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ABSTRACT 

M-741 (3,15 di-[5, 5-diinethyl-3-N[-(cyclopropylmethyl-iniijiri)-

(N-propylinixam] -l-cyclohex-l-enyl] -7,11,18,21-tetraoxa-3,15-

diazatrispiro [5.2.2.5.2.2] heneicosane produces 

hepa to toxicity in rats following intravenous administration. 

Hepatocellular pathology is characterized by parenchymal cell 

necrosis and inflammatory cell infiltration. Electron 

microscopic evaluation could not identify any treatment-

related effects on mitochondria or the production of 

cytoplasmic lysosomal lamellar bodies. The M-741-induced 

hepatotoxicity is not modified by manipulations of 

nutritional status (fasting), hepatic enzyme induction 

(phenobarbital) or interference (glutathione depletion) with 

potential detoxication pathways. The M-741 pharmacokinetic 

profile is best described by a three compartment model and 

displays a rapid distribution and terminal elimination. In 

contrast, hepatic tissue concentrations of M-741 are elevated 

following administration and prolonged tissue residence is 

observed. These data are consistent with rapid hepatic 

uptake and bioaccumulation of M-741. The M-741 

hepatotoxicity can be modelled in precision-cut hepatic 

slices in dynamic culture at concentrations which are 

measured during in vivo toxication. The toxicophore of the 
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M-741 is the enamino-ether quat moiety and not the spiro-

diamine portion of the molecule. Structural analogs of the 

enamino-ether quat also produced in vitro hepatotoxicity. 

The in vitro toxicity of M-741 demonstrated temperature 

dependence and the toxicity could be initiated by short, 30 

to 60 minute, pulsed exposure of the hepatic slices to M-741. 

These findings are consistent with rapid hepatocellular 

transport of M-741. Hepatic slices accumulated intracellular 

levels of M-741 during pulsed exposure. M-741 was 

transported against a concentration gradient and the 

transport displayed temperature dependence. Known substrates 

for cationic transport in hepatocytes, d-tubocurarine and 

triethylmethylammoniiom bromide, did not reduce M-741 uptake 

in hepatic slice competition experiments, however, the 

sensitivity of these measurements may have been inadequate to 

determine competitive effects on initial uptake velocities. 

Alternatively, M-741 may be transported intracellularly by 

absorptive endocytosis as has been demonstrated for other 

cationic compounds. 
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INTRODUCTION 

M-741 Discovery and Development 

M-741 (3,15 di-[5, 5-dimethYl-3-N[-(cyclopropylmethyl-

inium) - (N-propylinium] -1-cyclohex-l-enyl] -7,11,18,21-tetraoxa 

-3,15-diazatrispiro [5.2.2.5.2.2] heneicosane) [Compound I] 

(Figure 7) was designed and synthesized by the chemists at 

Ohio Medical Anesthetics as an acetylcholine receptor 

antagonist for therapeutic use as a neuromuscular blocking 

agent (Gala and Terrell, 1989) . M-741 represented a novel 

chemical entity for use as a non-depolarizing neuromuscular 

blocking agent. It differed from the chemical moieties which 

were historically recognized as neuromuscular blockers, such 

as the amino- and azasteriods, the tetrahydroisoquinolines 

and the dihydroisoquinolinium structures (Dewar, 1985). 

The pharmacodynamic profile of M-741 achieved the 

objectives of the synthetic program in that it produced rapid 

onset of action cind intermediate duration of blockade 

relative to the marketed standard agents, vecuronium and 

atracuri\jm. It produced a stable hemodynamic response even 

at several multiples of its effective neuromuscular blocking 



19 

dose and its blockade could be pharmacologically reversed by 

the administration of acetylcholinesterase inhibitors. 

Early preclinical indications of M-741 toxicity were 

found during hemodynamic evaluation of this compound in 

cynomolgus monkeys (Hassler et at., 1989). An extended period 

of anorexia (2 to 6 days) was apparent in M-741-treated 

primates. The study design did not include hematologic, 

clinical biochemistry or necropsy evaluation. Therefore, the 

toxicological profile of M-741 was not further characterized. 

The possible toxicological findings in primates 

prompted the further preclinical safety evaluation of M-741 

in beagle dogs. Dogs were evaluated for M-741 treatment-

induced effects on cardiovascular parameters, body weight, 

food consxamption, and hematology and clinical chemistry 

parameters (Ellis et al.,1989). Animals received an M-741 

induction dose and a series of maintenance doses {totaling 

8.23 mg/kg) during the two hour treatment regimen. 

Cardiovascular parameters were stable during the M-741 

exposures. Following recovery from exposures, all study 

animals were hypoactive and displayed repetitive emetic 

episodes. Animals were anorectic and displayed body weight 

loss during the 5 day post-treatment observation period. 

Thrombocytopenia was observed as were elevations of serum 
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lactate dehydrogenase, aspartate aminotransferase, alanine 

aminotransferase, creatinine phosphokinase, creatinine and 

blood urea nitrogen suggesting that M-741 induced hepatic and 

renal target organ toxicity. 

Based on these findings, which demonstrated an 

unacceptable margin of safety for M-741 relative to projected 

clinical dosages, the further development of this compoiind 

was terminated and the investigations described in this 

dissertation were initiated in an effort to examine the 

mechanisms of the M-741-induced hepatotoxicity. 

Dis-position of Neuromuscular Blockers 

Hepatic circulation is unique in that it has two 

afferent blood supplies, the hepatic artery and the portal 

vein, and is designed to facilitate exposure of absorbed 

nutrients and toxins to hepatocytes and reticuloendothelial 

cells (Campra and Reynolds, 1988). In addition, the liver 

displays highly efficient hepatic extraction of many 

compounds from the blood, even those agents which are highly 

bound to plasma proteins (Meijer et al.,1989). As a result, 

it is possible for circulating toxicants to be cleared from 

the circulation by the liver and thereby concentrate in this 
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potential target tissue. Since the disposition and 

toxicokinetics of a chemical may significantly impact the 

ability of the agent to produce cellular injury, the 

evaluation of these parameters may aid in the understanding 

of its toxic action (Peck et al.,1992). 

The disposition of neuromuscular blocking agents, all 

of which share a mono- or divalent cationic structure, has 

been studied by a number of investigators (Mol et al., 1992b, 

Blom et al.,1982 and Meijer et al.,1976). The liver has been 

shown to play an important role in the uptake and elimination 

of mono- and bisquatemary ammonium compounds and in the case 

of the neuromuscular blockers d-tiabocurarine and pancuronium, 

plasma clearance is dependent upon hepatic uptake (Mol et 

al.,1992b). 

Hepatic Organic Cation Uptake 

The clearance of cationic molecules by the liver likely 

results from the combination of several factors. In the 

liver a discontinuous endothelial capillary allows free 

contact of circulating cationic molecules with the hepatocyte 

cell surface, which is in contrast to that found in other 

organs where the capillary presents a barrier between the 
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vascular and interstitial spaces (Nishida et al.,1990). The 

transport of cationic molecules in the liver has been 

documented (Schanker and Solomon, 1963). Indeed, carrier-

mediated transport of compovinds occurs in various tissues and 

largely affects their rate of distribution and elimination. 

Translocation mechanisms have been identified in the kidneys, 

mucosal cells in the gut, chorioid plexus and the liver 

(Meijer et al.,1990). Research has demonstrated that there 

exists a family of transporters in the liver which are 

functionally characterized by their ability to transport 

either mono- or divalent organic cations into the hepatocyte 

(Steen et al.,1991). Endogenous substrates for this 

transport system may include choline and thiamine as well as 

nicotinamide riboside (Meijer et al.,1990). 

Monovalent organic cations are s\ibstantially removed 

from the circulation by the liver and no clear relationship 

with lipophilicity is observed. Important to monovalent 

cation transport, however, is the presence of a planar ring 

structure some distance from the cationic moiety. For 

bivalent organic cations, a molecular weight threshold of 500 

to 600 Da has been proposed, with lipophilicity an important 

factor. This high molecular weight threshold may reflect the 

amount of apolar elements in the molecule which are necessary 
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to balance the bivalent character (Meijer et al.,1990). In 

the transport of both monovalent and bivalent cations, a 

carrier-mediated process appears to be involved, as transport 

is foxind to be saturable, to occur against a concentration 

gradient, to display temperature dependence, to require 

metabolic activity and to be inhibited by stiructurally 

similar agents (Steen et al.,1991). Photoaffinity labeling 

studies have tentatively identified the carrier proteins 

responsible for cationic transport. Azidoprocainamide 

methoiodide, a photoaffintiy label for the monovalent (Type 

I) organic cation transporter labels two membrane 

polypeptides with apparent molecular weight of 48,000 and 

72,000 (Mol et al.,1986). Photoaffinity labeling with N-

propyl-deoxyajmalinium, a model compoxind for the bivalent 

(Type II) transporter, identified two plasma membrane binding 

polypeptides with apparent molecular weight of 48,000 and 

50,000 (Mol et al.,1988) . 

It has also been demonstrated that hepatic organic 

cationic transport can result from an alternate mechanism. 

Several compounds, such as the diquatemary fluorescent dye 

lucigenin (Braakman et al.,1989) and a cationic mitomycin C 

dextran conjugate (Nakane et al.,1988), are internalized into 

hepatocytes via absorptive endocytosis. Absorptive 
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endocytosis is known to be involved in the renal proximal 

txibular transport of nephrotoxic aminoglycoside antibiotics 

(Laurent et al.,1990). In addition, the organic cation, Nl-

methylnicotinamide has been shown to be transported in 

basolateral rat liver membrane vesicles with uptake 

characteristics that are consistent with transport via an 

organic cation-H* antiporter (Moseley et al., 1990). 

Hepatotoxicitv of Organic Cations 

While hepatotoxicity is an uncommon finding for the 

cationic neuromuscular blocking agents of the amino- and 

azasteriod, tetrahydroisoquinoline and dihydroisoquinolinium 

structural classes, it has been shown that for several 

neuromuscular blocking agents, the hepatic uptake of these 

agents may proceed at a rate that exceeds their excretion 

into bile, thus resulting in accumulation of the drug in the 

liver (Mol et al.,1992 and Meijer et al.,1990). There appear 

to be several components which may contribute to the 

acciimulation of these compounds in hepatic tissue. Studies 

suggest that in the liver there may be multiple translocation 

steps for elimination of cationic molecules, with active 

carrier-mediated transport occurring at both the sinusoidal 
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and the canalicular membranes, and that the kinetics of 

transport for some cationic compounds, such as pancuronium, 

may differ at these transporters (Mol and Meijer, 1990). For 

other organic cations, hepatic sequestration results from the 

association of these molecules with cellular organelles. The 

steroidal compounds, vecuronium and ORG 6368, are 

predominantly localized in the hepatic nuclear and 

mitochondrial subcellular fractions (Mol and Meijer, 1990) 

whereas d-tubocurarine is accumulated in hepatic lysosomes 

(Blom et al., 1982). Endosomal/lysosomal sequestration of 

the diquatemary fluorescent dye, lucigenin, limits its 

biliary output following absorptive endocytosis in 

hepatocytes (Meijer et al.,1990). 

Mitochondrial sequestration of organic cations could 

result from either passive equilibration due to the 

mitochondrial membrane potential (Arora et al.,1990 and Singh 

et al.,1991) or via active carrier-mediated mitochondrial 

uptake (Albores et al.,1990). Mitochondrial uptake and 

sequestration of the cationic metabolite of l-methyl-4-

phenylpyridinium, and its subsequent inhibition of 

mitochondrial respiration, has been associated with the 

toxicity of this agent in primary cultures of mouse 

astrocytes (DiMonte et al.,1986) and rat hepatocytes (Wu et 
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al.,1990). Other organic cations such as N-methylated P-

carboline derivatives (Albores et al.,1990) and dequalinium 

and rhodamine 123 (Christman et al., 1990) undergo 

mitochondrial uptake and retention and produce cytotoxic 

effects. 

A growing body of research has demonstrated that the 

toxic potential of compounds may result from their 

intracellular transport and formation of lysosomal lamellar 

bodies (Reasor et al.,1989). Such toxicity has been 

demonstrated for the cationic amphiphilic molecules 

amiodarone (Reasor et al.,1989), some aminoglycosides 

(Laurent et al.,1990) and trospectomycin (Cox et al.,1989). 

While a variety of cationic amphiphilic molecules may induce 

formation of lysosomal lamellar bodies, these cellular 

inclusion bodies are not consistently associated with 

toxicity (Ruben et al., 1992). For those compounds which do 

produce toxicity following lysosomal storage, it appears that 

toxicity is mediated through the inhibition of phospholipid 

catabolizing enzymes, phospholipases A and C, and the 

production of a lysosomal phospholipidosis (Ruben, 1992) . 
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Dissertation Hypothesis and Research Objectives 

The hypothesis of this doctoral dissertation may be 

stated as follows: M-741 is directly hepatotoxic and exerts 

its toxic action subsequent to its hepatocellular transport 

and sequestration. 

In order to test this hypothesis, a series of questions 

were posed which described the research objectives of the 

investigations. 

1. Is M-741 directly hepatotoxic or is the toxicity 

secondary to other events? Potential mechanisms of toxicity 

resulting from secondary events would include anoxic injury 

due to the pharmacologic action of M-741 (respiratory 

paralysis) or via the initiation of conditions of oxidative 

stress. 

2. Is the in vivo disposition of M-741 related to the 

observed toxicity? 

3. What is the toxicophore of the M-741 molecule? The 

complex structure of M-741 is unrelated to classical 

hepatotoxicants such as carbon tetrachloride. Identification 
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of the toxicophore would allow more specific investigation of 

toxicologic mechanism. 

4. Is hepatocellular transport involved in the observed 

toxicity and can transport processes be manipulated? 

5. Are hepatic mitochondria the subcellular target of M-741 

toxic action? 
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METHODS 

Chemicals 

Basal Medium Eagle vitamin solution. Basal Medium amino 

acid solution and L-glutamine were purchased from Gibco BRL 

(Grand Island, NY) . Gentamycin sulfate was purchased from 

Schein Pharmaceutical Inc. (Port Washington, NY). BCNU (1,3-

bis(2-chloroethyl)-1-nitrososurea) was purchased from Liberty 

Drug (Madison, NJ) . Sodiiom phenobarbital was purchased from 

Mallinckrodt Chemicals, Inc. (St. Louis, MO) . Menadione 

sodiiim bisulfite, benzyl viologen dichloride salt, dicumarol, 

1-buthionine-[S, R]-sulfoximine (BSO) and transaminase kits 

58-UV and 59-UV were purchased from Sigma Chemical Co. (St. 

Louis, MO) . Diisopropylidene acetone, triethylmethylammonium 

bromide and d-tubocurarine chloride pentahydrate were 

purchased from Aldrich Chemical Company, Inc. (Milwaukee, 

WI). [^H]-Leucine (specific activity 5.0 Ci/mmole) was 

purchased from New England Nuclear (Boston, MA) . All other 

chemicals used were of the purest analytical grade 

commercially available. 

Synthesis and Analysis of M-741 

M-741 and enamino analogs were synthesized by Dr. Kanti 

Gala, Anaquest Chemistiy (Murray Hill, NJ) (Terrell and Gala, 

1989) . 
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To synthesize the spire-diamine moiety [Compound II] 

(Figrure 7), a mixture of pentaerythritol and 4-4-dihydroxy 

piperidone hydrochloride in the presence of p-toluenesulfonic 

acid monohydrate was heated under reflux in toluene in a 

Dean-Starks reflux apparatus. After collection of water, the 

reaction mixture was cooled and decanted. The resulting 

hydrochloride salt was triturated with methanol and then 

collected by filtration. The hydrochloride salt was 

dissolved in a minimum amount of water and was filtered to 

remove insoluble material. The filtered product was combined 

with a 50% aqueous sodium hydroxide solution until a pH of 11 

was attained. The resulting solid white product was 

extracted with chlorofom, the chloroform extracts washed 

with water and dried over sodium sulfate. The chlorofoirm was 

evaporated and the solid product was dried to obtain the 

spiro-diamine (melting point 133°- 135°). 

To synthesize the enamino-ether moiety [Compoxind III] 

(Figure 7), N-propylcyclopropanemethylamine and 5,5-dimethyl-

1,3-cyclohexanedione were added to toluene and heat under 

reflux using a Dean Stark trap. The reaction mixture was 

evaporated in vacuo to afford a red-orange oil which was 

purified on an alxamina column eluting with 1:1 ethyl 

acetate/hexane to afford the enamino-ketone. The enamino-
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ketone was treated with methyl iodide and refliaxed •until a 

precipitate formed. The reaction was cooled and ethyl 

acetate was added with stirring and the precipitate was 

filtered and recrystallized from methanol/ether to form the 

pure ether quat (melting point 148°-149°) . 

To synthesize M-741 [Compound I] (Figure 7) , a mixture 

of II and III were added to methanol and stirred at room 

temperature for 48 hours. The solvent was evaporated and the 

remaining material was purified by an alimina column using 

ethyl acetate as a solvent and then eluting with ethyl 

acetate:methanol (9:1). The solid material was stirred in 

ethyl acetate, dried and collected (melting point 125°-131°) . 

M-741 strxicture and purity were confirmed by melting 

point analysis (m.p. 125°-131°), FAB/MS analysis 

(fragmentation ion at m/z = 813.5 [M-Br]') and proton and 

carbon NMR methods (SGON, COSY, DQF-COSY, HETCOR and INAPT). 

In Vivo M-741 Exposures 

Adult male Sprague-Dawley rats (Hill Top Lab Animals, 

Scotsdale, PA) weighing 220-340 grams, were housed in hanging 

wire cages and provided tap water and commercial rodent chow 

ad libitum. Animals were acclimated to a temperature and 
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hxomidity controlled vivarium and maintained on a 12 hour 

light/dark cycle for a minimum of 7 days prior to use. 

In vivo administrations of M-741 were given via 

intravenous injection (lateral tail vein) in a volume of 1 

ml/kg as a solution in 0.9% saline. For toxicity 

evaluations, experimental group sizes were typically 7 male 

rats/group. Experimental group sizes were reduced during 

pharmacokinetic analyses (4 male rats/group), ultrastructural 

pathologic investigations (4 male rats/group) and hepatic and 

renal M-741-tissue retention studies (3 male rats/group). 

During experiments investigating the effect of 

glutathione depletion on M-741 hepatotoxicity, animals were 

given an intraperitoneal injection of BSO (7 mmol/kg) (Bhatt 

et al.,1988) or an intraperitoneal injection of 

diisopropylidene acetone (250 mg/kg) (Traber et al.,1992) 

prior to challenge with intravenous injection of M-741. 

During in vivo toxicity evaluations and at the 

appropriate time point for each experiment, study animals 

were anesthetized with isoflurane, the abdominal cavity 

opened and the diaphragm severed. A sample of whole blood 

was collected from the inferior vena cava and permitted to 

clot and servun recovered. Serum transaminase activities were 

assessed as markers of hepatic injury using Sigma kits 58-UV 
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and 59-UV (Sigma Chemical Company, St. Louis, MO.) modified 

for use with a UVMax kinetic microplate reader (Molecular 

Devices Corporation, Palo Alto, CA.). 

On selected studies, a sample of liver tissue was 

immersed in 10% neutral buffered formalin. Fixed tissues 

were processed through paraffin, sectioned at 6 mm and 

stained with hematoxylin and eosin (Pathology Associates, 

Inc., Frederick, MD) . Light microscopic evaluation was 

performed to assess cellular injury. Severity scores were 

determined by evaluating the extent of the specimen 

displaying necrosis use a four point scale (1-slight, 2-mild, 

3-moderate, 4-marked) . 

For ultras true tural examination, study animals were 

anesthetized with isoflurane and livers perfused with 

McDowell-Trump fixative which was composed of; 86 ml 

distilled-deionized water, 10 ml 37% formaldehyde, 4 ml 25% 

glutaraldehyde, 1.16 g sodiiim phosphate monobasic and 0.27 g 

sodium hydroxide (final pH 7.3)(Pathology Associates Inc., 

Durham, NC) . Fixed tissues were processed through plastic 

ultrathin section and osmium tetroxide staining and electron 

micrographs were prepared (Pathology Associates, Inc., 

Durham, NC) . 
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High Performance Licaiid ChromatocrraDhv of M-741 

Liver slices (25 mg) were recovered from in vitro 

tissue incubations, blot dried and added to 1.0 ml of HPLC 

mobile phase. Liver or kidney samples from in vivo 

experiments (250 mg tissue) were excised from cervically 

dislocated rats and added to 10 ml of HPLC mobile phase. 

Tissue samples were homogenized with a Potter-Evehjem tissue 

homogenizer (tissue from in vivo study) or by sonic 

disruption (tissue from in vitro study). Homogenized samples 

were centrifuged for 10 minutes at 10,000g (Microfuge 12, 

Beckman Instruments Inc., Palo Alto, CA) to precipitate 

tissue residue. The resulting supernatant was filtered 

through a Gelman Acrodisc Nylon syringe filter into an HPLC 

sample vial. The filtrate was then ready for injection into 

the chromatographic system. 

The HPLC system consisted of a Spectroflow 400 solvent 

delivery system (ABI Analytical - Kratos Division, Ramsey, 

NJ) , a Spectra-Physics SP8780 autosampler (Spectra-Physics, 

San Jose, CA) equipped with a 100 ml sample loop, a 

mBondapak™ CN guard column insert (Waters - Millipore, 

Milford, MA), a Zorbax CN (25 cm length, 4.6 mm internal 

diameter) colijmn (DuPont, Mac-Mod Analytical, Inc., Chadds 
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Ford, PA) , a Spectroflow 783 programmable absorbance detector 

and a Spectra-Physics SP4290 integrator. 

The mobile phase consisted of acetonitrile, water (HPLC 

grade) , tetrahydrofuran, formic acid and ammonixim hydroxide 

(74:24.5:0.5:0.5:0.5, v/v/v/v/v) . Samples (100 ml) were 

assayed by reverse-phase high performance liquid 

chromatography at a flow rate of 1.5 ml/min. M-741 was 

retained for 19 minutes and resolved from interfering 

substances. 

M-741 Pharmacokinetic Analvsis 

The pharmacokinetic analysis of M-741 was perfointied 

using compartmental methods. Mono-, bi- and tri-exponential 

equations were fitted for the unweighted plasma samples of 

the M-741 concentrations-time data from individual rats after 

intravenous dosing using nonlinear least squares regression 

analysis (PCNONLIN, version 4.0, Statistical Consultants 

Inc., Lexington, KY) . The optimal number of exponentials was 

established using Akaike information criterion (Yamaoka et 

al.,1978). The coefficients and exponents of the exponential 

equations were used to calculate the relevant pharmacokinetic 

parameters according to established procedures (Gibaldi and 

Perrier, 1982). 
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Preparation of Hepatic Slices 

Male Sprague-Dawley rats (275-300 grams) were killed by 

cervical dislocation. Male Beagle dogs (Hazleton 

Laboratories, Denver, PA) were administered isoflurane by 

face mask until anesthesia was induced at which time the 

animals were intubated and anesthesia maintained with 

isoflurane and mechanical ventilation. In each species, 

livers were rapidly excised through a midline incision and 

immediately placed in Krebs-Henseleit-HEPES media (pH 7.4) 

supplemented with amino acids, vitamins, glucose, 1-glutamine 

and gentamicin (Fisher et al., 1990). Tissue cores were 

prepared with an 8 mm (internal diameter) tissue biopsy p;inch 

(Acu-Punch, Acuderm Inc., Ft. Lauderdale, FL) . Tissue slices 

(25 - 30 mg wet weight) were prepared from the tissue cores 

using a Krumdieck mechanical tissue slicer (Krumdieck et al., 

1980) . The slicer was filled with Krebs-Henseleit-HEPES 

media. 

Hepatic Slice Inciibation 

Hepatic slices were incubated according to the method 

of Smith et al., (1987). Tissue slices in the Krebs-

Henseleit-HEPES media were floated onto stainless steel mesh 

(260 mm pore size) cylinders (1.2 mm internal diameter) 
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equipped with two stainless steel wheels (1.6 mm internal 

diameter). These screen supports were blotted dry and loaded 

horizontally into glass scintillation vials containing 1.7 ml 

of Krebs-Henseleit-HEPES media. Vials were capped with 

rubber septa and aerated with 100% oxygen (menadione 

incubations) or were capped with alximinum-lined caps under 

air {M-741 and benzyl viologen incubations) and incubated in 

roller culture. Incubation temperature was routinely 

maintained at 37°C except diiring M-741 uptake and pulsed 

exposure studies where the influence of incubation 

temperature (37, 25 and 5°C) was evaluated. 

During concentration-response toxicity evaluations, M-

741 was dissolved in incxibation medium and serial dilutions 

were prepared such that a 50 ml addition to the incubation 

vial achieved the appropriate test concentration. During 

hepatic slice M-741 uptake studies, M-741-containing 

incubation media was prepared by dissolving the appropriate 

amount of M-741 in media to achieve the final desired 

concentrations (100 or 25 mM) , in order to eliminate vial to 

vial variation in M-741 content. 

During oxidative toxicant studies, menadione and benzyl 

viologen were dissolved in distilled water and serial 

dilutions were prepared such that a 50 ml addition to the 
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inciibation vial achieved the appropriate test concentration. 

Dicumarol and BCNU were dissolved in ethanol at 

concentrations such that when added to the inciobation media 

ethanol concentrations did not exceed 0.15% (v/v) . 

Hepatic Slice Potassium Content 

The content of potassium remaining in cultured hepatic 

slices has been employed as an index of cell viability (Smith 

et al.,1985). Hepatic slice potassium content was measured 

according to the method of Fisher et al., (1990). Slices 

were recovered from the incubation vial, blotted dry, 

weighed, and placed into 1.0 ml of distilled water. The 

tissue was then homogenized by sonication (Heat Systems-

Ultrasonics Inc., Farmingdale, NY) and protein was 

precipitated by addition of 20 ml of 70% perchloric acid. 

Homogenates were centrifuged for 10 minutes at 12,000g 

(Microfuge 12, Beckman Instruments, Inc., Palo Alto, CA) and 

the supernatant fraction assayed for potassium on a flame 

photometer (Perkin Elmer, Model CA-51, Oak Brook, IL) . 

Potassixim concentrations were calculated based on a standard 

curve prepared with potassium chloride. Potassiimi results 

were normalized to slice weight and were reported as percent 
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control potassixam content of conciirrent control slice 

incxibations. 

Hepatic Slice Protein Synthesis 

Inhibition of protein synthesis in cultured hepatic 

slices has been employed as a sensitive indicator of cell 

viability (Fisher et al.,1990). Protein synthesis in hepatic 

slices during in vitro incubation was measured as reported by 

Fisher et al., (1990). leucine was added to the Krebs-

Henseleit-HEPES media at a concentration of 0.3 mCi/ml of 

media. Slices were incubated in the media and at the 

appropriate incubation time point slices were recovered and 

sonicated (Heat Systems-Ultrasonics Inc., Farmingdale, NY) in 

1.0 ml of 1.0 N KOH. Aliquots (20 ml) of the resulting 

homogenates were analyzed for protein content by the method 

of Bradford (1976) . The remaining homogenate samples were 

centrifuged for 30 minutes at 3,000g (Centrifuge model J2-21, 

Beckman Instruments Inc., Palo Alto, CA) after the addition 

of an equal volume of 1.5 N acetic acid. The resulting 

pellets were resuspended in 2.0 N acetic acid and 

recentrifuged. The final pellet was soliibilized in 0.5 ml of 

0.5 N NaOH and the ^H-leucine incorporated into acid-

precipitable protein was determined by counting a 0.4 ml 
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aliquot of the solution after neutralization with 125 ml of 

2.0 N HCl (Packard Tri-Carb 1900TR, Meriden, CT) . Results 

were reported as dpm ̂ H-leucine/mg slice protein. 

Hepatic Slice Intracellular Glutathione 

Hepatic glutathione plays an important role in cellular 

antioxidant defense and its depletion may sensitize the cell 

to an imposed oxidative stress (Meister et al.,1988). The 

cellular levels of glutathione were measured during in vitro 

toxicant exposures. Hepatic slices were recovered from the 

incubation vial, blotted dry, weighed and sonicated in 1.0 ml 

of distilled water. An aliquot (200 ml) of the homogenate 

was added to 20 ml of 5% 5-sulfosalicylic acid, vortexed and 

centrifuged 10 minutes at 12,0G0g (Microfuge 12, Beckman 

Instruments, Inc., Palo Alto, CA) . Glutathione content was 

measured spectrophotometrically using Ellman's reagent 

according to the method of Sedlak and Lindsay, (1968) with a 

UVmax Kinetic Microplate Reader (Molecular Devices Inc., Palo 

Alto, CA.) . Results were normalized to slice weight and are 

reported as percent control glutathione content of concurrent 

control slice incubations. 
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In Vitro Lipid Peroxidation 

Oxidative attack of unsaturated fatty acid constituents 

of cellular membranes represents a potential mechanism of 

toxicant-induced cellular injury (Bridges et al.,1983). The 

ability of benzyl viologen and M-741 to produce lipid 

peroxidation was measured in hepatic slices. Dual hepatic 

slice per scintillation vial incxibations were conducted when 

lipid peroxidation was measured. At the appropriate time 

point, 1.0 ml of incubation media was recovered from the 

incxibation vial and was added to 1.0 ml of 10% 

trichloroacetic acid and 1.0 ml of 0.67% thiobarbituric acid 

and heated in a water bath (Brinkman Instruments Inc., 

Westbury, NY) at 95° C for 45 minutes. Samples were 

centrifuged for 10 minutes at 3,000g (Centrifuge Model J2-21, 

Beckman Instrrraients, Inc., Palo Alto,CA) and the 

supematants extracted with 4.0 ml of 1-butanol. 

Thiobarbituric acid-reactive sxibstances were measured 

spectrophotometrically according to the method of Beuge and 

Aust, (1978) using a Gilford Response spectrophotometer. 

Results were normalized to hepatic slice protein and are 

reported as nmol/lGO mg protein. 
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Measurement of In Vitro Mitochondrial Function 

Mitochondrial function was assessed by incubation of 

hepatic slices with 3-(4,5-dimethylthiazol-S-yl)-2,5-

diphenyl-tetrazolium bromide (MTT) at a concentration of 0.5 

mg/ml (Azri et al., 1992). Following the appropriate 

duration of incxabation, hepatic slices were transferred to 

dimethyl sulfoxide (2 ml) and the insoluble MTT-formazan was 

extracted. MTT-formazan absorbance was measured 

spectrophotometrically at 560 nm and was normalized to 

hepatic slice weight. Data are reported as percent MTT-

formazan production relative to control slice incxibations. 

Statistical Analvsis 

During in vitro hepatic slice studies, each slice was treated 

as a separate experimental unit. To account for biological 

variation, individual treatment groups were conducted in 

replicate (n=4) and experiments were repeated in replicate 

{n=3-4) . Values from in vitro or in vivo experiments were 

pooled and compared to concurrent control values by analysis 

of variance followed by Newman-Keuls multiple comparison 

post-hoc test (Pharmacological Calculation System, version 



43 

4.0). A 0.05 level of probability or less was used as the 

criteria of significance. 
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RESULTS 

Chapter 1 

Effect of Intravenous Administration of M-741 to Rats 

Acute intravenous administration of M-741 to groups (7 

animals/group) of male Sprague-Dawley rats at doses of 2, 4 

or 8 mg/kg produced dose-dependent hepatotoxicity as 

evidenced by elevated semm transaminase values, alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) . 

These dosages were chosen based on preliminary 

investigations which determined that they were subtherapeutic 

for the neuromusculax blocking properties of M-741. A 

threshold dose for the production of hepatotoxicity was 4 

mg/kg, as 2 mg/kg was without adverse effect. Transaminase 

values were determined at 3, 6, 12 and 24 hours following M-

741 administration. The transaminase values were 

significantly elevated (p<0.05) at 12 hours in the 4 and 8 

mg/kg dose groups and this elevation was maintained at the 24 

hour time point (Table 1). 

In order to further investigate the time course of M-

741 hepatotoxicity and to correlate the elevation in serum 

transaminase values with histopathologic changes, groups of 

male Sprague-Dawley rats were administered M-741 (5 mg/kg via 
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Table 1. Dose-response and time course of serum 

transaminase elevations in male Sprague-Dawley 

rats following intravenous M-741 administration. 

Treatment 

Group 

3 Hours 6 Hours 12 Hours 24 Hours 

ALT (IU/1) 

Saline ND ND ND 38 3 

2 mg/kg 38 ± 2 36 ± 2 46 ± 3 40 ± 2 

4 mg/kg 36 ± 1 36 ± 2 91 + 22 199 + 73* 

8 mg/kg 44 + 6 44 ± 3 622 ± 267' 551 ± 153' 

AST (IU/1) 

Saline ND ND ND 31 + 3 

2 mg/kg 51 + 2 44 ± 4 59 ± 3 46 + 3 

4 mg/kg 53 ± 5 47 ± 3 139 ± 32' 239 ± 87' 

8 mg/kg 62 + 9 58 ± 6 1310 + 911' 1183 ± 455' 

Transaminase values represent the mean (S.E.M.). 

'significantly different from saline control group (p<0.05). 
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intravenous injection) and these parameters were evaluated at 

3, 6, 9, 12, 18, 24, 48 and 72 hours post-dose. As was 

obseirved in the dose-response study, transaminase values were 

significantly (p<0.05) elevated at 12 hours. Serum 

indicators progressively increased at 18 and 24 hours to peak 

values, which were observed at 48 hours post-dose. 

Transaminase values were decreased at the 72 hour time point 

(Figure 1). Microscopic evaluation of hepatic tissue 

determined no remarkable changes at 3 hours and mild 

congestion in several animals at the 6 and 9 hour time 

points. Coagulative necrosis of minimal and mild severity 

was initially observed at 12 hours. This was accompanied by 

mild leukocytosis and sinusoidal ectasia. The same 

histopathologic profile was observed at the 18 hour time 

point, but the severity of the necrosis was increased. 

Coagulative necrosis progressed in severity in the 24 hour 

group and initial signs of inflammatoiry infiltration were 

present. The severity of the necrosis and the inflammatory 

infiltration were similar at the 48 and 72 hour time points 

with the only marked difference between the groups being 

signs of mild hepatocellular hyperplasia and mitosis at 72 

hours (Appendix II) . 
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Figure 1. In vivo time course of serum transminase elevation 

in male rats administered M-741 (5 mg/kg, i.v.). 

'significantly different from control transaminase level 

{(p<0.05). 
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Electron Microscopic Assessment of M-741 Hepatic Pathology 

In order to determine if M-741 administration produced 

cytoplasmic vacuoles or effects on hepatocellular 

mitochondria, electron microscopic evaluation was conducted 

on liver tissue of control and M-741 treated rats. Groups of 

male Sprague-Dawley rats (4 animals/group) were killed at 12 

and 24 hours after receiving a 5 mg/kg intravenous dose of M-

741 and control animals were killed 24 hours after saline 

injection. The livers were perfused with McDowell-Trump 

fixative in order to achieve optimal fixation prior to 

processing for ultrastruetural evaluation. 

M-741 treatment did not produce cytoplasmic vacuoles 

nor was there any apparent effect on mitochondrial structure. 

The cristae of some mitochondria appeared to be swollen, but 

there was no indication that this change was a precursor to 

mitochondrial degeneration. Matrix granules were present in 

mitochondria from most animals and a few mitochondria 

appeared to be degenerate and within membrane-bound 

stoructures, probably autolysosomes. It was unclear whether 

these effects were a result of M-741 treatment. 
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Pharmacokinetics of M-741 

The plasma clearance of M-741 was investigated in 

groups of male Sprague-Dawley rats (4 animals/group) after 

an intravenous bolus dose of 5 mg/kg. Plasma levels of M-741 

rapidly decreased following intravenous M-741 administration 

(Figure 2) . Pharmacokinetic modeling of the data was best 

defined using a three compartment model (Table 2) . Maximal 

plasma concentration of M-741 was 51.9 ± 2.4 mg/ml. The 

pharmacokinetic profile displayed a very rapid distribution 

phase (ti/2a 0.6 ± 0.02 minutes, ti/2b 21.6 ± 7.3 minutes) 

followed by a more prolonged terminal elimination phase 

(ti/2g 328 + 299 minutes) . The volume of distribution (Vd) 

was 28.9 + 1.4 ml and the volume of distribution at steady 

state (Vss) was 3.1 + 2.4 1. 

Hepatic and Renal Retention of M-741 

The hepatic and renal tissue retention of M-741 was 

determined in male Sprague-Dawley rats (3 animals/time point) 

after an intravenous bolus dose of 5 mg/kg. M-741 was found 

in hepatic and renal tissue samples at all time points, 

including the final sampling point at 96 hours post-dose 

(Figure 3) . Normalizing the tissue levels of M-741 to 

percent of administered dose demonstrated that at 1 hour 
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post-treatment 25% and 7% of the total M-741 dose was found 

in the liver and kidney, respectively. Thereafter, M-741 was 

slowly cleared from these tissues during the observed time 

course and the tissue t^^^ for the liver and kidney were 35 

and 57 hours, respectively. 

Effect of Phenobarbital on M-741 Toxicity 

The role of cytochromes P-450 metabolism in the 

hepato toxicity of M-741 was evaluated in phenobarbital-

induced male Sprague-Dawley rats. Following treatment to 

achieve enzyme induction (Maiorino et al.,1987), groups of 

rats (7 animals/group) were administered 2 or 4 mg/kg M-741 

via intravenous injection and transaminase values and 

histopathology was assessed at 24 hours post-dose (Table 3). 

ALT values were comparable for induced and non-induced groups 

administered 2 mg/kg M-741 and their concurrent control 

group, however, slight elevations of AST values that did not 

attain statistical significance were apparent at this dose 

when compared to controls. Both liver indicators were 

significantly elevated at the 4 mg/kg dosage relative to 

their respective controls. In the 2 mg/kg treatment, no 

animals in the non-induced group displayed microscopic signs 

of hepatocellular injury, whereas, one induced animal at this 
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dose displayed mild hepatocellular necrosis. All animals in 

the induced and non-induced groups administered 4 mg/kg M-741 

displayed moderate to marked hepatocellular necrosis. No 

significant differences in the magnitude of the transaminase 

elevations or the histopathology effects were observed 

between the induced and the non-induced groups at either M-

741 treatment level. 
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Table 2. Compartmental modeling of M-741 pharmacokinetics 

in Sprague-Dawley rats. 

Pharmacokinetic Parameter Calculated Value 

(Mean ± SEM) 

(mg/ml) 51.9 ± 2.4 

(ml) 28.9 ± 1.4 

Alpha tj/2 (niiri) 0.6 ̂  0.02 

Beta t^^2 (niin) 21.6 ± 7.3 

Gamma (terminal) t^^^ (min) 328 ± 299 

Cl (ml/min) 11.9 + 3.8 

1—1 

M 
>" 

3.2 ± 2.4 

Pharmacokinetic profile after 5 mg/kg intravenous bolus 

administration. 
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Figure 2. Plasma M-741 cocncentrat ion-time profile in male 

rats administered M-741 (5 mg/kg, i.v.). 
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Figxire 3. Fraction of M-741 dose retained in hepatic and 

renal tissue of male rats administered M-741 (5 mg/kg, i.v.). 
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The Effect of Fasting on M-741 Hepatotoxicitv 

The effect of nutritional status on the M-741-induced 

hepatotoxicity was evaluated in fed and fasted (24 ho\irs} male 

Sprague-Dawley rats (7 animals/group) . M-741 was administered 

via intravenous injection at a dosage of 3 mg/kg. This dose 

level approximates the threshold dose for toxicity and was 

selected so that potentiation of hepatotoxicity would be 

apparent. Examination of seroom transaminase activity 24 hoxirs 

post-treatment demonstrated similar elevations of SGPT and SGOT 

in fed and fasted groups (Table 4) . There appeared to be no 

effect of fasting on the M-741-induced hepatic injury as judged 

by serum transaminase indicators. 

The Effect of Glutathione Depletion on M-741 Hepatotoxicitv 

The effect of glutathione depletion on the M-741-

induced hepatotoxicity was evaluated in male Sprague-Dawley 

rats (7 animals/group) . Glutathione depletion was achieved 

using two methods; via inhibition of the rate limiting enzyme 

of glutathione synthesis, gamma-glutamyl-cysteine synthetase, 

with 1-buthionine-[S,R]-sulfoximine (BSO) (Maynard et 

al.,1992) or via enzymatic conjugation of glutathione to 

diisopropylidene acetone (phorone) (Traber et al.,1992). 

Groups of rats were pretreated with BSO (7 mmol/kg, i.p.) 6 
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Table 3. Effect of phenobarbital on M-741 hepatotoxicity in 

male Sprague-Dawley rats. 

Treatment 
Group 

ALT 
(IU/1) 

AST 
(lU/l) 

Pathology 
Incidence 

Severity 
Score 

Saline 46 ± 2 53 ± 1 0/7 0 

Control 

PB Control 55 ± 1 59 ± 2 0/7 0 

M-741 61 ± 6 12 + 1 1/7 0.1 

(2 mg/kg) 

PB + M-741 63 ± 6 172 ± 117 1/7 0.4 

(2 mg/kg) 

M-741 1163 ± 324' 1622 ± 579' 7/7 2.4 

(4 mg/kg) 

PB + M-741 2086 ± 634' 1461 ± 426" 7/7 2.7 

(4 mg/kg) 

Transaminase values represent mean (S.E.M.). Pathology 

incidence and mean severity scores are for observations of 

necrosis by light microscopy (1-slight, 2-mild, 3-moderate, 4-

marked) . 'Significantly different from saline or PB control 

(p<0.05). 
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hours prior to challenge with saline or M-741 (6 mg/kg, i.v.) 

or were pretreated with phorone (250 mg/kg, i.p.) 2.5 hours 

prior to challenge with saline or M-741 (5 mg/kg, i.v.). 

Controls received intravenous injection of M-741 at 6 mg/kgor 5 

mg/kg, respectively. Serxom transaminase (ALT and AST) 

activities were determined 24 hours after M-741 challenge 

(Table 5). 

Neither depletor of glutathione produced elevations of serum 

transaminase activities. Serum transaminase activities were 

elevated 24 hours after M-741 administration and neither 

glutathione depletion pretreatment regimen affected the M-

741-induced toxicity. 
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Table 4. Effect of 24 hour fast on M-741 hepa to toxicity in 

male Sprague-Dawley rats. 

Treatment Group ALT (IU/1) AST (IU/1) 

Fed Control 47 ± 3 54 ± 2 

Fasted Control 53 ± 3 53 ± 3 

Fed 

M-741 (3 mg/kg) 

203 ± 69' 193 ± 58' 

Fasted 

M-741 (3 mg/kg) 

201 ± 31" 190 ± 32' 

Transaminase values represent mean (S.E.M.). 'Significantly 

different from fed and fasted controls (p<0.05). 
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Table 5. Effect of hepatic glutathione depletion by 1-

buthionine-[S,R]-sulfoximine (BSO) or 

diisopropylidene acetone (phorone) on M-741 

hepa to toxicity in male Sprague-Dawley rats. 

Treatment Group ALT (IU/1) AST (IU/1) 

BSO (7 mmol/kg) 37 ± 1 50 ± 3 

BSO (7 mmol/kg) + 

M-741 (6 mg/kg) 

497 ± 255' 519 ± 233' 

M-741 (6 mg/kg) 462 ± 93' 568 ± 145' 

Phorone (250 mg/kg) 4 5 + 2  51 ± 5 

Phorone (250 mg/kg) + 

M-741 (5 mg/kg) 

220 ± 33* 198 ± 51' 

M-741 (5 mg/kg) 127 ± 32' 193 ± 46' 

BSO and phorone administered by i.p. injection 6 and 2.5 hours 

prior to M-741 challenge, respectively. Serum transaminase 

activities measured 24 hours after M-741 i.v. administration. 

Transaminase values represent Mean (S.E.M.). 'Significantly 

different from corresponding control (p<0.05). 
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Chapter 2 

In Vitro Rat Hepatic Slice Inciibations with M-741 

Incubation of M-741 with precision-cut Spragxie-Dawley 

rat hepatic slices in dynamic organ culture produced 

concentration and incubation time-related toxicity. 

Decreased hepatocellular viability was assessed by loss of 

intracellular potassium content, lactate dehydrogenase, 

alanine aminotransferase and aspartate aminotransferase. 

Each indicator of cellular viability was observed to follow a 

similar pattern of decrease at the 3 and 6 hour incubation 

time points with the exception of aspartate aminotransferase 

(Figures 4a and 4b) . In order to further evaluate the in 

vitro toxicity of M-741 in hepatic slice incubations, an 

incubation time course of 2, 4 and 6 hours was tested and the 

hepatocellular viability and cellular glutathione levels were 

measured (Figure 5a) . Decreased hepatocellular viability, as 

measured by loss of intracellular potassium content, was 

observed in hepatic slices inciibated with M-741 at 

concentrations of 250, 500 and 750 mM (Figure 5b) . At each 

concentration, the toxicity was obseirved to progress during 

the course of the 6 hour incubation, with initial decreases 

of viability apparent as early as 2 hours in the group 
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Figure 4. Cellular viability of rat hepatic slices incubated, 

with M-741 for 3 hours (A) or 6 hours (B) . 'Significantly 

different (potassium, ALT, LDH values) from corresponding AST 

value (p<0.05). 
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incxibated with 750 mM M-741. After 4 hours of inciibation all 

M-741 concentrations tested produced significant decreases of 

cellular viability. Additionally, M-741 incubation produced 

concentration and incubation time-related decreases of 

hepatocellular reduced glutathione levels which followed the 

same time course as did the viability measurements. It 

appeared that the hepatic slice system provided a useful in 

vitro model with which to examine the hepatotoxicity of M-741. 

In Vitro Doa Hepatic Slice Incubations with M-741 

Beagle dog hepatic slices were also incxibated in dynamic organ 

culture with M-741 in order to examine if any differential 

species sensitivity to the toxic effect of M-741 could be noted 

(Figure 6) . Dog hepatic slices incubated with 125, 250, 500, 

1000 and 2000 mM M-741 for 6 hours displayed concentration-

dependent toxicity as measured by intracellular potassium and 

lactate dehydrogenase loss. Effects on both indices were 

comparable to that seen in rat hepatic slice incubations and 

supported the findings of in vivo pilot toxicity studies in 

dogs which suggested that M-741 produced hepatotoxicity (Ellis 

et al.,1989). 
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Figure 6. M-741 concentration-response effect on cellular 

viability of dog hepatic slices incubated for 6 hours. 
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In Vitro Determination of the M-741 Toxicophore 

Studies designed to identify the toxicophore of the M-741 

molecule were performed via incubation of structural components 

of the M-741 molecule with rat hepatic slices. M-741 [Compound 

I] , the enamino-ether guat stmctural moiety [Compound III] and 

the spiro-diamine structural moiety [Compound II] (Figure 7) 

were inc\ibated at concentrations of 250, 500 and 750 mM for 6 

hours. Cellular viability was assessed by measxirement of 

intracellular potassixam content and levels of intracellular 

reduced glutathione were measured. Compoxind II did not effect 

either cellular viability or reduced glutathione content in 

hepatic slices at any of the concentrations tested (250-750 

mM) . Both M-741 and Compound III produced similar 

concentration-related decreases of cellular viability (Figure 

8) and decreased glutathione content in the hepatic slices 

(Figure 9) . Therefore, it appeared that the toxicophore of the 

parent M-741 molecule was the enamino structural component. 

To further examine the toxicophore of M-741 in vitro toxicity, 

two structural analogs of the M-741 enamine structure were 

evaluated for hepatotoxic potential in rat hepatic slice 

incubations. The chosen analogs differed from the M-741 

enamine only in the nitrogen substitution pattern, piperidinyl 
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Figure 7. Chemical structures of M-741 and its component 

substructures. Compound II and Compoimd III. 
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III, on cellular viability. 
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Figure 9. Effect of in vitro hepatic slice incxibation of M-

741 and the structural components, Compovind II and Compound 

III, on cellular glutathione levels. 
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Figure 11. Effect of in vitro hepatic slice incubation of 

enamino-ether quat analogs (Compoiind III, Compoxind IV and 

Compound V) on cellular viability. 
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enamino-ether quat analogs (Compoimd III, Compound IV and 

Compound V) on cellular glutathione content. 
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enamino-ether quat [Compound IV] and dipropene enamino-ether 

quat [Compoiond V] (Figure 10) . Each of the enamino-ether quats 

produced a similar concentration-related decrease of cellular 

viability (Figure 11) and each decreased the cellular reduced 

glutathione levels (Figure 12), thus confirming the enamino 

structure as the toxicophore. 

In Vitro Slice Incubations with Other Organic Cations 

In order to examine if the M-741-induced hepatotoxicity was a 

result of its cationic chemical structure or neuromuscular 

blocking pharmacologic activity, d-tubocurarine, a cationic 

molecule of this therapeutic class was tested for in vitro 

hepatotoxic potential. d-Tubocurarine was incubated with 

precision-cut rat hepatic slices for 6 hours at 37°C at 

concentrations of 250, 500, 750 and 1000 mM (Figure 13a) . 

Hepatic slice viability was assessed by measurement of 

intracellular potassium content and LDH activity. d-

Tubocurarine did not produce evidence of in vitro 

hepatotoxicity in hepatic slices under the incubation 

conditions or concentrations examined. 

To further investigate the potential of cationic molecules to 

produce toxicity to precision-cut rat hepatic slices in organ 
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culture, a model cationic compound known to undergo rapid 

hepatocellular uptake, triethylmethylammonium bromide, was 

tested for its in vitro hepatotoxic potential in this test 

system. Triethylmethylammonium bromide was incubated with 

hepatic slices for 6 hours at 37°C at concentrations of 125, 

250, 500, 750 and 1000 mM (Figure 13b) . Hepatic slice 

viability was assessed by measurement of intracellular 

potassium content and LDH activity. Triethylmethylammonium 

bromide did not produce evidence of in vitro hepato toxicity in 

hepatic slices under the incxibation conditions or 

concentrations examined. 
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hepatic slices incubated for 6 hours. 



75 

Chapter 3 

Oxidative Stress as a Mechanism of M-741 Toxicity 

The observed depletion of hepatic slice glutathione levels 

during short duration M-741 inciibations and the high potency of 

M-741 in producing cytotoxicity suggested that oxidative 

mechanisms might be involved. Prior to investigation of the 

potential contribution of oxidative mechanisms in the M-741-

induced toxicity, the utility of the hepatic slice system for 

the study of toxicants which produce their toxicity via this 

mechanism was evaluated. Menadione and benzyl viologen were 

chosen as representative compoxmds which produce hepatotoxicity 

by creating conditions of oxidative stress. 

Hepatic slice incubations with menadione (0.5 - 2.0 mM) 

produced concentration-related decreases in intracellular GSH 

content (Figure 14) and hepatic slice viability as measured by 

intracellular potassixom content (Figure 15) . An incubation 

time-related effect was evident as the toxicity progressed over 

the course of the incubation with effects at 6 hours more 

pronounced than those observed after 3 hours of incubation. 

Menadione incubation produced a concentration-related depletion 

of intracellular GSH content which was observed to precede the 

decrease of hepatic slice visibility. 



76 

[Menadione] 

0.5 mM 

1.0 mM 

1.5 mM 

2.0 mM 

Incubation Time (Hours) 

Figure 14. Concentration and inciabation time course effect 

of menadione incubation on rat hepatic slice glutathione 

content. 
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Figure 15. Concentration and inctibation time c6urse effect of 

menadione inciibation on rat hepatic slice viability. 
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Inciabation of menadione {100 - 500 mM) with hepatic slices for 

6 hours produced marginal effects on slice viability and 

decreased intracellular GSH content by approximately 3 0% at a 

concentration of 500 mM. Inhibition of cellular DT-diaphorase 

with diciimarol, during co-incubation with menadione and hepatic 

slices, significantly potentiated the toxicity produced by 

menadione (Table 6) . A dicumarol concentration-related 

potentiation of the menadione-induced decrease of intracellular 

GSH and cellular viability was obseirved at 3 and 10 mM 

dicumarol concentrations. Control hepatic slice incubations 

with dicumarol at 3 and 10 itiM concentrations had no effect on 

cellular viability or GSH content. 

Hepatic slice incubations for 6 hoiirs with benzyl viologen 

(125 - 500 mM) produced a concentration-related decrease of 

intracellular GSH and decreased cellular viability (Table 7). 

Protein synthesis proved to be a more sensitive indicator of 

toxicity than was GSH depletion or loss of intracellular 

potassium, as it was adversely affected by lower benzyl 

viologen concentrations (50 - 200 mM) and earlier incubation 

time points (2 and 4 hours) than were those indicators (Figure 

16) . 



Table 6. Effects of dicumarol/menadione co-incubation on hepatic slice 

glutathione content and cellular viability (% control). 

Treatment Group 100 mM 250 mM 500 mM Dicumarol 

Hepatic Slice Glutathione 

Menadione 107.7 ± 0.8 100.9 ± 5.3 70.1 ± 5.7* 

Menadione/Dicumarol 3 mM 104.3 + 3.4 76.3 + 8.9* 39.6 ± 5.7* 98.6 ± 1.5 

Menadione/Dicumarol 10 mM 73.8 ± 4.1'" 38.9 + 4.5"'' 22.0 ± 2.8" 99.7 ± 2.4 

Hepatic Slice Viability 

Menadione 100.9 ± 4.5 99.6 + 7.8 93.6 + 6.8 

Menadione/Dicumarol 3 mM 100.6 + 3.5 92.0 ± 5.7 72.7 ± 7.6 99.3 ± 1.2 

Menadione/Dicumarol 10 mM 83.5 ± 2.0*'' 63.3 ± 8.7" 52.1 ± 6.0° 100.6 ± 3.5 

"significantly different from menadione incubation (p<0.05). "significantly 

different from menadione/dicumarol 3 mM co-incubation (p<0.05). 



Table 7. Effects of benzyl viologen incubation on hepatic slice 

glutathione concentration and hepatocellular viability measured 

after 6 hours of incubation. 

Benzyl Viologen 

Concentration 

Glutathione Content Cellular Viability 

125 mM 59.5 ± 3.9 82.2 ± 3.9 

250 mM 45.0 ± 4.9 48.5 ± 3.2 

500 mM 34.7 ± 4.4 35.4 ± 6.5 

Results are expressed as percent of control slice values. Values represent 

Mean (S.E.M.). 
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Figure 16. Effect of benzyl viologen inc\ibation on cellular 

protein synthesis {^H-leucine incorporation) in rat hepatic 

slices. 'significantly different from concurrent control 

incubation (p<0.05). 



82 

Inhibition of cellular glutathione reductase by incubation of 

hepatic slices with 50 inM BCNU (1,3-bis (2-chloroethyl)-1-

nitrosourea) for 1 hour prior to benzyl viologen incubation, 

significantly potentiated the hepatotoxic effect of benzyl 

viologen. One hour pre-incubation with BCNU followed by 

benzyl viologen inciibation for 6 hours produced decreases of 

intracellular GSH content (Figure 17) and cellular viability 

(Figure 18) to levels significantly lower than that observed 

by inciibation with benzyl viologen alone. 

Consistent with the potentiation of the benzyl viologen 

effects on intracellular GSH and hepatic slice viability by 

BCNU, was the potentiation of the extent of lipid 

peroxidation produced by these treatments. Inciibation of 

hepatic slices with benzyl viologen in the absence of BCNU 

pretreatment produced only slight elevations in lipid 

peroxidation at the highest benzyl viologen concentrations 

tested. In contrast, elevated lipid peroxidation was evident 

at all benzyl viologen concentrations tested in hepatic 

slices which were preincubated with BCNU (Figure 19) . 
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Figure 17. Benzyl viologen concentration-response effect on 

hepatic slice glutathione content (6 hour inc-ubation) 

following control or BCNU hepatic slcie pretreatment. 

'significantly different compared to corresponding control 

pretreatment group (p<0.05). 
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Figure 18. Benzyl viologen concentration-response effect on 

hepatic slice viability (6 hour inciabation) following control 

or BQJU pretreatment. 'Significantly different compared to 

corresponding control pretreatment group (p<0.05). 
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Figure 19. Benzyl viologen concentration-response effect on 

hepatic slice (6 hour incubation) lipid peroxidation (TBA-

reactive substance formation) following control or BCNU 

hepatic slice pretreatment. "Significantly different 

compared to control pretreatment group (p<0.05) . 
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The time course for benzyl viologen-induced effects on 

hepatic slice viability and lipid peroxidation in BOSIU 

preincubated hepatic slices was examined in slices exposed to 

125 or 250 inM benzyl viologen. The time course of the 

resulting decrease of cellular viability paralleled the 

increase in lipid peroxidation (Figure 20). 

Examination of the Abilitv of M-741 

to Produce Lipid Peroxidation and Oxidative Stress 

The potential for M-741 to produce conditions of 

oxidative stress during in vitro tissue incxibations was 

examined in precision-cut hepatic slices from male Sprague-

Dawley rats. Hepatic slices were preincxibated for one hour 

with 50 niM BCNU prior to incubation for 5 hours with M-741 at 

concentrations of 125, 250, 500 and 750 mM. Cellular 

viability measured by intracellular potassium content 

demonstrated that inhibition of glutathione reductase by 

preincxibation with BCNU did not effect the toxicity produced 

by M-741. BCNU-pretreatment did not alter the concentration 

response relationship in the presence of M-741 (Figure 21) . 

Measurement of lipid peroxidation, via the analysis of 

thi©barbituric acid reactive substances in the culture 

medium, revealed that lipid peroxidation did not occur after 
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M-741 treatment either with or without BCNU pretreatment 

(Figure 22). Therefore, it appeared that lipid peroxidation 

and the production of oxidative stress did not contribute to 

the in vitro hepatotoxicity of M-741. 
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Figure 20. Incubation time course for benzyl viologen (125 

|JM) induced effects on hepatic slice viability (squares) and 

formation of TBA-reactive substances (circles) . 
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Figure 21. M-741 concentration-response effect on hepatic 

slice viability (6 hour incubation) following control or BCNU 

pretreatment. 
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Figure 22. M-741 concentration-response effect on hepatic 

slice lipid peroxidation (TBA-reactive substance formation) 

following control or BOJU pretreatment. 
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Chapter 4 

M-741 Pulsed Exposure in Hepatic Slices 

In order to investigate the possibility that M-741 

hepatotoxicity resulted from its rapid intracellular 

transport into hepatocytes, the role that transport 

contributed to the in vitro toxicity was examined in pulse 

exposed hepatic slices in culture. Male Sprague-Dawley rat 

hepatic slices were either incxibated continuously with M-741 

concentrations of 125, 250 and 500 mM for 6 hours or were 

pulse incxibated with the same M-741 concentrations for 1 hour 

then transferred to control media and incubated for a further 

5 hours. After the 6 hour incubation, cellular viability was 

measured by both intracellular potassium content and 

intracellular LDH activity. Continuous incubation for 6 

hours produced a significantly greater decrease in cellular 

viability than did the pulsed exposure treatment, however, a 

similar concentration-related effect on viability was 

observed (Figure 23). 

A series of studies examined the effect of varied 

pulsed exposure duration by conducting M-741 pulsed exposures 

for 0.25, 0.5 and 1.0 hours. As was done during the prior 
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Figure 23. M-741 concentration-response effect on hepatic 

slice viability (potassiiom and LDH) following M-741 

continuous (6 hour) or pulse exposed (1 hour) incubation 

followed by 5 hour control media incubation. "Significantly 

different compared to corresponding pulsed exposure value 

(p<0.05). 
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pulsed exposure studies, hepatic slices were transferred to 

control media incubations after the M-741 pulsed exposure and 

control inciibation durations were adjusted such that the 

total hepatic slice incubation (pulsed plus control phases) 

was 6 hours. While there appeared to be a concentration-

related trend for reduced cellular viability, M-741 pulsed 

exposure for 0.25 hours did not significantly affect hepatic 

slice viability at any of the concentrations tested. 

Significantly decreased {p<0.05) hepatic slice viability was 

produced at the 500 mM concentration after the 0.5 hour 

pulsed exposure treatment and at the 250 mM and 500 mM 

concentrations after the 1 hour pulse exposure treatment 

(Figure 24a and 24b). 

In order to demonstrate that the M-741-induced toxicity 

did not occur immediately after the pulsed exposure, hepatic 

slices were pulse exposed to M-741 at concentrations of 125, 

250 and 500 mM for 1 hour and cellular viability was measured 

at 1.25, 2.5 and 5 hours of control incubation. Both 

indicators of cellular viability, intracellular potassium 

(Figure 25) and LDH activity (Figure 26), demonstrated 

treatment-induced decreases, with significant reductions in 
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Figure 24. Effect of duration of M-741 pulsed exposure on 

hepatic slice viability as assessed by slice potassium (A) 

and slice LDH activity (B) . Pulsed exposures of 0.25, 0.5 

and 1.0 hour were followed by control media incubations of 

5.75, 5.5 and 5.0 hour, respectively. "Significantly 

different compared to concurrent control group (p<0.05). 
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Figure 25. Time course of hepatic slice decrease of cellular 
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Figure 26. Time course of hepatic slice decrease of cellular 

viability (LDH activity) following M-741 1.0 hour pulsed 

exposure. 'Significantly different from corresponding 125 pM 

value (p<0.05). "significantly different from corresponding 

250 |iM value (p<0.05). 
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viability apparent after 5 hours control incxabation at 250 mM 

concentrations and after 2.5 and 5 hours of control 

incubation at 500 mM pulsed exposure. These data 

demonstrated that the pulsed exposure initiated a cellular 

injury which progressed over the course of the control 

incubation. 

Temperature Dependence of M-741 In Vitro Toxicity 

The importance of incxabation temperature on the in 

vitro toxicity of M-741 was examined in a series of 

experiments. Hepatic slices were continuously exposed to M-

741 for 6 hours or pulsed exposed to M-741 for 1 hour 

followed by a 5 hour 

control media incubation. During these treatment regimens 

the inciibation temperature was maintained at 25°C. Under 

these conditions, no significant decrease of cellular 

viability was evidenced for either the continuous or the 

pulsed exposure treatments (Figure 27a and 27b) . 

Further investigations in pulse exposed hepatic slice 

inciabations examined whether the temperature dependence of 

the M-741 hepatotoxicity was restricted to either the pulsed 

or the control phase of the exposure. Hepatic slices were 

pulse exposed to a range of M-741 concentrations at 5°C, 25°C 
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or 37°C for one hour. Thereafter, hepatic slices from each 

pulsed exposure treatment were removed to control media 

incubations at 37°C for 5 hours. Assessment of cellular 

viability, by measurement of intracellular potassium and LDH 

content at the completion of the 6 hoxir treatment, 

demonstrated that a temperature-dependent toxicity resulted 

(Figures 28a and 28b). A graded reduction of cellular 

viability was observed between the 5°C, 25°C and 37°C pulsed 

exposure treatments with lower incubation temperatures during 

the M-741 exposure period resulting in less in vitro 

hepatotoxicity. 

These data suggest that cellular uptake of M-741 may 

result from an active carrier-mediated process and/or that 

enzymatic bioactivation of M-741 may be necessary for 

initiation of its toxic potential. 
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Figure 27. Effect of incubation temperature (25°C) on the 

loss of hepatic slice viability, as measured by intracellular 

potassium (A) and LDH activity (B) , produced by M-741 

continuous (6 hour exposure) or pulsed (1 hour M-741 expsoure 

and 5 hour control media exposure). 
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Figure 28. Effect of altered incubation temperature during 

M-741 pulsed expos\ire phase (1 hour) on hepatic slice 

viability, intracellular potassium (A) and LDH activity (B) . 

Control media incubation phase (5 hour) conducted at 37°C. 

'Significantly different from corresponding 37°C calues 

(p<0.05). ''Significantly different from corresponding 25°C 

values (p<0.05). 
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Assessment of Mitochondrial Function in Hepatic Slices 

Following Pulsed Exposure 

Mitochondrial fxinction was assessed in hepatic slices 

after 1 hour pulsed exposure to 125 mM, 250 mM and 500 mM M-

741 concentrations. M-741 exposed hepatic slices were 

removed to control incxibations containing 3-(4,5-

dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazoliiiin bromide (MTT) 

(0.5 mg/ml) and incubated for 1, 2 and 3 hours. Following 

incubation the slices were recovered and MTT-formazan 

production was measvired. No significant differences in MTT-

formazan production in M-741-treated hepatic slices compared 

to control hepatic slices were obseirved during these 

incubations, suggesting that mitochondrial function was not 

effected by M-741 treatment {Figure 29). 

Hepatic Slice Uptake and Retention of M-741 

The hepatocellular uptake of M-741 was measured in 

precision-cut hepatic slices in dynamic organ culture by 

measurement of intra-slice concentrations of M-741 by an 

HPLC-UV assay. Hepatic slices were incubated for up to one 

hour with M-741 at a concentration of 225 mg/ml (100 mM) and 
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Figure 29. Concentration and incubation time course effect 

of M-741 incTibation on hepatic slice mitochondrial function 
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at incubation temperatures of 5° and 37°C. M-741 displayed 

time and temperature dependent uptake into hepatic slices 

(Table 8) . The concentration of M-741 measured in the 

hepatic slices displayed a linear increase over the 1 hour 

uptake time course. In slices inciibated at 37°C, intra-

slice concentrations of M-741 exceeded media concentrations 

at both the 30 and 60 minute time points, demonstrating 

intracellular transport of M-741 against a concentration 

gradient. Significantly lower concentrations of M-741 were 

found in hepatic slices at each time point examined for 

slices incubated at 5°C as corr^jared to those incubated at 

37°C, demonstrating a temperature component in M-741 

transport. Hepatic slices pulse exposed for 1 hour to M-741 

(225 mg/ml) were assayed for intra-slice M-741 

concentrations or were transferred to control media 

incubations for 30 or 60 minutes prior to M-741 analysis, 

in order to determine whether intracellular concentrations 

of M-741 would be retained or decreased. M-741 was 

retained in hepatic slices during control incubation 

following pulsed exposure (Table 9) . Concentrations of M-

741 measured after the 30 and 60 minute control media 

incubations were 61% and 73% of the concentrations measured 



Table 8. Time and temperature dependent uptake of M-741 into hepatic slices. 

Incubation 
Temperature 

Incubation Time Point 
(minutes) 

Hepatic Slice M-741 

(mg M-741/g tissue) 
37°C 5 119.1 ± 39.2 

15 217.5 + 41.1 

30 316.9 ± 42.0 

60 521.3 ± 83.1 

50c 5 38.6 ± 6.2' 

15 61.3 ± 16.8" 

30 111.6 ± 32.3' 

60 154.5 ± 54.8" 

'significantly different from 37°C group (p<0.05). 



Table 9. Retention of hepatocellular levels of M-741 in hepatic slices 

following 1 hour pulsed exposure and transfer to control media. 

Control Media Incubation 

(minutes) 

Hepatic M-741 Slice Concentrations (mg 

M-741/g tissue) 

0" 541.7 ± 137.5 

30 333.5 ± 47.9 

60 397.1 ± 30.8 

"Slices assayed immediately after M-741 pulsed exposure. 

Values represent Mean (SD). 
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in slices immediately post-exposure in the pulsed treatment. 

Competition for Hepatic Slice Uptake of M-741 

Two compoxinds, d-tubocurarine and triethylmethyl-

ammonium bromide, known to undergo hepatocellular uptake via 

hepatic cationic transport proteins were tested for their 

ability to interfere with M-741 hepatic slice uptake. The 

competing agents were incubated with precision-cut hepatic 

slices in 4 fold molar excess relative to the M-741 

incubation concentration (100 and 25 mM for competitors and 

M-741, respectively). Hepatic uptake of M-741 was measured 

during a one hour exposure time course (Table 10) . Neither 

d-tubocurarine or triethylmethylammonium bromide were 

effective in reducing the uptake of M-741 as all treatments 

displayed similar uptake of the test agent. 

Effect of Sulfhvdrvl Modification 

on M-741 Hepatic Slice Uptake 

A compound, p-chloromercuribenzoate (p-CMB), which has 

been shown to inhibit hepatocellular uptake of various 

cationic molecules via sulfhydryl modification of transporter 

proteins, was tested to determine if it would inhibit M-741 

uptake into precision-cut hepatic slices in culture. p-CMB 

was preincubated at concentrations of 100 mM or 200 mM with 

hepatic slices for 30 minutes at 37°C prior to transfer of 

slices to media containing M-741 at a concentration of 25 mM. 
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M-741 hepatic slice uptake was measured during a one hour 

time course. Preinciibation of hepatic slices with p-CMB did 

not inhibit the hepatocellular uptake of M-741 (Table 11) . 



Table 10. Competition studies to investigate the ability of d-tubocurarine 

or triethyImethylammonium bromide to interfere with the uptake 

of M-741 (mg/g tissue) into hepatic slices in culture. 

Treatment Group Incubation Time Point Treatment Group 

5 15 30 60 

M-741 17.6 ± 1.32 40.9 ± 7.5 63.4 + 6.2 71.7 ± 19.8 

M-741 + d-tubocurarine 19.8 ± 2.64 37.0 ± 2.6 62.9 ± 7.0 89.3 ± 14.5 

M-741 + triethylmethyl 

ammonium bromide 

19.4 ± 2.20 39.2 ± 6.6 58.5 ± 10.6 91.1 ± 14.1 

Values represent Mean (SD) of intra-slice M-741 (rag/g tissue). 



Table 11. Effect of hepatic slice preincubation (30 minutes) with 

p-Chloromercuribenzoate on hepatocellular uptake of M-741. 

Treatment Group Incubation Time Point Treatment Group 

5 15 30 60 

M-741 27.7 ± 7.9 58.1 ± 18.5 83.6 ± 11.4 128.9 ± 26.0 

100 mM p-CMB + M-741 25.7 ± 9.2 52.4 ± 2.2 82.3 ± 7.9 109.1 ± 3.5 

200 mM p-CMB + M-741 30.4 ± 13.2 52.4 ± 3.1 80.1 ± 15.4 121.4 ± 9.2 

Values represent Mean (SD) of intra-slice M-741 (mg/g tissue). 
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DISCUSSION 

In Vivo Studies 

Preliminary evidence of M-741-induced hepatotoxicity in 

primates (Hassler et al.,1989) and in beagle dogs (Ellis et 

al.,1989) suggested that the liver might be a target organ of 

toxicity for this experimental neuromuscular blocking agent. 

In order to further investigate the potential for M-741 to 

produce hepatotoxicity, in vivo studies in rats were 

conducted. 

Intravenous administration of M-741 produced dose-

related hepatotoxicity in rats with a threshold dose for 

toxicity defined as 2 mg/kg. Serxrni indicators of hepatic 

injury, ALT and AST, were initially elevated 12 hours post-

injection and displayed maximal elevations at 48 hours post-

injection. Histopathology changes, diffuse hepatocellular 

necrosis and inflammatory cell infiltration, followed a 

similar time course as did serum transaminase elevations with 

maximal cellular injury evident at 24 hours post-injection. 

The observation of continued elevation of serum transaminase 

levels after attainment of peak histopathologic severity is 

probably the result of accumulation of the transaminases due 

to slow clearance of these enzymes from the plasma (Hoffman 
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et al.,1989). The absence of a sublobular localization of 

the necrosis does not permit speculation as to mechanism of 

toxicity. 

Initially following intravenous injection, M-741 has a 

small volume of distribution (29 ml) which is consistent with 

the localization of this dicationic molecule in extracellular 

body fluids. Thereafter, M-741 rapidly redistributes and has 

a volume of distribution at steady state is in excess of 3 

liters, which suggests that M-741 has distributed to a large 

tissue compartment. This is confirmed by the finding that 

hepatic tissue concentrations of M-741 increase rapidly, with 

25% of the administered dose retained in the liver 1 hour 

after administration. This high hepatic extraction is 

consistent with rapid hepatocellular uptake of M-741 and 

suggests that a transport process may exist for this charged 

molecule. Bioaccumulation of M-741 in liver tissue was 

observed and prolonged liver retention of M-741 was 

demonstrated, as clearance from the plasma was much faster 

(tj^j 5.5 hours) than from the liver (t^^j 35 hours). Similar 

findings of high hepatic extraction and accumulation of other 

cationic molecules such as d-tubocurarine (Blom et al.,1982) 

and the steroidal muscle relaxants, ORG 6368 (Mol et 
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al.,1990), vecuronium (Bencini et al.,1985) and stercuronium 

(Hespe et al.,1971), have been reported. 

Since the liver represents the target organ of toxicity 

for M-741 and it is known that this organ has high 

biotransformation activity (Anders, 1988), induction of 

hepatic drug metabolizing enzymes by pretreatment of rats 

with phenobarbital was performed in an effort to potentiate 

the M-741 hepatotoxicity. Induction of the mixed function 

oxidases with phenobarbital has produced potentiation of the 

hepatotoxicity of other toxicants such as trichloroethylene 

(Okino et al.,1991)), cocaine (Roth et al.,1992), 

acetaminophen (Douidar and Ahmed, 1987) and bromobenzene 

(Casini et al.,1982). In the current M-741 investigations, 

however, phenobarbital induction was not successful in 

potentiating the M-741 toxicity, as neither servim 

transaminase activities or histopathology measurements of 

hepatic injury differed in induced and non-induced rats. 

These findings suggest that phenobarbital-inducible 

cytochrome P-450 isozymes are not involved in the 

bioactivation of M-741 to hepatotoxic species and questions 

whether metabolism of M-741 is responsible for production of 

hepatotoxicity. It is possible, however, that other isozymes 

of cytochrome P-450, that are not inducible by phenobarbital. 
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may act to bioactivate M-741. Differential induction of 

metabolism has been foiind for 2,4-dinitrotoluene after 

phenobarbital, Aroclor 1254 and 3-methylcholanthrene 

pretreatment (Bond and Rickert, 1981) and differential 

morphological and biochemical effects of trichloroethylene-

induced hepatotoxicity resulted after induction with ethanol 

or phenobarbital (Okino et al.,1991). Alternatively, it is 

possible that phenobarbital induction does enhance the 

bioactivation of M-741 but the other effects of 

phenobarbital, such as induction of phase II conjugation 

pathways, that can serve as detoxifying reactions, combined 

to negate an enhanced toxic effect. 

It has been demonstrated that fasting increases the 

susceptibility of rats to the hepatotoxicity of various 

toxicants such as acetaminophen (Price et al.,1987), carbon 

tetrachloride (Azri et al., 1992) and volatile hydrocarbons 

(Sato and Nakajima, 1985) . Fasting has been shown to 

decrease liver levels of glutathione, glycogen, lower the 

hepatic level of the glucuronidation co-substrate UDP-

glucuronic acid (Price et al.,1987) and enhance the 

metabolism of various hepatotoxicants (Sato and Nakajima, 

1985) . Fasting has been shown to induce cytochrome P450IIE1, 

the isozyme believed to be responsible for the bioactivation 
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of carbon tetrachloride (Hong et al., 1987 and Azri et al., 

1992). 

Based on these previous findings, the effect of fasting 

on the M-741-induced hepatotoxicity was examined. An 

intravenous dose of 3 mg/kg M-741 was chosen for 

investigation, since this dose approximates the threshold 

dose for hepatotoxicity, and therefore, fasting-induced 

potentiation of M-741 toxicity would be more readily 

apparent. It was demonstrated, however, that fasting did not 

serve to potentiate the hepatotoxic effect of M-741. These 

data suggest that hepatic cellular changes associated with 

fasting, such as induction of specific cytochrome P450 

isozymes, do not contribute to the M-741-induced toxicity. 

This finding is consistent with the observed absence of 

potentiation of M-741 toxicity following phenobarbital 

induction, as it has been shown in mice that the cytochrome 

P450 isozyme induced by fasting (cytochrome P450IIE1) is 

located in the same gene cluster as the phenobarbital 

inducible isozymes of cytochrome P450 (Song et al., 1986). 

In addition, the fas ting-induced reduction of several phase 

II conjugative substrates suggests that these potentially 

detoxifying pathways may not participate in the disposition 

of M-741. 
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The tripeptide, glutathione, is an abundant low 

molecular weight peptide which is widely distributed in 

mammalian tissues and protects cells from the toxicity of 

reactive electrophiles and from oxidative attack (Meister, 

1988). Depletion of glutathione has been shown to potentiate 

the toxicity of numerous agents such as acetaminophen 

(Buckpitt et al.,1979) and diquat (Eklow et al.,1984). In 

order to examine the ability of glutathione to modify M-741 

toxicity, animals were pretreated with depletors of 

glutathione, phorone (diisopropylidene acetone) and 1-

buthionine-[S,R]-sulfoximine (BSO), prior to challenge with 

M-741. Phorone undergoes enzymatic conjugation to 

glutathione and thereby depletes the glutathione levels 

(Traber et al.,1992 and Younes et al., 1986). BSO depletes 

cellular stores of glutathione by inhibition of gaitima-

glutamyl-cysteine synthetase, the rate limiting enzyme in 

glutathione synthesis (Maunard et al.,1992). Pretreatment of 

rats with either depletor of glutathione was ineffective in 

potentiating the hepatotoxicity of M-741. These findings 

suggest that M-741 is not bioactivated to an electrophilic 

species nor does it create conditions of oxidative stress in 

the liver. It is possible, however, that specific 

subcellular stores of the tripeptide, such as the 
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mitochondrial pool of glutathione, which has been shown to be 

metabolically separate from that in the cytoplasm with regard 

to synthetic rate, turnover and sensitivity to chemical 

depletion (Meredith and Reed, 1982), may play a protective 

role in M-741 toxicity. This could not be disceimed during 

these investigations. 

In Vitro Studies 

The utility of the precision-cut hepatic slice system 

in toxicological research was demonstrated by Smith et 

al.,(1985). Hepatic slice preparations minimize cellular 

damage, retain the cytoarchitecture of the tissue and 

provides a system possessing the fxinctional heterogeneity 

which exists in vivo (Smith et al.,1985). This system has 

been used to investigate the in vitro toxicity of a variety 

of hepatotoxicants, including bromobenzene (Smith et al., 

1985), allyl alcohol (Smith et al.,1986), acrolein (Connors 

et al.,1988), halothane (Brown et al.,1991), dichlorobenzene 

(Fisher et al.,1991) and carbon tetrachloride (Azri et 

al.,1992). 

In vitro hepatic slice studies were initiated with M-

741 in an attempt to develop a model system which could be 
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manipulated in order to further characterize the toxicity and 

define the mechanism of toxicity for M-741. 

Since the acute effects of M-741 toxicity had been 

investigated during in vivo studies, in vitro experiments 

evaluated the early events in M-741 toxicity by focusing on 

hepatocellular changes which occurred diiring the initial 6 

hours of inciibation. 

M-741 hepatic toxicity was successfully produced in 

both rat and dog hepatic slices. Concentration- and 

incubation time-dependent toxicity was produced by M-741 and 

was demonstrated by loss of intracellular potassium, enzymes 

(lactate dehydrogenase and alanine aminotransferase) and 

glutathione. The M-741 concentrations examined during in 

vitro hepatic slice incubations (90 to 450 mg/ml) were 

comparable to the plasma concentrations (60 mg/ml) observed 

during pharmacokinetic evaluations in rats which received an 

hepatotoxic dose of M-741 (5 mg/kg, i.v.), thus demonstrating 

that this model system was representative of the in vivo 

situation. 

After defining the toxicity profile of M-741 in hepatic 

slices, studies were conducted to identify the toxicophore 

within the M-741 molecule structure. Synthetic precursors of 

the M-741 molecule, the enamino-ether quat [Compound III] and 
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the spiro-diamine [Compound II] , were incubated with hepatic 

slices. Compound II was non-toxic over the concentration 

range (125 - 750 mM) tested, whereas Compound III displayed 

similar toxicity to the full M-741 molecule, thus suggesting 

that this component was the M-741 toxicophore. This was 

further confirmed in studies which investigated the in vitro 

toxicity of two stiructural analogs of the enamino-ether quat. 

These compounds produced similar concentration-dependent 

toxicity to that obseirved for cylopropylmethyl/propyl 

enamino-ether quat (M-741 component) . From these studies it 

was concluded that the M-741 toxicophore was the cationic, 

enamino structural component. 

The discovery that the M-741 toxicophore was the 

cationic portion of the molecule suggested that a transport 

component was possibly associated with the toxicity. A 

growing body of research has demonstrated that the liver has 

a major role in the distribution and elimination of cationic 

compounds (Mol et al.,1992). A family of transporter systems 

for the uptake of cationic molecules in hepatocytes has been 

proposed (Steen et al.,1991). Site-specifc transport has 

been examined as a component of several xenobiotic-induced 

toxicities. The transport of charged molecules has been 

studied extensively in renal tissue and the toxicity of 
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several renal toxicants is associated with their rapid 

intracellular transport and slow secretion (Wolfgang et 

al.,1989 and Rush et al.,1991). Using in vitro systems such 

as isolated proximal tubule epithelixim, researchers have 

shown that short duration, pulsed exposures to 

aminoglycosides allows cellular uptake of the molecules which 

initiates cellular injury (Rush et al.,1991). 

Pulsed exposure of hepatic slices with M-741, for 

periods as short as 30 minutes, produced significant 

reductions of cellular viability. The resulting cytotoxicity 

was observed to progress during the course of the control 

media incubation, suggesting that M-741 initiated a cascade 

of events culminating in toxicity and/or M-741 was retained 

in the cells and produced a injury as a result of its 

prolonged residence. In either case, M-741 pulsed exposure 

for 1 hour produced similar cytotoxicity as did continuous M-

741 exposure for 6 hours. 

During pulsed exposure studies where inciibation 

temperatures of 37°C, 25°C and 5°C were employed, M-741 

produced a graded severity of toxicity, with the decrease of 

cellular viability greatest at 37°C and significantly less at 

25°C and 5°C. These data demonstrate that the temperature 

during the M-741 exposure phase is a critical contributor to 
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the in vitro toxicity and suggests that M-741 cellular uptake 

results from an active carrier-mediated process. 

Temperature-dependent hepatocellular uptake has been 

demonstrated for other cationic molecules such as procaine 

amide ethobromide (Eaton and Klaassen, 1978) and 

tributylmethylammonixom (Steen et al.,1991). 

Temperature-dependent toxicity of M-741 was also 

observed during both pulsed and continuous exposure of 

hepatic slices at 25°C, as no significant reduction of 

cellular viability was produced under these incubation 

conditions. It is possible that the absence of toxicity 

results from the combination of decreased transport and 

hepatocellular uptake of M-741, as was suggested by the 

pulsed exposure temperature manipulations, and from decreased 

biotransformation of M-741 to toxic species. Temperature-

dependent toxicity has been shown to result during isolated 

perfused liver and liing experiments with monocrotaline, due 

to the temperature-related decrease of toxic metabolite 

generation {LaFranconi and Huxtable, 1984 and LaFranconi et 

al.,1985). 
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Transport 

The liver is important in the uptake and elimination of 

mono- and bisquatemary ammonium compounds and influences the 

effects of cationic compounds (Mol et al.,1992). It is 

estimated that 70 to 80% of commonly used drugs belong to the 

category of organic cations, including local anesthetics, 

antihistamines, anticholinergic agents and neuromuscular 

blockers {Steen et al.,1991). In contrast to other organs 

where the capillary presents a barrier between the vascular 

and interstitial spaces, the liver possesses discontinuous 

endothelial capillaries which allow free contact of 

circulating cationic molecules and the hepatocyte cell 

surface (Nishida et al.,1990). Early investigations proposed 

that organic cations required two chemical features for 

hepatic uptake and elimination; a highly polar quaternary 

amine group at one end of the molecule and one or more non-

polar ring structures at the opposite end (Schanker and 

Solomon, 1963). Recent studies suggest that a family of 

cationic transporters may exist and are fimctionally 

characterized by their ability to transport either monovalent 

organic cations (Type I transporter) or bulky, bivalent 

organic cations (Type II transporter) (Steen et al.,1991). A 
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molecular weight threshold of 500 to 600 Da has been proposed 

for transport of bivalent organic cations and may provide the 

necessary amount of apolar elements in the molecule to 

balance the bivalent character (Meijer et al.,1990). 

The in vivo evidence demonstrating selective hepatic 

toxicity of M-741, rapid hepatic distribution and prolonged 

liver retention of M-741, combined with the in vitro studies 

which displayed loss of cellular viability following short 

(30 to 60 minute) pulsed exposure to M-741, suggested that 

hepatocellular transport played a role in the observed 

toxicity. 

Hepatocellular transport of M-741 was investigated 

during in vitro studies which utilized precision-cut hepatic 

slices. Incubation concentrations (90-220 mg/ml) were 

selected which were comparable to peak plasma levels (60 

mg/ml) measured during in vivo hepatotoxicity studies. The 

uptake time course that was examined (1 hour) was selected 

based on the in vitro pulsed exposure toxicity studies which 

demonstrated that this duration of exposure could initiate 

the course of events leading to M-741-induced toxicity. 

These uptake studies demonstrated that M-741 was indeed 

transported into hepatic slices and that uptake was linear 

over the concentration and time course evaluated. 
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M-741 uptake into hepatic slices fulfilled several 

criteria indicative of active carrier-mediate transport 

(Eaton and Klaassen, 1978). Transport of M-741 occurred 

against a concentration gradient as intracellular levels 

exceeded media concentrations during the course of the 

inciibation. Additionally, M-741 uptake into hepatic slices 

demonstrated temperature dependency, with uptake at 5°C 

significantly lower than that measured at 37°C. Similar 

active transport against a concentration gradient and 

temperature dependent uptake has been found for a variety of 

cationic molecules including procaine amide ethobromide 

(Eaton and Klaassen, 1978b) and tributylmethylammonixHn (Steen 

et al.,1991). While saturability of transport was not 

observed, as M-741 uptake was linear over the time course 

studied, it is possible that the inciibation concentrations 

tested may have been too low, or the incubation times too 

short, to observe this feature of active carrier-mediated 

transport. 

Active carrier-mediated transport of divalent cationic 

molecules should be inhibited by structurally similar 

molecules and molecules which compete for the same 

transporter protein (Eaton and Klaassen, 1978). Competitive 

inhibition studies of M-741 hepatic slice uptake were 
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conducted with d-tubocurarine and triethylmethylammonium 

bromide. Ideally, the competitive inhibition studies would 

have been conducted using a M-741 concentration close to its 

K„ for transport so that non-saturating substrate conditions 

would have been employed. Since the enzyme kinetics of M-741 

were not deteirmined due to assay sensitivity limitations, the 

M-741 concentration chosen for study during competitive 

uptake experiments (25 mM) was selected based on values 

available for the other cationic molecules, 

tributylmethylammonium (1.2 mM) (Steen et al.,1991), azido 

procainamide methoiodide (3 mM) (Mol et al.,1992), vecuronium 

(15 mM) (Meijer et al,1990), ORG 9426 (39 mM) (Schwartz and 

Watkins, 1992) and procaine amide ethobromide (54 mM) (Eaton 

and Klaassen, 1978b). Since the values for rat hepatocyte 

transport of these structurally dissimilar compounds were 

fairly uniform, ranging from 1.2 to 54 mM, the M-741 

concentration tested (25 mM) was assumed to approximate its 

for hepatocellular transport. 

Neither of the competing compovinds, d-tubocurarine or 

triethylmethyl ammonium bromide, were toxic to hepatic 

slices, even when incvibated at concentrations which were ten 

fold greater (1.0 mM) than those used during competitive 

inhibition studies (100 mM) . Competitor incubation 
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concentrations were selected based on studies demonstrating 

successful competitive inhibition of cation uptake using 

inhibitor:substrate ratios of 3.3 to 4.0 (Mol et al.,1992 and 

Steen et al.,1991). d-tubocurarine was selected as a 

competitor since it has been shown to be transported by the 

Type II divalent cation transporter (Meijer et al.,1990) and 

has also been shown to accumulate within the hepatocyte (Blom 

et al.,1982 and Meijer et al.,1976). Triethylmethylammonium 

bromide is transported by the Type I monovalent transporter 

and was selected as a potential inhibitor of M-741 

association because it has been shown that some divalent 

cations exhibit considerable affinity for, and binding to, 

the transporter for the monovalent cations but do not undergo 

transport via this system (Meijer et al.,1990). No 

inhibition of M-741 uptake was observed in these competition 

studies. Even though competitors were incxibated in 4 fold 

molar excess relative to the M-741 concentration, it is 

possible that greater inhibitor concentrations might have 

been effective in inhibiting M-741 uptake as has been shown 

with other substrates (Steen et al.,1991 and Eaton and 

Klaassen, 1978b) . Alternatively, the use of more sensitive 

measurements of changes of initial uptake velocity through 

the use of radio-labelled substrates might have been 
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successful in demonstrating inhibition (Eaton and Klaassen, 

1978 and Eaton and Klaassen 1978b) . It is also possible 

that M-741 does not undergo carrier-mediated transport as do 

the Type I and Type II cationic molecules but is instead 

transported via adsorptive endocytosis as is the bivalent 

hydrophilic organic cation, lucigenin (Braakman et al.,1989), 

and therefore it would not display competitive inhibition of 

uptake in these studies. 

The initial uptake velocity of some cationic molecules, 

such as procaine amide ethobromide, via the active 

transporters in hepatocytes have been shown to be inhibited 

by pretreatment with p-chloromercuribenzoate (pCMB) (Eaton 

and Klaassen, 1978b). pCMB inhibits free sulfhydryl groups 

which are considered to be important in substrate-protein 

interactions at the active site of the transporter protein. 

In the present studies, however, pretreatment of hepatic 

slices with pCMB did not diminish the uptake of M-741. As 

was suggested during the discussion of the competitive 

inhibitor studies, the pCMB-induced sulfhydryl modification 

might have been effective in inhibiting M-741 uptake but the 

inability to measure initial uptake velocities may have 

precluded the demonstration of this effect. 
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The use of precision-cut hepatic slices in these 

studies of M-741 uptake provides both advantages and 

potential disadvantages during data interpretation. Other 

investigators have utilized isolated hepatocytes for cationic 

uptake studies because of their ease in isolation and the 

ability to rapidly separate the cells and the inc\ibation 

media by centrifugation through silicone oil during kinetic 

analyses of initial uptake velocity (Eaton and Klaassen, 

1978) . While the inability to measure initial uptake 

velocities in the hepatic slices was clearly a disadvantage 

of this system, the isolated hepatocytes also possess 

limitations which are overcome in the hepatic slice system. 

Isolated hepatocytes have been shown to possess reduced 

transport capacities that may be due to the selection of sub-

populations during the isolation process, the loss of 

polarity of the isolated cell, the diffusion of membrane 

transporter proteins over the entire cell surface and 

possible changes in membrcine conformation which may occur 

during the isolation process (Blom et al.,1982 and Steen et 

al.,1991). Preparation of hepatic slices preserves the 

polarity of the hepatocytes, maintains the cellular 

architecture and heterogeneity of the tissue and limits 

potential damage to cell membrane and transmembrane 
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transporter proteins (Powis et al., 1989), and therefore this 

system may possess advantages over isolated hepatocytes in 

the study of cationic transport. 

It must be recognized that liver slices contain bile 

canaliculi and sinusoidal spaces where compounds may diffuse 

and reside during incubation, so it is possible that both 

intraslice and intracellular concentrations of M-741 were 

measiired during these studies. While this is possible, the 

high retention of M-741 (73% of control) in hepatic slices 

which were pulsed exposed for one hour then removed to 

control media incubation for one hour suggests that M-741 was 

located within the hepatocytes. It could also be suggested 

that the retention of M-741 in the slices may have resulted 

from absorption of this compound to the cell surface by 

electrostatic attraction as has been demonstrated with 

cationic molecules such as mitomycin C-dextran conjugates 

(Nakane et al.,1988) rather than via hepatocellular uptake. 

This explanation is unlikely for M-741, however, since 

temperature dependence of uptake was observed for M-741 and 

would not be expected if the association was due to 

absorption via electrostatic attraction (Nishida et 

al.,1990). 
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Oxidative Mechanisms 

In order to further examine the in vitro toxicity of M-

741 and attempt to define the mechanism of its 

hepatotoxicity, the contribution of oxidative mechanisms to 

M-741-induced cytotoxicity was evaluated. The obseorved 

depletion of hepatic slice glutathione levels during short 

duration M-741 incubations and the high potency of M-741 in 

producing cytotoxicity suggested that oxidative mechanisms 

might be involved. It has been demonstrated that a variety 

of chemical toxicants produce cytotoxicity via oxidative 

mechanisms. The redox cycling toxicants, such as the quinone 

species and the bipyridyl herbicides, have been shown to 

produce conditions of oxidative stress which result in cell 

death (Thor et al.,1982 and Eklow et al.,1984). Other 

toxicants, however, whose toxicity are more readily 

associated with their capability to covalently bind to 

cellular macromolecules, have been shown to possess an 

oxidative component in their toxicity. Both acetaminophen 

(Adamson and Harman, 1993) and the aryl halides, chloro-, 

iodo- and bromobenzene (Coleman et al., 1990) are examples of 

toxicants known to covalently bind to cellular constituents 

which also produce cell killing through oxidative mechanisms. 
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Before investigation of M-741 oxidative mechanisms in 

hepatic slice incubations, the utility of this in vitro 

system for the study of this mechanism was evaluated with 

known oxidative toxicants. Menadione and benzyl viologen 

were chosen for study as they represent two distinct chemical 

classes (quinones and bipyridyl herbicides) which share a 

common potential to produce hepatotoxicity by creating 

conditions of oxidative stress. 

Hepatic slice incubations were effective in modeling 

the toxicity of benzyl viologen and menadione. Both agents 

produced inciabation time- and concentration-related decreases 

of intracellular glutathione and cellular viability. 

A benzyl viologen concentration-related toxicity was 

observed in hepatic slices following 6 hours of incubation as 

evidenced by glutathione depletion, loss of cellular 

viability and decreased protein synthesis. As has been 

demonstrated previously with hepatic slice incubations 

(Fisher et al.,1990), protein synthesis was a more sensitive 

indicator of cellular perturbations than was loss of 

intracellular potassium. In contrast to studies with 

bipyridyl herbicides which failed to produce toxicity in 

isolated hepatocytes \mless they were pretreated with BOSru 

(Sandy et al., 1987), hepatic slices demonstrated toxicity 
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resulting from benzyl viologen incxibation alone. These 

findings are supported by other investigations (Wolfgang et 

al.,1991) which demonstrated toxicity and lipid peroxidation 

following diquat inciibation with hepatic slices. 

The results with menadione are consistent with the 

findings from isolated hepatocyte studies (DiMonte et al., 

1984) . While the relationship between depletion of 

glutathione and decreased viability was consistent between 

the isolated cell system and the precision-cut hepatic slice 

system, the inciibation time frames and the toxic menadione 

concentrations differed sxabstantially. DiMonte et al., 

(1984) utilizing isolated hepatocytes, produced menadione 

concentration-related depletion of glutathione at 50 mM and 

greater concentrations following 30 minutes of incubation and 

toxicity was evident at 200 mM after 1 hour of incubation. 

In hepatic slice studies, glutathione was depleted after 3 

hours of incTibation and decreased viability was evident after 

6 hours of incubation at menadione concentrations of 1500 mM 

and greater. 

In contrast to the findings of benzyl viologen and M-

741, where glutathione and cellular viability decreases 

paralleled one another, glutathione depletion preceded 

effects on cellular viability in the menadione studies. This 
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may be explained by the ability of menadione to consume 

glutathione via conjugative reactions with the semiquinone 

species in addition to its initiation of conditions of 

oxidative stress (Nickerson et al.,1963). The loss of 

hepatic slice glutathione in the benzyl viologen and M-741 

incubations may be the result of its consumption during 

conditions of oxidative stress and/or its loss from the cell 

due to leakage of a damaged plasma membrane as cellular 

viability diminished. 

Inhibition of enzymatic routes of detoxication, DT-

diaphorase inhibition by dicumarol and glutathione reductase 

inhibition by BOJU, produced potentiation of the toxicity of 

menadione and benzyl viologen, respectively. A dicumarol 

concentration-dependent potentiation of menadione toxicity 

was evident at 3 and 10 mM dicumarol concentrations. In 

initial hepatic slice studies, 30 mM dicumarol concentrations 

were utilized and greater potentiation of menadione toxicity 

was observed. In these incubations, however, 30 mM diciomarol 

produced toxicity in the absence of menadione. Previous 

investigations did not report any dicumarol-related toxicity 

in phenobarbital-induced isolated hepatocytes when this 

concentration was used (Thor et al., 1982), however, Powis et 

al, . (1987) reported that 30 mM dicumarol was toxic to non-
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induced hepatocytes. Thus it appears that the phenobarbital-

induced hepatic slices used in the current menadione studies 

were intermediate in their sensitivity to dicumarol between 

that reported for non-induced and induced isolated 

hepatocytes. It is possible that this differential 

sensitivity may reflect the heterogeneity of the cells in the 

precision-cut slices relative to the isolated hepatocytes. 

BCNU-mediated inhibition of glutathione reductase has 

been shown to compromise the cellular defenses to conditions 

of oxidative stress (Eklow et al.,1984). In hepatic slice 

incubations, BCNU preincubations were effective in 

potentiating the toxicity of benzyl viologen. Sandy et 

al.,(1986) reported decreased cellular viability, depletion 

of glutathione and increased lipid peroxidation in isolated 

hepatocytes preinciibated to 1.5 mM benzyl viologen for 2 

hours. Toxicity to BCNU-pretreated hepatic slices was 

evident at 125 and 250 iiiM benzyl viologen concentrations 

after 4 hours of inciibation. These data, together with the 

demonstration of benzyl viologen toxicity without BCNU 

pretreatment suggest that hepatic slices are as sensitive, or 

may show greater sensitivity, to benzyl viologen toxicity 

than do isolated hepatocytes. 



134 

The ability of dicumarol to potentiate M-741 toxicity 

was not evaluated since this toxicant does not contain the 

quinone structural moiety and thus inhibition of DT-

diaphorase ability to perform the two electron reduction of 

quinones would not be expected to affect M-741 toxicity. The 

effect of BCNU pretreatment on M-741-mediated toxicity was 

tested since the inhibition of glutathione reductase would be 

expected to potentiate the toxicity of agents which initiate 

conditions of oxidative stress. In contrast to the 

potentiating effect of BCNU in the benzyl viologen 

experiments and the literature reports of BCNU potentiation 

of acetaminophen (Adamson and Harman, 1993) and bromobenzene 

toxicity (Coleman et al.,1990), BCNU pretreatment did not 

affect the M-741-induced toxicity. These results suggest 

that the initiation of oxidative stress does not appear to 

contribute to the mechanism of M-741 hepatic toxicity. 

Benzyl viologen exposure to hepatic slices which were 

not pretreated with BCNU demonstrated marked toxicity in the 

absence of significant lipid peroxidation. These findings 

are consistent with studies conducted in vivo (Burk et 

al.,1980 and Steffen et al.,1980) with bipyridyl herbicides 

where little or no lipid peroxidation was produced even 

though significant hepatotoxicity was evident. They differ, 
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however, from other in vitro studies which utilized 

stibcellular fractions (Bus et al.,1974 and Trush et al.,1981) 

or isolated hepatocytes (Sandy et al.,1986) which report 

significant lipid peroxidation occurring concurrent with 

bipyridyl toxicity. In addition, they differ from a previous 

report (Wolfgang et al.,1991) which found significant lipid 

peroxidation in hepatic slices treated with the bipyridyl 

herbicide, diquat. Direct comparison of the present studies 

with those of Wolfgang et al., (1991) are difficult, however, 

since the former investigations used diquat, a more efficient 

redox cycler than benzyl viologen (Sandy et al.,1986) and 

used Fischer 344 rats which have been shown to be more 

sensitive to the hepatotoxic effects of bipyridyl herbicides 

than are the Sprague-Dawley rats used in the current studies. 

Pretreatment of hepatic slices with BCMJ potentiated 

both the toxicity and the degree of lipid peroxidation which 

was produced during benzyl viologen incxibation. The decrease 

of slice viability and the increase of lipid peroxidation 

appeared to be related, as they progressed over a similar 

time course. In contrast, hepatic slice inciibation with M-

741 did not produce lipid peroxidation, as measured by the 

formation of thiobarbituric acid reactive siibstances, after 

either control or BCNU preincubation. These data suggest 
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that lipid peroxidation does not contribute to the hepatic 

toxicity of M-741. 

Mechanism of M-741 Toxicity 

There are several potential intracellular targets for 

M-741 toxicity. These potential targets include; 

interference of cellular respiration via mitochondrial 

transport and inhibition and production of lysosomal lamellar 

bodies with initiation of lysosomal phospholipidosis. 

It is possible that the M-741 molecule is transported 

into the mitochondria where it exerts an inhibitory effect on 

cellular respiration. This mechanism of toxicity has been 

demonstrated for several other cationic compounds. 1-Methyl-

4-phenyl-l, 2, 3 , 6-tetrahydropyridine (MPTP) , a compound which 

has been shown to cause cytotoxicity to nigrostriatal 

dopaminergic neurons in man and animals (Lambert and Bondy, 

1989) , produces this toxicity via an inhibitory effect on the 

•ubiquinone-linked NADH-cytochrome C reductase of the 

mitochondrial respiratoiry chain (Lambert and Bondy, 1989) . 

This inhibition is mediated by active uptake into 

mitochondria of the oxidative metabolite of MPTP, l-methyl-4-

phenylpyridinium (MPP*) via the unstable intermediate, 1-
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methyl-4-phenyl-2,3-dihydropyridinium (MPDP*) (Ramsey et al., 

1986). MPP' has been shown to produce rapid ATP depletion 

and loss of cellular viability in primary cultures of mouse 

astrocytes (Wu et al.,1992) and rat hepatocytes (Di Monte et 

al.,1986). The mitochondrial accumulation of MPP* has been 

reported to occur via Nemstian (passive) transport driven by 

the mitochondrial transmembrane electrochemical potential 

(Arora et al.,1990 and Singh et al.,1991). Other studies 

suggest that the mitochondrial concentration of this cation 

reflects an energy-dependent concentration in response to the 

transmembrane potential (Albores et al.,1990). Dopaminergic 

neurotoxicity via mitochondrial transport and inhibition of 

mitochondrial respiration has also been demonstrated for 

1,3,3-trimethyl-4-phenyl-2, 3-dihydropyridinium (3,3 -DM-MPDP*) 

and 1,2, 2-trimethyl-4-phenyl-2 , 3-dihydropyridinixam (2, 2-DM-

MPDP*) , two compounds which cannot be oxidized to the 

pyridinixom species (Arora et al.,1990). 

Inhibition of mitochondrial respiration has also been 

demonstrated with cationic N-methylated _-carboline 

derivatives such as 2-methylharmine and 2-methylharmol. 

While mitochondrial transport of these molecules is 

inconsistent with a purely cationic mechanism and the 

partition across the mitochondrial membrane appears to result 
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from a rapid deprotonation-reprotonation of the indole 

nucleus forming a neutral anhydronium base, it has been 

demonstrated that reprotonation to form the cationic species 

within the mitochondria is required to produce the 

respiratory inhibition (Albores et al.,1990). 

The ability of lipophilic cationic compounds such as 

rhodamine 123 and dequalinium to undergo mitochondrial-

specific uptake and retention and produce cytotoxic effects 

has been shown to be efficacious in animal models for the 

treatment of certain malignancies, probably as a result of 

the high electrical transmembrane potential maintained by 

this organelle (Christman et al.,1990). 

Because of the evidence that other cationic molecules 

such as 1-methyl-4-phenylpyridiniiom, 2-methylharmine and 2-

methylhannol produce toxicity by transport and interference 

of mitochondrial function, the ability of M-741 to produce 

toxicity via mitochondrial perturbation was investigated. 

Electron microscopic evaluation of hepatocellular 

mitochondria was perfo2:ined 12 and 24 hours after 

administration of an hepatotoxic dose of M-741. These 

sampling time points were chosen based on light microscopic 

evidence that maximal hepatocellular necrosis produced by M-

741 was observed at 24 hours after administration, therefore, 
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these earlier time points would be expected to identify 

primary initiating events producing toxicity rather than 

secondary effects resulting from cellular damage. No clear 

indication of changes to mitochondrial structure were noted 

during electron microscopic evaluation. The infrequent 

observations of swollen cristae or degenerate mitochondria in 

autolysosomes could not be definitely considered to be 

treatment-related. 

In vitro evaluation of mitochondrial fiinction was 

performed in hepatic slice incubations by measurement of MTT-

formazan production. MTT is a tetrazolium salt that is 

reduced by the mitochondria of viable and metabolically 

active cells and is used to evaluate mitochondrial fiinction 

(Mossman, 1983) . This technique has been used in hepatic 

slice studies to investigate the effects of carbon 

tetrachloride toxicity on mitochondrial function (Azri et 

al., 1992), however, other researchers have demonstrated that 

cytosolic enzymes are capable of reducing MTT which questions 

the specificity of this agent as a marker of mitochondrial 

fiinction (Berridge and Tan, 1993) . Incubation of hepatotoxic 

concentrations of M-741 with rat hepatic slices did not 

effect the amount of MTT-formazan production. 
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These absence of functional impairment of mitochondria 

together with the limited ultras true tural changes to 

mitochondria suggest that this organelle is not the 

intracellular site of action which mediates the 

hepatotoxicity of M-741. It is possible, however, that more 

sensitive techniques to investigate mitochondrial fimction, 

such as measurement of electron transport or oxygen 

cons\imption in isolated mitochondrial preparations, may have 

provided information which would determine the role, if any, 

that mitochondrial damage plays in the toxicity of M-741. 

A second potential mechanism by which M-741 might 

produce hepatotoxicity is through the formation of 

intracellular vesicles which have been identified as 

lysosomal lamellar bodies (Reasor et al.,1989). These 

intracellular bodies are induced by some cationic amphiphilic 

molecules such as amiodarone and aminoglycosides after their 

intracellular transport and have been associated with the 

cellular toxicity produced by these agents (Reasor et 

al.,1989 and Ruben et al., 1993). Other cationic molecules, 

such as d-tubocurarine and metocurine, have been shown to 

accumulate in hepatocytes in vesicular bodies, however, they 

have not been associated with hepatotoxicity (Mol et 

al.,1992). No evidence of increased numbers of lysosomal 
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lamellar bodies were observed during electron microscopic 

evaluation of liver sections from M-741-treated rats, 

therefore, it would appear unlikely that this represents the 

mechanism of M-741 hepatotoxicity. 

Proposed Directions for the Future Evaluation of M-741 

Three avenues of research to investigate the 

hepatotoxicity of M-741 should be considered. Further 

evaluation of M-741 biotransformation and cellular uptake and 

localization might provide important information necessary to 

determine the mechanism of M-741 toxicity. The synthesis of 

radiolabeled M-741 would be particularly useful in these 

investigations in order to resolve metabolite profile and 

quantify the kinetics of hepatocellular transport. Studies 

to further evaluate the effect, if any, of M-741 on 

mitochondrial function should attempted. The demonstration 

that the enamino cationic moiety is the M-741 toxicophore and 

the known ability of other cationic compounds to accumulate 

in mitochondria and affect cellular respiration suggests that 

this is a likely target for M-741 toxicity. 

Additional consideration should be given to studies 

intended to further determine the role of biotransformation 
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in the production of M-741 hepato toxicity. The data 

collected to date have not provided evidence that 

bioactivation is involved in the M-741-induced toxicity. In 

preliminary rat microsomal metabolism studies with this 

compound, no significant decrease of parent concentrations of 

M-741 were measured during the 40 minute incubation time 

course. These data do not preclude, however, the possibility 

of limited biotransformation of M-741 and the production of 

highly reactive, cytotoxic metabolites. Investigations by 

Matsumoto et al., (1991) examined the microsomal metabolism 

of N-benzylpiperidine derivatives and demonstrated that b-oxo 

formation was dependent upon cytochrome P-450 systems. The 

formation of these metabolites was proposed to have occurred 

via formation of a N-benzylpiperidine-iminium intermediate 

which was successfully trapped by cyano-adduct fooonation. 

Since there is some structural similarity of these molecules 

and the M-741 molecule, it is possible that biotransformation 

of M-741 to a reactive species which could undergo 

nucleophilic attack may occur. 

Organic cationic accxamulation in cellular organelles 

has been demonstrated in a variety of studies. Acciamulation 

in lysosomes, nuclei and mitochondria have been reported for 

compoxmds such as d-tubocurarine (Blom et al.,1982). 
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vecuroniiJin and ORG 6368 (Mol and Meijer, 1990) . Given the 

demonstrated ability of hepatocytes to transport and 

acciamulate M-741, siibcellular fractionation studies to 

determine the cellular site of M-741 storage could be 

performed and may provide information that could elucidate 

the siibcellular targets for M-741 toxic action. During the 

si±)cellular fractionation studies, the potential for 

redistribution of cellular stores of M-741 during the 

fractionation procedure must be considered since this could 

produce artifactual results. Fractionation studies combined 

with investigations comparing the kinetics of M-741 transport 

in sinusoidal and canalicular membrane preparations could 

establish whether intracellular sequestration of M-741 

results from accxomulation within organelles or due to a 

reduced rate of biliary transport relative to the rate of 

sinusoidal uptake. These studies might provide additional 

information which addresses the role that cellular 

accumulation of M-741 plays in its cytotoxicity. 

Even though the existing data have not demonstrated an 

effect of M-741 on mitochondrial morphology or function, this 

remains a potential mechanism by which M-741 may exert its 

cytotoxic action. It has been demonstrated that cytotoxicity 

results from the mitochondrial accumulation and interference 
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of cellular respiration by the cationic metabolites of 1-

methyl-4-phenylpyridinixiia (Wu et al.,1992) and the cations 

dequalinium and rhodamine 123 (Christman et al.,1990). 

Studies with isolated mitochondrial preparations could 

investigate this potential mechanism of M-741 toxicity by 

examining more sensitive measures of mitochondrial function 

such as ATP depletion and mitochondrial oxygen consumption 

(Vemetti et al.,1993). 
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CONCLUSIONS 

1. M-741 produces hepatotoxicity in rats following 

intravenous administration. Hepatocellular pathology is 

characterized by parenchymal cell necrosis and inflammatory 

cell infiltration. Electron microscopic evaluation could not 

identify any treatment-related effects on mitochondria or the 

production of cytoplasmic lysosomal lamellar bodies. 

2. The M-741-induced hepatotoxicity is not modified by 

manipulations of nutritional status (fasting), hepatic enzyme 

induction (phenobarbital) or interference (glutathione 

depletion) with potential detoxication pathways. 

3. The M-741 pharmacokinetic profile is best described by 

a three compartment model and displays a rapid distribution 

and terminal elimination. In contrast, hepatic tissue 

concentrations of M-741 are elevated following administration 

and prolonged tissue residence is observed. These data are 

consistent with rapid hepatic uptake and bioaccumulation of 

M-741. 

4. The M-741 hepatotoxicity can be modelled in precision-

cut hepatic slices in dynamic culture at concentrations which 

are measured during in vivo toxication. 
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5. The toxicophore of the M-741 is the enamino-ether quat 

moiety and not the spiro-diamine portion of the molecule. 

Structural analogs of the enamino-ether quat also produced in 

vitro hepatotoxicity. 

6. The in vitro toxicity of M-741 demonstrated temperature 

dependence and the toxicity could be initiated by short, 30 

to 60 minute, pulsed exposure of the hepatic slices to M-741. 

Both findings are consistent with rapid hepatocellular 

transport of M-741. 

7. Hepatic slices accumulated intracellular levels of M-

741 during pulsed exposure. M-741 was transported against a 

concentration gradient and the transport displayed 

temperature dependence. 

8. Known substrates for cationic transport in hepatocytes, 

d-tubocurarine and triethylmethylammonium bromide, did not 

reduce M-741 uptake in hepatic slice competition experiments, 

however, the sensitivity of these measurements may have been 

inadequate to determine competitive effects on initial uptake 

velocities. Alternatively, M-741 may be transported 

intracellularly by absorptive endocytosis as has been 

demonstrated for other cationic compounds. 

9. p-Chloromercuribenzoate, a compoiind that has been used 

to modify important sulfhydryl groups on the cationic 
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transporter protein, did not inhibit M-741 uptake when 

hepatic slices were preincxibated with this alkylating agent. 
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Appendix A 

NMR Analysis of M-741 
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I I  

10 

Atom ^ shifts "C shifts 
1 0.84 (2 triplets) 11.04, 11.53 
2 1.64 (broad multiplet) 20.12, 22.20 
3 3.45, 3.70 (multiplets) 53.59, 53.69 
4 3.36, 3.38 (doublets) 55.78, 56.39 
5 0.87, 0,99 (multiplets) 8.79, 10.30 
6 0.31, 0.41, 0.63 (multiplets) 4.08, 4.36 
7 2.53 (singlets) 40.36 
8 — 32.18 
9 2.45, 2.49 (singlets) 39.94, 40.20 
10 — 166.88 
11 5.61, 5.69 (singlets) 89.04, 89.11 
12 3.82 (multiplets) 45.14, 45.49 
13 1.99, 2.07 (multiplets) 31.89, 33.77 
14 — 95.95 
15 3.79 (singlet) 63 .40 
16 — 32.92 
17 1.11 (singlet) 28.29 
18 — 167.98 



Appendix B 

Light Microscopic Evaluation of 
M-741-induced Hepatic Pathology 
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Plate 1. Liver from a M-741-treated rat (5 mg/kg) 3 hours 
post-dose. Rough endoplasmic reticulum is visible in the 
centrilobular cells. HE stain, X230. 

Plate 2. Liver from a M-741-treated rat (5 mg/kg) 12 hours 
post-dose. Note dilatation of sinusoids, loss of rough 
endoplasmic reticulum, foci of necrotic hepatocytes with 
inflammatory cell infiltration and hepatocyte vacuolization 
adjacent to the central vein. HE stain, X230. 

Plate 3. Liver from a M-741-treated rat (5 mg/kg) 24 hours 
post-dose. Note area of zone 3 necrosis, sinusoidal 
dilatation and vacuolization of several hepatocytes. HE 
stain, X230. 

Plate 4. Liver from a M-741-treated rat (5 mg/kg) 48 hours 
post-dose. Note coagulative necrosis surrounding the central 
vein, inflammatory cell infiltration and vacuolization of 
nearby hepatocytes. HE stain, X230. 

Plate 5. Liver from a M-741-treated rat (5 mg/kg) 72 hours 
post-dose. Note inflammatory cell infiltration in necrotic 
zone and initial evidence of hepatocellular mitosis. HE 
stain, X230. 
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Plate 4 
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Plate 5 
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