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Investigation into the hepatotoxicity of the novel anti-cancer drug ecteinascidin-743
(ET-743)

Sarah Donald

Ecteinascidin-743 (ET-743) is a novel marine-derived anti-cancer drug with demonstrated 
anti-tumour activity in clinical trials against sarcoma, breast and ovarian carcinoma. 
Reversible transaminitis and subclinical cholangitis have frequently been described in patients 
who receive ET-743. To facilitate understanding of this adverse effect and help design suitable 
therapeutic rescue strategies, the hepatic effects of ET-743, administered as a single i.v. dose 
of 40 pg/kg, were characterised in female Wistar rats by histopathology, electron microscopy, 
hepatic and plasma biochemistry and DNA microarray analysis. Plasma levels of bilirubin 
were elevated up to 7-fold over those in untreated rats and activities of alkaline phosphatase 
and aspartate aminotransferase in plasma were slightly elevated. Livers displayed 
degeneration and necrosis of bile duct epithelia associated with mild inflammation followed 
by fibrosis. DNA microarray analysis of livers from ET-743-treated rats showed a significant 
increase in the expression of ATP binding cassette transport genes abcbla  and abcblb and cell 
cycle genes cdc2a and ccndl. The cell cycle gene expression changes mirrored ET-743- 
induced increases in liver weight and Ki-67 labelling of liver nuclei. The results suggest that 
the toxicity exerted by ET-743 in the rat liver is a consequence of biliary damage and is 
accompanied by a wave of mitogenic activity.

Pre-treatment with dexamethasone (10 mg/kg p.o.) 24 hours prior to ET-743 abrogated the 
biochemical and histopathological manifestations of ET-743-induced liver changes without 
interfering with the anti-tumour activity. Dexamethasone pre-treatment decreased hepatic 
levels of ET-743 dramatically compared to those obtained after administration of ET-743 
alone. Pre-treatment with dexamethasone effectively protected against ET-743-mediated 
hepatic damage by decreasing hepatic exposure to ET-743, probably linked to induction of 
certain cytochrome P450 enzymes. Pre-treatment with cytochrome P450 inducers P- 
naphthoflavone, phenobarbitone or indole-3-carbinol also reduced ET-743-mediated 
hepatotoxicity. In conclusion, the results strongly advocate the clinical evaluation of pre­
treatment with dexamethasone in patients who receive ET-743 to ameliorate its unwanted 
effects in the liver.
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Introduction



Chapter 1: Introduction

1.1 Scope of introduction

The work described in this thesis concerns the elucidation and manipulation in rats of the 

hepatotoxicity of ET-743, a novel, experimental anti-cancer drug. In order to place the 

experiments described into an appropriate context this introduction reminds the reader of 

general features of cancer chemotherapy with cytotoxicants, it introduces factors which 

determine the organism’s susceptibility towards hepatotoxic chemicals, it introduces 

biochemical and physiological factors which can be targets of hepatotoxicants, and it describes 

the mechanisms by which known hepatotoxicants exert their effects. As experiments were 

performed in which the hypothesis of the involvement of cytochrome P450 enzymes in the 

toxicity of ET-743 was tested, an introductory section is devoted to the physiological and 

pharmacological regulation of such enzymes. Special emphasis is placed in the introduction on 

examples of anti-cancer drugs which are known to damage the liver. Finally, the mechanism 

by which ET-743 is thought to exert its anti-cancer activity is summarised and the literature on 

its efficacy and unwanted effects in animals and humans is reviewed.

1.2 Cancer and chemotherapy

Cancer is a leading cause of death in the Western world. Around a quarter of a million cases 

of cancer are diagnosed in the UK each year, with around 156,000 deaths. At current rates, 

about one in three of the population will develop cancer and one in four of the population will 

die from the disease (Cancer Research UK). In 1930, the medical cure rate for those afflicted 

with cancer was about one in five. Today, approximately two in five are cured (Pitot and 

Loeb, 2002). This decline in cancer mortality is due to the effect of cancer prevention and 

improved cancer treatment through radiation, surgery and chemotherapy. Significant advances 

have been made during the past three decades in the successful treatment of neoplasms that 

were not curable by surgery or radiation alone. Chemotherapy, by use of an increased 

spectrum of drugs, hormones and other natural products is the principle regime that has 

resulted in significant improvement in the treatment of a number of cancers.
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Chemotherapy as well as a significant number of its basic scientific concepts originated in the 

work of Paul Ehrlich in the early 1900s. He developed a system that allowed the 

transplantation of neoplasms in rodents, on which he could test the effectiveness of drugs in 

slowing or eliminating neoplastic development. Although the concept of treating cancers with 

drugs may be traced back several centuries, there is no example of successful cancer 

chemotherapy before the 1940s (Donehower et al., 1995). In World War II an explosion on a 

ship containing mustard gas resulted in the exposure of a number of individuals to this agent. 

It was noted at that time that exposed individuals exhibited a significant degree of bone 

marrow and lymphoid hypoplasia (Infield, 1971). As a result of this finding, Gilman and 

Philips studied and reported the first clinical trials of nitrogen mustard in patients with 

malignant lymphomas (Gilman and Philips, 1946). Their results demonstrated dramatic, 

although somewhat transient, regression of lymphomas. In the 1960s, the potential of the 

nitrosoureas first came to light from an early screening programme searching for chemicals 

cytotoxic towards malignant cells (Priestman, 1989). It resulted in a large chemical synthesis 

programme intended to improve the effectiveness of such compounds by reducing the 

unwanted toxicity. The anthracyclines were also discovered in the 1960s during a search for 

natural products with anti-cancer activity. Since that time, there has been not only an 

increasing number of drugs used for chemotherapy but also increased understanding of their 

mechanism of action. New chemicals with stronger cytotoxic actions are constantly being 

developed.

Clinically, cancer is a large group of diseases that vary in age of onset, rate of growth, state of 

cell differentiation, invasiveness, metastatic potential, response to treatment and prognosis. 

However, in terms of molecular biology, cancer may represent diseases caused by a similar 

molecular defect in cell function and similar alterations in the cell’s genes. Carcinogenesis is a 

multistep process which leads ultimately to a disease o f abnormal gene expression. Cancer 

cells have the following general properties: They proliferate in a deregulated manner and have 

limitless replicative potential. Cancer cells are insensitive to anti-growth signals and evade 

apoptosis. They invade surrounding tissues, probably through secretion o f certain proteolytic 

enzymes. They metastasise to secondary sites throughout the body. Cancer cells also show



Chapter 1 : Introduction

alterations of cell surface components such as antigens and enzymes. Cancers growing in the 

body occupy space and crowd out normal cells, sustaining themselves by angiogenesis. They 

can invade through tissues and cause haemorrhage and infection. Cancer cells also decrease 

host defence mechanisms against infection. In general, there are few unique or specific 

biochemical and biological differences between normal and cancer cells (Ruddon 1995).

Cancer chemotherapy is the use of anti-cancer drugs to eliminate cancer cells or alter their 

neoplastic phenotype. The challenge of cytotoxic chemotherapy is to maximize the killing of 

neoplastic cells while minimizing the damage to most or all other host cells. Most cytotoxic 

anti-cancer drugs interfere with the ability of cells to divide and reproduce. In general such 

drugs cannot distinguish between normal and malignant cells. Therefore cytotoxic anti-cancer 

drugs attack not only dividing cancer cells but also normal cells, which are actively dividing, 

such as the bone marrow, the hair follicles, and the digestive system. In addition to their 

shared activity against replicating tissues, individual cytotoxic agents have their own specific 

toxicity profile which can be severe or potentially lethal. In addition, anti-cancer drugs are 

often used clinically at or near the maximum tolerated dose and frequently cause unwanted 

side effects.

Many anti-cancer drugs exert their cytotoxic effect by inhibiting cell replication in a variety of 

ways. Alkylating agents such as cisplatin and cyclophosphamide alkylate nucleotide residues 

of DNA and cause cross-linking of DNA that interferes with its replication. Alkylating agents 

can also form covalent links with RNA and protein. Antimetabolites such as methotrexate and 

fiuorouracil inhibit enzymes such as dihydrofolate reductase and thymidylate synthase which 

are essential for purine and pyrimidine synthesis and therefore RNA and DNA synthesis. 

Agents such as vincristine and taxanes interfere with polymerisation or depolymerisation of 

cell microtubules. Actinomycin D is an example of drug which acts via intercalation of DNA 

which inhibits RNA and DNA synthesis. Other mechanism of action include induction of 

apoptosis and disruption of a variety of signal transduction pathways (King, 2000; Priestman, 

1989).



Chapter 1: Introduction

The history of the development of novel anti-cancer drugs is crowded with molecules which, 

in spite of impressive antineoplastic activity in preclinical models, struggled or failed to reach 

the stage of routine clinical application because of severe host toxicity. Paclitaxel provides an 

instructive example. Whilst the structural elucidation of the cytotoxic molecule in extracts of 

the bark of the pacific yew tree goes back to 1971(Wani et al., 1971), the commencement of 

its clinical development was delayed until the mid-1980s due mainly to toxicity problems. 

Toxicities included hypersensitivity which proved fatal in at least one case. Despite such 

detrimental side effects, research and development of this compound was pursued and 

investigators found that the toxicity could be minimised by pre-treatment with glucocorticoids 

and antihistamines. Currently there are over 500 molecules in clinical development by 43 

pharmaceutical companies (Pitot and Loeb, 2002). The National Cancer Institute estimates 

that fewer than 1 in 15, 000 drugs reach the final stage of development.
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1.3 Drug induced liver disease

Drug induced liver disease is a multifaceted phenomenon. It may occur in response to a toxic 

metabolite, unique to the injured individual after a therapeutic dose of a drug (idiosyncratic 

reaction) or as a consequence of the intrinsic toxicity of an agent taken in a sufficiently large 

dose to cause liver damage (Zimmerman, 1993). Drug induced liver damage includes all 

known hepatic lesions, both chronic and acute. Acute liver injury can be cytotoxic, 

characterised by overt damage to hepatocytes, or cholestatic, manifested by damage to the 

biliary system with decreased bile flow and jaundice. Some agents lead to a mixed type, with 

simultaneous features of cytotoxic and cholestatic injury. Cytotoxic injury includes necrosis, 

steatosis, both, or only degeneration.

Novel pharmaceutical agents which are found to cause hepatic necrosis at a modest dose level 

by a direct mechanism in preclinical toxicity studies are not usually developed in man. Hepatic 

necrosis can occur following treatment with a high doses of therapeutic agents as a result of an 

indirect mechanism. Necrosis may be zonal (centrilobular, mid-zonal or periportal), or focal or 

affect individual hepatocytes (Zimmerman and Ishak, 1995). Centrilobular necrosis is 

particularly liable to occur following administration of drugs or chemicals. As centrilobular 

hepatocytes are well endowed with drug metabolising enzymes, reactive metabolites are liable 

to be formed in the centrilobular zones and damage tissue by covalent binding directly with 

vital organelles. The centrilobular zones are also vulnerable to ischaemic damage by virtue of 

the vascular supply within the liver and the oxygen gradient (Greaves, 2000). Periportal 

necrosis is seen in periportal zones following treatment with agents such as a - 

naphthylisothiocyanate and ally! alcohol, which damage the bile ducts or periportal 

hepatocytes, or following bile duct ligation which increases intrahepatic bile levels (Greaves, 

2000; Kountouras et al., 1984). Hepatic necrosis leads to hepatocellular jaundice. The 

syndrome and biochemical values resemble those of viral hepatitis. Aminotransferase levels 

are elevated 8- to 500- fold and alkaline phosphatase (ALP) levels usually less than three-fold 

(Zimmerman and Ishak, 1995). The most important aspect of drug induced cytotoxic injury is 

its tendency to progress to liver failure.
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A large number of agents can produce fatty acid change. The microscopic appearance of fatty 

change is broadly of two main types. Macrovascular, characterised by large single vacuoles 

within each cell, which displaces the nucleus to the periphery, is the most common form. It is 

a relatively benign change associated with a variety of nutritional or metabolic alterations. It 

has been suggested that most agents that lead to the development of steatosis do so by 

interfering with the process of removal of lipid from the cell rather than increased entry of 

lipid into the cell (Zimmerman, 1978). Microvesicular steatosis comprises fine, lipid 

containing vacuoles, often giving a foamy appearance. This type of steatosis is associated with 

fatty liver in pregnancy and Reye’s syndrome (Belay et al., 1999; Bemuau et al., 1986). 

Microvesicular steatitis has been reported after administration of tetracycline and valproic acid 

(Fromenty and Pessayre, 1997). Jaundice is usually relatively slight, and aminotransferase 

levels are usually not a high as those in hepatic necrosis. Although the precise mechanisms 

that cause these conditions are not fully understood, it appears that the mitochondrion is a 

likely target, through inhibition of P-oxidation or impairment of mitochondrial function.

Cholestasis is defined as the decreased flow of bile resulting from suppressed secretion or 

anatomical blockade of the biliary tree. Inflammation or blockage of the bile duct results in 

retention of bile salts as well as bilirubin accumulation, an event which leads to jaundice. 

Cholestasis is accompanied by little or no overt injury to the hepatic parenchyma. Zimmerman 

and Lewis reported six types of drug induced cholestasis (Zimmerman and Lewis, 1987). 

Three types of cholestasis may be attributed to injury to the hepatocytes: hepatocanalicular 

cholestasis, canalicular cholestasis and hepatocellular cholestasis and three types due to 

lesions of the biliary tree: ductal cholestasis, ductular cholestasis and dissociated cholestasis. 

All have elevated levels of conjugated bilirubin. The degree of elevated bilirubin, alkaline 

phosphatase, cholesterol and aminotransferase and the prominence of histological markers of 

parenchymal hepatic injury provide some distinction between the disease types.
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1.4 Bile flow

Bile is formed by several energy-dependent transport processes. Bile consists of two 

components: canalicular and ductular. The passage of bile acids into the biliary caniculus is 

the most important factor promoting bile formation (Boyer, 1980). This is known as bile acid- 

dependent bile flow. A fraction of bile flow is independent of bile acid secretion which is 

called bile acid-independent bile flow (Erlinger, 1981).

The hepatocyte is a polarised secretory epithelial cell. Most endogenous and exogenous 

substances secreted in the bile are taken up by the hepatocytes through the sinusoidal 

(basolateral) membrane, transported through the hepatocyte and excreted across the 

canalicular membrane. Tight junctions between hepatocytes seal the biliary space from the 

blood and delimit the canaliculus. The actin containing micro filaments of the cytoskeleton are 

important in the maintenance of the integrity and orientation of the surface membranes and 

junctional complexes of the canaliculus.

The secretory process depends on a coordinated action of a number of transporter proteins in 

the sinusoidal and canalicular domains of the hepatocyte (see figure 1.1). During recent years, 

many of these proteins have been identified and cloned, and their function has been 

characterised (Erlinger, 1996; Muller and Jansen, 1997). The sinusoidal membrane contains a 

Na^-K^ ATPase which maintains a chemical gradient and potential difference between the 

hepatocyte and its surroundings. The multispecific ‘organic anion transporting polypeptide’ 

(OATP) transports organic anions and amphiphilic compounds including organic cations. The 

‘Na^-bile acid co-transporting protein’ (NTCP) mediates the uptake of bile acids, probably 

accounting for the major part of conjugated bile acid uptake.

Transport of bile across the cell involves cytosolic proteins. The major protein is 3-a- 

hydroxysteroid dehydrogenase, while glutathione-S-transferase and fatty acid binding proteins 

are less important. The endoplasmic reticulum and Golgi apparatus are implicated in the 

transfer of bile acid.
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The canalicular membrane contains transporters responsible for transporting substances into 

the bile against steep concentration gradients. Several ATP-dependent transport processes 

have been identified which are mediated by an ATP-binding cassette (ABC) superfamily of 

proteins (see figure 1.1). Two members of the ABC family are important for canalicular 

transport. ABCBl is a transporter of organic cations, and is also responsible for multidrug 

resistance, hence its name, MDRl (Arias, 1990). ABCB4 is a phospholipid translocator that 

acts as a flippase for phosphatidylcholine, and is important in the secretion of phospholipid 

into bile. The canalicular membrane also contains a ‘canalicular multispecific organic 

transporter’ (cMOAT) which carries glucuronide and glutathione-S-conjugates and a 

‘canalicular bile acid transporter’ (cBAT), which carries bile acids. It also contains enzymes 

such as alkaline phosphatase and gamma glutamyl transpeptidase. Water and inorganic ions 

enter canalicular bile by diffusion across tight junctions, via an osmotic gradient.

Bile acid independent bile flow results from the secretion of non bile acid organic ions and 

glutathione into bile. It is dependent on bicarbonate uptake, which in turn is dependent on 

active proton transport, or facilitated by a bicarbonate chloride exchanger. The ductular 

components of bile consist of the fluid and electrolytes which are added during the passage of 

bile along the bile ductules and duct (Reichen and Simon, 1984). Ductular cells secrete 

bicarbonate rich fluid. This secretion is under hormonal control. Secretin stimulates the ‘cystic 

fibrosis transmembrane conductance regulator’ (CFTC)-associated chloride channel and a 

chloride-bicarbonate exchanger by a cAMP-dependent mechanism.

Disruption of the well-coordinated transport process can lead to the retention of substrates 

with resulting cholestasis. Cholestasis represents impairment in the excretion of bile that 

results in the retention of biliary constituents both in the liver and the blood. Drug induced 

cholestatic injury can be produced by the compound itself, by a drug metabolite, by a 

metabolic idiosyncracy or by an immunological idiosyncracy. Cholestasis may follow 

disturbance of the anatomical structures involved in bile duct formation and flow as a result of 

damage to the cannicular membrane itself, the microfibrillar network, microtubules and 

microvesicles, tight junctions around canaliculi, bile ducts or bile ductules (Erlinger, 1985;
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Reichen and Simon, 1984; Tuchweber et ah, 1986). Functional alterations may also be 

important; impaired formation of canalicular bile can result from decreased uptake of bile 

acids and other key constituents from sinusoidal blood, deficient transport into the canaliculus 

and impaired propulsive action of the canalicular network. Other factors such as electrolyte 

balance and bile viscosity also influence bile flow independently of bile acids.

organic
ionsbile acids
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j u n c t i o n / NaV K+ \ 

ATPase JNTCP OATP

2K

ABCB organic ions
H ;0

MOAT
CANALICUL
MEMBRANE

ABCB- BAT

Bile acidphospholipid

BILE
DUCT

Figure 1.1 Major transport systems in bile formation. The sinusoidal transporters are the 

Na^-K’̂ ATPase, the Na^ taurocholate co-transporting protein (NCTP), the multi specific 

organic anion transporter (OATP) and the Na^-H^ exchanger. The canalicular membrane 

transporters are the ATP dependent bile acid transporter (BAT), the multispecific organic 

anion transporter (MOAT), the ATP-dependent transporter of organic cations (ABCBl) and 

the ATP-dependent phospholipid (ABCB4). Adapted from Zimmerman and Lewis, 1987.
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1.5 Phase I and II drug metabolism

Most drugs and toxins absorbed by the gastrointestinal tract are lipophilic, which facilitates 

their uptake into cellular membranes of the enterocytes. Conversely, to prevent uptake into 

other cells and to promote elimination from the body requires chemical modification to 

increase the water solubility of foreign compounds. These biotransformation reactions are of 

two types, phase I and phase II. In phase I reactions, polar groups are introduced into the 

molecule by oxidation, reduction or hydrolysis (Watkins, 1990). This type of reaction is most 

commonly mediated by cytochrome-P450 enzymes (CYP). In phase II reactions, the molecule 

is conjugated to a water soluble ligand, such as glucuronic acid, sulfate, glycine or glutathione.

The majority of CYP is located in the endoplasmic reticulum and is anchored on the 

cytoplasmic side of the membrane. There is a haem binding sequence that contains a 

conserved cysteine moiety, a substrate binding site in close proximity to the heme group, and a 

poorly characterised site that interacts with NADPH: cytochrome P-450 reductase. Electrons 

are taken from NADPH to reduce oxygen and oxidize or hydroxylate nitrogen and carbon. 

CYP selectivity for substrates is determined by both the chemical reactivity of the substrate 

and the three dimensional structure of the substrate binding site. CYPs have overlapping 

substrate specificity that catalyse a variety of oxidation and reduction reactions including 

carbon hydroylation and the dealkylation of substituted heteroatoms such as N, O, and S 

(Black and Coon, 1987).

Over the last 20 years a variety of different names have been used for the hundreds of different 

forms of CYP that have been isolated in different laboratories, Based on sequence similarity 

CYPs are now grouped into families termed CYPl, CYP2, CYP3 etc and subfamilies 

designated by a capital letter CYPl A, CYP IB etc. Arabic numbers are used to identify the 

individual letters with subfamilies. CYPs within the same family share a primary sequence 

homology of at least 59 % whereas CYPs within the same subfamily should be at least 70 % 

similar (Gonzalez, 1988).
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CYPs can be placed in two categories. CYP4 and higher members are generally involved in 

the metabolism of endogenous compounds. These CYP families are often highly specific for 

their substrate, non-inducible by exogenous compounds and are well conserved through 

evolution. These enzymes play a role in steroidogenesis, synthesis of cholesterol and bile 

acids, and hydroxylation of fatty acids and prostaglandins. The second category consists of 

CYPs 1-3, which metabolise exogenous compounds and show overlapping substrate 

specificity. They are often inducible by exogenous compounds and have been poorly 

conserved through evolution.

Phase II reactions involve the conjugation of chemicals with hydrophilic moieties such as 

glutathione, glucuronic acid, sulfate or amino acids. These reactions are usually considered 

detoxification pathways because they result in the formation of a more water soluble and 

easily excreted species. Glucuronidation can occur directly with the parent compound or with 

a metabolite formed by a phase I reaction. Glucuronic acid can be conjugated with alcohols, 

carboxylic acids, thiols and acids to form an ether, ester, thiol or amide glucuronide. UDP- 

glucuronyl transferases (UGT) are a family of enzymes which catalyse the conjugation of 

glucuronic acid with both endogenous and exogenous substrates. Over 35 different UGT gene 

products have been described from several different species. UGTs have been divided into two 

distinct subfamilies based on sequence identities, UGTl and UGT2. Substrates for the UGTI 

subfamily include bilirubin, amines, and phenols. The UGT2 subfamily consists of numerous 

enzymes which catalyze the glucuronidation of a diverse chemical base including steroids, bile 

acids, and opioids (King et al., 2000).

Sulfation has evolved as a key step in xenobiotic metabolism, and it also plays a critical role in 

steroid biosynthesis and in modulating the biological activity and facilitating the inactivation 

and elimination of potent endogenous chemicals incuding hormones and steroids. These 

reactions involve the transfer of a sulfate group from 3'-phosphoadenosine 5'-phosphosulfate 

(PAPS) to the hydroxyl/amino groups of acceptor molecules. Sulfation is catalysed by a 

category of enzymes known as sulfotransferases. In mammals, two classes of sulfotransferase 

have been distinguished. One class metabolises macromolecular endogenous structures and

11
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comprises mainly membrane-bound forms localized in the Golgi apparatus. The other class of 

enzymes is cytosolic and metabolises xenobiotics and small endogenous compounds (Glatt, 

2000).

Glutathione (GSH) detoxifies electrophiles and oxidants and is therefore extremely important 

in the prevention of hepatotoxicity. The reactions catalysed by glutathione S-transferases 

(GST) may be substitutions, additions or reductions. In substitution and addition reactions, 

GSH is conjugated with an electrophilic substrate either by displacing a leaving group or by 

binding to the electrophilic site. For reduction reactions, the enzyme can function as a 

peroxidase with reduction of organic hydroperoxides and oxidation of GSH to GSSG. Another 

role for GSH is reduction of oxidants catalysed by GSH peroxidase. In these reactions, the 

oxidant is reduced and GSH is oxidised to GSSG. The GSSG can be reduced back to GSH at 

the expense of one molecule of NADPH (Kretzschmar, 1996).

GSH is a tripeptide consisting of glutamine, cysteine and glycine. GSH is synthesised in 

cytoplasm from the three constitutive amino acids in two enzymatic steps involving ATP. The 

first enzymatic step, catalysed by y-glutamylcysteine synthetase, is rate limiting and controlled 

by negative feedback. The other rate limiting factor is the availability of cysteine. Circulating 

cysteine in the plasma is low because it auto-oxidizes to cystine. In a process unique to the 

hepatocytes and the ocular lens, cells use methionine and serine to synthesis cysteine. Cells 

which can transport cystine may reduce it intracellularly and release cysteine into plasma. 

Other cells use cysteine broken down from GSH (DeLeve and Kaplowitz, 1991). The most 

widely used cysteine prodrug is N-acetylcysteine, which is used to treat paracetamol 

overdosing (Lyons et ah, 1977).

The liver has the highest concentration of GSH, approximately 5-10 mM, and supplies nearly 

all the GSH in the plasma. There are two GSH transporters, one located on the canalicular 

membrane and the other on the sinusoidal pole of the hepatocyte. The latter is responsible for 

the efflux of GSH from the liver into the blood (Yi et ah, 1995). On a subcelllular level, 90 % 

of GSH is in the cytosol and the remainder in the mitochondria. Mitochondrial GSH is a
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particularly important pool of GSH. About 2-5 % of oxygen that passes through the 

respiratory chain escapes as oxygen radicals which are converted to hydrogen peroxide. 

Mitochondrial GSH is the main antioxidant that reduces hydrogen peroxide, preventing lipid 

peroxidation. Therefore, under physiological conditions mitochondrial GSH protects cells 

against endogenous oxidative stress. Pathological conditions that reduce mitochondrial GSH 

can be lethal to the cell. It has been shown that in paracetamol poisoning, depletion of 

mitochondrial GSH, rather than cytosolic GSH is the key event is rendering the mitochondria 

susceptible to toxic alkylation by N-acetyl-/?-benzoquinone imine (NAPQI) or oxidant stress 

from hydrogen peroxide (DeLeve and Kaplowitz, 1995).

GST consists of a family of enzymes with broad, overlapping substrate specificities. There are 

four human cytoplasmic GST forms: alpha, mu, pi and theta and two microsomal forms: 

mGST and LTC4 synthase (Armstrong, 1994; Awasthi et al., 1994). Table 1.1 provides 

information about the different classes of GST. GSTs are usually composed of 2 subunits, with 

an active site on each subunit (Danielson and Mannervik, 1985). The active site has a highly 

specific binding site for GSH adjacent to a partly hydrophobic binding site for the electrophilic 

substrate. The major functions of the GSTs are catalysis of GSH conjugation of electrophiles, 

peroxidation of lipid hydroperoxides and intracellular transport.

Class Tissue expression Substrates

Alpha Liver, skin Organic hydroperoxides

Mu Liver, muscle, brain Epoxides

Pi Placanta, intestine, bile duct, 

tumours

Theta Liver, erythrocyte Dichloromethane

mGST Liver, small intestine, 

adrenal, testes

Polyhalogenated hydrocarbons, 

lipid hydroperoxides

Table 1.1 Glutathione S-Transferases (from DeLeve and Kaplowitz, 1991)
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The process of biotransformation is intimately involved in chemically induced hepatotoxicity. 

Metabolism can modulate the properties of hepatotoxic agents in two general ways depending 

on whether the parent compound or its metabolite are the ultimate hepatotoxicant. Metabolism 

can either increase toxicity or decrease toxicity. The toxic potential of a hepatotoxic 

compound depends on the relative rates of toxification and detoxification. Enzyme induction 

can lead to metabolic activation or detoxification of toxic agents. A CYP inducer may increase 

the amount of toxic metabolite formed, for example alcohol induction of CYP2E1 may 

increase formation of the toxic product, NAPQI, from paracetamol. Conversely, inhibition of 

CYP, responsible for the inactivation of a parent compound, can lead to the toxic 

accumulation of the compound.

1.5.1 Mechanisms of induction and inhibition of cytochrome P450

The mechanisms of induction differ for the different CYPs. Induction can result either from 

increased production of enzymes, through increased transcription or translation, or a reduction 

in rate of enzyme breakdown. Well characterised is the induction of CYPlAl and 1A2 by 

polycyclic aromatic hydrocarbons. The inducer interacts with a cytosolic protein, the aryl 

hydrocarbon (Ah) receptor, which then undergoes translocation to the nucleus. In the nucleus, 

the complex binds to a DNA regulatory sequence termed the xenobiotic responsive element 

(XRE), leading to transcriptional activation of the CYPl A gene. The regulation of expression 

of the gene is complex, involving multiple negative and positive control sequences with which 

the inducer can interact (Nebert and Jones, 1989). There is evidence that the mechanism 

involved are very similar between species, such as the rat, mouse, rabbit and human...................

Another CYP inducer which should be mentioned as it is investigated in this project is 

indole-3-carbinol (13C). I3C has been shown to inhibit chemically induced tumourigenesis in a 

number of models and is being investigated by the NCI as a potential chemopreventive against 

breast cancer (Stoner et al., 2002; Wong et al., 1997). The postulated mechanism for the 

blocking effects of 13C administered before a carcinogen is through the ability o f 13C to
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induce phase I and II metabolism resulting in increased capacity for detoxification of 

carcinogens (Manson et al., 2000). 13C is unstable in acidic conditions and is converted into 

several condensation products. 13C induce phase I and II enzymes but it is not clear which of 

the condensation products are acting as a ligand for the Ah receptor (Bjeldanes et al., 1991; 

Vang et al., 1999).

The influence of I3C on the metabolism of the carcinogen afiatoxin B% was examined. 13 C was 

found to preferentially induce CYPl A, 1A2, 3A and 2B1/2 (Stresser et al., 1994). This 

resulted in a significant increase in the formation of afiatoxin Bi-epoxide, afiatoxin Qi and 

afiatoxin Mi (Manson et al., 1997). 13C also induced a number of phase II enzymes, in 

particular GST A5, which is very effective at conjugating the AFBi-epoxide to glutathione 

(Hayes et al., 1991). In addition, 13C has been shown to suppress spontaneous carcinogenesis 

at estrogen-susceptible sites such as mammary gland and endometrium. Estradiol is normally 

metabolised to 16a-hydroxyestrone, 2-hydroxyestrone and to a lesser extent 4-hydroxyestrone. 

16a-hydroxyestrone is thought to be tumorigenic and is elevated in breast cancer whilst 2 - 

hydroxyestrone is reported to have anti-estrogenic effects (Schneider et al., 1982). It has been 

shown that 13C induces CYP activity, increasing 2-hydroxylation of oestrogens, leading to 

increased 2 -hydroxyestrone and decreasing 16a-hydroxylation leading to 16a-hydroxyestrone.

Phenobarbitone induces expression of CYB2B1 and CYP2B2 and, to a lesser extent CYP2A1, 

CYP2C6, CYP3A1 and CYP3A2. It also increases the quantity of endoplasmic reticulum in 

hepatocytes, increases total microsomal protein, and increases NADPH: cytochrome P450 

reductase as well as phase II metabolising enzymes. Its induction of the CYPs occurs at the 

transcriptional level, but the molecular mechanism by which phenobarbitone induces gene 

expression remains unknown; no receptors for phenobarbitone have been found. However, in 

the last five years, PB-responsive sequences have been identified in the 5’flanking regions of 

several CYP genes (Kemper, 1998). The phenobarbital-responsive enhancer unit (PBRU) of 

CYP2B gene family members contain two potential nuclear receptor binding sites (NRl and 

NR2) and a nuclear factor 1 (NF-1) binding motif (Honkakoski and Negishi, 1998; 

Honkakoski et al., 1998; Sueyoshi et al., 1999). The nuclear factors that regulate PBRU
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activity have not yet been identified. Responding to phenobarbitone, the constitutive 

androstane receptor (CAR), translocates to the nucleus, forms a heterodimer with the retinoid 

receptor (RXR) and activates the PBRU via binding to NRl and NR2. It is possible that the 

pleiotropic effects of phenobarbitone can be explained by the ability of the CAR-RXR 

heterodimer to bind to a variety of nuclear receptor binding motifs.

Expression of CYP3A in markedly induced in vivo in the liver and in vitro in cultured 

hepatocytes in response to a variety of xenobiotics and drugs, including glucocorticoids such 

as dexamethasone and antibiotics such as rifampicin. Two nuclear receptors, pregnane X 

receptor (PXR) and CAR have been proposed to mediate CYP3A4 gene induction, as these 

receptors bind to, and transactivate, DNA nuclear response elements located in the promoter 

of the gene in vitro. Both CAR and PXR form heterodimers with RXR which bind to, and 

transactivate, DNA response elements located in the proximal and distal CYP3A4 regulatory 

region. The mechanism by which dexamethasone and glucocorticoids induce CYP3A4 is still 

unclear. Dexamethasone is an efficacious inducer in rodents and humans, but seems to be a 

relatively weak activator of mouse PXR (Pascussi et al., 2001). Several observations suggest 

that the glucocorticoid receptor plays an important part in the expression and xenobiotic- 

mediated inducibility of CYP3A4. There is a functional glucocorticoid response element 

(GRE) in the rat CYP3A23 (Pereira et al., 1998), while the human CYP3A5 promoter gene 

contains two GRE sites (Schuetz et al., 1996). Transcriptional activation of CYP3A4 by 

dexamethasone is partially inhibited by the anti-glucocorticoid, mifepristone (RU486) 

(Quattrochi et al., 1998). Conversely, studies in glucocorticoid receptor (GR)-null mouse 

model suggest that GR has no effect on CYP3A induction by PXR activators (Schuetz et al., 

2000). Recent studies by Pascussi et al suggest that dexamethasone induces CYP3A4 via a 

two step mechanism (Pascussi et al., 2001). At low (submicromolar) concentrations activation 

of the glucocorticoid receptor positively controls the expression of PXR and CAR which in 

turn activates CYP3A4 transcription in a ligand-dependent manner. At high 

(supramicromolar) concentration dexamethasone binds to and activates PXR which induces 

CYP3A4 transcription.
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Class of Inducer Examples Induced P450

Polycyclic hydrocarbon type 3 -methylcholanthrene 

TCDD

p-naphthoflavone

Chlorpromazine

Benzo(a)pyrene

CYP1A1,CYP1A2

Phénobarbital type Phenobarbitone

Phenytoin

Griseofulvin

CYP2A1, CYP2B1, CYP2B2 

CYP2C6, CYP3A2

Ethanol Ethanol

Acetone,

Heptane

CYP2E1

Glucocorticoid Dexamethasone, 

pregnenolone-16a-carbonitrile 

Prednisolone 

Rifampicin

CYP3A1, CYP3A2, 

CYP3A4

Clofibrate Clofibrate CYP4A1

Table 1.2 Inducers of CYP enzymes.

Various drugs inhibit the activities of CYPs. Inhibition can occur as a result of different 

mechanisms, reversible, irreversible or by alteration of the synthesis or degradation of CYP. 

Reversible or competitive inhibition occurs due to simple interaction with the substrate 

binding site of the CYP. Reversible inhibitors can act directly such as carbon monoxide, 

alcohols and imidazole derivatives^ or act indirectly such as aromatic amines and hydrazines. 

Indirect inhibitors act through metabolic intermediates forming complexes with CYP. 

Irreversible or non-competitive inhibitors bind covalently at an allosteric site, not the substrate 

binding site, and include compounds that act directly with CYP and those that undergo 

metabolic activation to form reactive intermediates. Irreversible inhibitors generate stable 

complexes with the enzyme so that the cytochrome is sequestered in a functionally inactive 

state, or the metabolite may inactivate the enzyme via haem or apoprotein modifications.

17



Chapter 1: Introduction

Metals ions such as cobalt, cadmium, nickel and copper inhibit CYP by inhibition of its 

biosynthesis. Haem oxygenase, an enzymes which oxidises CYP to biliverdin, and may 

increase the conversion of cytochrome P450 to cytochrome P420, is an example of inhibition 

by degradation of CYP (Testa and Jenner, 1981).

1.5.2 Species differences in metabolism

Significant differences exist between humans and rodents with respect to the metabolism of 

xenobiotics. The difference can be divided broadly into three categories, occurrence of the 

isoenzyme, substrate specificity and rate of metabolism.

The CYP superfamily can display very significant species, strain and gender differences in 

expression and catalytic activity. The classic example of this difference is the sexual 

bimorphism observed for the metabolism of compounds by rats that is not observed in any 

other species. In addition species specific CYPs have evolved through the process of gene 

duplication and the fixation of duplicated genes through natural selection. An example of this 

is the species variation in the CYP2E subfamily. Rabbits, rats and humans diverged about 75 

million years ago. The CYP2E subfamily in rats and humans contains a single gene, however, 

two highly similar 2E genes are present in rabbits. Another example is the species difference 

in the CYP2D family. In the rat there are four CYP2D genes with 73 to 95 % amino acid 

similarity, whereas in the human there are three genes with 89 to 95 % amino acid similarity. 

Based on the spéciation period of rodent and human lines, about 75 million years ago, and the 

amino acid similarities of the rat and human CYP, it appears that four CYP2D genes existed in 

the ancestor to humans and rats. Subsequent to the formation of these 2 species, 3 genes were 

lost in humans and an additional two genes formed more recently by gene duplication. In rats, 

four genes were maintained and one newer gene formed (Gonzalez and Nebert, 1990).

The substrate specificity of many enzymes is similar in different species, however a few 

exceptions have been reported. Different CYPs in the various species may perform, with high 

specificity, the same metabolic function. For example, S-mephenytoin is metabolised in the rat
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by a 3A subfamily, whereas in man it is metabolised by a member o f the 2C family. In 

addition, highly structurally related CYPs in different species may have different substrate 

specificities. For example, 4-hydroxylation of debrisoquine is catalysed largely by CYP2D 

both in rat and human, however the competitive inhibitor, quinidine is a much more potent 

inhibitor of this activity in humans than in rats. Quinine, the stereoisomer of quinidine, is a 

much less potent inhibitor of debrisoquine 4-hydroxylase activity in humans, however, in the 

rat, the potency of the two inhibitors is reversed with quinine being more potent than 

quinidine. The reason for the species difference in the specificity of these inhibitors may be 

due to differences in the geometry of the active site of the enzyme (Boobis et al., 1990).

Species differences exist for the rate of metabolism. The rat clears drugs which are substrates 

for CYP2D at higher rates than humans and dogs. Another example is the faster clearance rate 

of S-mephenytoin in humans compared to rats. In humans, R-mephenytoin is metabolised by 

CYP3A4 whilst the S-enantiomer is metabolised by CYP2C, whereas in rats both the R and S 

form are metabolised by CYP3A4 (Yasumori et al., 1993). Therefore the interspecies 

differences in the rate of metabolism are a consequence of different substrate specificities.

Species differences in biotransformation are responsible for most of the known species 

differences in chemical hepatotoxicity. For example, hamsters and mice are sensitive to the 

hepatotoxic effects of paracetamol whereas rats and human require high doses to produce 

similar toxicities. These species differences are due to differences in the rate of production of 

the toxic metabolite NABQI. Another example is the sex difference in the hepatotoxicity of 

the pyrrolizidine alkaloid senecionine observed in rats with the male being much more 

sensitive than the females. Senecionine requires CYP mediated biptransformation to form the 

toxic metabolite that reacts with critical cellular macromolecules to produce hepatic 

cytolethality. Female rats lack the CYP3A isoform involved in the metabolism of senecionine. 

However, when female rats are treated with dexamethasone to induce enzymes of the CYP3A 

family, they become as sensitive to senecionine hepatotoxicity as male rats (Williams et al.,

1989).
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There are also species variations in the response of CYP to different inducers and inhibitors 

which lead to species differences in the metabolism of xenobiotics. One reason for species 

differences in the effects of inhibitors includes different active sites of the enzyme amongst 

species (Boobis et al., 1990). Substrates for the same enzyme will compete for the active site 

and inhibit each others metabolism, whereas substrates metabolised at different enzyme sites 

will not compete. Another reason is due to different inhibitory binding sites between species. 

The inhibitor interacts with an allosteric site on the protein which results in an alteration in 

catalytic activity of the enzyme causing a conformational change. In addition, species 

differences exist in the pharmacokinetics of the inhibitor. The potency of the inhibitor in vivo 

will depend not only upon the nature of the interaction with enzyme but also on the rate of 

elimination of the inhibitor. Species differences in the metabolism of the inhibitor will explain 

discrepancies in inhibitor potential.

In many cases the human CYP analogue is similarly inducible to the isoenzyme in rodents. 

Examples are the CYPl A subfamily, CYP2E and CYP3A. Species differences in induction 

can be due to differences in the mechanism of induction. The mechanism of CYPl A induction 

is very similar amongst species such as rat, rabbit, mouse and human. Nevertheless there are 

important differences in effectiveness of inducer-receptor coupling. Some strains of mouse are 

resistant to the inducing effects of polycyclic aromatic hydrocarbons. Species differences may 

also be due to alterations in competing pathways and differences in the pharmacokinetics of 

the inducer. As for inhibitors, the extent of induction will depend on the concentration of the 

inducing agent at the site of action (Boobis et al., 1990).
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1.6 Mechanisms of hepatotoxicity

Hepatotoxicity is often the result of inadequate detoxification, or of an imbalance between 

phase I reactions that produce reactive molecules and phase II reactions which detoxify them. 

This is not always the case as both phase I and II reactions can function as activating or 

detoxification reactions. Some compounds are toxic without any metabolism. Toxicants such 

as chlorpromazine and other phenothiazines can have direct surfactant effects on the 

hepatocyte membrane (Seeman, 1972). These effects ultimately disrupt cellular volume 

homeostasis and lead to cell death. The mushroom poison phalloidin binds to actin and 

disrupts the cell cytoskeleton, resulting in increased plasma membrane permeability 

(Govindan et al., 1972). Various chemicals and metal ions bind to mitochondrial membranes 

and enzymes, disrupting energy metabolism and cellular respiration. The majority of 

compounds with hepatotoxic properties require metabolic activation to exert toxicity, and CYP 

mediated activation is a common pathway. This pathway forms electrophiles or free radicals 

by oxidative metabolism (Kedderis, 1996). The unstable intermediates react with crucial 

cellular macromolecules that can donate electrons. Free radicals can lead to peroxidative 

injury of membrane lipids and subsequent membrane perturbation, leading to necrosis. An 

example is carbon tetrachloride. Electrophiles bind covalently to nucleic acids, proteins, or 

other nucleophilic species, disturbing critical cellular function and eliciting cell death.

Glutathione is quantitatively the major soluble cellular nucleophile, and it provides an efficient 

detoxification pathway for electrophilic reactive metabolites. Thus, glutathione depletion 

renders cells more susceptible to the toxic effects of chemicals. Paracetamol is an example of a 

drug metabolised to a toxic free radical, NAPQI that reacts with protein thiols when GSH is 

depleted (figure 1.2).

In addition to covalent binding and depletion of glutathione, reactive intermediates can initiate 

redox cycling and lipid peroxidation. Compounds such as quinone, may undergo reversible 

one electron transfer catalysed by a reducing enzyme such as NADPH: cytochrome P450- 

reductase. In the presence of molecular oxygen, such chemicals can donate a single electron to
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oxygen and the chemical itself ultimately reverts to the original form. The oxygen free radical 

formed, superoxide, is converted to hydrogen peroxide (H2O2) by superoxide dismutase. In the 

presence of iron, H2O2 is converted by the Fenton reaction to a highly reactive hydroxyl 

radical which is presumed to be the ultimate toxic metabolite generated from this pathway. 

The hydroxyl radical may oxidize protein thiols or membrane lipids to cause peroxidation 

(Kedderis, 1996). Lipid peroxidation is thought to be an important mechanism for the 

cytolethality of some agents (Tribble et al., 1987).

Disruption of calcium homoestasis is a common feature of chemical hapatotoxicity. Calcium 

is kept within a narrow range in the cytosol by calcium pumps (Ca^^-ATPase) that store 

calcium in the endoplasmic reticulum and that maintain the 1000-fold gradient between the 

intracellular and extracellular compartment. Reactive metabolites may damage these pumps by 

covalent binding or protein thiol oxidation. Alternatively, lipid peroxidation may disrupt 

normal membrane function and disturb calcium homeostasis. Elevated intracellular calcium 

levels disrupt the cytoskeleton, leading to blebbing, and activates degradative enzymes in the 

cytosol (Nicotera et al., 1986). Activated Ca^^-dependent proteases can degrade enzymes and 

structural proteins, Ca^^-dependant phospholipases can digest membranes and release 

arachidonate, and Ca^^-dependent endonuclease can fragment DNA (Nicotera et al., 1990; 

Nicotera et al., 1986). Furthermore, elevated intracellular calcium levels may impair 

mitochondrial function, which may lead to cell death (Meyers et al., 1988). Elevation of 

cytosolic calcium has been implicated in the course of events leading to cell death for 

compounds, such as paracetamol, diquat and carbon tetrachloride.

2 2



Chapter 1 : Introduction

NHCOCH3

NHCOCH3
Sulphate

M AJ OR
N H C O C H 3

OH

Paracetamol

Glucuronide

M I N O R CYP

N G O C H , N H C O C H ,

GSH

N-acety l-p -benzoquinone imine Mercapturic acid

i
binds to cellular m acrom olecu les  
leading to cell  death

Figure 1.2 Metabolism of paracetamol. Paracetamol is extensively metabolised by 

sulphation and glucuronidation. A small amount is metabolised by CYPs to form a toxic 

metabolite, N-acetyl-p-benzoquinone imine. With normal therapeutic doses of paracetamol, 

this metabolite is quickly metabolised to a non-toxic derivative by glutathione and is excreted 

in the urine. With high doses of paracetamol glutathione becomes depleted and the toxic 

metabolite interacts with proteins leading to cell damage. Adapted from Zimmerman, 1993.
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1.7 Mechanism of a-naphthylisothiocyanate (ANIT) hepatotoxicity

ANIT has attracted attention because it produces cholestasis and hepatic lesions in rats which 

mimic biliary cirrhosis in humans (Plaa and Priestly, 1976). Animal models of ANIT 

hepatotoxicity may be useful for studying the mechanism of drug-induced cholestasis. Within 

24 hours of administration, ANIT causes cholestasis with marked injury to bile duct epithelial 

cells accompanied by a mild injury to periportal hepatic parenchymal cells (Desmet et al., 

1968; Goldfarb et al., 1962). An inflammatory response in the periportal region of the liver 

encompasses oedema and infiltration of inflammatory cells, especially neutrophils. Injury to 

the parenchymal cells is reflected by elevations in AST and alanine aminotransferase (ALT) 

activities. Injury to bile duct epithelial cells is reflected by an increase in plasma y- 

glutamyltranspeptidase (GGT) activity, bile acids and bilirubin and decreased bile flow (Krell 

et al., 1982; Leonard et al., 1984).

The pronounced neutrophilic infiltration after ANIT administration led to the hypothesis that 

neutrophils participate in its hepatotoxicity. The neutrophil not only protects mammals from 

certain invading pathogens by phagocytosis and killing, but can participate in tissue injury in 

the host through the extracellular release of toxic oxygen metabolites, lysosomal enzymes, and 

metabolites of arachidonic acid. To determine whether a reduction in the numbers of blood 

neutrophils would alter ANIT hepatotoxicity, an antiserum to rat neutrophil was injected 

before administration of ANIT (Dahm and Roth, 1991). The reduction in blood neutrophil 

numbers was associated with protection against ANIT hepatotoxicity, as reflected in less 

pronounced changes in several plasma markers as well as a reduction in histopathologic 

change. Accompanying studies in vitro revealed that ANIT was capable of stimulating 

neutrophils to release reactive oxygen species and lysosomal enzymes (Roth and Hewett,

1990). When hepatocytes were co-cultured with neutrophils activated by phorbal myristate 

acetate (PMA), hepatocytes developed blebs and released ALT into the medium indicating 

hepatic parenchymal cell damage (Ganey et al., 1994).
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Other studies have suggested that glutathione plays a role in ANIT hepatotoxicity (figure 1.3). 

Unlike many other hepatotoxicants, ANIT hepatotoxicity is not associated with a decrease in 

liver glutathione and hepatic glutathione increases as cholestasis develops (Dahm et al., 1991). 

Interestingly when animals were pretreated with an inhibitor of glutathione biosynthesis, 

buthionine sulfoximine, the resultant decrease in hepatic glutathione concentration was 

associated with protection from hepatotoxicity (Dahm and Roth, 1991). Pre-treatment of 

animals with other agents that deplete liver glutathione by different mechanisms also afforded 

protection. These studies indicate that glutathione participates in ANIT-induced liver damage.

Evidence has accumulated during the last several years to suggest that glutathione’s critical 

role involves formation of an S-conjugate with ANIT. Initial evidence came from studies in 

isolated hepatocytes in which incubation with ANIT resulted in an enhanced rate of efflux of 

glutathione from these cells. Carpenter-Deyo et al discovered the formation of an unstable 

glutathionyl conjugate formed in hepatocytes which dissociates to release the original 

reactants (Carpenter-Deyo et ah, 1991). This led to the hypothesis that a glutathione conjugate 

formed in hepatocytes is exported into bile, where it dissociates to free ANIT and GSH, 

thereby exposing bile duct epithelial cells to high concentrations of ANIT, resulting in further 

injury to these cells (Dahm and Roth, 1991). Support for this includes the finding that ANIT 

administration in rats leads to increased concentration of both reduced GSH and ANIT in bile 

(Jean et al., 1995). Moreover, depletion of hepatic glutathione with buthionine sulfoximine 

prevented both the hepatotoxicity and the accumulation of ANIT in bile (Jean and Roth, 

1995).
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Figure 1.3 Mechanisms of ANIT hepatotoxicity. ANIT is lipid soluble and enters by passive 

diffusion into hepatic parenchymal cells where it forms a reversible conjugate with GSH. This 

conjugate is actively transported into bile, where it dissociates, exposing bile duct epithelial 

cells to large and possibly toxic concentrations o f  ANIT. Factors produced because o f the 

resultant cellular hom eostatic changes or the large concentration gradient o f ANIT itself, 

between bile and plasma, recruits neutrophils to periportal regions o f  the liver. When activated 

these neutrophils release lysosomal proteases, which cause cell dam age (indicated by XXX). 

Adapted from Roth and Dahm, 1997.
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1.8 Liver disease induced by chemotherapy

The liver is a frequent target for drug toxicity because it is exposed to high concentrations of 

drugs. It is particularly efficient in removing xenobiotics from the blood and promoting their 

excretion from the body. Thus the liver is exposed to high concentrations of compounds that 

may be toxic either in their native form or after metabolism by the liver. Orally administered 

drugs usually enter the portal circulation, exposing the liver to high concentrations of the 

ingested drug. The liver is also exposed to high concentrations of intravenously administered 

drugs because it receives 25 % of the cardiac output. Therefore the concentrations seen by the 

liver may greatly exceed those seen by other organs, especially if first pass metabolism occurs.

The spectrum of hepatic toxicities ranges from transient elevations of transaminases to life 

threatening hepatic necrosis. In chemotherapy patients, there are multiple other potential 

causes of abnormal liver function tests that must be considered. Patients with metastatic 

disease may have hepatic métastasés. All patients may have been exposed to hepatotoxins, 

including medication, alcohol and other chemicals. Patients may have other co-existing 

medical conditions that affect the liver, or because of their immunocompromised state, be 

prone to complications such as infection.

In general, alkylating agents are rarely associated with hepatic toxicity, however there are 

several reports linking individual alkylating agents to liver toxicities (Perry, 1992). 

Cyclophosphamide undergoes metabolism in the liver to produce 4- 

hydroxycyclophosphamide, which is in equilibrium with its acyclic tautomeric form, 

aldophosphamide. Non-enzymatic cleavage of aldophosphamide yields phosphoramide 

mustard and acrolein which are highly cytotoxic and may represent the active form of the drug 

(King and Perry, 1995). Despite its requirement for hepatic metabolism for activity, there are 

only a few reports of elevated hepatic enzymes attributed to the drug, and this effect is likely 

to be due to idiosyncratic reactions rather than direct toxicity (Aubrey, 1970; Bacon and 

Rosenberg, 1982; Goldberg and Lidsky, 1985; Walters et al., 1972). Chlorambucil was linked 

to the development of liver damage in six patients from an autopsy series of 181 patients with
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leukaemia or lymphoma (Amromin et ah, 1962). Two patients had post necrotic cirrhosis, and 

a third had areas of fibrosis. All six patients had jaundice, and variable degrees of centrilobular 

or periportal liver degeneration and necrosis were seen. All patients in the series had abnormal 

liver enzyme levels. Busulfan, at standard doses, rarely causes hepatic damage, but it has been 

linked to at least one case of cholestatic hepatitis (Morris and Guthrie, 1988) and another of 

cholestatic jaundice (Underwood et ah, 1971).

The nitrosoureas are commonly the cause of hepatotoxicity, perhaps because of their dual 

mechanism of action, acting as alkylating and carbamoylating agents (Pratt et ah, 1994). 

Carmustine (BCNU) induces liver function abnormalities in 26 % of patients from 6 to 127 

days after treatment (DeVita et ah, 1965). Serum transaminases, ALP and bilirubin increases 

are usually mild and revert to normal within a short period, although fatalities have occurred. 

Lomustine (CCNU) produces similar effects (Hoogstraten et ah, 1973).

The antimetabolites currently in clinical use include cytosine arabinoside (ara-C), 5- 

fiuorouracil (5-FU), 6-mercaptopurine, azathioprine, 6 -thioguanine and methotrexate. 

Although their mechanisms differ, individual antimetabolites are common causes of 

hepatotoxicity. Ara-C is currently the main treatment for acute myelogenous leukaemia and its 

variants. It is metabolised in three successive phosphorylation reactions to the triphosphate 

derivative araCTP, which inhibits DNA synthesis by inhibiting DNA polymerase and by 

misincorporation into the DNA molecule. In one of the first series using ara-C, abnormal liver 

function tests were noted in 37 of 85 patients, but many had abnormal liver function tests 

before treatment (Ellison et ah, 1968). Because these patients are particularly prone to 

infections, have received many medications, and are not often candidates for liver biopsy 

because of thrombocytopaenia, establishing ara-C as a hepatotoxicant has been difficult. In 

those patients in whom biopsies have been possible, drug- induced intrahepatic cholestasis has 

been reported (George et ah, 1984; Pizzuto et ah, 1983). Although 24 of 27 leukaemia patients 

given high-dose ara-C by continuous infusion over 72 hours developed abnormal liver tests, 

the effects were reversible and not dose limiting (Donehower et ah, 1986). Although ara-C 

may be hepatotoxic, this toxicity does not appear to limit its use.
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5-FU is used in the treatment of breast, head and neck cancer, and gastrointestinal cancers. 

When given intravenously, 5-FU is largely catabolised in the liver with 15 % of the drug 

excreted unchanged in the urine. Although the liver plays a key role in the metabolism of 5- 

FU, hepatotoxicity has only rarely been reported. Fluorodeoxyuridine, a derivative of 5-FU is 

given intra-arterially by an implantable pump to treat hepatic métastasés from colorectal 

carcinoma. Two types of hepatotoxicity occur: chemical hepatitis with increases in 

transaminases, ALP and serum bilirubin, or stricture of the intrahepatic or extrahepatic bile 

ducts accompanied by increased alkaline phosphatase and bilirubin levels (Chang et al., 1987; 

Doria et al., 1986; Kemeny et al., 1987). Toxicity appears to be both time- and dose- 

dependent. With rare exceptions patients with hepatitis usually experience normalisation of 

liver function tests with temporary cessation of therapy, whereas the development of 

secondary sclerosing cholangitis is irreversible (Pettavel et al., 1986; Shepard et al., 1987). 

When compared to 5-FU treatment, fluorodeoxyuridine treatment offers a better anti-cancer 

response but at the cost of increased toxicity.

6 -Mercaptopurine (6MP), a drug used for the treatment of leukaemia and to a lesser extent, 

immunosuppression, has been reported to produce liver toxicity. In animal experiments with 

rats and mice, it was noted that 6MP caused hepatic necrosis (Phillips et al., 1957). 

Subsequent studies in dogs and humans showed engorged bile canaliculi, suggestive of 

cholestasis, with minimal hepatic necrosis (Clark et al., 1960; Mcllvanie and MacCarthgy, 

1959). Shortly after its introduction 6MP was reported to result in jaundice. 6MP induces 

hepatocellular damage and cholestasis, especially when the daily dose exceeds the usual 2 

mg/kg (Einhom and Davidson, 1964). The histological pattern includes features of both 

intrahepatic cholestasis and parenchymal cell necrosis, with either predominating (Shorey et 

al., 1968). Serum bilirubin levels are usually between 3 to 7 mg/dL (compared to the normal 

range of 0.2-1 mg/dL), with moderate increases in transaminase and alkaline phosphatase. 

Most episodes of jaundice occur more than 30 days after the start o f therapy and are usually 

cleared when treatment is stopped.
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Azathioprine, a derivative of 6MP used mainly as an immunosuppressent, has been reported to 

cause cholestatic injury. It has also been incriminated in a number of instances of 

hepatocellular injury (King and Perry, 1995). Hepatotoxicity was reflected by increased serum 

bilirubin and ALP levels with moderate increases in transaminases. The mechanism of 

azathiopurine-related hepatic injury is unknown. It has been speculated that patients who 

develop hepatotoxicity are those who convert azathiopurine to 6MP at an unusually fast rate.

The folic acid analogue methotrexate is often a component of combination chemotherapy 

programs for breast cancer, head and neck cancer, gestastional trophoblastic disease, acute 

lymphoblastic leukaemia, osteosarcoma and non-Hodgkins lymphoma. It is also used to treat a 

variety of non-malignant diseases such as psoriasis, psoriatic arthritis and rheumatoid arthritis. 

Methotrexate was the first chemotherapeutic agent to be implicated in causing hepatic toxicity. 

Treatment of children with acute leukaemia led to the development of hepatic cirrhosis and 

fibrosis (Hutter et al., 1960; McIntosh et al., 1977). Fatty change, focal hepatitis or portal 

fibrosis in previously untreated patients made the evaluation of the role of methotrexate in 

hepatotoxicity difficult. Increases in transaminases and serum lactate dehydrogenase are quite 

common after methotrexate therapy. The enzymes may increase with each course of therapy 

and are higher in patients treated on a daily schedule than those treated on an intermittent 

schedule. In one report of treatment of gestational trophoblastic disease 14 % of patients had 

elevated transaminases (Berkowitz et al., 1986). High dose methotrexate therapy results in 

acute hypertransaminasemia, which is transient, reversible, and at least in children does not 

result in chronic liver disease (Weber et al., 1987).

The role of methotrexate therapy, used in the treatment of psoriasis and rheumatoid arthritis, in 

the production of hepatotoxicty is much less clear. Patients who take daily, oral methotrexate 

are reported to develop fibrosis or cirrhosis more than twice as frequently as those who take 

the drug intermittently parenterally (Weinstein, 1977). When administered continuously by 

mouth, methotrexate hepatoxicity increases with the length of therapy or cumulative dose. One 

study showed that patients administered cumulative doses of less than 2 g had a low incidence 

of hepatotoxicty, even though the therapy lasted between 24 and 48 months (Mackenzie, 1985;
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Tolman et ah, 1985). This evidence suggests that cumulative dose is more important than 

duration of therapy for the development of toxicity. Cirrhosis affected 24 % of patients treated 

with daily oral methotrexate (Podurgiel et al., 1973). Hepatic fibrosis tends to remain stable or 

regress when therapy is stopped. The possibility that low- dose weekly methotrexate can cause 

hepatotoxicty has been debated. Age, obesity, decreased renal function and diabetes mellitus 

have also been associated with an increased risk of toxicity (Sznol et al., 1987). Alcohol was 

the most important determinant of significant hepatic fibrosis in patients treated with 

methotrexate. The risk o f progressive hepatic fibrosis was 73 % in those who drank more than 

15 g of alcohol daily compared to 26 % in those who did not.

The class of anti-tumour antibiotics include doxorubicin, daunorubicin, mitoxantrone, 

bleomycin, mitomycin, plicamycin (formerly mithramycin) and dactinomycin. Bleomycin 

causes hepatoxicity in a very low number of patients and the toxicity could not be attributed to 

the drug itself (Blum et al., 1973). Doxorubicin has been reported to cause hepatotoxicity 

when combined with vincristine and prednisone (Aviles et al., 1984). Shortly after 

administration, increases in AST, ALP and bilirubin were associated with focal inflammation 

and steatosis. However the toxicity was considered to be due to an idiosyncratic reaction. 

Mitoxantrone has produced transient elevations in AST and ALT levels in leukaemia patients 

(Crooke and Bradner, 1976; Paciucci and Sklarin, 1986). Dactinomycin has been reported to 

cause liver toxicity in children who have previously received radiotherapy. Hepatotoxicity 

manifested itself as transient increases in AST levels. It is possible that dactinomycin 

treatment may reactivate prior radiation damage in the liver. In addition severe hepatotoxicty, 

in the form of veno-occlusive disease, has been reported in Wilm’s tumour patients treated 

with dactinomycin and vincristine (Bjork et al., 1985; Green et al., 1988; Pritchard et al., 

1989).

Plicamycin is one of the most hepatotoxic chemotherapeutic agents available (Kennedy et al., 

1965) (Kennedy, 1970). With the discovery o f less toxic and more effective drugs it is rarely 

used except for the treatment of refractory tumour hypercalcemia (Green and Donehower, 

1984). The drug binds to DNA and is a potent inhibitor of RNA synthesis which leads to
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inhibition of protein translation. Plicamycin could therefore block the production of many 

intracellular enzyme systems necessary for normal hepatic function. Elevations of 

aminotransferases and LDH occur in 100 % of patients treated with plicamycin. Milder 

elevations of ALP occur, but serum bilirubin is usually normal. These changes occur on the 

day of drug administration, peak on the second day and return to normal levels by day 4-21 

after treatment. In addition, coagulation factors II, V, VII and X, which are synthesised by the 

liver, are depressed. The toxicity can be lessened by a reduction in drug dose. A review of 

patients treated with low dose plicamycin revealed a 16 % incidence of mild reversible hepatic 

dysfunction (Green and Donehower, 1984). Also, changing the schedule to an altemate-day 

schedule can decrease the toxicity (Yarbro and Kennedy, 1967).

Etoposide is a topoisomerase 2 inhibitor, excreted primarily via the bile. One report identified 

three patients who experienced severe hepatocellular injury at standard doses (Tran et al.,

1991). At high doses, etoposide produces hyperbilirubinemia with elevated aminotransferases 

and ALP levels 3 weeks after administration (Johnson et al., 1983).

Cisplatin is a rare cause of steatosis and cholestasis at standard doses. At high doses, it has 

been reported to produce hepatocellular injury with elevations in AST and ALT (Pollera et al., 

1987).
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1.9 Evaluation of hepatotoxicity in vitro

In vitro systems offer the possibility of assessing liver toxicity in the absence of extrahepatic 

factors such as the absorption, distribution, extrahepatic metabolism and humoral factors. In 

the light of the current trend to reduce animal experimentation, in vitro models are often used 

to screen drugs for hepatotoxic potential and to reveal insights into mechanisms by which they 

may exert such toxicity. In vitro models include isolated perfused organs, tissue slices, 

isolated hepatocytes, primary hepatocyte cultures, cell lines and subcellular fractions. All of 

them have advantages and limitations, but isolated hepatocytes appear to be the most widely 

used model.

The technique of isolation of hepatocytes was derived from the pioneering work of Berry and 

Friend (Berry and Friend, 1969). It was modified and simplified by Seglen, who developed the 

two-step collagenase perfusion method (Seglen, 1976). The first step involves perfusion of a 

calcium free buffer. The second step is circulation of a calcium supplemented buffer 

containing collagenase. The initial perfusion facilitates desmosomal cleavage and further 

dispersion of liver cells. The addition of calcium to the enzyme solution ensures adequate 

collagenase activity. The method yields large numbers of parenchymal cells. About 40 to 60 x 

10  ̂hepatocytes/g tissue are obtained from a young rat liver; cell viability ranges between 85 

and 95 % as determined by the trypan blue exclusion assay; the preparation contains less than 

5 % non parenchymal cells. The cells remain viable for about 4 hours. The cells retain the 

characteristics and functions present in vivo such as intact subcellular organelles, enzymes co­

factors and interacting enzymes. The activity of phase I and II metabolising enzymes is 

maintained for a few hours. However, isolated hepatocytes lack the anatomical architecture, 

heterogeneity and plasma membrane polarity of hepatoctyes in vivo.

To increase the survival of hepatocytes, the cells can be maintained in culture. Cultured 

hepatocytes can survive for several days. The mRNA levels and activities of various GYP 

isoforms are differentially expressed over time in culture. In general, there is a time-dependent 

decrease in the expression of mRNA for all major GYP genes over the first 1-2 days.
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However, CYP3A4 and CYP2D6 return to nearly equal or greater levels than those expressed 

at the time of isolation over the subsequent 24-48 hours in the presence of low levels of 

glucocorticoids (0.1 pM) (Skett, 1994). In contrast, mRNA levels for other CYP450 enzymes 

including CYP1A2 and CYP2E do not return to the levels at the time of isolation during the 

ensuing 2-3 days in culture. These temporal changes in CYP expression should be taken into 

account when interpreting results obtained in cultured hepatocytes for long term studies of 

toxicants metabolism and enzyme induction. Nevertheless, many researchers utilise cultured 

hepatocytes for drug metabolism and toxicity studies. A major advantage of using isolated 

hepatocytes is that human cells can be used, thereby helping in the extrapolation of 

observations from laboratory animals to humans.
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1.10 ET-743

A large proportion of the anti-cancer drugs currently used today are derived from natural 

sources. They include the vinca alkaloids, camptothecins, anthracyclines and taxanes. 

Cytarabine was the first marine-derived anti-cancer drug marketed and is now an esssential 

component in the treatment of acute myeloid leukaemia. Several marine-derived compounds 

e.g., bryostatin, dolestatin, didemnim and aplidin are under clinical development (da Rocha et 

al., 2001). Ecteinascidins are a class of novel chemicals that belong to the 

tetrahydroisoquinoline alkaloids, extracted from the Caribbean tunicate, Ecteinascidia 

turbinata. The potent cytotoxicity of extracts from the tunicate was first discovered in the late 

1960s, although attempts to isolate the active compounds were not successful for more than 15 

years (Rinehart, 2000). More than 10 different ecteinascidins have been isolated; ET-743 was 

selected for further development as an anti-cancer agent because of its high cytotoxic potency 

and its relative abundance in the tunicate compared to the other ecteinascidins. Cytotoxicty 

was observed in vitro at very low doses in various tumour cell lines including melanoma and 

non-small cell lung (NSCL), ovarian, renal, prostate and breast cancer (Jimeno et al., 1996). 

This cytotoxicity data is shown in table 1.3.
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Figure 1.4 Photograph of Ecteinascidia turbinata
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Figure 1.5 Structure of ET-743.

M olecular formula: C39H43N3O11S 

Relative m olecular mass: 762

Physical form and solubility: W hite to pale yellow amorphous powder. It is hydrophobic and 

very soluble in methanol, ethanol, chloroform, ethyl acetate and acetone.
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Cell type LC 50 Number of cell lines

Colon <1 pM 6

CNS <1 pM 5

Melanoma <1 pM 8

Renal <1 pM 8

NSCL 4 pM 9

Breast <100 pM 6

Ovarian 2.02 nM 6

Prostate 3.43 nM 2

Leukaemia >10 nM 5

Table 1.3 Antiproliferative effect of ET-743 in vitro using NCI cell line screen (from 

Jimeno, 1996). LD50 is the amount of ET-743 which causes the death of 50 % of the cells

1.10.1 Mechanism of action of ET-743

ET-743 consists of three fused tetrahydroisoquinoline rings (Figure 1.5). The A and B 

subunits of the drug are responsible for DNA recognition and covalent interaction with DNA, 

while ring C protrudes from the DNA duplex. Early in vitro studies indicated that ET-743 

forms DNA adducts mediated through an intramolecular acid-catalysed dehydration of the 

carbinolamine moiety, resulting in an iminium intermediate that is the DNA-reactive species 

(Moore et al., 1997; Pommier et al., 1996). By gel mobility shift assays and nuclear magnetic 

resonance studies, it has been demonstrated that the alkylation of DNA by ET-743 occurs at 

guanines located either in the sequence 5’-PuGC or 5’-PyGG (Moore et al., 1997). One unique 

feature of ET-743 is that it is the first example of a minor groove alkylator that bends DNA 

towards the major groove (Zewail-Foote and Hurley, 1999). It has been suggested that the 

protrusion of the C subunit may be responsible for the biological activity of ET-743, since 

Saffamycin, a structurally related compound which lacks the C subunit, does not possess anti­

tumour properties (Pommier et al., 1996). Despite the large number of studies investigating the
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mode of action of ET-743 the precise mechanism of action has not yet been fully elucidated. 

Many cellular systems and transcription factors have been identified as possible targets for 

ET-743 in vitro. However, the high concentration of ET-743 required in such studies, much 

greater than the concentrations which cause cytotoxicity in vivo, has lead to contradictory 

reports concerning the mechanism of action.

Topoisomerase I was identified as a cellular target as it forms protein-linked DNA breaks in 

the presence of ET-743 (Takebayashi et al., 1999). However, the high concentrations of ET- 

743 required to produce DNA breaks suggest that topoisomerase binding is only an auxiliary 

effect and not the primary effect of ET-743. In addition, ET-743 is equally cytotoxic in wild- 

type yeast and in yeast with a deletion in the DNA topoisomerase gene suggesting that 

topoisomerase 1 is not the primary target of ET-743 (Damia et al., 2001). Studies have shown 

that ET-743 affects the regulation of transcription by inhibiting the complex between the 

transcription factor, NF-Y and the CCAAT box (Jin et al., 2000; Minuzzo et al., 2000). The 

CCAAT box is a conserved sequence of nucleotides in promotor regions upstream of the 

transcription start site of the gene. Bonfanti et al investigated the ability of ET-743 to inhibit 

the binding of different transcription factors. Many of the transcription factors tested required 

very high concentrations of ET-743 (300 pM) while for NF-Y, the ET-743 concentration 

required to interfere with DNA-protein interactions were lower, but still higher than those 

showing significant cytotoxic activity in vitro. The authors propose that ET-743 might target 

histones and interfere with the process of nucleosome assembly (Bonfanti et al., 1999). In 

addition, ET-743 can inhibit activation of the multidrug resistance 1 (MDRl) gene by 

interfering with NF-Y (Jin et al., 2000). This inhibition was selective for activated 

transcription, as constitutive MDRl promotor activity was not repressed at pharmacological 

concentrations of ET-743. Induction of MDRl gene expression in tumour cells leads to drug 

resistance which represents a major obstacle to successful chemotherapy. ET-743 is the only 

cytotoxic drug found thus far to selectively inhibit activation of MDRl gene transcription in 

tumour cells.
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In vitro exposure to clinically relevant concentrations of ET-743 induces strong perturbations 

of the cell cycle with slowed cell cycle progression in S phase and cell cycle arrest in G2. Cell 

cycle response o f human colon carcinoma HCT116 cells was examined by Takebayashi 

(Takebayashi et al., 2001). ET-743 at 10 nM induced a marked accumulation of cells in the S 

and G]M phases at 14 hours and in the G2M phase at 24 hours after drug removal. At 0.1 pM, 

ET-743 induced a G1 arrest at 6 hours after drug removal and an increase o f cells in S phase at 

later time points. In addition, pulse labelling studies with methyl-^[H] -thymidine showed that 

DNA synthesis was inhibited by ET-743 at 1 or 10 pM. ET-743 at 2 nM disrupted S phase 

progression after a 12 hour treatment resulting in a late S phase and G2M accumulation after 

24 hours in the same cell line (Martinez et al., 2001). Erba et al examined the effects of ET- 

743 on LoVo and SW640 human intestinal carcinoma cell lines (Erba et al., 2001). At 14 

hours after ET-743 treatment at 80 nM for 1 hour, there was an increase in percentage of cells 

in S phase. At 24 hours after drug removal, the majority of the cells were blocked in the G2M 

phase.

The sensitivity of SW620 cells in different phases of the cell cycle was compared. The results 

showed that SW620 cells in G1 were most sensitive to ET-743, and G2M phase cells had the 

lowest sensitivity (Erba et al., 2001). This phase specificity is unusual for DNA-interacting 

agents as most anti-cancer drugs that interact with DNA are effective in S-phase cells, ET-743 

induces a significant increase in p53 levels, which promotes apoptosis in cell lines expressing 

wild-type p53. However, cell cycle blockade does not appear to be p53-dependent, as no 

significant differences in ET-743 cytotoxicity were found when the treatment was carried out 

in cells with different p53 status.

Recently it has been observed that DNA repair capability appears to be a pre-requisite for ET- 

743-mediated toxicity. Damia and colleagues observed that nucleotide excision repair (NER)- 

deficient hamster cell lines were 2-8 fold less sensitive to ET-743 than NER-proficient cell 

lines and this decrease in sensitivity was also observed in fibroblasts from patients suffering 

from XPA (Damia et al., 2001). Takebayashi show that xeroderma pigmentosum cells 

deficient in the NER genes XPG, XPA, XPD or XPF, were resistant to ET-743, and sensitivity
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was restored by complementation with wild type genes. In addition, ET-743 interacted with 

transcription-coupled NER machinery to induce lethal DNA strand breaks (Takahashi et al., 

2001). Zewail-Foote et al used the bacterial Uvr ABC endonuclease to characterise how the 

NER pathway recognises and repairs ET-743 DNA adducts that differ in their hydrogen- 

bonding induced stability in the DNA helix (Zewail-Foote et al., 2001). The ET-743 adducts at 

the non-preferred and less stable sequences (5 ’ AGT) were incised with the highest efficiency, 

whereas adducts at the preferred, more stable sequences (5’AGC) were incised to a lesser 

extent. Generally, DNA-interacting drugs are more effective in cell lines with specific mutants 

in NER mechanisms than in cells with proficient NER mechanisms. These findings that ET- 

743 is less cytotoxic in NER deficient cell lines further highlight the unique mechanism of 

action of ET-743. The anti-tumour activity of ET-743 may also be the result of interaction 

with the microtubule network of the cell. ET-743, at high concentrations, has been shown to 

disorganise microtubule bundles, but does not appear to interact directly with tubulin (Garcia- 

Rocha et al., 1996).

1.10.2 In vivo anti-tumour activity of ET-743

The anti-tumour activity of ET-743 was investigated in human tumour xenografts from 

melanoma, NSCL and ovarian cancer grown subcutaneously in nude mice (Hendriks et al., 

1999). ET-743 was given at the maximum tolerated dose (MTD) of 0.2 mg/kg intermittently 

on days 0, 4, 8 and at the MTD of 0.1 mg/kg given i.v. on days 0-2 and 13-15. ET-743 caused 

complete regression in the chemo-sensitive human tumour xenografts MEXF 989, LXFL529, 

HOC22. In addition, strong tumour inhibition was observed at half of the MTD. The drug was 

inactive in two chemo-resistant tumour xenografts, MEXF 514 and LXFA 629. The results 

indicated that ET-743 has a broad therapeutic index and is a candidate for clinical 

development.

The anti-tumour activity of ET-743 was evaluated against a panel of human ovarian 

carcinomas transplanted into nude mice (Valoti et al., 1998). The tumour models included 

three xenografts transplanted s.c., H0C18, HOC22-S and MNB-PTX-1 which are
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characterised by different levels of sensitivity to cisplatinum. In addition, the anti-tumour 

activity was measured in two highly malignant xenografts HOC22 and H0C8, grown in the 

peritoneal cavity. At the maximum tolerated dose of 0.2 mg/kg using an intermittent schedule 

of one i.v. injection every 4 days, ET-743 was highly active against HOC22-S (sensitive to 

cisplatinum) and HOC 18 (marginally sensitive to cisplatinum). In contrast, ET-743 was not 

active against MNB-PTX-1, a tumour that is highly resistant to chemotherapy. In the i.p. 

ovarian carcinoma xenograft model, ET-743 at the maximum tolerated dose induced complete 

tumour remissions in all mice bearing HOC22 tumour, but only marginal tumour delay against 

H0C8. These results indicate that ET-743 is a potent drug against ovarian carcinoma 

xenografts, being equally or more efficacious than cisplatinum in the same tumour line (Valoti 

et al., 1998). Studies have indicated that ET-743 forms adducts in the minor groove of DNA 

whereas cisplatinum and conventional alkylators form adducts mainly in the major groove 

(Broggini and D'Incalci, 1994). These mechanistic differences provide a rationale for 

exploring combinations of ET-743 and cisplatinum in future preclinical and clinical studies.

A clonogenic assay system using fresh tumour specimens isolated directly from patients was 

used to determine the concentration of ET-743 to achieve anti-tumour activity and to 

determine the spectrum of activity of ET-743 (Izbicka et al., 1998). Continuous exposure to 

ET-743 at 100 nM, inhibited tumour cell growth by 79 % in breast, 69 % in NSCL, 58 % 

ovary and 88 % in melanoma specimens. At 1 pM, ET-743 inhibited tumour growth by 100 % 

in breast, 85 % in NSCL, 67 % in ovary and 86 % in melanoma specimens. These results 

indicate that breast, NSCL, and ovarian cancers as well as melanoma may warrant clinical 

investigation.

1.10.3 Clinical investigations

The phase I programme in which ET-743 was tested included six trials investigating different 

schedules and doses. ET-743 was administered intravenously over 1, 3, 24 or 72 hours or 

administered over 1 hour on five consecutive days; all regimes were repeated at 3 weekly 

intervals at doses ranging from 6-1800 pg/m^. For 3- and 24- hour infusion schedules of ET-
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743, peak plasma drug concentrations (C max) and areas under the plasma concentration time 

curve (AUC) were proportional to the administered dose (Beijnen et ah, 1999; van Kesteren et 

ah, 2000). Non-linearity of pharmacokinetics was found when the drug was administered over

1- and 72- hours (Beijnen, 2001; Lopez Lazaro et ah, 2001; Ryan et ah, 2001). A study in 25 

patients with solid tumours who received a single 24-hour intravenous infusion of ET-743 

(1500 pg/m^) reported mean (±SD) Cmax and AUC values of 1.8 ±1.1 pg/L and 55 ± 25 

pg/h/L, respectively (van Kesteren et ah, 2000). ET-743 showed considerable interpatient 

variability of AUC and total body clearance at all dose levels. ET-743 is extensively bound to 

plasma proteins and shows a high degree of tissue binding. The pharmacokinetic profile of 

ET-743 after a 24 hour infusion is best described by a 2-compartment model with median 

distribution and elimination half lives of 0.5 and 45.6 hours, respectively (Lopez Lazaro et ah, 

2001). Dose-limiting toxicities were neutropaenia and thrombocytopaenia. At the 

recommended dose, reversible and noncumulative transaminitis was noted in most of the 

patients. The dose, Cmax and AUC of ET-743 were found to be significantly correlated with 

percentage reduction in white cell count and absolute neutrophil count, whereas elevation of 

transaminases and percentage decrease in platelet count showed a positive correlation only 

with AUC values. Evidence of objective activity, including long lasting responses, was noted 

in melanoma, breast cancer, ovarian cancer, mesothelioma and sarcoma. Among 20 patients 

with advanced pretreated sarcoma entered into phase 1 trials at the recommended dose or at 

the maximum tolerated dose, one had a complete response, three had partial responses, and 

two had minor responses.

ET-743 is currently under phase ILII investigation in different tumour types. The efficacy in 

patients with advanced soft tissue sarcoma has been investigated in three non-randomised 

multicentre phase II trials. ET-743 was administered by 24-hour infusion at 1500 pg/m^ every 

three weeks, as this was well tolerated in phase I trials. The majority of patients had received 

prior chemotherapy, but for some patients ET-743 was the first line treatment. The results of 

these phase II trial are only available as abstracts. In one clinical trial comprising of 36 

patients with advanced soft tissue sarcoma receiving ET-743 as second or third line treatment, 

one patient had a complete tumour response, three patients had a partial tumour response and
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two had a minor tumour responses (Demetri et al., 2001). In the other two studies, ET-743 

treatment resulted in a partial tumour response in 9 of 99 patients (8 %) and 3 of 52 patients (6 

%). Minor responses were observed in an additional 7 (8 %) and 4 (8 %) patients, respectively, 

while disease stabilisation occurred in 50 % and 42 % of patients, respectively (Le Cesne et 

al., 2001; Yovine et al., 2001). In patients receiving ET-743 as first line therapy the partial 

tumour response rate was 6 of 34 patients (18 %). Results from 127 patients in a pooled 

analysis of three multicentre phase II trials showed that the tumour response (partial or minor) 

or stable disease was reported in 57 % of patients.

In addition, there is preliminary evidence of ET-743 activity in heavily treated advanced, 

metastatic breast cancer (Zelek et al., 2000). Twenty-six women were enrolled in a phase II 

study with the following metastatic disease sites: liver 57 %, bone 46 %, cutaneous 42 %, 

lymph nodes 38 % and pleuropulmonary 38 %. All of the patients had been previously pre­

treated with anthracyclines and 22 had also received taxanes. Of the 24 patients, 7 showed 

partial response, two of these responses were in taxane resistant patients, and 11 patients 

achieved disease stabilisation. This ongoing study suggests clinical activity for ET-743 in 

heavily pre-treated advanced, metastatic breast cancer. Furthermore, data available suggest a 

therapeutic benefit in patients with advanced ovarian cancer resistant to chemotherapy with 1 

of 17 patients showing complete tumour response, 3 of 17 showing partial tumour response 

and 2 o f 17 showing minor tumour response (Curigliano et al., 2001).

1.10.4 Preclinical toxicity

A preclinical toxicology program was carried out for ET-743 following the guidelines set out 

by the EORTC, the Cancer Research Campaign and the NCI. Further studies were performed 

in dogs for U.S. regulatory requirements. Despite full evaluation, very little information has 

been published. Toxicity studies have been performed in mice, rats, dogs and monkeys. Dose 

limiting haematological toxicities were observed in all species, but o f at least equal concern 

was the hepatotoxicity observed in rats, dogs and monkeys (Mirsalis et al., 1996). Female rats 

were found to be the most sensitive towards the hepatotoxicity followed by male rats, dogs.
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mice and monkeys (Jimeno et al., 1996). The maximum tolerated doses for the four species are 

displayed in table 1.4. Single and multiple-dose studies were performed with additional 

sequential studies carried out in mice and rats to assess cumulative and reversible toxicity.

Animal model Schedule MTD (pg/m^) MTD (pg/kg)

Mouse Single i.v. dose 600 200

Divided i.v. dose (dailyx5) 600 200

Rat (female) Single i.v. dose 450 75

Rat (male) Single i.v. dose 540 90

Divided i.v.dose (dailyx5) 525 105

Dog Single i.v. dose 700 35

Divided i.v. dose (dailyx5) 1100 >60

Monkey Single i.v. dose 1065 93

Table 1.4 Table showing the maximum tolerated doses for ET-743 from animal toxicity 

studies (adapted from Jimeno et al., 1996.

In mice, rats and dogs, the toxicity profiles were similar between single and multiple-dose 

schedules. However, the incidence and severity of pathological effects reduced with the 

multiple-dose schedule, suggesting that the incidence and severity of dose-limiting toxicities 

may be related to peak blood concentrations. Hepatic effects were observed as reflected by 

increases in bilirubin, ALP, AST and ALT, evidence of cholangitis in rats and dogs and 

coagulative focal necrosis in rats. At high doses, haematological side effects included 

leukopaenia, anaemia and thrombocytopaenia. Haematological and pathological disorders 

were generally reversible but for some parameters complete pathological recovery was not 

seen. Monkeys experienced haematological toxicity and mild hepatotoxicity at the MTD level. 

A single dose toxicity study using ET-743 at 200 pg/kg was preformed in mice (British 

Industrial Biological Research Association (BJBRA) project no. 1589/6). The liver was the
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most severely affected tissue, with the appearance of liver necrosis. This damage was 

accompanied by increases in serum levels o f ALT and AST. The levels of these enzymes and 

histopathology returned to control levels by day 28 in most animals. Mice also showed 

decreased levels of red blood cells, haemoglobin, haematocrit and platelets and these changes 

were reversible. Multiple administration studies were performed to mimic the clinical situation 

(BIBRA project no 1589/2). Serum enzyme levels were substantially raised at 7 days after 

treatment but without adverse histopathological effects. The main effect of treatment was seen 

in the bone marrow, of which there was minimal to marked depletion. The effects were seen to 

be reversible and by day 32, both the number of bone marrow cells and the level of liver 

enzymes had returned to normal.

In male and female rats, multiple dose studies were performed at doses of 2 or 17.5 pg/kg ET- 

743 for 5 consecutive days (BIBRA Project no. 1589/3). Histopathological examination 

indicated toxicological damage in the liver, spleen, bone marrow and thymus of all male and 

female rats given 17.5 pg/kg ET-743. Liver toxicities were also seen in female rats given 2 

pg/kg. The histopathological examination showed damage to the bile duct cells with increases 

in liver enzymes, especially aspartate aminotransferase. Many toxicity parameters were 

reversible, but at higher doses elevated levels of bilirubin and bile acids were irreversible.

ET-743 was administered to dogs for five consecutive days at dose levels of 5, 8 and 11 pg/kg. 

Toxic effects of ET-743 were seen in the bone marrow, liver, gallbladder, thymus and lymph 

nodes. Animals treated with 8 and 11 pg/kg ET-743 experienced haematological toxicities 

such as leukopaenia and thrombocytopaenia. At these dose levels, ET-743 induced 

hepatocellular and hepatobiliary damage. Liver damage was characterised by marked changes 

in ALT, AST, ALP and GGT. Histopathological changes included glycogen depletion, 

subacute periportal inflammation, bile duct hyperplasia and periportal oedema.
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1.10.5 Metabolism of ET-743

Data about ET-743 metabolism is very limited. In early in vitro studies, rat CYP3A enzymes 

were the major CYPs that catalysed ET-743 metabolism as measured by the disappearance of 

the parent compound (Kuffel et al., 1997). Inhibition of metabolism was observed with 

inhibitors of CYP3A, CYP2C and CYPIA (Kuffel et al., 1997; Reid et al., 2002). 

Furthermore, metabolism in rats was induced by pre-treatment with dexamethasone and 

phenobarbitone, inducers of CYP3A and CYP2B respectively, but not by 3- 

methylcholanthrene, an inducer of CYPIA. In a study using incubations of ET-743 with 

lymphoblasts expressing specific CYP enzymes, it was demonstrated that human CYP3A4, 

CYP2D6, CYP2E1 and CYP2C9 had ET-743 metabolising activity as reflected by a decrease 

in parent compound (Rinehart et al., 1999). Human CYP1A2, CYP IB, CYP2B6, CYP2C8 and 

CYP2C19 did not metabolise ET-743. Three potential metabolites (figure 1.6) were 

discovered with incubations of lymphoblasts expressing a CYP3A4 isoform. Two metabolites 

were formed by oxidative degeneration (SI and 82) and the third was a N-demethylated 

derivative of ET-743, ET-729 (Reid et al., 2002; Sparidans et al., 2001).

CYP3A is known to be expressed in much greater amounts in male than in female rats. A key 

observation in support of a major role of CYP3A in ET-743 metabolism is the observation that 

liver microsomes from male rat catalyse metabolism of ET-743 to a greater extent than did 

liver microsomes from female rats (Reid et al., 2002). The gender-dependent toxicity in rats is 

consistent with metabolism by CYP3A which shows gender specific expression. Metabolism 

of CYP3A enzyme in rats often predicts CYP3A catalysed metabolism in humans although 

CYP3A enzymes do not exhibit gender specific differences in expression in humans. In human 

liver microsomes ET-743 disappearance was highly correlated with CYP3A activity (Reid et 

al., 2002).

In a recent study, a four-step approach was used to discover potential metabolites in human 

samples (Sparidans et al., 2001). Potential metabolites were generated using several 

incubations with human microsomes, human plasma and uridine 5 ' -diphosphoglucuronyl
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transferase. The compounds were identified using liquid chromatography (LC)-UV and LC- 

mass spectrometry (MS)(-MS). Samples of urine, plasma and bile from treated patients from 

phase I studies were screened for presence of potential metabolites. Eight compounds were 

discovered in the in vitro incubations which included non-enzymatic breakdown products (SI 

and S2), deacetylated ET-743 and a glucuronidated ET-743. In the urine, bile and plasma 

samples the metabolites could not be detected. Concentrations of metabolites in vivo may be 

too low to detect. These low concentrations are the result from the low ET-743 dose 

(maximum concentration in plasma is 2 ng/ml), large volume of distribution and the slow rate 

of conversion.

Substantial amount of ET-729 are formed in some animal species, including mice, dog and 

rats. However, no ET-729 was formed in patients receiving the highest dose of ET-743 (1800 

pg/m^). It is reported that ET-729 has greater cytotoxicity then ET-743 (Reid et al., 1996; 

Wright et al., 1990). Biliary excretion of ET-729 was 5-fold greater in female rats compared 

with male rats. Because ET-729 has greater cytotoxicity than ET-743, the greater biliary 

excretion of this metabolite may contribute to the greater hepato- and biliary toxicity of ET- 

743 in female rats. ET-729 toxicity was evaluated in an in vivo model and it was found to be

2-4 times more toxic than ET-743 (Reid et al., 2002).

47



Chapter 1: Introduction
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Figure 1.6 Structures of potential metabolites of ET-743 (A) SI, (B) S2 and (C) ETM- 

775.

48



Chapter 1: Introduction

1.11 Aims

ET-743 is a very promising anti-cancer drug currently in phase II clinical trial (section 1.10.3). 

Anti-tumour activity was observed in all Phase I studies, which were conducted on patients 

with advanced-stage breast, colon, ovarian and lung cancer, melanoma, mesothelioma and 

several types of sarcoma. ET-743 showed particularly high activity in cases of advanced 

sarcoma that had relapsed or were resistant to conventional therapy. Sarcoma is an example of 

a malignancy for which there is no effective treatment. In each study, hepatotoxicity was 

identified as a major adverse effect (section 1.10.3). Preclinical toxicity studies identified liver 

toxicity as a dose limiting toxicity in mice, rats, dogs and monkeys (section 1.10.4). The 

female rat was identified as the species with highest susceptibility to the hepatotoxicity of ET- 

743 and showed treatment related blood chemistry alterations, not dissimilar to those 

accompanying hepatotoxicity seen in clinical trials. Information on the detail and extent of the 

liver toxicity is extremely scarce as the initial toxicity study by the NCI and contract work 

commissioned by PharmaMar were never published.

The main overall aim of this project was to fully evaluate the liver toxicity of ET-743 in the 

most sensitive species, the female rat by in vivo and in vitro studies. The second overall aim 

was to investigate potential therapeutic strategies which may attenuate the hepatotoxicity of 

ET-743. These two main aims governed the design of experiments with the following specific 

objectives in mind:

i) To fully characterise the toxicity of ET-743 in the female rat. This was achieved by 

pathological examinations of ET-743 treated liver by electron and light microscopy. In 

addition, biochemical markers of liver toxicity were measured. In order to identify biological 

events underlying the observed hepatic alteration caused by ET-743, RNA from ET-743 

treated liver and control liver were subjected to gene expression analysis by cDNA 

microarray.
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ii) To compare the hepatotoxicity of ET-743 with that o f ANIT. ANIT produces cholestasis in 

the rat that has been extensively characterised (chapter 1.7) and used for many years as a 

model for cholestatic liver damage. This comparison was used to clarify mechanisms by which 

ET-743 elicits hepatotoxicity in the rat.

iii) To investigate the toxicity of ET-743 in male rats and to compare the sensitivities of male 

and female rats towards ET-743 hepatotoxicity.

iv) To develop an in vitro model to study the hepatotoxicity of ET-743. The method of 

isolating and culturing hepatcoytes from female rats was developed. The toxicity of ET-743 to 

hepatocytes in culture was evaluated and compared with the toxicity of ET-743 to the liver in 

vivo. In a preliminary experiment, isolated human hepatocytes were cultured and the toxicity 

o f ET-743 towards rat and human hepatocytes was compared.

v) To investigate the effect of a CYP3A inducer, dexamethasone, on the hepatotoxicity of ET- 

743. There is evidence to suggest that CYP3A is involved in the metabolism of ET-743 

(chapter 1.10.5). The choice of dexamethasone has more than one implication. 

Dexamethasone is given to ET-743 patients as an anti-emetic. In addition, there is evidence to 

suggest that dexamethasone pre-treatment enhances the efficacy of ET-743 (unpublished work 

by PharmaMar). Different doses and schedules of dexamethasone were investigated to find the 

optimum dose. The effect of dexamethasone on ET-743 toxicity was investigated by 

pathological and biochemical examination together with microarray analysis of gene 

expression changes. Dexamethasone has pleiotropic pharmacological effects. To investigate 

the mechanism of protection by dexamethasone, microarray analysis was performed with 

RNA from dexamethasone treated rats and control rats, to identify potential gene expression 

changes which my alter ET-743 mediated toxicity. CYP3A activity after dexamethasone 

treatment was measured to test the hypothesis that dexamethasone induces metabolism of ET- 

743 by CYP3A induction (chapter 1.10.5). In addition, in work carried out in parallel with the 

research submitted for PhD here, levels of ET-743 in the liver and plasma of rats pretreated
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with dexamethasone were measured. Furthermore, collaborators in Italy studied the effect on 

anti-tumour activity of combining ET-743 with dexamethasone in different rodent models.

vi) To assess the effects of other modulators of drug metabolism on ET-743 metabolism. The 

potential hepatoprotective capacity of p-naphthoflavone, phenobarbitone and N-acetylcysteine 

were compared with that of dexamethasone. p-Naphthoflavone and phenobarbitone induce 

GYP lA l/2  and 2B respectively (section 1.5.1) and can induce the oxidative metabolism of 

drugs. N-acetylcysteine replenishes intrahepatocellular stores of thiol moieties and increases 

levels of glutathione thus increasing the cell’s capacity to detoxify potential harmful 

chemically reactive intermediates. In addition, the effects of these compounds on ET-743 

hepatic changes displayed in vivo were investigated in vitro using cultured hepatocytes.

vii) Finally, to investigate of the effect the natural dietary constituent, indole-3-carbinol on the 

hepatotoxicty of ET-743. It has been shown that 13C pre-treatment (0.5 % in the diet) can 

prevent hepatic malignancies induced by aflatoxin Bi (Manson et al., 1997). In addition, I3C 

pre-treatment inhibited the liver necrosis associated with carbon tetrachloride (Shertzer et al., 

1987). On the basis of these findings it was hypothesised that I3C might protect against ET- 

743-induced liver damage in rats. I3C undergoes acid-induced polymerisation to 

diindolylmethane (DIM) in the stomach (Bjeldanes et al., 1991). Therefore, the effect of DIM 

on ET-743 hepatotoxicity was also tested. 13 C is known to induce GYP enzymes (Manson et 

al., 1998), and in the light of the results with dexamethasone, that GYP3A induction may be 

involved in the metabolism of ET-743, the activity of GYP3A after 13G treatment was also 

measured.
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2.1 Materials

2.1.1 General chemicals

All chemicals and reagents were purchased from Sigma-Aldrich Company Ltd. (Poole, UK) 

unless otherwise stated. ET-743 was obtained from PharmaMar SA (Colmenar Viejo, Madrid, 

Spain), the drug manufacturer. In in vivo experiments the ET-743 formulation for injection 

was used. ET-743 was supplied as a sterile lyophilised product freeze dried in a glass vial, 

which was reconstituted in sterile water prior to injection. Vials contained ET-743 (250 pg), 

mannitol (250 mg), potassium phosphate (34 mg) and phosphoric acid. In the hepatocyte 

cultures pure ET-743 was added after dissolution in DMSO.

2.1.2 Animals

Wistar rats aged 6 weeks old (200-250 g) were purchased from Charles River UK Ltd 

(Margate, Kent, UK). Rats were kept in a purpose built animal house in negative pressure 

isolators (19-23 °C) under a 12 hour light /dark cycle. The rats received RMI rodent 

maintenance diet supplied by Special Dietary Services, (Witham, UK) and water ad libitum. 

Experiments using animals were conducted as stipulated by Project license 80-1250 granted to 

the Medical Research Council Toxicology Unit by the UK Home Office. The experimental 

design was vetted and approved by the Leicester University Ethical Committee for Animal 

Experimentation.

2.1.3 Hlstopathology and immunocytochemistry.

Ki-67, primary polyclonal rabbit antibody and normal rabbit immunoglobulin were purchased 

from Novacastra (Peterborough, UK) and DAKO (Cambridge, UK), respectively and detected 

by the StreptABComplex/HRP Duet System obtained from DAKO. Smooth muscle actin.
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mouse monoclonal antibody and negative control IgG2a antibodies were obtained from 

DAKO. VIP substrate kit was obtained from Vector Laboratories Ltd. (Peterborough, UK).

2.1.4 Electron microscopy

Epoxy resin was obtained from Taab Laboratories Equipment Ltd. (Berkshire, U.K.).

2.1.5 CYP assays

Ethoxy resorufrn and resorufrn were kindly donated from Dr A.G. Smith (MRC toxicology 

Unit, Leicester). 7-Benzyloxy-4-(trifluoromethyl)-coumarin (BFC) and 7-hydroxy-4- 

(trifluoromethyl)-coumarin were purchased from Cambridge Biosciences (Cambridge UK).

2.1.6 Microarray

Guanadinium thiocyanate and caesium chloride were purchased from ICN Pharmaceuticals 

(Basingstoke, UK). Cy3-dUTP and Cy5-dUTP and dNTP’s were purchased from Amersham 

Pharmacia Biotech Ltd (Little Chalfont, UK). Superscript II reverse transcriptase, 5X 

superscript buffer, O.IM DTT, tRNA and mouse Cot DNA were purchased from Gibco Life 

Technologies (Paisley, UK). RNAsin RNAase inhibitor was obtained from Promega 

(Southampton, UK), and micron colomns were purchased from Milipore Corp (Bedford, MA, 

USA).

2.1.7 Bradford protein assay

Protein assay reagent was purchased from Bio-Rad Laboratories (Hemel Hempstead, UK).
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2.1.8 Polyacrylamide gel electrophoresis

Acrylamide was purchased from Anachem Ltd. (Luton, UK). The ECL reagents, hyperfilm 

and hybond cellulose were supplied by Amersham Pharmacia Biotech Ltd. (Little Chalfont, 

UK). The wet blotting system and prestained broad range SDS-page standards were 

purchased from Bio-Rad Laboratories (Hemel Hempstead, UK). P-glycoprotein mouse 

monoclonal antibody was obtained from Signet laboratories (Dedham, MA, USA).

2.1.9 Isolation of hepatocytes

Cannulas were purchased from Southern Syringe Services. Hanks’s buffered saline solution 

(HBSS) and sodium bicarbonate were purchased from Gibco Life technologies (Paisley, UK). 

Nylon gauze was obtained from Fischer Scientific (Leicester, U.K.).
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2.2 Methods

2.2.1 Study of the hepatotoxicity of ET-743 in vivo.

Groups of 4 female Wistar rats (230 - 250 g) received either a single dose of ET-743 (40 

pg/kg dissolved in water, 0.8 ml/kg body weight) i.v. under light halothane anaesthetic or the 

vehicle (water) via the lateral tail vein. In a preliminary dose-finding orientation experiment 

ET-743 administered at 75 pg/kg, the maximum tolerated dose in the female rat, elicited 

severe toxicity, resulting in mortality. Therefore the dose was reduced to 40 pg/kg, which 

caused toxicity but avoided mortality. This dose is close to 1500 pg/m^ (approximately 38 

pg/kg) recommended for infusion in phase II studies in patients (Taamma et al., 2001; van 

Kesteren et al., 2000). Animals were exsanguinated under halothane anaesthetic at 6 , 12 and 

24 hours, or 2, 3, 6 , 12, 24 or 48 days or 3 months after administration. Blood was taken for 

measurements of liver enzymes and bilirubin. Blood was removed by cardiac puncture and 

collected in heparinised tubes, and blood cells were separated from plasma by centrifugation at 

2 000 g for 25 min. Livers were removed and sections taken and stored in neutral buffered 

formalin for histologic examination or stored in ice cold buffer for microsomal preparation for 

CYP450 assays (chapter 2.2.13). Other tissues (including stomach, small intestine, thymus, 

spleen, heart, lungs, kidneys and bone marrow) from rats killed at periods of up to 14 days 

following treatment were taken for histologic examination and stored in buffered formalin..

2.2.2 Effect of ET-743 on hepatic gene expression

A separate study was performed to study the hepatic gene changes. Female Wistar rats were 

treated with ET-743 (40 pg/kg, i.v.) or the vehicle (water). The liver of each ET-743-treated 

rat was paired with a liver from an age-matched vehicle-treated control rat. Groups of three 

ET-743-treated rats paired with 3 untreated rats were killed 6 hours or 1, 2, 3, 6 and 24 days 

after dosing. Liver sections were removed and stored at -80  °C for up to 3 months for RNA 

isolation (chapter 2 .2 .20).
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2.2.3 Study of the hepatotoxicity of ANIT

Groups of 6 female Wistar rats (230 - 250 g) received either a single dose of ANIT p.o. (100 

mg/kg, dissolved in com oil, 2 ml/kg body weight) or vehicle (com oil). Animals were killed 

at 2 or 6 days after administration. Blood was taken for measurements of liver enzymes and 

bilirubin. Blood was removed by cardiac puncture and collected in heparinised tubes, and 

blood cells were separated from plasma by centrifugation at 2 000 g for 25 min. Livers were 

removed and sections taken and stored in neutral buffered formalin for histologic examination. 

To study hepatic gene expression, liver sections of each ANIT-treated rat was paired with 

liver sections from an age-matched vehicle-treated control rat. Liver sections were stored at -  

80°C for up to 3 months for RNA isolation (chapter 2.2.20).

2.2.4 Study of the effect of dexamethasone on ET-743 hepatotoxicity

Female Wistar rats (230 - 250 g) were pre-treated with a single dose of dexamethasone p.o. (1 

to 20 mg/kg, dissolved in glycerol formal, 1 ml/kg body weight) 24 hours prior to, or 

concomitant with, a hepatotoxic dose of ET-743 (40 pg/kg, i.v. via the lateral tail vein). 

Control animals received the vehicles used, i.e. glycerol formal in the case of dexamethasone, 

and water as the vehicle for ET-743. Each treatment group comprised 5 animals. Animals 

were killed at 3, 6 or 12 days after administration. Blood was taken for measurements of liver 

enzymes and bilirubin. Blood was removed by cardiac puncture and collected in heparinised 

tubes, and blood cells were separated from plasma by centrifugation at 2 000 g for 25 min. 

Livers were removed and sections taken for histologic examination.

2.2.5 Study of the effect of dexamethasone and ET-743 on hepatic gene expression 

changes.

For the analysis of differential gene expression, three control rats were paired with three rats 

which had received either ET-743 (40 pg/kg, i.v.), dexamethasone (10 mg/kg, p.o.), or the
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combination of dexamethasone and ET-743, the latter given 24 hours after dexamethasone. 

Animals were killed and livers sections were collected at 3 days post administration of ET- 

743. Liver sections were stored at -80  °C for up to 3 months for RNA isolation (chapter 

2.2.20). A separate study was performed to determine the gene expression changes 24 hours 

after dexamethasone administration. Control rats were paired with rats which had received 

dexamethasone or the combination, and animals were culled 24 hours later.

2.2.6 Study of the modulation of ET-743 hepatotoxicity in vivo.

Female Wistar rats (230 - 250 g) were pre-treated as follows, the choice of dose was based on 

relevant literature quoted below so as to produce optimal induction of the metabolising 

enzyme involved in the case of (3-naphthoflavone or phenobarbitone or maximum electrophilic 

scavenging activity in the case of N-acetylcysteine: p-naphthoflavone (dissolved in glycerol 

formal, 3 ml/kg body weight), three consecutive daily doses of 80 mg/kg, p.o. finishing 24 

hours prior to ET-743 injection; phenobarbitone, 500 mg/1 of drinking water for 7 days 

finishing 24 hours prior to ET-743 (Fentem and Fry, 1991); N-acetylcysteine (dissolved in 

saline, 1 ml/kg body weight), given as a single i.p. dose of 200 mg/kg one hour prior to ET- 

743 (Gomez et al., 1994). Control animals received the vehicle only, i.e. glycerol formal in 

the case of p-naphthofiavone, saline for N-acetylcysteine and water for ET-743. Animals 

were killed 3 or 12 days after ET-743 administration. Blood was taken for measurements of 

liver enzymes and bilirubin. Blood was removed by cardiac puncture and collected in 

heparinised tubes, and blood cells were separated from plasma by centrifugation at 2 000 g for 

25 min. Livers were removed and sections taken for histologic examination.
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2.2.7 Study of the modulation of ET-743 hepatotoxicity in vitro.

Rats were treated with dexamethasone (three daily doses of 50 mg/kg /day), p-naphthoflavone 

(dose as above) or phenobarbitone (dose as above). Hepatocytes were isolated 24 hours after 

treatment as described in section 2.2.24.

2.2.8 Study of the effect of I3C on ET-743 hepatotoxicity.

Female Wistar rats (230 - 250 g) received indole-3-carbinol (0.1 % or 0.5 %) in the diet for 

one week prior to a hepatotoxic dose of ET-743 (40 pg/kg, i.v. via the lateral tail vein). 

Control animals received the vehicles used, i.e. 2 % arachis oil in the case of indole-3- 

carbinol, and water as the vehicle for ET-743. Each treatment group comprised 4 animals. 

Animals were killed at 3 or 12 days after administration o f ET-743. Blood was taken for 

measurements of liver enzymes and bilirubin. Blood was removed by cardiac puncture and 

collected in heparinised tubes, and blood cells were separated from plasma by centrifugation at 

2 000 g for 25 min. Liver sections were fixed and stained with H & E for histopathological 

examination. To study the effect of DIM on ET-743-induced hepatotoxicity the same protocol 

was used replacing 13C with 0.2 % DIM.

2.2.9 Study of anti-tumour activity.

These experiments were performed by collaborators at Istituto di Ricercha Farmacologiche 

Mario Negri, Milan, Italy. The 13762 tumour was propagated in female Fischer rats. Tumour 

fragments ( 100-200 mg weight) were implanted (s.c.) into the flank of rats (100-120 g). 

Female C57B1/6 mice (20±2 g body weight) received 10  ̂ B16F1 melanoma cells s.c., or 10  ̂

M5076 reticulum sarcoma cells i.m. Female MCr-nu/nu mice (22±2 g body weight) received 

5x10^ Igrov/1 ovarian carcinoma cells s.c. Male GDI nu/nu mice (20+2 g body weight) 

received 1.5x10^ TE-671 rhabdomyosarcoma cells s.c. Properties of the tumour models have
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been described in the following representative references: 13762 (Braunschweiger and 

Schiffer, 1980), B16F1 (Pendergrast et ah, 1976), M5076 (Talmadge et ah, 1981), Igrov/1 

(Formelli and Cleris, 1993) and TE 671 (Chen et ah, 1989). Rats (8 per group) received 

dexamethasone (10 mg/kg, in glycerol formal, i.p.) on day 9 post 13762 tumour implantation. 

ET-743 (40 pg/kg, i.v.) was administered 24 hours after dexamethasone. Thus the treatment 

protocol in the rat tumour model mimics faithfully the protocol used in the hepatoprotection 

studies. In the athymic murine models, mice (10 per group) received repeated doses of 

dexamethasone (20 or 40 mg/kg in glycerol formal, i.p.) daily between days 7 and 24 post 

tumour implantation. ET-743 (0.15 or 0.2 mg/kg, i.v.) was administered either once, twice or 

3 times between days 10 and 25 after tumour implantation. The specific dosing schedules 

used in each model are listed in Table 2.1. Tumour weight (TW) was determined on days 14 

and 17 post tumour implantation in rats, and between days 23 to 34 post tumour implantation 

in mice, as detailed for each model in Table 2.1. TW was calculated via tumour diameter, 

using a Vernier caliper and the formula

TW (in mg) = tumour volume (m^) = d^x D/2, in which d and D represent the shortest and 

longest diameter, respectively.

Procedures involving animal care and treatment were conducted as stipulated in Italian 

National Guidelines (D.L. No. 116 G.U., supph 40, 18.2.1992, circolare No. 8, G.U. luglio 

1994) and appropriate European directives (EEC Council Directive 86/609, 1.12.1987) and 

adhered to the Guide for the Care and Use of Laboratory Animals (US National Research 

Council, 1996).
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Tumour model Dexamethasone dose schedule ET-743 dose schedule

B-16 40 mg/kg on days 7, 8, 9, 14, 15, 16. 0.15 mg/kg 

on days 10, 17

M5076 40 mg/kg on days 11, 12, 13, 18, 19, 20. 0.15 mg/kg 

on days 14, 21

IGROV-1 40 mg/kg on days 8 , 9, 10, 15, 16, 17, 22, 

23, 24.

0.2 mg/kg 

on days 11, 18, 25

TE-671 20 mg/kg on days 12, 13, 14, 15. 0.2 mg/kg 

on day 15

Table 2.1 The dosing schedule used in the four tumour models to investigate the anti­

tumour properties of the combination of ET-743 and dexamethasone.

2.2.10 Histopathology and immunocytochemistry.

Fixing and staining of sections were carried out by Jenny Edwards and Lynda Wilkinson and 

immunohistochemistry was performed by Richard Edwards. Histopathological analysis of the 

tissue sections was performed by Dr Peter Greaves.

Tissues were fixed in neutral buffered formalin and embedded in paraffin wax. Sternum 

samples were decalcified for examination of bone marrow cellularity. Sections (5 pm thick)
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were cut and stained with haematoxylin and eosin. Selected hepatic sections were stained 

with van Gieson’s stain for collagen.

Ki-67 was demonstrated in sections of formalin-fixed, paraffin wax-embedded liver tissue at 

all time points between 6 hours and 12 days post dosing. Sections were dewaxed in xylene, 

taken to water and microwaved in citrate buffer pH 6.0 for 30 min at 700 Watts. A primary 

polyclonal rabbit antibody to a 1086bp Ki-67 motif-containing cDNA fragment was applied at 

a dilution of 1/500 for 3 hours at room temperature. Normal rabbit immunoglobin was used as 

a negative control. The primary antibody was detected with the DAKO 

StreptABComplex/HRP Duet System. Positive nuclei were visualized using 3,3’- 

diaminobenzidine tetrahydrochloride, and sections were lightly counterstained with 

haematoxylin. The total number of nuclei per unit area was calculated by counting the number 

of nuclei in a rectangular firame (0.32 mm x 0.225 mm) using the x 40 Diaplan microscope 

objective on the haematoxylin and eosin-stained sections, counting was repeated in 10 

randomly chosen frames. The proliferation index was calculated as the number of Ki-67- 

stained nuclei per 1000 hepatocyte nuclei.

Presence of a-smooth muscle actin was demonstrated using a mouse monoclonal antibody 

against the N-terminal decapeptide of human a-smooth muscle actin. Sections were pre­

treated as above and the primary antibody was applied at a dilution of 1/100 for 3 hours at 

room temperature. Mouse IgG2a negative control antibody was used as control. The primary 

antibody was detected as above. The peroxidase label was visualized using the VIP substrate 

kit followed by a light haematoxylin counterstain.

2.2.11 Electron microscopy.

Tissues were processed by Judy McWilliams and analysed by electron microscopy by Dr 

David Dinsdale. Livers were fixed by vascular perfusion with 2 % glutaraldehyde in 0.1 M 

sodium cacodylate buffer (pH 7.4) and stored overnight (4 °C) in the fixative. Slices (<lmm
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thick) were post-fixed with 1 % osmium tetroxide/1 % potassium ferrocyanide, stained en bloc 

with 5 % uranyl acetate and embedded in Taab epoxy resin. Ultra-thin sections were examined 

unstained or following staining with lead citrate and/or uranyl acetate.

2.2.12 Measurement of Liver Enzymes.

Plasma levels of alkaline phosphatase (ALP), aspartate aminotransferase (AST) and total 

plasma bilirubin were measured using commercially available kits and established protocols 

(Sigma-Aldrich).

2.2.12.1 ALP

The method for ALP is a colourimetric, kinetic method.

ALP catalyses the following reaction:

ALP
p-nitrophenyl phosphate + H2O -> p-nitrophenol + phosphate

The hydrolysis occurs at alkaline pH and the p-nitrophenol formed shows an absorbance 

maximum at 405 nm. The rate of increase in absorbance at 405 nm is directly proportional to 

ALP activity in the sample.

2.2.12. 2 AST

The method for AST is an ultraviolet, kinetic method.

AST
1) L-aspartate + 2-oxoglutarate -> oxalacetate + glutamate

LDH
2) Oxalacetate + NADH -> L-malate + NAD

The rate of decrease in absorbance at 340 nm due to the oxidation of NADH to NAD and 

hence AST activity.
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2.2.12.3 Bilirubin

The method for bilirubin measurement is a colourimetric, endpoint method. Direct 

(conjugated) bilirubin couples with diazotised sulfanilic acid, forming a blue colour at alkaline 

pH. Indirect (unconjugated) bilirubin requires a caffeine-benzoate-acetate accelerating agent. 

The blue colour originates from both the direct and indirect bilirubin and is measured at 600 

nm, giving total bilirubin.

2.2.13 Preparation of microsomes.

Three grams of liver was homogenised using a Potter-Elvehjem type teflon glass homogeniser 

(clearance 0.125 mm, 10 passes at 1100 rpm) in 15 ml ice cold Tris buffer (0.05 M Tris, 0.154 

M KCl, 0.25 M sucrose, pH 7.6). Tissues were kept at 4 °C during the preparation of 

microsomes. The homogenate was centrifuged at 10 000 g for 20 min at 4 °C. The supernatant 

was decanted and centrifuged at 100 000 g for 60 min at 4 °C. The pellet was resuspended in 

Tris buffer and respun again at 100 000 g for 60 min. The final pellet was resuspended in 5 

mis storage buffer (0.25 M potassium phosphate buffer containing 30 % glycerol), aliquoted 

and stored at -80 °C.

2.2.14 CYP2E1 assay.

This procedure was based on a method by Carlson, (Carlson, 1991). An incubation mixture 

containing 0.2 mM p-nitrophenol, 5 mM MgCfr, 1 mM NADPH, 0.05 Tris buffer pH 7.4 and 3 

mg microsomal protein was incubated at 37 °C for 30 min. The reaction was stopped by the 

addition of 0.5 ml 6 M perchloric acid. The samples were centrifuged at 2 000 g for 10 min. 

The supernatant was removed and 1 ml was added to 0.1 ml 10 M NaOH. This was 

centrifuged at 3 000 g for 5 min and the absorbance was determined at 546 nm. A standard 

curve was prepared using 4-nitrocatechol treated in the same manner.

63



Chapter 2___________________________________________________________________

2.2.15 CYPlAl/2 assay

Measurement of the 7-hydroxylation of ethoxyresorufm to resorufrn was carried out by a 

method based on that of Burke and Mayer (Burke and Mayer, 1974). To a cuvette containing 

2.35 ml Tris buffer (0.05 M Tris, 0.154 M KCl, pH 7.6) 12 pi of ethoxyresorufin in DMSO 

(final concentration 2 pM) and 50 pi microsomes (0.6-0.8 mg protein), 12 pi of NADPH (50 

mM) was added to start the reaction. The rate of conversion to resorufrn was measured by a 

decrease in fluorescence using a fluorimeter (Varian). Fluorscence was measured for 5 min at 

37 °C at an excitation wavelength of 540 nm, slit width 2.5 nm and emission wavelength of 

585 nm, slit width 10 nm. A standard curve was prepared using pure resorufrn.

2.2.16 CYP3A2 assay

Measurement of the hydroxylation of benzyloxy-4-trifluoromethylcoumarin to hydroxy-4- 

trifiuoromethylcoumarin was carried out by a method based on that of Stresser et al (Stresser 

et al., 2000). To a cuvette containing 2.35 ml 0.2 M phosphate buffer (pH 7.4), 12 pl of 

benzyloxy-4-trifiuoromethylcoumarin in DMSO (final concentration 50 pM) and 50 pl 

microsomes (0.6-0.8 mg protein), 12pl of NADPH (50 mM) was added to start the reaction. 

The rate of conversion to hydroxy-4-trifiuoromethylcoumarin was measured by fluorescence 

using a fluorimeter (Varian). Fluorescence increase was measured for 3 min at 37°C at an 

excitation wavelength of 409 nm, slit width 10 nm and an emission wavelength of 530 nm, slit 

width 20 nm. A standard curve was prepared using hydroxy-4-trifluoromethylcoumarin.

It was reported that benzyloxy-4-trifiuoromethylcoumarin was not a specific probe for CYP3A 

while 7-benzyloxyquinoline has greater specificity for the isozyme (Renwick et al., 2001). 

Therefore the above method was replaced with the following method which measures the 

oxidative de-benzoylation of 7-benzyloxyquinoline (7-BQ) to 7-hydroxyquinoline (7-HQ).
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To a cuvette containing 2.35 ml 0.2 M phosphate buffer (pH 7.4), 25 pl of 7-BQ (5 mM) and 

50 pl microsome (0.6-0.8 mg protein), 12 pl of NADPH (50 mM) was added to start the 

reaction. The rate of conversion to 7-HQ was measured by fluorescence increase using a 

fluorimeter (Varian). The fluorescence was measured for 10 min at 37 °C at an excitation 

wavelength 410 nm, slit width 10 and an emission wavelength of 510 nm, slit width 10. A 

standard curve was prepared using 7-HQ.

2.2.17 Total cytochrome P450 assay

0.5 ml liver microsomes (2-10 mg protein) was added to 5 ml 0.1 M phosphate buffer pH 7.4. 

Carbon monoxide was vigorously bubbled through the microsomes for 30 sec and the tube 

stoppered. 2.5 ml was aliquoted into each of two cuvettes and a few crystals of sodium 

dithionite were added to the test sample. The cuvette was inverted to dissolve the crystals. The 

absorption spectrum between 400 and 550 nm was recorded. The 490 nm absorption reading 

was subtracted from the 450 nm absorption reading to obtain the cytochrome P450 peak. 

Using the extinction coefficient for cytochrome P450 of 91 cm^/mmol, the cytochrome P450 

concentration was obtained using the following formula:

Cytochrome P450 (nmol/ml) =AA (450-490) X 1000/91

2.2.18 Measurement of glutathione levels in liver

Measurement of glutathione in liver was carried out based on a method by White (White, 

1976). Approximately 1 g of fresh liver was homogenised in 9 ml of homogenisation medium 

(100 ml of 24 mM potassium dihydrogen orthophosphate and 1 mM EDTA mixed with 300 

ml ethanol) at 4 °C using a Teflon glass homogeniser. The homogenate was centrifuged at 

10 000 g for 15 min at 4 °C. The supernatant was removed and 0.3 ml was added to 2.4 ml of 

phosphate buffer (0.3 M, pH 7.4). To this 1 ml DTNB (5,5-dithio bis 2-nitrobenzoic acid) (40
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mg in 100 ml 0.03 M phosphate buffer, pH 7.4) was added and mixed. The absorbance was 

read at 412 nm. Glutathione concentration was calculated from a glutathione standard curve.

2.2.19 Bradford protein assay

This procedure was based on a method by Bradford (Bradford, 1976). Bovin serum albumin 

(BSA) standards were prepared in distilled water at a concentration range of 0-20 pg/ml 

protein. The protein samples were diluted 1:500 in distilled water in duplicate. The standards 

and samples (800 pl) were placed in a cuvette with 200 pl of protein reagent. The absorbance 

was read at 595 nm against a blank control sample and protein concentration was calculated 

from a standard curve.

2.2.20 Microarray analysis, an overview

The cDNA microarray technique is a recently developed tool that can be used to measure the 

expression patterns of genes in parallel, generating clues to gene expression changes in 

response to drug treatment. DNA microarray technology encompasses arraying of DNA onto a 

glass slide, hybridisation and detection methods, links to software and databases that facilitate 

data analysis. In a microarray experiment, single stranded DNA molecules are deposited onto 

a glass slide at fixed locations (chapter 2.2.20.2). RNA is prepared from the control and 

experimental tissue (chapter 2.2.20.1) and labelled using oligo dT-primed reverse transcription 

by utilising nucleotides tagged with fluorescent dyes, Cy3 and Cy5 (chapter 2.2.20.3). Both 

fluorescence-labelled cDNA samples are hybridised to the microarray, as gene sequences from 

the tissue hybridise to the complementary sequence on the array (chapter 2.2.20.3 to 2.2.20.8). 

To measure the relative abundance of the hydridized RNA the array is excited by a laser and 

the expression of each gene is detected and quantitated. From the fluorescence intensities and 

colour o f each spot, the relative expression levels of the genes in the control and test tissue can 

be estimated.
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2.2.20.1 Preparation of mRNA

This procedure was based on a method by Turton et al (Turton et al., 2001). Approximately 

0.5 g of frozen liver was homogenised in 7 ml of 4 M guanidium thiocyanate and 525 pl (3- 

mercaptoethanol and 200 pl of sarkosyl was then added to the homogenate. 4.5 ml cesium 

chloride solution was pipetted into a clean centrifuge tube and the homogenate was layered on 

top. The homogenate was then spun at 10 000 g for 18 hours at 20 °C. The supernatant was 

removed to leave a clear pellet at the bottom. The pellet was rinsed with 2 x 500 pl of 70 % 

ethanol. This was centrifuged at 10 000 g for 3 min to pellet the RNA, the excess ethanol was 

removed and the pellet left to dry before being resuspended in diethyl pyrocarbonate (DEPC) 

treated water. The RNA was extracted by adding an equal volume phenol/chloroform (1:1) 

followed by centrifugation at 10 000 g for 3 min. This step was repeated and then the RNA 

was extracted again using chloroform. The RNA was precipitated with sodium acetate: ethanol 

(0.1:3). The pellet was washed twice with 70 % ethanol. Finally the pellet was resuspended in 

200 pl (DEPC) treated water. The concentration of RNA in aqueous solution was determined 

by measuring the absorbance of a dilution of the solution at 260 nm. The samples were diluted 

1 in 500 with sterile water and the absorbance measured at 260 and 280 nm.

[RNA pg/ml] = OD 260 X dilution factor X 40.

Comparison of absorbance at 260 and 280 nm of a nucleic acid solution provides an estimate 

of the purity of the preparation. A 260:280 ratio of approximately 1.6-1.9 indicates a protein 

free preparation, ratios lower than these indicate protein contamination

2.2.20.2 Printing the arrays

The arrays comprised 4,246 mouse sequence tag (EST) clones (2, 783 individual Genebank 

clusters). Two-thirds of the clones were obtained from the IMAGE collections held at the 

MRC Human Gene Mapping Project (http://www.hgmp.mrc.ac.ukA. The remaining one-third 

of the EST clones were obtained from Research Genetics (RG9 set, http://www.resgen.comT 

All clones described in this thesis were verified by sequence analysis. CDNA from the EST

67

http://www.hgmp.mrc.ac.ukA
http://www.resgen.comT


Chapter 2___________________________________________________________________

was obtained via PCR amplification using plasmid-specific primers. The PCR products were 

all separated by electrophoresis on agarose gels to make sure that only single product was 

obtained for each clone. The reactions products were precipitated and prepared for array, 

using methods described (DeRisi et al., 1997; Eisen and Brown, 1999). Arrays were printed 

on poly-T-lysine-coated slides, UV-crosslinked and blocked prior to use (DeRisi et al., 1997; 

Eisen and Brown, 1999; Turton et al, 2001). The arrays were printed using an arrayer built 

essentially according to the Standford designs {cf.

http://www.le.ac.uk/cmht/microarrav lab/Home.htmT This was carried out by members of 

the Bioinformatics Group, MRC Toxicology Unit, University of Leicester, UK. The centre-to- 

centre distance of the features was 210 pm, and each feature was 90-100 pm in diameter.

2.2.20.3 Labelling and hybridisation

RNA samples (50 pg in lOpl) were incubated with 4 pg oligo dT(2s) (0.5 pl). After 

dénaturation at 70 ®C for 8 min annealing was allowed to occur as the temperature fell to 42 °C 

over 30 min. At this point dNTPs were added to a final concentration of 0.5 mM with the 

exception of dTTP which was added at 0.2 mM. The desired Cy labelled dUTP was added at a 

final concentration of 0.1 mM. Test RNA was incubated with Cy5 and control RNA was 

incubated with Cy3 for two pairs of samples and reversed for the third pair. The buffer used 

was IX first strand buffer and 20U of RNAsin was added to the reaction. Transcription was 

initiated by the addition of superscript II 100 U and allowed to proceed for 1 hour at 42 °C 

before addition of a second lOOU of superscript II and another 1 hour incubation at 42 °C. 

RNA was removed from the synthesised cDNA by addition of 1 pl EDTA (0.5 M) followed 

by 1 pl SDS (10 %) and 3 pl NaOH (3 M) and incubated at 70 °C for 10 min. Finally, 3 pl 

HCl (2 M) followed by 10 pl Tris/HCl (1 M) was added to neutralise the reaction mixture.
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2.2.20.4 Purification of RNA.

The samples were purified using a microcon YM-30 micro-concentrator method. 140 pl Tris- 

EDTA buffer (1 M, pH 8) was added to each dye tube and then paired probes were combined 

into one centricon prior to microfugation (10 000 g, 7 min) and the flow through discarded. 

450 pl Tris-EDTA buffer (IM, pH 8) was then added to each sample, microfuged (as 

previously) and the flow through discarded. The process was repeated with the addition of 

mouse Cot 1 DNA (10 pg), poly A (1 pg) and tRNA (4 pg) with the Tris-EDTA buffer. The 

samples were microfuged (10 000 g, 2 min) until the filter was dry in the middle and the probe 

formed a liquid ring. The flow through was discarded. The columns were then inverted in a 

fresh tube and microfuged (10 000 g, 2 min). Finally the samples were dried in a Speedvac.

2.2.20.5 Preparation of hybridisation to microarray slides

Probes were resuspended in 14 pl of hybridisation buffer (deionised formamide: 5OX 

Denhardts solution: water: 10% SDS; 10:1:2:1 filtered through a 0.45p syringe filter) and 

added to 2OX SSPE (6 pl; 3 M NaCl, 1 mM Na H2PO4 and 20 mM EDTA). Samples were 

denatured by heated at 100 °C at 2 min followed by incubation at 42 °C for 1 hour.

2.2.20.6 Washing of array coverslips

Coverslips were placed in racks and then washed in 1 % SDS for 30 min with occasional 

agitation followed by 5 rinses in fresh changes of pure water for 5 min per wash. The 

coverslips were then centrifuged (1000 g, 5 min) to remove residual water and stored in a dust 

free environment.
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2.2.20.7 Microarray slide blocking, prescan and prehybridisation

Slides were heated at 100 °C for 2 min, washed in double distilled water to remove salts and 

centrifuged to dryness. Slides were pre-scanned to discard badly printed slides. To reduce non­

specific binding of material to the array and the inherent green fluorescence, the slides were 

prehybridised under a coverslip at 40 °C, for 45 min using prehybridisation solution (55 % 

H2O, 30 % 20X SSPE, 1 % Denhardts, 0.5 % SDS and 1 % w/v BSA, filtered through a 0.45p 

membrane). Slides were washed in 1 X SSC containing 0.03 % SDS for 10 min, allowing the 

coverslip to gently slide off, transferred to 0.2X SSC for 5 min and then 0.05X SSC for 5 min. 

The slides were dried by centrifugation.

2.2.20.8 Hybridisation

Using an array template as a guide, 20 pl of probe was placed on the left of the array and a 

coverslip placed gently over the array, enabling the probe to cover the array. The slides were 

placed in a humid airtight hybridisation chamber in a 42 °C water bath overnight. The slides 

were then washed in IX SSC containing 0.03 % SDS for 10 min, allowing the coverslip to 

gently slide off, transferred to 0.2X SSC for 5 min and then 0.05X SSC for 5 min. The slides 

were dried by centrifugation.

2.2.20.9 Analysis of fluorescence and data processing

Data analysis was carried out by Dr Tim Gant. Fluorescence was measured using the GenePix 

3.0 (version 3.0.0.85) software (Axon Instruments, Union City, USA). Feature sizes were 

determined using the inbuilt automated parameters in the first instance and then adjusted 

manually where appropriate. The fluorescence of each pixel within the feature was determined 

and the median fluorescence of these pixel measurements taken as the measure of fluorescence 

for the whole feature. The local background fluorescence was measured using the default 

parameters of GenePix 3.0. The raw feature data for each channel were globally centered by
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reference to the median fluorescence of the whole feature set for that channel. To analyse the 

gene changes from the replicates of each of the three experiments, the absorbance data for 

both red and green channels were normalised. The data was normalized and processed to a 

final measure o f differential gene expression, quantitated as a ratio of ET-743-treated over 

control, as previously described, using ConvertData version 3.4.0c 

(http://www.le.ac.uk/cmht/twg 1 /arrav-fb.html). Clustering analysis was performed by 

determination of the principal components of the score data using SIMCA-P (Umetrics, 

Bracknell, UK). The expression of genes which were significantly altered with reference to all 

the other genes on the same array, were used for a principal components analysis. Each 

microarray was kept as a separate entity for this analysis, as were the replicated clones on the 

microarrays. For the hepatic genes the expression of which was consistently up- or down- 

regulated by ET-743 {cdc2a, ccndl, abcdbla, abcblb and car 3, see Results), homology 

between the mouse and the rat was established to be 98 % or above.

2.2.21 Preparation of membrane liver fractions for Western blotting

Approximately 2.5 g of liver was homogenised in 20 ml 0.1 M Tris containing 10 pg/mg 

pepstatin, 10 pg/mg leupeptin and 0.1 mM PMSF in isopropanol. The homogenate was spun at 

1500 g for 10 min at 4 °C. The supernatant was removed, the pellet was resuspended and spun 

again. The supernatants were combined and spun at 100 000 g for 45 min at 4 °C. The pellet 

was resuspended in 10 ml Tris buffer, aliquoted and stored at -80  °C.

2.2.22 Polyacrylamide gel electrophoresis and Western blotting analysis, an overview

Proteins are denatured by sodium dodecyl sulphate (SDS) and separated due to size by 

electrophoresis. Proteins are transferred to a solid membrane for Western blotting analysis. For 

this procedure, an electric current is applied to the gel so that the separated proteins transfer 

through the gel and onto the membrane in the same pattern as they separate on the gel. All
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sites on the membrane which do not contain blotted protein from the gel can then be non- 

specifically "blocked" so that antibody will not non-specifically bind to them. To detect the 

antigen blotted on the membrane, a primary antibody is added at an appropriate dilution and 

incubated with the membrane. In order to detect the antibodies which have bound, a second 

antibody is added. Finally after excess second antibody is washed free of the blot, a substrate 

is added which will precipitate upon reaction with the conjugate resulting in a visible band 

where the primary antibody has previously bound to the protein.

2.2.22.1 Preparation of the gel

The resolving gel solution was mixed and poured into a Hoeffer mini gel casting system. The 

gel was overlaid with water and left to set. Once set, the water was removed. The stacking gel 

solution was mixed and poured onto the resolving gel, a comb inserted and left to set.

7.5% Resolving gel solution

5 ml Acrylamide solution

5 ml Resolving gel buffer (1.5 M Tris-HCl, pH 8 .8, 200 ml)

0.2 ml 10 % SDS 

9.7ml ddHzO

200 pl 10% Ammonium persulphate 

15 pl TEMED

Stacking gel solution:

0.44 ml Acrylamide solution

0.83 ml Stacking gel buffer (0.5 M Tris-HCl, pH 6 .8)

33 pl 10 % SDS

2.03 ml ddHiO

25 pl 10 % Ammonium persulphate 

3 pl TEMED
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2.2.22.2 Loading and running the gels

The protein concentrations of the samples were determined by the Bradford assay (see 2.2.19). 

Equal volumes of protein sample and treatment buffer were mixed and boiled for 90 sec. The 

combs were removed from the gel and the wells washed with tank buffer. 25 pl of samples 

(containing 10 pg of protein) were loaded to each well alongside a prestained broad range 

protein molecular weight standard. The gel caster was filled with tank buffer. The samples 

were run through the gel at 150 V until the dye front ran off the bottom of the plate. Gels were 

removed and floated in transfer buffer. Proteins were transferred to a nitrocellulose membrane 

using a wet blotting system running at 100 V for 90 min. The membrane was blocked at 4°C 

in 5% non-fat milk in TBS-T.

Treatment buffer:

0.125 M stacking gel buffer

4 % SDS

20 % glycerol

0.02 % bromophenol blue

0.2 M DTT

ddHzO

Tank buffer:

0.025 M Tris 

0.192 M glycine 

0.1 % SDS 

ddHzO

Transfer buffer:

48 mM Tris 

39 mM glycine 

20% methanol 

0.037% SDS
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2.2.22.3 Detection of P-glycoprotein expression

An antibody specific for p-glycoprotein (C l29) was used at a dilution of 1:100 in 5 % milk in 

Tris buffered saline tween (TBS-T; 5 mM Tris pH 7.5, 15 mM NaCl, 0.1 % polyoxyethylene 

sorbitan monolaurate (Tween 20)) for 4 hours at 4°C on a mixing platform (Schrenk et ah, 

1993). Membranes were washed with TBS-T (3 washes x 10 min) and incubated with an anti­

mouse HRP-linked secondary antibody (1:1000 dilution) in TBS-T for 1 hour. The signal was 

detected using an ECL detection system. Membranes were exposed to ECL hyper film for 30 

sec and developed.

2.2.23 Cell cycle analysis

The object of the preparative method is to obtain intact nuclei. Nuclei are then stained with a 

fluorescent dye which intercalates with the DNA. Using a flow cytometer, a single nuclei 

suspension is forced to flow as single cells through a laser beam. The instrument measures 

fluorescent excitement and both forward and sideways light scatter. Sideways scatter reflect 

the density of a cell and forwards scatter reflects the size o f a cell. The fluorescence is directly 

proportional to the total amount of DNA in each cell. Cells in G2 and M phases of the cell 

cycle have double the DNA content of those in Go and Gi. Cells in S phase have DNA content 

lying between these extremes. The FACS machine plots a histogram of number of cells 

against DNA which reflects the state of the cell cycle (Ormerod, 1990).

Approximately 200 mg of liver was added to 10 ml of culture media and gently homogenised. 

The homogenate was filtered through a tea strainer. The cell suspension was centrifuged at 

800 g for 5 min. The supernatant was removed and aspirated off. The pellet containing the cell 

nuclei was resuspended in 10 ml of stain detergent solution (100 ml o f distilled water 

containing, 100 mg trisodium citrate, 56.4 mg NaCl, 30 pl Nonidet p-40, 10 ml propidium 

iodide (50 pg/ml), 100 pl Rnase) and mixed for 4 hours at 4 °C (Ormerod, 1990). The solution
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was filtered through a 100 pm pore nylon mesh. Flow cytometry analysis was performed using 

a FACS flow cytometer (Becton Dickinson) and Cell Quest software.

2.2.24 Isolation of primary rat hepatocytes

Hepatocytes were isolated from the liver of female Wistar rats by a 2 step in situ perfusion 

method (Seglen, 1976). The first step involved perfusion of the livers with buffer devoid of 

Ca^^ in order to irreversibly cleave desmosomal cell to cell interactions. In the second step, 

collagenase was added to the perfusion buffer to digest the extracellular matrix. The rat was 

anaesthetised with an i.p. injection of pentobarbitone (60 mg/kg) and prepared for perfusion. 

The abdominal cavity was opened and the heart injected with 0.5 ml heparin solution (2000 

units/ml of saline). The hepatic portal vein was located and cannulated with a 20 GA cannular. 

The liver was perfused with the Hanks buffer saline solution (HESS, without calcium, 

magnesium, sodium bicarbonate and phenol red but containing 1 mM ethylene glycol-bis (2- 

aminoethylether)-N, N, N ’, N ’-tetraacetic acid (EGTA), and pre-saturated with carbogen, at a 

rate of 50 mls/min until the heart was clear of blood. The liver was then perfused with HESS 

containing collagenase (100 mg/1.) and calcium chloride (332 mg/1). Perfusion continued until 

the liver showed signs of digestion. The softened liver was dissected out of the rat and 

transferred to a sterile beaker containing 50 ml William’s E media (supplemented with 10 % 

FCS calf serum and penicillin/streptomycin 100 U/100 pg per ml) and gently stirred to 

dislodge the cells. The liver was gently pushed through a 100 pm mesh. The filtrate was 

centrifuged for 2 min at 50 g. The supernatant was removed and the pellet resuspended in 25 

ml media. This was repeated twice and the cells were finally resuspended in 25 ml of media. 

Cells were counted using a haemocytometer. Hepatocyte viability determined by the trypan 

blue exclusion assay was routinely 85 % or higher.
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2.2.25 Incubations with hepatocytes

Cell supensions were diluted to 1x10^ cells /ml of culture media (Williams E media containing 

2 mM glutamine, 2 mM gentamicin, 10 nM insulin, 5 pM transferring solution, 5 mM 

nicotinamide, 0.75 pg/ml zinc sulphate, 0.2 pg/ml copper sulphate, 5 ng/ml sodium selenite, 

30 nM dexamethasone sodium phosphate, 10 % FCS, penicillin/streptomycin 100 U/100 pg 

per ml) and plated onto fibronectin coated 6 well plates and incubated at 37 °C in an 

atmosphere of 5 % CO2 and 95 % air for 4 hours to attach. The supernatant medium was 

removed and fresh medium was added. Human hepatocytes were obtained from the Human 

Tissue Bank, De Monfort University, Leicester. Isolated human hepatocytes were cultured as 

described for rat hepatocytes. Hepatocytes were precultured for 24 hours, then exposed to 

fresh medium to which ET-743 dissolved in DMSO was added to yield final concentrations of 

1 nM -  1 pM. The final DMSO concentration was 1 %, which on its own did not affect 

hepatocyte viability. Hepatotoxicity was assessed by leakage of lactate dehydrogenase (LDH) 

into the medium. Samples of media were taken after 48, 72 and 96 hours for viability 

assessment by the LDH assay kit (Sigma-Aldrich). The method is a ultraviolet, kinetic 

method. LDH catalyses the following reaction and the decrease in absorbance at 340 nm due 

to the formation of the NAD is directly proportional to LDH activity.

LDH
Pyruvate + NADH + H"̂  -> Lactate + NAD^

Degree of leakage of LDH into the medium was expressed as a percentage (X) of total cellular 

LDH enzyme content. Total LDH content was established by adding Triton-X-100 to 

untreated hepatocyte cultures, which caused complete lysis. Viability was calculated as 100 

minus X, and expressed as %.

For investigation of the effects of N-acetylcysteine on the hepatotoxicty of ET-743, 

hepatocytes were exposed to N-acetylcysteine (1 mM), and ET-743 was added one hour later.
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2.2.26 Study of ET-743 levels in liver and plasma.

Female Wistar rats received ET-743 (40 pg/kg, i.v.) with or without pre-treatment with 

dexamethasone 24 hours prior to ET-743 (10 mg/kg p.o.). Blood and liver tissue was 

collected before and 30 min, 1 ,3 ,6 ,  12 ,2 4  and 72 hours post treatment with ET-743. Blood 

samples were taken by cardiac puncture and placed in heparinised tubes. Plasma was obtained 

by centrifugation (2000 rpm, for 25 min). Liver was excised and homogenized (25% in 

phosphate buffer 0.2 M, pH 7.4). Liver homogenate was centrifuged (1000 g, 4°C). The 

supernatant was collected and frozen at -80°C until assayed. Quantification of ET-743 levels 

was performed by collaborators at Istituto di Ricercha Farmacologiche Mario Negri, Milan, 

Italy. An aliquot (0.3 ml) of supernatant was mixed with 0.7 ml ammonium acetate buffer 

(0.2M, pH 5.0), the mixture was kept on ice (30 min), centrifuged (1000 g for 10 min), and 

subjected to solid phase extraction (Bond Elut non-end-capped CN cartridges). Elution was 

carried out with methanolic hydrochloric acid (0.1 M, 2.5 ml). The elute was evaporated, the 

residue dissolved in mobile phase (200 pi), and an aliquot (20 pi) was injected onto the 

column. ET-743 was measured by HPLC coupled with electrospray ionization tandem mass 

spectrometry, as described by Rosing et al.(Rosing et al., 1998) using an API 3000 triple 

quadrupole mass-spectrometer (Applied Biosystem - Sciex, Toronto, Canada) operating in 

positive ion mode (standard TurboIonSpray source). A methanol-water (75:25, v/v) mixture 

containing 5 mM ammonium acetate and 4% (v/v) formic acid was used as the mobile phase. 

At a flow-rate of 200 pl/min, the mobile phase was pumped through a Zorbax Rx-C18 column 

(15 X 2.1 mm i.d., particle size 5 um). The column outlet was connected directly to the 

Turbolon-Spray sample inlet without splitting. Ions were created at atmospheric pressure and 

were transferred to a triple quadrupole mass-spectrometer.

2.2.27 MCF-7 cells

MCF-7 cells were grown in RPMI-1640 medium supplemented with 10 % FCS and 2 nM 

glutamax. Cells at 70-80 % confluency were washed in PBS, trypsinised with T/E and pelleted
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at 200 g for 3 min. Cells were re-seeded at required densities in flasks and maintained in an 

incubator at 37 ^C in 5 % CO2.

2.2.28 Effect of ET-743 on MCF-7 cell growth

MCF-7 cells were seeded at 2 X 10  ̂ cells /ml o f medium into 6-well plates. The cells were 

incubated for 24 hours to plate down. The media was removed and replaced with fresh media 

containing ET-743 dissolved in DMSO to yield final concentrations of 0.1-1 nM or DMSO 

alone. Final concentration of DMSO was 1 %. After 48 hours, cells were trypsinised and 

counted using a Coulter counter (Beckman). The concentration of ET-743 found to inhibit cell 

growth by 50 % (IC50) was 0.2 nM.

2.2.29 In vitro bioassay to assess the cytotoxicity of ET-743 after incubation with rat liver 

microsomes.

Aliquots of 400 pi ET-743 (20 nM) were pipetted into glass vials with 200 pi of 0.5 M 

phosphate buffer (pH 7.4) and 400 pi of NADPH generating system (3.25 mM NADP, 8.25 

mM MgCl2, 8.25 mM glucose-6-phosphate and 0.6 units/ml glucose-6-phosphate 

dehydrogenase). Next, 50 pi of microsomes previously prepared from dexamethasone treated 

(10 mg/kg, 24 hours prior to microsome preparation) or untreated rats and incubated at 37^C 

for 40 min in a shaking water bath. Control experiments were performed without microsomes. 

The reaction was terminated by adding 1 ml of ice-cold methanol. The samples were 

centrifuged at 200 g for 3 min to separate proteins. The supernatant was removed and 100 pi 

was added to MCF-7 cells in 2 mis of medium, seeded at 2 X 10  ̂ cells /ml of medium into 6- 

well plates, the previous day. The concentration o f ET-743 in the wells was 0.2 nM. After 48 

hours, cells were trypsinised and counted using a Coulter counter.
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2.2.30 Statistical analysis

Data was analysed using Excel (Office 2000) and Origin 6.0. Results were subject to statistical 

analysis using Minitab (version 13) software package. Values were subjected to one-way 

analysis of variance (ANOVA) and statistical significance was established by post hoc 

Tukey’s pairwise comparison.
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3.1 Introduction

Preclinical toxicity studies performed in mice, rats, dogs and monkeys demonstrated that liver 

was one of the main targets for ET-743 toxicity. Information regarding these toxicity studies 

has not been published. Hepatic effects were observed as an increase in liver enzymes as well 

as evidence of cholangitis (section 1.10.4). In some species the hepatotoxic effects were 

reversible, however in the female rat, the most sensitive species, the effects were irreversible. 

Patients who receive ET-743 frequently develop acute, but reversible transaminitis and 

subclinical cholangitis characterised by increases in ALP and/or bilirubin, which is not unlike 

the hepatotoxicity observed in preclinical toxicity studies. The female rat was chosen as the 

model in which to study the hepatotoxicity of ET-743 as it is the most susceptible with respect 

to the adverse hepatic side effects and therefore responses towards strategies designed to 

reduce the hepatotoxicity might be easy to detect.

The aim of the work described in this chapter was to fully characterise ET-743 liver toxicity in 

the female Wistar rat. This aim was achieved by detailed analysis of changes in liver 

biochemistry and liver pathology. In addition, cDNA microarray analysis was performed to 

identify hepatic gene changes during the development of cholestasis and the associated 

adaptive response after ET-743 treatment. The purpose of this study was to link the clinical 

chemistry and pathology of inflammation, cholestasis, necrosis and fibrosis to differential 

gene expression with the overall aim of increasing our understanding of the mechanisms of 

hepatotoxicity. Also, it may be possible to identify gene changes which may predict hepatic 

damage. Additionally, the liver pathology and clinical chemistry induced by ET-743 was 

compared in male and female rats not only to confirm the increase in sensitivity of the female 

rat, but also in an attempt to explain this gender related increase in toxicity.

The liver damage induced by another cholestatic agent, a-naphylisothiocyanate (ANIT), was 

also investigated in female Wistar rats in terms of biochemistry, pathology and hepatic gene 

expression and compared with that of ET-743. The specific question that was addressed was
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whether the gene changes observed after ET-743 treatment are generic to cholestasis and 

associated repair, or whether any gene expression changes are unique to ET-743.
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Results

3.2 Effects of ET-743 on liver biochemistry

In a preliminary dose-finding experiment, ET-743 administered at 75 |xg/kg, the maximum 

tolerated dose in the female rat, elicited severe toxicity, resulting in mortality. Therefore the 

dose was reduced to 40 pg/kg, which caused moderate toxicity but avoided mortality. 

Animals were killed at 6, 12, 24 hours; 2, 3, 6, 12, 24 or 48 days; or 3 months after 

administration. There were no acute effects at the time of injection of ET-743. Within 4-6 

days after dosing, animals lost 15 % of their body weight, compared with controls and 2 

deaths occurred at 6 days. Surviving animals started to gain weight at the same rate as 

untreated animals after 8 days. Rats had intense yellow stained urine for the first week after 

treatment. At autopsy, rats had yellow subcutaneous and other body fat, and enlarged livers.

Plasma levels of ALP, AST and total bilirubin were measured at each time point up to 3 

months after a single dose of ET-743 at 40 pg/kg. Plasma levels of bilirubin started to 

increase 48 hours after treatment (figure 3.1) and on day 3, levels were elevated 7-fold 

compared to untreated rats. The bilirubin levels remained elevated until 12 days and 

reverted to basal levels by 24 days. Plasma levels of ALP and AST were elevated by 

approximately two-fold at 48 hours after treatment compared to controls (figure 3.1). 

Levels remained significantly elevated until 72 days and 96 days with respect to ALP and 

AST.
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Figure 3.1 Time course of changes in concentration of total bilirubin and activities of 

liver enzymes alkaline phosphatase and aspartate aminotransferase in the plasma 

from female rats that received ET-743 (40 pg/kg, i.v.). Levels of bilirubin (À ) are 

presented in pg/ml (right axis) and activities of ALP (•)  and AST (■) are given as units 

/litre (left axis). Values are the mean ± SD of four animals /time point. The values observed 

at the following time points are significantly different (p<0.05 by ANOVA) from those 

measure in control rats: bilirubin, days 3,6,12; ALP, days 2, 3, 12, 24 and 48; AST, days 2, 

3, 12, 24, 48 and 96.
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Activities of CYP3A2, CYPlAl/2 and CYP2E1 were measured at 3, 6, 12, 24 and 48 days 

after a single i.v. dose of ET-743 (40 pg/kg). Levels of CYPlAl/2 and GYP 2E1 were 

significantly reduced at 3 days after treatment to almost unmeasurable levels compared to 

untreated rats (figure 3.2). Between 12 and 24 days the activities had returned to basal 

levels. The activity of CYP3A2 was diminished by 36 % at day 3 after administration, and 

this decrease persisted for up to 24 days. Levels of total microsomal cytochrome P450 

protein were also measured and were decreased by 33 % after 3 days, which persisted up to 

48 days (figure 3.2).
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Figure 3.2 Time course of changes of cytochrome P450 protein levels and activities of 

CYPlAl/2, CYP2E and CYP3A2 in liver microsomes obtained from female rats that 

received ET-743 (40 pg/kg, i.v.). Concentrations are expressed as nmol cytochrome P450 

protein/mg microsomal protein (A left axis) or as nmol product generated /min/mg 

microsomal protein for CYP3A2 (•left axis), CYP2E1, (▼left axis) and CYPlAl/2 (■ 

right axis). Values are the mean ± SD of four animals /time point. The values observed at 

the following points are significantly different (p<0.05 by ANOVA) from those measured 

in control rats: total cytochrome P450, day 3; CYP3A and CYP2E1, days 3, 6 and 12; and 

CYPlAl/2, days 3 and 6.
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3.3 Effect of ET-743 on liver cell pathology

Female Wistar rats received a single i.v. dose of ET-743 (40 pg/kg). Heart, kidney, 

pancreas and spleen were within normal limits. There was mild loss in cellularity of bone 

marrow at 12, 24 and 72 hours. In the small intestine, there was a degenerative change in 

the cells deep within the intestinal crypts as early as 6 hours after treatment. This 

degeneration was visible up to 24 hours but had disappeared by day 3. Livers obtained 6 

and 12 hours after ET-743 administration did not show any signs of pathological change, 

whereas in livers obtained at 24 hours, there was focal degenerative alteration in the 

epithelial cells lining the larger bile ducts. By day 2, these changes were characterised by 

degenerative and patchy focal necrosis of bile duct epithelial cells in many bile ducts 

accompanied by a modest acute inflammatory infiltrate in all treated animals (figure 3.3 A 

and B). A day later, the damage was more pronounced with increased inflammation and 

early signs of regeneration of the epithelial cells characterised by enlarged cell cytoplasm 

and large irregular nuclei with occasional mitoses (figure 3.3 C). Six and 12 days after 

treatment with ET-743, bile ducts were surrounded by dense, poorly cellular, concentric 

fibrosis (sclerosis) and by mesenchymal cells that stained for a-smooth muscle actin (figure

3.3 E and F). After 24 days, the inflammation in the portal tract had diminished 

substantially, although periductal fibrosis remained prominent. Most hepatocytes showed 

relatively little alteration. In some treated rats, rounded focal zones of hepatic necrosis and 

haemorrhage were observed from day 2 which persisted up to 3 months (figure 3.3 D). 

Some focal pigmentation was observed around zones of necrosis at time points after 24 

hours.

Electron microscopy showed that within 2 days after ET-743 administration there was focal 

injury in the epithelium of bile ducts including apoptosis, which resulted in the liberation of 

cell debris into the lumen (figure 3.4). Despite these slight changes in the biliary 

epithelium, most of the liver remained normal. The foci of hepatic necrosis and 

haemorrhage did not correlate with particular regions of the lobule. There was little or no 

inflammation within the foci. Hepatocytes immediately surrounding the focal lesions
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tended to have rather more smooth endoplasm ic reticulum than controls but were 

essentially within normal limits (figure 3.4). Abnorm al m itochondria were evident in many 

necrotic cells.
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Figure 3.3 Photomicrographs of liver sections from female rats that received ET-743 

(40 pg/kg, i.v.) 2 (A, B, D) or 3(C) days before tissue excision. Staining was by H & E.

M agnification was X 50 in A; X 130 in C and D; and X 200 in B. The following features 

characterise m anifestations o f  ET-743 hepatotoxicity: swelling o f  the portal tract with little 

alteration in the hepatic parenchyma (A); ulceration o f the bile duct epithelium (arrow) and 

sparse inflam m atory infiltrate (B); damage to the bile duct epithelium  (arrow) and mild 

hyperplasia (C); and round focus o f  haem orrhagic necrosis (D). The sections are 

representative o f  four to eight separate animals. H istopathological analysis was carried out 

by Dr Peter Greaves.
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Figure 3.3 Photomicrographs of liver sections from female rats that received ET-743 

(40 pg/kg, i.v.) 3 (I), 12 (E and F), or 48 days (G) before tissue excision and liver 

sections from an untreated rat (H). Staining was by H & E (E), im m unoperoxidation for 

a-sm ooth  m uscle actin (F), van G ieson’s stain (G), or Ki-67 antiserum  (H and I). 

M agnification was X 130 in G, H and I; and X 200 in E and F. The following features 

characterise m anifestations o f ET-743 hepatotoxicity: peribiliary fibrosis and enlarged 

biliary epithelium  cells (E); spindle cells staining for a-sm ooth  m uscle actin (for example 

see arrow in F); presence o f  dense residual collagen in the portal tract marked by red 

staining (G); and increased staining o f nuclei for Ki-67 antigen (H and 1). The sections are 

representative o f  four to eight separate animals.
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Figure 3.4 Electron micrographs of a bile duct (A) and a typical hepatocyte (B) 

observed in female rats 2 days after treatm ent with ET-743 (40 pg/kg, i.v.). In A, note 

focal injury, including some apoptosis, to bile duct epithelium with liberation o f some cell 

debris into the lumen. The hepatocyte in B, which was located near a zone o f necrosis, 

displays slightly more smooth endoplastic reticulum  than hepatocytes in control animals 

but is essentially within normal limits. Bars equals 10 pM . The micrographs are 

representative o f four separate animals. Analysis by electron m icroscopy was performed by 

Dr David Dinsdale.
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3.4 Effects of ET-743 on hepatic gene expression

The hepatic gene expression changes after ET-743 administration are displayed in tables

3.1 and 3.2. Among the cluster of up-regulated genes are the cell cycle genes cdc2a and 

ccndl; the rodent homologues of human CDC2 and Cyclin D l, respectively and the three 

ABC transport genes abcbla and abcblb, which are equivalent to human ABCBl and 

impart drug resistance, and abcb4 which is implicated in phospholipid excretion (figure 

3.5). The time course of expression of abcbla and abcblb mirrors the changes in serum 

bilirubin concentration (figure 3.6). In order to validate at the functional level the induction 

of abcbl gene expression by ET-743, Western blot analysis was performed to detect 

hepatic P-glycoprotein (P-gp) expression, encoded by abcbla  and abcblb. Livers from 

three ET-743 treated rats and three untreated rats were removed for analysis of P-gp. As 

shown in figure 3.7, Western blot analysis revealed two bands at 140 and 170 kDa, 

probably corresponding to P-gpl encoded by abcbl and P-gp2 encoded by abcb4. ET-743 

treatment dramatically increased hepatic P-gp expression by 40-fold which is consistent 

with the increase in abcbl gene expression.

Genes consistently down regulated at 3 days after ET-743 administration were cyplal, 

cypSall and cyp2el. The expression levels mirrored the down-regulation in the activity of 

CYPlAl/2, CYP3A4 and CYP2E1. Another cluster of genes consistently down regulated 

consisted of the haemoglobin genes, hba-x, hba-al, hbb-bl, hbb-bhl and hbb-y (figure 

3.8). One of the most prominent down-regulated genes was car2, carbonic anhydrase which 

reached a nadir on day 6 after administration of ET-743 (figure 3.9).
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Gene symbol Gene name

Abcb4 ATP-binding cassette, sub-family B (MDR/TAP), member 4
Ltb lymphotoxin B
Cdc2a cell division cycle 2 homolog A
M tl metallothionein 1
Abcbla ATP-binding cassette, sub-family B (MDR/TAP), member 1A
Abcblb ATP-binding cassette, sub-family B (MDR/TAP), member IB
Cdknla cyclin-dependent kinase inhibitor 1A
Igfbp2 insulin-like growth factor binding protein 2
M dul solute carrier family 3, member 2
IfilO chemokine (C-X-C motif) ligand 10
Arntl aryl hydrocarbon receptor nuclear translocator-like
Scdl stearoyl-Coenzyme A desaturase 1
Apobec2 apolipoprotein B editing complex 2
Ccndl cyclin Dl
Mt2 metallothionein 2
Fabp2 fatty acid binding protein 2, intestinal
Krt2-8 keratin complex 2, basic, gene 8
PtmblO thymosin, beta 10
Cd63 Cd63 antigen
Col5a2 procollagen, type V, alpha 2
Apoal apolipoprotein A-I
Tubbs tubulin, beta 5
Krt2-4 keratin complex 2, basic, gene 4
Krtl-19 keratin complex 1, acidic, gene 19
Sat spermidine/spermine N1-acetyl transferase
Pena proliferating cell nuclear antigen
App amyloid beta (A4) precursor protein
Egrl early growth response 1
Gstml glutathione S-transferase, mu 1
Emp3 epithelial membrane protein 3
Gstm2 glutathione S-transferase, mu 2
C dlSl CD 151 antigen
Gfap glial fibrillary acidic protein
Ode ornithine decarboxylase, structural
Actg actin, gamma, cytoplasmic
Lpl lipoprotein lipase
Hpxn hemopexin
C/w clusterin
H2-T23 histocompatibility 2, T region locus 23
H2-T10 histocompatibility 2, T region locus 10
Col3al procollagen, type III, alpha 1
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Anxa2 annexin A2
Syndl syndecan 1
Hmgcr 3-hydroxy-3-methylglutaryl-Coenzyme A reductase
Pbxl pre B-cell leukemia transcription factor 1
H2-K histocompatibility 2, K region
Glns-psl glutamine synthetase pseudogene 1
Hes6 hairy and enhancer of split 6, (Drosophila)
M if macrophage migration inhibitory factor
Tuba4 tubulin, alpha 4
Cola2 procollagen, type I, alpha 1
Ctsb cathepsin B
Dagl dystroglycan 1

Table 3.1 Genes up-regulated at one or more time points after ET-743 administration 

(40 |ig/kg, i.v.) in female rats. Groups of three ET-743-treated rats were paired with three 

untreated rats and were killed at 6 hours and 1, 2, 3, 6, and 24 days after dosing. Gene 

expression changes were determined by cDNA microarrays. For the genes listed, 

expression was up-regulated in all three arrays for a particular time point and the mean 

change in gene expression was greater than two-fold. Genes have been named in order of 

greatest up-regulation.
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Gene symbol Gene name
Ltc4 leukotriene C4 synthase
Mh3 myosin, heavy polypeptide 3, skeletal muscle, embryonic
Gypa glycophorin A
H3f3a H3 histone, family 3 A
Tbxa2r thromboxane A2 receptor
Hba-al hemoglobin alpha, adult chain 1

transforming growth factor, beta 3
Ier2 immediate early response 2
Zfpl44 Zinc finger protein 144
3110023K12 RIKEN cDNA 3110023K12 gene
Gp49 glycoprotein 49 B
Nkx2 NK2 transcription factor related, locus 6
Zic4 zinc finger protein of the cerebellum 4
Spnb3 spectrin beta 3
Car3 carbonic anhydrase 3
Sez6 seizure related gene 6
Cryba crystallin, beta A2
RadSO RADSO homolog
Prkm3 mitogen activated protein kinase 3

zinc finger protein 67
Orctll solute carrier family 22 (organic anion transporter), member 6
Hba-x hemoglobin X, alpha-like embryonic chain in Hba complex
Smarca SWESNF related, matrix associated, actin dependent regulator of 

chromatin, subfamily a, member 3
Tgfblil transforming growth factor beta 1 induced transcript 1
Itm2 integral membrane protein 2A
Akrlb l aldo-keto reductase family 1, member B
Apba2 amyloid beta (A4) precursor protein-binding, family A, member 2
Hbb-bh hemoglobin Z, beta-like embryonic chain
M ydl 16 myeloid differentiation primary response gene 116
Hexb hexosaminidase B
Hbb-bl hemoglobin, beta adult major chain
Pdi2 peptidyl arginine deiminase, type II
Lox lysyl oxidase
Nr2cl nuclear receptor subfamily 2, group C, member 1

activating transcription factor 4
Rab4a RAB4A, member RAS oncogene family
Cea2 pregnancy specific glycoprotein 17
Sipal signal-induced proliferation associated gene 1
M eed methylcrotonoyl-Coenzyme A carboxylase 1 (alpha)
Mup major urinary protein 2
Madh MAD homolog 5
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Hbb-y hemoglobin Y, beta-like embryonic chain
Apoa4 apolipoprotein A-IV
Hmr nuclear receptor subfamily 4, group A, member 1
Ptgsl prostaglandin-endoperoxide synthase 1
Cyp3all Cytochrome P450 3a 11
E gf epidermal growth factor
Tcf2 transcription factor 2
Per period homolog 1
Rnfl9 ring finger protein (C3HC4 type) 19
Dlgh3 discs, large homolog 3
mil neuroblastoma, suppression of tumorigenicity 1

caudal type homeo box 2
Ykt6 prenyl ated SNARE protein

chemokine (C-X-C motif) ligand 12
Itk IL2-inducible T-cell kinase
Rad9 RAD9 homolog
G6pc glucose-6-phosphatase, catalytic
C yplal Cytochrom p450 la2
Terfl telomeric repeat binding factor 1
Ptpnl6 dual specificity phosphatase 1
Toplb topoisomerase (DNA) II beta
Itprl inositol 1,4,5-triphosphate receptor 1
Mrpplf3 mitogen regulated protein, proliferin 3
Tfam transcription factor A, mitochondrial
Rpll8 ribosomal protein L I8
FU4 FMS-like tyrosine kinase 4
Myc myelocytomatosis oncogene
Sptlcl serine palmitoyltransferase, long chain base subunit 1
Cyp2el Cytochrom P450 2el
Prkarlb protein kinase, cAMP dependent regulatory, type I beta
44921525H23 RIKEN cDNA 4921525H23 gene
Anp32 acidic (leucine-rich) nuclear phosphoprotein 32 family, member A

Table 3.2 Genes down-regulated at one or more time point after ET-743 (40 fig/kg, 

i.v.) administration in female rats. Groups of three ET-743-treated rats were paired with 

three untreated rats and were killed at 6 hours and 1, 2, 3, 6, and 24 days after dosing. Gene 

expression changes were determined by cDNA microarrays. For the genes listed, 

expression was down-regulated in all three arrays for a particular time point and the mean 

change in gene expression was greater than two-fold. Genes have been named in order of 

greatest down-regulation.
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Figure 3.5 A cluster of genes up-regulated after ET-743 (40 fig/kg, i.v.) administration.

The gene expression patterns were determined by cDNA microarray. At each time point, 

three arrays were used for each pair of rats; treated and control. Genes were clustered 

depending on gene expression pattern.
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Figure 3.6 Time course of changes in hepatic expression of ABC genes abcb4 (■), 

abcbla (•)  and abcblb (A ) in livers of female rats that received ET-743 (40 pg/kg, 

i.v.). The gene expression patterns were determined by cDNA microarray. The normalized 

intensity values from the hybridisation of the RNA from treated rats at 2, 3 and 6 day time 

points for abcbla  and abcblb were significantly different (p<0.05 by ANOVA) from the 

values of control rat RNA hybridised on the same microarray. The SDs indicate the 

variability in the measure of the ratio of treated; control rats.

P-gp 2 
P-gp 1

Control ET-743

Figure 3.7 W estern blot showing the expression of P-glycoprotein in the liver after 

ET-743 treatm ent (40 pg/kg, i.v.), compared to control liver Proteins were extracted 

from three ET-743-treated and three control animals, killed 3 days after treatment.

95



Chapter 3

>4 fold up-regulation

0.5
0
0.5
1
2
>4 fold down-regulation

6 hours 1 day 2 days 3 days 6 days 24 days

■■ hba
hba-x

hba-al
hbb-bl
cypla2
carS
apoa4
sthl

Figure 3.8 A cluster of genes down-regulated after ET-743 (40 pg/kg, i.v.) 

administration. The gene expression patterns were determined by cDNA microarray. At 

each time point, three arrays were used for each pair of rats; treated and control. Genes 

were clustered depending on gene expression pattern.
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Figure 3.9 Time course of changes in expression in hba-x (■), hba-al (O), hbb-bl{l^ j 

hbb-bhl ç k )  and hbb-y ( ♦ )  genes in livers of female rats tha t received ET-743 (40 

pg/kg, i.v.). Gene expression was determined by cDNA microarray. The normalized 

intensity values from the hybridisation of the RNA from treated rats at 3 and 6 day time 

points for hba-x, hba-al, hbb-bl and hbb-bhl genes and the 6 day point for hba-al and 

hbb-bl were significantly different (p<0.05 by ANOVA) from the values for control rat 

RNA hybridised on the same microarray. The SDs indicate the variability in the measure of 

the ratio of treated: control rats.
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3.5 Effects of ET-743 on indices of hepatic cell proliferation

The dramatic increase in hepatic expression of cdcla  determined by DNA microarray 

peaked on day 3 after administration of ET-743 (figure 3.10). It remained elevated until day 

6 and by day 24 had returned to basal levels. A similar pattern in expression was observed 

for ccndl, although the elevation was smaller and persisted until day 24. Staining for Ki-67, 

a marker of DNA synthesis, in liver nuclei from rats that had received ET-743 was 

significantly elevated in comparison with that in control rats [figure 3.3 (H and I) and 

figure 3.11]. The ET-743-induced increase in Ki-67 proliferation index was comparable 

with increases in cdcla expression. The peak in Ki-67 index occurred at 6 days and 

returned to basal levels by day 12. In addition, staining for proliferating cell nuclear antigen 

was markedly elevated in ET-743-treated rats 3 days after dosing compared to control 

animals. Consistent with these increases in markers of hepatic cellular proliferation, the 

liver weights were significantly elevated after ET-743 treatment compared to controls. 

Liver weights peaked at 12 days after ET-743 treatment, 6 days after the peak in cdcla 

gene expression and Ki-67 index (figure 3.11). Due to this evidence of hepatic cell 

proliferation it was decided to investigate the distribution of liver cells at different stages of 

the cell cycle. There were subtle but significant changes in the cell cycle after ET-743 

treatment. The proportion of S-phase hepatocytes increased from 0 % in control to 7.3 ±1.5 

% after ET-743 treatment, whereas the number of cells in G1 and G2-M respectively 

amounted to 62.6 ± 7.2 % and 37 ± 7.2 % in control rats and 61.0 ± 5.2 % and 31.4 ± 5.3 % 

in treated rats (figure 3.12).
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Figure 3.10 Time course of changes in expression of cdc2a ( • )  and ccndl (■) genes in 

livers of female rats that received ET-743 (40 pg/kg, i.v.). The gene expression patterns 

were determined by cDNA microarray. The normalized intensity values from the 

hybridisation of the RNA from treated rats at 3 and 6 day time points for both genes and the 

24 day point for ccndl were significantly different (p<0.05 by ANOVA) from the values 

for control rat RNA hybridised on the same microarray. The SDs indicate the variability in 

the measure of the ratio of treated: control rats.
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Figure 3.11 Time course of changes in liver weight (■) and Ki-67 (•)  labelled nuclei in 

female rats that received ET-743 (40 |4g/kg, i.v.). Liver weight values are expressed as 

the ratio of liver weight (in grams) at each time point: lOOg of the pre-treated body weight 

o f the respective animal. Nuclei were stained with Ki-67 antiserum, and Ki-67 labelling 

index denotes the number of stained nuclei/1000 hepatocyte nuclei. Values are the mean ± 

SD of 4 rats/time points. Stars indicate that values are significantly different from those of 

the corresponding controls (p< 0.05 by ANOVA).
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Figure 3.12 Change in liver cell cycle distribution in rats given ET-743 (40 pg/kg, i.v.), 

compared to untreated rats. Livers were removed 3 days after i.v. ET-743 (40 pg/kg) 

administration and FACS analysis was performed. The proportion of cells in the different 

phases of the cycle is expressed as percentage of total cells. Values obtained are the mean± 

SD from four rat livers.
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3.6 Effects of ET-743 on liver biochemistry and pathology in male rats

In an orientation experiment male rats were dosed i.v with. ET-743 at either 40 or 80 pg/kg 

body weight. Eight rats were dosed at 40 pg/kg ET-743 and killed at either 3 or 12 days. Four 

rats were treated with 80 pg/kg ET-743, two were culled at 3 days and due to severe weight 

loss, two were culled at 5 days. In male rats, 40 pg/kg ET-743 had no effect on plasma 

bilirubin, AST or ALP levels, whereas the same dose produced marked increases in female 

rats. Pathological examination of rats given 40 pg/kg revealed slightly irregular bile duct 

epithelia and sparse degenerative biliary cells 3 days after dosing with mild peribiliary fibrosis 

at day 12. When the dose of ET-743 was increased to 80 pg/kg there was a two-fold elevation 

in the levels of ALP and AST and a 6-fold elevation in plasma bilirubin levels (figure 3.13). 

Similarly, the pathology of the liver sections mimicked the pathology observed in female rats 

after administration of 40 pg/kg in both character and extent.
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Figure 3.13 Plasma aspartate aminotransferase (A), alkaline phosphatase (B), and 

bilirubin (C) levels in male rats after ET-743 at two dose levels. Rats dosed i.v. at 40 pg/kg 

(chequered bars) were killed 3 and 12 days after dosing, while rats dosed i.v. at 80 pg/kg 

(filled bars) were killed 3 and 5 days after dosing. Values shown for control (open bars) and 

40 pg/kg rats are the m ean ±  SD for four animals. Values for 80 pg/kg are the mean for two 

animals.
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3.7 The effect of ANIT on liver pathology, biochemistry and gene expression changes

The effects of a single oral dose of ANIT (100 mg/kg, p.o.) on markers of liver injury were 

investigated. ANIT caused a two-fold elevation in ALP and AST and a six-fold elevation in 

plasma bilirubin compared to untreated rats at two days after administration (figure 3.14). By 

day 6 the levels of ALP, AST and bilirubin had returned to basal levels. At 2 days after 

administration, ANIT produced degenerative alterations in bile duct epithelium that were 

associated with localised portal tract inflammation and oedema. Bile ducts had undergone 

repair by 6 days but the repair was associated with fibrosis around the larger bile ducts and 

some proliferation of bile duct or oval cells. In some animals there were rounded foci of 

hepatocellular necrosis in the regions of bile duct damage.

Hepatic gene expression changes were measured at 2 and 6 days after treatment. Among the 

genes that were consistently up-regulated were the ATP-binding cassette genes, abcbla, 

abcblb and abcb4 (figure 3.15). There was a significant increase at 2 days after treatment that 

returned to basal levels at 6 days. The cell cycle genes up-regulated after ET-743 treatment 

were not altered by ANIT. Some wound repair genes such as krt2-8, krt2-6a, krtl-19, krt2-4, 

cola! and col3al were up-regulated by both ET-743 and ANIT (figure 3.15 and 3.16). Genes 

significantly down regulated by both ET-743 and ANIT included ptpnl6, sth2, g6pc, car3, 

igh-6 and pklr.
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Figure 3.14 Plasma aspartate aminotransferase (A), alkaline phosphatase (B) and 

bilirubin (C) measured in female Wistar rats after ANIT treatment (100 mg/kg, p.o.) 

(filled bars) or vehicle only (open bars). Values are the Mean ± SD of four animals. Values 

obtained for ALP, AST and bilirubin at 2 days after ANIT administration were significantly 

different to controls (p<0.05 by ANOVA).

105



Chapter 3

>4 fold up-regulation 

2 
1
0.5

0
0.5

1

2
>4 fold down-regulation

E T -7 4 3 A N IT

1 day 2 days 3 days 6  days 24 days 3 days 6  days

■
ccndl
abcb4
abcblb
abcbla

cdc2a

//2-T23
clu
krt2-6a
hpxn
ptmblO
cd63
krt2-8

Figure 3.15 Genes changes after ANIT (100 mg/kg, p.o.) and ET-743 (40 pg/kg, i.v.) 

administration. The gene expression patterns were determ ined by cDNA microarray. At each 

tim e point, three arrays were used for each pair o f rats; treated and control. Genes were 

clustered depending on gene expression pattern.
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Figure 3.16 The gene expression changes at 2 days post ANIT (100 mg/kg, p.o.) and 3 

days post ET-743 (40 pg/kg, i.v.)(A) and 6 days post ANIT and 12 days post ET-743 (B) 

after ET-743 (filled bars) or ANIT treatment (open bars). The values are the mean ± SD 

from 3 arrays for each treatment. The genes shown are in order of decreasing expression as 

determined in the analysis of ET-743 treatment. There is a good correlation between between 

genes up-regulate by ET-743 and genes up-regulated by ANIT, except cdc2a.
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3.8 Discussion

The results suggest that the novel anti-cancer drug ET-743 induces an unusual form of 

hepatotoxicity in rats, which differs from the adverse effects described for traditional cytotoxic 

drugs such as methotrexate and cyclophosphamide. In the female rat, a single i.v. dose of 40 

pg/kg of ET-743 caused damage to the bile duct epithelia followed by peribiliary fibrosis. Bile 

duct damage accompanied by inflammation was first evident 24 hours after dosing and 

reached maximal levels at 3 days. Fibrosis around damaged bile ducts was observed 3 days 

after dosing and increased dramatically over the following week. These hepatic lesions were 

accompanied by a dramatic elevation in plasma bilirubin levels and moderate increase in 

plasma ALP and AST.

There was a decrease in the activity of hepatic cytochrome P450 enzymes CYP3A2, 

CYPlAl/2 and CYP2E1 after ET-743 treatment. Most cytochrome P450 activity is associated 

with hepatocytes, which show minimal damage at 3 days after ET-743 dosing, whereas 

CYPlAl/2 and CYP2E show 90 % inhibition and CYP3A2 shows 40 % inhibition. Therefore, 

it is possible that ET-743 has a direct effect on CYP, associated with its metabolism. CYP3A2 

appears to be the major CYP catalysing ET-743 metabolism in the rat (Reid et al., 2002) and 

therefore ET-743 must be a substrate for CYP3A. ET-743 may inhibit CYP3A activity by 

reversible, competitive binding. CYP 1A 1/2 may also play a minor role in ET-743 metabolism, 

yet ET-743 inhibits CYPlAl/2 activation by 90 %. Therefore, ET-743 or its metabolites may 

irreversibly bind to CYP 1A 1/2 causing destruction of the isozymes. Another explanation for 

the diminished CYP activiy is provided by investigators examining liver damage induced by 

bile duct-ligation (Chen et al., 1998; Tateishi et al., 1998). They report that in bile-duct ligated 

rats, there was a reduction of hepatic microsomal CYP levels. Moreover, the changes in 

activity of individual microsomal enzymes were non-uniform. The authors suggest that bile 

acids inhibit the activity of microsomal enzymes in the livers of bile-duct ligated rats. The 

pathophysiology of bile-duct ligation resembles cholestasis, and therefore it is possible that the 

cholestasis induced by ET-743 is inhibiting hepatic microsomal CYP activity.
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ANIT is often used as a model to investigate intrahepatic cholestasis (see chapter 1.7). The 

results show that the liver damage produced by ANIT and ET-743 are very similar, but not 

identical. Broadly, ANIT-treated rats showed more acute inflammation of portal tracts at 2 

days and less fibrosis at 6 days than rats treated with ET-743. The hepatic gene expression 

changes after treatment with both compounds were remarkably similar. The increased 

expression of the abcbla and abcblb genes with both compounds coincided with dramatic 

elevations of bilirubin. Therefore, the gene changes may be generic to the cholestasis and an 

adaptive response to the damage. This interpretation is based on the previous observation that 

expression of these genes was raised in cholestatic livers of rats and monkeys (Schrenk et al., 

1993). Increased expression of the abcbla and abcblb genes coincided with an increase in the 

P-gp levels. P-gp (MDRl), located on the apical hepatocyte membrane, is thought to 

participate in biliary excretion, acting as an efflux transporter that extrudes drugs from the 

cells (Lin et al., 1999). A possible explanation for the increased expression is that P-gp is 

induced in response to the damage and is responsible for the elimination of the toxic 

compound from the liver. In analogy, the down regulation of expression of car3 gene with 

both ET-743 and ANIT is probably the consequence of hepatobiliary damage rather than a 

direct response to ET-743 proper because it has been shown to occur in mouse liver after 

exposure to griseofulvin (Gant et al, unpublished observation).

One of the most striking results of the DNA microarray analysis of hepatic gene expression 

after ET-743 treatment is the increased expression of the cell cycle genes cdc2a and ccndL 

The time course of change in expression of the cdc2a gene resembles the time course of the 

ET-743-induced alterations in liver weight and Ki-67 labelling. These observations suggest 

that ET-743 elicits a mitogenic wave in the liver by induction of DNA synthesis. This was 

supported by cell cycle analysis, which showed there were an increased number of liver cells 

in S phase of the cell cycle after ET-743 treatment. In addition, staining of proliferating cell 

nuclear antigen was increased and there was a prominent presence of mitotic figures in ET- 

743-treated livers. In contrast, ANIT treatment had no effect on the expression of the cell 

cycle genes and Ki-67 staining showed that there was not the striking increase in hepatocyte 

proliferation observed with ET-743. Stimulation of mitogenesis has not been observed thus far
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as a generic mechanistic feature of hepatotoxic drugs. Therefore, it seems to be specific to ET- 

743, and is probably the result of a direct effect of ET-743 on cdc2a transcription, which 

drives the cell cycle in the liver.

An unusual feature of the ET-743 induced damage is its persistence. Bile duct fibrosis and 

increased plasma levels of AST were observed as late as 3 months after a single dose, and 

levels of plasma ALP were elevated for up to 2 months. In contrast, bilirubin levels were 

elevated for a relatively short time and returned to control levels between 12 and 24 days. In a 

preliminary pharmacokinetic study, hepatic drug levels in rats 6 hours after i.v. administration 

of ET-743 were approximately 37 pmoles/g liver and diminished to 4 pmoles/g liver after 72 

hours. Therefore, very low levels of ET-743 are present in the liver after 3 days, yet there is 

still significant liver damage. It is not known whether the long-term persistence of the liver 

damage is related to the continuous presence of harmful levels of a toxic metabolite, or to late 

consequences of the initial bile duct damage and subsequent fibrosis. In contrast to the long 

persistence of the damage in the female rat, transaminitis in patients in phase I trials of ET-743 

was not dose limiting (Delaloge et al., 2001; Ryan et al., 2001; Taamma et al., 2001; van 

Kesteren et al., 2000), as it had returned to normal levels before the next drug cycle, 3 weeks 

later. This difference indicates that in relation to humans, the female rat model exaggerates 

some aspects of ET-743- induced damage.

The results confirm the preclinical toxicity reports that the female rat is more sensitive than 

the male. ET-743 at 40 pg/kg, which caused severe liver damage in females, produced only 

slight pathological change in males. Twice the dose given to females was required to produce 

similar toxicity in males. Nevertheless, qualitatively similar changes in pathology and 

biochemistry were observed by ET-743 in both genders.

In conclusion, ET-743 produces an unusual form of liver damage characterised by a primary 

insult to the bile duct epithelium with inflammation and bilirubinaemia followed by peribiliary 

fibrosis. The pathological damage appears to be irreversible up to 3 months after a single dose 

in the female rat. There were changes in gene expressions related to the toxicity and associated
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repair. However, the most dramatic gene changes were up-regulation of two cell cycle genes 

which was accompanied by a wave of mitogenesis, not observed with other hepatotoxic 

compounds. The female Wistar rat was more sensitive than the male as twice the dose of ET- 

743 was required in males to produce a similar toxicity in females. Although the female rat is 

very sensitive to the toxicity induced by ET-743, some features of the liver toxicity described 

here have been observed in patients. Liver toxicity starts as cholangitis followed by hepatitis 

in both the rat and the human and the main difference is the intensity of the damage. 

Therefore, the female rat is a suitable model to investigate treatment regimes designed to 

reduce the hepatotoxicity of ET-743 in man.
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4.1 Introduction

Altering the metabolism of a xenobiotic is often the key to modifying its toxicity. Data 

concerning ET-743 metabolism are very limited (section 1.10.5). However, studies suggest 

that CYP3A is the major CYP involved in ET-743 metabolism. In vitro metabolism was 

characterised using male and female rat microsomes (Kuffel et al., 1997). NADPH-dependent 

ET-743 metabolism was greater with male rat microsomes than with female rat microsomes as 

measured by disappearance of ET-743. In addition, metabolism was induced by pre-treatment 

with dexamethasone and phenobarbitone, but not 3-methylcholanthrene, which induce 

CYP3A, CYP2B and CYPIA respectively (Reid et al., 2002). Microsomal metabolism of ET- 

743 was reduced by inhibitors of CYP3A, CYP2C and CYPIA and by anti-rat CYP3A2 

serum. CYP3A2 appears to be the major CYP catalysing ET-743 metabolism in the rat. In 

addition, metabolites of ET-743 were discovered in a study using human lymphoblasts 

expressing the CYP3A4 iso form (Rinehart et al., 1999).

As dexamethasone is a well-known inducer of CYP3A (see chapter 1.5.1), it was considered 

that the effect of dexamethasone on ET-743 hepatotoxicity was worthy of investigation. The 

choice of dexamethasone has more than one implication. Patients receive dexamethasone 

during treatment for chemotherapy-induced emesis. Furthermore, initial results suggest that 

dexamethasone pre-treatment enhances the efficacy of ET-743. In an early in vivo experiment 

using a B16 tumour model in male rats, dexamethasone treatment 24 hours prior to ET-743 

increased the tumour growth inhibition compared to ET-743 alone (unpublished work 

commissioned by PharmaMar). The tumour growth inhibition of the dexamethasone and ET- 

743 combination was 65 % compared with 19 % and 9 % for ET-743 or dexamethasone alone, 

respectively.

The use of dexamethasone as an anti-emetic was precluded during phase I trials due to 

concerns about inducing hepatic metabolism of ET-743 (Puchalski et al., 2002). However, in 

consideration of the unexpectedly severe nausea and vomiting experienced by the initial 

patients entered into phase II trials, dexamethasone was soon incorporated as a regular
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component of the anti-emetic regime. The first preliminary assessment of the effects of 

dexamethasone on the pharmacokinetics of ET-743 in patients in a phase II trial was recently 

published (Puchalski et al., 2002). Dexamethasone (10 mg) was administered i.v. shortly 

before ET-743 infusions. The mean ± SD of the area under the plasma versus time profile 

(AUC) of ET-743 was 38.1 ± 15.4 ng/ml x h for the group of patients who received 

dexamethasone and 48.5 ± 20.3 ng/ml x h for those who did not. Although the difference 

between these mean AUC values was 27 %, it did not achieve statistical significance (p=0.08). 

The incidence of nausea and vomiting was 48 % in patients receiving dexamethasone and 69 

% in those who did not. Furthermore, the incidence of severe transaminitis was 25 % lower in 

patients who received dexamethasone. Dexamethasone co-treatment appeared to decrease the 

incidence of severe toxicity as well as the AUC of ET-743.

In this chapter the effect of dexamethasone on ET-743-induced hepatotoxictiy is explored in 

the female Wistar rat model. Different doses and schedules of dexamethasone were 

investigated to find the optimal dose that protects the liver against ET-743-mediated toxicity. 

The prevention of the detrimental effects to the liver by dexamethasone was adjudged by 

changes in the activity of plasma ALP and AST and plasma bilirubin levels, pathological 

examination and cDNA microarray analysis. In addition, microarray analysis was performed 

after dexamethasone treatment, in the absence of ET-743, to identify possible gene changes 

which may give rise to its protective effect. To gain further insight into the mechanisms by 

which dexamethasone may affect ET-743-mediated toxicity, levels of ET-743 in the liver and 

plasma of rats were measured after dexamethasone pre-treatment in a separate project 

conducted by colleagues at the Mario Negri Institute in Milan. In order to justify exploration 

of the dexamethasone hepatoprotection strategy in the clinic, it is of paramount importance to 

demonstrate that dexamethasone does not adversely affect the anti-tumour activity of ET-743. 

Therefore, the effect of the combination of ET-743 and dexamethasone on antineoplastic 

activity was explored in five rodent models by colleagues in Italy.
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Results

4.2 Effect of dexamethasone pre-treatment on ET-743-induced liver damage

Female Wistar rats were pre-treated with a single dose of dexamethasone (1-20 mg/kg p.o., 

dissolved in glycerol formal,) 24 hours prior to a hepatotoxic dose of ET-743 (40 pg/kg i.v.). 

Blood samples and liver tissue were collected from rats 3 days after administration of ET-743 

(40 pg/kg) with or without dexamethasone (1-20 mg/kg) pre-treatment. Plasma levels of ALP, 

AST and bilirubin were measured at 3 days after ET-743 treatment, the time point at which 

liver damage was maximal in rats which received ET-743 alone (Figure 4.1). ET-743 

administered on it own elicited hepatic damage as reflected by dramatically raised bilirubin 

and elevated ALP and AST in the plasma (chapter 3.1). A single dose of dexamethasone 

administered alone at all dose levels caused loss of up to 10 % body weight within a day of 

administration, and this weight loss was not dose related. Rats treated with 1 or 5 mg/kg of 

dexamethasone prior to ET-743 had decreased levels of ALP and AST activity compared to 

levels measured in rats after ET-743 treatment alone (Figure 4.1). Dexamethasone pre­

treatment at 5 mg/kg also reduced the ET-743-induced elevation of plasma bilirubin level, but 

at 1 mg/kg dexamethasone had no effect on the elevated bilirubin levels elicited by ET-743. 

Dexamethasone at 10 mg/kg and 20 mg/kg abolished the ET-743 induced liver changes in that 

the elevation of all three indicators of hepatic damage was abrogated. Dexamethasone alone 

had no effect on ALP, AST or bilirubin.

In a separate study the protective effect of dexamethasone (10 mg/kg, p.o.) against ET-743 

mediated hepatotoxicity was investigated at two additional time points, 6 days and 12 days. 

Dexamethasone abolished the ET-743 induced liver changes, as the elevation of all three 

indicators of hepatic damage was abrogated, at both time points, resembling the results 

observed after 3 days (data not shown).
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Figure 4.1 Dose dependency of the effect of dexamethasone administered p.o. 24 hours 

prior to ET-743 (40 pg/kg, i.v.) on ET-743 induced elevations of plasma activity of 

alkaline phosphatase (A), aspartate aminotransferase (B) and of plasma bilirubin levels 

(C) in female rats when measured 3 days after ET-743. Triangles reflect values observed in 

rats which received dexamethasone alone, or glycerol formal, the vehicle for dexamethasone 

(0 mg/kg dexamethasone), squares denote values in rats which received the combination or 

ET-743 alone (0 mg/kg dexamethasone). Values are the mean ± SD of 5 animals. Stars 

indicate that values are significantly different (p<0.05 by ANOVA) from levels in animals 

which did not receive ET-743.
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The histopathological examination underpins the biochemical results described above. Livers 

o f animals which received ET-743 alone revealed degenerative and inflammatory changes in 

the biliary epithelium (see chapter 3.3). Round zones of haemorrhagic hepatocellular necrosis 

were also present. Rats which received dexamethasone alone did not exhibit significant liver 

changes, except for slight hepatic vacuolation, conceivably due to lipid, and clear cell change, 

probably caused by glycogen. Dexamethasone pre-treatment, at 20 mg/kg, completely 

abrogated the histopathological changes in the liver induced by ET-743 and at 10 mg/kg 

histopathological changes were minimal (figure 4.2). At 5 mg/kg dexamethasone reduced the 

severity of the bile duct damage generated by ET-743 in all rats and one animal was 

completely damage-free. There was little evidence that dexamethasone at 1 mg/kg 

significantly reduced the biliary damage produced by ET-743. However, the absence of overt 

hepatocellular necrosis following ET-743 treatment suggested that dexamethasone at 1 mg/kg 

did mitigate the hepatocellular damage induced by ET-743 to some extent.

The protective efficacy of dexamethasone at 10 mg/kg was also evaluated in livers obtained at 

6 and 12 days after administration of ET-743. Dexamethasone strongly attenuated the 

histopathological manifestations in the liver elicited by ET-743, as observed at 3 days after 

administration.
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Figure 4.2 Liver section from female W istar rats which received ET-743 (40 pg/kg, i.v.) 

alone (A), or 24 hours after dexamethasone (10 mg/kg, p.o.)(B). Liver sections were taken 

3 days after ET-743 dosing. Note in A the swollen, thickened portal tract with a sparse 

infiltrate o f inflamm atory cells (star) and the dam aged bile duct (arrow), which is lined by 

degenerative epithelium, characteristics o f  ET-743 induced changes in livers o f  female rats. In 

contrast, after dexam ethasone pre-treatm ent (B) a com parable portal tract is indistinguishable 

from controls. Sections are representative o f  five separate anim als. Bar equals 100 pm. 

Histopathological analysis was carried out by Dr Peter Greaves.
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4.3 The effect of dexamethasone on ET-743 hepatotoxicty when both are administered 

concurrently

Dexamethasone is often administered in the clinic at the same time as cytotoxic drugs in order 

to prevent drug-induced emesis. Therefore co-administration of ET-743 with high-dose 

dexamethasone as a potential hepatoprotectant and anti-emetic would clearly be clinically 

beneficial. In order to investigate whether co-administration of dexamethasone shows 

protection against ET-743-induced liver damage, a study was performed in which rats were 

treated with dexamethasone (10 mg/kg, p.o.) immediately before a single i.v. dose of ET-743 

(40 pg/kg). Blood samples and liver tissue were collected from rats 3 days after treatment. 

Plasma ALP activity and bilirubin levels in animals which received dexamethasone just before 

ET-743 were as elevated as levels measured in animals which received ET-743 alone (Figure 

4.3). Moreover, plasma AST activity in animals which received the combination was 4-fold 

higher than when measured in animals which received dexamethasone alone. Likewise, 

histopathological examination of the liver sections revealed that concurrent treatment of 

dexamethasone and ET-743 failed to abrogate ET-743-induced liver damage. There was 

similar portal tract inflammation and bile duct damage. In fact, swelling of the portal tract was 

marginally greater in two rats which received the combination, and the livers of these rats 

showed more foci of haemorrrhagic hepatocellular necrosis than livers in rats treated with ET- 

743 alone.
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Figure 4.3 The effect of dexamethasone administered p.o. immediately prior to ET-743 

(40 pg/kg, i.v.) on ET-743-induced elevation of plasma activity of alkaline phosphatase 

(A), aspartate aminotransferase (B) and of plasma bilirubin levels (C) in female rats 

measured 3 days after ET-743. Values are the mean ± SD of 4 animals. Stars indicate that 

values are significantly different (p<0.05 by ANOVA) from levels in animals which did not 

receive ET-743.
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4.4 Effect of pre-treatment with dexamethasone on changes in hepatic gene expression 
caused by ET-743

The hepatotoxicty of ET-743 is accompanied by changes in the expression o f a variety of 

hepatic genes (chapter 3.4). In order to assess whether dexamethasone pre-treatment at a 

hepatoprotective dose abrogates these changes, hepatic gene expression changes were 

analysed in livers obtained 3 days after administration o f ET-743 using a cDNA microarray 

containing 4700 hybridisable ESTs. For the analysis of differential gene expression, each rat 

treated with ET-743, dexamethasone, or the combination was paired with a rat which received 

the vehicle only. Figure 4.4 shows the 24 most abundantly expressed hepatic genes induced by 

ET-743 alone versus their expression pattern in animals which received ET-743 after pre­

treatment with dexamethasone. Among the hepatic genes up-regulated by ET-743 alone were, 

the cell cycle genes cdcla, ccndl, and the two drug resistance coding ABC transport genes 

abcbla and abcblb (see chapter 3.4). The expression of the genes which were up-regulated by 

ET-743 were reduced to control levels by pre-treatment with dexamethasone, with the 

exception of the genes coding for metallothionine 1 and 2, which remained elevated (figure

4.4 and 4.5).

Treatment with ET-743 alone resulted in the down-regulation of several genes, including 

cypla, cyp2el and cyp3a25. Pre-treatment with dexamethasone abolished the decrease in 

expression of these genes caused by ET-743 alone (figure 4.5). In addition, the ET-743- 

induced down-regulation of expression of the haemoglobin genes, hbb-bl, hbb~y, hba-al and 

hba-x was partially ameliorated by dexamethasone pre-treatment.

Dexamethasone is reported to have many pharmacological effects. However, the microarray 

expression profile of hepatic RNA from rats treated with dexamethasone only, compared to 

control rats, showed that dexamethasone alone induced very few gene changes. As the liver 

samples were taken at 4 days after dexamethasone treatment, any effect on gene expression 

changes was probably transitory and therefore no longer detectable at that time
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Figure 4.4 Gene expression changes elicited by ET-743 (40 pg/kg, i.v.) without pre­

treatm ent (hatched bars) and after pre-treatm ent with dexamethasone (10 mg/kg, 

p.o.)(closed bars) in livers of female rats. Values are expressed as log ratio of fold 

expression ± SD. Rats received dexamethasone (10 mg/kg, p.o.) 24 hours prior to ET-743 (40 

pg/kg, i.v.) and livers were taken 3 days after ET-743. Rats treated with ET-743 or the 

combination of ET-743 with dexamethasone were each paired with control (untreated rats). 

Three pairs of rats were used for each comparison. Plotted for each gene are the Logz ratios, ± 

SD, of the change of expression of treated versus untreated rats. The genes shown are ordered 

by decreasing expression ratio as determined in the analysis of ET-743 treatment versus 

control. The elaboration of the gene expression data was conducted by Dr Tim Gant.
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Figure 4.5 Gene expression changes in livers of female rats elicited by ET-743 (40 pg/kg,

i.v.), dexamethasone (10 mg/kg, p.o.) and the combination. Gene expression patterns were 

determined by cDNA m icroarray using livers obtained 3 days after ET-743, which is the time 

point o f maximal hepatotoxicity. Rats treated with ET-743, dexam ethasone or the combination 

were paired with control (untreated rats). Rats received dexam ethasone (10 mg/kg, p.o.) 24 

hours prior to ET-743 (40 pg/kg, i.v.). Three pairs o f rats were used for each comparison.
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4.5 Effect of dexamethasone on hepatic CYP3A

Further microarray analysis was carried out to find clues to possible mechanisms by which 

dexamethasone protects the rat liver against ET-743-induced liver damage. Livers were 

obtained from pairs of untreated rats and rats which received dexamethasone (10 mg/kg) one 

day prior to RNA isolation. This enabled the analysis to be carried out exactly at the time point 

at which ET-743 would have been injected in the experiments in which the combination was 

studied. Dexamethasone up-regulated the expression of a number of genes by 2.5-fold or more 

(Figure 4.6 and Table 4.1) A number of the genes found to be up-regulated are involved in 

cellular metabolism, these include glyceraldehyde-3-phosphate dehydrogenase and aldolase 1, 

which are involved in glycolysis, malate dehydrogenase, which catalyses the conversion of 

oxaloacetate and malate in the Kreb cycle, and arginase 1, which catalyses the conversion of 

arginine into ornithine in the Urea cycle. Other genes found to be up-regulated are involved in 

biosynthesis. Phosphoenolpyruvate carboxykinase catalyses the first step of hepatic and renal 

gluconeogenesis, sialyltransferase is involved in the biosynthesis of sialylated glycoproteins 

and glycolipids, and fatty acid synthase catalyses the last step in the fatty acid biosynthetic 

pathway. The phase II metabolising enzyme, UDP-glucuronosyltransferases, which catalyses 

the glucuronidation of endogenous and exogenous substrates was up-regulated by 4.5-fold. 

The most dramatic induction was observed for the cytochrome P450 genes cypSall (23.2-fold 

induction), cyp3al6 (18.1-fold induction), cyp3a25 (13.2-fold) and cyp3al3 (10.2-fold).

CYP3A activity was measured in microsomes obtained from rats 24 hours after 

dexamethasone treatment. The specific activity of the enzymes was measured using a 

fluorometric assay that measures the oxidative de-benzoylation of 7-benzyloxyquinolone to 7- 

hydroxyquinolone. Dexamethasone treatment resulted in a dose-dependent increase in the 

activity of the enzyme. The optimal hepato-protective dose of dexamethasone, 10 mg/kg, 

produced a 7-fold increase in CYP3A activity compared to untreated rats, whereas the 

moderately protective dose of 5 mg/kg produced a 3-fold increase in CYP3A activity (Figure 

4.7). This result suggests that the increase in cyp3a gene expression elicited by dexamethasone 

in the rat liver predicts elevated CYP3A enzyme activity. It is therefore conceivable that
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dexam ethasone-m ediated induction o f  CYP3A contributes to the protection by dexamethasone 

against the hepatotoxicity o f ET-743.

At the same tim e CYP3A activity was measured and compared in untreated male and female 

rats. The basal level o f  CYP3A activity was significantly higher in male rats compared to 

females, as reported in the literature (Jager et al., 1999) (Figure 4.7). The basal level o f 

activity in the m ales was similar to the level o f activity in the females after induction with 10 

m g/kg dexamethasone. This finding supports the hypothesis that the gender difference in 

sensitivity towards the hepatotoxicity o f  ET-743 is related to the gender differences in CYP3A 

expression.

Dexa 24h

cypSal 1 
cyp3a25 
cyp3al6 
cyp3aJ 3 
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Figure 4.6 Gene expression changes in livers of female W istar rats 24 hours after oral 

administration of dexamethasone (10 mg/kg, p.o.). Gene expression patterns were 

determined by cDNA. Rats treated with dexamethasone were paired with control (untreated 

rats). Three pairs o f  rats were used for each comparison.
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Gene symbol Gene name Fold change 

Mean ± SD
C ypSall Cyp3all 23.2 14.5

Cyp3aI6 Cyp3al6 I8.I 9.0

Cyp3a25 Cyp3a25 13.2 2.9

CypSalS Cyp3al3 10.2 3.7

Fasn Fatty acid synthase 7.5 2.9

Lgals9 Galectin 5.2 1.2

UGT2b5 UDP-glucuronosyltransferase 2B 4.5 2.3

Mor2 Malate dehydrogenase 3.6 0.8

Pckl Phosphoenolpyruvate carboxykinase 3.5 1.4

Siatl Sialyltransferase 3.5 1.1

Agt Angiotensinogen 3.3 0.9

Argl Arginase 1 3.2 O.I

Fnl Fibronectin 1 3.1 0.8

Gapd Glyceraldehyde 3 phosphate dehydrogenase 3.0 1.1

Nnmt Nicotinamide N-methyl transferase 2.8 0.3

Ill3ra2 Interleukin 13 receptor a2 2.7 0.5

Adpf Adipophilin 2.6 0.6

Aldola Aldolase 1, A isoform 2.6 0.3

Table 4.1. Gene expression changes elicited by dexamethasone (10 mg/kg, p.o.) in livers 

of female rats 24 hours after dosing. Rats treated with dexamethasone were paired with rats 

which received glycerol formal, the vehicle for ET-743. Values are the mean ratio of fold 

expression of three pairs of rats.
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Figure 4.7 CYP3A activity in female rats treated with oral dexamethasone (1-20 mg/kg, 

p.o.) compared to untreated female rats (open bars) and untreated male (filled bar).

CYP3A activity was measured by the conversion of 7-BQ to 7-HQ by microsomes prepared 

from rat livers 24 hours after dexamethasone administration. Values, expressed as the amount 

of 7-HQ produced (nm) /min/gram of microsomal protein, are the mean ± SD of four animals. 

Stars indicate values are significantly different to female controls (p<0.05 by ANOVA).
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4.6 Effect of pre-treatment with dexamethasone on levels of ET-743 in the liver and 

blood

On the basis of the results presented in chapter 4.5, it is conceivable that dexamethasone- 

induced CYP3A enzymes in rat liver oxidise ET-743 to a non-hepatotoxic species at a faster 

rate than livers of rats which have not been pre-treated with dexamethasone. If this hypothesis 

is correct, it follows that increased metabolism of ET-743 by dexamethasone-induced CYP3A 

isozymes leads to decreased levels of parent ET-743 in the liver compared to treatment with 

ET-743 without CYP3A pre-induction. Levels of ET-743 were measured in liver and plasma 

of rats which had been pre-treated with an optimal hepatoprotective dose of dexamethasone 

(10 mg/kg, p.o.), and these were compared with animals which had received ET-743 only. ET- 

743 was measured by HPLC coupled to electrospray ionisation tandem mass spectrometry by 

collaborators at the Mario Negri Institute, Milan, Italy. Figure 4.8 shows that the levels of ET- 

743 measured in the livers from rats pre-treated with dexamethasone were dramatically lower 

than those levels measured in livers from animals which did not receive dexamethasone. At 

one hour after administration of ET-743 liver levels were 37 pmoles/g liver tissue, whereas the 

levels in animals pre-treated with dexamethasone were 5 pmols/g liver tissue. In contrast, 

dexamethasone pre-treatment neither changed the shape of the plasma concentration versus 

time curve, nor decreased systemic exposure to ET-743, as measured by the area under the 

plasma concentration versus time curve (AUC between and 0 and 6 hours after dosing). AUC 

values, shown in table 4.2, were not significantly different from animals which received ET- 

743 alone or after dexamethasone pre-treatment.

Treatment AUC

Mean (ng/ml.h) SD

ET-743 alone 

Dexamethasone and ET-743

1.65 0.87 

1.75 0.29

Table 4.2 The AUC values for plasma between 0 and 6 hours obtained from rats which 
received ET-743 alone or ET-743 after dexamethasone pre-treatment (n=4).

127



Chapter 4

50

40

D)
30

Q.

20

CO

S  10

0
0 12 24 36 48 60 72

Time after administration (hr)

Figure 4.8 Effect of pre-treatment with dexamethasone on the disposition of ET-743 in 

liver tissue of female rats. Values reflect ET-743 levels in the liver of rats which received 

ET-743 (40 pg/kg, i.v.) 24 hours after either dexamethasone (10 mg/kg, p.o.)(open squares) or 

glycerol formal, the vehicle for dexamethasone (closed squares). Values are the mean ± SD of 

four rats.
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4.7 Effect of pre-treatment with dexamethasone on anti-tumour activity of ET-743

In order to justify exploration of dexamethasone pre-treatment in the clinic it is of paramount 

importance to demonstrate that dexamethasone does not adversely affect the anti-tumour 

activity of ET-743. This work was carried out by collaborators at the Mario Negri Institute, 

Milan using a number of rodent models. The anti-tumour activity was initially studied in 

female Fischer rats bearing the 13762 mammary carcinoma. The animals received 

dexamethasone 9 days post tumour implantation and 24 hours later ET-743 was administered. 

Tumour weight was determined on days 14 and 17 post tumour implantation. Both 

dexamethasone (10 mg/kg, i.p.) and ET-743 (40 pg/kg, i.v.) individually exhibited anti-tumour 

activity, and the combination was not inferior to either of that of the single agents (figure 4.9). 

On day 14 post tumour implantation, the tumour weight inhibition (TWI) was 34 % after ET- 

743 treatment and 42% after dexamethasone treatment. The TWI of the combination was 57 

%, which is 68 or 36 % greater than the values observed with either ET-743 or 

dexamethasone, respectively, alone.

The activity of ET-743 with dexamethasone pre-treatment was also investigated in murine 

tumour models of melanoma (B-16), reticulum cell sarcoma (M5076), ovarian carcinoma 

(IGROV-1) and rhabdomyosarcoma (TE-671) (Table 4.3). A variety of dosing regimes and 

dose levels of ET-743 were used in order to account for differential sensitivities of the 

individual models and to allow discrimination between efficacies of the individual 

constituents. Dexamethasone given as repeated i.p. doses (see table 4.3) exhibited significant 

anti-neoplastic activity on its own in the murine B16 melanoma and IGROV-1 ovarian tumour 

model. In none of the rodent models investigated was the combination less efficacious than 

ET-743 administered alone. Moreover, in three of the models investigated, the 13762, B16 and 

TE-671 models the combination was clearly more efficacious than ET-743 alone.
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Figure 4.9 Anti-tumour activity of dexamethasone (10 mg/kg, i.p.), ET-743 (40 pg/kg,

i.v.) or ET-743 in combination with dexamethasone given 24 hours prior to ET-743, in 

female Fischer rats bearing the 13762 mammary carcinoma. Tumour weight in control rats 

was 1.60 ± 0.27 g (mean ± SE), stars indicate that tumour weight values were significantly 

reduced (p<0.01 by Fisher’s test) compared to controls, dagger indicates that tumour weight in 

animals which received the combination was significantly different from that in rats on ET- 

743 only (p<0.05 by Fisher’s test). For method of TWI calculation see chapter 2.2.9.
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Tumor
model

Dose schedule

Dexa^ ET-743* Dexa

TWI (■%■)* 

ET-743 Combination

B-16" 40 mg/kg on days 
7, 8,9, 14, 15, 16*

0.15 mg/kg 
on days 
10 and 17

52*’ 45" 69**’“

M5076’ 40 mg/kg on days 
11, 12, 13, 18, 19, 20

0.15 mg/kg 
on days 
14 and 21

10 64** 65**

IGROV-1^ 40 mg/kg on days 
8, 9, 10, 15, 16, 17, 22, 
23,24

0.2 mg/kg 
on days 
11, 18, 25

41* 56** 60**

TE-671’ 20 mg/kg on days 
12, 13, 14, 15

0.2 mg/kg 
on day 15

15 33* 68**’“

Table 4.3 Activity of dexamethasone, ET-743 and the combination against mouse B-16 

melanoma, M5076 reticulum sarcoma, IGROV-1 ovarian carcinoma and TE-671 

rhabdomyosarcoma.

TWI = tumour weight inhibition = 100 - (T/CxlOO), with T = tumour weight of treated 
animals, C = tumour weight of control animals, 
dexamethasone via the i.p. route 
ET-743 via the i.v. route
tumour weight evaluated on day 23, control tumours weighed 6.13 ± 0.59 g (mean±S.E.) 
tumour weight evaluated on day 32, control tumours weighed 2.89 ± 0.25 g (mean±S.E.) 
tumour weight evaluated on day 32, control tumours weighed 3.84 ± 1.11 g (mean±S.E.) 
tumour weight evaluated on day 34, control tumours weighed 4.90 ± 0.22 g (mean±S.E.) 
days post tumor implantation
tumour weight significantly different from untreated mice (p <0.05, Fisher’s test) 
tumour weight significantly different firom untreated mice (p<0.01, Fisher’s test) 
tumour weight significantly different from ET-743-treated mice (p <0.05, Fisher’s test)
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4.8 In vitro bioassay to predict toxicity of ET-743 metabolites

The results described so far hint at the possibility that dexamethasone induces CYP3A 

isozymes which increase the metabolism of ET-743 in the liver to a less hepatotoxic species. 

In an attempt to support this hypothesis and to measure the cytotoxicity of possible ET-743 

metabolites, an in vitro experiment was performed using a breast tumour cell line. Potential 

metabolites were generated by incubating ET-743 with microsomes from untreated and 

dexamethasone treated rats. MCF-7 cells were treated with the supernatant from the incubates 

and cell number was determined 48 hours after treatment. ET-743 (0.2 nM) applied directly to 

the cells resulted in 41 % ± 4.9 inhibition of cell growth (Figure 4.10). MCF-7 cells treated 

with supernatant from microsomes incubated with ET-743 inhibited cell growth by 25 ± 3.7 % 

whilst MCF-7 cells treated with supernatant from microsomes obtained from dexamethasone 

treated rats then incubated with ET-743 inhibited cell growth 11 ± 2.9 %. These results 

suggest that enzymes in the liver convert ET-743 to a less cytotoxic species and that the 

conversion to a less cytotoxic species is further increased after pre-treatment with 

dexamethasone. This finding is consistent with the hypothesis that dexamethasone induces the 

metabolism of ET-743 to a less toxic species in the liver.
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Figure 4.10 The effect of ET-743, and ET-743 after microsomal metabolism on 

cytotoxicty towards MCF-7 cells. ET-743 was incubated with microsomes from control rats, 

dexamethasone treated rats or without microsomes, as described in section 2.2.29. The 

incubation mixture containing ET-743 and/or metabolites, was added to MCF-7 cells and the 

cytotoxicity was determined by comparing the cell count with that of untreated cells (cells 

treated with incubates of microsomes without ET-743). The number of untreated cells was 4 X 

10 ,̂ and this was taken as 100 %. Values are the mean ± SD from 3 incubations. Star indicates 

that cell counts were significantly different to controls (p<0.05 by ANOVA), and daggers 

indicate that cell counts were significantly different to those after ET-743 treatment.
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4.9 Discussion

A single dose of dexamethasone administered alone at all dose levels caused loss of up to 10 

% body weight within a day of administration, and this weight loss was not dose related. This 

body weight loss made dexamethasone treated animals more vulnerable to subsequent 

treatment with ET-743. There is little information in the literature about the adverse effects of 

dexamethasone, which is frequently used in rodents to induce CYP3A activity. Possible 

reasons for the weight loss after dexamethasone treatment include decreased food intake, 

decreased food absorption or increased metabolic rate.

Pre-treatment with high-dose dexamethasone afforded dramatic protection against the 

detrimental effects of ET-743 as reflected by plasma levels o f bilirubin and activity of liver 

enzymes AST and ALP, and by pathological change. Dexamethasone also abolished almost all 

the alterations in hepatic gene expression which accompanied ET-743-mediated liver damage. 

The timing of administration of dexamethasone in relation to that of ET-743 was shown to be 

crucial, as co-administration failed to protect the rat liver against ET-743, and may even have 

exacerbated the liver changes.

Dexamethasone possesses numerous pharmacological activities including activation of many 

transcription factors and anti-inflammatory stimuli, many of which could conceivably 

contribute to its ability to protect rat liver from the adverse effects of ET-743. Results of the 

microarray analysis suggest that the expression of a number of genes was altered 24 hours 

after a hepatoprotective dose of ET-743. Many of the genes were involved in fatty acid 

synthesis, carbohydrate metabolism and gluconeogenesis, which are known effects of 

glucocorticoids. The most highly up-regulated genes were four genes coding for members of 

the CYP3A family. Consistent with this up-regulation of gene expression, CYP3A activity 

was significantly elevated after dexamethasone treatment, suggesting that protection by 

dexamethasone is due to induction of CYP3A and thus increased metabolic removal of ET- 

743. This notion is supported by the fact that pre-treatment with dexamethasone resulted in a 

dramatic suppression of hepatic ET-743 levels. In vitro metabolism studies have shown that
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ET-743 is metabolised to three species, N-desmethyl ET-743 (ET-729) and two molecules 

generated by oxidative degradation of the drug (section 1.10.5). However, no metabolites of 

ET-743 could be identified in the plasma or liver from rats treated with dexamethasone and 

ET-743. Therefore, alternative explanations cannot be discarded. Dexamethasone may exert 

its effects by elevated bile flow and consequent increase in the rate of ET-743 elimination 

from the liver.

The observation that co-administration failed to protect the rat liver against ET-743, and may 

even have exacerbated the liver changes was unexpected. Possible reasons why concurrent 

dexamethasone treatment failed to decrease hepatotoxicity may be that it takes 24 hours for 

dexamethasone to induce CYP activity, assuming that CYP activity is the mechanism by 

which dexamethasone pre-treatment protects against ET-743 hepatotoxicity. The 

histopathology findings and the results of the AST assay suggest that co-administration of 

dexamethasone with ET-743 increases ET-743 toxicity. One possible explanation for this 

effect may be that dexamethasone causes an initial fall in CYP activity which results in a 

reduced metabolism of ET-743. This explanation requires further investigation.

The genes coding for metallothionine 1 and 2, were up-regulated by ET-743 and expression 

was still elevated after pre-treatment with dexamethasone. These two genes were the only 

genes in which expression did not return to control levels after dexamethasone pre-treatment. 

Metallothionines are cysteine-rich metal binding proteins with a high affinity for heavy metal 

ions. Although the biological functions of metallothionines have not been fully elucidated, 

they are thought to play an important role in detoxification of toxic elements such as cadmium 

and mercury. They are also highly expressed during liver regeneration, as a result of a series of 

growth stimulators (Friedman et al., 1984). The possibility that metallothionine could 

participate in a DNA synthesis-related process through donation or abstraction of zinc to and 

from transcription factors has been inferred from in vitro studies (Moffatt and Denizeau,

1997). Overexpression of metallothionine is often accompanied by increased resistance 

towards a variety of alkylating agents and chemotherapeutic drugs. The latter two 

physiological processes might explain the over expression of metallothionines in response to
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ET-743 treatment. Metallothionines are inducible by glucocorticoids as well as metals and two 

glucocorticoid response elements have been found to regulate expression of the 

metallothionine genes (Kelly et al., 1997), which might explain why the genes encoding for 

metallothionine 1 and 2 were up-regulated by a combination of dexamethasone and ET-743.

The results from the in vitro bioassay intimate that in dexamethasone-treated rat liver ET-743 

is metabolised to a less cytotoxic species. This suggestion stems from the finding that 

incubations of ET-743 with microsomes from dexamethasone treated rats were less toxic to 

MCF-7 cells than incubations of ET-743 and microsomes from untreated rats.

Most importantly, dexamethasone did not interfere with the anti-tumour activity of ET-743, as 

in none of the five models tested was the anti-tumour activity of the combination less effective 

than that of ET-743 alone. Interestingly, in three tumour models the combination was more 

efficacious than ET-743 alone. Dexamethasone pre-treatment failed to decrease ET-743 

plasma levels despite the dramatic decrease in liver levels. This finding suggests that the 

systemic availability of ET-743 is not diminished by high-dose dexamethasone. These 

findings taken together suggest that while dexamethasone pre-treatment decreases hepatic 

levels of ET-743, it does not interfere markedly with the steps that determine the rate of 

elimination from the systemic circulation and does not interfere with its anti-tumour activity.

The finding that dexamethasone pre-treatment had no effect on the plasma AUC whilst 

dramatically lowering ET-743 in the liver, is difficult to explain. Discussions with 

pharmacokinetic specialists did not provide clarifying explanations. There are two issues 

which may hint at possible explanations. Firstly, Dr. Zuchetti, who did the ET-743 analysis, 

clearly indicated that, whilst the choice of time points allowed the calculation of plasma AUC 

values, the time points were not optimally chosen, more early intervals would have been 

desirable to describe possible effects of dexamethasone on ET-743 disposition. This lack of 

early time point data leaves the possibility that dexamethasone caused a considerable change 

in the early part of the plasma concentration versus time curve, which our design would not 

have allowed to discover. Secondly, it seems important to consider that plasma AUC is
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dependent on clearance, and clearance is governed by a series of uptake and elimination 

equilibria, especially from the blood into the liver and from the liver into the bile. It is just 

conceivable that the uptake of ET-743 into the liver is very slow and is thus the rate- 

determining step in the overall plasma clearance of the drug. If this was the case, even drastic 

changes in clearance of the drug from the liver by increased metabolism and/or increased bile 

flow and thus increased elimination of the parent drug from the liver would not affect 

drastically plasma clearance, as it is governed by the liver uptake equilibrium. As no examples 

were found in the literature to support the validity of this explanation attempt, this explanation 

needs to be interpreted with appropriate caution.

In a phase II study, patients who received dexamethasone (10 mg/kg) just prior to ET-743 

infusion had a diminished incidence of severe toxicity (Puchalski et al., 2002). This finding is 

in contrast to the situation in rats in which simultaneous administration of dexamethasone and 

ET-743 enhanced toxicity. Whilst the true effect of dexamethasone on the toxicity of ET-743 

in humans is difficult to delineate from the study by Puchalski et al, as the effect was not 

significant, the study may allow some careful interpretations as to differences and similarities 

between the situation in humans and in rats. Dexamethasone pre-treatment 24 hours prior to 

ET-743 abolished ET-743-induced hepatotoxicity in rats. ET-743-induced hepatotoxicty in 

humans is less severe than that reported in the female rat, and hepatic changes are generally 

reversible in patients. It is conceivable that the mechanisms by which ET-743 induces hepatic 

damage differ between rats and humans, and that such differences lead to different 

susceptibilities towards amelioration by dexamethasone. Similarly, the mechanism by which 

dexamethasone protects against ET-743-induced damage may differ between humans and rats. 

The biological response to ET-743 using a long term pre-treatment interval for dexamethasone 

in rats may be related to dexamethasone’s effect on CYP3A-induced metabolism, whereas the 

effect o f the shorter pre-treatment interval in humans may be due to the anti-inflammatory 

effects of dexamethasone. Another explanation as to why dexamethasone pre-treatment was 

effective when given immediately prior to ET-743 in human but not effective when given 

immediately before ET-743 in rats may be due to the different dosing schedules o f ET-743. In 

patients ET-743 is administered over 24 h by infusion, whereas in the rat model, ET-743 is
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administered as a single bolus. Therefore, the peak ET-743 plasma concentration occurs 

immediately after administration in rats, whereas in patients plasma ET-743 levels will rise 

during the first few hours of infusion and then plateau as the drug is metabolised and 

eliminated. In humans low levels of ET-743 are in the blood for at least 24 hours after 

dexamethasone administration. The finding that administration of dexamethasone 24 hours 

prior to ET-743 in the rat significantly ameliorated ET-743-mediated hepatotoxicity, suggests 

that it may be possible to increase the beneficial effects of dexamethasone in patients by 

increasing the time period between administration of dexamethasone and that of ET-743. A 

dosing regime based on this premise should be evaluated in patients.

The doses of dexamethasone given to patients are considerably lower than those given in this 

study to rats. High-dose dexamethasone therapy is used clinically in conditions in which 

immunosuppression and anti-inflammation are desired, such as systemic lupus, erythematosus, 

renal transplantation, steroid resistant nephritic syndrome and crescentric glomerulonephritis. 

The adverse effects of high-dose dexamethasone treatment include hypertension, arrhythmias, 

hypokalemia, psychosis and susceptibility to infection (Hari and Srivastava, 1998; Sprung et 

al., 1984). Therefore it may be difficult to use such high doses of dexamethasone in patients as 

have been used in rats in the experiment described here. However, there is a powerful 

rationale to fully evaluate the potential clinical usefulness of pre-treatment with 

dexamethasone in cancer patients who receive ET-743.
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5.1 Introduction

Dexamethasone pre-treatment has been shown to abrogate ET-743-mediated hepatotoxicity in 

the female rat model without impeding its anti-tumour activity (chapter 4). Protection by 

dexamethasone pre-treatment was accompanied by a dramatic reduction in hepatic levels of 

ET-743, implicating induction of hepatic clearance of ET-743, perhaps via metabolic 

enzymes, as the mechanism by which dexamethasone exerts its beneficial effect. 

Dexamethasone induces CYP3A which is thought to play a major role in ET-743 metabolism 

(Reid et al., 2002; Reid et al., 1996). However, other CYPs may also play a role in oxidative 

metabolism of ET-743. In vitro metabolism of ET-743 in rat liver microsomes was induced by 

pre-treatment with phenobarbitone, an inducer of CYP2B, CYP2C and CYP3A (Reid et al., 

1996). Whilst inhibition of ET-743 metabolism was observed with inhibitors of CYP2C, 

CYPIA and CYP3A. When ET-743 was incubated with lymphocytes expressing specific 

CYPs, CYP2A and CYP3A2 had the greatest ability to metabolise ET-743, and substantial 

ET-743 metabolism was also observed for CYP2C6, CYP2D1 and CYP2E1 (Reid et al., 

2002).

Conjugation with glutathione is a major mechanism for the elimination of toxic compounds. 

Depletion of gluthathione renders cells more susceptible to the toxic effects of drugs, reactive 

metabolites and other xenobiotics in which toxicity is due to nucleophilic attack. In the case of 

paracetamol overdose, the sulfate and glucuronic acid conjugation pathway become saturated 

and the cytochrome P450 pathway becomes critical, since it generates a toxic metabolite 

which can deplete intracellular glutathione and lead to cell injury and death (chapter 1.6). The 

alkylating anti-cancer drugs, mechlorethamine, chlorambucil and cyclophosphamide deplete 

hepatocyte GSH resulting in lipid peroxidation and cytotoxicity in isolated hepatocytes (Khan 

et al., 1992). In such cases where GSH is depleted, N-acetylcysteine can replenish 

intrahepatocellular stores of thiol moieties and increase levels of glutathione, thus buttressing 

the cell’s capacity to detoxify potentially harmful chemically reactive drug-derived species 

(Burgunder et al., 1989; Rumack et al., 1981). Not all glutathione conjugation reactions lead to 

detoxification. An instructive example is ANIT, which produces cholestasis.
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hyperbilirubinemia, and bile duct epithelial cell necrosis in rats, changes which are not 

dissimilar to those induced by ET-743 (see chapter 3.7). This agent undergoes metabolic 

reaction with glutathione to generate a dithiocarbamate intermediate (Carpenter-Deyo et al., 

1991). The conjugate is thought to be transported into the bile, where it can revert back to 

glutathione and a-naphylisothiocyanate resulting in the accumulation in the biliary tract of the 

latter at cytotoxic concentrations. To date, there is no information on the effect of ET-743 on 

glutathione levels and whether ET-743 is detoxified by a GSH-dependent pathway.

In the work described in this chapter the effects of three modulators of drug metabolism on 

ET-743-induced liver damage are investigated and observations important to the 

hepatotoxicity of ET-743 in rats extended. The hepatoprotective capacity of p- 

naphthoflavone, phenobarbitone and N-acetylcysteine are compared with that of 

dexamethasone in vivo. P-Naphthoflavone and phenobarbitone induce primarily cytochrome 

P450 (CYP) enzyme families lA l/2  and 2B, respectively (chapter 1.5.1), and can thus 

increase the rate of oxidative metabolic disposition of suitable drug substrates. In addition the 

levels of non-protein thiols levels are investigated after ET-743 administration and the 

protective effect of N-acetylcysteine on ET-743-mediated hepatotoxicity assessed.
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5.2 Effect of P-naphthoflavone, phenobarbitone and N-acetylcysteine on ET-743-induced 

elevations of plasma indicators of hepatotoxicity

Rats were pre-treated with p-naphthoflavone, phenobarbitone or N-acetylcysteine before they 

received ET-743. The effect of pre-treatment with these agents on ET-743 mediated hepatic 

alterations, as indicated by levels of bilirubin, ALP and AST in the plasma, are shown in 

figure 5.1. ET-743 administered on its own elicited dramatically raised biochemical indicators 

in the plasma, as seen previously (section 3.1). Pre-treatment with p-naphthoflavone, 

administered on 3 consecutive days 24 hours prior to ET-743, ameliorated the ET-743-induced 

liver changes in that all three indicators of hepatic damage observed on day 3 were 

indistinguishable from those measured in untreated rats. The protective effect lasted partially 

for 12 days as the levels of AST and bilirubin in rats pre-treated with p-naphthoflavone 

remained at levels measured in untreated rats, but ALP levels were as elevated as those seen in 

rats treated with ET-743 only. Pre-treatment with phenobarbitone for one week prior to 

administration of ET-743 had no significant effect on the elevated levels of AST and ALP 

activity induced by ET-743. However it prevented the ET-743-induced elevations of plasma 

bilirubin levels at both 3 days and 12 days. Pre-treatment with N-acetylcysteine had no 

protective effect, as levels of bilirubin, AST and ALP were as elevated as those in animals 

which received ET-743 only. As described in the previous chapter, also observed here, 

dexamethasone given 24 hours prior to ET-743 completely abolished the ET-743-induced rise 

in plasma bilirubin, ALP and AST for at least 12 days.
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Figure 5.1 The effect of dexamethasone, P-naphthoflavone, phenobarbitone and N- 

acetylcysteine when administered prior to ET-743 (40 pg/kg, i.v.) on ET-743 induced 

increases in the plasma activities of ALP, (A), AST (B) and of plasma levels of bilirubin 

(C) in female Wistar rats. Dexamethasone was dosed at 20 mg/kg, p.o. 24 hours prior to ET- 

743. Doses for p-naphthoflavone, phenobarbitone and N-acetylacysteine are given in section 

2.2.6. Indicators of hepatic damage were measured 3 and 12 days after ET-743 administration. 

Plus and minus signs represent rats treated with ET-743 or the vehicle (water), respectively. 

Values are the mean ± SD of 4 animals. Star indicates that values are significantly different 

(p<0.05 by ANOVA) from activities and levels in animals which received ET-743 only.
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5.3 Effects of p-naphthoflavone, phenobarbitone and N-acetylcysteine on ET-743 

induced histopathological changes in liver

Livers of animals which received only ET-743 (40 pg/kg, i.v.) revealed degenerative and 

inflammatory changes in the biliary epithelium (figure 5.2B) compared to livers of control rats 

(figure 5.2A). Pre-treatment with p-naphthoflavone abolished the degenerative and 

inflammatory effects on the biliary epithelium on day 3 (figure 5.2D). At 12 days the peri- 

biliary fibrosis was less marked in the p-naphthoflavone pre-treated rats, compared to rats that 

had received ET-743 alone. However, P-naphthoflavone treatment appeared to have little 

effect on the degree of hepatocellular necrosis induced by ET-743 at 12 days. In rats pre­

treated with phenobarbitone, inflammatory changes in the bile ducts were less severe than in 

rats on ET-743 only, but differences were slight. Rats which had received N-acetylcysteine 

followed by ET-743 displayed increased biliary damage compared with rats treated with ET- 

743 alone (figure 5.2C). In one animal on the combination, focal areas of bile duct epithelium 

showed complete necrosis. Nevertheless, there was no evidence of any increase in the extent 

of hepatocellular necrosis in these animals
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Figure 5.2 The effect of N-acetylcysteine and p-naphthoflavone on ET-743-induced 

changes in liver pathology. Photomicrographs o f liver sections from control (vehicle treated) 

female W istar rats (A) and from rats that received ET-743 alone (B) or ET-743 one hour after 

N-acetylcysteine (C) or 24 hours after P-naphthoflavone (D). Doses for p-naphthoflavone and 

N-acetylacysteine are given in section 2.2.6. Liver tissues were excised 3 days after 

administration o f  ET-743. Staining was by haem atoxylin and eosin. Note in B the enlarged, 

thickened portal tract with a sparse infiltrate o f  inflamm atory cells (star) and the damaged bile 

duct (arrow), which is lined by degenerative and reactive epithelium, characteristics o f ET-743 

induced changes in liver o f female rats. The features are somewhat intensified by N- 

acetylcysteine (C) as shown by the alm ost total necrosis o f the bile duct epithelium (arrow) 

and the surrounding swelling and cell debris (star) in the portal tract. In contrast, in livers o f 

rats pre-treated with p-naphthoflavone (D), com parable portal tracts are almost 

indistinguishable from controls. Sections are representative o f  four animals. Bar equals 100 

pm. Histopathological analysis was carried out by Dr Peter Greaves.
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5.4 Effects of ET-743 on hepatic glutathione levels

In order to investigate the effect of ET-743 on hepatic glutathione levels, levels of glutathione 

were measured in rat liver three days after administration of ET-743. The concentration of 

glutathione in liver after ET-743 treatment was elevated by 16 % (figure 5.3).
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Figure 5.3 The effect of ET-743 on hepatic glutathione levels. Glutathione was measured in 

livers from animals three days after administration of ET-743 (40 pg/kg, i.v.) or vehicle 

(water). Values are the mean ± SD of three animals. Star indicates that values are statistically 

significant (p<0.05 by ANOVA).
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5.5 Discussion

Pre-treatment with P-naphthoflavone and phenobarbitone ameliorated the detrimental effect of 

ET-743 on rat liver. The protection provided by P-naphthoflavone and phenobarbitone in vivo 

was not as efficacious as that afforded by dexamethasone. Reduction of ET-743-mediated 

hepatotoxicity by p-naphthoflavone persisted only for a short time, and that by phenobarbitone 

was weak, as reflected by significant suppression of elevation of only one biochemical 

indicator, bilirubin, but not of the others. Another agent, N-acetylcysteine, failed to protect rat 

livers against ET-743 altogether.

The protection afforded by dexamethasone was accompanied by dramatically decreased 

hepatic levels of ET-743 and by up-regulated CYP3A enzyme levels, suggesting that 

protection by dexamethasone is the consequence of the increased clearance of the drug from 

the liver, possibly mediated by metabolism involving CYP3A (see chapter 4). CYP families 

other than CYP3A, such as CYPs 1 A, 2A and 2C, have been potentially implicated as minor 

contributors to the overall hepatic metabolism of ET-743 (Reid et al., 2002; Reid et al., 1996). 

On the basis of these findings, tentative inferences can be made as to the mechanisms by 

which p-naphthoflavone and phenobarbitone ameliorated the effects of ET-743 on the rat 

liver. Like dexamethasone, p-naphthoflavone and phenobarbitone are inducers of oxidative 

drug metabolism, the former of CYPIA, the latter of a variety of CYPs, mainly CYP2B but 

also CYP3A (Nebert and Gonzalez, 1987). Raised CYP enzyme levels consequent to pre­

treatment with p-naphthoflavone and phenobarbitone may have been, at least in part, 

responsible for their protective efficacy. It is important to note though that these agents 

possess a variety of physiological effects which may contribute to protection. In the case of 

phenobarbitone it is well known that it induces liver bile flow (Berman et al., 1983) and this 

property may well have been involved with the protection afforded by phenobarbitone. In 

experiments with Gunn rats, an animal model displaying hyperbilirubinemia, administration of 

inducers of CYPIA such P-naphthoflavone were shown to decrease plasma bilirubin levels 

(Kapitulnik and Ostrow, 1978). This study led to the hypothesis that the CYPIA family might
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be involved in an alternate pathway of bilirubin elimination in Gunn rats that lack the normal 

detoxification pathway via glucuronidation. Supporting this concept CYPlA l was shown to 

catalyse bilirubin degradation in vitro (De Matteis et ah, 1991). In addition to GYP 1A 1/2 

induction, p-naphthoflavone is known to induce phase II enzymes such as DT- diaphorase and 

UDP-glucuronosyl transferase, which may play a role in the protection against the adverse 

effect of ET-743 towards the liver (Saarikoski et ah, 1998; Favreau and Pickett, 1995).

P-naphthoflavone has been shown to induce CY PlAl in the lungs by 20-fold (loannides and 

Parke, 1990). When a single i.v. injection of a drug is given, high concentrations are seen first 

in the right heart and lung. Therefore, asssuming that CYP1A2 is involved in ET-743 

metabolism, it is possible that p-naphthofiavone induction of CYP1A2 in the lung results in 

increased metabolism of ET-743 in this tissue and as a result a lower concentration of parent 

compound reaches the liver. Dexamethasone has also been shown to induce CYP3A activity in 

mouse lung (Haag et ah, 2003), therefore, it is possible that dexamethasone may also increase 

metabolism of ET-743 in the rat lung resulting in lower levels of parent compound reaching 

the liver. Phenobarbitone has no significant effect on GYP activity in rat lung (Lee et ah,

1998).

The untoward hepatic effects of many hepatotoxicants, which comprise alkylating or arylating 

moieties, or which generate such functionalites via metabolism, can efficiently be 

counteracted by strategies leading to the elevation of intracellular thiols (DeLeve and 

Kaplowitz, 1991). In contrast, other agents can undergo metabolic toxification by reaction 

with glutathione. As N-acetylcysteine pre-treatment failed to reduce ET-743-induced 

hepatotoxicity, it is unlikely that the hepatic damage produced by ET-743 treatment were 

caused by reactive electrophiles, which escape efficient detoxification by reacting with 

glutathione. In addition, it was demonstrated that ET-743 at the hepatotoxic dose used in this 

study did not deplete glutathione levels in rat liver. Levels of ET-743 were found to be 

approximately 40 pmols/g tissue after a hepatotoxic dose ET-743 (40 |ig/kg, i.v.) and it is 

unlikely that such low levels would deplete the liver glutathione levels. Therefore, if ET-743 

does react covalently with non-protein thiols, the levels of hepatic thiol stores are probably
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more than adequate for efficient metabolic transformation. All these findings suggest that 

hepatic glutathione does not detoxify ET-743. There was even an indication of increased ET- 

743 toxicity after pre-treatment with N-acetylcysteine especially on histopathological 

observation. These findings hint at the possibility that ET-743 reacts with GSH to generate a 

hepatotoxic species, in analogy to the mechanism by which ANIT is thought to cause 

hepatotoxicity. In addition, as found with ANIT treatment, hepatic glutathione levels were 

elevated after ET-743 exposure, but only to a small extent. Nevertheless, as the increase of 

ET-743-induced hepatic changes by N-acetylcysteine and the increase in non-protein thiols 

were not profound, the suggestion that ET-743 reacts with GSH to form a hepatotoxic species 

has to be drawn with caution and requires further experimental verification.

Of all the potential protectants tested thus far dexamethasone and P-naphthoflavone were most 

promising, the former displaying high, the latter moderate, efficacy, as potential antidotes 

against ET-743-induced hepatotoxicity. In light of the fact that dexamethasone and p- 

naphthoflavone were effective at reducing ET-743-induced hepatotoxicity, it is conceivable 

that increased oxidative metabolism of ET-743 is a mechanism which limits its hepatotoxic 

potential.
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6.1 Introduction

Most of the current understanding of liver damage caused by xenobiotics has been obtained in 

animal models. Preclinical data cannot be easily extrapolated to humans due to species 

differences in the metabolism and elimination of foreign compounds. In the light of the 

current trend to reduce animal experimentation, liver cells in incubation or culture are often 

used to screen drugs for hepatotoxic potential and to reveal insights into mechanisms by which 

they may exert such toxicity (chapter 1.9). In vitro methods have been used to predict the in 

vivo liver toxicity of well known hepatotoxicants, such as paracetamol (Paillard et al., 1999) 

and carbon tetrachloride (Frazier, 1993). A major advantage of in vitro systems is the ability 

to use the systems to make direct comparisons between humans and rodents, thereby helping 

in the extrapolation of observations from laboratory animals to humans. However, it is 

important to explore for each new drug to what extent experiments using hepatocytes in vitro 

can reliably predict potential hepatotoxicty which may occur in vivo.

In this chapter, the toxicity of ET-743 to cultured hepatocytes isolated from female rats is 

investigated and the usefulness of this in vitro model to predict aspects o f ET-743-mediated 

hepatotoxcity is assessed. The protective activity of dexamethasone, (3-naphthoftavone, 

phenobarbitone and N-acetylcysteine against ET-743 hepatic changes displayed in vivo was 

also tested in vitro in cultured hepatocytes isolated from rats which have undergone 

appropriate pre-treatment. In addition, the similarity of response to ET-743 of liver cells from 

both rats and humans is assessed in a preliminary fashion.
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6.2 Effect of ET-743 on hepatocytes isolated from female rats

Initially the toxicity of ET-743 to hepatocytes was assessed using hepatocytes in suspension. 

Hepatocytes in suspension only remain viable for up to 6 hours, during which time ET-743 at 

concentrations of 1 nM to 1 pM had no or only slight detrimental effects. As a result, isolated 

hepatocytes were cultured, which extended their viability to about a week. Incubation of 

cultured rat hepatocytes with ET-743 resulted in a time and dose-dependent decrease in cell 

viability (Figure 6.1). Viability of hepatocytes after 48 hours exposure to ET-743 at 1 nM, 10 

nM, 100 nM and 1 pM was 78 ± 3, 65 ± 7, 54 ± 2 and 46 ± 7 % of control viability, 

respectively. After 96 hours viability at these dose levels was 67 ± 2, 28 ± 3, 21 ± 4 and 8 ± 1 

%, respectively when compared to controls. DMSO alone had no significant effect on 

hepatocyte viability.

The concentrations of ET-743 required to kill cultured hepatocyctes were surprisingly high 

compared to the concentrations which were reported to have anti-proliferative effects in 

tumour cell lines. For example the IC50 for ET-743 in Calu-3 (NSCLC), HT-29 (colon) and 

MCF-7 (breast) cells were reported to be 0.3 nM, 0.6 nM and 0.2 nM, respectively, after 3 

days of continuous exposure (Jimeno et al., 1996). An orientation experiment was performed 

using MCF-7 cells to confirm that the ET-743 used in these studies had not degraded. MCF-7 

cells were exposed to ET-743 at 0.1 nM, 0.2 nM 0.5 nM and 1 nM for 48 hours, continuously. 

Cell numbers were counted and the results are shown in figure 6.2. In MCF-7 cells there was a 

dose-dependent decrease in cell number after incubation with ET-743. The IC50 of ET-743 

was found to be approximately 0.2 nM which correspondonds to the IC50 value reported by 

Jimeno et al. and suggests that the ET-743 used in these experiments is intact. The IC50 of ET- 

743 in MCF-7 cells is approximately 500-fold lower than the concentration required to kill 50 

% of cultured hepatocytes which suggests that in vitro hepatocytes are far less sensitive to the 

cytotoxic effects of ET-743 than MCF-7 cells
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Exposure of human hepatocytes to 100 nM ET-743 resulted in a time- and dose-dependent 

decrease in cell viability which was comparable to, but slightly less severe than, that seen in 

cultures of rat hepatocytes (figure 6.3). These results hint at the possibility that under the 

experimental conditions used here, human hepatocytes are less susceptible than rat liver cells 

towards the direct cytotoxic effect of ET-743.
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Figure 6.1 Effect of ET-743 on viability of hepatocytes isolated from female Wistar rats.

Hepatocyte cultures were exposed to ET-743 (InM, lOnM, lOOnM or 1 pM) or the vehicle 

(DMSO). Hepatocyte viability was assessed by measurement of LDH in the cellular 

supernatant. Viability was calculated by expressing the LDH in the culture as percentage (X) 

of the value obtained in untreated cultures in which all cells were destroyed to cause maximal 

LDH release, and by subtracting X from 100 (as described in chapter 2.2.25). Values are the 

mean ± SD of three experiments
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Figure 6.2 Effect of ET-743 on MCF-7 cell proliferation. MCF-7 cells were exposed to ET- 

743 or DMSO, the vehicle, for 48 hours. Cells were counted and the cell count was expressed 

as a percentage of the control cells (DMSO). Values are the mean ± SD of three incubations
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Figure 6.3 Effect of ET-743 on viability of hepatocytes from rats (closed bars) and 

humans (open bars) after 48 (A), 72 (B) and 96 hours (C) exposure to the drug.

Hepatocyte cultures were exposed to ET-743 (100 nM) or the vehicle (DMSO, see ‘control’ 

bars). Hepatocyte viability was assessed by measurement of LDH in the cellular supernatant. 

Viability was calculated by expressing the LDH in the culture as percentage (X) of the value 

obtained in untreated cultures in which all cells were destroyed to cause maximal LDH 

release, and by subtracting X from 100. Values are the mean ± SD of three experiments.
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6.3 Effects of dexamethasone, p-naphthoflavone, phenobarbitone and N-acetylcysteine 

on ET-743 induced toxicity in hepatocytes

The effect of pre-treatment of rats with dexamethasone, P-naphthoflavone or phenobarbitone 

and of the co-incubation of hepatocytes with N-acetylcysteine, on the cytotoxicity of ET-743 

(1 nM- 1 pM) was explored in vitro. Figure 6.4 shows that the viability of liver cells from 

control (no pre-treatment) rats and rats which had been pre-treated with dexamethasone, p- 

naphthoflavone or phenobarbitone were equally susceptible to the toxic potential of ET-743, 

as reflected by LDH release. Likewise inclusion of N-acetylcysteine (1 mM) in cultures of 

hepatocytes from untreated rats did not alter cell viability after ET-743 treatment.
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Figure 6.4 Effect of ET-743 on viability of hepatocytes isolated from rats which have 

been pre-treated with dexamethasone, P-naphthoflavone, or phenobarbitone or of cells 

which have been incubated with N-acetylcysteine. For doses of dexamethasone, P- 

naphthoflavone, phenobarbitone and N-acetylcysteine see section 2.2.7. Hepatocyte viability 

was measured at 48 (A), 72 (B) and 96 hours (C) after commencement of ET-743 treatment. 

Hepatocyte viability was assessed by measurement of LDH in the cellular supernatant. Values 

are expressed as percentage with respect to the viability of hepatocytes which were untreated 

at the respective time point (‘controls’). Values are the mean ± SD of 3 separate experiments.
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6.4 Discussion

Hepatic ET-743 levels, determined in rats after i.v. administration of the drug, were found to 

be approximately 40 pmol/g tissue after one hour and falling to 10 pmol/g tissue after 24 hours 

(chapter 4.6). These concentrations of ET-743 measured in liver after a hepatotoxic dose of the 

drug are equivalent to 40 and 10 nM which are close to the concentration of ET-743 which 

was shown to be toxic in cultured rat hepatocytes in vitro. ET-743 measured in liver, removed 

from rats at 72 hours after they had received an intravenous dose of ET-743 (40 pg/kg), were 

approximately 5 nM (figure 4.8). Histopathological examination of livers from rats 72 hours 

after an i.v. dose of ET-743 (40 pg/kg) revealed degeneration and necrosis of the bile duct 

epithelium associated with inflammation, whilst the majority of hepatocytes appeared normal. 

In comparison, the viability of cultured hepatocytes exposed continuously to 10 nM ET-743 

for 72 hours was only 45 %. It is probable that manifestations of ET-743-induced hepatic 

damage in the rat requires the structural integrity of the whole liver, and ET-743 accumulates 

in the bile duct, thus giving rise to the primary lesion whilst the hepatocytes are exposed to 

lower concentrations and are initially less affected by the drug. Therefore, the greater degree 

of toxicity displayed by cultured hepatocytes exposed to ET-743 compared to hepatocytes in 

vivo, may be because in vitro, hepatocytes are continually exposed to a relatively high 

concentration of ET-743, whereas in vivo, hepatocytes are transiently exposed to lower 

concentrations whilst bile duct cells are exposed to probably very high concentrations of ET- 

743, as the biliary system excretes the drug.

Pre-treatment with dexamethasone, P-naphthoflavone or phenobarbitone at doses which 

protected rat livers against the hepatotoxicity of ET-743 in vivo failed to influence cytotoxicity 

exerted by ET-743 in hepatocytes in vitro. This approach of induction of CYPs by 

phenobarbitone and p-naphthoflavone in vivo followed by hepatocyte isolation and culture has 

been used to investigate metabolic activation of several hepatotoxins (Hammond and Fry, 

1991). At the same doses as those used in the experiments described here, phenobarbitone and 

p-napthoflavone enhanced the toxicity of procenes I and II, 6-thiopurine, 4-ipomeanol, 2- 

methylfuran, compared to control cultures, whilst phenobarbitone also enhanced the toxicity
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of valproic acid and butylated hydroxytoluene. The cytotoxicity of these compounds is 

mediated by CYP-dependent activation, and it is possible to use induction by phenobarbitone 

and p-naphthoflavone followed by exposure in vitro to detect metabolism-mediated 

cytotoxicity. The finding that induction by dexamethasone, p-naphthoflavone or 

phenobarbitone failed to influence cytotoxicity exerted by ET-743 in hepatocytes in vitro 

might suggest that the cytotoxicity exerted by ET-743 is insensitive to increased hepatic GYP 

activity. The alteration in toxicity in vivo following pre-treatment with dexamethasone, P- 

naphthoflavone or phenobarbitone may engage mechanisms alternative to those involving 

GYP induction, such as increased bile flow or induction of phase II enzymes, as discussed in 

chapter 5. Another explanation is that dexamethasone, P-naphthoflavone and phenobarbitone 

protect against ET-743 mediated toxicity in vivo by inducing GYP activity in biliary 

epithelium cells. Although GYP enzymes are most abundant in hepatocytes, a number of 

isoforms have been identified in biliary epithelium cells (Lakehal et al., 1999). In addition, 

Shen et al have demonstrated that GYP 1A 1/2 in intrahepatic biliary epithelial cells can be 

significantly increased by pre-treatment of rats with P-naphthoflavone (Shen et al., 1998). The 

finding that GYP inducer pre-treatment protected against ET-743-induced toxicity in the rat 

but inducer pre-treatment had no effect on ET-743 toxicity in cultured hepatocytes suggests 

that hepatocytes in culture are unlikely to be a suitable model to aid with the discovery of 

agents which prevent the detrimental hepatic effects of ET-743.

In conclusion, cultured hepatocytes do not provide a suitable model for studying the 

hepatotoxicity of ET-743. Therefore strategies designed to investigate and eliminate ET-743 

mediated hepatotoxicity need to be tested in vivo. Alternatively, it is conceivable that 

sophisticated experimental designs involving hepatocytes and bile cells in co-culture may be 

required to model in vitro hepatic changes mediated by ET-743 in vivo. Go-cultures of rat 

hepatocytes and biliary epithelial cells have been used to study the effects of triiodothyronine 

and thyroxine on GST activities and proteins in the liver (Vanhaecke et al., 2001).
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7.1. Introduction

Indole-3-carbinol (13 C) is a hydrolysis product of glucobrassin, a compound that occurs 

naturally in large amounts in a number of vegetables of the brassicia genus e.g. cabbage, 

cauliflower, brussel sprouts (McDanell et al., 1988). 13C has received considerable attention as 

a dietary modulator of carcinogenesis (see chapter 1.5.1). 13C has been documented to be 

chemopreventative against cancer in a number of animal models and is being investigated in 

clinical trials as a potential chemopreventive agent against breast cancer and ovarian cancer in 

humans (Bradfield and Bjeldanes, 1987; Manson et al., 1997; Stoner et al., 2002).

One possible mechanism for the effects of 13 C is through its ability to induce phase I and II 

drug metabolising enzymes and increase clearance of chemical carcinogens (Wattenberg et al., 

1985). Indole-3-carbinol has been shown to inhibit aflatoxin Bi-induced hepatocarcinogenesis 

(Manson et al., 1997). Rats pre-treated with 13C (0.5 % in the diet) for two weeks prior to 

administration of aflatoxin B| manifested induction of CYPlAl CYP1A2, CYP2B1/2 and 

GYP 3A1 in liver as well as induction of glutathione-S-transferase. Induction of phase I and II 

enzymes corresponded with increased formation of the less toxic metabolic metabolites such 

as aflatoxin Mi (AFMi) and aflatoxin Qi (AFQi). In a different study, after 7 days of feeding 

0.2 % I3G, the levels of hepatic GYPlAl were increased 24-fold with a more modest 2 to 4- 

fold increase in GYP1A2, GYP 3A 1/2 and GYP2B1/2 (Stresser et al., 1994). Other studies 

have shown that dietary 13G induces phase II enzymes UDP-glucuronosyl transferase and 

NADPH: quinone reductase (Shertzer and Sainsbury, 1991).

13 G pre-treatment one hour prior to carbon tetrachloride produced a decrease in carbon 

tetrachloride- mediated necrosis in the liver. Carbon tetrachloride-induced liver toxicity is due 

to free radical metabolites which produce a large myriad of specific cellular events, including 

alterations in protein turnover, calcium homeostasis and lipid peroxidation (Shertzer et al., 

1987). The authors suggest that 13G or its metabolites may act as natural antioxidants and 

protect against free radical mediated toxicity. In addition, 13G feeding for 3 weeks at 0.1 % in 

the diet weakened the toxic effects of trichothecene T-2 mycotoxin (Kravchenko et al., 2001).
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The protective effect of I3C was probably due to its ability to activate enzymes participating in 

the biotransformation and detoxification of trichothecene T-2 mycotoxin.

13 C is rapidly converted in the gastro-intestinal tract through a series of acid catalysed 

condensation reactions to oligomers including dimers, trimers and tetramers. A number of 

studies suggest found that acid condensation products have profound effects on xenobiotic and 

oestrogen metabolism. Evidence to support this hypothesis includes the observation that oral, 

but not i.p. administration of 13C led to an induction of hepatic CYPIA activity, and acid 

treatment of 13C generated a reaction mixture that induced CYP activity after i.p. and oral 

administration (Bradfield and Bjeldanes, 1987). Two condensation products of 13C, 

diindolylmethane (DIM) and indolylcarbazole (ICZ) have received the most attention as active 

species responsible for enzyme induction, although there are a number o f other metabonates 

that have yet to be fully investigated. A number of acid condensation products of 13 C have 

been shown to be potent Ah receptor agonists which may be responsible for the ability of 13 C 

when given in the diet to induce CYPlAl and CYP1A2 (Bjeldanes et al., 1991; Chen et al.,

1996).

OH

HIndole-3-carbinol

3,3’ -diindolylmethane

Figure 7.1 Structure of I3C and one of its condensation products, DIM.

159



Chapter 7____________________________________________________________________

The aim of the experiments in this chapter was to investigate the effects of 13C on ET-743 

induced hepatotoxicity. Initially a high dose of 13C was administered, 0.5 % in the diet, to 

assess its protective effects, and in a second study the dose was reduced to 0.1 % in the diet. 

Due to the condensation reaction in the stomach, 13 C is only present in the liver transiently, 

whereas the condensation products, of which DIM is the most abundant, remain in the liver for 

longer periods but at lower concentrations (Anderton et al, unpublished data). For example, in 

mice given a single oral dose of 13 C (250 mg/kg), maximal levels of 13 C, 166 pM, were 

detected in the liver at 15 min after administration, but 13C could not be detected at 1 hour 

after dosing, whereas the highest concentration of DIM was 14 .6 pM, detected at 2 hours, and

2.4 pM detected at 24 hours after 13C dosing (Mark Anderton, personal communication). In 

comparison with 13 C, DIM is stable and has a relatively long half-life. In the light of this 

knowledge, another experiment was performed to investigate whether the protective effect of 

13 C against ET-743-mediated hepatotoxicity was due to its acid condensation product, DIM. 

As 13 C is thought to protect against aflatoxin hepatocarcinogenesis by inducing metabolising 

enzymes, especially CYPIA, the activity of CYPIA and CYP3A were measured after 13 C and 

DIM administration to identify a possible mechanism for protection against ET-743-induced 

liver damage.
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Results

7.2 The effect of I3C pre-treatment on ET-743-induced liver changes

In an experiment to assess the effect of feeding 13C in the diet (0.5 % in the diet for 7 days 

prior to ET-743 and throughout the study) on ET-743 hepatotoxicity, ALP and AST activity 

and bilirubin levels were measured at 3 and 9 days after ET-743 dosing. As expected, levels of 

ALP and AST were increased by ET-743 at 3 and 9 days after dosing when compared to levels 

measured in untreated animals and animals treated with 13 C alone. Similarly, bilirubin levels 

were elevated 20-fold in rats which received ET-743 when compared to untreated control 

animals or animals which received 13C alone. However, administration of 13C in the diet for 

one week prior to ET-743 caused a reduction in ALP activity and bilirubin levels, compared to 

levels seen in unprotected animals (figure 7.2) although the modest increase in AST levels 

caused by ET-743 alone was not reduced in rats which received the combination o f 13 C and 

ET-743.

Histopathological examination showed that in the livers of rats treated with ET-743 alone 

there was damage to the bile ducts at 3 days, followed by sclerosis at 9 days, as seen in 

previous experiments (chapter 3.3). After administration of 13C (0.5 % in the diet), a single 

dose of ET-743 produced significantly less biliary damage, compared with rats given ET-743 

alone (figure 7.3). In rats given both 13C and ET-743, only slightly irregular bile duct 

epithelium and very sparse degenerate biliary cells were observed on day 3 with some mild 

peribiliary fibrosis on day 9. Control animals and those which received I3C alone appeared 

normal.

In a second experiment, the dietary concentration of 13C was reduced to 0.1 %. As before, ET- 

743 alone elicited hepatic damage as reflected by dramatically raised bilirubin and elevated 

ALP and AST in the plasma (figure 7.4). Administration of 0.1 % 13C in the diet one week 

before ET-743 did not decrease AST and ALP activity, when compared with levels induced by 

ET-743 treatment alone. However, bilirubin levels were reduced in animals that received the 

combination, compared to rats which received ET-743 alone, even though the reduction was
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not statistically significant. Pathological examination of liver sections supported these results. 

In rats fed 0.1 % I3C, followed by a single dose of ET-743 there was no evidence of a 

decrease in severity of bile duct damage at 3 days when compared to animals which received 

ET-743 alone. Moreover, at 9 days, biliary fibrosis in rats which received both ET-743 and 

13 C was as intense as that in rats which were treated with ET-743 alone.
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Figure 7.2 Effect of 0.5 % I3C in the diet on ET-743 induced elevations of plasma activity 

of aspartate aminotransferase (A), alkaline phosphatase (B) and of plasma bilirubin 

levels (C) in female rats. I3C, at 0.5 % in the diet, was administered for one week prior to 

ET-743 (40 pg/kg, i.v.) and throughout the study. Rats were culled and plasma indicators of 

toxicity were measured at 3 and 9 days post ET-743. Values are the mean ± SD for 5 animals. 

Stars indicate that values are significantly greater (p< 0.05 by ANOVA) than activities and 

levels in animals which did not receive ET-743. Daggers indicate that values for the combined 

treatment are significantly less (p<0.05 % by ANOVA) than activities and levels in animals 

which received ET-743 only.
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f.

Figure 7.3 Photomicrographs of liver section from female W istar rats which received 

ET-743 (40 pg/kg i.v.) alone (A) or after 0.5 % I3C in the diet for one week prior to ET- 

743 and throughout the study period (B). Note in A the swollen, thickened portal tract with 

an infiltrate o f  inflam m atory cells (star) and the damaged bile duct (arrow), which is lined by 

degenerative epithelium, characteristics o f  ET-743 induced changes in livers o f female rats. In 

contrast, after 13C pre-treatm ent (B) a comparable portal tract is indistinguishable from 

controls. Sections are representative o f five separate animals. Bar equals 100 pm. 

Histopathological analysis was canied  out by Dr Peter Greaves.
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Figure 7.4 Effect of 0.1 % I3C in the diet on ET-743 induced elevations of plasma activity 

of aspartate aminotransferase (A), alkaline phosphatase (B) and of plasma bilirubin 

levels (C) in female rats. I3C, at 0.1 % in the diet, was administered for one week prior to 

ET-743 (40 pg/kg, i.v.) and throughout the study. Rats were culled and plasma indicators of 

toxicity were measured at 3 and 9 days post ET-743. Values are the mean ± SD of 5 animals. 

Stars indicate that values are significantly greater (p< 0.05 by ANOVA) than activities and 

levels in animals which did not receive ET-743. Daggers indicate that values for the combined 

treatment are significantly less (p<0.05 % by ANOVA) from activities and levels in animals 

which received ET-743 only.
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7.3 The effect of DIM pre-treatment on ET-743-induced liver changes

13 C undergoes extensive condensation reactions under the acidic conditions of the stomach. 

One of the main acid condensation product is DIM (figure 7.1), which is a result of the 

condensation of two molecules of I3C. 13C at 0.5 % in the diet is equal to approximately 400 

mg/kg or 2.72 mmoles/kg, therefore, assuming all of the 13C molecules dimerise to form DIM, 

the maximum amount of DIM which could theoretically be produced is 50 % of the 

concentration of I3C. Much lower levels of DIM are formed after 13C dosing compared to 

levels measured after DIM dosing. In a recent study by Anderton et al (unpublished) the levels 

of DIM were measured in the livers of mice after a single oral dose of 13C (250 mg/kg or 1.7 

mmoles/kg) or DIM (250mg/kg or 1 mmole/kg). The maximum levels of DIM measured in the 

liver were 14 nmoles/g after a single dose of 13 C, compared to 170 nmoles/g measured after 

DIM administration. Therefore, the levels of DIM after similar doses of 13C or DIM are 

approximately 12-fold higher after DIM administration compared to 13C administration. To 

investigate the possibility that the protective effect of 0.5 % 13C in the diet against ET-743- 

induced hepatotoxicity is due to its conversion to DIM, an experiment was designed to 

investigate the effect of 0.2 % DIM on ET-743-mediated hepatotoxicity. This dose far exceeds 

the concentration of DIM likely to be formed from 13C in the stomach after 0.5 % I3C.

ET-743 alone elicited hepatic damage as reflected by dramatically raised bilirubin and 

elevated ALP and AST in the plasma as seen in previous experiments. Administration of 0.2 

% DIM in the diet one week before ET-743 and throughout the experiment did not decrease 

AST and ALP activity when compared with levels induced by ET-743 treatment alone (figure 

7.5). However, bilirubin levels were reduced in animals that received the combination, 

compared to rats, which received ET-743 alone, but the reduction was not significant. 

Pathological examination of liver sections endorse these findings. In rats fed 0.2 % DIM, there 

was no evidence of a decrease in the severity of bile duct damage induced by ET-743 at 3 days 

after dosing when compared to animals which received ET-743 alone. Moreover, at 9 days 

biliary fibrosis in rats, which received the combination of ET-743 and 13 C, was as severe as 

that in rats, which were treated with ET-743 alone.
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Figure 7.5 Effect of 0.2 % DIM  in the diet on ET-743-induced elevations of plasma 

activity of aspartate aminotransferase (A), alkaline phosphatase (B) and of plasma 

bilirubin levels (C) in female rats. DIM, at 0.2 % in the diet, was administered for one week 

prior to ET-743 (40 pg/kg, i.v.) and throughout the study. Rats were culled and plasma 

indicators of hepatotoxicity were measured at 3 and 9 days post ET-743. Values are the mean 

± SD of 5 animals. Stars indicate that values are significantly different (p< 0.05 by ANOVA) 

from activities and levels in animals which did not receive ET-743.
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7.4 The effect of I3C on hepatic cytochrome P450 enzymes

The experiments described in chapter 4 hint at the possibility that dexamethasone-induced 

CYP3A enzymes in rat liver oxidise ET-743 to a non-hepatotoxic species. As (3- 

naphthoflavone also suppressed the toxicity, induction of CYPIA enzymes may also be a 

mechanism of protection against ET-743-induced hepatotoxicity. I3C is an inducer of 

oxidative drug metabolism, and raised CYP enzyme levels may play a role in the mechanism 

by which 13 C ameliorated the adverse effects of ET-743 in the rat liver. In order to investigate 

this hypothesis, the levels of induction of CYP3A and CYPlAl/2 were measured in 

microsomes taken from rats one week after administration of 0.5 % I3C, the time point at 

which ET-743 would have been injected in the combination studies. In addition, the induction 

of CYPs by a hepatoprotective dose of I3C was compared with that of DIM at a dose that was 

found to have little effect on ET-743-mediated hepatotoxicity. As shown in figure 7.6, at 0.5 

% in the diet, I3C increased the rate of oxidative de-benzoylation of 7-BQ, the model substrate 

for CYP3A activity, by 2.6-fold, whereas DIM increased the rate only by 1.7-fold. In addition, 

13C increased CYPIA 1/2 activity by 15.3-fold compared to 0.2 % DIM, which increased the 

rate only 3.1-fold (figure 7.7).
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Figure 7.6 CYP3A activity in female rats after 0.5 % I3C (closed bars) or 0.2 % DIM 

(striped bars) feeding for one week compared to untreated rats (open bars). CYP3A 

activity was measured by the conversion of 7-BQ to 7-HQ by microsomes prepared from rat 

livers after 7 days of 13C and DIM feeding. Values, expressed as the rate of formation of 7- 

HQ in pmol /min/gram of microsomal protein are the mean ± SD of four animals. Stars 

indicate values are significantly different to controls (p<0.05 by ANOVA).
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Figure 7.7 CYPlAl/2 activity in female rats after 0.5 % I3C (closed bars) or 0.2 % DIM 

(striped bars) feeding for one week compared to untreated female rats (open bars).

CYP3A activity was measured by the conversion of ethoxyresorufin to resorufin by 

microsomes prepared from rat livers after 7 days of 13 C and DIM feeding. Values, expressed 

as the rate of formation resorufin in pmol /min/gram of microsomal protein are the mean ± SD 

of four animals. Stars indicate values are significantly different to controls (p<0.05 by 

ANOVA).
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7.5 Discussion

Treatment with DC at 0.5 % in the diet for one week prior to ET-743 and throughout the 

experiment ameliorated ET-743-induced hepatotoxicity. The protective effect was reflected by 

significant suppression of the elevation of bilirubin and ALP normally induced by ET-743, 

and prevention of ET-743 induced pathological damage. Furthermore, this protection persisted 

for up to 12 days after ET-743 administration. In contrast, the lower dose of DC, 0.1 % in the 

diet, failed to significantly protect against the detrimental effects of ET-743 on rat liver. DIM 

pre-treatment at 0.2 % in the diet did not significantly reduce the biochemical indicators of 

hepatotoxicity. This result would suggest that the protection afforded by 0.5 % DC is not due 

to the condensation product, DIM, as the concentration of DIM in the stomach after feeding 

0.2 % DIM far exceeds the concentration of DIM in the stomach achieved after feeding of 0.5 

% DC. However, condensation products other than DIM formed under acid conditions may 

be responsible for the protection afforded by DC. Two such products, indolylcarbazole (ICZ) 

and 2-(indol-3 -ylmethyl)-3,3 -diindolylmethane (LTr-1) have been reported to contribute to the 

action of DC and there are a number of other metabolites yet to be investigated (Brignall, 

2001).

Dexamethasone and p-naphthoflavone were effective at reducing ET-743-induced 

hepatotoxicity, possibly by increasing oxidative metabolism of ET-743 to a less hepatotoxic 

species, through induction CYP3A and CYPIA, respectively. Increased oxidative metabolism 

of ET-743 may also be the mechanism by which DC prevents ET-743-induced liver damage. 

DC at 0.5 % induced hepatic CYP3A by 2.6-fold compared with 0.2 % DIM which induced 

CYP3A by 1.7-fold. This induction was not as impressive as that achieved by a 

hepatoprotective dose of dexamethasone, 10 mg/kg, which induced CYP3A 7-fold, and a 

moderately hepatoprotective dose of 5 mg/kg which induced CYP3A 3-fold. In addition, DC 

significantly induced CYPIA activity 15.3-fold, whereas DIM induced the enzyme by a more 

modest 3.1-fold. The finding, that DC induced CYP to a similar degree as a moderately 

hepatoprotective dose of dexamethasone, 5 mg/kg, would suggest that induction of CYP3A is 

likely to be the mechanism of protection by DC. In addition, because CYPIA activity was
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elevated so strongly by DC, and p-naphthoflavone was also effective at protecting against the 

liver (see chapter 5), induction of CYPIA may perhaps contribute to the mechanism by which 

DC protects against ET-743-induced hepatotoxicity. Furthermore, other mechanism such as 

elevation of phase II enzymes and increased bile flow may also play a role in the reduction of 

ET-743-mediated toxicity by DC.

DIM is more stable than DC and remains in the liver for longer, but it was less effective than 

DC at inducing CYPIA. Bjeldanes et al compared the Ah receptor-binding affinities of the 

condensation products of DC. DC had the lowest binding affinity for the Ah-receptor, which 

is in contrast with the biological potency of DC as an inducer of CYPIA activity in the whole 

animal (Bjeldanes et al., 1991). The condensation product ICZ had the highest binding affinity 

for the Ah receptor followed by LTr-1, and DIM. These results would suggest that the ability 

of DC, when given in the diet, to induce CYPlAl is due to its condensation products binding 

to the Ah receptor rather than DC itself. Therefore, both DIM and DC have relatively low 

binding affinity for the Ah receptor, but DC in converted into condensation products under 

acid condition which are potent Ah receptor agonists and lead to induction of CYPIA activity.

High dose DC, 0.5 % in the diet, which is equivalent to approximately 400 mg/kg rat body 

weight/day, showed protection against ET-743 hepatotoxicity without any DC treatment 

related side effects. In studies in which mice received large doses of DC, up to 700 

mg/kg/day, there were no toxic effects (Grubbs et al., 1995). DC is a dietary agent and 

possibly innocuous in comparison to dexamethasone, which has a number of adverse effects in 

humans. However, high doses of DC equivalent to the doses given to rats in these studies have 

not been given to humans before and may cause some adverse reactions. Nevertheless, DC 

may still be less harmful than dexamethasone and therefore could prove to be safer than 

dexamethasone in the clinic for protection against ET-743-induced hepatotoxicity. In order to 

justify exploration of the DC hepatoprotection strategy in the clinic, it is vital to demonstrate 

that DC does not adversely affect the anti-tumour activity of ET-743. The anti-tumour effect 

of DC in combination with ET-743 is currently being investigated by collaborators in Milan.
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8.1 Final discussion

The work described in this thesis has provided the following seven novel insights into the 

hepatotoxicity of ET-743:

1)The hepatotoxicity exerted by ET-743 is characterised by a primary insult to the bile ducts 

illustrated by degeneration and focal patchy necrosis associated with inflammation. 

Hepatocytes were essentially normal after ET-743 administration, apart from focal zones of 

hepatic necrosis in some treated animals (chapter 3). In preclinical toxicity studies, hepatic 

damage caused by ET-743 were characterised as cholangitis, however this is the first time 

extensive histopathological examinations have been performed in conjunction with electron 

microscopy to characterise the hepatotoxicity.

2) The pathological damage and elevated liver enzymes generated by ET-743 in the female 

Wistar rat persist for at least 3 months (chapter 3). This finding differs from the results of the 

preclinical toxicity studies in mice, dogs and monkeys in which hepatic toxicities were 

resolved after 3-4 weeks. Furthermore, it has been reported that the haematological and 

pathological effects were generally reversible in rats (Jimeno et al., 1996).

3) For the first time microarray analysis was performed to explore gene expression changes 

which may identify the biological events underlying the unwanted hepatic effects of ET-743 

(chapter 3). Microarray technology was also used to assess whether dexamethasone abrogates 

the hepatic gene expression changes produced by ET-743. Microarray technology is often 

used to monitor changes in expression of thousands of genes in response to drug treatment. In 

this project, microarray technology has been used as an innovative tool to charcterise specific 

gene changes associated with toxicity, and to monitor these specific gene changes to predict 

abrogation of toxicity.

4) ET-743-induced liver toxicity is coupled with enhanced liver cell proliferation involving 

up-regulation of the cdc2a and ccndl genes (chapter 3). This is an unusual and possible unique 

property for a cytotoxic anti-cancer agents.
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5) Single high-dose dexamethasone pre-treatment prevents the deleterious effects of ET-743, 

on liver function, structure and gene changes in the rat, without compromising its 

experimental anti-tumour activity (chapter 4). Whereas, simultaneous dexamethasone and ET- 

743 treatment enhanced the ET-743-induced hepatotoxicity. Suppression of the toxicity was 

associated with an induction of CYP3A and dramatic reduction in hepatic ET-743 levels, 

which intimate that ET-743 increases the metabolic removal of ET-743.

6) Pre-treatment with p-naphthoflavone and phenobarbitone also displayed some efficacy as 

potential antidotes against ET-743-induced hepatotoxicity (chapter 5). Furthermore, another 

CYP inducer, 13 C, abrogated the detrimental effects on the liver induced by ET-743 (chapter

7). The results suggest that CYP induction may play a role in the mechanism of protection 

against ET-743 hepatotoxicity.

7) For the first time cultured hepatocytes have been used to investigate the mechanism by 

which ET-743 causes hepatotoxicity. Cultured hepatocytes exposed to ET-743 displayed a 

greater degree of toxicity compared to hepatocytes in vivo (chapter 6). Pre-treatment with 

dexamethasone, p-naphthofiavone or phenobarbitone, at doses which decreased the toxicity of 

ET-743 in the female rat in vivo, failed to influence cytotoxicity exerted by ET-743 in 

hepatocytes in vitro. Therefore, this work suggests that hepatocytes in culture are not a 

suitable model for the discovery of agents which protect against the detrimental effects of ET- 

743.

The rat is an important preclinical model in anti-cancer drug development and is often used to 

predict drug toxicity and disposition in humans. However, the differences in CYP3A enzymes 

between rats and humans and the interspecies difference in metabolism of ET-743 has led to 

the suggestion that the female rat is not a suitable model to evaluate ET-743 liver toxicity in 

humans. In addition, the female rat is the species most sensitive to ET-743 hepatotoxicity in 

which the toxicity is irreversible, whereas manifestations of damage induced by ET-743 in 

humans, acute transaminitis and subclinical cholangitis, are generally reversible after 3 weeks. 

The liver changes in the female rat and human are not dissimilar but the damage is more

174



Chapter 8____________________________________________________________________

intense in the female rat. Therefore, the female rat is a suitable experimental model to study 

the effects of possible antidotes on ET-743-induced hepatotoxicity. However any conclusions 

drawn from the results obtained in rats need to be extrapolated to the clinic with utmost 

caution.

A possible reason for the high susceptibility of the female rat to the hepatotoxic potential of 

ET-743 is the low basal activity of CYP3A compared to other species. Female rats were more 

sensitive than male rats and this increased sensitivity corresponded with significantly lower 

CYP3A activity (chapter 3). Similar CYP3A activities were observed in the male rat and 

humans (Tomlinson et al., 1997). In addition, the mouse is reported to be very similar to the 

male rat regarding CYP3A activity (Bogaards et al., 2000). The similarity in CYP3A activity 

between the male rat, mouse and human might explain the lower sensitivity to ET-743 

hepatotoxicity in these species compared to female rats. In humans, CYP3A does not exhibit 

gender difference, and therefore there should not be gender dimorphism in metabolism and 

toxicity of ET-743.

In this thesis several antidotes have been investigated for their efficacy in limiting ET-743 

induced hepatoxoticity in the female rat. It seems worthwhile to discuss the potential use of 

these agents in the clinic and to consider which further investigations in cancer patients may 

lead to strategies to reduce ET-743-mediated hepatotoxicity.

Dexamethasone was the most effective agent at preventing against ET-743-mediated 

hepatotoxicity. Furthermore, dexamethasone pre-treatment did not interfere with the anti­

tumour activity, and the combination may even be more efficacious than ET-743 alone. 

Dexamethasone therapy is given at low doses in clinical trials with ET-743 to reduce the 

chemotherapy related emesis, but the effect o f dexamethasone on the hepatotoxicity has not 

been fully evaluated. Higher doses of dexamethasone are given to patients in circumstances in 

which immunosuppression and antiinflammation are desired, however, it is associated with 

adverse effects. High doses of dexamethasone equivalent to the dose of 10 mg/kg, which was 

found to be hepatoprotective in rats, are probably too high to use in humans. Nevertheless,
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tolerable high doses of dexamethasone, such as 10 mg per person, deserve investigation in 

patients for protection against ET-743-induced hepatotoxicity. The timing of pre-treatment 

seems to be crucial in the rat, as dexamethasone given 24 hours prior to ET-743 was 

hepatoprotective, but when given concurrently with ET-743, the toxicity was enhanced. A 

clinical trial should be designed to investigate the effects of high-dose dexamethasone 24 

hours prior to ET-743 infusion. A randomised clinical trial would be required consisting of 

two arms, in one arm, patients should receive low-dose dexamethasone concurrently with ET- 

743, as in previous ET-743 phase II trials, and in the second arm, patients should receive high- 

dose dexamethasone 24 hours prior to ET-743. The effect of dexamethasone on the 

hepatotoxicity and anti-tumour activity should be evaluated.

If the hypothesis is correct that dexamethasone protects against ET-743 by inducing CYP3A 

and increasing the metabolic removal of ET-743, then other CYP3A inducers may be equally 

effective as dexamethasone. The antibiotic rifampicin is perhaps the most potent inducer of 

CYP3A4 in clinical use (Pichard et al., 1990). In patients treated with rifampicin (600 mg per 

day for 4 days) there was a 5-fold increase in CYP3A activity compared to untreated patients, 

measured by excretion of urinary 6p-hydroxycortisol (Ged et al., 1989). As discussed in 

chapter 4, an increase in CYP3A activity between 3 and 7-fold, in rats following 

dexamethasone pre-treatment corresponded with abrogation of the hepatotoxicity induced by 

ET-743. Assuming that induction of CYP3A is the mechanism by which dexamethasone 

protects against ET-743, then rifampicin pre-treatment may be a possible antidote to ET-743- 

induced hepatotoxicity in humans. Rifampicin is used for the treatment of tuberculosis at 

doses of up to 600 mg per day. During therapy, rifampicin is usually well tolerated, however, 

adverse side-effects are common in intermittent rifampicin intake. These side-effects include 

febrile reaction, eosinophilia, leucopenia, thrombocytopenia, purpura, haemolysis and shock, 

hepatotoxicity and nephrotoxicity (BNF). Rifampcin at high doses can cause cholestasis and 

liver dysfunction (Scheuer et al., 1974) and might therefore intensify ET-743 hepatotoxicity. 

Therefore, rifampicin should be tested, initially in the rat model used in this project to evaluate 

its effect on ET-743-induced hepatotoxicity.
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Induction o f CYP3A by I3C is a rare example of induction of this isoform by a naturally 

occurring component of human diet (Stresser et al., 1994). The finding that high-dose 13C was 

effective at protecting rat liver against ET-743-induced hepatotoxicity provides a powerful 

rationale for an investigation into the protective effect o f 13C in the clinic. The results of the 

work presented here allow the conclusion that 0.5 % 13C pre-treatment, which equals 

approximately 400 mg/kg rat/day, eliminated almost completely the biliary damage induced 

by ET-743, whereas 0.1 % 13C, which equals approximately 80 mg/kg rat/day, had very little 

effect. Based on the Freireich equation (Freireich et al., 1966) which has been used to 

compare the maximum tolerated doses of anti-cancer drugs in man and different animal 

species, 400 mg/kg in rats equates to 2.8 g/m^, and for a 70 kg human with a body surface area 

o f 1.8 m^, the dose of I3C which was hepatoprotective in rats is equal to 5 g in human. The 

chemopreventive potential of 13 C has been well documented in animal models, yet few 

clinical trials have been performed. In a clinical trial to investigate the effect of 13C on 

oestrogen metabolism, women received 400 mg/day 13C for 3 months and no adverse effects 

were noted (Bradlow et al., 1994). This dose is considerably lower than the equivalent dose of 

400mg/kg / day given to the rat, which was found to be hepatoprotective. As a detailed dose 

ranging study for 13 C has not been performed in this investigation, a concentration somewhere 

between 0.1 and 0.5 % may also be effective against ET-743-induced liver toxicity. It is not 

known whether the degree of CYP induction by 13 C is comparable in humans and rats, or 

whether the level of CYP induction to increase oxidative metabolism of ET-743 is equal in 

rats and humans. Therefore, it may be possible to achieve induction of CYP and increased 

oxidative metabolism of ET-743 in humans with daily doses of I3C lower than 5 g.

The data regarding the effect of 13 C on hepatocarcinogenesis in animals initiated by afiatoxin 

Bi are contradictory. Several studies have been performed in rainbow trout in which 13 C 

administered prior to afiatoxin Bi showed a protective effect against hepatocarcinogenesis 

(Bailey et al., 1987a; Goeger et al., 1986). However, when the afiatoxin administration 

proceeded 13C treatment, promotion of liver tumours was noted (Bailey et al., 1987b; 

Dashwood, 1998). I3C tumour promoting activity has also been observed in a colon cancer 

model. Administration of 13C combined with wheat bran and cholesterol before, during and
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after treatment with the colon carcinogen dimethylhydrazine enhanced tumour incidence in the 

colon (Pence et ah, 1986). In another rat model, 13C enhanced liver and thyroid neoplasia 

when given one week after a 3 week initiation period with N-diethylnitrosamine (DEN), N- 

methylnitrosourea (NMU) and dihydroxy-di-N-propyl-nitrosamine (DHPN) (Kim et ah,

1997). The possibility of tumour promotion by 13C in humans is unknown and therefore 13C 

should be given to patient with utmost prudence. Whether 13C pre-treatment affects the anti­

tumour activity of ET-743 in rodent tumour models is currently being evaluated by 

collaborators in Milan.

p-Naphthoflavone was effective at reducing ET-743 induced hepatotoxicity leading to the 

hypothesis that CYPIA may be involved in the oxidative metabolism of ET-743. The finding 

that 13C at 0.5 % in the diet prevented ET-743-induced hepatotoxicity, and the same dose also 

induced CYPlAl/2 activity by 15-fold is consistent with this hypothesis. p-Naphthofiavone is 

frequently used in animal models to induce CYPIA, but there is no record of its use in the 

clinic. There is also a suggestion that p-naphthofiavone may be carcinogenic (McKillop and 

Case, 1991). Therefore, p-naphthofiavone could perhaps not be given to cancer patients as a 

protective strategy.

Both dexamethasone and I3C at high concentrations prevented ET-743-induced 

hepatotoxicity. An alternative strategy would be to combine dexamethasone and 13 C at lower 

doses. The two agents in combination may sufficiently induce CYP3A to increase oxidative 

metabolism by the required amount. The protective effect of a combination of dexamethasone 

and 13C against ET-743-induced hepatotoxicity should firstly be evaluated in the female 

Wistar rat. If the combination was successful, then a clinical trial may be warranted. The 

combination of dexamethasone and 13 C, at lower doses than those used to evaluate the agents 

individually, might well reduce the adverse effects associated with high doses of the two 

agents.

Throughout the history of development of novel chemotherapeutic agents there are many 

examples of drugs with interesting anti-tumour activity but with toxicity which prevented
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progress and development in the clinic. In some cases toxicities were detected early, whereas 

for some agents, unwanted side-effects have become apparent much later in clinical trials. The 

work in this thesis provides novel insights into the hepatotoxicity of ET-743 and strategies for 

elimination of its unwanted hepatic effects. If ET-743 was still in the early stages of 

development this information would perhaps have facilitated a better approach to ET-743 

development. ET-743 is currently in phase II/III clinical trials but the interesting findings 

concerning strategies to eliminate its hepatotoxicity may still have an impact on the future 

clinical use of ET-743.
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ABSTRACT

Ecteinascidin-743 (ET-743) is a novel m arine-derived anticancer drug 
with clinical activity in soft tissue sarcom a and ovarian cancer. Reversible 
tranæaminitis and subclinical cholangitis have frequently been described  
in paitients who receive ET-743. To facilitate understanding of this adverse 
effeclt and help design suitable therapeutic rescue strategies, we charac- 
terizted the hepatic effects o f ET-743 in rats. Fem ale rats received ET-743 
(singjle dose, 40 jxg/kg) i.v., and liver changes were assessed from 6 h up to 
3 moinths after dosing by histopathology, im m unohistochem istry, electron 
micnoscopy, hepatic and plasm a biochem istry, and DNA microarray anal­
ysis. At 24 h posttreatm ent and beyond, livers displayed degeneration and 
patclhy focal necrosis o f  bile duct epithelial cells associated with mild 
inflaimmation followed by fibrosis. Sporadic and focal zones o f hepatic 
necriosis and hem orrhage were observed from day 2 onward, although the 
majoirity o f hepatocytes appeared norm al as judged by electron micros­
copy.. Pathological alterations persisted up to 3 m onths after dosing. 
Plasm a levels o f  total bilirubin were elevated up to 7-fold over those in 
untreated rats from  day 2 onward and returned to control values by day 
24. Activities o f  alkaline phosphatase and aspartate aminotransferase in 
plasm a were elevated for 2 and 3 months, respectively. Activities o f the 
hepatic m icrosom al drug-m etabolizing enzymes cytochrom e P-450 A l/2 , 
CYP2E1, and CYP3A2 were decreased. DNA m icroarray analysis o f livers 
from  ET-743-treated anim als showed a dramatic increase in the expres­
sion o f  ATP binding cassette transport genes A b cb la  and A bcb lb , which 
impairt resistance to anticancer drugs, and o f Cdc2a and C cn dl, the rodent 
hom ologues o f human cell cycle genes CDC2 and cyclin D l,  respectively. 
The cell cycle gene expression changes m irrored ET-743-induced in­
creases in liver weight and Ki-67 labeling o f liver nuclei. The results 
suggest that the toxicity exerted by ET-743 in the rat liver is a consequence 
of biliary rather than hepatocellular dam age and that it is accompanied by  
a wa ve of m itogenic activity, w hich may be driven by the transcriptional 
increase in Cdc2a  expression.

INTRODUCTION

Ecteinascidin 743 (ET-743) is a tetrahydroisoquinoline alkaloid 
isolated from the marine tunicate Ecteinascidia turbinata that pos­
sesses potent antineoplastic activity against a variety o f  human tumor 
xenografts grown in athymic m ice in vivo, including melanoma and 
ovarian and breast carcinoma (1 -3 ) . In clinical Phase 1 studies o f  
ET-743, prom ising responses were observed in patients with sarcoma 
and breast and ovarian carcinoma (4 -7 ) . The drug is currently under 
investigation in Phase II trials in cancer patients with a variety o f  
neoplastic diseases. Patients w ho received ET-743 by prolonged in­
fusions over 2 4 -7 2  h experienced myelosuppression and frequently 
acute (but reversible) transaminitis and subclinical cholangitis char-
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acterized by increases in ALP^ and/or bilirubin. Preclinical acute 
toxicity studies conducted in m ice, rats, dogs, and m onkeys dem on­
strated liver toxicity as an important side effect o f  ET-743, as evi­
denced by an increase in plasma levels o f  liver-specific enzym es and 
pathological manifestations o f  cholangitis (8). In these studies, the 
female rat was identified as the species with the highest susceptibility 
to the hepatotoxic potential o f  ET-743 and showed treatment-related 
blood chemistry alterations not unlike those accompanying hepato­
toxicity seen in the clinical trials o f  ET-743 (4 -7 ) .

The mechanism o f  antineoplastic action o f  ET-743 is not yet fully  
understood, and the mechanisms responsible for its hepatotoxic po­
tential are unknown. The drug has been shown to bind to the minor 
groove o f  D N A  and alkylate the N 2 position o f  guanine at specific  
sequences (9). At pharmacologically active concentrations, ET-743 
caused perturbations o f  the cell cycle with a decrease in the rate o f  
progression o f  S-phase cells toward G j and a prolonged blockade in 
G j-M  (10). The drug inhibited the binding o f  several transcription 
factors to D N A  (11-13), prominent among them nuclear factor Y  (12, 
13), which activates transcription o f  som e cell cycle genes. Therefore, 
the perturbations o f  the cell cycle machinery exerted by ET-43 may be 
caused, at least in part, by its ability to inhibit nuclear factor Y  
transactivation. Cells deficient in nucleotide excision repair ability  
were resistant to the cytotoxic potential o f  ET-743 (14), a finding that 
suggests that the mode o f  cytotoxicity o f  ET-743 is distinctly different 
from that o f  other DNA-interactive cytotoxicants.

Taken together, these results characterize ET-743 as a new  drug 
with anticancer activity and a novel, albeit still somewhat obscure, 
mechanism o f  antineoplastic activity. In light o f  the paucity o f  infor­
mation available on details o f  its hepatotoxic potential, w e investi­
gated its hepatotoxicity in vivo in the female rat, the rodent species  
that seem s to be m ost sensitive to this adverse effect o f  ET-743, by  
detailed analysis o f  ET-743-induced changes in liver pathology, b io­
chemistry, and accompanying gene expression profiles. The overall 
aim o f  the study was to increase our understanding o f  the hepatotox­
icity o f  ET-743 and identify biological events underlying the observed  
hepatic alterations that may ultimately be exploited by novel thera­
peutic regimens or drug combinations designed to alleviate this ad­
verse effect.

M A T E R IA L S A N D  M E T H O D S

Anim als and Treatm ents. ET-743 was obtained from PharmaMar SA  
(Madrid, Spain), the drug manufacturer. Experiments were conducted as stip­
ulated hy Project License 80/1250 granted to the MRC Toxicology Unit hy the 
United Kingdom Home Office. Groups o f  four female Wistar rats (230 -260  g) 
received either a single dose o f  ET-743 (40 p,g/kg) i.v. or the vehicle (water) 
via the lateral tail vein. In a preliminary dose-finding orientation experiment, 
ET-743 administered at 75 Mg/kg, the maximum tolerated dose in the female 
rat, elicited severe toxicity, resulting in mortality. Therefore the dose was 
reduced to 40 /ig/kg, which caused toxicity hut avoided mortality. This dose is 
close to 1500 pbg/m^ (approximately 38 /xg/kg), the dose recommended to he

 ̂The abbreviations used are: A L P, alkaline phosphatase; AST, aspartate am inotrans­
ferase; M RC , M edical R esearch Council; CY P, cytochrom e P-450; A B C, A T P binding 
cassette.

4256

mailto:agl5@le.ac.uk


HEPATOTOXICITY OF ET-743

infusecd in Phase II studies in patients (5). Animals were killed 6, 12, or 24 h; 
2, 3, (6, 12, 24, or 48 days; or 3 months after administration. Blood was 
obtainied by cardiac puncture, and blood cells were separated from plasma by 
centriifugation. Slices o f  liver were excised and fixed in buffered formalin 
(10%)). The remaining liver tissue was homogenized in ice-cold 50 m M  

Tris-KCCl buffer containing 0.25 m  sucrose (pH 7.4). For isolation o f  liver 
microssomes, the homogenate was centrifuged (10,000 X g, 20 min, 4°C), and 
the su]pematant was then removed and spun at 100,000 X g  for 60 min at 4°C 
(15). Tfhe microsomal pellet was resuspended in fresh buffer and recentrifuged 
(100,0)00 X g) for an additional 60 min. The resulting pellet was suspended in 
0.25 M l phosphate buffer containing 30% glycerol, stored at —80 C, and thawed 
before: analysis. The Bradford assay was used to determine protein concen­
tration!.

Sellected tissues other than liver (including stomach, small intestine, thymus, 
spleem, heart, lungs, kidneys, and bone marrow) from rats killed at periods o f  
up to 3 days after treatment were taken for histological examination.

Hisstopathology and Im m unocytochem istry. Tissues were fixed in neu­
tral buiffered formalin and embedded in paraffin wax. Sternum samples were 
decalcified for examination o f  bone marrow cellularity. Sections (5-/xm thick) 
were <cut and stained with H&E. Selected hepatic sections were stained with 
van G ieson ’s stain for collagen.

K.i-67 was demonstrated in sections o f  fonnalin-fixed, paraffin wax-embed­
ded liiver tissue at all time points between 6 h and 12 days after dosing. 
Sections were dewaxed in xylene, immersed in water, and microwaved in 
citrate buffer (pH 6.0) for 30 min at 700 W. A  primary polyclonal rabbit 
antibody to a 1086-bp Ki-67 motif-containing cDNA fragment (NCL-Ki67p; 
Novacastra) was applied at a dilution o f  1:500 for 3 h at room temperature. 
Normial rabbit immunoglobulin (X0903; DAKO) was used as a negative 
control. The primary antibody was detected with the DAKO Duet System 
(K0492; DAKO). Positive nuclei were visualized using 3 ,3 '-diaminobenzidine 
tetrahydrochloride, and sections were lightly counterstained with hematoxylin. 
The total number o f nuclei/unit area was calculated by counting the number o f  
nuclei in a rectangular frame (0.32 X 0.225 mm) using the X40 Diaplan 
microiscope objective on the H&E-stained sections, and counting was repeated 
in 10 randomly chosen frames. The proliferation index was calculated as the 
numb«r o f  Ki-67-stained nuclei/1000 hepatocyte nuclei.

Thic presence o f  «-smooth muscle actin was demonstrated using a mouse 
monoclonal antibody (clone 1A4, IgG2a, DAKO M 0851) against the NH^- 
terminal decapeptide o f  human «-smooth muscle actin. Sections were pre- 
treateid as described above, and the primary antibody was applied at a dilution 
o f 1:100 for 3 h at room temperature). Mouse IgG2a-negative control antibody 
(X0943; DAKO) was used as control. The primary antibody was detected as 
described above. The peroxidase label was visualized using the VIP substrate 
kit (SK-4600; Vector Laboratories) followed by a light hematoxylin counter­
stain.

Electron M icroscopy. Livers were fixed by vascular perfusion with 2% 
glutaraldehyde in 0.1 m  sodium cacodylate buffer (pH 7.4) and stored over­
night (4°C) in the fixative. Slices (< l-m m  thick) were postfixed with 1% 
osmium tetroxide/1% potassium ferrocyanide, stained en bloc with 5% uranyl 
acetate, and embedded in Taab epoxy resin (Taab Ltd.). Ultrathin sections were 
examined unstained or after staining with lead citrate and/or uranyl acetate.

M easurem ent o f Liver Enzym es, Bilirubin, and Cytochrome P450  
Isoenzymes, and Cell Cycle Distribution. Plasma levels o f  ALP, AST, and 
total plasma bilirubin were measured using commercially available kits and 
established protocols (Sigma, St. Louis, MO). Total microsomal cytochrome 
P450 protein content was determined by the method o f  Adams et al. (15), and 
activities o f  liver microsomal enzymes associated with cytochrome P450 
isoforms C Y P lA I/2 , CYP2E1, and CYP3A2 were measured according to 
Burke e ta l. (16), Carlson (17), and Chang and Yeung (18) using ethoxyresoru- 
fin, 4-nitrophenol, and 7-benzyloxy-4-trifluoromethylcoumarin, respectively, 
as substrates.

Cell cycle analysis on liver nuclei from control and ET-743-treated rats was 
performed as described previously using fluorescence-assisted cell-sorting 
scan (19).

M icroarray Studies. In a separate study, female Wistar rats were treated as 
described above with ET-743, and the liver o f  each treated rat was paired with 
liver from an age-matched vehicle-treated control rat. Groups o f  three ET-743- 
treated rats paired with three untreated rats were killed 6 h and 1, 2, 3, 6, and 
24 days after dosing. Analysis o f  hepatic gene expression was carried out using

cDNA microarrays containing approximately 4700 hybridizable mouse ex­
pressed sequence tags derived from IMAGE clones obtained from Research 
Genetics (Huntsville, AL) or from the MRC Human Gene Mapping Project." 
At each time point, one array was used for each pair o f  rats, and the individual 
RNAs were labeled with Cy3 or Cy5. The labels were reversed for subsequent 
hybridizations. Microarray preparation, RNA labeling, and hybridization were 
performed as described previously by Turton et al. (20). The clones o f  interest 
were sequenced to confirm identity. Where differential expression was deter­
mined, sequence homology with the appropriate rat gene was assessed to 
confirm that cross-hybridization between the species could occur. Pixel inten­
sity for both the features and the background was assessed using GenePix 
software (Axon Instruments, Union City, CA) version 3.0.6 and an Axon 
4000A scanner. The data were normalized and processed to a final measure o f  
differential gene expression, quantitated as a ratio o f  ET-743-treated:control, 
as described previously (20), using ConvertData version 3.4.0c.^ Clustering 
analysis was performed by determination o f  the principal components o f  the 
score data (20) using SIMCA-P (Umetrics, Bracknell, United Kingdom). 
The expression o f  genes that were significantly altered with reference to all 
o f  the other genes on the same array were used for a principal components 
analysis. Each microarray was kept as a separate entity for this analysis, as 
were the replicated clones on the microarrays. For the hepatic genes, the 
expression o f  which was consistently up- or down-regulated by ET-743 
{Cdc2a, C cn dl, A hcdb la , A bcb lb , and C ar 3, see “Results”), hom ology  
between the mouse and the rat was established to be 98% or greater. Data 
supplementing the microarray results shown in Figs. 4 and 5 are contained 
on the World Wide Web.^

Statistical Analysis. Significance o f  differences was assessed using one­
way ANOVA followed by Tukey’s p o st hoc test.

R E SU L T S

E ffect o f  ET -743 on L iver P athology. To study liver changes 
induced by ET-743, fem ale rats received a single dose o f  ET-743 (40 
ju,g/kg) i.v. Within 4 - 6  days after dosing, animals lost 15% o f  their 
body weight, compared with controls. W hereas livers obtained 6 and 
12 h after ET-743 administration did not show  signs o f  pathological 
change, the epithelial cells lining the larger bile ducts in som e animals 
displayed focal degenerative alterations at 24  h after treatment. By  
days 2 and 3, these changes involved many bile ducts in all treated 
animals. Livers were characterized by degeneration and patchy focal 
necrosis o f  bile duct epithelial cells associated with a modest acute 
inflammatory infiltrate on day 2 and thereafter (Fig. 1, A and B). A  
day later, these alterations were more pronounced and accompanied  
by increased inflammation (Fig. I Q  and early signs o f  regeneration o f  
the epithelial cells characterized by enlarged cell cytoplasm and large 
irregular nuclei with occasional m itoses. Six and 12 days after treat­
ment with ET-743, bile ducts w ere surrounded by dense, poorly 
cellular, concentric fibrosis (sclerosis) (Fig. IE) and by mesenchymal 
cells that stained for a  smooth m uscle actin (Fig. IF). After 24, 48, 
and 92 days, the inflammation in the portal tract had diminished 
substantially, although periductal fibrosis remained prominent (Fig. 
IG). B lood vessels appeared histologically within normal limits. In 
som e treated rats, rounded focal zones o f  hepatic necrosis and hem­
orrhage were observed from day 2 onward, with little or no inflam­
mation (Fig. ID ). These alterations persisted up to 3 months. Some 
focal pigmentation was seen around zones o f  necrosis at time points 
> 2 4  h after administration o f  ET-743. Apart from these foci o f  
necrosis, m ost hepatocytes showed relatively little alteration on light 
m icroscopic examination, except that m itotic activity was evident 3 
days after treatment.

Electron m icroscopy show ed that w ithin  2 days after adm inis­
tration o f  E T -743, there w as focal injury including som e apoptosis 
in the epithelium  o f  b ile  ducts, often  resulting in the liberation o f

http ://w w w .htgm p.m rc.ac.uk.
’ http ://w w w .le.ac.uk/cm ht/m icroarray_lab/H om e.
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Fipg. 1. Liver sections from  fem ale rats that 
receivved ET-743 (40 p-g/kg, i.v.) 2 {A. B, and D), 3 
(C  anod /). 12 (E  and F), or 48 days (G) before tissue 
e.xcisiiion and liver sections from an untreated rat 
( //) . SStaining was by H&E ( A - E ) ,  im m unoperoxi- 
dase I for «-sm ooth  m uscle actin (F). van G ieson 's  
stain ( (C ), or Ki-67 antiserum  (H  and /). M agnifi- 
cationn was X50 in X; X 130 in C. D, G, H. and I, 
and ><X200 in B, E. and F. T he follow ing features 
charaocterize m anifestations o f  ET-743 hepatotoxic­
ity: swwelling o f  the portal tract with little alteration 
in th ee  hepatic parenchym a (zt); ulceration o f  the 
bile dduct epithelium  (arrow ) and sparse inflam m a­
tory innfiltrate (By. dam age to the bile duct ep ithe­
lium ( (arrow ) and m ild hyperplasia ( O ;  round focus 
o f  heernorrhagic necrosis (£>); peribiliary fibrosis 
and een larged  biliary epithelial cells (£ ); spindle 
cells s.staining for «-sm ooth  m uscle actin (for exam ­
ple. scsee arrow  in F ); presence o f  dense residual 
collaggen in the portal tract m arked by red  slaining  
((7); : and increased staining o f  nuclei for Ki-67 
antigeen ( / / and /). The sections are representative o f  
four t'lo  eight separate anim als. For details o f  his- 
lopathhology and im m unohistochem istry, see “ M a­
terials s and .Methods.”
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cell debris into the lumen (Fig. 2A). M ost o f  the liver remained 
largeely normal. The foci o f  hepatic necrosis (oncosis) and hemor- 
rhagte did not correlate w ith particular regions o f  the lobule. The 
tightt junctions isolating bile canalicu li, even betw een severely  
danuagcd cells , were usually intact. D espite the presence o f  numer­
ous (erythrocytes w ithin these foci, there was little or no inflam - 
matiton. Abnormal m itochondria were evident in m any necrotic 
ce lls i and probably represented a phenomenon secondary to the 
necrrosis. H epatocytes im m ediately surrounding the focal lesions  
tendted to have rather more sm ooth endoplasm ic reticulum than 
contrrols, and it w as dispersed throughout the cytoplasm  rather than 
aggrregated in large clum ps (Fig. 2 5 ). Apparently normal hepato- 
cyte.^s were im m ediately adjacent to affected ce lls . V enous endo- 
theliial ce lls  w ere often distended in a fleeted  zones, w hieh did not 
seem i to be a primary injury because intact endothelial ce lls  were 
prestent overly ing oncotic hepatocytes. The endothelial lining o f  
sinuesoids was largely undamaged, but som e sinusoids were 
bloclked by erythrocytes, neutrophils, p latelets, and luminal fibrin.

As far as ET-743-induced extrahepatic damage is concerned, there 
was a degenerative change in the small intestine to cells deep within 
the intestinal crypts as early as 6 h after treatment. This degeneration 
was visible up to 24 h but had disappeared by day 3. Pancreatic ducts 
in the head o f  pancreas were not systematically sectioned, but in 
sections in which they were visib le, their appearance was entirely 
normal. There was alsc> mild loss in cellularity o f  bone marrow at 12, 
24, and 72 h. The thym us tissue examined showed little or no definite 
evidence o f  loss in cellularity, and the appearance o f  the other organs 
investigated was w ithin normal limits.

In an orientation exp eriment, male rats were investigated instead o f  
females. In male rats, 4 0  fig/kg  ET-743, the dose that had elicited the 
changes described above in female animals, caused only slightly 
irregular bile duct epithielia and sparse degenerate biliary cells 3 days 
after dosing and additional mild peribiliary fibrosis at day 12. Never­
theless, 80 /Ltg/kg E T -743 was profoundly toxic in male rats and 
caused changes to bile ducts and necrosis in liver cells that mimicked
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Effect o f  ET -743 on H epatic G ene E xpression . Gene expression 
profiles were analyzed using one microarray for each o f  the three pairs 
o f  female rats per time point. A cluster o f  genes was consistently 
down-regulated, and this cluster included the cytochrome P450 genes 
CypJal, C ypSall, and Cyp3al3, mirroring the down-regulation in 
activity o f  C Y Pl A l/2 , CYP3A2, and CYP2E1 (see Fig. 3), and Car3, 
which codes for carbonic anhydrase 3. Car3 expression levels reached 
a nadir on day 6 after administration o f  ET-743 (data not shown), past 
the time point o f  maximal biochemical manifestation o f  hepatic dam­
age, which was day 3. Am ong the cluster o f  overexpressed genes were 
the cell cycle genes Cdc2a and Ccndl (Fig. 4A); the rodent homo­
logues o f  human CDC2 and cyclin D l,  respectively; and the two ABC  
transport genes A bcbla  and Abcblb, which are equivalent to human 
ABCBl and impart drug resistance. The time course o f  expression o f  
Abcbla  and A bcblb  (Fig. 5) mirrors the changes in serum bilirubin

ALP 
• * -AST

1'i.g. 2. Electron m icrographs o f  (.4) a bile duct and (5 ) a typical hepatocyte observed 
in fem ale  rats 2 days after treatm ent with ET-743 (40 /xg/kg, i.v.). In A, note focal injury, 
includ ing  some apoptosis, to bile duct epithelium  with liberation o f  some cell debris into 
the lum en . The hepatocyte in B. which was found near a zone o f  necrosis, displays slightly 
more sm ooth  endoplasm ic reticulum  than hepatocytes in control anim als but is otherwise 
essen tia lly  w ithin normal lim its. Bars, 10 p.m. The m icrographs are representative o f  four 
separate  anim als. For details o f  electron m icroscopy, see “M aterials and M ethods.”

in character and extent the liver pathology observed in female rats 
after administration o f  40  jxg/kg ET-743.

E ffect o f ET -743 on L iver B iochem istry. Plasma levels o f  total 
bilirubin started to increase > 2 4  h after female rats had received 
ET -743, and at 3 days, levels were elevated 7-fold over controls 
(Fig. 3.4). This elevation persisted until at least 12 days and returned 
to basal levels by day 24. Levels o f  liver enzym es ALP and AST were 
significantly raised from 48 h after administration o f  ET-743 onward 
(Fig. 3/1). Maximal elevation o f  ALP and AST levels was approxi­
m ately 2-fold over control levels by day 3, and the rise in AST activity 
persisted up to 3 months after administration, the furthest time point 
examined. In male rats, plasma levels o f  bilirubin, ALP, and AST  
were not affected by the dose o f  ET-743 (40 /Ag/kg) that elicited  
marked elevation in females. However 80 /xg/kg ET-743 increased the 
biochemical markers o f  hepatotoxieity in male rats as dramatically as 
seen with the lower dose in females.

ET-743 also affected the activities o f  hepatic microsomal drug- 
metabolizing cytochrome P450 enzym es (Fig. 3). Activities o f  
CYP3A2, CYPl A l/2 , and CYP2E1 were investigated in female rats 
because these enzym es have been implicated in ET-743 metabolism  
(21 ), Levels o f  the latter two were dramatically decreased to almost 
unmeasurable levels 3 days after administration and returned to con­
trol values within 12-24 days. The activity o f  CYP3A2 was decreased 
by up to 37% at day 3 after administration, and this decrease persisted 
for up to 12 days. Levels o f  total microsomal cytochrome P450 
protein were diminished by 33% after 3 days.
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Fig. 3. Time course o f  changes in concentration o f  total bilirubin and activities o f  liver 
enzym es ALP and A ST in the plasm a (A) and o f  cytochrom e P450 protein levels and 
activities o f  C Y Pl A l/2 , CY P2E1, and CY P3A 2 in liver m icrosom es (B) obtained from 
fem ale rats that received ET-743 (40 fxg/kg, i.v.). In A, levels o f  bilirubin ( □ )  are 
presented in /xg/ml (right axis), and activities o f  ALP ( • )  and A ST (■ )  are given as 
units/liter (left axis). Concentrations in B  are expressed as nmol cytochrom e P450 
protein/m g m icrosom al protein (A, left axis)  or as nmol product o f  one o f  the following 
substrates generated/m in/m g m icrosom al protein: 7-benzoyloxy-4-trifluorom ethy 1 couma- 
rin (CY P3A 2, • ;  left axis)\ 4-nitrophenol (CYP2E1, ■ ;  left axis)-, or ethoxyresorufin 
(C Y P l A l/2 , □ ;  right axis). Note that the abscissa in A is not linear with tim e beyond the 
12 h tim e point. Values are the m ean ±  SD o f  4 anim als/tim e point. The values observed 
at the follow ing tim e points are significantly  different (P  <  0.05) from those m easured in 
control rats: bilirubin, days 3, 6, and 12; A LP, days 2, 3, 12, 24, and 48; AST, days 2, 3, 
12, 24, 48, and 96; total cytochrom e P450, day 3 only; CYP3A2 and CY P2E1, days 3, 6, 
and 12; and C Y P lA l/2 , days 3 and 6. For details o f  m easurem ent o f  bilirubin levels and 
enzym e activities, see “M aterials and M ethods.”
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Fig. 4. T im e  course o f  changes (A) in hepatic expression o f  Cdc2a  ( • )  and C cndl 
genes ( ■ ) ,  and (S ) in liver w eight (■ ;  le ft axis)  and K i-67 labeling o f  hepatic nuclei ( • ;  
right a x is )  in fem ale rats that had received  ET-743 (40 /xg/kg, i.v.). C hanges in liver 
weight o f  contro l rats are also shown ( □ ;  left axis). Gene expression patterns (A) were 
determi ned by cD N A  m icroarray. The norm alized  intensity  values from  the hybridization 
o f  the R N A  from treated  rats at the 3 and 6 day tim e points for both genes and the 24 day 
point foir C c n d l  w ere  significantly  d ifferent {P <  0.05) from  the values o f  control rat RNA 
hybrid ized  on the sam e m icroarray. The SD s reflect the variability  in the m easure o f  the 
ratio o f  trea ted .con tro l rats. L iver w eight values {B) are expressed as the ratio o f  liver 
weight ( in  gram s) a t  the tim e point: 100 g  o f  the pretreatm ent body w eight o f  the respective 
anim al. N uclei w ere stained w ith  K i-67 antiserum , and Ki-67 labeling index (S ) denotes 
the n u m b er  o f  stained  nuclei/1000 hepatocyte nuclei. N ote that the abscissa in B  is not 
linear w ith  tim e beyond the 12 h tim e point. V alues are the m ean ±  SD o f  4  rats/tim e 
point, a ste r isk s  indicate that values are significantly  d ifferent from  those o f  the corre­
sponding  cfjntrols (P  <  0.05). For details o f  D N A  m icroarray analysis and K i-67 labeling, 
see “M ateria ls  and M ethods.”

concentration (Fig. 3). The expression o f  none o f  the other 45 ABC  
genes am ong the expressed sequence tags on the microarray was 
altered b y  ET-743. A BC  genes unaffected by ET-743 include Abcb4 
(Fig. 5), which is implicated in phospholipid excretion.

E ffect o f  E T -743 on Ind ices o f  H epatic C ell Proliferation . The 
increase in hepatic expression o f  Cdc2a determined by D N A  microar­
ray peaked on day 3 after administration o f  ET-743. It remained 
elevated through at least day 6 and returned to basal levels on day 24  
(Fig. 4A). Ccndl expression follow ed a similar pattern, except that the 
elevation was smaller and maintained through day 24 (Fig. 4A). The 
Cdc2a gene expression changes were similar to ET-743-induced  
changes in hepatic K i-67 proliferation index. The peak in Ki-67  
proliferation and Cdc2a expression occurred at 6 days and 9 days, 
respectively, before the peak in liver weight (Fig. 4 5 ). Staining for 
Ki-67, a marker o f  D N A  synthesis, in liver nuclei o f  animals that had

received ET-743 was significantly elevated in comparison with that in 
control rats (Fig. 1 ,7 /an d  I, and Fig. 4 5 ). Similar to the results shown 
here for Ki-67 (Fig. 1, H  and I), staining for proliferating cell nuclear 
antigen was substantially elevated in ET-743-treated rats 3 days after 
dosing compared with control animals (data not shown). The weight 
o f  livers o f  ET-743-treated animals increased from day 2 after dosing  
onward and reached a zenith on day 12 (Fig. 4 5 ). Furthermore, 
consistent with an ET-743-m ediated increase in hepatocyte cycle  
activity, liver cell cycle distribution underwent significant, albeit 
subtle, alteration by ET-743. The proportion o f  S-phase hepatocytes 
increased from 0% in control rats to 7.3 ±  1.5% (mean ±  SD; n =  4) 
in rats 3 days after administration o f  ET-743, whereas the number o f  
hepatocytes in G , and G2 -M, respectively, amounted to 62.6 ±  7.2%  
and 37.4 ±  7.2% in control animals and 61.0 ±  5.2% and 
31.4 ±  5.3% in treated rats.

D ISC U SSIO N

Various cancer chemotherapeutic agents are known to possess the 
potential to damage the liver (22). Methotrexate is a prominent ex ­
ample, which has been reported to cause steatosis and cirrhosis in 
patients (23). The results described above suggest that the novel 
anticancer drug ET-743 induces an unusual form o f  hepatotoxicity in 
rats, which differs from the adverse hepatic effects described for 
traditional cytotoxic drugs. In the fem ale rat, a clinically relevant 
single i.v. dose o f  40  p.g/kg ET-743 caused damage to bile duct 
epithelia follow ed by peribiliary fibrosis. B ile duct damage accom pa­
nied by inflammation and repair was first evident 24 h after dosing. In 
contrast, cytotoxic damage by ET-743 to the rapidly proliferating cells 
o f  the small intestine was observed by 6 h. Fibrosis around damaged  
bile ducts increased dramatically over the follow ing week. The path­
ological alterations were accompanied by defects o f  liver function, as 
reflected by a dramatic elevation o f  plasma bilirubin levels, moderate 
increases in plasma levels o f  ALP and A ST, a marker o f  cholestasis, 
and a decrease in activities o f  hepatic cytochrome P450 enzym es 
CYP3A2, C Y Pl A 1/2, and CYP2E1. These observations are consist­
ent with the notion that ET-743 induces biliary cholestasis, which in 
turn might elicit elevation in expression o f  the A bcbla  and A bcblb  
genes as an adaptive response. This interpretation is based on the 
previous observation that expression o f  these genes was raised in  
cholestatic livers o f  rats and monkeys (24). In analogy, the down-
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Fig. 5. T im e course o f  changes in expression o f  ABC genes A b c b la  (■ ), A b c b lb  ( • ) ,  
and A b cb 4  (A ) in livers o f  fem ale rats that received ET-743 (40 /xg/kg, i.v.). Gene 
expression w as determ ined by  cDN A m icroarray. F or details, see “M aterials and M eth ­
ods.” The norm alized intensity values from  the hybridization o f  the  R N A  from  treated  rats 
at the 2, 3, and 6 day tim e points for A b c b la  and  A b c b lb  w ere significantly  d ifferent 
(JP <  0 .05) from  the values o f  control rat R N A  hybridized on the sam e m icroarray. The 
SDs indicate the variability  in the  m easure o f  the ratio o f  treated:control rats.
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regulaatiion o f  expression o f  the Car 3 gene described above may also 
be thee (comsequence o f  hepatobiliary injury rather than a direct re- 
sponsse tto ET-743 proper because it has been shown to occur in the 
livers i o if rodents exposed to the hepatotoxicant griseofulvin.®

It iss  lunknown whether the reduction in CYP3A2, C Y Pl A 1/2, and 
CYP22E 1 le v e ls  observed here in the rat also occurs in humans. If it 
did, it t m ig h t be important in the planning o f  sequential combination  
chemootlherapy involving ET-743 and drugs such as Taxol, which 
underggo) cytochrom e P450-m ediated deactivation. The decrease in 
CYP I a ctiv ities , i f  it occurs in humans, probably does not impact the 
pharranacokinetics o f  the parent drug because ET-743 pharmacokinet­
ics wcene unaltered when the drug was administered repeatedly via 
24-h i inifiision (6).

Exppeiriments in which ET-743 was incubated with isolated hepato­
cytes ! frcom rats or humans suggest that concentrations o f  the drug as 
high aas 0 .01—1 nmol/m l are required to damage hepatocytes directly 
(data rnoit show n). In a preliminary study, hepatic drug levels in rats 6 h 
after i i .v .  administration o f  ET-743 (40 ju-g/kg) were just above 1 
pm ol//g  ttissue and declined thereafter.^ These results render it unlikely 
that cconcentrations o f  ET-743 required to elicit toxicity in isolated 
liver t c e lls  in vitro were achieved in liver tissue for time periods 
sufficbiemt to explain the damage observed after administration o f  
ET-7443 in vivo. Instead, it is probable that manifestation o f  ET-743- 
mediaatcd hepatic damage in the rat requires the structural integrity o f  
the wbhole liver. This conclusion is consistent with the fact that the 
primaary and m ost important lesion was found in the bile ducts. It is 
concesivable that drug accumulates in the bile duct, thus precipitating 
the prrimary lesion. This hypothesis needs experimental validation.

A fprom inent feature o f  the ET-743-induced hepatic toxicity de- 
scribesd here is the persistence o f  the damage. Bile duct fibrosis and 
increaased plasm a levels o f  A ST  were observed as late as 3 months 
after ; administration, and levels o f  ALP were elevated for up to 2 
monthhs. In contrast, bilirubin remained elevated until som e time 
betwesen days 12 and 24. It remains to be investigated whether the 
long-tterm persistence o f  liver damage induced by ET-743 is related to 
contim ued harmful levels o f  a ET-743 metabolite in the liver. Never- 
thelesss, it appears more likely that these delayed manifestations are 
late ccon sequences o f  the initial b ile duct damage and ensuing fibrosis. 
It is i important to note that in contrast to the long persistence o f  
elevattion o f  A ST  and ALP in the female rat, transaminitis in patients 
in the: Phase I trials o f  ET-743 was not dose limiting (4 -7 ) ,  and it had 
resolw ed before the subsequent course o f  drug was administered after 
a 3-w /eek  drug-free interval. This difference indicates that in relation 
to hurmans, the female rat m odel used in this study exaggerates some 
aspectts o f  ET-743-induced hepatic lesions. Differences in suscepti­
bility to ET -743-induced hepatotoxicity are also highlighted by the 
fact tlhat the dose required to elicit damage in livers o f  male rats was 
tw ice as high as that which caused hepatic toxicity in female animals. 
This j finding suggests that at comparable doses, male rats are less 
sensittive than female animals to the adverse effects o f  the drug. 
Neverrtheless, qualitatively similar changes in pathology and biochem ­
ical rmarker levels were induced by the drug in animals o f  either 
gender. Concentrations o f  ET-743 that precipitate toxicity in the liver 
are a s  yet unknown. Therefore, it is conceivable that the observed 
gender difference in susceptibility reflects differences in liver expo­
sure tto E T -743, perhaps as a consequence o f  gender-related discrep­
an cies in ability to m etabolize the drug.

T h e  m ost striking result o f  the D N A  microarray analysis o f  hepatic 
gene exp ression  precipitated by ET-743 is the increased expression o f

* T. W . G ant, P. R. Bans, B. C lothier, J. R iley, R. D avies, D. J. Judah, R. E. Edw ards, 
J. A. S ttyles, E. G eorge, P. G reaves, and A. G. Smith, unpublished observations.

 ̂H. R osing  and  J. H. Beijnen, personal com m unication.

the cell cycle genes Cdc2a and Ccndl. The time course o f  change in 
expression o f  the Cdc2a gene resem bles the time course o f  the 
ET-743-induced alterations in liver weight and Ki-67 labeling. These 
observations suggest that ET-743 elicits a m itogenic wave in the liver 
by induction o f  D N A  synthesis, a proposition that is further supported 
by augmented staining o f  hepatic nuclei for proliferating cell nuclear 
antigen, the increased proportion o f  liver cells in S phase, and the 
prominent presence o f  mitotic figures in livers o f  animals that had 
received ET-743. To our knowledge, such stimulation o f  m itogenesis 
has hitherto not been observed as a generic mechanistic feature o f  
hepatotoxic drugs. Therefore, it is unlikely to be a nonspecific com ­
pensatory reaction o f  the tissue to the ET-743-induced lesion. Instead 
the m itogenic w ave seem s to be a ET -743-specific phenomenon, and 
it is probably the corollary o f  a direct effect o f  ET-743 on hepatic 
Cdc2a transcription, which in turn drives the cell cycle. Whether or 
not patients exposed to ET-743 experience a similar mitogenic wave 
and increase in liver m ass is not known and should be monitored in 
future studies.

In conclusion, the toxicity exerted by ET-743 in the rat liver is 
characterized by a primary insult to the bile duct epithelium, long 
duration o f  altered liver pathology, and enhanced liver cell prolifer­
ation involving up-regulation o f  the Cdc2a and Ccndl genes. It has to 
be stressed that the animal model chosen here to study ET-743 
hepatotoxicity, the female rat, seem s among all species hitherto in­
vestigated to be m ost exquisitely sensitive to the hepatotoxic potential 
o f  ET-743. Other species including humans are less likely to experi­
ence the adverse effects described here. Nevertheless, manifestations 
o f  hepatotoxicity have been observed in the clinical evaluation o f  the 
drug, and therefore it is conceivable that som e o f  the features o f  
toxicity delineated here in the female rat are applicable to patients. 
These features m ay provide the basis for the design o f  treatment 
regimens designed to reduce the hepatotoxic potential o f  ET-743.

A C K N O W L E D G M E N T S

We thank Jennifer Edwards and Lynda Wilkinson for the histological 
preparations and Judy McWilliam (all at the MRC Toxicology Unit) for 
electron microscopy.

R E FE R E N C E S

1. Izbicka, E., Law rence, R., Raym ond, E., Eckhardt, G ., Jim eno, J., C lark, G ., and Von 
H off, D. D. In  vitro  antitum or activity  o f  the novel m arine agent ecteinascidin-743 
(ET-743, N SC -648766) against hum an tum ors explanted from  patients. Ann. Oncol., 
9: 981-987 , 1998.

2. H endriks, H. R., Fiebig, H. H., G iavazzi, R., Langdon, S. P., Jim eno, J. M ., and 
Faircloth, G. T. H igh antitum our activ ity  o f  ET-743 against hum an tum our xenografts 
from  m elanom a, non-sm all cell lung cancer and ovarian cancer. Ann. Oncol., 10: 
1233-1240, 1999.

3. Valoti, G ., N icoletti, M. 1., Pellegrino, A., Jim eno, J. M ., Hendriks, H., D ’Incalci, M., 
Faircloth, G ., and G iavazzi, R. Ecteinascidin-743, a new  m arine product with potent 
antitum or activity on  hum an ovarian carcinom a xenografts. C lin. C ancer R es., 4: 
1977-1983, 1998.

4. Taam m a, A., M isset, J. L., R ioffio, M ., G uzm an, C., Brain, E., Lopez-Lazaro, L., 
Rosing, H., Jim eno, J. M ., and Cvitkovic, E. Phase I and pharm acokinetic study o f  
ecteinascidin-743, a new  m arine co m p o u n d  adm inistered as a 24-hour continuous 
infusion in patien ts w ith solid tum ors. J. Clin. Oncol., 19: 1256-1265 , 2001.

5. D elaloge, S., Y ovine, A ., Taam m a, A., R ioffio , M ., Brain, E., Raym ond, E., Cottu , P., 
G oldw asser, F., Jim eno, J., M isset, J. L., M arty, M ., and  Cvitkovic, E. Ecteinascidin- 
743, a m arine derived com pound in a d v an ced  pretreated sarcom a patients; prelim i­
nary evidence o f  activity. J. Clin. O ncol., 19: 1 2 48-1255 , 2001.

6. Van Kesteren, C., Cvitkovic, E., Taam m a, A., Lopez-Lazaro, L., Jim eno, J. M ., 
G uzm an, C., M athot, R  A. A., Schellens, J. H. M ., M isset, J. L., Brain, E ., H illebrand, 
M . J. X ., Rosing, H., and  Beijnen, J. H . Pharm acokinetics and pharm acodynam ics o f  
the novel m arine-derived anticancer agent ecteinascidin 743 in a Phase I dose-finding 
study. Clin. C ancer Res., 6: 4 7 2 5 -4 7 3 2 , 2000.

7. Ryan, D. P., Supko, J. G ., Eder, J. P., Seiden, M . V., Dem etri, G ., Lynch, T. J., 
F ischm an, A. J., D avis, J., Jim eno, J., and Clark, J. W . Phase I and pharm acokinetic 
study o f  ecteinascidin 743 adm inistered as a 72-hour continuous intravenous infusion 
in patients w ith solid m alignancies. C lin. Cancer Res., 7: 231-242 , 2001.

8. M irsalis, J. C ., Schindler-H orvat, J. E., Tom aszew ski, J. E., F a irch ild  D. G., Hill, 
J. R., Tyson, C. A., Schw eikart, K. M ., T urner, N. A., Sells, D., and Donohue, S. J.

4261



HEPATOTOXICITY OF ET-743

Preclclinaicall toxicology studies o f  ecteinascidin 743. Proc. Am. Assoc. C ancer Res., 37; 
3 7 5 ,1, 15996,.

9. Pom mm iiier, Y., K ohlhagen, G., Bailly, C., W aring, M ., M azum der, A., and K ohn, K. W. 
D N A A  sseqm ence- and structure-selective alkylation o f  guanine N 2  in the D N A  m inor 
grooaoveî b y  ecteinascidin 743, a potent an titum or com pound from  the Caribbean 
tunicdcatte Elcteinascidia turbinata. B iochem istry, 35: 13303-13309, 1996.

10. Takecebaayashi, Y., Goldw asser, F., U rasaki, Y ., K ohlhagen, G ., and Pom m ier, Y. 
Ecteieinaasciidin-743 induces protein-linked D N A  breaks in hum an colon carcinom a 
H C T T1116 c e lls  and is cytotoxic independently  o f  topoisom erase I expression. Clin. 
C anoicerr R e s ., 7; 185-191, 2001.

11. Jin,  ̂ S .,, G o rfa jn , B., Faircloth, G ., and Scotto, K. W . Ecteinascidin 743, a  transcrip- 
tion-ti-tarrgetted chem otherapeutic that inhibits M D R l activation. Proc. N atl. Acad. Sci. 
U SA A , (97; 6 7 7 5 -6 7 7 9 , 2000.

12. M inuiuzzzo, M ., M archini, S., Broggini, M ., Faircloth, G ., D ’Incalci, M ., and M an- 
tovaran i,, R. Interference o f  transcriptional activation  by  the antineoplastic drug ectein- 
ascididim-7413. Proc. Natl. Acad. Sci. USA, 97: 6 7 8 0 -6 7 8 4 , 2000.

13. Bonfnfam ti, M ., La Valle, E., Fernande Z sousa-Faro, J. M ., Faircloth, G ., Caretti, G., 
M antntowanii, R., and D ’Incalci, M. E ffect o f  ecteinascidin-743 on the interaction 
betw w eern D)NA binding  proteins and DNA. A nticancer D rug D es., 14: 1 7 9 -1 8 6 , 1999.

14. Erbaia, Œ ., B ergam asch i, D., Bassano, L., D am ia, G., Ronzoni, S., Faircloth, G. T., and 
D ’Inincallci, M. Ecteinascidin-743 (ET-743), a natural m arine com pound with a unique 
m eclcham isnn o f  action. Eur. J. Cancer, 37; 9 7 -1 0 5 , 2001.

15. Adaiam si, D.. J., Seilm an, S., Am elizad, Z., O esch, F., and W olf, C. R. Identification o f  
hum aiani cy tochrom e P450 analogous to form s induced by phénobarbital and  3-meth- 
ylchdiolainthirene in the rat. B iochem. J., 232: 8 6 9 -8 7 6 , 1985.

16. B urke, M . D ., Thom pson, S., Elcom be, C. R., H alpert, J., Haaparanta, T., and M ayer, 
R. T. E thoxy-, pentoxy- and benzyloxy-phenoxazones and hom ologues: a series o f  
substrates to  d istinguish betw een different induced  cytochrom es P450. Biochem. 
Pharm acol., 34: 3337 -3 3 4 5 , 1985.

17. Carlson, G. P. Influence o f  ethanol on m icrosom al p-n itrophenol hydroxylation and 
ethoxyresorufin dééthylation in rat liver and lung. J. Toxicol. Environ. H ealth , 32: 
153-159, 1991.

18. C hang, T. K. H., and Yeung, R. K. Y. E ffect o f  tra/is-resveratrol on 7-benzyloxy-4- 
trifluorom ethylcoum arin O-dealkylation catalysed by  hum an recom binant CY P3A4 
and CY P3A5. Can. J. Physiol. Pharm acol., 79: 2 2 0 -2 2 6 , 2001.

19. O rm erod, M . G. F low  Cytom etry: A  Practical A pproach. Oxford, United K ingdom : 
IRL Press, 1990.

20. Turton, N. J., Judah, D. J., R iley, J., Davies, R ., L ipson, D ., Styles, J. A., Sm ith, A. G., 
and  Gant, T. W. Gene expression and am plification in breast carcinom a cells w ith 
intrinsic and  acquired doxorubicin resistance. O ncogene, 20: 1300-1306 , 2001.

21. Kuffel, M . J., Reid, J. M ., and A m es, M. M. C ytochrom e P450 catalyzed m etabolism  
o f  ecteinascidin 743 by  rat and hum an liver m icrosom es. Proc. Am. Assoc. Cancer 
Res., 38: 596, 1997.

22. K ing, P. D ., and Perry, M. C. H epatotoxicty o f  chem otherapeutic and oncologic 
agents. G astroenterol. C lin. N. A m ., 24: 9 6 9 -9 9 0 , 1995.

23. Reynolds, F. S., and L ee, W. M . H epatotoxicity  after long-term  m ethotrexate therapy. 
South. M ed. J., 79; 5 3 6 -5 3 9 , 1986.

24. Schrenk, D ., G ant, T. W ., P reisegger, K. H., Silverm an, J. A., M arino, P. A ., and 
Thorgeirsson, S. S. Induction o f  m ultidrug resistance gene expression during  cho­
lestasis in rats and non-hum an prim ates. H epatology, 17: 8 5 4 -8 6 0 , 1993.

4262


