

mercaptobenzothiazole (MBT) produced upon exposure to the substrate, S-benzothiazolyl 

cysteine (BTC). The first method used to measure p-lyase activity involved 

homogenizing the slice following incubation with or without AOAA and then measuring 
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the activity of the homogenate. The second method involved transferring the rat renal 

cortical slices to medium containing BTC following incubation. In renal slice 

homogenates, preincubation with AOAA significantly reduced the activity of P-lyase, but 

the activity was reduced to a greater extent by the addition of AOAA directly to the 

homogenate (Table 4). The activity associated with these tissue slice studies was less 

than that seen in homogenate studies, and preincubation with AOAA did not reduce the 

activity of P-lyase in the slices. 

Although AOAA has been used extensively for the inhibition of P-lyase in 

cysteine conjugate studies, I wanted to confirm these results by testing three other 

pyridoxal phosphate inhibitors. L-penicillamine, L-canaline, and isoniazid have all been 

used to inhibit other pyridoxal phosphate-dependent enzymes. These inhibitors did not 

reduce the toxicity associated with 100 CTFC (Figure 68). When the P-lyase activity 

was measured in homogenate preparations fi-om rat renal cortical slices preincubated with 

100 |j.M of each of these inhibitors or from control slices with the inhibitor added, only L-

canaline reduced p-lyase activity (Table 5). As with AOAA, the addition of L-canaline to 

the homogenate reduced the activity to a greater extent than by just preincubating the 

slice with L-canaline. The other inhibitors had no effect on p-lyase activity. 
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Figure 62 

Inhibition of |3-lyase with AOAA 
in Rat Renal Cortical Slices 
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Figure 63 

Inhibition of p-lyase with AOAA 
in Rat Renal Cortical Slices 

Incubated in Rat Liver Incubate 
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Figure 66 
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Figure 67 

Inhibition of CTFC Toxicity With 
AOAA 
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Table 4 

Determination of P-Iyase Activity in Rat Renal Cortical 
Slices and in Renal Cortical Slice Homogenates 

MBT PRODUCED 
BTC EXPOSURE'^ Preincubation'' Addition*^ NMOLES MBT / min / 

mg Protein*^ 
None None 29.4 + 5.3 

Slice Homogenate None AOAA 1.1 +0.2* 
AOAA None 6.7 ± 1.1*' 

Tissue Slice None None 3.8 + 0.4 
AOAA None 3.1 ±0.1 

^ - Following a 2 hr preincubation, the renal cortical slices were either directly transferred 
into Kreb's buffer (pH 7.4) with 2.0 mM BTC and incubated for 15 min or the slices were 
homogenized in potassium borate buffer (pH 8.6) and the homogenate was incubated 
with 2.0 mM BTC for 15 min. 

^ - The slices were incubated with or without 100 |aM Aminooxyacetic acid prior to 
incubation with BTC. 

- Renal slice homogenate was incubated with BTC alone, or 100 |iM Aminooxyacetic 
acid was added to the homogenate just prior to addition of BTC. 

'' - Values are the mean + SEM from three observations 

* - Significantly different from slice homogenate control with no addition (p < 0.05). 

^ - Indicates a significant difference from control slice homogenate with AOAA added to 
the homogenate (p < 0.05). 
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Figure 68 

Inhibition of p-lyase in Rat Renal 
Cortical Slices Incubated with 

100 mM CTFC 

I 112 hours-Control 

24 hours-Control 

12 hours-CTFC 

24 hours-CTFC 

Control Penicillamine Canaline Isoniazid 

Inhibitor Treatment 

* - Indicates a significant difference from control at the same 
timepoint (p < 0.05) 
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Table 5 

Determination of P-lyase Activity in Rat Renal Cortical Slice Homogenates 

Preincubation' Addition'' MBT Produced 
nmoles MBT / min / mg 
protein*^ 

None 
None 
Penicillamine 
None 
Canaline 
None 
Isoniazid 

None 
Penicillamine 
None 
Canaline 
None 
Isoniazid 
None 

26.0 ± 0.9 
24.3 ± 1.0 
27.7 ± 0.8 
1.3 ± 0.2* 
21.2 ± 0.4*^ 
23.0 ± 1.5 
22.5 ± 2.1 

^ - The renal cortical slices were incubated with either no addition or 100 |i,M of the 
following compounds for 4 hr prior to the assay. 

- Either 100 |j,M of the following compounds were added to the homogenate just prior to 
addition of BTC or no addition was made. 

- Values are the mean + SEM from three observations 

* - Indicates a significant difference from control values (p < 0.05). 

^ - Indicates a significant difference from control slice homogenate with L-canaline added 
to the homogenate (p < 0.05). 



161 

Discussion 

The data presented in this chapter validate the hypothesis that the nephrotoxicity 

of CTFE is a result of CTFE first being conjugated with glutathione-S-transferase to 

CTFG before being transported to the kidney. Drew and Miners (1984) have shown that 

injection of mice with BSO results in a decreased GSH concentration and a decrease in y-

glutamylcysteine synthetase activity in the liver without other enzymes, including GST, 

being affected. The present study marks the first time that animals have been pretreated 

with BSO to reduce glutathione levels, and a subsequent decrease in renal toxicity was 

observed following CTFE exposure. It was also shown that there was a resultant 

decrease in the concentration of CTFG produced during the 6 hr incubation with CTFE 

when animals were injected with BSO. While there was some recovery of GSH levels in 

the liver slices over 6 hr, the recovery of GSH did not reach the levels that control slices 

reached. It appears that the rates of production of GSH in the liver slices fi-om animals 

pretreated with BSO is the same as that seen in liver slices fi-om control animals, but GSH 

levels did not rise as high because initial GSH levels were lower in liver slices from BSO 

treated animals. 

In contrast, a reduction of toxicity was not observed when animals were injected 

with ABT, a non-specific inhibitor of cytochrome P-450. It has been demonstrated that 

flavin-containing monoxygenases in hepatic and renal microsomes catalyze the 

sulfoxidation of cysteine conjugates (Sausen and Elfarra, 1990; Sausen et al., 1993). It 

has also been demonstrated that N-acetyl-S-(l,2,3,4,4-pentachlorobutadienyl)-L-cysteine 
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is metabolized to the sulfoxide by P-450 in liver microsomes of rats (Werner et al., 

1995a) and humans (Werner et al., 1995b), and this metabolite has been detected in the 

urine of male rats (Bimer et al., 1995). Lash and colleagues (1994) have also shown that 

the sulfoxide metabolite of DCVC is a more potent toxicant than DCVC itself. 

One explanation why P-450 inhibition did not block the toxicity of CTFE could 

be related to the structure of the cysteine conjugate formed. DCVC and PCBC are 

formed by an addition-elimination reaction that leaves the double bond intact. CTFC and 

TFEC are formed by an addition reaction in which the double bond is lost. The double 

bonds of DCVC and PCBC actually form resonance structures with the sulfoxide, making 

the oxygen more reactive. Because this resonance does not occur with CTFC, there may 

be less toxicity associated with sulfoxide formation if it occurs. 

The hypothesis that the glutathione conjugate of CTFE was the primary 

metabolite from the liver responsible for causing nephrotoxicity was further validated by 

experiments with acivicin, an inhibitor of GGT. Acivicin has been shown to be a potent 

inhibitor of GGT (Scott and Curthoys, 1987). It has been previously shown that rat renal 

proximal tubule cells incubated v(iith CTFG are protected by treatment with acivicin 

(Dohn et al., 1985). Further evidence indicating that GGT plays a role in the metabolism 

and toxicity of glutathione conjugates was provided by Lash and Anders (1986) when the 

toxicity of S-(l,2-dichlorovinyI)glutathione (DCVG) was decreased by the addition of 

acivicin to isolated rat kidney cells. Ceil viability, as assessed by trypan blue exclusion, 

and oxygen consumption were improved, compared with cells treated with DCVG alone. 
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Acivicin has also been shown to decrease the uptake of other compounds into the kidney 

thought to be transported as a glutathione conjugate, such as HgCb (Tanaka et al., 1990). 

In these experiments, incubation of rat renal cortical slices in the incubation 

medium from CTFE- and acivicin-exposed rat liver slices resulted in reduced toxicity. 

Acivicin also reduced the toxicity associated with CTFG but had no affect on the toxicity 

of CTFC. My enzyme activity data indicates that acivicin inhibits GGT almost 

completely when rat renal cortical slices are preincubated with acivicin. These data, in 

addition to the metabolism data from Chapter 2, indicate that CTFG is the primary 

metabolite from rat liver slices that causes toxicity in rat renal cortical slices. 

There has been recent research into whether additional toxicity could be caused by 

sulfoxidation of R-S-cys or R-S-cys-Nac (Lash et al., 1994; Sausen and Elfarra, 1991) 

Although there had been previous evidence that sulfoxidation occurs and could be 

responsible for the toxicity of cysteine conjugates, Sausen and Elfarra (1990) were the 

first to investigate the importance of this pathway. In this study they found that S-(l,2-

dichlorovinyl)-L-cysteine (DCVC) as well as S-benzyl-L-cysteine (BTC) inhibited the 

activity of SBC oxidase. It was also found that this activity was greater in renal 

microsomes than in hepatic microsomes. Subsequently, Sausen and Elfarra found that the 

sulfoxide of DCVC was a more potent toxicant than DCVC itself (1991). 

In my studies it was observed that inhibition of cytochrome P-450s with ABT, a 

potent suicide inhibitor of multiple cytochrome P-450s, did not decrease the 

nephrotoxicity associated with exposure to CTFE liver incubate. In these experiments, 

both the animals used for liver slices and the animals used for renal cortical slices were 



164 

injected with ABT, to assure that both tissues were inhibited. Had there been a decrease 

in toxicity following the ABT experiment, further experiments would have been 

performed where only one animal or the other was injected to determine in which tissue 

the activation was occurring. Since no decrease in toxicity associated with the injections 

of ABT was observed, it was not necessary to run the individual tissue experiments. 

Although inhibition of GGT reduced the toxicity associated with both CTFE liver 

incubate and CTFG, inhibition of the two dipeptidases that are the most likely enzymes 

for the breakdown of the cysteuiylglycine conjugate of CTFE did not reduce the toxicity 

associated with either CTFE rat liver incubate or CTFG. Lash and Anders (1986) had 

previously reported that rat renal cells were protected by the dipeptidase inhibitors 1,10-

phenanthroline and phenylalanylglycine when these renal cells were incubated with 

DCVG and DCVCG. Despite there being a lack of protection from inhibition with 

cilastatin and bestatin in my studies, data from the enzyme activity assay indicate that 

aminopeptidase M may be the enzyme involved in the breakdown of this conjugate since 

an unknown peak appeared after incubation with bestatin. Preincubation with bestatin 

was as effective as adding bestatin directly to the homogenate. 

Hiroto et al. (1985) purified both aminopeptidase M and dehydropeptidase 1 and 

found that cilastatin was effective at inhibiting dehydropeptidase I with very little effect 

on aminopeptidase M, while bestatin selectively inhibited aminopeptidase M. Other 

investigators have recently found that cilastatin blocked the breakdown of Hg-cys-gly in 

isolated perfused tubules and that cilastatin inhibited the uptake of Hg-cys-gly and of Hg-

cys (Zalups and Barfuss, 1998). Because this study was performed in isolated perfused 
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tubules, only luminal exposiore was studied. Since slices primarily allow basolateral 

exposure with little if any apical exposure, it may be possible that cilastatin does not gain 

access to the cell in this particular model. 

Bestatin did not inhibit the toxicity associated with CTFE rat liver incubate, but it 

may be that there are multiple enzymes involved in the breakdown of the cys-gly 

conjugate which bestatin is not affective against. It is also likely that the cys-gly 

conjugate could be transported into the cell without further metabolism and, once within 

the cell, it is then metabolized to a cysteine conjugate by an enzyme that is bestatin 

insensitive. A final hypothesis for bestatin not being effective against the CTFE rat liver 

incubate toxicity is that the inhibitor does not cause complete inhibition of 

aminopeptidase M, therefore allowing enough of the cysteine conjugate to form and cause 

toxicity in the renal cells. 

It has been proposed that cysteine P-lyase may be the enzyme responsible for 

metabolizing CTFC to reactive intermediates. P-lyase is a pyridoxal phosphate-

dependent enzyme that breaks cysteine conjugates down to pyruvate, ammonia and a 

reactive thiol (Stonard and Parker, 1971). Previous research with the pyridoxal phosphate 

inhibitor AOAA has yielded mixed results. 

I also attempted to reduce the toxicity of CTFE conjugates by blocking transport 

through two separate renal transporters. The organic anion transporter is located in the 

basolateral membrane and functions to remove organic anions from the body and excrete 

them into the urine. The neutral amino acid transporter flmctions to reabsorb filtered 

amino acids to prevent them from being lost in the urine (Christensen, 1984). In 1989, 
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Wolfgang and colleagues reported that probenecid, an inhibitor of the organic anion 

transporter, inhibited NAC-DCVC uptake but not DCVC uptake, while phenylalanine, an 

inhibitor of the neutral amino acid transporter, inhibited DCVC uptake but not NAC-

DCVC uptake into rabbit renal cortical slices. It was also reported that treatment of slices 

with 200 probenecid did not protect the slices from DCVC induced toxicity. The 

protective effect of phenylalanine was not investigated. The data obtained by Wolfgang 

and colleagues with probenecid is consistent with the data reported here. In these studies, 

treatment of rat renal cortical slices with probenecid, or phenylalanine did not protect the 

slices from CTFE conjugate toxicity. Lack of protection could be due to an incomplete 

inhibition of the transporters involved by their respective inhibitors. It also may be 

possible that since there are multiple steps in the degradation of CTFG in the kidney, 

these other compounds may enter the cell via other transporters, or there may be multiple 

transporters for the same compound. 

In experiments with isolated mitochondria, the toxicity of DCVC was diminished 

by the addition of AOAA, and the toxicity of CTFC was almost completely eliminated 

by the addition of 100 ^iM AOAA (Lash et al., 1986; Hayden and Stevens, 1990). At a 

higher level of complexity, in isolated rat renal proximal tubule cells, Dohn et al. (1985) 

found that incubation with 100 |iM AOAA eliminated the apparent toxicity of 100 |iM 

CTFC over 4 hr. Lash and Anders found that 100 |iM AOAA reduced the toxicity of I 

mM DCVC over 4 hr. In contrast, Boogaard et al. (1989) found that the addition of 1.0 

mM AOAA only improved the viability of rat proximal tubule cells by 50% at 3 hr. This 
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difference in results could be due to the difference in rat strains used and also could be a 

result of the sensitivity and specificity of the assays used to determine viability. 

Boogaard et ai. determined viability by measuring a-MG uptake into the cells which is a 

functional assay, and the other two studies used trypan blue dye exclusion and LDH 

leakage. 

The next higher level in complexity is culture of isolated renal proximal tubules. 

Groves et al. (1991) reported that treatment of isolated proximal tubules with 2.0 mM 

AOAA delayed, but did not eliminate, the toxicity of S-( 1,2,3,4.4-pentachloro-1,3-

butadienyl)-L-cysteine (PCBC) over 6 hr. hi 1993, Groves et al. further reported that 

AOAA reduced the toxicity associated with TFEC, but did not affect the toxicity of 

DCVC in rabbit renal proximal tubules. The difference in the ability of AOAA to protect 

the tubules from the toxicity of each of the different cysteine conjugates could be related 

to the structure of each of the compounds. While DCVC and PCBC are formed by an 

addition-elimination reaction, resulting in a vinyl cysteine conjugate, TFEC and CTFC 

are formed by an addition reaction resulting in the loss of the double bond. Since AOAA 

did not protect the tubules from the toxicity of DCVC and PCBC, it could be related to 

their structure being different from TFEC. The vinyl cysteine conjugate may exhibit non-

enzymatic metabolism to the reactive thiol, although in mitochondria, respiration was 

improved by the addition of AOAA on exposure to DCVC and PCBC. 

hi earlier studies with rabbit renal cortical slices, Wolfgang et al. (1989a, b) found 

that AOAA delayed toxicity induced by DCVC, but by 12 hr, AOAA offered no 

protection from DCVC-induced toxicity. In a more recent study, investigators found that 
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1.0 mM AOAA did not protect rabbit renal cortical slices from DCVC-induced toxicity 

over 3 hr of incubation (Davis and Petry, 1994). This last study is consistent with the 

results from these experiments in which AOAA did not protect the rat renal cortical slices 

from toxicity induced by CTFC, CTFG, or incubation medium from CTFE-exposed rat 

liver slices. Two concentrations of AOAA were used, but neither concentration had a 

protective effect. Because AOAA was ineffective at protecting the slices from toxicity, 

other pyridoxal phosphate inhibitors were tested. These other compounds, L-

penicillamine, isoniazid, and L-canaline, which have been shown to be effective at 

inhibiting other pyridoxal phosphate-dependent enzymes (Pestana et al, 1971; Levene and 

Carrington, 1985; BCito et al., 1978), exhibited no effect on the toxicity induced by CTFC. 

Of the compounds tested, only AOAA and L-canaline decreased the activity of p-

lyase in slice homogenates, and this inhibition was greater when the compound was 

added directly to the homogenate. Preincubation with either AOAA or L-canaline 

reduced the activity of P-lyase significantly, but not as significantly as when the 

compounds were added directly to the homogenate. These data could indicate that 

transport is an important issue in the inhibition from these two structurally-related 

compounds. In slices, the lirnien of the tubules collapses during culture due to active 

transport of molecules from the lumen and water follows by passive diffusion. If these 

compoimds are transported from the lumen and not from the basolateral side, then the 

compound may not have access to the cell. If this is the case, the inhibition observed in 

the homogenates from slices preincubated with either AOAA or L-canaline could have 

been caused by excess compound adhering to the slice in the intercellular space. When 
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the slices were homogenized, the remaining compound had access to the pyridoxal 

phosphate. 

There is mounting evidence that lipid peroxidation occurs in response to DCVC 

exposure, although the role of lipid peroxidation in nephrotoxicity remains unclear, hi 

isolated rat kidney cells, DCVC did not increase malondialdehyde (MDA) levels. In 

isolated renal cortical mitochondria and renal cortical tissue in mice (m vivo) and in vitro 

murine renal slices, MDA levels increased in response to DCVC. DCVC induces lipid 

peroxidation in rabbit renal proximal tubules. Davis and Petry used a rabbit renal cortical 

slice model to demonstrate a dose- and time-dependent increase in lipid peroxidation and 

a decrease in cellular viability (decreased intracellular potassiimi) during 3 hr incubation 

with DCVC. 



170 

General Discussion and Future Directions 

With the ongoing controversy over the use of animals for research, it has become 

necessary to develop in vitro methods that more closely mimic the in vivo situation. 

Precision-cut tissue slices have been used since the mid-1980s as an in vitro tool to study 

toxicity and metabolism in various organs of the body. Most of the these studies have 

focused on a single toxicant in a single organ slice (Parrish et al., 1995) or the interactive 

toxicity of two compounds in a single organ slice (Michaud, 1994). 

The primary goal of animal research is to attempt to apply the answers found in 

animals to the human situation. Since there are species differences in a compounds 

toxicity and metabolism, and even differences between individual of the same species, it 

can be difficult to extrapolate data from one species to another. To improve this 

interspecies interpretation of results, techniques should be developed where the 

methodology is as similar as possible between species. There are a number of 

interspecies and interstrain studies that have been performed utilizing precision-cut tissue 

slices as a model (Conners et al., 1990; Fisher et al., 1995; Lake et al., 1996). These 

studies have utilized single organ slice experiments to observe the differences in toxicity 

and metabolism between species and strains of animals. Because the techniques for 

producing slices firom himian donor organs is similar to that for preparing slices fi:om 

organs from other species, these animal studies are easily compared to slice experiments 

from human donor organs. 
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This study has taken a step towards increasing the complexity of the in vitro precision-cut 

tissue slice system while eliminating many of the complicating systemic factors that occur 

in vivo. With the biochemical and histological parameters studied, renal cortical slice 

viability was not adversely affected by culturing them in liver slice incubation medium. 

Renal slices were well maintained out to 24 hr. It was then demonstrated that rat renal 

cortical slices cultured in the incubation medium from CTFE-exposed rat liver slices did 

display toxicity and that this toxicity was primarily due to the metabolite, CTFG. CTFE 

did not cause toxicity in renal cortical slices without further metabolism in the liver 

slices. This is the first time that a metabolite of CTFE produced in a liver preparation has 

been incubated with a renal preparation and been shown to be toxic. No fiirther 

modification in other organs of the body was required to produce this toxicity. 

In Figure 59, I summarize the metabolism and transport of CTFE and its 

metabolites based on the data obtained in the current studies. It was found that 

glutathione conjugation and subsequent breakdown by GGT plays an important role in the 

toxicity of CTFE. This was determined by pretreating rats with BSO to deplete liver 

glutathione and inhibiting renal GGT with acivicin. Inhibition of other enzymes in the 

pathway was not as successful, although inhibition of aminopeptidase M by bestatin was 

shown in slice homogenate. Toxicity was not reduced when slices were incubated with 

inhibitors of cysteine p-lyase, as has been shown with previous studies. As discussed in 

Chapter 4, this is probably due to a lack transport of AOAA into the cells. This could be 

determined if the transport of AOAA were investigated. To date, no investigations into 

the transport of AOAA have been reported in the literature. 
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Figure 69 
Proposed Metabolism of Chlorotrifluoroethylene 

in Rat Kidney 
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In the kidney, the glomerular pressure also aids in forcing fluid through the 

tubules. In renal slices and proximal tubule culture, the glomerular pressure is absent and 

this results in the proximal tubules closing off. Also, because there is active transport of 

compounds from the lumen of the tubule, water follows the flow of osmolytes which 

results in the lumen collapsing. The fact that compounds do not have access to the lumen 

of the tubules in tissue slices, is one of the primary limitations of renal cortical tissue 

slices. The production of urine is an active process that requires secretion of certain 

compounds, such as organic anions and cations, into the lumen of the tubule, while 

reabsorbing molecules such as glucose and amino acids from the lumen. If AOAA, or 

other compounds are transported via the luminal membrane, then access is limited in 

renal cortical slices. A summary of how I propose that the inhibitors in these studies are 

transported into the renal proximal tubule cells is summarized in Figure 60. For in vitro 

studies requiring apical toxicant exposure, the perfused kidney, isolated perfused 

proximal tubule, or monolayer cell culture may be more appropriate models. These 

techniques could be coupled in that CTFE could be incubated with rat liver slices, and the 

medium from these incubations could then be transferred to a monolayer cell culture. 

Another physiological limitation of renal cortical slices is that some compounds produce 

toxicity in vivo when they are concentrated within the tubule. 
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Figure 70 
Proposed Patliway Of Uptake Of Acivicin, 

(Aminooxy)Acetic Acid, Cilastatin And Bestatin 
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Future Directions 

Recent advances in molecular biological techniques have a allowed for a new 

understanding of the molecular basis of toxicology. Tissue slices and the specific 

techniques developed for these studies could be utilized to investigate the induction of 

molecular markers of toxicity of CTFE and its conjugates. It has been demonstrated in 

LLC-PKl cells that, while DCVC elevated c-myc transcription, TFEC did not increase c-

myc transcription (Yu et al., 1994; Zhan et al., 1997). It was also noted that c-myc 

expression induced the cell to apoptotic events and away from necrosis (Zhan et al., 

1997). Otieno and Anders (1997) demonstrated that the binding activities of NF-KB were 

increased in LLC-PKl cells treated with both DCVC and CTFC. Recent work with 

precision-cut tissue slices has shown that toxicants induce the production of heat shock 

proteins (Wijeweera et al., 1995; Tumey et al., 1998; Zheng et al., 1998) as well as 

transcription factors (Tumey et al., 1998; Zheng et al., 1998) in cultured tissue slices. An 

advantage to looking at molecular markers of toxicity, besides the mechanistic 

information obtained, is that these markers can be induced with concentrations of 

compound that are sub-toxic by biochemical determination. 

Although in my experiments, inhibiting cytochrome P-450 showed negative 

results, it would be interesting to inhibit cytochrome P-450 and compare the toxicity of 

various cysteine conjugates in renal cortical slices. Since it is more likely that the vinyl 

cysteine conjugates are more toxic by metabolism to the sulfoxide, inhibition of 

cytochrome P-450 in renal cortical slices might help to elucidate whether this is a 
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significant mechanism for their toxicity. Also, besides the non-specific P-450 inhibitor 

used for this study, inhibitors of specific P450S could be used to determine which P-450s 

are involved in this toxicity. 

hi this study, I investigated the mechanism of toxicity of CTFE. This compound 

was chosen because there was previous information on aspects of its mechanism of 

toxicity and it could be used as a good model compound. The sequential incubation 

system developed for these studies could be utilized to study the mechanism of toxicity of 

compounds that are of clinical relevance. One compound that could be studied using the 

techniques developed here is degradative product of the volatile anesthetic sevoflurane, 

compound A. Compound A (fluoromethyl-2,2-difluoro-l-(trifluoromethyl)vinyl ether), is 

formed when sevoflurane reacts with the strong bases of in the carbon dioxide absorbents 

of anesthesia machines. Evidence has been presented that compound A is bioactivated by 

the same mechanism as the halogenated ethylenes (Kharasch et al., 1997). Using the 

sequential incubation system developed for these studies, the mechanism of toxicity of 

compound A could be further characterized. 

Finally, these techniques could be applied to other animal species to determine if 

the mechanism of toxicity of the cysteine conjugates that is observed in rats, occurs in 

other species. Because renal cortical slices are more easily prepared from species larger 

than rats, the techniques involved are easily transferred. Most importantly, sequential 

incubation could be used to determine if this mechanism of toxicity occurs in humans. 

Liver and kidney slices could be prepared from human donor organs that were found 
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unacceptable for transplant, and the toxicity of CTFE or other compounds could be 

determined. 
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APPENDIX A: ABBREVIATIONS 

ABT Aminobenzotriazole 
AOAA (Aminooxy)Acetic Acid 
ATP Adenosintriphosphate 
BHQ Brotnohydroquinone 
BSO L-Buthionine-[S ,R]-Sulfoxinune 
BTC S-(2-ben2othiazolyl)cysteine 
BUN Blood Urea Nitrogen 
C Ceicius 
CCI4 Carbon Tetrachloride 
CO2 Carbon Dioxide 
CTFC S-(2-chloro-1,1,2-trifluoroethyl)cysteine 
CTFCO S-(2-chloro-1,1,2-trifluoroethyl)cysteine sulfoxide 
CTF-cys-gly S-(2-chloro-1,1,2-trifluoroethyl)cysteinylglycine 
CTFE Chlorotrifluoroethylene 
CTFG S-(2-chloro-1,1,2-trifluoroethyl)glutathione 
Cyt P-450 Cytochrome P-450 
DCVC S-( 1,2-dichloroviny I)-L-cysteine 
DCVG S-( 1,2-dichlorovinyl)-L-glutathione 
Detox Detoxification 
DP Dipeptidase 
g grams 
y-GT y-Glutamyl Transpeptidase 
GGT y-glutamyl transpeptidase 
GPN y-glutamyl-p-nitroanilide 
GSH Glutathione 
GST Glutathione-S-T ransferase 
H&E Hemotoxylin and Eosin 
HCBD Hexachlorobutadiene 
Hg Mercury 
HPLC High Performance Liquid Chromatography 
i.p. Intraperitoneal 
r Potassium 
KCI Potassium Chloride 
da daltons 
Kg Kilogram 
I liter 
LDH Lactate Dehydrogenase 
MET 2-Mercaptobenzothiazole 
MDA Malondialdehyde 
MeOH Methanol 
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APPENDIX A: ABBREVIATIONS - Continued 

Hg microgram 
micromolar 

jam micron 
mg milligram 
min minute 
ml milliliter 
mm millimeter 
mM millimolar 
mmol millimole 
MS Mass Spectroscopy 
M/Z-1 Molecular Ion minus 1 
N Normal 
Nac-CTFC N-Acetyl- S-(2-chloro-1,1,2-trifluoroethyl)cysteine 
NAc-CTFCO N-Acteyl- S-(2-chloro-1,1,2-trifluoroethyl)cysteine sulfoxide 
NAc-DC VC N-Acetyl-S-( 1,2-dichlorovinyl)-L-cysteine 
NaOH Sodium Hydroxide 
nm nanometer 
nmol nanomole 
O2 Oxygen 
PAH para Aminohippurate 
PCBC Pentachlorobutadienylcysteine 
ppm Parts Per Million 
Rf Response Factor 
R-S-cys Cysteine Conjugate 
R-S-cys-NAc N-Acetyl Cysteine Conjugate 
SBC S-(2-benzothiazolyI)cysteine 
SEM Standard Error of the Mean 
TCA Trichloroacetic acid 
TEA Tetraethylammonium 
TFEC Tetrafluoroethylcysteine 
TLC Thin-Layer Chromatography 
v/v volume to volume 
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