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ABSTRACT

Isolated hepatocytes in suspension and in primary monolayer culture were used for 

study of the metabolism and toxicity of the hepatotoxin, hydrazine.

Dye uptake and the leakage of the cytosolic enzyme LDH were used as measures of 

cytotoxicity in vitro. Only 16mM and higher concentrations were cytotoxic to isolated 

hepatocytes in suspension. Hydrazine caused a dose-dependent depletion of ATP both 

in isolated hepatocytes and in rat liver in vivo. The depletion in isolated hepatocytes 

occured at a non-cytotoxic concentration, and the depletion in liver occured without 

lethality suggesting that ATP depletion may underlie the hepatotoxicity of hydrazine.

The ATP depletion may be related to fatty liver caused by hydrazine. In isolated 

hepatocytes in suspension non-cytotoxic concentrations of hydrazine effected other 

biochemical parameters such as GSH, GSSG and NADPH. Hydrazin^increasedcellular 

triglycerides in hepatocytes in suspension and caused a parallel decrease in the 

medium. Therefore, inhibition of triglyceride secretion from the liver may be responsible 

for hydrazine-induced fatty liver.

Hydrazine appeared to be more cytotoxic to hepatocytes in suspension than in primary 

culture, as measured by LDH leakage and ATP levels. This difference could be due to 

the loss of metabolising enzymes such as cytochrome P450 in primary culture. 

However, hydrazine inhibited protein synthesis in cultured hepatocytes at a 

concentration far below that which had measurable effects on cell viability and ATP 

levels. The inhibition of protein synthesis is probably involved in the toxicity of 

hydrazine (reduced lipoprotein synthesis may be responsible for fatty accumulation in 

hepatocytes).

Using 1H and 15N NMR in hepatocytes, various metabolites of hydrazine including some 

acetylated species were detected.

Metabolic inhibitors or low temperatures (4°C), reduced the levels of hydrazine inside 

the cells, suggesting that hydrazine entry into cells may be energy-dependent. 

Hydrazine levels in cultured hepatocytes were higher than those in suspension, but in 

both systems the concentration of hydrazine inside the cells was lower than that 

outside. Both metabolic inhibitors KCN and DNP increased hydrazine-induced 

cytotoxicity and ATP depletion.



Cytochrome P450 has been implicated in the metabolism of hydrazine. The effects of 

single and repeated administration of hydrazine on the activity of different forms of this 

enzyme showed that hydrazine when administered repeatedly increased some of these 

activities.
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CHAPTER 1: INTRODUCTION

1.1 Cell death

A major difficulty in identifying the important events involved in toxic cell injury is the 

existence of changes that occur at the same time within a cell as a result of deterioration 

of homeostatic control, but have no role in the process of cell death. Many of these 

changes closely parallel loss of viability but do not themselves cause the process. 

However, in recent years studies in isolated hepatocytes have enabled considerable 

progress to be made in identifying the biochemical events directly involved in cell death.

A series of reproducible changes do occur in a cell following lethal injury. Some of these 

changes are reversible, while others appearing late in injury are the most dramatic and 

indicate that the cell has passed the "point of no return".

The sequence of events following ischemic cell injury has been characterised by Trump 

et al. (1980). In the first stage, the fall in oxygen concentration leads to a rapid decrease 

in mitochondrial phosphorylation. The drop in cellular ATP results in an increased rate of 

anaerobic glycolysis, leading to an accumulation of lactate and a fall in intracellular pH. 

The decreased pH is probably reflected by the clumping of nuclear chromatin, which 

occurs very rapidly but is reversible. Meanwhile, the first signs of ATP depletion become 

apparent, such as decreased sodium-potassium pump at the cell membrane leading to 

sodium leaking into the cell and potassium leaking out. An early expression of the loss of 

sodium and potassium homeostasis is the dilatation of the endoplasmic reticulum, 

reflecting a loss of volume regulation. At this stage, changes in the cytoskeleton lead to 

changes in cell shape. Rounded protrusions termed ’blebs’ appear at the surface of the 

plasma membrane (Mesland etal., 1981). These alterations seem to reflect acute changes 

in microtubules and microfilaments whose normal function is to maintain the cells 

structure and shape. Loss of control of cell calcium levels during this phase may produce 

these changes (Cheung, 1980). Whilst blebbing has been characterized in isolated cells, 

there is also evidence (Jewell et al., 1982) that a similar phenomenon can occur in vivo 

(Sato et al., 1982). Blebbing of the cell surface occurs before any change in membrane 

permeability is observed and is initially reversible, but at some point the extent of the 

damage becomes irreversible. It has been suggested that the event finally causing the 

death of injured cells could be rupture of large membrane blebs with loss of cellular 

contents (Lemasters, 1987). As the pH continues to drop, the rate of glycolysis decreases
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and with falling ATP levels energy-requiring processes such as protein synthesis and ion 

pumping are decreased. The inner compartment of the mitochondria beginsto shrink and 

the contents appear more dense, while the intramembrane and intracristal spaces enlarge. 

If at this stage cells are returned to normal conditions the mitochondrial inner compartment 

will re-expand, the endoplasmic reticulum will contract and the excess ions and water will 

be extruded from the cell. Transition to the next stage marks the start of the point of no 

return. Individual mitochondria begin to show high amplitude swelling, thought to be 

caused by the activation of mitochondrial phospholipases which break down membrane 

phospholipids, releasing fatty acids.

In the next stage there is a loss of inner mitochondrial membrane impermeability with a 

loss of matrix enzymes and cofactors into the cytosol. There is also a loss of cytosolic 

components into the extracellular medium as a result of the breakdown of the plasma 

membrane. At this stage dye uptake can be seen. Calcification of the mitochondria begins 

and karyolysis of chromatin occurs. Swollen lysosomes eventually rupture and release 

degredative acid hydrolases into the cell. During necrosis the cell undergoes degradation 

by autolysis and denaturation which leads to digestion of intracellular constituents.

1.1.1 Chemical toxicity

Whatever the mechanism of toxicity of a compound, cell injury and death are believed to 

be ultimately a direct consequence of the interaction of reactive species with critical 

cellular sites. Most toxic chemicals require metabolic activation into reactive, highly toxic, 

alkylating, arylating, acylating or peroxidising intermediates which are the ultimate 

intracellular toxic entities. In mammals, the metabolism of environmental chemicals occurs 

mostly in the liver, phase 1 metabolism of a compound may either result in (i) detoxication 

or (ii) activation to a reactive toxic intermediate. During phase 2 metabolism, detoxication 

of a compound can occur either by conjugation of (i) the compound itself or (ii) an 

activated metabolite from phase I reactions.

The endoplasmic reticulum (ER), is a very important component of the cell associated with 

the detoxication and activation of environmental chemicals. The ER is associated with both 

activating enzymes such as the mixed-function oxidases and also certain conjugating 

enzymes such as UDP-glucuronyl transferase. The ER metabolises these exogenous 

chemicals in a variety of ways including (i) detoxification by mixed-function oxidation
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followed by conjugation. For example, the lipophilic substance benzene undergoes phase 

1 oxidative metabolism to phenol followed by phase 2 conjugation with glucuronic acid to 

phenylglucuronide, the latter then being excreted, (ii) activation by C- and N-oxidations 

followed by conjugation. The liver necrosis caused by an overdose of paracetamol has 

been found to be due to a chemically reactive quinone-imine intermediate (formed by N- 

oxidation of paracetamol) which binds covalently to liver protein in the necrotic areas of 

the liver, the normal detoxification of this intermediate by conjugation with glutathione 

(GSH) being overwhelmed after toxic doses, (iii) formation of radicals by oxidative or 

reductive metabolism, and the initiation of free-radical chain reactions (e.g. metabolism of 

carbon tetrachloride), (iv) formation of reactive intermediates such as carbanions which 

can bind to tissue components (e.g. isoniazid). Isoniazid is an antitubercular drug which 

causes mild hepatic dysfunction in 10-20% of recipients of the drug. It is believed that the 

metabolism of isoniazid by the microsomal mixed-function oxidases leads to N-hydroxy 

intermediates which yield chemically unstable reactive diazenes. These diazenes in turn 

fragment into radicals or carbonium ions and the covalent binding of these acylating or 

alkylating species to liver macromolecules is believed to lead to hepatic necrosis (Timbrell, 

1979).

All the above four types of reactions involve mixed-function oxygenation (Mason, 1957), 

by which cytochrome P450 and its reductase, present in the ER, can oxygenate substrates 

with molecular oxygen. Cytochrome P450, after binding to substrate and reduction, is 

capable of accepting molecular oxygen and converting it to an an ’active oxygen’ species 

which can in turn bring about the hydroxylation of the substrate. The following steps are 

involved: (i) association of substrate with oxidised P450. (ii) one-electron reduction of 

NADPH-Cytochrome P450 reductase by NADPH. (iii) one electron reduction of cytochrome 

P450 substrate complex by the reduced reductase, (iv) Addition of molecular oxygen (v) 

further reduction by a second electron, possibly donated by NADH, followed by a series 

of steps resulting in the splitting of the enzyme-substrate-oxygen complex into water, 

oxidised substrate and oxidised cytochrome P450 (Mannering, 1980).

1.1.2 Role of Ca2* in toxic cell death

The intracellular Ca2+ concentration is rigorously maintained at around 0.1 jiM, against an 

extracellular concentration of more than 1mM, as calcium plays a key role as a second 

messenger in the regulation of many cell activities (Carafoli, 1987). The Ca2+
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gradient is maintained by a number of ATP-dependent enzymes, the most important of 

which appear to be those located in the plasma membrane (Ca2+-transporting ATPase) 

and in the endoplasmic reticulum. All of the Ca2+-regulating enzymes are inhibited by 

cytotoxins. Less importantly, cytosolic Ca2+ concentration is controlled by active Ca2+ 

sequestration into mitochondria, and by Ca2+ binding to intracellular proteins (calmodulin).

Perturbation of Ca2+ homeostasis of the cell appears to play an important role in cell death 

caused by a variety of toxic agents (Schanne et al., 1979). Cytosolic calcium has been 

measured using high-affinity fluorescent Ca2+ chelators such as quin-2 and fura-2. 

Following exposure of cells to lethal concentrations of a cytotoxin, such as the reactive 

disulfide cystamine (Nicotera et al., 1986) or carbon tetrachloride (Long and Moore, 

1986), a rapid and prolonged rise in cytosolic Ca2+ was observed prior to loss of viability. 

Prevention of this rise in Ca2+, or its early restoration to normal levels, prevented cell 

death.

It is not yet clear how a sustained elevation of cytosolic Ca2+ leads to cell death, but recent 

work has focused on the possibility of activation of degradative enzymes such as 

phospholipases, proteses and endonucleases by Ca2+. Changes in the intracellular 

concentration of Ca2+ can effect cytoskeletal structure and an immediate consequence of 

raised cytosolic Ca2+ is plasma membrane blebbing. Ca2+-dependent effects on the 

cytoskeleton can be either direct (e.g. by regulating formation of actin bundles) or 

mediated by Ca2+-activated proteolytic enzymes such as cytosolic neutral proteases, which 

can cleave cytoskeletal proteins. Inhibitors of Ca2+-dependent neutral proteases prevent 

the formation of blebs caused by some cytotoxins (Nicotera, 1986). Such proteases can 

cleave cytoskeletal proteins, which might be their mechanism of causing plasma 

membrane blebbing. However, the obligatory role of Ca2+ in all plasma membrane blebbing 

is still disputed (Lemasters e ta i, 1987). There is evidence that the cytoskeletal structures 

contain -SH groups which may be directly modified by oxidising agents or electrophiles, 

thus causing cytoskeletal disruption and membrane blebbing. In fact any toxic agent that 

disrupts the cytoskeleton, such as cytochalasin or phalbidin, will lead to membrane 

blebbing, which could be independent of Ca2+ (Mesland etal., 1981). Therefore, whereas 

plasma membrane blebbing caused by cytochalasin is indepedent of Ca2+, cell death 

caused by this compound depends on changes in cellular Ca2+ levels (Kane etal., 1980).
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Phospholipases catalyse the hydrolysis of membrane phospholipids and accelerated 

phospholipid turnover has been shown to occur in anoxic hepatocytes and during carbon 

tetrachloride toxicity in the liver (Glende and Pushpendran, 1986). Evidence suggests that 

phospholipase A2 inhibitors can prevent ischemic injury in the liver (Chien etal., 1979), but 

the involvement of phospholipase activation in other forms of acute toxic injury remains 

to be established. Ca2+-activated nucleases are involved in ’apoptosis’ or programmed cell 

death. This process is involved in development and differentiation and mediates hormone- 

induced tissue atrophy.

1.2 Toxicology of the Liver

The liver is the largest and metabolically the most complex gland in the body. It is involved 

in the metabolism of nutrients as well as most drugs and toxicants.

Hepatocytes (hepatic parenchymal cells) comprise the bulk of the liver and are responsible 

for its central role in metabolism. These cells lie between the blood-filled sinusoids and 

the biliary passages. Kupffer cells line the hepatic sinusoids and constitute an important 

part of the reticuloendothelial system of the body. The blood is supplied through the portal 

vein and hepatic artery, and it is drained by the hepatic vein into the vena cava. The liver 

is also drained by the bile duct which in turn drains into the duodenum.

At the subcellular level, the hepatic metabolism of xenobiotics is localized into a number 

of cellular fractions including the mitochondria, cytosol and most importantly, the 

endoplasmic reticulum, and involves oxidation, reduction and hydrolysis reactions.

The liver is often the target organ for toxicity for a number of reasons. Most toxicants enter 

the body via the gastrointestinal tract, and after absorption they are carried by the hepatic 

portal vein to the liver. The liver has a high concentration of binding sites. It also has a 

high concentration of xenobiotic-metabolizing enzymes, some of which activate the 

toxicants to induce lesions locally. The fact that hepatic lesions are often centrilobular has 

been atributed to the higher concentration of cytochrome P450 there (B r id g e setal-, 1983).In 

addition, the relatively lower concentration of glutathione there, compared to that in other 

parts of the liver, may also play a role (Smith et al., 1979).

The liver may sustain various types and degrees of damage from toxic subtances and 

hepatotoxins, and the lesions produced have been variously classified by the workers in
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the field (Plaa, 1980) . The most common types of hepatic damage are necrosis, fat 

accumulatin and carcinogenesis. Severe irreversible damage may occur which leads to 

cell death and necrosis, or the toxic effect may be reversible, such as the accumulation 

of triglycerides in fatty liver which is a common hepatic response to toxic compounds. 

Here, only steatosis will be discussed.

1.2.1 Chemical-induced fatty liver (Steatosis)

Fatty liver is the accumulation of lipid within the hepatocytes (Dianzani, 1979). It is 

believed to be a reversible toxic response, much less severe than necrosis. The excess 

lipid is usually triglyceride appearing as either large (macrovesicular) or small 

(microvesicular) droplets in the cytoplasm.

Fatty liver is very often centrilobular or periportal. Periportal fatty liver, which involves the 

cells around the portal tract, is usually seen with toxins which effect protein synthesis, 

such as ethionine (Simpson et al., 1950), while centrilobular fatty liver, involving cells 

around the central vein is usulally present with most other toxins (Dianzani, 1979).

The liver plays a central role in lipid metabolism in the body, a cycle which includes other 

organs such as the gut, adipocytes and peripheral tissues (Dianzani, 1979). The 

metabolism of dietary fat in the gut produces fatty acids which can be either transported 

directly to the liver or resynthesised to complex lipids (triglycerides, phospholipids and 

cholesterol esters) which then combine with protein and are secreted into the lymph as 

chylomicrons. The albumin-bound free fatty acids are transported in blood where many are 

taken up by the liver. Their transport into hepatocytes may involve an exchange process 

between the albumin-bound fatty acids and cytoplasmic vehicle proteins, of which two 

have been identified, ligandin (glutathione transferase), and protein Z (Dianzani, 1979). 

Within the hepatocytes, the free fatty acids are then processed by the liver in two ways:

(a) 6-oxidation in the mitochondria which produces metabolic energy, and (b) incorporation 

into complex lipids. These lipids then either remain in the liver as structural lipids or 

become included in lipoproteins excreted by the liver. This is the main source of lipids for 

peripheral tissues in the fasting animal.

Toxins can act at several points in the hepatic lipid cycle and cause fatty liver (Dianzani, 

1979). These include:

(i) increased uptake of fatty acids
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(ii) increased synthesis of fatty acids (iii) decreased mitochondrial oxidation of non- 

esterified fatty acids (NEFA), (iv) increased synthesis of hepatic triglyceride, and (v) 

inhibition of lipoprotein transport from the liver.

The most frequent cause of toxic fatty liver is the defective synthesis of apolipoprotein 

needed for the production of lipoprotein (Dianzani, 1979), the latter being necessary for 

secretion. This can be due to the destruction of the rough endoplasmic reticulum (RER) 

and its ribosomes (Rechnagel and Glende, 1973) or a block in protein synthesis 

(Zimmerman, 198jr, Dianzani, 1979). Toxic fatty liver due to a block in protein synthesis 

can be classified according to the mechanism of action affecting (i) mRNA synthesis 

(Montanaro et al., 1971), (ii) synthesis of amino-acyl-tRNA or its binding to ribosomes 

(Dianzani, 1979) or (iii) translation and initiation (Bar-On et a/., 1973; Dianzani, 1979). 

However, not all protein synthesis inhibitors produce fatty liver. Cycloheximide and 

actinomycin D, for example, produce little or no increase in hepatic fat even though they 

inhibit protein synthesis (Zimmerman, 1 9 ^  Judah, 1969).

1.2.2 Testing procedures

1.2.2.1 In vivo tests

(i) Gross pathology and microscopic examination

The colour and pathology can often indicate the nature of toxicity, such as fatty liver. The 

organ weight is often a very sensitive indicator, and whereas an effect does not 

necessarily indicate toxicity, an increase in liver weight has been shown in certain cases 

to be the most sensitive criterion of toxicity (Bianchi et al., 1968). Light microscopy can 

detect a variety of histological abnormalities, such as fatty change (Korsrud e ta l-,1972). 

Electron microscopy which appears to be at least as sensitive as light microscopy, can 

detect changes in various subcellular structures (Grice 1972).

(ii) Biochemical tests

A number of serum enzymes have been used as indicators of hepatic injuries. These 

enzymes are released to the systemic circulation from the cytosol and subcellular 

organelles such as mitochondria, lysosomes and nuclei, as a result of loss of membrane 

integrity due to hepatic injury. The most commonly used is ALT, alanine transaminase 

[previously refered to as (GPT), glutamate pyruvate transaminase]. Its elevation is more 

marked than that of AST, aspartate transaminase [previously known as (GOT) serum 

glutamate oxaloacetate transaminase] with liver lesions (Balazs et al., 1961). Other serum
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enzymes that have been used include sorbitol dehydrogenase, alkaline phophatase and 

arginase.

1.2.2.2 In vitro tests

(i) Subcellular fractions

The great majority of in vitro drug metabolism studies have been carried out on subcellular 

fractions such as mitochondria, cytosol and microsomes. This approach has the advantage 

of relatively easy preparation and incubation. The disadvantages are that tissue 

homogenisation can lead to artifactual changes in the homogenate due to hydrolytic 

destruction of membrane components through the liberation of lysosomal enzymes, or to 

the activation or inhibition of various enzymes by other means (Bachmann et al., 1970). 

Also the use of isolated subcellular fractions will not show up the total cellular metabolism 

of a drug if this metabolism is carried out through the cooperation of a number of different 

organelles (Bickel, 1971).

(ii) Cell systems

For liver, the pertinent alternatives to cell homogentaes and fractions are those of perfused 

organ, slices and isolated cells in suspension and primary culture. These systems are 

potentially a much closer approximation to the in vivo state than that of isolated liver 

fractions, largely becuase their individual cell architecture is unchanged. There are various 

cell systems in use as shown below:

(a) Whole-cell systems

Liver slices have been occasionally used in drug metabolism studies (Cinti et al, 1972), 

but have the disadvantage that some degree of mechanical damage to the cells as a 

result of the slicing procedure is inevitable. Furthermore it is difficult to obtain 

reproducibility as necrosis in the centre of the slice usually occurs. Metabolism of 

xenobiotics in perfused liver has been reported for a number of compounds (Juchau et al., 

1965; Cordelli et al., 1969; Bickel and Minder, 1970). Perfusion is clearly of great value 

for studying particular aspects of drug metabolism, such as biliary clearance and blood- 

flow effects. The drawbacks of this method are the problems of adequate gas exchange, 

short viability time of the preparation, choosing the right parameters of organ viability and 

adequate control systems during perfusion, and lack of reproducibility (Bartosek et al., 

1973).

(b) Isolated hepatocytes

Many of the problems associated with the whole-cell systems (i.e. slices and perfusion)
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do not arise when using isolated hepatocytes, in suspension or in culture, and 

consequently these systems could potentially be the most appropriate in vitro methods 

with which to study the metabolism of xenobiotics (Klaassen and Stacey, 1982). Particular 

advantages of studies in cells include:

(i) These systems are essentially free of any major variable, e.g. hormone or nutrient 

levels.

(ii) The useful time period of cell cultures (1-5 days) is much longer than with perfusions 

(several hours).

(iii) There is much more rigid control of the concentration and time of exposure to the 

xenobiotic with these systems than in vivo (Hems et al., 1975).

(iv) Membrane damage can be detected microscopically or biochemically. Biochemical 

procedures include the ability of the cell to take up polar dyes (e.g. trypan blue), and 

leakage of cytoplasmic enzymes (e.g. lactate dehydrogenase), these being indicators of 

the irreversible loss of cell membrane integrity.

(v) It is possible to make direct studies of changes going on within the cells. Unless the 

cytotoxin acts externally on the plasma membrane without penetration into the cells, loss 

of membrane integrity is almost invariably preceded by subcellular changes. The detection 

and documentation of these changes provide information on mechanisms of action leading 

to cell death or on subtle reversible changes that may still impair metabolic function (Krebs 

et al., 1979). For example alterations in intermediary metabolism can be investigated by 

measuring cellular ATP and protein synthesis, two commonly used parameteres of 

metabolic competence in the cell.

Metabolite formation may also be measured in cells as well as in the medium by washing 

and homogenising the cells at the end of an incubation and carrying out the metabolite 

assay in the homogenate.

While isolated hepatocytes, in suspension and primary culture, have undoubted 

advantages, there are also disadvantages associated with their use. The relevant 

problems are listed below:

(i) More metabolites tend to be produced compared with the other systems, and this, 

coupled with the relatively small number of cells which can be used, demands very 

sensitive assay systems.

(ii) Choice of a suitable parameter of cell viability. The most commonly used is the easy 

and rapid test of dye exclusion, where only cells with damaged membranes permit entry
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of a stain such as trypan blue. Evidence by Baur etal. (1975) has suggested that this test, 

and that of leakage of cellular enzymes such as LDH, indicate only severe irreversible 

damage to the cells and other tests such as the stimulation of cellular respiration by 

succinate is more suitable.

(iii) The problem of the correct expression of results. Should cell number, cell protein or 

cell DNA be used as the reference parameter. This obviously depends on the nature of 

the study.

Other examples of specific problems or advantages in the use of isolated hepatocytes in 

suspension or culture are discussed in the later chapters.

1.3 Applications of hydrazine

1.3.1 Pharmaceutical Products

Hydrazine is an important intermediate in the synthesis of pharmaceutical drugs. Drugs 

which probably owe their pharmacological activity to the presence of the hydrazine moiety 

are as follows:

(a) Tuberculostatic drugs: Isonicotinic acid hydrazide (Figure 1.1) is a very effective drug 

for the treatment of tuberculosis (TB). Despite its occasional side effects such as liver 

damage (Maddrey and Boitnott, 1973) or suspected lung cancer formation (Toth and 

Shubik, 1966), it is still the only drug with the highest efficacy for the treatment of TB in 

combination with rifampicin and PAS. Hydrazine has been detected in the urine (Noda et 

al., 1978) and plasma (Blair et al., 1985) of patients receiving isoniazid, and may be 

responsible for the hepatotoxicty associated with isoniazid administration. Acetylation of 

isoniazid in humans shows genetic polymorphism, the two phenotypes termed slow and 

rapid acetylators (Price Evans, 1968). Slow acetylators have been shown to have higher 

plasma concentrations of hydrazine than fast acetylators after chronic dosing, but not after 

a single dose (Blair etal., 1985), this being consistant with the formation of hydrazine by 

the hydrolysis of the parent drug isoniazid in vivo. However, conflicting evidence exists 

regarding the isoniazid-induced hepatotoxicity and the possible role of hydrazine. Different 

groups have suggested that rapid acetylators (Mitchell etal., 1975), and slow acetylators 

(Musch et al., 1982) are more susceptible to the hepatotoxicity of isoniazid. Also it is 

possible that acetylhydrazine which is known to be hepatotoxic (Bahri etal., 1981) and has 

been produced by both acetylator phenotypes receiving isoniazid (Timbrell et al., 1977b) 

is the metabolite responsible for isoniazid-induced liver damage (Mitchell et al., 1975).
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(b) Antidepressant, antihypertensive and anticonvulsant drugs: Several derivatives of 

hydrazine are known monoamineoxidase (MAO) inhibitors and can be used as 

antidepressants. However, the most successful is phenelzine (B-phenylethylhydrazine), 

with few side effects (Schmidt, 1984).

Hydrazine derivatives of benzaldehyde have also been tested for their anticonvulsant 

action (Parmer et al., 1975) and probably act most by blocking MAO and other enzymes. 

Hydralazine (Figure 1.1) is used as an anti hypertensive drug that works by lowering the 

diastolic blood pressure while increasing renal blood flow. In some individuals given 

hydralazine side effects show a marked similarity to the auto-immune disease systemic 

lupus erythematosus (Perry et al., 1970).

(c) Cancer drugs: Hydrazine sulphate has been used in patients with solid malignant 

tumors at various sites and has been shown to have a stabilising effect against tumor 

growth. The drug was generally well tolerated with mild side effects (Schmidt, 1984). 

Hydrazine sulphate has also been successfully used in the treatment of cancer cachexia 

(Chlewbowski et al., 1985),. Another anticancer derivative of hydrazine, namely 

procarbazine (Figure 1.1) was first successfully used in clinical trials against malignant 

lymphomas by Martz et al., (1963). It has subsequently been used with varying degrees 

of success in the treatment of other tumors, but most widely used as an adjunct in 

combination therapy for the treatment of Hodgkin’s disease in the so called MOPP therapy 

(Goldstein, 1987). A number of toxic side effects have been observed in patients, including 

nausea, vomiting and as treatment progresses, depression of bone marrow and a 

decrease in sperm viability, as well as neurotoxic effects such as depression and 

confusion related to its monoamine oxidase inhibition (DeVita etal., 1970). Procarbazine 

also has immunosuppressive effects and is carcinogenic in vivo (Tweedle et al., 1987). 

Symmetrical dimethylhydrazine (SDMH) is a model compound for inducing colon cancer 

in experimental animals (Fiala and We' isburger, 1976).
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1.3.2 Rocket propellants

Those commonly used contain hydrazine, methylhydrazine and unsymmetrical dimethyl 

hydrazine (UDMH). Aerozine 50 (50% UDMH/ 50% hydrazine) is particularly common. 

Propulsion is generated by oxidising the hydrazines with dinitrogen tetroxide producing an 

explosive mixture of hot gases.

1.3.3 Blowing agents

Blowing agents are responsible for a major proportion of hydrazine consumption. The most 

widely used derivatives are the azocompounds such as azodicarbonamide (Figure 1.1), 

known as Kempore patented in Germany.

1.3.4 Corrosion Inhibitors

The reducing property of hydrazine make it suitable as a anticorrosion agent. The 

corrosion of reinforced steel used in boiler linings can be inhibited by dilute hydrazine (1 

ppm) solutions.

1.3.5 Growth Retardants

Plant growth regulators account for about 1% of the total United States herbicide/pesticide 

production. A common one is maleic hydrazide (MH; Figure 1.1), a plant growth regulator 

applied mainly to tobacco leaf production.

1.4 The Chemistry of Hydrazine
Hydrazine (N2H4) belongs to a homologous series of compounds known as the 

hydronitrogens (JuchaU and Horita). It is a hygroscopic, colourless liquid with an ammonia

like odor. It has a boiling point of 114°C and a freezing point of 2°C. Hydrazine 

monohydrate (N2H5OH), which is 64% hydrazine, has a boiling point of 116°C and a 

freezing point of -52°C.

The hydrazine molecule has two different kinds of covalent bonds : (i) four N-H bonds, 

which have polar character and (ii) one N-N bond which is nonpolar. Each nitrogen atom 

in the N-N bond possesses a lone pair of electrons, thus creating a dipole moment in the 

hydrazine molecule with adjacent negative charge centres. These lone pairs of electrons 

on the nitrogen atoms make hydrazine a nucleophilic molecule.

In addition, the very high bond energy for the N=N triple bond suggests that the triple bond 

is energetically preferred over the N=N double bond in di-imide and and the single N-N 

bond in hydrazine. This indicates that hydrazine is an unstable, reactive compound, 

particularly in the presence of air or oxidizing agents.

Two major reactions (simplistically) are characteristic of the chemical reactivity of
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hydrazines namely:

(i) hydrazide and hydrazone formation in which nitrogen nitrogen bonds are maintained.

(ii) oxidation and reduction reactions in which nitrogen-nitrogen bonds are cleaved.

These two types of reaction appear to be the principal processes occuring in biological 

systems in vitro and in vivo:

1.4.1 Hvdrazide and hydrazone formation

Hydrazine and substituted hydrazines can react with electrophiles to form hydrazides [1] 

in reactions similar to the conversion of amines to amides [2] by nucl^philic addition 

across the carbon-oxygen bond.

[1] H2N-NH2+ RCOX ______^  RCONH-NH2

[2] NH3 + RCOX ______^  RCO-NH2

However, unlike the amine reaction [2], reaction [1] often proceeds to hydrazone formation 

[3] by dehydration of the intermediate formed to produce a schiff base.

[3] RCONH-NH2 ______>  RC=N-NH + H20

The reaction of hydrazine and substituted hydrazines with simple aldehydes and ketones 

to form hydrazones is rapid. Hydrazine and monosubstituted hydrazines can condense 

with two molecules of an aldehyde or ketone to form an azine derivative by reacting at 

both ends [4]. Clearly 1,2-di-, tri- and tetrasubstituted hydrazines do not easily or cannot 

form hydrazides or hydrazones.

[4] RC=N-NH ______^RC=N-N=CR + H20

1.4.2 Oxidation-reduction reactions

In the presence of a reducing agent, hydrazines are converted to the respective primary 

amines and/or ammonia [5].

[5] H2N-NH2 2fH1 ^  2NH3

14



Upon the addition of an oxidising agent, hydrazine and its substituted derivatives undergo 

one to four electron oxidations depending on the number of available hydrogen atoms and 

the stability of the nitrogen centred radicals so formed [6]. If the substituted groups are 

able to stabilise an alternative carbon-centred radical, e.g. an aryl group, the radical may 

eliminate nitrogen via a diazonium ion radical. Hydrazine itself though appears to proceed 

rapidly via diimide to nitrogen gas [7].

[6] R1HN-NHR2_ [O l_ >  r1n=nr2+ h2o

[7] H2N-NH2 fOI ^  HN=NH + H20  fOI ^  N ,t

1.5 Hydrazine Metabolism

Although hydrazine was synthesised in 1887 and despite its widespread use and its 

proven toxicity, relatively little is known with any confidence about its metabolic fate in 

vivo. The problems in determining the metabolic fate of hydrazine are:

(i) the lack of an appropriate radiolabelled analog for detection purposes. The half-life of 

13N is only 9.96 minutes which ma kes it impractical for studies lasting hours, (ii) the futility 

of tritium labelling. Tritium would be rapidly exchanged with the hydrogen atoms in tissue 

water if 3H-labelled hydrazine were to be used, (iii) the lack of specific and sensitive 

assays for measurement of hydrazine and its metabolites. This problem is only being 

addressed (see later chapters).

The first modern attempt to understand the fate of hydrazine in vivo was by McKennis and 

coworkers (McKennis et ai., 1959). They showed that within 4 hours of a dose of 1.63 

mmole/Kg hydrazine, 5-11% of the dose was recovered in urine as hydrazine. 

Approximately 2 days later 50% of the dose was recovered. Dambraukas and Cornish 

(1964) recovered 35-50% of the administered hydrazine (1.25-3.1 mmol/Kg) from mice. 

Two hours after treatment most of the recovered hydrazine was found in the carcass, and 

after 20 hours almost all was found in the urine. In rats, about 21% of a 2 mmol/Kg dose 

was recovered 2 hours after injection, about one-third was in the urine and half in skin and 

muscle, but after 20 hours 30% of the dose was recovered almost all in urine. In all these 

studies a great percentage of hydrazine was unaccounted for, and this hydrazine was 

assumed to have been metabolised. Acetylation, which is believed to be a minor route of 

metabolism (McKenms et al., 1959; Wright and Timbrell, 1978), appears to be an
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important mode of biotransformation with respect to the inactivation of hydrazine and its 

derivatives (Colvin, 1969). It is catalysed by an N-acetyltransferase, with acetyl coenzyme 

A providing the acetyl group. In animals such as the dog, which are apparently deficient 

in the ability to acetylate hydrazine and its derivatives, isoniazid was shown to be more 

toxic than for monkey or man (Colvin, 1969). Therefore it is believed that the metabolism 

of hydrazine and acetylhydrazines to 1,2-diacetylhydrazine is a detoxication mechanism, 

the latter compound showing less toxicity compared to the former compounds (McKennis etal., 

1959; Colvin, 1969).

Both isoniazid and hydralazine are extensivley metabolised in man (Peters et al., 1965; 

Wagner etal., 1977), and loss of the hydrazine group takes place during this metabolism. 

Hydrazine has been detected in the urine of patients receiving isoniazid (Noda etal., 1978,

Horai et al., 1982) and hydralazine (Timbrell and Harland, 1979), and may play a role in 

the toxicity of these two compounds as previously discussed.

As already described, the acetylation of certain hydrazine derivatives, such as hydralazine, 

phenelzine and isoniazid shows genetic polymorphism, the two phenotypes being slow and 

rapid acetylators. It is believed that polymorphism resides in the hepatic N- 

acetyltransferase enzyme which exists in two forms (Weber and Hein, 1985) as shown in 

rabbits and humans. Increased toxicity from hydrazine compounds has been shown in 

individuals who are slow acetylators. Classical examples are, increased isoniazid-induced 

neurotoxicity (Pinelli, 1988) or increased hydralazine-induced SLE-like side-effects (Perry 

et al., 1970). Administration of isoniazid has also been associated with a significant 

incidence of hepatic damage (Black et al., 1975). As in experimental animals it is 

postulated that the INH hepatotoxicity may be caused by a chemically reactive metabolite 

of INH, monoacetylhydrazine (Nelson etal., 1976; Timbrell et al., 1980). In experimental 

animals the inhibition of acetylation of acetylhydrazine by isoniazid was shown to increase 

the toxicity of acetylhydrazine (Timbrell and Wright, 1979), and this may also be the case 

in humans. On the other hand it has been shown that in slow acetylators INH 

hepatotoxicity is lower (Mitchell et al., 1975), but this may be due to the inhibition of the 

the toxic microsomal pathway of acetylhydrazine metabolism by INH (Timbrell and Wright,

1978). However it is necessary to stress that as already described, the evidence regarding 

acetylator phenotype and isoniazid hepatotoxicity is controversial.

1.5.1 Recent progress in the study of hydrazine metabolism

More recently, an alternative technique in the study of hydrazine metabolism has been the
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use of 15N-labelled material which can be detected by gas chromatography/mass 

spectrometry (GC/MS), to give a deeper insight into the fate of the compound. Nelson and 

Gordon (1982), showed that 2 hours after a 1 mmol/Kg dose in mice, hydrazine was 

rapidly distributed in liver, spleen, kidneys, lungs, brain, heart, stomach and the intestines, 

with the highest levels appearing in the kidneys. During these two hours, approximately 

20% of the dose was expired as nitrogen gas and by 48 hours another 10-15% was 

eliminated as nitrogen. Similarly, Springer et a/., (1981) found that 25% of a 1 mmol/Kg 

dose of hydrazine in rats was converted to nitrogen gas. The nirogen producing reaction 

is thought to take place in the erythrocytes, catalysed by haemoglobin (Springer et aL, 

1981; Nelson and Gordon, 1982). Liver microsomal oxygenases have also been implicated 

in the oxidation of hydrazine to nitrogen, and diimide, has been indirectly detected as a 

probable intermediate in the oxidation reaction (Nelson and Gordon, 198J). Noda et al., 

(1985) have spin-trapped this diimide intermediate in electron spin resonance (ESR) 

studies during the microsomal metabolism of hydrazine and suggested that it may play a 

role in hydrazine toxicity. Previously, phenyldiazene, was shown to be formed in the 

oxyhemoglobin-mediated oxidation of phenylhydrazine (Itano, 1975) and the products of 

this diazene were implicated in the hemolytic reactions caused by phenylhydrazine (Misra 

and Fridovich, 1976).

The 15N studies of Nelson and Gordon (1982) and Springer et a/.,(1981), have shown an

approximately 75% recovery of administered hydrazine, much greater than the fraction

accounted for by the previous studies. Both studies found about 20-25% of the dose as

nitrogen gas, and over 50% as hydrazine and its metabolites excreted in the urine. About

20-25% of these urinary metabolites of hydrazine were found to be acid-labile. The

identity of these derivatives has not been fully established, although the presence of small

amounts of mono- and diacetylhydrazine have been shown in the urine of both mice and
'/?$!

rats (Nelson and Gordon; Springer et al.). In mice, Nelson and Gordon identified other 

metabolites such as pyruvic and oxoglutaric acid hydrazones, and a tetrahydro-oxo- 

pyridazine (1,4,5,6-tetrahydro-6-oxo-3-pyridazine carboxylic acid; THOPC) which could 

formed by dehydrative cyclization of the oxoglutaric acid hydrazone (figure 1.2). More 

recently the nuclear magnetic resonance (NMR) properties of the 1H and 15N nucleus have 

been used to identify urinary metabolites of labelled hydrazine (Sannins et al., 1991; 

Preece etal., 1991). GCMS and NMR methods will be discussed briefly in later chapters.
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1.6 The toxicity of hydrazine

Hydrazine is acutely toxic, the LD50 in rat being approximately 1.84 mmol/Kg (Schmidt, 

1984), causing disturbances in the central nervous system (CNS) in many species 

(Cornish, 1960), and liver damage in the guinea pig (Wells , 1908), rat (Amenta and 

Johnston, 1962), rabbit (McKfhnis etal., 1961), mouse and man (Reid, 1965; Sotaniemi 

etal., 1971). Large doses of hydrazine cause death within minutes due to convulsions as 

a result of central nervous system (CNS) effects. After sublethal doses, hydrazine causes 

fatty changes, predominantly in the liver, but also in the kidney and heart in rats (Amenta 

and Johnston, 1962) and monkeys (Patrick and Back, 1965). The accumulation of fat in 

the liver has been described in dogs, cats, guinea pigs, rats, monkeys and rabbits (Wells, 

1908). Another important effect of hydrazine in the liver is a depletion of the glycogen 

content which was one of the first metabolic toxicity symptoms observed (Wells, 1908). 

Hydrazine has also been shown to cause the loss of mitochondrial activity in the liver 

(Higgins and Banks, 1971).

In the urinary tract and the kidney the effects of hydrazine include a prompt fall in 

creatinine clearance and rate of glucose absorption (Wong, 1966). Hydrazine at 

subconvulsive doses (less than 2 mmol/kg) causes many other biochemical perturbations 

such as hypoglycemia and the elevation of lactate, pyruvate, citrate, malate and 

oxaloacetate in blood (Fortney, 1966; Ray etal., 1970). Also when injected intravenously 

(i.v.) or given by stomach tube, hydrazine hemolyses red blood cells. Here, some 

important metabolic effects of hydrazine will be discussed in detail.

1.6.1 Fatty infiltration of the liver

Hydrazine has long been known to alter fat metabolism (Wells, 1908). Amenta and 

Johnston (1962), demonstrated a rise in lipid 4 hours after administration of hydrazine to 

rats, using biochemical measurements and light microscopy. The lipid accumulation 

appeared to be periportal and midzonal and was reversible. Using electron microscopy, 

Scales and Timbrell (1982) detected periportal and midzonal accumulation of lipids as 

early as 30 minutes after a dose of hydrazine in rats* The threshold dose for the toxic 

effect was found to be around 0.31 mmole/Kg of hydrazine, and the optimal effect was 

seen after a dose of 1.25 mmole/Kg (Timbrell et al., 1982).

The mechanism underlying fatty liver by hydrazine is not clear. However there are several 

proposed mechanisms:
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(i) Incresaed hepatic triglyceride biosynthesis. Phosphatidate phosphohydrolase (PAP) is 

the key regulatory enzyme in the synthesis of triglycerides (Bindley, 1985), and it cleaves 

phosphatidic acid to give the 1,2-diglyceride, the precursor of triacylglycerol. An incresae 

in PAP activity is thought to be at least partly responsible for hydrazine-induced fatty liver. 

Lamb and Banks (1979) repor ted that the hydrazine-dependent incre:... in liver 

triglycerides measured in vitro correlated well with a rise in the PAP activity. They also 

showed that protein synthesis may be involved in the response of PAP to hydrazine, since 

cycloheximide administration produced a decline in hydrazine-induced TG synthesis in the 

rat. Haghigi and Honarjou (1987) also showed an incresae in the PAP activity of the 

soluble fraction of the liver, parallel with a rise in liver TG levels, but that these effects 

were absent in adrenalectomized rats. High concentrations of circulating cortisone have 

been shown to increase the hepatic activity of PAP, possibly by stimulating its synthesis 

(Glenny and Brindley, 1978). High concentrations of circulating corticosteroids have been 

observed after hydrazine treatment (Cooling, 1979). It has therefore been postulated that 

catecholamines and/or corticosteroids are responsible for hydrazine-induced increases 

in the hepatic PAP activity and TG storage.

(ii) Increased free fatty acid tansport. Trout (1965), showed that hydrazine when 

administered intravenously, caused an early increase in the plasma pool size of free fatty 

acids, which coincided with a decrese in glucose levels. The hypoglycemia is probably a 

factor in elevating the plasma levels of free fatty acids. This increase in the plasma free 

fatty acid pool by hydrazine was postulated to be the main reason for the increased rate 

of free fatty acid transport to the liver. However hydrazine was shown to also bring about 

the hepatic uptake of an increased fraction of the plasma free fatty acid leaving the blood.

(iii) Decreased triglyceride secretion. Hydrazine caused a 10-fold increase in liver 

triglyceride levels 24 hours after an intravenous administrtaion of hydrazine (Clark etal., 

1969). However, mean serum triglycerides were normal at 8-12 hours and only twice 

control levels at 24 hours. It was postulated that hydrazine decreased the secretion of 

triglyceride from the liver, possibly by decreased lipid-binding capacity of lipoproteins.

Inhibition of protein synthesis may also be responsible for the reduced secretion of 

triglycerides from the liver, as is the case with carbon tetrachloride and ethionine (Magee, 

1966). A halt in the synthesis of the protein moeity of the lipoprotein is believed to bring 

about the accumulation of triglycerides within the hepatocyte as a result of an impairement 

of their secretion by the liver (Faber, 1966; Lombardi 1965). Lopez-Mendoza and Villa-
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Trevino (1971), showed an inhibition of amino acid incorporation into rat liver protein by 

hydrazine. This was not due to a dilution of the amino acid pool and was suggested to be 

attributable to a true inhibition of protein synthesis. Other workers using liver slices or 

homogenates from hydrazine treated rats either found no inhibition of the incorporation of 

labeled amino acids (Amenta and Johnston, 1962) or observed an increase in amimo acid 

incorporation (Banks 1969). One explanation for this increase could be a defect in the 

excretion of protein as was shown for choline-deficient animals (Lombardi and Oler, 1963). 

Alternatively it could be due a decrease in protein breakdown leading to the accumulation 

of protein.

Inhibition of synthesis of selective phospholipids could also be responsible for the reduced 

secretion of triglycerides by hydrazine (Clark et al., 1969). Hydrazine may inhibit the 

synthesis of phospholipids, through the inhibition of pyridoxal-phosphate dependent 

enzymes responsible for the synthesis. The deficient supply of these phospholipids may 

result in incorrect proportions of lipids needed for lipoprotein assembly (Clark etal., 1969), 

thus limiting the capacity of the liver to secrete lipids, in the face of supranormal protein 

synthesis (Banks, 1969).

The basic underlying mechanism of hydrazine-induced fatty liver is therefore still unknown. 

Whether the parent compound or a metabolite is responsible for the lesion is also 

unknown. Scales and Timbrell (1982) showed that pretreatment of rats with phenobarbital 

(an inducer of cytochrome P450) or piperonylbutoxide (inhibitor of cytochrome P450), 

respectively reduced and increased the severity of the fatty liver due to hydrazine. 

Pyruvate azine was also found to be far less toxic than the hydrazine with respect to its 

effect on fatty liver. These results suggest that the parent compound hydrazine rather than 

a metabolite of it, is responsible for the hydrazine-induced fatty liver.

1.6.2 The effect of hydrazine on pyridoxal phosphate-dependent enzymes 

Special attention must be paid to the reaction of hydrazines with the aldehydic group of 

pyridoxal-5’-phosphate (PLP), as PLP is the coenzyme involved in major reactions of 

amino acid metabolism such as decarboxylation (Gunsalus et al., 1944) and 

transamination (Schlenk and Snell, 1945). The initial step of these metabolic pathways is 

the formation of a Schiff’s base. This reaction is believed to be the basis of the inhibition 

of pyridoxal phosphate-dependent enzymes by hydrazines (Medina, 1963) and this 

inhibition may be important in the various toxic actions of hydrazines, as described below:
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(i) The convulsive effects of hydrazines are thought to be linked to the inhibition of the

pyridoxal phosphate-dependent enzyme glutamate decarboxylase. Vitamin B6 (pyridoxine)

has been shown to be effective in inhibiting hydrazine-induced convulsions (Cornish,

1969). The convulsions are due to the inhibition of the synthesis of the inhibitory

neurotransmitter y-aminobutyric acid (GABA). This occurs more rapidly than the inhibition
p

of its metabolism by GABA-transaminase also a pyridoxal phoshate dependent enzyme 

so GABA levels fall in the brain. Killam and Bain (1956) showed that several hydrazides 

including isoniazid inhibited the activity of GAD and led to a decrease in the levels of 

GABA. Medina ., (1963) showed that hydrazine and its methyl derivatives caused an 

inhibition of both GAD and GABA-transaminase activity, but only hydrazine caused a 

short-lived increase in GABA levels in the brain before a decrease, whereas its methyl 

derivatives immediately produced a depression of GABA levels. While these experiments 

have measured total brain GABA levels, it has been shown that there are regional 

differences in the GABA concentrations in the brain. Further investigations of regional 

concentrations of GABA in the brain after administration of hydrazides have been 

conducted, but no simple relationship between GABA levels or its metabolism and 

seizures have been demonstrated (Horton et al., 1979). Another candidate capable of 

inducing convulsions is ammonia which rises rapidly in plasma during hydrazine 

intoxication.

(ii) Hydrazine-induced hypoglycemia (Fortney etal., 1967) is probably a consequence of 

the inhibition of phosphoenolpyruvate carboxykinase (PEPCK) during gluconeogenesis 

(Ray et al., 1970). Alternatively Lardy et al. (1965) proposed that mitochondrial and 

cytoplasmic glutamic-oxaloacetic transaminases (GOT), which are essential for the 

conversion of alanine to pyruvate and ultimately to phosphoenolpyruvate (PEP) during 

gluconeogenesis are inhibited. GOT is a pyridoxal phosphate-dependent enzyme and its 

inhibition by hydrazine would be expected to prevent gluconeogenesis from pyruvate 

derived from amino acids, thereby causing hypoglycaemia in the face of elevated pyruvate 

and lactate. Other evidence indicating that hydrazine inhibited amino acid metabolism, 

further suggests that hydrazine inhibits gluconeogenesis through the inhibition of 

transaminases (Fortney et al., 1967; Amenta and Johnston, 1963, Amenta and 

Dominguez, 1965).

^ (iii) Effect of hydrazine on urea cycle intermediates is believed to be due to the inhibition 

ofpyridoxal-phosphate dependent enzymes i.e. the transaminases which feed into the 

cycle. A partial blockage of argininosuccinate synthetase is believed to be responsible for
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accumulation of liver citrulline (Banks, 1970). The accumulation of of liver ornithine could 

bethe result of a reduction in the conversion of ornithine to citrulline due to inhibition of 

carbamoyl-phosphate synthetase by hydrazine (McKinley et al., 1967). Hydrazine in 

vitro, causes a gradual inhibition of citrulline and urea synthesis (Roberge et al., 1971).

1.6.3 The mutagenic and carcinogenic effects of hydrazine

Hydrazine is mutagenic (Kimball ., 1977) and carcinogenic (Toth, 1980). Under 

appropriate conditions, hydrazine exposure can result in an increase in cancer incidence 

in the test animal population. One exposure condition that appears necessary for cancer 

induction is chronic irritation or toxicity. In a chronic inhalation study with hydrazine, 

squamous cell carcinomas of the nasal turbinates were detected in rats, only in the group 

with the highest exposure (Me ;Ewen et al., 1981). Oral administration of a dose of 

hydrazine which depressed growth (approx. 5 mg/Kg), induced hepatocellular carcinomas 

and lung adenocarcinomas in male rats (Severi and Biancifori, 1968), and hepatocellular 

carcinomas (Biancifiori, 1970), pulmonary adenocarcinomas and an increased incidence 

of lung adenomas in mice (Yamamoto and Weisburger, 1970). Although the 

carcinogenicity of hydrazine in the mouse and rat is well established, only one incidence 

of hydrazine carcinogenicity (hepatocarcinoma) in the hamster has been reported (Bosan 

etal., 1987).

Administration of hepatotoxic doses of hydrazine to rats, mice, hamsters and guinea pigs 

was shown to induce the formation of 7-methylguanine and 0 6-methylguanine in liver DNA 

(Barrows and Shank, 1981; Bosan and Shank, 1983). It was believed that the hydrazine 

reacted with endogenous formaldehyde to produce formaldehyde hydrazone (CH2=N-NH2) 

which was then metabolically oxidized to the well known methylating agent diazomethane 

(Bosan et al., 1986). Further evidence suggested that tetraformyltrisazine, or a similar 

reaction product of hydrazine and formaldehyde, may be a more important intermediate 

than the hydrazone in the hydrazine-induced methylation of DNA (Bosan etal., 1986). This 

intermediate may require alcohol and/or acetaldehyde dehydrogenase for metabolic 

activation to a methylating agent.
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MATERIALS AND METHODS

2.1 PREPARATION OF ISOLATED HEPATOCYTES
2.1.1. Reagents

Bovine serum albumin (BSA), Collagenase (Type IV), heparin, 4-(2-hydroxyethyl)-1- 

piperazineethanesulphonic acid (HEPES) and trypan blue were all purchased from Sigma 

Chemical Co. Ltd (Poole, Dorset, U.K.). All other reagents were obtained from BDH Ltd 

(Poole, Dorset, U.K.).

2.1.2 Methods

Hepatocytes were prepared by the collagenase perfusion method of Moldeus et al., 

(1978).

2.1.3 Preparation of stock solutions

(i) Krebs-Henseleit buffer x 2 conc.

The following solutions were mixed together: 16.09% NaCI (100 ml), 1.1% KCI (75ml), 

0.22M KH2P04 (12.5ml), 2.74% MgSo4.7H20  (25ml) and CaCI2.2H20  (50ml) and made up 

to 500ml, using distilled water and this was gassed for 5-10 minutes with 

carbogen (95% 0 2:5% C02), before adding 500ml of 0.97% NaHC03 

The stock solution was stable at 4°C for 2-3 weeks.

(ii) Hank’s buffer x 10 conc.

The following reagents were made up in 1 litre of distilled water: NaCI (80g), KCI (4g), 

MgS04.7H20  (2g), Na2HP04 (0.6 g)

KH2P04 (0.6g). The stock solution was stable at 4°C for 4-6 weeks, (iii) 5.88% CaCI2.2H20. 

Stable at 4°C for 4-6 weeks

2.1.4 Preparation of working solutions 

Working solutions were prepared just before use:

(i) Krebs-Henseleit + Hepes (K + H) buffer.

The Krebs Henseleit x 2 stock was diluted with an equal volume of distilled water, and 

0.3% (w/v) HEPES was dissolved in it. This was then gassed for 5-10 minutes with 

carbogen. To a 100ml aliquot of this, was added 1g of albumin to give the K + H + A 

buffer. pH of both aliquots was adjusted to 7.4 using 1M NaOH.

(ii) Hank’s buffers.
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Using the Hanks x 10 stock, the working solution was prepared. 1g of NaHC03 and 1.5g 

of Hepes were added to 50ml of Hank’s x 10 stock solution and 450ml of distilled water. 

This was then saturated with carbogen as above and divided into two solutions:

(a) Hank’s I: 70mg EGTA and 2g of albumin in 300ml of Hank’s, (b) Hank’s II: 2ml of 

5.88% CaCI2 and approximately 60mg collagenase (this was weighed out but not added 

until successful cannulation was acheived) in 200ml Hank’s solution. The pH of both of the 

hank solutions were adjusted to 7.4.

2.1.5 Procedure

The apparatus used is shown in Figure 2.1. Once the working solutions were prepared, 

they were placed into tall-form 250ml beakers (180ml Hank’s 1,100ml Hank’s II and 100ml 

K+ H + Albumin) in wells in the perfusion water bath, at a temprature of 37°C. The 

perfusion support and cannula/were placed into the Hank’s I beaker and the peristaltic 

pump was switched on. Once the system was filled with and flushed through with solution, 

the carbogen supply was turned on and the pressure was gradually increased until the 

fluid level in the manometre reached 60-70 cm above bench height. At this stage the clip 

between the carbogen supply and the bubble trap was opened, the gas supply readjusted 

and the liquid flow through the cannula was adjusted to 2-3 drops per second.

The rat was then sedated by ether anaesthesia, the thoracic and abdominal fur was wetted 

with 70% ethanol and the body cavity was opened from the lower abdomen to mid thorax, 

taking care not to damage the diaphragm. The viscera and the lower lobes of the liver 

were displaced to the right, revealing the hepatic portal vein. Using curved forceps, a IQ- 

12 cm ligature was passed under the the portal vein at a position of about 2 cm below the 

point of entry of hepatic portal vein into the liver. It is important that the cannulation was 

not made too close to the liver or it would bypass the branches to thelower lobes and 

prevent their perfusion. A small horizontal cut was made across the vein at a position just 

below the thread and the cannula (with a large diameter of about 2mm) inserted 

immediately and the ligature was tied off around the groove near the end of the cannula. 

The clip on the cannula was then opened fully and the hepatic vein and artery at the back 

of the liver, together with the diaphragm were cut to allow effective clearing of the blood 

from liver causing it to blanch.
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Fig 2.1 Diagrammatic representation of the apparatus used for the preparation of 

isolated hepatocytes



The flow from the cannula was reduced slightly and a second ligature was tied around the 

groove of the cannula, before carefully dissecting out the liver.

The cannulated liver was placed on the support and transferred to the Hank’s I beaker and 

perfused for 5mins to wash out any remaining blood. 50mg of collagenase was then 

dissolved into the hank’s II buffer. The cannulated liver and support were lifted out of 

Hank’s I and the excess buffer was drained from the liver before transfer to Hank’s II 

buffer + collagenase (care was taken not to let any air enter the liver). The flow through 

the liver was readjusted to 1 ml/min. The time taken for the breakdown of liver connective 

tissue and optimum release ofliver cells was dependent on the collagenase used (10-20 

mins).

When perfusion was completed, there was a characteristic change in the texture of the 

liver to a more spongy structure. At this stage the flow was stopped and the liver was 

disconnected from the cannula and transferred to a shallow beaker containing 50ml of K 

+ H + A and the capsula was opened using blunt scissors. The K + H + A dilutes the 

residual collagenase present and provides it with an alternative substrate (albumin), thus 

stopping any further digestion of the liver which is damaging to the cells. The resulting 

suspension was filtered through a nylon tea strainer and centrifuged in 50ml polycarbonate 

plastic centrifuge tubes (BDH Ltd, Dorset, U.K.). The centrifuge tubes were spun in a 

bench centrifuge ( Denley BR401 refrigerated centrifuge, Denley instruments Ltd, Sussex, 

U.K.) at about 200 rpm, for 1 min. The supernatant was aspirated and the cells were 

washed 3 times by gentle resuspension in K + H buffer and spinning as above. The 

washing removed the residual albumin, collagenase and the dead cells (the latter are less 

dense and therefore remain in the supernatant).

Finally the cells were resuspended in a known volume of K + H buffer, for the assessment 

of viability and number.

2.2 Assessment of cell viability

2.2.1 Trypan blue dve exclusion

Cell viability was assessed initially and at intervals through the experiment by the Trypan 

blue dye exclusion method. This method assesses the viability of a cell according to its 

ability to exclude the dye. Trypan blue is unable to enter a cell with an intact membrane.
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Therefore non-viable cells are stained blue whereas viable cells do not take up the dye 

and are transparent.

To assess cell viability and number, a 50jxl aliquot of the cell suspension was diluted 1:10 

with a 0.4% Trypan blue solution in saline and gently mixed. Cell viability was assessed 

using a Weber haemocytometer. The total number of cells was recorded in the central grid 

consisting of 16 large squares. The volume of this central grid is 0.1mm and the 

calculation of the viability and initial cell number is shown below:

Cell no./ ml = 1 x 104 x no. of cells/16 large squares x dilution factor (1:10)

Total cell yeild = cells/ml x volume of the suspension 

% Cell viability = no. viable cells / total no.cells x100

The total yield obtained was usually between 300-500 million cells/ml, depending on the 

weight of the rat. Starting cell viabilities were 85-94%.

Trypan blue exclusion is routinely used for the determination cell viability and has the 

advantage of being cheap and fast. However, it measures an event, namely leakiness of 

the cell membrane, which is a late event in the countdown to cell death. Also there could 

be a degree of error, due to varying personal interpretation.

2.2.2 Lactate dehydrogenase leakage

This method assesses viability on the basis of the leakage of the cytosolic enzyme lactate 

dehydrogenase (LDH), out of the cells. The activity of this enzyme was measured in an 

aliquot of cell free medium, using the method of Bergmeyer et al., (1965), based on the 

disappearance of NADH at 340nm according to the following reaction:

Pyruvate + NADH LDH ^  Lactate + NAD+

At various intervals, aliquots of cells were removed from the incubation flasks and spun 

at 300 rpm for 2 minutes. An aliquot of the supernatant was used for the measurement of 

total LDH. To this 0.5% Triton X-100 was added to lyse the cells and release all the LDH, 

by damaging all the membranes. LDH in the medium was expressed as a % of the total 

LDH.

For the assay : phosphate buffer (0.1 M), containing sodium pyruvate (78mM) was added
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to a cuvette and mixed with 100|il of NADH. After obtaining a baseline, the reaction was 

started by adding 100^1 of the sample and the rate of disappearance of NADH was 

recorded at 340nm over a period of 1 min. For the blank 0.5% triton was used in place of 

the sample.

2.3 Protein determination by the Lowry method

Protein levels were measured using the method of Lowry et al. (1951).

2.3.1 Reagents

(i) 2% Na2C03 + 0.1 M NaOH (solution A)

(ii) 1% CuS04 (solution B)

(iii) 2% Sodium potassium tartrate (solution C)

(iv) Mixture of A:B:C, 1:1:90 (solution E)

(v) Phenol reagent F (a mixture of phenol reagent and distilled water in equal volumes)

2.3.2 Procedure

The sample was diluted to within the right range (approx. 50 p.g/ml), and added to 5ml of 

solution E and left for 10min. Then o.5ml of the phenol reagent F was added and mixed 

immediately. The absorbance was read after 30mins at 750nm. The standard curve was 

in the range of 0-100 ^ig/ml.

2.4 Measurement of ATP

ATP was measured using the method of Stanley and Williams (1969). This assay depends 

on the detection of the bioluminesence produced by the luciferase extract of firefly tails in 

the presence of ATP, according to the following reaction:

Luciferase (E) + Luciferin (LH2) + ATP ^E.LHgAMP + PPi

ELH2AMP + 0 2 ^E + C02 + AMP + oxyluciferin + light

Since the amount of light produced is proportional to the amount of ATP present (one 

photon is produced for each molecule of ATP consumed), a photon detection system can 

be calibrated for the detection of ATP levels in samples of cells and tissues.
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2.4.1 Reagents

(i) ATP and luciferase, obtained from Sigma.

(ii) 80 mM MgS04.7H20  + 10 mM KH2P04 + 100 mM Na2As04.7H20, mixed 1:1:1: 

quantities. This was the assay buffer.

2.4.2. Instrumentation

The bioluminesence was measured in a luminometer which is a unit consisting of the 

following:

(i) Thorn-EMI photon detection system consisting of a control unit, photomultiplier (PM) 

tube, and forced-air cooling system. The cooling system allows the PM tube to be run at 

a temperature of -25°C, thus reducing the background reading produced by PM tubes at 

higher temperatures. The control unit is responsible for the turning on and off of the PM 

tube.

(ii) Sample compartment which was light-tight, to minimize reading due to stray light.

(iii) Amstrad PC152 computer, which controlled the system during the assay. The length 

of time over which the readings were taken from the sample was set at 6 seconds, at the 

end of which the PM tube was turned off and the counts per second (cps) calculated and 

displayed on a printer.

2.4.3. Procedure

Samples which had been stored at -80°C in 10% TCA were diluted to within the right 

range (approx. 20 jxM ATP). 10̂ 1 of sample was added to 2ml of the assay buffer (made 

fresh just before use), into standardised 12 x 75mm plastic tubes. The reaction was 

started by addition of 10Ojxl lantern extract, and after mixing, the emission of light from the 

sample was measured. Since the emission of light from the sample is not constant but 

depends on the lenght of time after the addition of the luciferase, it is important to take the 

measurement (in terms of cps) at a constant interval after the addition of the enzyme. An 

optimal time for this measurement was found to be 15 seconds. The standard curve was 

linear in the range of 0-40m.M ATP.

2.5 Measurement of GSH
GSH was assayed by a modification of the spectrophotometric method of Ellmann (195B), 

which is based on the reaction between DTNB [5,5’-Dithiobis-(2-nitrobenzoic acid)] and the 

thiol (-SH) group on the GSH molecule to give a yellow-coloured compound which
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absorbs at412nm.

Although this method is not specific for GSH (DTNB reacts with other -SH groups), this 

problem could be rectified by the precipitation and thus removal of protein -SH groups by 

the addition of sulphasalycylic acid (SSA) to an aliquot of isolated hepatocytes. This 

method is sensitive down to 10mM -SH. The assay was not affected by hydrazine in the 

concentration range of interest.

2.5.1 Reagents

(i) 0.1 M KH2P04 pH 8.0, assay buffer

(ii) 4% SSA

(iii) 10mM DTNB in pH 7.4 buffer

(iv) GSH obtained from Sigma

2.5.2 Procedure

To an aliquot of isolated hepatocytes, SSA was added in an equal volume and mixed. This 

was then centrifuged at 2,000 rpm for 2min. and 0.5ml of the supernatant was added to 

4.5ml of assay buffer and to this was added 50jxl of DTNB. Absorbance was recorded at 

412nm after the completion of the reaction by leaving the above mixture in the dark for 

15mins. The standard curve was in the range of 0-100 p.M.

2.6 Measurement of oxidized glutathione (GSSG)
A modification of the method of Griffith (1980) was used, whereby GSH is removed from 

the sample by conjugation to 2-VP (2-vinylpyridine) and GSSG measured by a GSSG- 

reductase-linked recycling assay.

2.6.1 Reagents

(i) 0.1 M tris buffer + 5mM EGTA pH 7.4, assay buffer

(ii) 12(xl/ml 2-VP, obtained from Aldrich Chemical Co. Ltd.

(iii) 2mM NADPH

(iv) 10 jxl/ml GSSG reductase

2.6.2 Procedure

GSSG was measured in the supernatant of an aliquot of isolated hepatocytes. Aliquots 

were diluted 1:2 with the tris buffer and 2-VP. These samples were kept at room
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temperature for 20 mins for the conjugation with 2-VP to be completed and then 

centrifuged at 3,000 rpm to remove any protein. To 142^1 of the sample was then added 

100jxl DTNB + 700|il NADPH.

After preincubation for 1 min at 30°C,the reaction was started by the addition of 10ul of 

GSSG reductase and the absorbance monitored spectrophotometrically for 1 min at 412nm 

at 37°C. A standard curve was prepared in the range of 0-1.0 \lM GSSG.

2.7 Measurement of NAD(P)*

The measurement was based on the method of Bernofsky & Swan (1973). This method 

links the reduction of NAD+ and NADP+ by alcohol dehydrogenase (ADH) and glucose-6- 

phosphate de^JLrojemse (G6PDW) , to their reduced forms, to the reduction of 3-(4,5- 

dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, thiazolyl blue), via phenazine 

ethosulphate (PES) which is cyclically reduced by NAD(P)H and oxidized by MTT, as 

shown below:

NAD(P)+ PES (red) MTT(ox)Ethanol

G6PDH

Acetaldehyde

6-phosphogluconate NAD(P)H PES(ox) MTT(red)

The reduced MTT absorbs strongly at 570nm and therefore its formation can be monitored 

spectrophotometrically. All the reagents are present in excess amounts so the rate of 

appearance of reduced MTT would only depend on the quantity of NAD(P)+ present.

The above method does not distinguish between the reduced and oxidized nucleotides, 

and this difficulty is overcome by using an alkaline ethanolic solution where the oxidized 

forms are not stable and are therefore destroyed.

2.7.1 Reagents

(i) 0.1 M KH2P04 pH 7.6, assay buffer
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(ii) 1.9%v/v ethanol

(iii) 0.1 M glycylglycine + 0.1 M nicotinamide + 12.5mM EDTA pH 7.4, assay buffer

(iv) 1 .OmM MTT/4 mM PES solution in distilled water

(v) NAD(Pf obtained from Sigma Chemical Co. Ltd

(vi) ADH (1250 U/ml), glucose-6-phosphate dehydrogenase, G-6-PDH (100 U/ml)

2.7.2 Procedure

A 1ml aliquot of isolated hepatocytes (106 cells/ml) was removed from the incubation 

mixture and after centrifugation at 300 rpm for 1 min to sediment the cells, 1 ml of 0.5M 

perchloric acid (PCA) was added. This was then centrifuged at 2,500 rpm for 10min and 

a 0.8ml aliquot store d at -80°C prior to analysis.

The sample (or standard) was prepared for analysis by the addition of 0.1ml of 1M KOH 

and sufficient (approx. 0.25ml) 3M KOH to adjust the pH to 7.2-7.8 units.

For the analysis of NAD+, 0.3ml of sample was added to 1.6ml of the 0.1 M KH2P04 assay 

buffer + 15pl of ethanol. To this was added 0.1ml of PES and MTT each. After 

preincubation of the cuvette at 37°C for 2mins, the reaction was started by the addition of 

0.02ml of ADH and the reaction rate monitored spectrophotometrically at 570nm for 1min 

after an initial lag time of 1min.

NADP+ was assayed in the same way except that 0.5ml of the sample was added to 1.4ml 

of a mixture of 0.1 M glycylglycine + 0.1 M nicotinamide + 12.5mM EDTA assay buffer. 

0.2ml of the MTT/PES solution was then added and the reaction started by the addition 

of 0.02ml of G6PDH solution. The rate of the reaction was monitored as for NAD+.

For both NAD+ and NADP+ a standard curve in the range of 0-10|iM was used.

2.8 Measurement of NAD(P)H
Reduced nucleotides NAD(P)H were assayed using the HPLC method of Kalhorn et al., 

(1985). The two nucleotides were seperated using a C18 reverse phase HPLC system.

2.8.1 Materials

(i) C18 reverse phase column, purchased from Beckman Ltd (High Wycombe, Bucks, 

U.K.). The column was an altex 5|xl Ultrasphere ODS (4.6mm ID x 25cm) and an ODS 

guard column (4.6mm ID x 4cm) was fitted immediately prior to this in the system.
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(ii) 5M KOH

(iii) Mobile phase : 82%v/v 0.2M NH4P04, pH 6.0 + 17.87%v/v methanol + 0.13%v/v 

tributylamine

(iv) NADH and NADPH

2.8.2 Procedure

A 1ml aliquot of isolated hepatocytes (106 cells/ml) was centrifuged at 300 rpm for 1min. 

The supernatant was then aspirated off and to the pellet was added 2ml of 99%v/v + 

1 %v/v 5M KOH. The samples were then allowed to stand for 10 min at 4°C, this step 

being necessary for NAD(P)+ destruction. Protein was precipitated by centrifugation at 

2,500 rpm for 10 min, the supernatant aspirated and 1ml of chloroform was added. The 

samples were mixed thorougly by vortexing and 0.4ml of 0.01 M KOH added followed by 

vortexing. The chloroform and the 0.01 M KOH were separated by centrifugation at 300rpm 

for 10min, and 0.2ml of the 0.01 M KOH stored at -80°C before analysis.

HPLC analysis was performed on a C18 reverse phase column, packed with beads of 

mean diameter of 5n.m, and of internal dimensions of 25 x 0.4 cm. The mobile phase was 

as mentioned above, and the flow rate was 1ml/min. 50p,l of sample- undiluted- was 

loaded. NADH and NADPH eluted at approx. 6.5min and 9.3min respectively. The eluent 

was continuously monitored at 340nm, with an optical absorbance range of 0-0.02 units. 

The peak area was calculated by integration and the amount of each nucleotide calculated 

using a standard curve in the range of 0-10^M.

2.9 Measurement of Succinate dehydrogense (SDH) levels In isolated hepatocytes 

in suspension
SDH catalyses the reaction:

Succinate ^  fumarate + 2H+ + 2e'

SDH activity was measured according to the method of King (1967). A dye was used (see 

below) which accepts the hydrogen atoms from succinate and gets reduced to a red 

insoluble formazan. The reaction was stopped by the addition of a mixture of TCA, ethyl 

acetate and ethanol which precipitated the protein and dissolved the formazan. The dye 

(INT) can also be reduced by other dehydrogenases or even chemicals present in the
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sample. To allow for these interfering substances blank assays had to be included in 

which succinate was replaced by the specific inhibitor of the reaction, malonate.

2.9.1 Reagents

(i) 250mM sucrose / 5mM tris buffer, pH 7.4 (stable at 4°C)

(ii) Phosphate buffer, 400mM KH2P04 pH 7.4 (stable at 4°C)

(iii) 1.5mM INT [2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride], made 

fresh. 200mg of INT was dissolved in the minimum volume of ethanol and then made up 

to 200ml with the phosphate buffer. 50ml of distilled water was added and the solution 

kept on ice in the dark until use.

(iv) 0.25M succinate, sodium salt (made fresh)

(v) 0.25M malonate, sodium salt (made fresh)

(vi) 10% TCA (stable at 4°C)

(vii) Ethyl acetate (stable)

(viii) Digitonin, 10% stock prepared just before use

2.9.2 Procedure

A 1ml aliquot of the hepatocyte incubation mixture was removed and to this 10jxl of a 10% 

stock digitonin was added to break down the plasma membrane only (Fiskum et al., 1980). 

After 30 seconds, the mixture was vortexed for 30 seconds and then spun at 500 rpm for 

2min and the supernatant was used for SDH measurement. Incubation mixtures were set 

up in glass centrifuge tubes in duplicate. Each incubation contained the following : 0.2ml 

of the supernatant, 0.76ml of buffer/INT.

The reaction was started by the addition of 0.24 ml of succinate (or malonate for the 

blank). After an incubation of 20 minutes in a shaking water bath at 30°C, the reaction was 

stopped by the addition of 1ml 10% TCA. The tubes were then vortexed and kept on ice 

for 10min. Extraction was done by the addition of 4ml of ethyl acetate and vortexing for 

30 seconds. The tubes were then spun at 3,000 rpm for 5min and the enzyme activity 

which was present in the ethyl acetate layer was measured by recording the absorbance 

at 490nm, using ethylacetate as blank. The activity of the enzyme in each fraction was 

calculated using a molar extinction coefficient of 2 x 104 mol* cm". Results were expressed 

as moles of formazan formed/20 min/mg protein.
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2.10 Triglyceride levels in Isolated hepatocytes

The levels of triglycerides (TG) were determined both inside cells and in the medium of 

isolated hepatocytes in suspension, using a quantitative semi-enzymatic method 

(procedure No.320-UV, Sigma diagnostics, Sigma Chemical Co., Dorset, U.K.). The assay 

is based on enzymatic measurement of glycerol as desribed by Pinteretal,(T967)kT^e 

described assay involves saponification of TG and subsequent reaction of glycerol with 

a coupled enzyme system as follows:

(i) Saponification of triglycerides:

Triglycerides alcoholic KOH^ Glycerol + Free fatty acids

(ii) Phosphorylation of glycerol:

Glycerol + ATP Glvcerokinase^ Glvcerol-1- phosphate + ADP

(iii) Formation of pyruvate:

ADP + Phosphoenolpyruvate pyruvate kinase^Pvruvate + ATP

(iv) Reduction of pyruvate to lactate:

Pyruvate + NADH lactate dehydrogenase ^  Lactate + NAD

The amount of NADH oxidized, represented by a decrease in absorbance, is equivalent 

to the glycerol formed, which in turn is proportional to the original TG concentration.

2.10.1 Reagents

(i) Triglyceride reagent: 0.14 mmol/L ATP, 1.21 mmol/L phosphoenolpyruvate, 0.2 mmol/L 

NADH, 1600 U/L rabbit muscle pyruvate kinase, 3400 U/L beef heart lactate 

dehydrogenase and buffer salts and stabilizers. The assay solution is made by 

reconstitution of 1 vial in 26ml distilled water.

(ii) Glycerokinase solution from Candida mycoderma, 150 U/ml.

(iii) Magnesium sulphate, 0.15 mol/L prepared by reconstitution with 55ml distilled water.

(iv) KOH solution, 8 mol/L, in dropper bottle.

All the above reagents were provided in the assay kit.

2.10.2 Procedure

Each sample was first saponified by the addition of 0.5ml ethanol (99%) to 0.25ml of the 

sample, followed by 1 drop of KOH solution and mixed. The samples were then incubated 

at 60-70°C for 20min and then cooled to room temp. 1 ml of MgS04 solution was then 

added to each tube and mixed. Free fatty acids in the sample were precipitated by
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centrifugation. 0.5ml of the clear supernatant was taken for assay and added to 2.5ml of 

triglyceride solution, mixed and after 1min of equilibration the absorbance was recorded 

at 340nm vs water. This was the initial reading (initial A). 10jxl of glycerokinase was then 

added, mixed and after 5min the absorbance measured as before. This was final A. 

Absorbance was measured as initial A - final A. A suitable blank was used. Free glycerol 

was similarly measured in an aliquot of the sample which was not saponified, and was 

subtracted from the reading for total TG. TG levels were expressed as mg/ml.

2.11 Measurement of hydrazine using the DMBA assay

A simple procedure was used for the measurement of free hydrazine inside and outside 

of the isolated hepatocytes, as described by Reynolds and Thomas (1965). It is based on 

the reaction of hydrazine with p-dimethylaminobenzaldehyde (DMBA) and the formation 

of a product with characteristic absorbance at 750nm, as shown in figure 2.2.

This assay has the advantage of being fast and sensitive for the measurement of unbound 

hydrazine, but it does not measure metabolites of hydrazine such as acetyl- or diacetyl- 

hydrazine.

2.11.1 Procedure

1ml of an appropriate dilution (approx. 0.05mM) of the sample (in 10% TCA) was added 

to 2ml of 4% DMBA (in 99% ethanol), and mixed thoroughly. Absorbance was measured 

after 10min when the reaction was complete, at 750nm. The calibration curve was in the 

range of 0-0.05 mM for the measurement of hydrazine inside the cells and in the range 

of 0-20 mM for the measurement of hydrazine in the medium.
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Colorimetric Reaction

H2N—NH2 +  2

Hydrazine

H*

p-Dimethylaminobenzaldehyde

C =  N— N =C

Vivid Yellow Azine

CH

CH3
+  2 h 2o

Fig. 2.2 The colorimetric reaction of hydrazine and p-dimethvlaminobenzaldehvde 

(DMBA)
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2.12 Treatment of animals

Male Sprague Dawley rats (Olac, Bicester, U.K.), weighing approx. 250g, were used 

throughout the experiments. These were maintained (3 to a wire-meshed cage) under 

constant heating and lighting cycles. Animals were allowed access to food and water ad 

libitum until sacrifice.

In the case of all the treatements below, animals were allowed access to food and water 

ad libitum but were starved overnight before sacrifice. The last dose was 24hrs before 

sacrifice.

2.12.1 Phenobarbital pretreatment

Animals were maintained on 0.1%v/v phenobarbital (PB, obtained from Boots Chemist, 

England) in their drinking water for 9 consecutive days.

2.12.2 Clofibrate pretreatment

Clofibrate, 2-(p-chlorophenoxy)-2-methyl-propionic acid ethyl ester (Clo, Sigma Chemical 

Co, Dorset, U.K.), was injected int aperitoneally (i.p.), for 4 consecutive days as a 

solution of 400 mg/Kg body weight in corn oil.

2.12.3ff-naphthoflavone pretreatment

/3-naphthoflavone (BNF, Aldrich Chemical Co, U.K.) was injected i.p. as a solution of 

80mg/Kg body weight in corn oil.

2.12.4 Hydrazine pretreatment

Hydrazine was injected i.p. in the form of solutions of hydrazine hydrate in 0.9% NaCI, in 

2 different doses of 12.5 mg/Kg and 18.5 mg/Kg of body weight, for 4 consecutive days.

2.13 RAT LIVER MICROSOMES (RLM)

Rat liver microsomes were prepared according to a modification of the method of Ernster 

et al. (1962). Animals which were starved the night before, were weighed and killed by 

cervical dislocation. One animal at a time was killed and the liver rapidly removed and 

washed into a small beaker containing buffer (Tris HCL buffer, pH 7.4 + 0.25M sucrose 

+ 5.4mM EDTA) on ice. The liver was then blotted dry, weighed, scissor-choped and 

homogenised on ice with an Ultra Turrax type homogeniser for approximately 30 seconds
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with x 3 volume of buffer.

The homogenate was then transferred to polycarbonate centrifuge tubes and spun at 

19,000g in an ultracentrifuge (MSE Europa, 8x50 ml rotor) for 15min at 4°C. The 

supernatant (refferred to as the post-mitochondrial or S9 fraction) was removed, 

transferred to thick-walled polycarbonate Kontron tubes, and centrifuged at 170,000g in 

an ultracentrifuge (Centrikon T-2055) for 45mins at 4°C. The supernatant was removed 

and the pellet gently washed, and resuspended in the original volume of buffer using a 

slowly driven teflon/glass homogeniser. This stock suspension contained the microsomal 

fraction, and was diluted 1:9 with buffer for the measurement of protein content and total 

cytochrome P450 immediately after preparation on the same day (see below).

The microsomal preparation could be stored at the original concentration for approximately 

6 months in buffer containing 20% glycerol at -80°C without any effect on the enzyme 

activities of interest.

2.13.1 Measurement of the protein content of the RLM fraction

An alternative to the Lowry method of protein measurement was used according to the 

method of Smith et al., (in press). This is based on the reaction of proteins with alkaline 

copper II to produce copper I, which then reacts with BCA reagent to form an intense 

purple colour at 562nm. In addition to being easy and fast to perform, the assay has the 

advantage of being more sensitive than the alternative method of Lowry etal. (1951) and 

the working reagent and the reaction colour are more stable.

2.13.2 Reagents

(i) Reagent A - Na2C03 + NaHC03 + BCA detection reagent + sodium tartrate in 0.1 M 

NaOH.

(ii) Reagent B - 4% CuS04.5H20

(iii) Reagent C - a 50:1 mix of A:B

2.13.3. Procedure

IOOjjJ of the diluted microsomal suspension was added to 2ml of reagent C and this was 

incubated at 37°C for 30min in a shaking water bath. The absorbance was recorded at 

562nm. The calibration curve was in the range of 0-120 îg/ml of bovine serum j albumin
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(BSA). All measurements were done in triplicate.

2.13.4 Determination of the levels of cytochrome P450 in the RLM fraction

The cytochrome P450 content of the microsomal fraction was determined by the method 

of Omura and Sato (1964). The stock microsomal suspension was diluted 1:9 with 

Tris/Sucrose/EDTA buffer and homogenised to ensure a uniform supension. Two 3ml 

aliquots were were placed in cuvettes. A few mgs of sodium dithionite was added to each 

sample and mixed. The sample cuvette was then gently bubbled with carbon monoxide 

for 20 seconds. The difference spectrum was recorded on a Schimadzu 

spectrophotometer.

The level of cytochrome P450 was determined by measuring the difference between the 

absorbance above baseline at the peak maximum of 450nm and at 490nm. The 

concentration of cytochrome P450 was calculated, assuming a molar extinction coefficient 

of 91 mM'cm' for reduced cytochrome P450. The extinction was measured between 450 

and 490nm. The protein concentration was also measured in the same aliquot of 

microsomes and cytochrome P450 levels were expressed as nmoles/mg of microsomal 

protein according to the following equation:

Cytochrome P450 Levels Au x dilution factor 104 x 40 

(nmoles/mg protein) Em x protein concentration (mg/ml)

Au is the absorbance and Em is the extinction coefficient.

2.13.5 Determination of the lauric acid hydroxylase (LAH) activity of the RLM fraction 

Laurie acid hydroxylation was determined by a radiometric assay, described by Orton and 

Parker (1981) for the detection of the 11- and 12- hydroxylauricj acid metabolites. This assay 

is specific for clofibrate type compounds.

The assay was performed in triplicate with each sample containing the following: 1mg 

microsomal protein suspension, 200pJ of 1 mM lauric acid, 10jxl (0.1 p,Ci) of 14C-Lauric acid, 

made up to 1.96ml with distilled water. The stock lauric acid solutions were made in 

methanol. The samples were incubated at 37°C for 5min in a shaking water bath prior to 

the addition of 40|xl of NADPH solution to initiate the reaction. They were further incubated
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at 37°C for 5min. The reaction was terminated by the addition of 200|xl 3M HCI. Then 10ml 

of diethylether was added for extraction to each sample, shaken for 10mins and allowed 

to stand for 5-10 mins for clarification of the 2 layers. An aliquot of the ether phase was 

removed, transferred to a test tube and evaporated to dryness under a stream of nitrogen. 

The residue was redissolved in 100^1 of methanol and 25pJ was spotted onto a Silica gel 

LK5F TLC plate.

The plates were developed in a solvent system containing hexane: diethylether: acetic 

acid (140:56:3 by volume). The TLC plates were analysed on the Linear Analyser and the 

pecentage of total radioactivity associated with substrate and its metabolites determined.

2.13.6 Determination of activity of ethoxy- and pentoxv-resorufin-O-deethvlase (EROD and 

PROD respectively) of the RLM fraction

EROD and PROD activities were determined by the modifications of methods of Burke and 

Mayer (1974), and Burke etal., (1985). These assays are based on the O-deethylation of 

ethoxyresorufin and pentoxyresorufin and the increase in fluorescence due to the 

formation of resorufin. The EROD reaction is specific for £-napthoflavone type 

compounds, and the PROD for Phenobarbital type compounds.

The incubation mixture contained microsomes diluted with 0.05M tris/HCI buffer pH 7.5 

and 0.025M MgCI2 (to give a concentration of 1 mg/ml of protein in a total volume of 2ml), 

mixed in a cuvette. To this was added either ethoxyresorufin or pentoxyresorufin.

For the measurement of EROD activity, 10jjJ of 1mM ethoxyresorufin was added to the 

above mixture in the cuvette, mixed and a baseline recorded for 3min using a 

spectrofluorimeter. The reaction was started with the addition of 10pJ of 0.1 M NADPH and 

the rate of formation of resorufin was recorded on a chart recorder until the rate begins 

to fall and the line became non-linear

For the measurement of PROD activity, 40jxl of of 0.26M pentoxyresorufin was added to 

the above mixture of microsomes and buffer in the cuvette, mixed and a baseline 

spectrum recorded as above. The reaction was started with the addition of NADPH as 

above and the rate of formation of resorufin recorded. The amount of resorufin was 

determined by measuring the slope of the linear part of the line and using an appropriate
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calibration curve.

2.13.7 Measurement of aniline-4-hvdroxvlase (AH) activity in the RLM fraction

One of the reactions known to be catalysed by a cytochrome P450 dependent 

monooxygenase system is aniline-4-hydroxylation. The assay was carried out as described 

by Imai etal. (1966), with slight modifications to the reaction mixture. The reaction mixture 

contained 0.25ml Tris/HCI buffer (0.3M, pH 7.4), 0.03ml of 0.1 M MgCI2, 0.42ml distilled 

water, 0.75mg NADPH and 0.1ml 8mM Aniline, kept at 4°C.

The reaction was started by the addition of 0.2ml of the appropriate microsomal dilution 

(corresponding to 1 mg microsomal protein), before transferring the sample to a 37°C water 

bath. The reaction was stopped by the addition of 2ml of 11.25% TCA, after 20mins of 

incubation. Protein was precipitated by centrifugation at 2,500rpm for 10min. A 2ml aliquot 

of the supernatant was taken out of each sample and added to 2ml of 0.5M NaOH in 

1 %v/v phenol + 1M NajjCOg and the sample mixed. After 40min at room temperature to 

allow for the reaction to complete, absorbance was measured at 630nm. The calibration 

curve was in the range of 0-100 n,M 4-aminophenol.

2.13.8 Measurement of the cholesterol content of the RLM fraction

Cholesterol was measured in the diluted RLM fraction, using a Sigma diagnostics reagent 

(procedure No. 352, Sigma Diagnostics, USA), intended for serum or plasma 

determinations. This assay measures cholesterol enzymatically and is a modification of 

the method of Allain et al. (1974). The enzymatic reactions involved in this procedure are 

as follows:

Cholesterol esters + H20  Cholesterol Esterase^ Cholesterol +

Fatty acids

Cholesterol + 0 „ CholesteroL Cholest-4-en-3-one + H„0„ 
oxidase

2H20 2 + 4-Aminoantipyrine + phydroxybenzenesulfonate

Peroxidase^ Quinoneimine dye + 4H20

The quinoneimine dye has an absorbance maximum at 500nm. The intensity of the color
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produced is directly proportional to the total cholesterol concentration in the sample.

2.13.8.1 Reagents

Cholesterol reagent, when reconstituted according to directions, contains approximately 

the following concentrations of active ingredients:

(a) Cholesterol oxidase (microbial) 300U/L

(b) Microbial cholesterol esterase (microbial) 100U/L

(c) Peroxidase (horseradish) 1000U/L

(d) 4-aminoantipyrine 0.3mM

(e) p-hydroxybenzenesulphonate 30mM

(f) Buffer pH 6.5

(g) Nonreactive stabilizers and filters

2.13.8.2 Procedure

Cholesterol reagent was reconstituted using deionized water and warmed to 37°C which 

was the assay temperature. 1ml of the reagent was pipetted into a series of cuvettes. To 

this was added 10jxl of sample (microsomes) and mixed. To other cuvettes was similarly 

added 10|xl of the calibrator (a preparation of 200 mg/dL cholesterol), or deionized water 

for blank. Cuvettes were incubated for 10min at 37°C. The absorbance (A) was recorded 

at 500nm in a spectrophotometer set at 37°C. Total cholesterol in each sample was 

calculated as follows:

Cholesterol (mg/dL) = A test - A blank x calibrator (mg/dL)

A calibrator - A blank

The results were then converted to SI units by multiplying the cholesterol values (mg/dL) 

by 10 and dividing by the molecular weight of cholesterol (386.7).

2.14 Histology/Ultrastructural analysis
Histological and ultrastructural procedures were performed at the School of Pharmacy, 

London University.

2.14.1 Haematoxvlin and Eosin (H & E) staining procedure

Sections of whole liver were deparafSPinised in xylene before undergoing several staining 

steps, including Ehrlichs Hematoxylin stain followed by Eosin stain. The sections were
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dehydrated and mounted in Depex.

(b) Oil red O stain for neutral lipid

Neutral lipid in frozen sections of liver was stained with Oil red O. The frozen section was 

put into distilled water and stained with Oil red O for 10min. After washing in tap water the 

section was mounted. Lipids were observed as an orange-red colour while nuclei were 

stained blue.

2.14.2 Electron microscopy

Aliquots of cells (106/ml) were removed and fixed in 2.5% glutaraldehyde in 0.1 M sodium 

cacodylate at pH 7.4 and post-fixed in osmium tetroxide for 2hrs. These were dehydrated 

and added to the link reagent (acetone), either embedded in Araldite resin and slices 

taken from appropriate areas (as judged by light microscopy) and stained with uranyl 

acetate and lead citrate for transmission electron microscopy (TEM), or dried and gold- 

coated for scanning electron microscopy (SEM). A Philips 201 electron microscope was 

used.

2.15 Hepatocyte culture studies

2.15.1 Reagents

1. Williams E medium, supplemented with 5%v/v FCS, 10uM insulin, 100uM 

hydrocortisone, 2mM glutamine and 6mg/ml medium of gentamicin.

2 .3H-leucine solution (2^Ci/ml) in 0.9% NaCI

3. 1mM w/v ’cold’ leuine in 0.9% NaCI

4. 10% w/v TCA

2.15.2 Procedure for culturing hepatocytes

For culturing hepatocytes the method of Williams and Gunn (1974), with some 

modifications was used. Isolated hepatocytes were prepared from male SD rats (approx. 

240g) as already described. These isolated cells were washed in K + H + albumin buffer 

once and then resuspended in sterile Williams E medium

and centrifuged and resuspended in this medium twice. The pellet was finally resuspended 

in Williams E medium with the above supplements. The starting viability of cells was 

always greater than 90%. Cells were cultured in 60mm plastic petri dishes (Falcon 

plastics) at a density of 3x106 cells/3ml medium and left overnight in a humidified incubator
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at 37°C under air and C02 (in proportion of 95%:5%). After this time the hepatocytes were 

examined under the inverted microscope to ensure sticking to the plate and viability, using 

a crude determination with Trypan blue. Cells were then incubated with freshly 

supplemented Williams E medium containing various concentrations of hydrazine. The 

cells were incubated with hydrazine for a duration of 4 or 17hrs. Each incubation was done 

in triplicate.

2.15.3 Assessment of cell viability in cultured hepatocvte

At the end of each incubation period cell viability was estimated by measurement of LDH 

leakage into the medium, according to the method already described in this chapter. 

Cellular ATP levels were measured after extraction with 3ml of 10% TCA, as already 

described.

2.15.4 Assessment of protein synthesis in cultured hepatocytes

Protein synthesis was estimated by measuring 3H-leucine incorporation into cellular protein 

according to the method of Mendoza-Figueroa (1983). During the final 2hrs of each 

incubation, the cultured cells were incubated with 3H-leucine (2 n.Ci/plate). Then, cultures 

were rinsed twice with 3ml ’cold’ leucine solution (in 0.9% NaCI) at 4°C, to stop the 

reaction and also remove any unbound 3H-leucine. Protein was precipitated by the addition 

of 3ml 10% TCA at 4°C for 10mins. Finally, the cells were dissolved and removed from the 

plate by overnight incubation with 3ml 1M NaOH at room temp. Radioactivity was 

measured in a 200pJ aliquot of the cells after neutralization with an equal volume of 1M 

HCI, by liquid scintillation counting (1216 Rackbeta Liquid Scintillation Counter, LKB 

Wallace).

2.15.5.Measurement of cytochrome P-450 in cultured hepatocytes

The cells were harvested and sonicated in Williams E medium at 4°C. The difference 

spectrum of reduced homogenate + C02 vs reduced homogenate was recorded as already 

described.

2.15.6. Expression of results in cultured hepatocytes

Results were all expressed per mg of cell protein, using the method of Lowry| et al. (1951) as 

already described.
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2.16 Statistical analysis

Where indicated, the results were expressed as the mean of three or more values ± the 

standard error of the mean (S.E.M.). Using the student’s t test, the probability that the 

means of two groups of observations were significantly different was determined.
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CHAPTER 3. TOXICITY OF HYDRAZINE IN SUSPENSIONS OF ISOLATED 

HEPATOCYTES

3.1 INTRODUCTION

The hepatotoxicity of hydrazine is manifested as fatty liver which is dose-related and can 

be detected within 30 minutes of dosing using electron microscopy (Scales and Timbrell, 

1982) or 4 hours after dosing using biochemical means (Timbrell et at., 1982).

The mechanism of fatty liver caused by hydrazine is not clear. Increased synthesis of 

diglycerides (Lamb and Banks, 1979; Haghighi and Honarjou, 1987), increased free fatty 

acid transport to the liver (Trout, 1964) or an inhibition of protein, synthesis (Lopez- 

Mendoza and Villa-Trevina, 1971), have been postulated as possible mechanisms of 

triglyceride accumulation in the liver.

It has been shown that inhibition of the synthesis of the protein moiety of the lipoprotein 

brings about an accumulation of triglycerides within the hepatocytes as a result of an 

impairment of the secretion of triglycerides by the liver (Farber, 1966). ATP deficiency is 

thought to play an important role in ethionine-induced inhibition of protein synthesis (Villa- 

Trevino etal., 1963) and the subsequent triglyceride accumulation in the liver (Farber et 

a/., 1963 ; 1964).

Most of the work in this chapter was carried out on isolated rat hepatocytes, prepared as 

described in chapter 2. This model was used for the following reasons: (i) hepatocytes are 

easily obtained in high yield and viability; (ii) their viability is well maintained over the time 

period used in the experiments; (iii) over this time period they maintain their metabolic 

capacity, and range of metabolic reactions as found in the whole liver (Klassen and Stacey, 

1982); they are well characterised in terms of their metabolic capacity and biochemistry 

(Thurman and Kaufman, 1980). Therefore, studies can be carried out under carefully 

controlled conditions resembling those in vivo but without the extrahepatic influences 

present in the whole animal. The isolated hepatocyte system is thus very suitable for the 

study of mechanisms of toxicity of hydrazine, since it permits the administration of high 

doses without the implications of toxicity which could be caused in the whole animal (High 

doses of hydrazine in vivo cause convulsions due to central nervous system effects). The 

major disadvantage of the isolated hepatocyte system is that the cells no longer possess 

the spatial contact and organisation of the whole liver.
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In this study isolated hepatocytes were used in suspension, in an effort to elucidate the 

sequence of biochemical events preceding cell injury. Cell injury is any perturbation that 

upsets the normal homeostasis of the cell. The histological changes preceding toxicity, 

following the onset of ischaemia have been divided into several stages that encompass 

the point at which the cell passes from reversible to irreversible injury (Trump etal., 1980). 

These changes are the result of perturbations in cellular biochemistry that also occur in 

a sequential manner. Cellular ATP depletion is thought to be the major event causing the 

biochemical changes in ischaemic cells (Trump etal., 1980). Since ATP is essential for 

the operation of membrane ion pumps (e.g. Ca2+/Mg2+ ATPase), a depletion of ATP can 

lead to loss of intracellular homeostasis where loss of Ca2+ balance may be the most 

important. Also the depletion of ATP results in the arrest of almost all energy requiring 

biochemical processes, and reactions requiring ATP as a source of high energy 

phosphate.

In a previous study of toxic compounds, hydrazine was reported to perturb ATP levels in 

isolated hepatocytes in association with inhibition of urea synthesis and loss of cell viability 

(Story e ta l , 1983). Similarly Noda etal. (1987), found a loss of cell viability and cellular 

glutathione (GSH) in isolated hepatocytes in suspension in the presence of hydrazine. 

Phenylhydrazine has also been shown to effect ATP levels in erythrocytes (Magnani etal., 

1988).

In this chapter the depletion of ATP by hydrazine was investigated, both in vitro using 

isolated hepatocytes and in vivo in rat liver. Also much of the focus of this chapter is to 

link the hydrazine- induced depletion of ATP to alterations in various intracellular 

parameters such as glutathione and pyridine nucleotides, to try and elucidate the 

biochemical sequence of events, that manifest themselves by a loss of cell viability-

Hydrazine has been shown to inhibit pyridoxal-phosphate dependent transaminases 

through the formation of a Schiff base with the pyridoxal phosphate aldehyde moiety, as 

already described (chapter 1). In this chapter the effects of pretreatment of hepatocytes 

with a precursor of pyridoxal phosphate, namely pyridoxine (vitamin B6) on the toxicity of 

hydrazine is investigated. In addition, the effect of pretreatment of hepatocytes with 

glucose on the toxicity of hydrazine is also investigated.

Finally, using NMR spectroscopy (proton and 15N NMR), the effects and metabolism of
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hydrazine in isolated hepatocytes are investigated in an attempt to find a link with toxicity. 

The cytotoxicity of two known metabolites of hydrazine, namely acetyl- and diacetyl- 

hydrazine is also assessed in suspensions of isolated hepatocytes.

3.2 METHODS

Hepatocytes were isolated from male rats using the collagenase perfusion method 

(chapter 2). Freshly isolated hepatocyte suspensions (106 cells/ml), were preincubated for 

30 minutes in rotating round bottom flasks at 37°C in an atmosphere of 0 2/C02 (95%/5% 

v/v) prior to treatment with various hydrazine concentrations. HEPES was omitted from the 

buffer for the 1H-NMR studies (see below).

The effects of incubation of hepatocytes for up to 4 hours with a range of hydrazine 

concentrations (8, 12, 16 and 20 mM), on the following parameters was measured:

3.2.1 Cell viability

Aliquots were removed at hourly intervals and cell viability was measured by trypan blue 

dye exclusion and LDH leakage (chapter 2).

3.2.2 Cellular ATP

Aliquots of the incubation mixture were taken at 0,10, 20, 30, 40, 50, 60 and 90 minutes 

and then at 2, 3 and 4 hours and immediately added to 10% TCA and vortexed in order 

to maintain the cellular ATP levels. Samples were kept at -80°C until analysis using the 

bioluminesence assay (chapter 2). Cell viabilities were assessed using dye exclusion.

3.2.3 Reduced and oxidized glutathione levels

Aliquots of the incubation mixture were taken at hourly intervals and used for the 

measurement of cellular GSH and extracellular GSSG as already described (chapter 2). 

Cell viabilities were assessed using dye exclusion.

3.2.4 Reduced and oxidized nucleotide levels

Aliquots of the incubation mixture were taken at hourly intervals and used for the 

measurement of cellular NAD(P)+ and NAD(P)H (chapter 2). Cell viabilities were assessed 

using dye exclusion.

In other experiments cells were incubated with 0, 8 and 16 mM hydrazine for up to 4 hours
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and the following parameters were measured:

3.2.5. Triglyceride levels

3ml Aliquots of the incubation mixture were removed at hourly intervals and spun at 500

rpm for 2 minutes. The pellet was resuspended in 2ml of KH buffer (to concentrate the

levels of triglycerides) and sonicated to release cellular triglycerides. Both the supernatant 

and the pellet were stored at -20°C until analysis (chapter 2). Cell viabilities were assessed 

using dye exclusion.

3.2.6. Succinate dehydrogenase (SDH) levels

1 ml aliquots of the incubation mixture were removed at -5, 0, 10, 30 and 60 minutes 

incubation with hydrazine and then at 2, 3 and 4 hours and used for the measurement of 

SDH levels (chapter 2). Cell viabilities were assessed using dye exclusion. Cellular ATP 

was measured as described (chapter 2).

3.2.7 Effect of preincubation with glucose or pyridoxine on cell viabilities

Cells were preincubated in the presence of 20mM pyridoxine or 10mM glucose, for 45 

minutes before incubation with hydrazine for up to 3 hours. Cell viabilities were measured 

at hourly intervals, using trypan blue dye exclusion.

3.2.8 NMR studies of hydrazine toxicity in isolated hepatocytes

Determination and quantitation of 1H-NMR observable hydrazine metabolites and 

endogenous compounds were performed in a collaborative study.

Isolated hepatocytes prepared from male SD rats by collagenase perfusion, were 

incubated (2.25 x 106 cells/ml) at 37°C as already described (chapter 2), but in a modified 

buffered Krebs Henseleit solution (without HEPES so there is no interference with 1H-NMR 

observation), with 0 or 16 mM hydrazine. Aliquots taken every hour for 3 hours were used 

to assess cell viability by Trypan Blue exclusion (chapter 2) and the cells and the 

incubation medium were separated by centrifugation. The cells were either sedimented 

into NMR tubes and observed directly or sonicated and like the incubation media 

lyophilized to concentrate their components so that the accumulation time neccessary 

during NMR measurement would be shorter (5-10 minutes). D20  was added to each 

sample to replace the original intense H20  peak which can overload the receiver and
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interfere with the observation of chemical shifts of interest. These samples were kept 

frozen until analysis. Chemical shifts were referenced and integrals were compared to an 

internal standard, sodium d4-tetramethyl silyl propionate (TSP, final concentration 5 mM). 

Spectra were recorded at 20°C in 5mm tubes on a Varian XL-300 spectrometer operating 

at a freqency of 300.1 MHz.

Partial characterisation of hydrazine metabolites in isolated hepatocytes using 15N-NMR 

was performed in a collaborative study. Hepatocytes (2x10® cells/ml) were incubated with 

16mM 15N2-hydrazine for 2 hours. A 20ml aliquot of cells was removed and spun at 300 

rpm for 2 minutes. Supernatant was removed and the pellet was resuspended in 20ml of 

KH and sonicated. After lyophilisation the samples were stored at -20°C until resuspension 

in 2.5ml of normal KH buffer prior to analysis. A much larger volume was required to 

maximise sensitivity for 15N-NMR which has only 0.1% sensitivity of 1H-NMR. Chemical 

shifts were referenced to an external standard, ammonia at 0.0 ppm). Spectra were 

recorded in 10mm diameter tubes on a JEOL GX-270 operating at a frequency of 27.4 

MHz.

3.2.9 Electron microscopy

Aliquots of cells (10® cells/ml) were removed after 90 minutes of incubation with 20mM 

hydrazine and used for both transmission and scanning electron microscopy as described 

in chapter 2. These were compared with control hepatocytes.

3.2.10 Effect of hydrazine on ATP levels in vivo

Rats were given doses of hydrazine (0.32,0.64,0.96,1.28,1.60 or 1.92 mmol/Kg i.p.) and 

killed 3 hours later. Control animals were always dosed with saline and at the same time 

as the test animals. Liver samples were then rapidly freeze-clamped in liquid nitrogen and 

then pulverized in ice-cold 10% TCA for ATP determination, using the bioluminescence 

assay (chapter 2).

52



3.3. RESULTS

3.3.1 Effect of hydrazine on cell viabilities

Hydrazine caused a concentration-dependent decrease with time in the viabilities of 

isolated hepatocytes measured by the uptake of Trypan Blue. This effect became 

significant (p < 0.025) for cells incubated with 16 and 20 mM, after 3 hours (Fig. 3.1). Prior 

to the inclusion of the dye, some cell membrane lesions and in particular "blebbing" were 

clearly observable under the light microscope. With both 8 and 12 mM hydrazine cell 

viabilities were maintained at control levels, throughout the 4 hours of incubation.

Fig. 3.2 shows the LDH levels in the incubation medium expressed as a percentage of 

total. After 3 hours of incubation, 16 and 20 mM hydrazine caused a significant (p < 0.05) 

increase in LDH release, compared to control levels.

Results indicate that cell viabilities assessed using LDH leakage (Fig. 3.2) and dye uptake 

(Fig. 3.1) as measures of toxicity, correlate well.

3.3.2 Effect of hydrazine on cellular ATP

The decrease in the cell viabilities was preceded by a similar, concentration-dependent 

depletion in cellular ATP which became significant (p < 0.01) at 2 hours with 8mM and at 

1 hour with greater concentrations of hydrazine (Fig. 3.3). Further investigations (Figs. 

3.4a and 3.4b) showed that 16 and 20 mM hydrazine deplete ATP significantly (p < 0.05) 

after only 20 min of incubation.

With all the concentrations of hydrazine (8-20 mM), the depletion in ATP was rapid in the 

first hour and was followed by a slower decrease for the remainder of the incubation time. 

Control levels of ATP remained constant for the 4 hour duration of the incubation.

53



1 0 0  -I

*
>»

80 -

60 -

.o
<0
>  40

20 -

0 J
1 2 3

Time (hours)

Fig. 3.1 Effect of hydrazine on the viability of rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either 0 (a ), 8 (♦), 12 (■), 16 (▼) or 
20 (•) mM hydrazine. Cell viability was measured every hour by 
dye exclusion.
Each value represents the mean ± S.E.M. of 3 or more rats, where 
* p < 0.02, ** p < 0.01 and *** P < 0.01 are significantly
different from the control group.
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Fig. 3.2 Effect of hydrazine on lactate dehydrogenase fLDHl 
leakage from rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either 0 (a ), 8 (♦), 12 (■), 16 (▼) or 
20 (•) mM hydrazine hydrate. LDH levels in the media of
hepatocytes were measured every hour.
Each value represents the mean ± S.E.M. of 3 or more rats, where 
* p < 0.05, ** p < 0.01 and *** P < 0.001 are significantly
different from the control group.

55



40 -i

30 -

toO
CO

«> 20
oE

CL
H
<  10

0 J

oW

Time (hours)

Fig. 3.3 Effect of hydrazine on the ATP content of rat 
hepatocytes
After a preincubation of 30 min, rat hepatocytes (10* cells/ml) 
were incubated in either 0 ( O,  8 (♦), 12 (■), 16 (▼) or 
20 (#) mM hydrazine. Cellular ATP was measured at each ahour 
using the bioluminescence assay.
Each value represents the mean ± S.E.M. of 3 or more rats, where 
* p < 0.05, ** p < 0.02 and *** P < 0.01 are significantly
different from the control group.
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Fig. 3.4 Effect of hydrazine on the ATP content: of rat
hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either (a) 0 (a ), 8 (♦), 12 (■), or (b) 0 (O, 
16 (▼) or 20 (•) mM hydrazine. Cellular ATP was measured using 
the bioluminescence assay at 10, 20, 30, 40, 50, 60 and 90
minutes after the start of the incubation.
Each value represents the mean ± S.E.M. of 3 rats, where * p < 
0.05 and ** p < 0.02 are significantly different from the control 
group.
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3.3.3. Effect of hydrazine on SDH activity

Hydrazine caused a decrease in the SDH activity of isolated hepatocytes, which became 

significant (p < 0.05) at 1 hour with 16mM and at 2 hours with 8mM hydrazine (Fig. 3.5). 

With 16mM hydrazine, the decrease in SDH activity was most rapid between 0.5 and 1 

hour where it fell to 24% of the control levels. At 2 hours there was a maximal depletion 

of SDH activity to approximately 6% of the control levels for both 8 and 16 mM hydrazine. 

Control levels remained constant throughout the incubation period.

3.3.4. Effect of hydrazine on Triglyceride (TG) levels in cells and the incubation media 

The levels of triglycerides in control hepatocytes decreased throughout the incubation 

period. However with both 8 and 16 mM hydrazine there was a 31% increase in the first 

hour of incubation although this increase was not statistically significant from the controls 

for 8mM hydrazine (Fig. 3.6a). With both 8 and 16 mM hydrazine, this increase was 

followed by a decrease, during the next hour of the incubation.

The levels of triglycerides in the incubation medium during the first hour increased in 

control hepatocytes, but decreased in hydrazine-treated cells, although the differences 

between the media of control and treated cells were not statistically significant (Fig 3.6b). 

In the following 2 hours of the incubation the levels of triglycerides remained relatively 

constant (although they were generally higher in the control samples).

3.3.5 Effect of hydrazine on Glutathione levels

Hydrazine in the range 8-20 mM caused a depletion of GSH with time which became 

significant (p < 0.05) at 4 hours with 8mM hydrazine and at 2 hours with higher 

concentrations of hydrazine (Figs. 3.7a and 3.7b). At this latter time point, 16 and 20 mM 

hydrazine caused a depletion of GSH to approximately 53% and 45% of the control levels 

respectively and 12mM hydrazine caused adepletion of GSH to 62% of the control levels. 

The control levels of GSH were maintained over a range of 35-43 nmoles/106 cells over 

the 4 hour incubation period.

Hydrazine caused an increase in GSSG levels which was not concentration-dependent 

(Fig. 3.8). With the exception of 8mM hydrazine (which caused a significant, p< 0.05, 

elevation of GSSG at 1 hour), all other concentrations of hydrazine elevated GSSG levels 

significantly (p < 0.05) at 2 hours. After 2 hours the control GSSG levels increased to such 

an extent as to make the difference from the test incubations insignificant.
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Fig. 3.5 Effect of hydrazine on succinate dehydrogenase ( SDH1 
levels in rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either 0 (*), 8 (♦) or 16 (▼) mM hydrazine. SDH 
activity was measured at 30, 60 minutes and then at 2 and 3 hours 
after the start of the incubation.
Each value represents the mean ± S.E.M. of 3 rats, where * p < 
0.05, ** p < 0.001 are significantly different from the control 
group.
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Fig. 3.6 Effect of hvdrazine on triglyceride levels inside and 
in the incubation medium of rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either 0 ( O ,  8 (♦) or 16 (▼) mM hydrazine. 
Triglyceride levels were measured in (a) cells and (b) incubation 
medium, hourly for 3 hours.
Each value represents the mean ± S.E.M. of 3 rats, where * p < 
0.05 is significantly different from the control group.
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Fig. 3.7 Effect of hydrazine on the reduced glutathione (GSH1) 
content of rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either (a) 0 ( a ) ,  8 (♦), 12 (■), or (b) 0 ( a ) 
16 (▼), 20 (•) mM hydrazine. Cellular GSH was measured hourly for 
4 hours.
Each value represents the mean ± S.E.M. of 3 rats, where * p < 
0.05, ** p < 0.01 and *** p< 0.001 are significantly different 
from the control group.
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Fig. 3.8 Effect of hydrazine on the oxidised glutathione ( GSSG^ 
content of rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated ineither 0 (*), 8 (♦), 12 (■), 16 (▼) or 
20 (•) mM hydrazine. GSSG levels in the media of hepatocytes were 
measured hourly for 4 hours.
Each value represents the mean of 3 or more rats, where * p < 
0.05 is significantly different from the control group.
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3.3.6. Effect of hydrazine on Nucleotide levels

The results are shown in Figs. 3.9-3.12. The results for the non-toxic (8 and 12 mM) and 

the toxic (16 and 20 mM) concentrations of hydrazine are plotted in seperate graphs.

NAD+:

Only toxic concentrations of hydrazine caused a depletion of NAD+, which became 

significant (p < 0.05) at 2 hours with 20mM and at 3 hours with 16mM hydrazine (Fig. 

3.9b), the latter being concomittant with loss of cell viability. Hydrazine at the non-toxic 

concentrations (8 and 12 mM) had no significant effect on NAD+ levels compared to the 

control levels (Fig. 3.9a). Control levels of NAD remained constant in the range of 4-5.5 

nmoles/mg protein throughout the experiment.

NADP+:

During the 4 hour incubation, a continuous increase in the levels of NADP+ was observed 

both in the presence and absence of hydrazine (Figs. 3.10a and 3.10b). However with 16 

and 20 mM hydrazine, this increase was followed by a decrease at 3 hours concomittant 

with loss of cell viability as measured by dye uptake.

NADH:

With the toxic concentrations of hydrazine (16 and 20 mM) NADH depletion became 

significant (p < 0.05) at 3 hours together with the loss of cell viability (Fig. 3.11b). With 

12mM hydrazine, NADH depletion became significant (p < 0.05) after 4 hours of incubation 

(Fig. 3.11a). 8mM hydrazine did not effect NADH levels significantly during the incubation 

period (Fig. 3.11a). NADH levels in control cells showed a decrease with time to 

approximately 43% of the starting levels within 4 hours.

NADPH:

Hydrazine caused a concentration-dependent depletion of NADPH which became 

significant (p <0.05) at 1 hour with 16 and 20 mM (Fig. 3.12b) and at 2 hours with 12mM 

hydrazine (Fig. 3.12a). 8mM hydrazine caused a minor depletion of NADPH which was not 

significantly different (p > 0.05), from the control levels (Fig. 3.12a). The control levels 

remained fairly constant throughout the incubation period.
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Fig. 3 . 9  Effect: of hvdrazine on NAD* levels in hepatocytes
After a preincubation of 30 min, rat hepatocytes (10* cells/ml) 
were incubated in either (a) 0 (a), 8 (♦), 12 (■) or (b) 0 (4 ), 
16 (▼) and 20 (•) mM hydrazine. NAD+ levels were measured hourly 
for 4 hours.
Each value represents the mean ± S.E.M. of 3 rats, where * p < 
0.05 and ** p < 0.01 are significantly different from the control 
group.
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Fig. 3.10 Effect of hydrazine on NADP* levels in hepatocytes
After a preincubation of 30 min, rat hepatocytes (10 cells/ml)
were incubated in either (a) 0 (O, 8 (♦), 12 (■) or
(b) 0 (a), 16 (▼) and 20 (•) mM hydrazine. NADP levels were
measured hourly for 4 hours.
Each value represents the mean ± S.E.M. of 3 rats.
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Fig. 3 . 1 1  Effect of hydrazine on NADH levels in rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either (a) 0 (*), 8 12 or
(b) 0 (a ), 16 (▼) and 20 (•) mM hydrazine. NADH was measured
hourly for 4 hours.
Each value represents the mean ± S.E.M. of 3 rats, where * p < 
0.05, ** p < 0.01 are significantly different from the control 
group.
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Fig. 3.12 Effect of hydrazine on NADPH levels in rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in either (a) 0 ( O, 8 (♦), 12 (■) or
(b) 0 (a ), 16 (▼) and 20 (•) mM hydrazine. NADPH was measured 
hourly for 4 hours.
Each value represents the mean ± S.E.M. of 3 rats, where * p < 
0.05, ** p < 0.01 and *** p < 0.001 are significantly different 
from the control group.

67



3.3.7 Temporal sequence of changes in cellular parameters induced by hydrazine

The results obtained for viability, ATP, SDH, GSH and NAD+ levels following treatment with 

various hydrazine concentrations 8, 12, 16 or 20 mM were recalculated as percentages 

of control (Fig. 3.13).

With the toxic concentrations of hydrazine (16 and 20 mM), ATP was very rapidly reduced 

to 56% and 64% of the controls respectively (Fig. 3.13c and 3.13d). This loss was 

accompanied by a similar decrease in SDH activity, which was not significantly different 

(p > 0.05) from the control levels in the first 30 minutes, but after that it became rapidly 

greater than the loss in ATP. The decreases in ATP and SDH were closely followed by 

a similar decrease in NADPH to approximately 50% of the control levels at 1 hour. Both 

ATP and NADPH levels continued a parallel fall and reached 10-20% of control levels after 

2 hours of incubation with 20mM hydrazine. With 16 and 20mM hydrazine, GSH levels fell 

to approximately 50% of the control levels after 2 hours, followed by cell death at 3 hours.

With 8mM hydrazine, the loss of ATP became significant (p < 0.05) at 2 hours and was 

followed 2 hours later by the loss of GSH and NADPH (Fig. 3.13a). With 12mM hydrazine, 

the ATP loss became significant (p < 0.05) at 1 hour and was followed one hour later by 

a loss of GSH and NADPH (Fig. 3.13b).
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Fig. 3.13 Temporal sequence of changes in ATP ( * ) . GSH (♦ \  . NADPH 
C } . SDH fvl and viability (•). following exposure of rat 
hepatocytes to fa’) 8. (b̂ ) 12. fc’l 16 and (dl 20 mM hydrazine.
The data is a recalculation of that presented previously, 
expressed as a percentage of the appropriate control values.
* p < 0.05 is significantly different from the relevant control. 
Data continued on next page.
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Fig. 3-13 Continued.
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3.3.8 Effect of pretreatment of cells with pyridoxine or glucose on the toxicity of hydrazine

Pretreatment of hepatocytes with pyridoxine did not effect the profile of hydrazine toxicity 

as measured by Trypan Blue dye uptake (Fig. 3.14a).

However, pretreatment of cells with glucose enhanced the toxicity of hydrazine. 16mM 

hydrazine alone was toxic after 3 hours, but when added to cells which had been 

pretreated with glucose, toxicity was observed at an earlier time of 2 hours (Fig. 3.14b).

3.3.9 NMR studies of hydrazine toxicity in isolated hepatocytes 

When live cells suspended in D20  , control or hydrazine-treated, were examined by 1H- 

NMR, the spectra were poor in quality due to interference by broad signals from 

macromolecules and cells rapidly became anoxic (results not shown). 1H-NMR spectra 

obtained from incubation media with the cells removed were more informative. Signals 

from endogenous compounds such as 3-hydroxybutrate (3HB), lactate (Lac), methionine 

(Met) glucose (Glu), and alanine (Ala) were clearly identified (Fig. 3.15a). Spectra of 

isolated hepatocytes incubated with 16mM hydrazine, also possessed signals from 

hydrazine metabolites including acetyl hydrazine (AcetHz) and the cyclised alpha- 

ketoglutarate hydrazone derivative (THOPC) as observed by Nelson and Gordon (1982). 

The concentration of acetylhydrazine reached a steady state at 1-2 hours, but little 

diacetylhydrazine was seen. As shown in table 3 .1 ,16mM hydrazine caused an elevation 

of lactate and alanine and a decrease of 3-hydroxybutyrate in the hepatocyte medium with 

time compared to the controls.

No signals were seen in 15N-NMR spectra of sonicated cell extracts. In contrast spectra 

from incubation media were informative like the 1H-NMR spectra. It was posible to detect 

and partially characterise some hydrazine metabolites despite the inherent insensitivity of 

15N-NMR spectroscopy. (Fig. 3.15b). These included urea, hydrazine (Hz), and possibly 

THOPC and glutamate or glutamine.

31P-NMR spectra were not recorded as it was considered the information obtained 

principally ATP levels, would add little to that obtained more accurately by other methods 

at the expense of available NMR time.

Acetylhydrazine and diacetylhydrazine at a concentration of 20 mM, were not toxic to the 

hepatocytes as measured by dye uptake (Fig. 3.16).
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Fig. 3.14 Effect of preincubation with pyridoxine or glucose on 
hydrazine toxicity in rat hepatocytes
After a preincubation of 45 minutes in the presence (coloured) 
and absence (open) of (a) 20mM pyridoxine or (b) lOmM glucose, 
rat hepatocytes (106 cells/ml) were incubated in either 0 ( a , a ) ,  

8 (♦/O) or 16 (T /v) mM hydrazine. Cell viability was measured 
every hour by dye exclusion.
Each value represents the mean ± S.E.M. of 3 or more rats, where 
* p < 0.02 is significantly different from the control group.
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Table 3.1 Effect of hydrazine on the concentrations (nmol/106 cells) of endogenous

metabolites
Isolated hepatocytes (2.25 X 106 cells) were incubated at 37°C with either 0 or 16mM 

hydrazine. Aliquots were taken hourly for 3 hours and lyophilised for NMR.

Metabolite

Hz

Concentration (nmol/106 cells)

10 min 70 min 130 min 170 min

Hydroxy-

butyrate

0 mM 

16 mM

25 ± 3  

20 ± 4

41 ± 10 

8 ± 3

77 ± 18 

14 ± 8

53 ±10 

2 ± 1

Lactate 0 mM 

16 mM

165 ± 6  

208 ± 29

201 ± 28 

304 ± 53

127 ± 19 

345 ± 99

150 ±21 

203 ± 28

Alanine

0 mM 

16 mM

1 ± 1 

23 ±6

3 ± 1 

55 ±15

8 ± 2 

33 ± 2

14 ± 3 

57 ±18
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Fig. 3.15 NMR spectra of the Incubation media of hydrazine treated hepatocytes

Hepatocytes were incubated with 16 mM (a) hydrazine or (b) 15N2-labelled hydrazine for 

130 minutes. Continued on next page. See text for details.
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Fig. 3.16 Effect of monoacetyl- (Acl or diacetylhydrazine (diAd 
on the viability of rat hepatocytes
After a preincubation of 30 min, rat hepatocytes (106 cells/ml) 
were incubated in the absence (•) or presence of either 20 mM 
acetyl- (▼) or diacetyl-hydrazine (O* Cell viability was 
measured every hour by dye exclusion.
Each value represents the mean of 3 rats.
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3.3.10 Electron microscopy

Fig. 3.17 shows scanning electron micrographs of cells incubated for 90 minutes in the 

absence (Fig 3.17a) or presence (Fig. 3.17b) of 20mM hydrazine. Cells incubated with 

20mM hydrazine showed numerous blebs compared to the control cells.

The transmission electron micrographs (Fig. 3.18) of cells treated with 20mM hydrazine 

(Fig. 3.18b) for 90 minutes showed some degree of disruption in the cytoplasm, with the 

swelling of mitochondria and the disruption if cristae. There was also increased 

cytoplasmic vacuolation compared to the controls (Fig. 3.18a).

3.3.11 Effect of hydrazine on ATP levels in vivo

Hydrazine also caused a dose-dependent decrease in hepatic ATP levels in rats when 

measured 3 hours after dosing in freeze-clamped tissue by the luciferin-linked 

bioluminescence assay (Fig. 3.19). The liver ATP concentration in rats dosed with 0.63 

mmol/Kg hydrazine decreased to 65% of that seen in control animals dosed with saline 

at the same time. ATP levels were further significantly reduced (p < 0.01) to 46% and 52% 

at the 1.0 mmol/Kg and 1.25 mmol/Kg dose levels and 36% and 38% at the 1.56 mmol 

and 1.88 mmol/Kg dose levels, respectively, when compared to same day controls. The 

depletion of ATP seems to become maximal at 1.56 mmol/Kg of hydrazine. The 

administration of 0.31 mmol/Kg resulted in hepatic ATP levels (93%) not dissimilar from 

control animals. No lethality was observed in any of the animals at any dose of hydrazine 

before killing at 3 hours.
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a

Fig. 3.17 Scanning electron micrographs of hepatocytes after incubation with 

hydrazine

Aliqvpts of cells (106/ml) were removed after 90 minutes incubation with (a) 0 or (b) 20mM 

hydrazine, and used for scanning electron microscopy. Magnification: x2000
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Fig. 3.18 Transmission electron micrographs of hepatocytes after incubation with 

hydrazine

Aliquots of cells (106/ml) were removed after 90 minutes incubation with (a) 0 or (b) 20mM 

hydrazine, and used for Transmission electron microscopy. N (nucleus),

M (mitochondria). Magnification: 22,000.
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Hydrazine dose (mg/kg)

Fig. 3.19 Effect of hvdrazlne administration on the hepatic ATP content of rat liver
ATP content was determined in liver 3h after saline (S; open bars) or hydrazine 10-60 mg 

(0.31-1.88 mmol)/Kg (coloured bars) administration in freeze clamped samples by the 

bioluminescence assay. Adjacent bars represent same day determinations. Bars and 

vertical lines represent the mean ± S.E.M. of 5 rats.



3.4 DISCUSSION

The results show that only 16 and 20mM hydrazine are toxic to isolated hepatocytes after 

3 hours of incubation. Cell viabilities measured by the extent of LDH leakage or trypan 

blue dye uptake correlated well. ATP depletion occured with lower concentrations of 

hydrazine (8mM) and at earlier time points. The results agree with those of Story et al. 

(1985), who showed that 10mM hydrazine was not toxic to hepatocytes in suspension after 

5 hours, as measured by LDH leakage, but it caused a depletion of ATP to about 25% of 

the control levels.

The results differ from those of Noda et al. (1987), who reported cytoxicity and GSH 

depletion in isolated hepatocytes at much lower concentrations of hydrazine (0.1 mM). 

These workers also found acetylhydrazine (0.1 mM), cytoxic to isolated hepatocytes which 

differed from the results shown here and previously where concentrations of 

acetylhydrazine up to 100mM were found to be non-toxic to hepatocytes in suspension 

(Personal communication, J A Timbrell).

NMR results presented in this chapter show several metabolites in the reconstituted 

hepatocyte incubation medium and sonicated cell extracts which had previously been 

observed in the urine of hydrazine-treated rats (Nelson and Gordon, 1982; Sanins, Ph.D. 

thesis, 1987). These include acetylhydrazine and a cyclised metabolite of hydrazine 

namely 1,4,5,6-tetrahydro-6-oxo-3-pyridazine carboxylic acid (THOPC). The elevation of 

lactate shown here by NMR is consistent with a known cytotoxic effect of hydrazine in 

vivo, namely lacticacidosis (Fortney, 1968). Similarly the elevation of alanine indicates 

inhibition of transamination. The depletion of hydroxybutrate might be ascribed to 

interference with ketogenic mechanisms. The 15N-NMR study shows hydrazine metabolism 

can be followed by a labelling strategy but further work is required to rigorously identify the 

metabolites.

Acetylhydrazine was shown to cause extensive hepatic necrosis in phenobarbital- 

pretreated rats (Mitchell etal., 1975). The absence of toxicity of both acetyl- and diacetyl

hydrazine in isolated hepatocytes shown here, could be due to the inability of these 

metabolites to diffuse through the cell membranes and enter the cells, due to their size 

and polarity. ATP depletion in vivo can be due to the inhibition of its synthesis. For
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instance ethionine treatment causes the trapping of adenosine, a synthetic precursor of 

ATP, as S-adenosylethionine in the rat (Jeffreys-Smith et al., 1987). Alternatively ATP 

depletion may occur during its increased utilisation as a result of metabolic insult and 

oxidative stress. This may be the case during chronic ethanol administration (Helzberg et 

al., 1987). Ethionine and carbon tetrachloride, like hydrazine (Amenta and Johnston, 

1962), both cause fatty liver. Inhibition of lipoprotein synthesis and its subsequent 

secretion as a result of ATP depletion have been postulated as the cause of the hepatic 

lipid accumulation following carbon tetrachloride (Robinson and Seakins, 1962) and 

ethionine administration (Ugazio and Lombardi, 1965).

The present studies indicated that hydrazine causes a dose-dependent depletion of ATP 

both in isolated hepatocytes and in rat liver in vivo. The depletion in isolated hepatocytes 

occurs at a concentration which is not cytotoxic and the depletion in liver in vivo occurs 

without lethality, suggesting that ATP depletion may be the cause rather than a 

consequence of hydrazine toxicity. The ATP depletion in isolated hepatocytes could be the 

result of impaired ATP formation or can be due to an increased energy demand on the 

cell.

Hydrazine may decrease the rate of ATP synthesis by several possible mechanisms which 

lead to depriving the cell of essential citric acid cycle precursors and internrtdiates:

(i) A switch from aerobic to anaerobic metabolism. The increase in lactate levels shown 

here by NMR support this.

(ii) Blocking of gluconeogenesis (Fortney et al., 1967) due to inhibition of the enzyme 

phosphoenolpyruvate-carboxykinase, PCK (Ray et al., 1970). These workers showed 

accumulation of intermediates such as lactate, pyruvate, citrate, and oxaloacetate (OA) 

coincident with a decrease in phosphoenolpyruvate (PEP), in vivo. Therefore, since the
0L.

levels of metabolites prior to and including OA were incresed, whereas levels of PEP were 

decreased, it was suggested that hydrazine inhibits the conversion of OA to PEP. Also 

hydrazine has been shown in vitro, to inhibit the enzyme responsible for this reaction, 

namely PCK.

(iii) Decreasing the concentration of pyruvate and a-ketoglutarate through hydrazone 

formation as shown by Nelson and Gordon (1982). NMR results presented in this chapter 

support this theory and show the presence of THOPC (which is a cyclised derivative of
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hydrazine and a-ketoglutarate) in the incubation medium.

(iv) Inhibiting pyridoxal phosphate-dependent transamination. This has been shown in vivo 

(Cornish, 1969), and hydrazine has also been shown to react with pyridoxal phosphate 

in vitro, the reaction rate being higher at pH 7.5 than at lower pH (Castagne etal., 1987). 

The increase in alanine levels in hepatocyte media observed in these studies by NMR 

could be due to the inhibition of alanine transaminase by hydrazine.

However the results show that pretreatment of cells with pyridoxine (vitamin B6, a 

precursor of pyridoxal phosphate) does not alter the hydrazine-induced depletion of ATP 

and the subsequent loss of cell viability. This suggests that although inhibition of pyridoxal 

phosphate-dependent transamination is believed to be important in the CNS toxicity of 

hydrazine (Medina 1963; Killam and Bain, 1956) it may not play a role in its hepatotoxicity.

ATP might also be wasted by futile cycling in the synthesis of labile N-amino analogues 

of glutamine (Speck 1949) or carbamoyl-phosphate (McKinley etai., 1967).

The effect of hydrazine on mitochondria must also be considered in the study of ATP 

depletion. Using electron microscopy, Scales and Timbrell (1982) observed mitochondrial 

enlargement with the disruption of cristae in the liver of rats within 30 minutes of dosing 

with a subtoxic dose of hydrazine (0.6 or 1.2 mmol/Kg). Hydrazine has been reported to 

uncouple rat liver mitochondria in a phosphate dependent manner (Hadler and Cook, 

1978).

Transmission electron micrographs of isolated hepatocytes shown here indicate swelling 

of mitochondria and disruption of cristae after incubation of cells with a toxic concentration 

of hydrazine at a time point before the loss of cell viability.

The effects of hydrazine on the activity of the mitochondrial enzyme succinate 

dehydrogenase shown here, suggest the disruption of the inner mitochondrial membrane 

by hydrazine. Hydrazine inhibits this enzyme at an early time point and also at a 

concentration which is non-cytotoxic, indicating that damage to mitochondria occurs before 

cell death.

ATP depletion can be induced experimentally by inhibiting its synthesis. This occurs during 

ischaemia or in the presence of metabolic inhibitors or uncouplers such as dinitrophenol. 

The effect of hydrazine on mitochondrial ATP production processes in isolated hepatocytes 

will be described in chapter 4, using metabolic inhibitors.
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The temporal sequence of biochemical changes leading to cell death in isolated 

hepatocytes
(i) The decrease in the SDH activity and ATP are the earliest changes closely followed by 

NADPH loss. Another early event (during the 1st hour), is an increase in the triglyceride 

levels inside the cells accompanied by a corresponding decrease in the supernatant. The 

depletion of both NADPH and ATP could be due to their increased utilisation in the 

synthesis of fatty acids, precursors of triglycerides. The overall stoichiometry for the 

synthesis of palmitate (C16) shows that 7 molecules of ATP and 14 molecules of NADPH 

are needed for the synthesis:

8 Acety CoA + 7 ATP + 14 NADPH ^

palmitate + 14 NADP+ + 8 CoA + 6 H20  + 7 ADP + 7 P,

However, according to the above equation NADPH depletion would be expected to be 

greater than ATP depletion which is not the case in results presented here. With 

hydrazine, although there is evidence for increased triglyceride synthesis due to increased 

activity of phosphatidate phosphorylase in the liver (Lamb and Banks, 1979; Haghighi and 

Honarjou, 1987), there is no evidence of increased fatty acid synthesis in liver or plasma. 

Hydrazine has been shown to cause a rise in the serum levels of free fatty acids and a 

subsequent increase in the hepatic uptake of fatty acids (Trout, 196H), the plasma 

increase in fatty acids being due to hypoglycaemia caused by hydrazine. The increase in 

the triglyceride levels of hepatocytes and a corresponding decrease in the medium could 

be simply due to inhibition of triglyceride secretion as shown with carbon tetrachloride 

(Gravela et al, 1979).

It has been shown that most of the hepatic NADPH (approx. 80%), is mitochondrial 

(Bucher and Sies, 1980). The depletion of NADPH by hydrazine may be due to 

mitochondrial damage. Mitochondrial NADPH is generated from NADP+ by a 

transhydrogenase which requires ATP. Therefore the depletion of ATP by hydrazine may 

effect this reaction.

Cytosolic NADPH may be generated by the pentose phosphate pathway in a series of 

reactions starting with glucose-6-phosphate and involving the enzymes glucose-6- 

phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. Hydrazine could 

deplete NADPH by inhibiting these enzymes. In addition, cytosolic NADPH may be
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generated by a malate shuttle that involves the carboxylation of pyruvate to form 

oxaloacetate, reduction to malate, loss of malate into the cytosol, and NADPH production 

via the malic enzyme. Therefore hydrazine can inhibit this mode of NADPH production by 

reducing the availability of pyruvate, the latter effect shown by Nelson and Gordon (198$) 

as described above.

(ii) Another relatively early event is the appearance of numerous plasma membrane 

protrusions (blebs), preceding loss of cell viability with 20mM hydrazine. This blebbing is 

believed to be an initially reversible effect of toxic and anoxic injury (Jewell etal., 1982 ; 

Lemaster et al., 1987). Bleb formation has been recognised in different experimental 

systems, including freshly isolated (Jewell, 1982) or cultured (Lemasters, 1987) 

hepatocytes, as well as in vivo (Sato etal., 1982). Bleb rupture has been proposed as the 

predominant mechanism for the release of intracellular enzymes into plasma following 

tissue injury (Frederiks et al., 1981). Several mechanisms have been proposed for bleb 

formation, including alterations in intracellular calcium concentration (Jewell, 1982) or ATP 

depletion (Lemaster, 1987). Lemaster et al., 1987), used an in vitro model of ATP 

depletion with potassium cyanide (KCN) and iodoacetate and termed it ’chemical hypoxia’. 

Their results indicated that a metastable period characterized by increasing plasma 

membrane permeability marked the transition from viability to cell death during chemical 

hypoxia. The loss of cell viability appeared to be the consequence of a physical 

breakdown of the lipid bilayer of the plasma membrane. The lysis of some cell surface 

blebs left a hole in the cell surface allowing leakage of enzymes. ATP depletion itself 

appears to be sufficient for bleb formation. High energy phosphate compounds are 

required for normal assembly and turnover of cytoskeletal elements and cell surface 

blebbing may be the result of such cytoskeletal alterations.

(iii) Depletion of GSH is a relatively late event, occuring 2 hours after incubation with 

hydrazine. The increase in GSSG occuring at 2 hours may be due to oxidation of GSH at 

this point. However, the increase in the levels of GSSG in control cells throughout the 

experiment makes it difficult to demonstrate this conversion conclusively. Magnani et al., 

1988), showed a 50% depletion in cellular GSH after incubation of erythrocytes with 16mM 

phenylhydrazine for 2 hours, but not a corresponding increase in the GSSG levels.

The decrease in GSH levels could be due to ATP depletion, since ATP is required for the
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synthesis of GSH (Meister, 1977). GSH depletion is a later event than ATP depletion and 

is not likely to be the cause of cell death, but it could be an important event that makes 

the process irreversible in ATP-depleted cells making it ultimately prone to destruction.

In addition to the fatty acid synthesis mentioned above, reduction of oxidised glutathione 

is another reaction competing for NADPH (Meister, 1977) and the ( decrease in NADPH 

at a later stage of incubation (2 hours) might be at least partly due to this.

Depletion of both GSH and NADPH could be due to lipid peroxidation. Preece and Timbrell 

(1989), showed that hydrazine in vivo did not cause lipid peroxidation as measured by 

ethane expiration or malondialdehyde (MDA) formation. Di Luzio and Stege (1977), 

showed lipid peroxidation with hydrazine when measured by chemilumi nescence 6 hours 

after dosing. However this was measured in incubations over 2 hours, and also the 

determination of MDA showed no evidence of lipid peroxidation.

As already described, hydrazine hepatotoxicity in vivo is manifested as fatty liver, and no 

necrosis (Reinhardt and Dinman, 1965; Timbrell et al, 1982). This should be taken into 

account when using any in vitro system for the study of hydrazine toxicity. It has to be 

borne in mind that the criterion of hydrazine toxicity used in the isolated hepatocyte system 

here is different from that used in vivo and is more extreme since it measures loss of cell 

viability as a measure of toxicity. Hence the levels of triglycerides measured in this study 

might be a more suitable (i.e. relevant to the in vivo situation) criterion of hydrazine toxicity 

in isolated hepatocytes and thus require further investigation.
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CHAPTER 4. STUDIES ON THE DISPOSITION OF HYDRAZINE

4.1 INTRODUCTION

In the past, several studies have been carried out to determine the metabolic fate of 

hydrazine in vivo. One of the major problems has been the lack of an appropriate 

radiolabelled analog for detection purposes, and a lack of specific and sensitive assays 

for hydrazine itself.

Springer etal. (1981), and Nelson and Gordon (1982) both used 15N-labeled hydrazine and 

gas chromatography-mass spectroscopy (GCMS), to trace the fate of hydrazine in rats and 

mice respectively. Springer etal. (1981), have described the conversion of 15N-hydrazine 

to 15N2 gas by male Sprague Dawley (SD) rats and the time courses of unlabelled 

hydrazine and its acid-hydrolyzable derivatives in blood and urine, and found that 25% of 

the administered hydrazine was unaccounted for. In this study, the disposition of hydrazine 

in the liver and plasma of rats dosed with hydrazine was investigated, using GCMS, 

according to the method of Timbrell et al. (1977).

Very little is known with confidence about the fate of hydrazine in vitro. Noda etal., (1987), 

have demonstrated hydrazine disappearance in isolated hepatocytes at 37°C. However 

they used a concentration (0.1 mM), which others found non toxic to hepatocytes (Story 

et al., 1983; Preece et al., 1990). In this chapter, the disappearance of hydrazine is 

investigated in suspensions of isolated hepatocytes.

There are a number of different ways in which foreign compounds may pass across cell 

membranes. It is not known whether hydrazine is actually transported across the 

hepatocyte membrane by an active carrier-mediated system, by a non-energetic carrier 

mediated system (facilitated diffusion), or by simple diffusion down an electrochemical 

gradient.

In this chapter, the transport of hydrazine in isolated hepatocyte suspensions is 

investigated and the possibility of the existence of an active transport system for hydrazine 

is considered.

For the measurement of hydrazine, a simple colorimetric assay (Reynolds and Thomas,
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1965) which detects very low levels of hydrazine (0.5 jig/ml), was used. This assay uses 

para-dimethyl aminobenzaldehyde (DMBA), for the determination of hydrazine. The 

reaction of hydrazine and DMBA in an acid medium results in the production of a yellow- 

coloured product which can be used for the spectrophotometric quantitation of hydrazine 

(chapter 2). The assay is most sensitive for the measurement of hydrazine, but at 

absorption maxima very close to that for the reaction of hydrazine (approx. 450nm), it can 

also be used for the measurement of certain metabolites of hydrazine. Reynolds and 

Thomas (1965), have shown monomethylhydrazine (MMHz) to react with DMBA to form 

a yellow chromophore. However with MMHz, the reaction took longer to complete 

compared to hydrazine and also the sensitivity was reduced. Therefore, the DMBA assay 

has the advantage of high speed and sensitivity, and the disadvantage that it cannot 

measure hydrazine bound to tissue components.

The aim of this study was to measure the disappearance of hydrazine from the hepatocyte 

medium together with its appearance inside the cells at 37°C. Also the effects of 

incubation at 4°C on the toxicity of hydrazine to hepatocytes and also its levels in cells and 

incubation media were investigated. In addition, the effects of pretreatment of the cells in 

suspension with metabolic inhibitors on the toxicity of hydrazine and also its levels in cells 

were investigated.
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4.2 METHODS

4.2.1 Determination of time course of plasma and liver hydrazine levels

4.2.1.1 Animal treatment

Hydrazine in distilled water was administered by stomach tube to male SD rats (approx. 

200g) at doses equivalent to 0.09, 0.28, 0.84 and 2.53 mmol hydrazine per Kg body 

weight. Control rats received saline. 12 rats were used at each dose, 3 rats per time point. 

Rats had no food 24 hours prior to dosing, which was staggered. Rats were killed at 10, 

30, 90 and 270 minutes after dosing and blood and liver tissue were collected.

4.2.1.2 Procedure at each time point

Blood was taken from the vena cava into heparinised syringes then into heparinised tubes, 

centrifuged at 2,000 rpm, plasma removed and kept at -80°C until analysis.

The liver was removed from the animal, weighed and 5g was homogenised in 20ml 

methanol/water (50:50 v/v). The homogenate was centrifuged and the supernatant was 

removed and kept at 

-80°C until analysis.

4.2.1.3 Procedure for assay of hydrazine

For the gas chromatography mass spectrometry (GCMS) assay, 0.1 ml of internal standard 

(15N2-hydrazine sulphate) was added to 0.9ml of plasma sample or 4.9ml of liver 

supernatant respectively.

0.2ml of 1M HCL and 2.3ml of ammonium sulphate solution (to precipitate residual protein) 

were added to plasma or liver supernatant respectively in a screw top tube, vortexed 

thouroughly and centrifuged at 4,000 rpm for 20min. Supernatent was then removed and 

an equal volume of citrate buffer (pH 5) was added to maintain the hydrazine and 

acetylhydrazine in aqueous solution by their protonation, and the mixture vortexed and 

allowed to stand. To this 20ml of dichloromethane was added, and the mixture vortexed 

to preextract interferring lipids. Layers were separated by centrifugation as above, and 

0.1ml of a penta-fluorobenzaldehyde (PFB) solution in methanol (1g/5ml w/v) was added 

for derivatisation. The mixture was vortexed and left to stand for 30 minutes before final 

extraction with 5ml of chloroform. The chloroform extract was used for GCMS assay. 

Hydrazine concentration was determined by GCMS with selected ion monitoring for the 

PFB molecular ion'.
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The ratio of 14N to 15N azine was determined and used to calculate the concentration of 

14N hydrazine present in the original plasma sample.

‘ The GCMS analysis was performed by Dr Preece as part of the colaborative study.

4.2.2 Hydrazine disposition in suspensions of isolated hepatocytes

Hepatocytes were isolated from male rats using the collagenase perfusion method 

(chapter 2). Freshly isolated hepatocyte suspensions were preincubated for 30 minutes 

in rotating flasks in a water bath at 37°C in an atmosphere of 0JC 02 (95%/5% 

respectively) prior to any treatment.

The experiments were as follows:

4.2.2.1 Hydrazine levels in the medium and inside hepatocytes

Hepatocytes (106cells/ml) were incubated at 0°C or 37°C with a range of hydrazine 

concentrations (0, 8, 12, 16 and 20 mM ) in Krebs Henseleit buffer.

A 1 ml aliquot was taken at each hour, spun at 200rpm for 1 minute, the supernatant 

removed and stored at -20°C until analysis. The pellet was then washed twice (by spinning 

at 200 rpm, aspirating the supernatant and resuspending in an equal volume of Krebs 

Henseleit buffer) to remove any hydrazine on the outside of the cells. The resuspended 

pellet was then sonicated to release the hydrazine from the cells and stored at -20°C until 

analysis. Both the initial supernatant and the final resuspended pellet were analysed for 

their hydrazine content using the DMBA assay as previously described (chapter 2).

4.2.2.2 Effects of metabolic inhibitors on hydrazine levels and toxicity in isolated 

hepatocytes :

Isolated hepatocytes were preincubated for 10 minutes at a concentration of 106cells/ml, 

with either 0.4mM potassium cyanide (KCN) or 0.2mM 2,4-dinitrophenol (DNP), dissolved 

in deionised water and 0.4% Dimethylsulphoxide (DMSO) respectively. Other cells were 

preincubated with water or DMSO to provide the appropriate controls. 0.4% DMSO had 

no effect on cell viabilities during the incubation period. To remove the inhibitors, after the 

10mins preincubation period, the cells were washed by spinning at 200 rpm and 

resuspending (106 cells/ml) in fresh buffer in the absence or presence of hydrazine (8
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and 16 mM). Aliquots were taken at 0, 30, 60,120 and 180 mins for measurement of cell 

viability (using trypan blue dye exclusion), cellular ATP (bioluminescence assay) and 

cellular levels of hydrazine (DMBA assay) as already described (chapter 2).
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4.3 RESULTS

4.3.1 Plasma and liver levels of hydrazine

The levels of hydrazine in plasma and liver measured are shown in Figs. 4.1 and 4.2. 

Hydrazine levels in both plasma and the liver showed an increase with dose. There 

appeared to be a time-dependent decrease in the levels of hydrazine in both plasma and 

the liver after time 0. The highest concentration of hydrazine was attained 30 minutes after 

2.53 mmole/Kg of hydrazine and was 0.22 ± 0.13 mM in the liver and 0.34 ±0.15 mM in 

plasma.

Errors may have occured during the determination of hydrazine levels in the liver since the 

internal standard (15N2-labelled hydrazine) could not be incorporated into the sample until 

after the homogenisation of the tissue.

4.3.2 Hydrazine disposition in suspensions of Isolated hepatocytes

4.3.2.1 Time course of hydrazine disappearance in isolated hepatocytes in suspension at 

37°C

There was a decrease with time in hydrazine levels in the medium of hepatocytes 

incubated with various hydrazine concentrations (Fig. 4.3a). With 8 and 12 mM hydrazine 

after 60 minutes of incubation the levels decreased to 73% and 71% of the initial values 

and the half lives were 2.2h and 2.7h respectively. However with 16 and 20 mM hydrazine 

these levels decreased to 80% and 86% of the initial values after 60 minutes and the half 

lives were considerably longer (>4h). After 3 hours of incubation, hydrazine levels were 

reduced to 44% of the initial values with 8 and 12 mM hydrazine and 60% and 72% of the 

initial values with 16 and 20 mM hydrazine respectively. Therefore it appears that there 

is greater hydrazine disappearance at lower concentrations of hydrazine (8 and 12 mM), 

compared to the higher concentrations (16 and 20 mM).

Control experiments were run parallel to the above where the cells were absent from the 

incubation media, to see if hydrazine loss occured from buffer alone independently of the 

cells (Fig. 4.3b). After 60 minutes of incubation hydrazine levels decreased to 

approximately 85%-90% of the initial values for all hydrazine concentrations used (8, 12, 

16 and 20 mM). After 3 hours of incubation of hydrazine in buffer alone, the levels 

decreased to approximately 52% of the initial values for 8 and 12 mM and approximately 

80% of the initial levels for 16 and 20 mM hydrazine. Therefore, there appears to be 

considerable hydrazine loss, even in the absence of cells. However hydrazine loss from
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the incubation mixture in the absence of cells is lower compared to when cells are present, 

suggesting that some minor hydrazine loss might be due to cells.

4.3.2.2 Time course of hydrazine appearance in isolated hepatocytes at 37°C 

Initially results were obtained as ^imoles of hydrazine in 106 cells. Using these values, the 

concentration inside the cells was calculated as shown below:

(i) 1ml of the incubation mixture contains 106 cells

(ii) 106 cells have a volume of 4\i\ approximately

(iii) Hydrazine concn.(^imoles/ml cells) = ^moles/106 cells x 250

As shown in Fig. 4.4, there is a 2-3 fold increase in the levels of hydrazine inside the cells 

(expressed as p.moles/ml cells) after 60 minutes of incubation with a range of hydrazine 

concentrations (8-20 mM).

Hydrazine levels inside the cells reached a peak at 2h for 8 mM hydrazine and at 1 h for 

higher concentrations. After this, the levels of hydrazine decreased. The presence of 

hydrazine in cells measured immediately after the addition of hydrazine (Oh), shows the 

carry over effect, demonstrating that despite repeated washing of the cells some hydrazine 

remains attached to the cells. Alternatively, this background hydrazine could be due to 

immediate diffusion of hydrazine into the cells at time 0. This background measurement 

of hydrazine was thus subtracted from all the other measurements. The peak 

concentrations of hydrazine inside the cells are shown in table 4.1. Hydrazine 

concentration inside the cells appears to be lower than that outside the cells.
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Fig. 4.1 Plasma levels of hydrazine after administration of 
various doses
Hydrazine was administered by stomach tube to rats at doses of 
0.09 (a ), 0.28 (♦), 0.84 (■) and 2.53 (•) mmol hydrazine per Kg 
body weight. Control rats received saline. Rats were killed at 
10, 30, 90 and 270 minutes after dosing and blood was collected. 
Plasma was used for the measurement of hydrazine using GC/MS.
Fig. 4.2 Liver levels of hydrazine after administration of 
various doses
Hydrazine was administered by stomach tube to rats at doses of 
0.09 (4 ), 0.28 (♦), 0.84 (■) and 2.53 (•) mmol hydrazine per Kg 
body weight. Control rats received saline. Rats were killed at 
10, 30, 90 and 270 minutes after dosing and liver was collected. 
Hydrazine was assayed using GC/MS.
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Fig. 4.3 Hydrazine disappearance at 37°C in suspensions in the 
presence and absence of hepatocytes
After a preincubation of SOmin, were incubated in either 8 (♦),
12 (■), 16 (▼) or 20 (•) mM hydrazine in the (a) presence or (b) 
absence of isolated rat hepatocytes (106cells/ml). Hydrazine 
concentration was assessed hourly using the DMBA assay.
Each value represents the mean ± S.E.M. of 3 or more rats.
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Fig. 4.4 Hydrazine concentration inside hepatocytes in suspension 
at 37°C
After a preincubation of 30min, rat hepatocytes (106cells/ml) 
were incubated in either 8 (♦), 12 (■), 16 (▼) or 20 (#) mM 
hydrazine. Hydrazine levels were measured hourly inside the cells 
using the DMBA assay.
Each value represents the mean ± S.E.M. of 3 or more rats.

96



Table 4.1 Peak concentrations of hydrazine inside hepatocytes Incubated with

hydrazine.

Cells were incubated with various concentrations of hydrazine (8,12, 16 and 20 mM). Hz 

concentration was assessed hourly in cells for up to 3 hours.

Initial Hz Cone, in 

incubation

Hz Cone, inside cells (mM) Incubation time

8mM 4.75 ± 0.33 2 hr

12mM 5.30 ±0.18 1 hr

16mM 5.75 ± 0.35 1 hr

20mM 6.30 ± 0.63 1 hr
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4.3.2.3 Further investigation of the fate of hydrazine in isolated hepatocytes in suspension

(a) Measurement of the total amount of hydrazine in the incubation mixtures:

In a separate series of experiments hydrazine concentrations in the incubation medium, 

first and second wash, and cells were measured and all added together to see if the initial 

amount of hydrazine present in the incubation can be accounted for. The results are 

shown in table 4.2.

Results show (Tables 4.2 and 4.3) that not all the hydrazine initially present in the 

incubation is accounted for at each time point. If the amount of hydrazine is added up for 

the 3 hours of incubation for each concentration of hydrazine (‘ in tables 4.2 and 4.3), it 

becomes clear that of the initial 80 ^imoles (8mM) only 52% is accounted for and of the 

initial 160 pinoles (16mM) only 58% is accounted for. The hydrazine which is unaccounted 

for could be converted to a form which is not measurable by the DMBA assay, either 

inside the cells or in the medium. In the cells it could be either bound to tissue 

components or be converted to a metabolite. In the incubation medium it could be either 

evaporated or metabolised.

(b) Investigation of the disappearance of hydrazine from the incubation medium:

In order to investigate this loss of hydrazine further, a special apparatus was used to trap 

any hydrazine escaping from the incubation mixtures in the presence or absence of cells 

in order to see if hydrazine loss may be due to evaporation from solution. Any hydrazine 

escaping from the solution would be carried through a gas-tight pyrex tubing into a glass 

bottle containing DMBA solution. The whole system is closed so that the escaping 

hydrazine cannot enter the atmosphere, but can only end up in the trapping DMBA 

solution .

Results showed that there was no colour change in the DMBA solution when the 

absorbance at 470nm was measured at intervals throughout the experiment, and 

compared to a solution of DMBA collecting gases from a control incubation of buffer 

containing no hydrazine. These results suggest that hydrazine loss from the incubation is 

not due to evaporation.
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Table 4.2 Fate of hydrazine in the isolated hepatocyte system

Cells were incubated with 8mM (80 nmoles in total) Hz. Hz concentration was assessed 

hourly for up to 3 hours. Fig. in parentheses is the fraction of the original amount of 

hydrazine added.^See above text for explanation.

Time

Observed Hz (nmoles)

medium 1 st wash 2nd wash cells Total

0 hr 14.7 0.76 0.06 0.01 15.56 ±2.40

1 hr 10.20 0.54 0.10 0.08 10.92 ±2.40

2 hr 8.70 0.48 0.10 0.10 9.83 ± 0.82

3 hr 5.00 0.40 0.10 0.04 5.64 ± 1.28

*41.95

(52%)
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Table 4.3 Fate of hydrazine In the isolated hepatocyte system
Cells were incubated with 16mM (160 nmoles in total) hydrazine. Hz concentration was 

assessed hourly for up to 3 hours. Fig. in parentheses is the fraction of the original amount
JL

of hydrazine added. See above text for explanation.

Time

Observed Hz (nmoles)

medium 1 st wash 2nd wash cells Total

0 hr 28.40 1.68 0.06 0.02 30.16 ± 1.84

1 hr 23.00 1.20 0.24 0.10 24.50 ± 2.40

2 hr 21.40 1.34 0.20 0.08 23.02 ± 1.46

3 hr 14.28 0.70 0.30 0.06 15.52 ±3.20

*93.20

(58%)
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4.3.2.4 Hydrazine toxicity and its levels in isolated hepatocytes at 4°C

Cells were incubated with a range of hydrazine concentrations (8, 12, 16 and 20 mM) at 

4°C, and aliquots were taken for the measurement of cell viability and hydrazine levels in 

the incubation medium and inside the cells.

Fig. 4.5 shows that there was no hydrazine disappearance from the incubation medium 

at 4°C.This could be due to absence of hydrazine metabolism at this lower temperature 

compared to 37° C, where there was considerable hydrazine disappearance.

Fig. 4.6 shows the appearance of hydrazine inside the cells incubated at 4°C. Contrary to 

the events occuring at 37°C (Fig. 4.4), there was no increase observed in the levels of 

hydrazine at 4°C.

There was no effect observed on the cell viabilities at 4°C (Fig. 4.7). This could be due to 

the absence of any hydrazine inside the cells at this temperature.

4.3.3. Effects of metabolic inhibitors on the hydrazine levels and its toxicty In 

hepatocytes
4.3.3.1 Effect of KCN or DNP on hydrazine levels in cells

The effects of preincubation with KCN or DNP on the levels of hydrazine inside the cells 

are shown in Fig. 4.8. In cells preincubated without KCN, there was a 2.5- and a 5-fold 

increase in the levels of hydrazine inside the cells, whereas in cells preincubated with KCN 

there was only a 1.3- and 1.7-fold increase, after 1 hour of incubation with 8 and 16 mM 

hydrazine respectively (Fig. 4.8a).

Preincubation with DNP also lead to a decrease in the levels of hydrazine inside the cells, 

as shown in Fig. 4.8b. After preincubation with DNP and subsequent incubation with 8 mM 

hydrazine, after 1 hour there is only a 2-fold increase in the levels of hydrazine in cells 

compared to a 3-fold increase observed in the absence of DNP-preincubation. With 16mM 

hydrazine there is a 5-fold increase in hydrazine levels in cells in the first hour, but only 

a 3.7-fold increase after preincubation with DNP. KCN appears to have a greater effect 

than DNP on decreasing the levels of hydrazine measured inside the cells.
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Fig. 4.5 Hydrazine disappearance at 4°C in suspensions of 
isolated hepatocytes
After a preincubation of 30min, rat hepatocytes (106cells/inl) 
were incubated in either 8 (♦), 12 (■), 16 (▼) or 20 (•) mM
hydrazine. Hydrazine levels were measured hourly in the medium 
of cells using the DMBA assay.
Each value represents the mean ± S.E.M. of 3 or more rats.
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Fig. 4.6 Hydrazine concentration inside hepatocytes in 
suspensions at 4°C
After a preincubation of 30min, rat hepatocytes (106 cells/ml) 
were incubated in either (a) 8 (♦), 12 (■), 16 (▼) or 20 (•) mM 
hydrazine. At each hour hydrazine levels were measured inside 
cells using the DMBA assay.
Each value represents the mean ± S.E.M. of 3 or more rats.
Fig. 4.7 Hydrazine toxicty in suspensions of isolated hepatocytes 
at 4°c
After a preincubation of 30min, rat hepatocytes (106 cells/ml) 
were incubated in either 0 (a ), 8 (♦), or 16 (▼) mM hydrazine. 
Cell viability was measured hourly using dye exclusion.
Each value represents the mean ± S.E.M. of 3 rats.
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Fig. 4.8 Effect of preincubation with KCN or DNP on hydrazine 
concentration in isolated hepatocytes in suspension
After a preincubation of lOmin in the presence (coloured) or 
absence (open) of (a) 0.4mM KCN or (b) 0. 2mM DNP, rat hepatocytes 
(106 cells/ml) were incubated in either 8 ( 0 ,  ♦) or 16 (V,Y) mM 
hydrazine. Hydrazine levels were measured inside the cells hourly 
using the DMBA assay.
Each value represents the mean ± S.E.M. of 3 or more rats.
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4.3.3.2 Effects of KCN or DNP on hydrazine toxicity in isolated hepatocytes

Although preincubation with KCN or DNP leads to a decrease in the levels of hydrazine 

inside the cells, it causes an increase in the toxicity of the hydrazine as shown by the 

viability of cells and their ATP levels.

As already shown in chapter 3, only 16mM and higher concentrations of hydrazine 

significantly decrease cell viabilities after 3 hours of incubation. Preincubation with KCN 

or DNP hastened the onset of cell death by hydrazine.

When 8mM hydrazine is added to cells which have been preincubated with KCN, a 

significant decrease in cell viability (to 23% of the control levels) was observed after 3 

hours of incubation (Fig. 4.9a). Time to reach a 50% cell death (LT50) was decreased from 

>4h for 8mM hydrazine alone to 2.5h for 8mM hydrazine after preincubation with KCN. 

16mM hydrazine'alone caused a significant decrease in cell viability after 3 hours of 

incubation, whereas when added to cells which had been preincubated with KCN, 16mM 

hydrazine caused a significant decrease in cell viability to 61% of control levels after only 

2 hours of incubation. LT50 was decreased from 2.7h for 16mM hydrazine alone to 2.2h 

for 16mM hydrazine incubated with KCN-pretreated cells. Therefore it appears that the 

enhancing effect of KCN on hydrazine toxicity is less pronounced with 16mM than with 

8mM hydrazine. KCN alone at the concentration used did not effect the cell viabilities (Fig. 

4.9a).

After preincubation with DNP, 8mM hydrazine caused a significant (p < 0.01) decrease in 

cell viability to 70% of control levels after 2h and to 23% of control levels after 3h of 

incubation respectively (Fig. 4.9b). After preincubation with DNP, 16mM hydrazine caused 

a significant (p < 0.001) decrease in cell viability after only 2h of incubation to 11% of 

control levels. Preincubation with DNP led to a decrease in LT50 from >4h to 2.5h for 8mM 

hydrazine and from 2.8h to 1.5h for 16mM hydrazine. DNP alone at the concentration used 

did not effect the cell viabilities (Fig. 4.9b).

4.3.3.3 Effects of KCN or DNP on hydrazine-induced ATP depletion 

KCN alone caused a depletion of ATP in cells to 60% of the control levels after the 10 

minute period of preincubation (time point 0 in Fig. 4.10a), but there was no further 

decrease and the ATP levels remained constant for the rest of the incubation period. 

Therefore, for each sample the value at time 0 (i.e after the preincubation of 10 minutes

105



with or without KCN) was taken as the control. 8 and 16 mM hydrazine alone, caused a 

significant depletion of ATP after 2h and 0.5h of incubation respectively. The AT50 (the 

time taken for ATP levels to fall to 50% of their respective controls), was > 3h for 8mM 

and 0.83h for 16mM hydrazine (Fig. 4.10a). When hydrazine was added to KCN-pretreated 

cells, there was a rapid decrease in ATP levels in the first 30 minutes to 46% and 21% 

of their respective control levels for 8 and 16 mM hydrazine, followed by a slow decrease 

for the remainder of the incubation period. The AT50 (the time taken for ATP levels to fall 

to 50% of their respective controls) was decreased to approximately 0.5 and 0.3 hours 

respectively for 8 and 16 mM hydrazine after KCN preincubation (Fig. 4.10a).

DNP alone caused a depletion of ATP to 76% of control levels in the 10 minute period 

of preincubation (Fig. 4.10b). This was followed by a slow decline for the following 1 hour 

and a rapid decline for the remaining 2 hours of incubation. When hydrazine was added 

to DNP-pretreated cells, there was a rapid maximal depletion of ATP in the first 30 minutes 

to approximately 10% of the respective control levels (i.e. levels at time 0 in Fig. 4.10b), 

for both 8 and 16 mM hydrazine. AT50 was approximately 0.3h for both 8 and 16 mM 

hydrazine after DNP preincubation. Therefore, the effect of 8mM hydrazine on the ATP 

depletion of DNP-pretreated hepatocytes was maximal and increasing the concentration 

of hydrazine to 16mM did not cause further depletion.

The effects of KCN or DNP preincubation on the LT50 and AT50 of cells incubated with 

hydrazine are summarized in the table 4.4 below. Note that for KCN- or DNP-pretreated 

cells the starting value for each incubation is the value at the end of the 10 minute 

preincubation (i.e. when the incubation with hydrazine or the appropriate control begins).
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Fig. 4.9 Effect of preincubation with KCN or DNP on the toxicity 
of hydrazine in isolated hepatocvtes in suspension
After a preincubation of lOmin in the presence (coloured) or 
absence (open) of 0.4mM KCN, rat hepatocytes (106 cells/ml) were 
incubated in either 0 (A , ▲ ) , 8 (0 , ♦) or 16 (V ,Y ) mM hydrazine. 
Cell viability was measured hourly using dye exclusion. Each 
value represents the mean ± S.E.M. of 3 or more rats, where * 
p < 0.01 ** p < 0.001 are significantly different from the
controls.
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Fig. 4.10 Effect of prei ncuhati on with KCN or DNP on the 
hydrazine-induced ATP depletion in suspensions of isolated 
hepatocytes
After a preincubation of lOmin in the presence (coloured) or 
absence (open) of (a) 0. 4mM KCN or (b) 0. 2mM DNP, rat hepatocytes 
(106 cells/ml) were incubated in either 0 (A, A), 8 (0, ♦) or 16 
(V, Y) mM hydrazine. ATP levels were measured hourly using the 
bioluminescence assay.
Each value represents the mean ± S.E.M. of 3 or more rats.
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Table 4.4 Effect of preincubation with metabolic Inhibitors on hvdrazlne-lnduced

ATP depletion and cell death

Hepatocytes were preincubated with or without the inhibitors for 10 minutes and then 

incubated with 8 or 16 mM hydrazine for a further 3 hours. Control cells were incubated 

with an appropriate vehicle control. Time to reach a 50% depletion of ATP (AT50) and the 

time where 50% cell death (LT50) was observed were measured.

Incubation > —I cn o lt50

Control > 3.0 hr > 3.0 hr

KCN alone > 3.0 hr > 3.0 hr

DNP alone > 3.0 hr > 3.0 hr

8 mM Hz > 3.0 hr > 3.0 hr

16 mM Hz 0.8 hr 2.7 hr

KCN + 8 mM Hz 0.5 hr 2.5 hr

KCN + 16 mM Hz 0.3 hr 2.2 hr

DNP + 8 mM Hz 0.3 hr 2.5 hr

DNP + 16 mM Hz 0.3 hr 1.5 hr
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4.4 DISCUSSION

The in vivo results show a proportionate increase in the levels of hydrazine in the plasma 

with dose, in the range 0.09-0.84 mmol/Kg. In both the plasma and the liver, after an initial 

rise, the levels of hydrazine decreased with time, possibly due to metabolism. Reynols and 

Thomas (1965), observed an increase in plasma levels of hydrazine, over a range of 0.09- 

1.87 mmol/Kg. They showed that hydrazine levels declined rapidly with time, measured 

at 1, 2 and 4 hours following an i.p. injection.

Results here indicate that after various oral doses of hydrazine, the liver and plasma 

concentrations are of the same magnitude. Dambrauskas and Cornish (1964), showed that 

liver and plasma levels of hydrazine were equivalent 2 hours after a s.c. dose of hydrazine 

(1.87 mmol/Kg) in rats, but kidney levels were elevated with respect to these tissues 

presumably due to renal concentration prior to excretion (hydrazine was present in urine). 

However, Alvarez de Laviada et al. (1987) showed that 4 hours after a single i.p. dose of 

1.56 mmol/Kg of hydrazine to rats the levels of hydrazine were approximately 5-fold higher 

in the liver than in the serum. Here, after the lower doses of hydrazine (0.09 and 0.27 

mmol/Kg) the levels of hydrazine were only slightly higher in the liver than the plasma.

After a hepatotoxic dose of hydrazine (2.53 mmol/Kg orally), the peak hydrazine levels in 

the liver (0.22 mM) were approximately 70-fold lower than that found to be toxic to isolated 

hepatocytes in suspension (16mM). The reason for this difference of toxicity in vivo and 

in vitro is not clear and is considered in other chapters.

Hydrazine disappearance measured in isolated hepatocytes in this chapter, indicates a 

rapid loss of hydrazine from the incubation medium in the first hour, followed by a slower 

loss for the remainder of the incubation. Noda et al. (1987), observed hydrazine 

disappearance to 34% of the initial value, after 1 hour of incubation. However they used 

a much lower non toxic concentration of hydrazine (0.1 mM), than used here, and did not 

use appropriate controls with hydrazine in buffer alone in the absence of cells. The rate 

of autoxidation of hydrazine has been shown to vary with the concentration of hydrazine 

used (Ellis et al., 1960). Therefore, it is not suitable to compare the results obtained by 

Noda et al. (1987) to those shown here, due to the great difference in the concentrations 

of hydrazine used in the two studies.

110



The results indicate that in the absence of hepatocytes, hydrazine loss from the incubation 

medium still occurs, suggesting that loss may be due to something other than the transport 

into the cells. It is important to note that hydrazine in the incubation medium was present 

in excess and the cells represent only about 1% of the total incubation volume. Therefore 

loss of hydrazine from the incubation medium due to cells may not even be measurable.

In the past, several studies have been carried out to determine the metabolic fate of 

hydrazine in-vivo. Springer et al., (1981), showed that when 15N-hydrazine was injected 

i.p. to rats at a dose of 1.25 mmol/Kg, there was an initial period of rapid production of 15N2 

followed by a much slower output over many hours. Also the percentage of conversion to 

N2 did not change appreciably with the dose. This in vivo oxidation of hydrazine to produce 

nitrogen is thought to take place in erythrocytes. Their preliminary studies showed that 

about 50% of the added 15N hydrazine was converted to N2 in whole blood.

However in vitro in an incubation medium, hydrazine could be vaporised and/or 

autoxidised (latter may occur in solution and/or in vapour phase). In this study, no 

hydrazine was detected when DMBA was used as a trapping solution, suggesting that 

either there was no hydrazine vapor, or the vapor had autoxidised. The autoxidation of 

hydrazine, both in solution and in vapour, to nitrogen, is a strong possibility although 

conclusive evidence is needed. This could be obtained in future experiments, by using 

15N-labelled hydrazine in the incubation and then measuring the levels of 15N2, in the 

escaping gases.

Previous studies (Gilbert, 1929; Ellis etal., 1960; Gaunt and Wetton, 1966), have shown 

that hydrazine solutions exposed to air or pure oxygen autoxidize quite rapidly according 

to the following reaction:

N2H4 + 0 2_______ >  N2 + 2H20

Several factors are thought to affect the above reaction. The container material was found 

to have a pronounced effect on the rate of the reaction (Gaunt and Wetton, 1966). In 

"clean " glass, hydrazine solutions containing dissolved air were 98% decomposed after 

24 hours, whereas in polyethylene only 17% had reacted. The rate did not slow down if 

a reacting sample was transferred to a polyethylene container half way through the
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experiment. This indicated that the reaction was catalysed not by the reaction wall itself 

but by the contaminants that have leeched from the wall into the reaction buffer. It is 

thought that two particular metal contaminants from the glass (Mn2+ and Cu2+) act as 

catalysts in the oxidation reaction. The catalysts are only effective in alkaline solutions, the 

rate of oxidation being maximal in 0.01-0.03 M NaOH and dropping again in stronger 

alkaline solutions. Temperature also plays a role and it was found that the reaction rate 

doubled for a 10°C temperature rise over the range 25-70 °C. The partial pressure of 

oxygen is also important and although the autoxidation proceeded very slowly in air, it 

speeded up as the partial pressure of oxygen is increased.

The mechanism of autoxidation of hydrazines in the vapour phase seems to be somewhat 

different from the mechanisms observed in aqueous solutions, although the ultimate 

products are frequently the same. Bowen and Birley (1951), found that water and nitrogen 

were the only reaction products in the slow reaction between hydrazine and oxygen in the 

gas phase at 100-150°C. They also found that the reaction rate was sensitive to the 

surface area of the glass reaction vessel.

In the isolated hepatocyte system used here, optimum conditions for the autoxidation of 

hydrazine are provided. These are: (i) the incubation temperature of 37°C. This optimises 

oxidation from aqueous solution or alternatively facilitates vaporisation of hydrazine and 

the subsequent oxidation of the hydrazine vapor. Temperature seems to play a very 

important role in the disappearance of hydrazine from the incubation media. The absence 

of any hydrazine loss at 4°C may be due to oxidation and vapourisation are minimal at this 

low temperature, (ii) The high oxygen pressure, since the incubation is continuously 

exposed to a mixture of 95% CX>/5% C02. (iii) The pH of 7.4 in the incubations optimises 

the reaction in the aqueous phase, (iv) The presence of trace metals on the glass surface 

of incubation flasks, acting as catalyst.

The levels of hydrazine inside the cells in this study, indicate a peak being reached at 1 

hour with 8mM, and at 2 hours with higher concentrations of hydrazine, followed by a rapid 

decrease. Since the DMBA assay only measures unbound hydrazine and some 

monosubstituted hydrazines such as monomethylhydrazine (Reynolds and Thomas, 1965), 

the decrease in hydrazine in cells could be due to its binding to tissue components or 

conversion to other metabolites.
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Several specific criteria must be met to demonstrate active, carrier mediated transport 

across biological membranes (Christensen, 1975): transport must occur against a 

concentration gradient, be saturable, require metabolic energy and structurally similar 

compounds should inhibit the transport process. In addition the system should be sensitive 

to alterations in temperature.

Transport of hydrazine in isolated hepatocytes, appears to be saturable since the peak 

levels of hydrazine in cells do not show significant increases with increasing the dose from 

8 to 20mM, however this does not necessrily point to the existence of an active transport 

system. It is possible that transport is occuring by inefficient simple diffusion, which is 

optimal at about 8mM hydrazine, and is not affected by increasing the concentration 

further. Hydrazine transport does not appear to occur against a concentration gradient 

since cell/medium ratios were 1:2. However, this may not represent the true gradient of 

hydrazine across the cell membranes, since as already described the DMBA assay only 

measures unbound hydrazine and certain of its metabolites. Hydrazine transport in 

hepatocytes appears to require energy. Two different metabolic inhibitors (DNP and KCN) 

caused a decrease in the cellular levels of hydrazine, suggesting an energy requirement 

for transport of hydrazine. Hydrazine transport appears to be extremely sensitive to 

temperature changes. Lowering the incubation temperature from 37°C to 4°C resulted in 

its complete inhibition. Hydrazine may be transported actively into the hepatocytes by 

utilizing the uptake system of other molecules such as amines (Ayala and Canonico, 1975; 

Hardison and Weiner, 1979). This could be further investigated by doing cross-uptake 

studies of hydrazine and various other candidates (Eato and Klassen, 1978). Regarding 

metabolism recall that in chapter 3 the fate of hydrazine in suspensions of isolated 

hepatocytes was investigated, using nuclear magnetic resonance (NMR) spectroscopy, to 

identify various metabolites of hydrazine.

Therefore, it is clear that there is not enough evidence in this study to point to any 

particular mode of transport of hydrazine, both in vivo and in vitro. Hydrazine is a small 

molecule, expected to enter cells by diffusion. However its polarity when protonated (pKa 

= 7.97), makes its diffusion through the lipid bilayer difficult. However, hydrazine may be 

transported into the cells by diffusing through the water pore in the membrane. The radius 

of the hydrazine ion (0.6-0.7 nm) is about equal in size to the water pore of the membrane. 

It has been suggested that hydrazine sulphate (HS) may stabilize cell membranes. Filov
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et al. (1986) showed that after freezing and thawing of an erythrocyte suspension in the 

presence of HS, hemoglobin release was reduced. After further experiments, they 

postulated that HS does not effect the lipid component of membranes, but binds 

selectively with hydrophilic groups of the proteins of these membranes. They suggested 

that the hydrazine binds, for example, to the carbonyl groups of membrane proteins and 

protects the cell membranes by forming "cross linkages" in the pores.

In the isolated hepatocyte suspension used here, it is possible that some hydrazine is 

binding to the hydrophilic components of the cell membranes. This may explain the lower 

toxicity of hydrazine in vitro compared to in vivo, since the binding of hydrazine to the 

membrane components may prevent further hydrazine entering the cells and causing cell 

death.

Metabolic inhibitors (KCN or DNP) enhanced the cytotoxicity of hydrazine as measured 

by dye uptake in isolated hepatocytes, in a synergistic manner. These inhibitors may 

enhance toxicity by decreasing the metabolism and therefore detoxification of hydrazine. 

Timbrell et al. (1982) showed that pretreatment of rats with phenobarbitone or piperonyl 

butoxide decreased or increased the hepatotoxicity of hydrazine respectively. Which may 

indicate that the toxicity may well be due to the parent compound itself rather than a 

metabolite.

The effects of hydrazine and KCN on the cellular ATP depletion were additive. Hydrazine 

may increase ATP utilisation rather than decrease its synthesis as KCN does. Alternatively 

KCN and hydrazine may affect different processs in ATP synthesis. It has been shown that 

in suspensions of hepatocytes from fed rats, inhibition of oxidative phosphorylation by KCN 

does not result in cellular damage (Bradford et a!., 1986; Jaeschke et al., 1988), due to 

the high capacity for glycolytic ATP production from glycogen. Glycolysis can apparently 

sustain adequate ATP production and cell viability during the inhibition of mitochondrial 

ATP production (Younes and Strublet, 1988). Results here show that hydrazine further 

enhances the rate of ATP depletion in KCN-pretreated hepatocytes. This can suggest a 

reduction of glycolytic ATP production by hydrazine or a metabolite of hydrazine. This 

could be further investigated by using glycogen-depleted hepatocytes from fasted rats 

where ATP generation depends mainly on oxidative phosphorylation. The mechanism by 

which hydrazine causes ATP depletion has been discussed in more detail in chapter 3.
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DNP is a known uncoupler of oxidative phosphorylation and it acheives this by carrying 

protons across the membrane thus dissipating the proton gradient needed for ATP 

synthesis. The effects of hydrazine and DNP on the depletion of ATP appeared to be 

synergistic, suggesting that there may be interaction between the two compounds, one 

facilitating ATP depletion by the other. Hydrazine has been shown to induce the formation 

of megamitochondria in rat hepatocytes (Wakabayashi et al., 1987). Unpublished data 

(Sanins, PhD thesis, 1987), have shown that hydrazine has a transitory uncoupling effect 

on rat liver mitochondria. The uncoupling effect of hydrazine was dose-related suggesting 

that the parent compound may be directly responsible for the effect rather than a 

metabolite. Similarly Hadler and Cook (1978) showed the uncoupling effect. Uncouplers 

such as DNP, usually have a dissociable proton enabling them to carry protons across the 

mitochondrial membrane, their lipophilic structures making diffusion more efficient. 

Hydrazine or even a metabolite, may be acting as uncouplers by possesing a dissociable 

proton, but their polar structures makes them unsuitable for crossing the inner 

mitochondrial membrane easily.
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CHAPTER 5: STUDIES ON HYDRAZINE TOXICITY IN PRIMARY CULTURES OF 

ISOLATED HEPATOCYTES

5.1 INTRODUCTION

The primary culture of hepatic parenchymal cells has become an established technique 

to study mechanisms of hepatotoxicity under defined conditions in vitro (Fry and 

Bridges,1977; Michalopoulous and Pitot, 1978). The use of cells in culture offers several 

distinct advantages over freshly isolated cells in suspension. The cells are given time to 

recover from the trauma associated with isolation (Bissell et al., 1973). Also, freshly 

isolated hepatocytes in suspension have an effective experimental life span of 4 hours, 

while cells in culture remain biochemically active for several days (Bissell et al., 1973; 

Bonney et al., 1974). This allows metabolic, biochemical and pharmacological studies to 

be performed on cultured cells, over long periods (Bonney et al., 1974; Williams et al., 

1977).

In addition, cells in primary culture are reasonably close in their biochemical and 

physiological responses to cells of the same origin in the intact animal. Such cultured cells 

exhibit minimal mitotic activity (Post and Hoffman, 1961) and demonstrate several major 

metabolic functions characteristic of the liver in vivo. These functions which include 

albumin synthesis and secretion, gluconeogenesis from 3-carbon precursors, 

responsiveness to insulin and glucagon, and glycogen synthesis, were found to be 

impaired in freshly isolated hepatocytes, but were shown to recover in primary cultures 

(Bissell et al., 1973; Bonney et al., 1974; Lin and Snodgrass, 1975; Michalopoulos and 

Pitot, 1978).

Measurement of the leakage of intracellular enzymes from hepatocytes is a technique that 

has been successfully applied to toxicity testing of drugs in primary cultures of hepatocytes 

(Fry and Bridges, 1977; Kingsley et al., 1980; Salock et al., 1981).

Here in this study, LDH leakage is measured in cultured hepatocytes incubated with a 

range of hydrazine concentrations for 4 or 17 hours.

Cell death due to a toxin can occur immediately after incubation, or be delayed due to 

slow metabolism of the compound to the toxic species. This is examined in this chapter, 

where cultured cells are exposed to hydrazine for 4 hours and cell death is measured 

immediately after treatment or at an interval of 13 hours later, using LDH leakage.
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The effect of hydrazine on other metabolic functions such as ATP and protein synthesis 

is also assessed in cultured cells.

An important limitation of the primary culture system of hepatocytes is the rapid loss of 

cytochrome P450. The basal levels of the cytochrome P450 drug-metabolising enzymes 

have been shown to steadily decline after cell isolation and continue to drop in culture 

(Guzelian etal., 1977; Paine and Legg, 1978). This loss may play an important role in the 

metabolism and toxicty of hydrazine in cultured hepatocytes, since cytochrome P450 has 

been implicated in the metabolism of hydrazine (Noda etal., 1985; Jenner and Timbrell, 

1990). Many projects have aimed at preventing the loss of cytochrome P450, and here in 

this chapter metyrapone is used according to the method of Paine, (1990). The aim 

is to see if the maintenance of this enzyme in cultured cells would alter hydrazine toxicity.

It has been reported that in freshly isolated hepatocytes, the ability to accumulate y- 

aminobutyric acid, is diminished or lost (Kletzien et al., 1976), and is regained upon 

culturing the cells. The lack of active transport in freshly isolated hepatocytes may be due 

to lowered ATP levels (Bissell et al., 1973), inability to maintain cation gradients across 

the plasma membrane (Berry and Freind, 1969) and/or direct damage to the plasma 

membrane during the isolation procedure (Schreiber and Schreiber, 1973; Berry and 

Freind, 1969). In this study the levels and also the fate of hydrazine in cultured 

hepatocytes were measured.
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5.2 METHODS

5.2.1 Primary culture of isolated hepatocytes

Isolated hepatocytes were obtained by the collagenase perfusion method. These cells 

were then cultured as described in chapter 2, using a modification of the method of 

Williams and Gunn (19/f). Williams E medium (WE) was used, supplemented with foetal 

calf serum, insulin, hydrocortisone, glutamine and gentamicin. Cells were cultured in 

dishes and left overnight (for approximately 17 hours), for attachment to the dish floor. The 

cells were then incubated with fresh medium containing a range of hydrazine 

concentrations for 4 or 17 hours respectively. Control cells were incubated with WE 

medium containing deionised water. All procedures following the isolation of hepatocytes 

were carried out under sterile conditions.

5.2.3 Cell morphology of cultured hepatocytes

Cell morphology was examined in both freshly isolated hepatocytes and those cultured 

overnight, the latter both with and without metyrapone. An Olympus OM2 SLR camera 

attached to an inverted phase contrast microscope, was used to photograph the cells. 

Magnification was approximately x200.

5.2.4 Effects of hydrazine on LDH leakage and cellular ATP levels in cultured hepatocytes 

At the end of the incubation period cell viability was assessed by measuring LDH release 

into the medium as already described (chapter 2). ATP was measured by the 

bioluminescence assay (chapter 2) in a TCA extract of cells.

5.2.5 Effect of hydrazine on Protein synthesis in cultured hepatocytes

Protein synthesis was estimated by measuring 3H-leucine incorporation into cellular protein 

during the 2 hours before the end of each incubation period as already described (chapter 

2).
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5.2.6 Toxicity measurement at interval after the treatment

Cultured cells were incubated with hydrazine for 4 hours and then with fresh medium 

without any hydrazine for a further 13 hours. LDH leakage, and protein synthesis were 

then measured and compared with that of cultured cells which had been incubated with 

hydrazine continuously for 4 or 17 hours.

5.2.7 Determination of protein content of cultured hepatocytes

Following the aspiration of the incubation medium, cells were washed with 3ml of 10% 

TCA for 10min. Finally the cells were incubated with 3ml of 1M NaOH overnight to dissolve 

the cells. Protein content was measured according to the method of Lowry et al., (1951), 

using bovine serum albumin as a standard as already described (chapter 2).

5.2.8 Determination of Cytochrome P450 content of cultured hepatocytes

The culture medium was aspirated and the hepatocytes from each 60mm dish were 

harvested and sonicated in 3 ml of glycerol phosphate buffer (chapter 2). An aliquot was 

used for the determination of the cytochrome P450 content as described (chapter 2). 

Another aliquot of the same preparation was used for the measurement of protein content, 

using the method of Low ry et al. (1951). The cytochrome P450 content of the isolated 

hepatocytes (before being cultured) was taken as the initial level.

5.2.9 Inclusion of metvrapone in the culture medium

The effect of inclusion of metyrapone in the culture medium on the levels of cytochrome 

P450, LDH leakage and protein synthesis was studied. Cells were incubated with WE 

medium as described (chapter 2), in the presence or absence of metyrapone (0.1 mg/ml 

of medium) overnight and then incubated with fresh medium containing hydrazine for a 

further 4 or 17 hours.
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5.2.10 Hydrazine disappearance in cultured hepatocytes

Hydrazine levels were determined in the medium of cultured hepatocytes, and also inside 

the cells. Cells were incubated with 16mM hydrazine for 0, 0.5h, 1h, 2h, 4h, 15h and 17h 

and the medium was removed for the measurement of hydrazine. Cells were washed twice 

(5 minutes each time) with 0.9% NaCI and then harvested in 3ml 10% TCA (hydrazine is 

most stable at low pH), vortexed and centrifuged at 3,000 rpm for 10 minutes to remove 

the pellet. Hydrazine was measured in the supernatant by the method of Reynolds and 

Thomas (1965) as already described. The cell pellet was dissolved in 3ml of 1M NaOH 
overnight and used for protein measurement using t h e j m e t h o d  of Lowry et al. (1951). To 

investigate if there was any hydrazine loss without the cells, some plates contained 

hydrazine alone in the absence of any cells.
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5.3 RESULTS

5.3.1 Morphology of hepatocytes in primary culture

Hepatocytes were round in shape immediately after isolation (Fig. 5.1a), but some cells 

appeared to be clumped together. 4 hours after plating, the cells were flattened on the 

bottom of the petri dishes and reaggregated in groups of around 10 cells (Fig. 5.1b). The 

cells became flat and polygonal after overnight (approx. 17h) incubation in culture (Fig. 

5.2a). Cells cultured with metyrapone did not become polygonal in appearance after 

overnight culture (Fig. 5.2b), but maintained their roundness and were close in appearance 

to cells cultured for 4 hours (Fig. 5.1b).

Before the start of the incubation with hydrazine, the exclusion of trypan blue provided 

general evidence that the monolayers were viable.

5.3.2 Effects of hydrazine on LDH leakage in cultured hepatocytes

Leakage of LDH from the hepatocytes was found to be dependent on incubation time and 

the concentration of hydrazine used.

After 4 hours of incubation, only 20mM hydrazine caused a significant (p < 0.01) increase 

in LDH leakage compared to the control levels (Fig. 5.3). After 17 hours of incubation, 

5mM hydrazine was found to cause a significant (p < 0.001) increase in LDH levels 

compared to the controls (Fig. 5.4).

The profile of LDH release was the same in cells where it had been measured immediately 

after the 4 hour treatment (Fig. 5.3), and cells where it had been measured 13 hours after 

the treatment (Fig. 5.5).
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A

Fig 5.1 Phase contrast micrographs of isolated and cultured hepatocytes

(A) Freshly isolated hepatocytes, (B) hepatocytes cultured for 4 hours. An Olympus OM2 

SLR camera attached to an inverted phase contrast microscope was used to photograph 

the cells. Mag: approx. x200.
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A

Fig 5.2 Phase contrast micrographs of cuitured hepatocytes

Hepatocytes cultured overnight (approx. 17 hours) (A) in the absence of metyrapone and

(B) in the presence of metyrapone. An Olympus OM2 SLR camera attached to an inverted 

phase contrast microscope was used to photograph the cells. Mag: approx. x200.
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Fig. 5.3 Effect of hydrazine on LDH leakage in cultured 
hepatocytes after 4 hours
Cells that had been cultured overnight, were incubated with 
either 0, 8, 12, 16 or 20 mM hydrazine for 4 hours and LDH levels 
were measured in the media. Each value represents the mean ± 
S.E.M. of 3 or more rats, where * p < 0.01 is significantly 
different from the control group.
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Fig. 5.4 Effect of hydrazine on LDH leakage in cultured 
hepatocytes after 17 hours
Cells that had been cultured overnight, were incubated with 
either 0 , 1, 2, 5, 10, 16 or 20 mM hydrazine for 17 hours and 
LDH levels were measured in the media. Each value represents the 
mean ± S.E.M. of 3 or more rats, where
* p < 0.01 and ** p < 0.001 are significantly different from 
the control group.
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Fig. 5.5 Effect of hydrazine after 4 hours on LDH leakage in 
cultured hepatocytes measured after a 13 hour delay
Cells that had been cultured overnight, were incubated with 
either 0, 8, 12, 16 or 20 mM hydrazine for 4 hours. LDH levels 
were measured in the media after a 13 hour delay. Each value 
represents the mean ± S.E.M. of 3 or more rats, where 
* p < 0.01 is significantly different from the control group.
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5.3.3 Effect of hydrazine on ATP levels in cultured hepatocytes

The effect of hydrazine on the levels of cellular ATP in cultured hepatocytes was found to 

be dependent on the concentration and the exposure time. After 4 hours of incubation, 

only 16 and 20mM hydrazine caused a significant (p < 0.05) decrease in cellular ATP, to 

76% and 68% of control levels respectively (Fig. 5.6). The ATP depletion was the same 

when measurement was done 13 hours after the end of the incubation (Fig. 5.7).

After 17 hours of incubation, 5mM and higher concentrations of hydrazine caused a 

significant (p < 0.01) decrease in cellular ATP compared to the control levels, 20mM 

hydrazine decreasing ATP to 29% of the control levels (Fig. 5.8).

5.3.4 Effect of hydrazine on 3H-leucine incorporation in cultured hepatocytes

The effect of hydrazine on protein synthesis was dependent on the concentration and the 

incubation time. 0.5mM hydrazine caused a significant (p < 0.05) decrease in protein 

synthesis to approximately 60% and 42% of the control levels after 4 or 17 hours of 

incubation respectively (Figs. 5.9 and 5.10). Protein synthesis was reduced to 

approximately 1% of the control levels after incubation with 16mM hydrazine for 4 hours 

and 8 mM hydrazine for 17 hours. The lowest concentration of hydrazine where there was 

no measurable effect on protein synthesis was 0.1 mM. Hydrazine had no effect on the 

assay in the concentration range used.

The effect of hydrazine on protein synthesis was the same in cells where measurement 

was done immediately after the 4 hour incubation, and those where it was done after a 13 

hour delay (Fig. 5.11).
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Fig. 5.6 Effect of hydrazine on ATP levels in cultured 
hepatocytes after 4 hours
Cells that had been cultured overnight, were incubated with 
either 0, 8 , 12, 16 or 20 mM hydrazine for 4 hours and ATP levels 
were measured in the cells by bioluminescence. Each value 
represents the mean ± S.E.M. of 3 or more rats, where 
* p < 0.05 and ** p < 0 . 0 2  are significantly different from 
the control group.
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Fig. 5.7 Effect of hydrazine after 4 hours on cellular ATP in 
cultured hepatocytes measured after a 13 hour delay
Cells that had been cultured overnight, were incubated with 
either 0, 8 , 12, 16 or 20 mM hydrazine for 4 hours. ATP levels 
in cells were measured in the media after a 13 hour delay, using 
bioluminescence. Each value represents the mean ± S.E.M. of 3 or 
more rats, where * p < 0.05 is significantly different from 
the control group.
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Fig. 5.8 Effect of hydrazine on ATP levels in cultured 
hepatocytes after 17 hours
Cells that had been cultured overnight, were incubated with 
either 0, 1, 2, 5, 10, 16 or 20 mM hydrazine for 17 hours and ATP 
levels were measured in the cells by bioluminescence. Each value 
represents the mean ± S.E.M. of 3 or more rats, where 
* p < 0 . 0 1  and ** p < 0 . 0 0 1  are significantly different from 
the control group.
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Fig. 5.9 Effect of hydrazine on protein synthesis in cultured 
hepatocytes after 4 hours
Cells that had been cultured overnight, were incubated with 
either 0, 0.1, 0.5, 4, 8 or 16 mM hydrazine for 4 hours. 3H-
leucine uptake into the cells was measured 2 hours before the end 
of the 4 hour incubation. Each value represents the mean ± S.E.M. 
of 3 or more rats, where * p < 0.05 and ** p < 0.01 and *** 
p < 0 . 0 0 1  are significantly different from the control group. 
Control levels of 3H-leucine uptake were 22 ± 2 (x 103) dpm/mg 
cellular protein.
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Fig. 5.10 Effect of hydrazine on protein synthesis in cultured 
hepatocytes after 17 hours
Cells that had been cultured overnight, were incubated with 
either 0, 0.1, 0.5, 2, 4 or 8  mM hydrazine for 4 hours. 3H-
leucine uptake into the cells was measured 2  hours before the end 
of the 4 hour incubation. Each value represents the mean ± S.E.M. 
of 3 or more rats, where * p < 0.05 and ** p < 0.02 and 
*** p < 0 . 0 0 1  are significantly different from the control 
group. Control levels of 3H-leucine uptake were 18.5 ± 3 (x 103) 
dpm/mg cellular protein.
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Fig. 5.11 Effect of hydrazine after 4 hours on protein synthesis 
in cultured hepatocytes measured after an 11 hour delay
Cells that had been cultured overnight, were incubated with 
either 0, 0.1, 0.5 or 4 mM hydrazine for 4 hours. 3H-leucine
uptake into the cells was measured 2  hours before the end of a 
13 hour delay after the incubation. Each value represents the 
mean ± S.E.M. of 3 or more rats, where * p < 0.05 and ** p 
< 0 . 0 2  are significantly different from the control group.
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5.3.5 Hydrazine disappearance in cultured hepatocvtes

Figs. 5.12 and 5.13 show the loss of hydrazine in the incubation medium of cultured 

hepatocytes, after 4 and 17 hours of incubation. There was approximately 20% and 50% 

loss after 4 and 17 hours of incubation respectively. The loss of hydrazine did not appear 

to be due to the presence of cells, since the same level of loss was observed with or 

without the cells present.

5.3.6 Hydrazine concentration in cultured hepatocvtes

The levels of hydrazine inside the cells after incubation with 16mM hydrazine were 

calculated as ^moles/mg protein. Using this value, hydrazine concentration was calculated 

as shown below:

(i) |xmoles/mg protein = jig/0.5 x 106 cells (since 0.5 million cells contain approximately 

1 mg of protein)

(ii) n.moles/0.5 x 106 cells = |xg/2ul of cells (since 0.5 million cells have a volume of 

approximately 2|nl)

(iii) Hydrazine concentration , ^.moles/ml (mM) = ^imoles/mg x 500

Results are shown in table 5.1. Some hydrazine was present in cells at time 0, showing 

that despite washing there was attachment to the cells. The true concentration of 

hydrazine can be obtained by subtracting the background levels from the other values.

There was an increase in the levels of hydrazine inside the cells in the first hour, followed 

by a slow decline. This was in contrast to the isolated hepatocyte system where hydrazine 

reached peak levels at 1 hour and then decreased quickly and by 3 hours it was 

approaching starting levels (chapter 3). In this study, after 17 hours of incubation the levels 

of hydrazine in cultured cells declined to the starting levels (those at time 0).

The profile of hydrazine appearance inside the cultured hepatocytes remained unchanged 

in cells cultured with metyrapone (table 5.1).
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Fig. 5.12 Hvdrazine disappearance in cultured hepatocytes after 
4 hours
Culture media were incubated with either 8 , 12, 16 or 20mM
hydrazine in the presence or absence of cells. Hydrazine levels 
in the media were measured after 4 hours using the DMBA assay. 
Each value represents the mean ± S.E.M. of 3 or more rats.

I Open and hatched bars represent control and treated cells respectively.
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Fig. 5.13 Hydrazine disappearance in cultured hepatocytes after 
17 hours
Culture media were incubated with either 2, 12, 16 or 20 mM
hydrazine in the presence or absence of cells. Hydrazine levels 
in the media were measured after 17 hours using the DMBA assay. 
Each value represents the mean ± S.E.M. of 3 or more rats.

j Open and hatched bars represent control and treated cells respectively.
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Table 5.1 Hydrazine concentration in hepatocvtes cultured In the presence or

absence of metvrapone

Cells were cultured overnight in the presence or absence of 0.1 mg/ml metyrapone and 

then incubated with fresh culture medium containing 16mM hydrazine. Hydrazine levels 

in the media were measured after 0, 1, 2, 4, 15 and 17 hours of incubation, using the 

DM BA assay.

Incubation Time

Observed Hydrazine Cone. (mM)

- Metyrapone + metyrapone

0 hr 4.0 ± 0.9 3.5 ± 1

1 hr 14.0 ±2.0 13.0 ±2.5

2 hr 15.0 ±3.2 15.0 ±2.3

4 hr 8.0 ± 0.9 7.5 ± 1.5

15 hr 7.0 ± 1.2 6.5 ± 2.2

17 hr 2.5 ± 1.0 3.5 ± 0.8

Values represent the mean ± S.E.M. of 3 rats.
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5.3.7 The effect of metyrapone on cytochrome P450 in hepatocvte cultures 

Hepatocytes cultured overnight (17 hours) lost approximately 60% of their initial 

cytochrome P450 content (cytochrome P450 in freshly isolated hepatocytes, before being 

cultured, designated as time 0 in table 5.2). Culturing the cells with WE medium containing 

metyrapone, prevents this loss of cytochrome P450, even after 2 days in culture (table 

5.2).

5.3.8 The effect of metyrapone on toxicity of hydrazine in cultured hepatocvtes 

Culturing the cells with or without metyrapone did not alter the effects of hydrazine on LDH 

leakage or protein synthesis after 4 or 17 hours of incubation (Table 5.3). For this purpose 

16mM and 0.5mM hydrazine were used respectively for the measurement of LDH leakage 

and proten synthesis.
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Table 5.2 Cytochrome P450 levels In hepatocvtes cultured in the presence or

absence of metyrapone

Cells were cultured overnight in the presence or absence of 0.1 mg/ml metyrapone and 

then incubated with fresh culture medium containing no metyrapone. Cytochrome P450 

levels were measured in cells after 0, 1 or 2 days of incubation.

Time in Culture

Cytochrome P450 Cone, 

(pmoles/mg protein)

- Metyrapone + Metyrapone

0 hrs 100.0 ± 10 100.0 ± 10

24 hrs 40.0 ± 9 94.0 ± 10

48 hrs 0.1 ± 0 120.0 ± 10

Values represent the mean ± S.E.M. of 3 rats.
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Table 5.3 LDH leakage and protein synthesis In hepatocvtes cultured in the 

presence or absence of metyrapone
Cells were cultured overnight in the presence or absence of 0.1 mg/ml metyrapone and 

then incubated with fresh culture medium containing 16mM (For LDH measurements) or 

0.5mM (for mesurements of 3H-leucine uptake) hydrazine. LDH leakage and 3H-leucine 

uptake in cultured hepatocytes were measured after 4 or 17 hours of incubation.

Incubation Time

LDH levels 

(% Total)

3H-leucine uptake 

(% Control)

- Met + Met - Met + Met

4 hrs 9 ± 2 11 ± 2 60 ± 2 65 ± 4

17 hrs 53 ± 4 44 ± 3 45 ± 3 42 ± 2

Values represent the mean ± S.E.M. of 3 rats.

Control levels of LDH were 9 ± 4 % of the total LDH, and the control levels of 3H-leucine 

uptake were 20 ± 2 (x 103) dpm/mg cellular protein.

140



5.4 DISCUSSION

The morphological features of hepatocytes maintained in primary culture in this study were 

similar to those reported previously (Bonney et ah, 1974; Wanson et ai, 1977). Results 

show that cells become flat during attachment and aggregate to form monolayers and 

although their microstructure was not examined here, several studies have shown that the 

cells gain the ability to form tight junctions, trabeculae and bile canaliculi (Wanson et ai, 

1977; Chapman et a!., 1973).

Using LDH leakage as a measure of toxicity, results show that hydrazine after 4 hours of 

incubation is less toxic in monolayer culture than in suspensions of freshly isolated 

hepatocytes (chapter 3). Similarly ATP depletion is less pronounced and occurs at a 

higher concentration (16mM) in primary culture, compared to suspension (8mM). However 

with both hepatocytes in primary culture and in suspension, ATP depletion occured at a 

concentration which was not cytotoxic. This further suggests that ATP depletion is a 

prerequisite for hydrazine toxicity as described in chapter 3.

There could be several possible explanations for the difference in toxicity of hydrazine in 

suspension versus culture:

(i) Hepatocytes in culture are generally more robust than those in suspension: in this 

study, results show that control levels of LDH leakage is generally lower in cultured 

hepatocytes compared to freshly isolated cells. As already described, when cultured, 

freshly isolated hepatocytes are given time to recover from the trauma associated with 

isolation. Hepatocytes in monolayer culture have been reported to have an increased ATP 

content, compared to freshly isolated hepatocytes (Bissell and Hammaker, 1973). It was 

shown that during the preparation of isolated hepatic parenchymal cells, the ATP 

concentration falls significantly, but after incubation of cells as monolayers for 24 hours, 

it rises to the levels found in the intact liver. These findings suggest that the cells, once 

in monolayer, may be capable of restoring normal levels of intermediates such as ATP, 

lost or degraded during the cell preparation. However, results in this chapter show that the 

ATP content of cultured hepatocytes is similar to that of freshly isolated hepatocytes, but 

that the ATP depletion seen after hydrazine treatment is more pronounced in suspension 

than in primary culture.

(ii) Difference in the spatial orientation of cells in the two systems: in the culture system, 

cells are exposed to hydrazine only from above and possibly the sides (since the cells are
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attached to the bottom of the petri dishes), whereas in suspension the cells are exposed 

all the way round.

(iii) Loss of metabolising enzymes: although cultured hepatocytes are supposed to reflect 

liver function in vivo more exactly than cells in suspension (Post and Hoffman, 1971), 

further improvement in culture methods is necessary. Cultured cells are by no means 

"completely normal cells", since some other biochemical activities such as cytochrome P- 

450 are rapidly lost during culture. A number of authors have identified the rapid loss of 

cytochrome P450 as a limitation of the hepatocyte monolayer culture (Thurman and 

Kaufman, 1980; McQueen and Williams, 1987; Acosta et a(., 1987). This could be 

important in this study, since as already explained, cytochrome P450 has been implicated 

in the metabolism of hydrazine. Therefore the lower toxicity of hydrazine in culture could 

be explained by this loss in cytochrome P450. Results here show that rat hepatocytes 

cultured overnight lose 60% of their initial cytochrome P450 content. This has also been 

shown by Paine (1990). However, the inclusion of metyrapone in the culture media 

prevented the loss of cytochrome P450 and maintained its initial levels, as also shown by 

Paine (1990).

Cells cultured overnight in the presence of metyrapone, showed a different morphology 

to those cultured in the absence of metyrapone. Cells cultured with metyrapone were 

closer in appearance to isolated cells in suspension, and retained their roundness. 

Metyrapone must alter the attachment of cells to culture dishes and the subsequent 

formation of polygonal cells. The reason for this is not known and this observation has not 

been mentioned in any published literature. Since cells in the presence of metyrapone 

appear to maintain an appearance which is close to that of freshly isolated cells, it may 

be that their metabolic and enzyme activities (e.g cytochrome P450 activity) are also 

similar.

In this study, although culturing the cells in the presence of metyrapone lead to a
Of,

maintenance of cytochrome P450 levels, it did not effect the toxicity of hydrazine 

(measured by LDH leakage), compared to cells cultured in the absence of metyrapone. 

This may be due the following:

(i) An enzyme other than cytochrome P450 is involved in the metabolism of hydrazine to 

a toxic intermediate. In the past substituted hydrazines have been shown to be
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metabolised by mitochondrial monoamine oxidase (Patek and Hellerman, 1974), and this 

enzyme may also be involved in the metabolism of hydrazine itself to a toxic intermediate.

(ii) The parent compound hydrazine rather than a metabolite is the toxic species. This has 

already been suggested by Timbrell et al. (1982).

(iii) Metyrapone may be maintaining a form of cytochrome P450 not involved in the 

metabolism of hydrazine to a toxic intermediate. Although the total amount of cytochrome 

P450 is maintained in the presence of metyrapone, the concentrations of the multiple 

forms comprising the enzyme (i.e. its isozymes) may be very different. This has been 

shown with other treatments used for the maintenance of cytochrome P450 (Steward et 

al. 1984; Turner et al. 1988).

Results also showed that there was no difference in hydrazine toxicity in cells whether 

LDH leakage, ATP levels and protein synthesis were measured at the end of the 4 hour 

incubation or measured after a further 13 hour delay, suggesting that cell death by 

hydrazine is not a delayed event. Cells had to be continuously exposed to hydrazine for 

toxicity to be observed, since toxicity after 17 hours of incubation with hydrazine was much 

greater than when cells were exposed to hydrazine for 4 hours and toxicity assessed 13 

hours later.

Hydrazine disappearance after 4 hours in cultured hepatocytes shows that the loss of 

hydrazine is not due to the presence of cells but is probably due to autoxidation as already 

described with hepatocytes in suspension (chapter 4). However, there is less hydrazine 

loss in the monolayer culture compared to the suspension system. This was predicted 

since in the culture system the incubation medium is not as vigorously oxygenated as the 

medium in the hepatocyte suspension system (where the incubation mixture is rotated in 

flasks and continuously oxygenated), thus reducing the rate of autoxidation of hydrazine 

(rate of autoxidation is partly dependent on partial pressure of oxygen as previously 

described in chapter 4). Also for the same reason we would expect less evaporation in the 

culture system than in the suspension. Therefore the monolayer culture system appears 

to be a more suitable system for studies of hydrazine disappearance since the chemical 

loss of hydrazine after 4 hours of incubation, is minimal.

The levels of hydrazine inside cultured hepatocytes in this chapter appear to be greater
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than those measured in freshly isolated hepatocytes in suspension (chapter 3). For 16mM 

hydrazine, the peak concentration of hydrazine in cells is approximately 2-fold greater in 

culture than in suspension. This could be due to the following:

(i) Transport is more efficient in cultures than in suspensions of hepatocytes. Ohkuma et 

al., (1984) showed the rate of taurine uptake per minute determined at the linear phase 

of the uptake in a primary culture of hepatocytes (1984) to be approximately ten times 

greater than that found in freshly isolated hepatocytes in suspension (Ohkuma et al., 

1981).

(ii) there is less metabolism in cultured cells due to loss of cytochrome P450 as already 

described (Thurman and Kaufman, 1980; McQueen and Williams, 1987; Acosta efa/«, 

1987), thus leading to an accumulation of hydrazine inside the cells. This is further 

supported by the observation that the peak levels of hydrazine in cultured cells declined 

relatively slowly compared to those in suspensions of cells.

Furthermore, although in the monolayer culture system almost twice as much hydrazine 

is present in cells compared to the suspension, the cytotoxicity (measured by LDH leakage 

and cellular ATP levels) is lower in the former system. This again suggest that an enzyme 

system which is responsible for metabolising hydrazine to a toxic species, is absent from 

the hepatocyte cultures as already explained.

This study showed that hydrazine inhibits protein synthesis in cultured hepatocytes at 

concentrations far below those which have measurable effects on the LDH leakage and 

ATP levels. Inhibition of protein synthesis may be involved in hydrazine cytotoxicity and 

it may actually be a more sensitive index of hydrazine toxicity than LDH leakage. 

Impair m ent of liver biochemical functions may occur at concentrations of xenobiotics 

having only moderate cytotoxic effects. Using several hepatotoxins, Gomez-lechon eta!., 

(1988) showed clear effects on metabolic functions such as albumin synthesis and 

gluconeogenesis, at concentratons where the leakage of LDH was not significant in 

relation to the control. Therefore metabolic parameters may give a deeper insight into the 

hepatotoxicity than cytotoxic parameters such as LDH leakage or dye uptake.

In this study, the inhibition of protein synthesis in cultured hepatocytes may be linked to 

the fatty liver caused by hydrazine. Lopez-Mendoza and Villa-Trevino (1971) showed that
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in vivo, the incorporation of radiolabelled leucine into hepatocyte protein was reduced 

within 30min of dosing which correlated with the time when ATP was initially depleted. Like 

ethionine (Villa-Trevino etal., 1963), it is proposed that the depletion of ATP by hydrazine 

may result in impaired protein synthesis and reduced levels of lipoprotein both in the liver 

and the plasma, which would account for the elevation of hepatic triglyceride and the 

depletion of triglyceride in plasma. However, here in this study ATP depletion occured at 

concentrations far higher than those at which protein synthesis was depleted.
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CHAPTER 6: EFFECT OF HYDRAZINE ON MICROSOMAL ENZYMES

6.1 INTRODUCTION

Cytochrome P450 is the terminal oxidase of the hepatic microsomal mixed function 

oxidase system, important in the metabolism of many endogenous substrates, as well as 

exogenous chemicals such as drugs, pesticides, carcinogens and procarcinogens (Coon 

et al., 1977).

Cytochromes P450 in experimental animals and in humans, exist in multiple forms, the 

relative amounts and activities of which may largely govern the balance between 

bioactivation and detoxification of a particular compound (Conney, 1986; Guengerlch, 

1978). Administration of a variety of chemical compounds to rats resulted in an increase 

in total cytochrome P450, with a much greater increase in the level of the individual 

isoenzymes (Thomas et al., 1987). To date, more than 15 different forms of rat hepatic 

microsomal cytochromes P450 have been identified and purified (Guengerich eta!., 1978; 

Levin etal., 1985; Ryan etal., 1985). In this chapter, the standardized nomenclature has 

been used as published by Nebert et al., (1987).

Cytochrome P450 may be involved in the hepatic metabolism of hydrazine. The 

requirement for oxygen and NADPH in the rat hepatic microsomal oxidation of hydrazine 

and the occurance of a typical binding spectrum by difference spectroscopy, suggests the 

involvement of the cytochrome P450 system in hydrazine metabolism (Noda etal., 1985).

Relatively little is known about the effect of hydrazine on cytochromes P450. Akin and 

Norred (1978) have shown that short-term repeated administration of hydrazine sulphate 

to rats results in an increase in the microsomal aniline hydroxylation.

A number of substituted hydrazines have been reported, in vitro, to interact with and inhibit 

the function of Cytochrome P450 (Jonen et al., 1982). Spectral interactions have been 

described for phenylhydrazine (Jonen et a!., 1982), phenelzine (Muakkassah e t a l-> 

1981) and isoniazid (Muakkassah etal., 1981). Destruction of the prosthetic haem moiety 

by phenylhydrazine and phenelzine has also been reported (Muakkassah and Yang 1981; 

Jonen et al., 1982; Ortiz de Montellano etal., 1983). In addition, inhibition of cytochrome 

P450-dependent activities has been described for a wide range of hydrazine derivatives
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(Kato et al., 1969; Clark etal., 1972).

In this study the effects of single and repeated administration of hydrazine, on rat hepatic 

microsomal cytochromes P450, were investigated. These effects were compared with 

effects of known inducers of cytochrome P450 which were used as positive controls. The 

specific cytochrome P450 contents were assessed by examining the spectral properties 

of microsomal fractions. Different isoenzymes were assessed by measuring the catalytic 

activities of microsomal fractions towards various substrates.

Other parameters such as body and liver weights were also recorded and histological 

examination of sections of livers performed to investigate fat accumulation. The cholesterol 

content of liver and plasma were also measured.
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6.2 METHODS

6.2.1 Treatment of animals

Hydrazine (Hz) was administered as already described (chapter 2), i.p. for 4 consecutive 

days at two different doses of 0.39 and 0.58mmol/Kg, in the form of hydrazine hydrate. 

These doses were chosen since as preliminary experiments had shown, they did not 

cause convulsions or lethality to the animals after 4 days of treatment. Alternatively three 

consecutive doses of saline were followed by one single dose of 0.39 mmol/Kg hydrazine 

(note that this was the same as the last high dose of hydrazine administered for 4 days). 

This was to compare the effects of 4 repeated doses of hydrazine with that of only 1 dose. 

Animals used as negative controls were given i.p. doses of saline, whereas those used 

as positive controls were given either acetone, 6-napthoflavone (BNF), clofibrate (Clo) or 

phenobarbital (PB) as already described in chapter 2. The last dose was always 24 hours 

before sacrifice.

The treatments are summarized below.

Experiment 1:

Group 1. Saline: 4 daily i.p injections

Group 2. Acetone: 20% solution administered once by gavage 24 hours before sacrifice

Group 3. BNF: 4 daily i.p. injections

Group 4. Clo: 4 daily i.p. injections

Group 5. Hz: 0.39 mmol/Kg, 4 daily i.p. injections

Group 6. Hz: 0.58 mmol/Kg, 4 daily i.p. injections

Group 7. PB: 9 days, administered in drinking water

Experiment 2 (to confirm and extend experiment 1):

Group 1". Saline: 4 daily i.p. injections

Group 2”. Acetone: 20% solution administered once by gavage 24 hours before sacrifice 

Group 3". BNF: 4 daily i.p. injections

Group 4". Saline: 3 daily i.p. injections followed by 1 injection of 0.39 mmol/Kg hydrazine 

Group 5”. Hydrazine: 0.58 mmol/Kg, 4 daily i.p. injections
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Experiment 3 (clinical chemistry measurements on serum)

Group 1#. Saline: 4 daily i.p. injections

Group 2#. Hydrazine: 0.39 mmol/Kg, 4 daily i.p. injections

Group 3#. Hydrazine: 0.58 mmol/Kg, 4 daily i.p. injections

Throughout the experiments 1 and 2, the weights of rats were recorded.

6.2.2 Procedure on day 5

Animals were sacrificed by cervical dislocation and the livers immediately excised into ice 

cold Tris/HCI buffer. Each liver was then blotted dry and weighed in ice cold buffer, to help 

remove excess blood which may interfere with the determination of cytochrome P450. A 

Section was taken from the left lateral lobe and preserved in buffered formalin for 

histological processing. The remainder of each liver was then used to make the 

microsomal fraction as already explained (chapter 2). Aliquots of the microsomal fraction 

were then stored at -80°C until analysis.

Some animals (groups 1#, 2# and 3#), were used for clinical chemistry assessment*. Blood 

samples were obtained under ether anaesthesia, via the retro-orbital sinus, into vials

containing lithium heparin. Sera were used for the determination of total protein, albumin, 

total globulin, calcium, phosphate, sodium and potassium, chloride, urea, creatinine, 

glucose, cholesterol, total bilirubin, aspartate transaminase (AST), alkaline phosphatase 

(AP), creatine kinase (CK) and gamma glutamyl transpeptidase (GGT).

’ This was done by staff at Schering Agrochemicals according to standard operating 

procedures.

6.2.3 Enzyme assays in microsomal fractions

Total cytochrome P450 content was assessed according to the method of Omura and Sato 

(1964) as described in chapter 2.

Laurie acid hydroxylase (LAH), aniline hydroxylase (AH), ethoxyresorufin-O-deethylase 

(EROD) and pentoxyresorufin-O-deethylase (PROD) activities were determined in the 

appropriately diluted microsomal fractions as already described (chapter 2). Cholesterol 

content of microsomes from groups 1, 5 and 6 was measured according to procedure in 

chapter 2.

149



6.3 RESULTS

6.3.1 Effects of hydrazine treatment on body and liver weights of rats

There was no significant difference between the weight gains of control and hydrazine- 

treated rats in both experiemnts (Fig. 6.1). A decrease in body weights was observed in 

all the groups, between days 4-5, due to overnight starvation before sacrifice.

As shown in Figs. 6.2 and 6.3, the mean liver to body weight ratios increased significantly 

with repeated hydrazine administration (groups 5, 6 and 5") compared to their respective 

controls (groups 1 and 1"), whereas rats given only a single dose of hydrazine (group 4"), 

showed no significant change compared to the controls (group 1”).

6.3.2 Effects of hydrazine treatment on microsomal enzymes

6.3.2.1 Total cytochrome P450 levels

Pretreatment with Clofibrate and Phenobarbital (groups 4 and 7), caused a significant (p 

< 0.05) increase in the mean cytochrome P450 content of the RLM fraction compared to 

their respective controls (Figs. 6.4 and 6.5). The increases were approxiamtely 1.4 and 

1.6-fold for Clofibrate and phenobarbital respectively. Pretreatment with BNF (group 3 and 

3") caused a small, statistically non-significant increase compared to the respective 

controls (1 and 1”). Pretreatment with acetone (groups 2 and 2") did not effect the mean 

cytochrome P450 levels, compared to the controls (groups 1 and 1"). Repeated 

administration of hydrazine in experiment 1, caused a loss of cytochrome P450 content 

which became significant (p < 0.01) with the higher dose of hydrazine (group 6). The 

decrease seen in experiment 2 (groups 4" and 5") compared to the controls (group 1") was 

not statistically significant (Fig.6.5).

6.3.2.2 Laurie acid hydroxylase (LAH) activity

Hydrazine caused a small but statistically significant (p < 0.05) decrease in LAH activity 

of the microsomal fraction in groups 5 and 6 (Fig. 6.6). Clofibrate, used as positive control 

(group 4) increased LAH activity 2.5-fold.
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Fig. 6.1 Efffects of single or repeated administration of 
hydrazine on body weights of rats
Rats were given in experiment 1: either saline (♦) , 0.39 mmol (▼) 

or 0.58 mmol (#) Hz/Kg bodywt i.p. for 4 consecutive days, and 
in experiment 2: 4 daily injections of saline (o), 3 daily
injections of saline followed by 1 injection of 0.58 mmol Hz/Kg 
bodywt (■) or 4 daily injections of 0.58 mmol Hz/Kg bodywt ( a ) . 
Rats were weighed every day before dosing and finally before 
sacrifice, 24 hours after the last dose.
Each value represents the mean ± S.E.M. of 5 rats.
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Fig. 6.2 Effects of repeated administration of hydrazine on liver 
weights of rats
Rats were given either saline (Group 1), 0.39 mmol (Group 5) or 
0.58 mmol (Group 6 ) Hz/Kg bodywt i.p. for 4 consecutive days. 
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0 . 0 2  ** p < 0 . 0 1  were significantly different from the
control group.

Fig. 6.3 Effects of single or repeated administration of 
hydrazine on liver weights of rats
Rats were given i.p., 4 daily injections of saline (Group 1"), 
3 daily injections of saline followed by 1 injection of 0.58 mmol 
Hz/Kg bodywt (Group 4") or 4 daily injections of 0.58 mmol Hz/Kg 
bodywt (Group 5"). Rats were killed and liver weights 
recorded 24 hours after the last dose.
Each value represents the mean ± S.E.M of 5 rats, where 
* p< 0 . 0 0 1  was significantly different from the control group.
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Fig. 6.4 Effects of repeated administration of hydrazine on the 
cytochrome P450 content of rat liver
Rats were given either saline (Group 1), 0.39 mmol (Group 5) or 
0.58 mmol (Group 6 ) Hz/Kg bodywt i.p. for 4 consecutive days. 
Acetone (Group 2), 6 -Napthoflavone (Group 3), Clofibrate (Group 
4) and Phenobarbital (Group 7) were also administered to rats as 
positive controls for the respective cytochrome P450 isozymes- 
Rats were killed and microsomes prepared 24 hours after the last 
dose.
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0.05 ** p < 0.01 *** p < 0.005 were significantly
different from the control group.
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Fig. 6.5 Effects of single or repeated administration of 
hydrazine on the cytochrome P450 content of rat liver
Rats were given i.p., 4 daily injections of saline (Group 1")/ 
3 daily injections of saline followed by 1 injection of 0.58 mmol 
Hz/Kg bodywt (Group 4") or 4 daily injections of 0.58 mmol Hz/Kg 
bodywt (Group 5"). Acetone (Group 1") and Clofibrate (Group 2”) 
were also administered to rats as positive controls for the 
respective cytochrome P450 isozymes.
Rats were killed and microsomes prepared 24 hours after the last 
dose. Cytochrome P450 leve were determined in the microsomal 
fractions.
Each value represents the mean ± S.E.M of 5 rats.
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Fig. 6.6 Effects of repeated administration of hydrazine on 
lauric acid hydroxylase fLAH1 activity in rat liver
Rats were given either saline (Group 1), 0.39 mmol (Group 5) or 
0.58 mmol (Group 6 ) Hz/Kg bodywt i.p. for 4 consecutive days. 
Clofibrate (Group 4 ) was also adminstered to rats as positive 
control. Rats were killed and microsomes were prepared 24 hours 
after the last dose. LAH activity was determined in the 
microsomal fractions.
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0.05 ** p < 0 . 0 2  *** p < 0 . 0 0 1  were significantly
different from the control group.
Products formed are 11- and 12- hydroxylauric acid.
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6.3.2.3 Pentoxyresorufin-O-deethylase (PROD) activity

Pretreatment of animals with hydrazine (groups 5 and 6), had no effect on the PROD 

activity of the microsomal fraction compared to controls (Fig. 6.7). PB pretreatment used 

as positive control (group 7) increased this activity nearly 34-fold.

6.3.2.4 Ethoxvresorufin-O-deethvlase (EROD) activity

In experiment 1, repeated administration of the higher dose of hydrazine (group 6) caused 

a 4.5-fold increase in EROD activity, whereas the lower dose of hydrazine (group 5) 

caused a small decrease in this activity, compared to control levels (Fig. 6.8). BNF 

treatment in experiment 1 (group 3) increased EROD activity 18-fold compared to the 

control levels.

The aim of experiment 2 was to confirm the effect of hydrazine on EROD activity, as well 

as compare the effects of repeated administration with that of a single dose of 0.58 

mmol/Kg hydrazine. Results (Fig. 6.9) show that repeated administration of 0.58 mmol/Kg 

of hydrazine (group 5"), resulted in an increase in the EROD activity compared to the 

controls, but this was not as pronounced as that shown in experiment 1 (Fig. 6.8). In 

experiment 2, EROD activity in group 5" showed a 1.5-fold increase above control values 

(group 1"). BNF used as a positive control (group 3") increased EROD activity only 7-fold, 

compared to the 18-fold increase in experiment 1, indicating that the relative induction of 

this enzyme activity was greater in experiment 1. A single dose of hydrazine (group 4") 

did not effect the EROD activity compared to the control (Fig. 6.9).
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Fig. 6.7 Effects of repeated admi nistra_tion of hydrazine on the 
pentoxvresorufin-O-deethylase (PROD) activity of rat liver
Rats were given either saline (Group 1), 0.39 mmol (Group 5) or 
0.58 mmol (Group 6 ) Hz/Kg bodywt i.p. for 4 consecutive days. 
Phenobarbital (Group 7 ) was also administered to rats as a 
positive control. Rats were killed and microsomes were prepared 
24 hours after the last dose. PROD activity was determined in the 
microsomal fractions.
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0 . 0 0 1  was significantly different from the control group.
Product formed is resorufin.
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Fig. 6.8 Effects of repeated administration of hydrazine on the 
ethoxyresorufin-O-deethylase (EROD1 activity of rat liver
Rats were given either saline (Group 1), 0.39 mmol (Group 5) or 
0.58 mmol (Group 6 ) Hz/Kg bodywt i.p. for 4 consecutive days. 
6 -napthoflavone (Group Jt) was also administered to rats as a 
positive control. Rats were killed and microsomes were prepared 
24 hours after the last dose. EROD activity was determined in the 
microsomal fractions.
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0 . 0 2  ** p < 0 . 0 0 1  were sicrnificantly different from the
control group, product formed is resorufin.
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Fig. 6.9 Effects of single or repeated administration of 
hydrazine on the ethoxyresorufin-O-deethylase fEROD) activity of 
rat liver
Rats were given i.p., 4 daily injections of saline (Group lw), 
3 daily injections of saline followed by 1 injection of 0.58 mmol 
Hz/Kg bodywt (Group 4") or 4 daily injections of 0.58 mmol Hz/Kg 
bodywt (Group 5"). 6-napthoflavone (Group 3") was also 
administered to rats as positive control.
Rats were killed and microsomes prepared 24 hours after the last 
dose. EROD activity was determined in the microsomal fractions. 
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0.001 was significantly different from the control group.
Product formed is resorufin.
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6.3.2.5 Aniline-4-hvdroxylase (AH)

In experiment 1 (Fig. 6.10), repeated administration of the lower dose of hydrazine (group 

5) caused a 2-fold increase in the AH activity of the microsomal fraction. Repeated 

administration of the higher dose of hydrazine (groups 6 and 5") in both experiments 1 and 

2 caused a small, statistically non-significant (p < 0.05) increase in the activity of AH 

compared to control levels (Figs. 6.10 and 6.11). A single dose of 0.58 mmol/Kg of 

hydrazine (group 4"), caused a very small increase in AH activity compared to the control 

levels (Fig. 6.11). Acetone used as positive control (groups 2 and 2"), caused a 2.5-fold 

increase in AH activity.

6.3.2.6 Effect of hydrazine on cholesterol levels

Repeated administration of both 0.39 (group 5) and 0.58 (group 6) mg/Kg hydrazine 

resulted in approximately 30% increase in microsomal cholesterol levels compared to the 

controls (table 6.1).

Clinical chemistry results show that the repeated administration of hydrazine resulted in 

a dose-dependent decrease in serum levels of cholesterol to 30% and 44% of the control 

levels for 0.39 (group 2#) and 0.58 (group 3#) mmoles/Kg respectively (table 6.1).

6.3.3 Clinical chemistry
Hydrazine caused a dose-dependent decrease in the serum levels of AST, ALT (groups 

2# and 3#). This was not a real effect, but was possibly due to hydrazine interfering with 

these measurements through forming a schiff base with their pyridoxal phosphate moeity 

as explained in chapter 1. Hydrazine at the higher dose (group 3#), also interfered with 

the measurements of creatinine. Results are shown in table 6.2. None of the other 

parameteres measured were altered.
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Fig. 6.10 Effects of repeated administration of hydrazine 
on the Aniline-4-hvdroxYlase (AH’) activity of rat liver
Rats were given either saline (Group 1), 0.39 mmol (Group 5 or 
0.58 mmol (Group 6) Hz/Kg bodywt i.p. for 4 consecutive days. 
Acetone (Group 2) was also administered to rats as positive 
control. Rats were killed and microsomes were prepared 24 hours 
after the last dose. AH activity was determined in the microsomal 
fractions.
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0.01 was significantly different fromthe control group.
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Fig. 6.11 Effects of single or repeated administration of 
hydrazine on the Aniline-4-hydroxylase (AH) activity of rat liver

Rats were given i.p., 4 daily injections of saline (Group 1"), 
3 daily injections of saline followed by 1 injection of 0.58 mmol 
Hz/Kg bodywt (Group 4") or 4 daily injections of 0.58 mmol Hz/Kg 
bodywt (Group 5"). Acetone (Group 2”) was also administered to 
rats as positive control.
Rats were killed and microsomes prepared 24 hours after the last 
dose. AH activity was determined in the microsomal fractions. 
Each value represents the mean ± S.E.M of 5 rats, where 
* p < 0.05 was significantly different from the control group.
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Table 6.1 Effects of repeated administration of hydrazine on rat liver and serum 

cholesterol ievels
Rats were given either saline (Groups 1 or 1#), 0.39 mmol (Groups 5 or 2#) or 0.58 mmol 

(Groups 6 or 3#) Hz/kg bodywt. i.p. for 4 consecutive days. Rats were killed, and then 

either blood was collected (Groups 1#, 2# and 3#) or microsomes prepared (Groups 1, 5 

and 6) 24 hours after the last dose.

Treatment Group

Cholesterol Content

Microsomal Serum #

(umoles/mg) (umoles/ml)

Groups 1 or 1 # 0.11 + 0.01 1.96 + 0.38

Groups 5 or 2# 0.15 + 0.01 ** 1.39 + 0.15 **

Groups 6 or 3# 0.16 + 0.02 * 1.1 + 0.24 ***

Each value represents the mean ± S.E.M. of 5 rats, where

* p < 0.05 ** p < 0.02 *** p < 0.001 were significantly different from the control group.
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Table 6.2 Effects of repeated administration of hydrazine on rat serum levels of 

creatinine and transaminases
Rats were given either saline (Group 1#), 0.39 mmol (Group 2#) or 0.58 mmol (Group 3#) 

Hz/Kg bodywt i.p. for 4 consecutive days. Rats were killed and blood was collected 24 

hours after the last dose.

Treatment Creatinine AST ALT

Group (nmol/ml) (UL) (UL)

Group 1# 56 + 3 92 + 13 77 + 15

Group 2# 54 + 2 83 + 14 47 + 15 **

Group 3# 49 + 3 * 53 + 16 *** 2 6 + 9  ***

Each value represents the mean ± S.E.M. of 5 rats, where

* p < 0.05 ** p < 0.01 *** p < 0.001 were significantly different from the control group.
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6.3.4 Histology
Repeated administration of 0.39 mmol/Kg hydrazine (group 5, Fig. 6.12c), did not cause 

an increase in "Oil-red-O" staining compared to the controls (Fig. 6.12a).

A single dose of 0.58 mmol/Kg of hydrazine (Fig 6.12b) in experiment 2 (group 4"), did not 

cause fatty liver as compared with control (Fig. 6.12a). Repeated administration of 0.58 

mmol/Kg of hydrazine (group 6, Fig. 6.12d), resulted in considerable Oil-red-O staining and 

was further confirmed in experiment 2 (group 5", results not shown here).
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Fig. 6.12 ’Oil red O’ sections of liver from control and hydrazine-treated rats

Rats were given i.p.: (a) saline, (b) 3 daily injections of saline followed by 1 injection of 

0.58 mmol Hz/Kg bodywt, (c) 0.39 or (d) 0.58 mmol Hz/Kg bodywt for 4 consecutive days.

Rats were killed 24 hours after the last dose and sections of the liver were taken for ’Oil 

red O’ staining. Magnification:

600.
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6.4 DISCUSSION

The increase in the liver weights of rats treated with hydrazine observed in this experiment 

appears to be due to a cumulative effect of hydrazine. A single dose of 0.39 mmol/Kg 

hydrazine does not effect the liver weights, but when given repeatedly, hydrazine causes 

an increase in the liver weights which becomes greater with increasing the dose from 0.39 

to 0.58 mmol/Kg.

The increase in liver weights may be partly due to fat accumulation. Scales and Timbrell 

(1982) showed that an acute dose of hydrazine resulted in fatty liver. Histological 

examination of the livers 24 hours after dosing with hydrazine (1.2-1.8 mmol/Kg) revealed 

marked hepatocyte vacuolation but no necrosis. The hepatocyte vacuolation was shown 

to be diffuse at the higher dose levels. Also staining of frozen sections with Sudan Black 

revealed the presence of large amounts of lipid, the severity of the fatty liver being the 

same after 1.8 mmol/Kg and 1.2 mmol/Kg. They attributed the elevation in liver weight and 

the appearance of intrahepatic lipid to the accumulation of triglycerides, an observation 

previously reported by Lamb and Banks (1979). As discussed in more detail before, the 

mechanism underlying the fatty accumulation is unclear.

Scales and Timbrell (1982), found the lowest dose of hydrazine causing fatty liver to be 

0.6 mmol/Kg. Here in this study, a single dose of 0.58 mmole/Kg hydrazine, did not cause 

fat accumulation in the liver as measured by Oil red O staining. However, after repeated 

administration of hydrazine, lipid was observed diffusely throughout the liver, but only in 

rats treated with the higher dose of hydrazine (0.58 mmol/Kg). The increase in the liver 

weigths of rats in this repeated high dose group may be partly due to fatty liver. The 

increase in liver weights and the appearance of fat after repeated administration of 

hydrazine may be due to a cumulative effect. After repeated administration of hydrazine, 

in the lower dose group (0.39 mmol/Kg) the accumulated levels in the liver may not have 

reached the treshhold necessary for appearance of fat, whereas this treshold was attained 

in the higher dose group (0.58 mmol/Kg).

The results here show that repeated administration of hydrazine to rats, results in a 

decrease in serum total cholesterol and minor increases in microsomal total cholesterol 

compared to the control levels. These changes in cholesterol levels could be linked to fat 

accumulation in the liver due to hydrazine. Clark et al. (1969), showed that hydrazine at
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a dose of 1.2 mmol/Kg i.v. in rats, caused a 25% decrease in the serum total cholesterol 

levels compared to the controls. They showed this decrease to be temporary and to 

coincide with the maximum glut of triglyceride in the liver, and concluded that a temporary 

inhibition of lipid secretion by the liver was a likely explanation. They also showed minor 

increases in the total cholesterol levels in the liver.

The increase in liver weights of rats treated with hydrazine could be partly due to 

microsomal induction. Phenobarbital, a general inducer of cytochrome P450 has been 

shown to cause an increase in liver weights, due to proliferation of the smooth 

endoplasmic reticulum. Other classical inducers such as BNF or Clofibrate do not alter the 

liver weights.

Results indicate that hydrazine has an inhibitory effect on cytochrome P450. Both single 

and repeated administration of hydrazine caused a decrease in the total levels of 

cytochrome P450, determined spectrally at 450nm after reduction and binding to carbon 

monoxide (CO). However this decrease only became statistically significant with the 

repeated administration of 0.58 mmol/Kg (experiment 1). In the second experiment both 

a single and a repeated dose of 0.58 mmol/Kg caused a decrease in cytochrome P450. 

This suggests that a single dose of hydrazine may be enough for the inhibitory effect and 

that repeated administration does not cause a further decrease in cytochrome P450 levels.

Noda etal., (1985) have spin trapped a radical formed during the oxidative metabolism of 

hydrazine using a-phenyl-t-butylnitrone (PBN) and ESR. This radical is thought to be a 

precursor of diimide during the microsomal oxidation of hydrazine. It is conceivable that 

this radical may contribute to the destruction of the haem portion of the cytochrome P450 

by hydrazine.

In the past a number of substituted hydrazines have been shown to act as suicide 

substrates of cytochrome P450. Phenylhydrazine and phenylethylhydrazine have been 

shown, in vitro, to interact with and inhibit the function of cytochrome P450 (Mdoney et 

ai., 1984; Jonen et al., 1981). The mechanism appeares to involve the generation of a 

carbon-centered radical or anion at the active site after the addition of the aryl or alkyl 

portion of the hydrazine to the cytochrome (Ortiz de Montellano et al., 1983; Sinha, 1987). 

Isoniazid (isonicotinic acid hydrazide), when used in vitro, caused an inhibition of
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cytochrome P450 (Muakkassah et al., 1981). Preincubation of the microsomes with 

isoniazid in the presence of NADPH produced further decrease of carbon monoxide 

binding to cytochrome P450. Furthermore, their results demonstrate the importance of the 

hydrazine moiety of isoniazid. They showed that under similar conditions, isonicotinamide, 

which has an amide instead of a hydrazide group did not decrease cytochrome P450. 

They also showed that in vivo administration of an acute dose of isoniazid i.p., shortly 

before preparation of microsomes resulted in a decrease in the available cytochrome 

P450.

Despite its inhibitory effect on total cytochrome P450 levels, results here indicate that 

hydrazine may affect the activity of different isozymes differently. Results indicate that 

hydrazine does not have a measurable effect on the PROD activity of microsomes. This 

activity which is inducible by phenobarbital (Burke et al., 1985) is designated to the 

P450IIB isozyme of cytochrome P450. Hydrazine had a small inhibitory effect on lauric 

acid hydroxylase activity (catalysed by cytochrome P450IV) of the microsomes. The 

inhibition shown in this study could be due to the destruction of this particular form of P450 

by hydrazine or a metabolite.

Hydrazine treatment had a varied effect on the EROD activity of microsomes. This activity 

is designated to cytochrome P450I, and is inducible by polycyclic aromatic compounds 

such as 3-methyl cholanthrene (a hepatocarcinogen). The repeated administration of the 

higher dose (0.58 mmol/Kg) of hydrazine caused an increase in EROD activity. Both the 

repeated administration of 0.39 mmol/Kg and the single dose of 0.58 mmol/Kg hydrazine, 

caused a decrease in EROD activity compared to the controls. The effect of hydrazine on 

EROD activity may be cumulative since induction occurs only after the repeated high dose. 

The classical inducers of P450I are aromatic lipid-soluble compounds, very different in 

structure to hydrazine. However it is conceivable that a metabolite of hydrazine is 

responsible for the inductive effect, rather than hydrazine itself.

Cytochrome P450IIEI, is anWficient catalyst of aniline hydroxylation (Morgan etal., 1982). 

This isozyme has been purified from rats treated with either isoniazid or ethanol (Thomas 

et al., 1987) and shown to be analogous to a form purified from ethanol or imidazole 

treated rabbits (Ryan etal., 1985; Koop et al., 1982). As mentioned above, the chronic 

administration of isoniazid (isonicotinic acid hydrazide) has been shown to cause the 

induction of P450 IIEI, and it is possible that the hydrazine is responsible for the inductive 

effect. Hydrazine is a possible metabolite of isoniazid and Noda etal., (1978; 1982) have
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detected hydrazine in the urine of patients on isoniazid treatment. Here, repeated 

administration of hydrazine caused an increase in aniline hydroxylase activity of 

microsomes, with an optimum induction of 2-fold at the lower dose of hydrazine. This 

confirmed the observations of Akin and Norred (1978). They showed that hydrazine- 

sulphate at a dosage of 1.56 mmol/Kg i.p. for 4 days, caused a 2-fold increase in 

microsomal aniline metabolism. The induction of aniline hydroxylation by hydrazine, may 

play an important role in metabolism and toxicity of hydrazine in the liver. Results obtained 

in this laboratory (Jennerjand Timbrell (1991), have shown that pretreatment of rats with acetone, 

as well as inducing aniline hydroxylation, increases the hepatotoxicity of hydrazine as 

measured by triglyceride levels in the liver. Therefore it is plausible that cytochrome P450 

IIEI is involved in the metabolism of hydrazine to a toxic metabolite in the liver. More than 

300 chemicals have been described that induce, in microsomes, their own metabolism or 

the metabolism of compounds having chemically related structure (Conney, 1967).

The seperation and purification of multiple forms of cytochrome P450 has permitted their 

characterization as isozymes having distinct chemical, physical and catalytic properties 

(Haugen, 1975). Here in this study only the catalytic activities of microsomal preparations 

with various substrates were measured as a possible indication of induction of a particular 

isozyme. However additional information would be needed to demonstrate the induction 

of a particular isozymes by a compound. Several criteria are used for purity and 

distinctness of each form of cytochrome P450. Comparisons of catalytic properties, peptide 

maps following limited proteolysis, electrophoretic migration, spectral properties and 

immunological activity are often sufficient to demonstrate the uniqueness of a particular 

isozyme. Therefore it is not possible to conclude, from the effect of hydrazine on specific 

enzyme activities (such as aniline hydroxylase or EROD activity as shown here) alone, 

that hydrazine induces that particular isozyme.

Furthermore, a compound may increase the activity of a specific enzyme such as aniline 

hydroxylase through an in vitro effect on this activity rather than the in vivo induction of the 

relevant isozyme. In the past acetone has been shown to cause an enhancement of the 

aniline hydroxylase activity of hepatic microsomes from untreated rats (Anders, 1968;

Vanio and Hanninen, 1972). Anders (1968) showed that in the presence of acetone, the 

hydroxylase possessed kinetic properties different from the native enzyme and suggested 

that acetone may be altering the properties of the enzyme present in situ perhaps by 

changing the spatial configuration of the microsomes or by interacting with specific
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functional groups. Therefore the effects of hydrazine on aniline hydroxylase and EROD 

activities could be an in vitro effect rather than an induction of the cytochromes P450 IIE1 

and I respectively.

In this chapter differences were observed between the effects of acute and short term 

chronic administration of hydrazine. After repeated administration of hydrazine, the lower 

and the higher dose appeared to be have different effects. Therefore, with hydrazine as 

it has been shown with isoniazid, the effects on cytochrome P450 activities may differ in 

vivo and in vitro, or following acute or chronic administration. Some of these changes have
CL

already been documented with other enzyme inducing drugs (Pessyerand Mazel, 1976).

171



CHAPTER 7: DISCUSSION

Hydrazine caused cell death in isolated hepatocytes in suspension. The isolated 

hepatocyte system proved very useful in the study of the temporal sequence of events 

leading to cell death. The decrease in succinate dehydrogenase (SDH) activity and 

depletion of cellular ATP were the earliest events, closely followed by NADPH loss. Most 

of the hepatic NADPH is believed to be mitochondrial (Bucher and Sies, 1980), which is 

generated from NADP+ by a transhydrogenase requiring ATP. Therefore the depletion of 

ATP may be responsible for the NADPH depletion observed in this study. Another early 

biochemical change was an increase in the cellular levels of triglycerides accompanied by 

a decrease in the levels in the cell medium. The increase in triglyceride levels inside 

hepatocytes may be linked to the depletion of ATP and NADPH, as both these are 

required in the synthesis of fatty acids, which are in turn needed for triglyceride synthesis. 

Depletion of GSH however, appeared to be a relatively late event (2 hrs), suggesting that 

it may occur as a result of changes in other biochemical parameters, rather than play a 

direct role in toxicity of hydrazine. Hydrazine-induced GSH depletion may be partly due 

to the depletion of ATP, which is required for GSH synthesis. GSH depletion may be linked 

to the loss of NADPH or be due to its conversion to GSSG.

It is possible that all the biochemical changes occuring at early stages (ATP, NADPH 

depletion and decrease in SDH activity), play a role in cell death. Of these changes ATP 

depletion is probably the most important. Hydrazine-induced ATP depletion was shown to 

be dose-dependent both in isolated hepatocytes and in rat liver in vivo. That the depletion 

in isolated hepatocytes occured at a concentration which was not cytotoxic and the 

depletion in vivo occured without lethality suggests that ATP depletion may be a cause 

rather than a consequence of hydrazine toxicity.

GSH depletion, on the other hand, is not likely to be the cause of cell death, but may be 

an important event that makes the process irreversible in ATP-depleted cells, making them 

ultimately prone to destruction. Hydrazine may decrease the rate of ATP synthesis by 

several possible mechanisms through depriving the cell of essential citric acid cycle 

precursors and intermediates. Hydrazine may (i) prevent gluconeogenesis through 

inhibition of the key enzyme phophoenolpyruvate carboxykinase, (ii) decrease the 

concentration of pyruvate and a-ketoglutarate, by hydrazone formation (a cyclised
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hydrazone namely THOPC has been detected in the medium of isolated hepatocytes) or 

(iii) inhibit pyridoxal phosphate-dependent transamination (in this study the inclusion of 

pyridoxine, a precursor of pyridoxal phosphate did not effect the toxicty of hydrazine in 

suspensions of hepatocytes). Hydrazine-induced ATP depletion may be due to damage 

to mitochondria and the inhibition of SDH (an inner mitochondrial membrane enzyme) 

activity in this study supports this.

Metabolic inhibitors (KCN and DNP) used in this study increased the cytotoxicty-of 

hydrazine in suspensions of isolated hepatocytes in a synergistic manner. The effects of 

KCN and hydrazine on ATP depletion in isolated hepatocytes were additive, while the 

efffects of DNP and hydrazine on ATP depletion appeared to be synergistic. Hydrazine or 

a metabolite may inhibit glycolytic ATP production, and cause maximal ATP depletion in 

hepatocytes, since mitochondrial ATP synthesis is already reduced by preincubation with 

KCN or DNP. On the other hydrazine (or a metabolite) may work in conjunction with KCN 

or DNP, thus facilitating the inhibition of the mitochondrial synthesis of ATP. Hydrazine 

may in the same manner as DNP, uncouple oxidative phosphorylation within mitochondria 

and thus initiate ATP depletion.

Here in this study, the biochemical toxicity of hydrazine was also investigated in primary 

cultures of isolated hepatocytes. Hydrazine appeared to be more cytotoxic to hepatocytes 

in suspension than in primary culture, as measured by LDH leakage and ATP depletion. 

This difference could be due to a loss of metabolising enzymes such as cytochrome P450, 

in primary culture (Thurman and Kaufman, 1980). Although the inclusion of metyrapone 

in culture media maintained cytochrome P450 levels, it did not effect the toxicty of 

hydrazine. This suggests several possibilities (i) an enzyme other than cytochrome P450 

is involved in the metabolic activation of hydrazine to a toxic species, (ii) metyrapone does 

not maintain the cytochrome P450 isozyme involved in hydrazine activation, (iii) hydrazine 

itself rather than a metabolite is responsible for toxicity. Alternatively, it is possible that 

hepatocytes in culture are generally more robust than those in suspension, since they 

have had time to recover from the initial trauma associated with isolation. Furthermore the 

spatial orientation of cells in culture may make them less susceptible, since they are 

exposed to the to ;0  only from the surface adjacent to the medium.

In cultured hepatocytes, hydrazine caused an inhibition of protein synthesis at 

concentrations far below those which had measurable effects on LDH leakage and ATP
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levels. Therefore the inhibition of protein synthesis may be a more sensitive index of 

hydrazine toxicty, than LDH leakage, dye uptake or ATP depletion.

Both single and repeated administration of hydrazine caused a decrease in the total levels 

of hepatic microsomal cytochrome P450, determined spectrally at 450nm after reduction 

and binding to carbon monoxide (CO). It is possible that a nitrogen-cent red radical, which 

is formed during the microsomal oxidation of hydrazine is responsible for the destruction 

of the haem portion of cytochrome P450 by hydrazine (Noda et al., 1985).

Despite its inhibitory effect on total cytochrome P450 levels, hydrazine may affect the 

activities of different isozymes differently. Repeated administration of 0.39 mmol/Kg 

hydrazine for 4 consecutive days, resulted in an increase in aniline hydroxylase activity 

in microsomes, confirming the observatons of Akin and Norred (1978). The cytochrome 

P450 isozyme believed to be responsible for aniline hydroxylation activity is P450IIEI 

(Morgan et al. 1982), which is also inducible by isoniazid (Thomas et al, 1987). It is 

possible that hydrazine which is believed to be a metabolite of isoniazid (Noda et al., 

1978; 1982) may play a role in the induction of this particular isozyme. It is important to 

note that in this study only the catalytic activities of microsomal preparations with various 

substrates were measured as a possible indication of induction of a particular isozyme. 

However additional information would be needed to demonstrate with certainty, the 

induction of a particular isozymes by a compound. Comparisons of catalytic properties, 

peptide maps following limited proteolysis, electrophoretic migration, spectral properties 

and immunological activity are often sufficient to demonstrate the uniqueness of a 

particular isozyme. Therefore it is not possible to conclude, from the effect of hydrazine 

on specific enzyme activities (such as aniline hydroxylase shown here) alone, that 

hydrazine induces that particular isozyme.

Hydrazine hepatotoxicty In vivo in rats is manifested as fatty liver, without necrosis 

(Reinhardt and Dinman, 1965; Timbrell et al., 1982). This should be considered when 

using in vitro systems such as isolated hepatocytes in suspension or culture. The criterion 

of hydrazine toxicity used in these in vitro systems (i.e. damage to cell membrane as 

measured by dye uptake or enzyme leakage), is different to that used in vivo (fatty liver), 

the former being more extreme since it measures loss of cell viability as a measure of 

toxidty. Therefore the levels of triglycerides measured in isolated hepatocytes in vitro may
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prove to be a more suitable criterion of hydrazine toxicty. Future experiments are needed 

using improved, more sensitive methods of measuring triglyceride levels in hepatocytes. 

One possible mechanism of hydrazine-induced fatty liver is the inhibition of lipoprotein 

secretion. This could be investigated in isolated hepatocytes, by measuring the secretion 

of radioactively labelled protein and triacylglycerol from prelabelled hepatocytes 

(Gravela etal., 1979).

The mode of transport of hydrazine in isolated hepatocytes is not clear but the following 

observations were made in these studies: (i) The concentration of hydrazine inside the 

cells was always far lower than that outside. However this may not represent the rate of 

hydrazine efflux across the hepatocyte membrane, since the DMBA assay used for the 

measurement of hydrazine only measures free hydrazine; subsequent metabolism of 

hydrazine within the cells may have occurred.(ii) Transport appeared to be saturable, 

within the confines of the analysis, (iii) Inclusion of metabolic inhibitors or the lowering of 

temperature from 37°C to 4°C, decreased the levels of hydrazine inside the cells still 

further, suggesting that transport of hydrazine or metabolism in isolated hepatocytes is 

energy-dependent.

Hydrazine levels inside the hepatocytes in suspension appeared to reach a peak at 1-2 

hours and then decrease to starting levels. This might also be due to metabolism of 

hydrazine and/or its binding to cellular components. In these studies efforts were made to 

follow the metabolism of hydrazine inside the hepatocytes using 15N-NMR. However these 

experiments were not very successful due to lack of sensitivity, and it was impractical to 

repeat the experiments. GCMS methods could detect 15N labels with great sensitivity but 

require prior knowledge of the metabolite. It is clear that more insight into the fate of 

hydrazine in isolated hepatocytes can only be obtained, by measuring hydrazine and its 

metabolites inside the cells, and for this an appropriate method is needed.

Hydrazine disappearance in the incubation media of isolated hepatocytes both in 

suspension and culture appeared to be independent of cells, and was possibly due to 

autoxidation of hydrazine. This autoxidation occurred to a greater extent in suspensions 

than in culture, possibly due to greater availablity of oxygen in suspensions. This again 

points to the great reactivity of hydrazine and the immense difficulties in tracing it 

especially in an in vitro system.

175



Amenta, J.S. and Dominguez, A.M. (1965). The effect of hydrazine and congeners on 

C140 2 respiratory pattern of various metabolic substrates. Tox.Appl.Pharmacol.. 

7:236- 242.



REFERENCES

Acosta, D., Mitchell, D.B., Sorensen, E.B.M. and Bruckner, J.V. (1987). The metabolism 

and toxicity of xenobiotics in a primary culture system of postnatal rat hepatocytes. 

In The isolated hepatocytes: use in toxicology and xenobiotic biotransformation. 

Eds E.J. Raukman and G.M, pp. 189-214, Padilla. Academic Press.

Akin, F.J. and Norred, W.P. (1978) Effects of short-term administration of maleic 

hydrazide or hydrazine on rat hepatic microsomal enzymes. Toxicol, appl. 

Pharmacol.. 43:287-292.

Allain, C.A., Poon, L.S., Chan, C.S.G., Richmond, W., and Fu, P.C. (1974). Enzymatic 

determination of total serum cholesterol. Clin.Chem.. 20:470-475,

Alvarez de Laviada, T., Romero, F.J., Anton, V., Anton, V.Jr., Roma, J. and Vina, J. 

(1987). A simple microassay for the determination of hydrazine in biol.ogical 

samples. Effect of hydrazine and isoniazid on liver and brain glutathione 

J.Anal.Tox.. 11:260-262.

Amenta, J.S. and Johnston, E.H. (1962). A correlation of the chemical and histological 

changes in acute hydrazine intoxication. Lab.lnves., 11:456-462

Amenta, J.S. and Johnston, E.H. (1963). The effects of hydrazine upon the metabolism 

of amino acids in the rat liver. Lab.Invest.. 12:921-928.

Ayala, E., Canonico, P.G. (1975). Aminobutyric acid transport in primary cutures of normal 

adult rat hepatocytes. Proc.Soc.Exp.Biol.Med.. 149:1019-1022.

Bachmann, E., Goldberg, L. and Digiacomo, P. (1970). Aspects of the determination of 

biphenyl hydroxylase activity in liver homogenates. I. Effect of the presence of 

mitochondria. Exp.Mol.Path.. 12:212-224.

Bahri, A.K., Chiang, C.S. and Timbrell, J.A. (1981). Acetylhydrazine hepatotoxicity. 

Toxicol.Appl.Pharmacol.. 60:561-569.

176



Banks, W.L. (1969). Effect of hydrazine treatment on hepatic protein biosynthesis in 

vivo. Biochem.Pharmacol.. 19:275-283.

Barrows, L. and Shank, R.G. (1981). Chemical modification of DNA in rats treated with 

hydrazine. Appl.Pharamacol., 45:345.

Bartosek, I., Miller, LL. (1973). Isolated liver perfusion and its applications. Eds. I. 

Bartosek, A. Gualtani, L.L. Miller, pp. 45-67. Raven Press, New York.



Balazs, T., Murray, T.K., McLaughlan, J.M. and Grice, H.E. (1961). Hepatic tests in toxicity 

on rats. Toxicol.Appl.Pharmacol.. 3:71-79.

Bar-On, H., Keok, A.I., Stein, A.I. and Stein, Y. (1973). Assembly and secretion of very low 

density lipoproteins by rat liver folowing inhibition of protein synthesis with 

cycloheximide. Biochim.Biophvs.Acta.. 306:106-113.

Baur, H., Kasperek, S. and Pfaff, E. (1975). Cell membrane damage. Z.Phvsiol.Chem.. 

356:827-836

Bergmeyer, H., Bernt, E. and Hess, B. (1965). In Methods of Enzymatic Analysis., pp. 736- 

743, Ed. H.Bergmeyer.

Al
Bernofsky, C. and Swan, (1973). An improved cycling assay for nicotinamide adenine

53"
dinucleotide. Anal.Biochem., 452-458.

Berry, M.N. and Freind, D.S. (1969). High yield preparation of isolated rat liver 

parenchymal cells. A biochemical and fine structural study. J.Cell.Biol., 43:506-520.

Bianchi, C., Bonardo, G. and Marazzi-Uberti, E. (1968). Toxicology of a-methyl-a-(2- 

morpholinoethyl)-1-naphthyl-acetic acid hydrochloride. Toxicol.Appl.Pharmacol.. 

12:331-336.

Biancifiori, C. (1970). Hepatomas in CBA/Cb/Se mice <Wliver lesions in golden hamsters 

induced by hydrazine sulfate. J.Natl.Cancer.Inst., 44:943-953.

Biancifiori, C. and Severi, L. (1966). The relation of isoniazid (INH) and allied compounds 

to carcinogenesis in some species of small laboratory animals: a review. 

Br.J.Cancer., 20:528-538.

Bickel, M.H. (1971). Liver metabolic reactions: tertiary amine N-dealkylation, tertiary amine 

N-oxidation, N-oxide reduction and N-oxide N-dealkylation. I. Tricyclic tertiary 

amine drugs. Arch.Biochem.Biophvs.. 148:54-62.

177



Bickel, M.H. and Minder, R. (1970). Metabolism and biliary excretion of the lipophilic drug 

molecules, imipramine and desmethylimipramine in the rat. I. Experiments in vivo 

and with isolated hepatocytes. Biochem.Pharmacol.. 19:2425-2435.

Bissell, D.M., Hammaker, L.E. and Meyer, U.A. (1973). Parenchymal cells from adult rat 

liver in nonproliferating monolyer culture: 1. functional studies. J.Cell.Biol. 59:722- 

734.

Blair, I.A., Mansilla, Tinoco, R., Brodie, M.J., Clare, R.A., Dollery, C .T., Timbrell, J.A. and 

Beever, I.A. (1985). Plasma hydrazine concentrations in man after isoniazid and 

hydralazine administration. Human Toxicol.. 4:195-202.

Bosan, W.S., Lambert, C.E. and Shank, R.C. (1986). The role of formaldehyde in 

hydrazine-induced methylation of liver DNA guanine. Carcinogenesis. 7:413-418.

Bosan, W.S., Shank, R.C., MacEwen, J.G., Gaworski, C.L. and Newberne, P.M. (1987). 

Methylation of DNA guanine during the course of induction of liver cancer in 

hamsters by hydrazine or dimethylnitrosamine. Carcinogenesis. 8:439-444.

Bowen, E.J. and Birley, A.W. (1951). The vapour phase reaction between hydrazine and 

oxygen. Trans.Farad.Soc.. 47:580-583.

Bradford, B.U., Marotto, M., Lemasters, J.J. and Thurman, R.G. (1986). New, simple 

models to evaluate zone-specific damage due to hypoxia in the perfused rat liver: 

Time course and effect of nutritional state. J.Pharmacol.Exp.Ther.. 236:263-268.

Bridges, J.W., Benford, D.J. and Hubbard, S.A. (1983). Mechanisms of toxic injury. 

Ann.NY Acad.Sci., 407:42-63.

Bucher, Th. and Sies, H. (1980). In Cell compartmentation and metabolic channeling. Eds. 

Nover et al., pp. 279-302, G.Fisher Verlag: Jena.

Burke, M.D. and Mayer, R.T. (1974). Ethoxyresorufin: direct fluorimetric assay of a 

microsomal O-dealkylation which is preferentially inducible by 3-

178



Chlebowski, R.T. Heber, D., Richardson, B. and Block, J.B. (1985). Influence of hydrazine 

sulphate on abnormal carbohydrate metabolism in cancer patients with wieght loss. 

Cancer Res.. 44:857:861.

Clark, D.A., Leeder, L.G., Foulds, E.L. and Trout, D.L. (1970). Changes in lipids of rat liver 

after hydrazine injection. Biochem. Pharmacol.. 19:1734-1752.

Cooling, J., Burditt, S.L. and Brindley, D.N. (1979). Effects of treating rats with hydrazine 

on the circulating concentrations of corticosterone and insulin in relation to  

hepatic triacylglycerol synthesis. Biochem.Soc.Trans.. 5:1212.



methylcholanthrene. Druq.Met.Disp., 2:583-588.

Burke, M.D., Thompson, S., Elcombe, C.R., Halpert, J., Haaparanta, T. and Mayer, R.T. 

(1985). Ethoxy-, pentoxy- and benzyloxyphenoxazones and homologues: a series 

of substrates to distinguish between different induced cytochromes P450. 

Biochem.Pharmacol., 34:3337-3345.

Castagne, J., Fourche, J., Jensen, H. and Neuzil, E. (1987). The reaction of pyridoxal-5’- 

phosphate with hydrazino compounds: a spectrophotometric study.

Biochem.Soc.Trans., 15: 1987-1988.

Carafoli, E. (1987). Intracellular calcium homeostasis. Annu.Rev.Biochem., 56:395-433

Chapman, G.S., Jones, A.L., Mayer, U.A. and Bissell, D.M. (1973). Electron microscopic 

studies in cultured hepatocytes. J.Cell.Biol. 59:735-747.

Cheung, J.Y., Bonventre, J.V., Malls, C.D. and Leaf, A. (198C). Calcium and ischemic 

injury. New Enq.J.Med., 314:1670-1676.

Chien, K.R., Pfau, R.G. and Farber, J.L. (1979). Ischemic myocardial cell injury. Prevention 

by chlorpromazine of an accelerated phospholipid degeneration and associated 

membrane dysfunction. Am.J.Pathol., 97:505-530.

Christensen, H.N. (1975). In Biological Transport, Eds, H.N.Christensen, W.A.Benjamin, 

Inc.: Reading, Mass.

Cinti, D.L., Ritchie, A. and Schenkman, J.B. (1972). Hepatic organelle interaction. II. Effect 

of tricarboxylic acid cycle intermediates on N-demethylation and hydroxylation 

reactions in the liver. Mol.Pharmacol.. 8:339.

Colvin, L.B. (1969). Metabolic fate of hydrazines and hvdrazides. J.Pharmac.Sci.. 58:1433- 

1443^

Coon, M.J., Vermilion, J.L., Vatsis, K.P., French, J.S., Dean, W.L. and Haugen,

179



Conney, A.H. (1986). Induction of microsomal cytochrome P450 enzymes: the first Bernard 

B. Brodie lecture at Pennsylvania State University. Life Sci.. 39:2493-2518.



D.A.(1977). Biochemical studies on drug metabolism: isolation of multiple forms of 

liver microsomal cytochrome P450. In concepts in drug metabolism, pp. 46-71. Ed, 

D.M. Jerina, Washington, American Chemical Society.

Cordelli, A., Ferrari, M. and Savonitto, E. (1969). Metabolism of chlorpromazine and 

related psychotropic drugs in the isolated perfused rat liver. Arch. Int. Pharmacodvn.. 

180:121-125.

Cornish, H.H. (1969). The role of vitamin B6 in the toxicity of hydrazine. Ann.NY.Acad.Sci.. 

166:136-145.

Dambraukas, S.M. and Cornish, H.H. The distribution, metabolism and excretion of 

hydrazine in rat and mouse. Tox.Appl.Pharm., 6:653-663

Dianzani, M.U. (1979). Reactions of the liver to injury: fatty liver. In Toxic injury of the liver. 

Part A. Eds E. Farber and M.M. Fischer, pp. 281-333, Marcel Dekker, Inc: New 

York and Basel.

JL
Di Luzio, N.R. and Stege, T.E. (1977). Enhance hepatic chemilum/nescence following 

carbon tetrachloride or hydrazine administ tion. Life Sci.. 13:989-9902.

Eato , D.L. and Klassen, C.D. (1978). Carrier mediated transport of ouabain in isolated 

hepatocytes. J.Pharmacol.Exp.Ther.. 205:480-488.

u
Ellis, S.R.M., Jeffreys, G.V. and Hill, P. (1960). Oxidation of hydrazine in aqeous solution. 

J.Appl.Chem.. 10: 347-352.

Ellman, G.L. (1958). Tissue sulfhydryl groups. Arch.Biochem.Biophvs.. 74:443-450 and 

82:70-77.

Ernster, L., Siekevits, P. and Palade, G.E. (1962). Enzyme structure relationships in 

endoplasmic reticulum of rat liver: A morphological and biochemical study. 

J.Cell.Biol.. 15:541-562.

180



Filov, V.A., Tret, Yako, A.V. and Grinfeldt, A.E. (1986). Hydrazine sulfate as a cell 

membrane stabilizer. Z.Pharmacol., 21:43-45.



Eyer, P. and Podhradsky, D. (1986). Evaluation of the micromethod for determination of 

glutathione using enzymatic cycling and Ellman’s reagent. Anal.Biochem.. 153:57- 

66.

Farber, E. (1966). On the pathogenesis of fatty liver. Gastroenterology. 50:137.144

Farber, E., Lambardi, B. and Castillo, A.E. (1963). The prevention by adenosine 

triphosphate of the fatty liver induced by ethionine. Lab.Invest.. 20:873.

Farber, E., Shull, KH., Villa-Trevino, S., Lombardi, B. and Thomas, M. (1964). Biochemical 

pathology of acute hepatic ATP deficiency. Nature. 203:34-40.

Fiala, E.S. and Weisburger, J.H. (1976). Seperation of 1,2-dimethylhydrazine metabolites 

by high-pressure liquid chromatography. J.Chromat.. 117:181-185.

Fiskum, G., Craig, S.W., Decker, G.L. and Lehninger, A.L. (1980). The cytoskeleton of 

digitonin-treated hepatocvtes. Proc.Natl.Acad.Sci.USA.. 177:3430-3434.

Fortney, G.R., Dale, C.A. and Stein, E. (1967). Inhibition of gluconeogenesis by hydrazine 

administration in rats. J. Pharmacol.Exp.Ther.. 156:277-2837.

Fortney, G.R. (1968). Effect of hydrazine on liver glycogen, arterial glucose, lactate, 

pyruvate and acid-base balance in the anaesthetised dog. J .Pharmacol. Exp.Ther.. 

156:277-284

Frederiks, W.M., Vogel, I.M.C. and Fronik, G.M. (1981). Plasma ornithine carbamyl 

transferase level as an indicator of ischaemic injury of rat liver. 

Cell.Biochem.Funct.. 2:217-220.

Fry, J.R. and Bridges, J.W. (197^. A novel mixed hepatocyte-fibroblast culture system and 

its use as a test for metabolism mediated cytotoxicity. Biochem.Pharmacol. 26:969- 

973.

181



Fry, J.R. and Bridges, J.W. (1977}). The metabolism of xenobiotics in cell suspensions and 

cell cultures. In Progress in Drug Metabolism.2. Eds. J.W.Bridges and L.F. 

Chasseaud, pp.71-118, John Wiley and Son, Ipndon.

Gaunt, H. and Wetton, E.A.M. (1966). The reaction between hydrazine and oxygen in 

water. J.Appl.Chem.. 16:171-176.

Gilbert, E.C. (1929). Studies on hydrazine: The autooxidation. J.Am.Chem.Soc.. 51:2744- 

2751.

Gillette, J.R. (1974). A perspective on the role of chemically reactive metabolites of foreign 

compounds in toxicity- I. Correlation of changes in covalent binding of reactive 

metabolites with changes in the incidence and severity of 

toxicitv.Biochem.Pharmacol.. 23:2785-2797.

Glende, E.A. and Pushpendran, C.K. (1986). Activation of phospholipase A2 by carbon35:
tetrachloride in isolated rat hepatocvtes.Biochem.Pharmacol. 3301-3307.

Gold, J. (1987). Hydrazine sulfate: a current perspective. Nutr.Cancer. 9:59-66.

Goldstein, L.S. (1987). Dominant lethal mutations induced in mouse spermatogonia by 

nitrogen mustard, procarbazine and vincristine administered in 2-drug and 3-drug 

combinations. Mut.Res.Letts.. 191:171-176.

Gravela, E., Albano, E., Dianzani, M.V., Poli, G. and SI ater, T.F. (1979). Effects of carbon 

tetrachloride on isolated rat hepatocytes. Inhibition of protein and lypoprotein 

secretion. Biochem.J., 178:509-512.

Grice, H.C. (1972). The changing role of pathology in modern safety evaluation. CRC 

Crit.Rev.Toxicol.. 1:119-152.

Griffith, O.W. (1980). Determination of glutathione and glutathione disulfide using 

glutathione reductase and 2-vinylpyridine. Anal.Biochem., 106:207-212.

182



Guillouzo, A. (1986). Use of isolated and cultured hepatocytes for xenobiotic metabolism 

and cytotoxicity studies. In Isolated and cultured hepatocytes. Eds. A.Guillouzo and 

C. Guguen-guillouzo. Inserm Paris/ John Libbey, Eurotext London, pp- 235 -23^

Gunsalus, I.C., Bellamy, W.D. and Umbreit, W.W. (1944). A phosphorylated derivative of 

pyridoxal as the coenzyme of tyrosine decarboxylase. J.Biol.Chem.. 155:685-686.

Gomez-Lechon, M.J., Larrauri, A., Donato, T., Lopez, P., Montaya, A. and Castell, J.V. 

(1988). Predictive value of the in vitro tests for hepatotoxicity of xenobiotics. In 

Liver cells and drugs. Ed. A. Guillouzo. 164:371-377, Colloque Inserm/John Libbey 

Eurotext Ltd.

Guengerich, F.P. (1978). Separation and purification of multiple forms of 

microsomalcytochrome P450. J.Biol.Chem.. 253:7931-7939.

Hadler, H.l. and Cook, G.L. (1978).A requirement of Pi for the transitory uncoupling of rat 

liver mitochondria by hydrazine, when 6-hydroxybutyrate is the substrate. 

J.Env.Path.Tox.. 1:419-432.

Haghighi, B, Honarjou, S. (1987). The effects of hydrazine on the phosphatidate
36:

phosphohydrolase activity in rat liver. Biochem.Pharmacol.. 1163-1166.

Hardison, W.G., Weiner, R.G. (1979). Characteristics of taurine transport in primary 

culturesof rat hepatocytes. Gastroenterology, 76:1283_1288.

Haugen, D.A. (1975). Purified liver microsomal cytochrome P450: separation and 

characterization of multiple forms. J.Biol.Chem., 250:3567-3570.

Helzberg, J.H., Brown, M.S., Smith, D.J., Gore, J.C. and Gordon, E.R. (1987). Metabolic 

state of the rat liver with ethanol: comparison of in-vivo 31 Phosphorus nuclear 

magnetic resonance spectroscopy with freeze-clamp assessment. Hepatology, 

7:83-88.

Hems, R., Lund, P. and Krebs, H.A. (1975). Rapid separation of isolated hepatocytes or

183



similar tissue fragments for analysis of cell constituents. Biochem.J.. 150:47.55.

Higgins, E.S. and Banks, W.L. (1971). Cognate effects of hydrazine, ethanol and tissue 

regeneration on hepatic mitochondrial activities. Biochem.Pharmacol.. 20:1513.

Horton, R.W., Chapman, A.G. and Meldrun, B.S. (1979). The convulsant action of 

hydrazides and regional changes in cerebral y-aminobutyric acid and pyridoxal 

phosphate concentrations. J.Neurochem.. 33:745.

Imai, Y., Ito, A. and Sato, R. (1966). Aniline hydroxylation in microsomes. J.Biol.Chem., 

60:417-423.

Itano, H.A., Hirota, K. and Hosokawa, K. (1975). Mechanism of induction of haemolytic 

anaemia by phenylhydrazine. Nature. 256:665.

Jaeschke, H., Smith, C.V., and Mitchell, J.R. (1988). Hypoxic damage generates reactive 

oxygen species in isolated perfused rat liver. Biochem.Biophvs.Res.Commun., 

150:568-574.

Jeffreys-Smith, L., Murphy, E., Gable, S.A. and London, R.E. (1987). In-vivo 31P-NMR 

studies of the hepatic response to L-ethionine in anaesthetised rats. 

Toxicol.Appl.Pharmacol.. 88:346-353.

Jenner, A.M. and Timbrell, J.A. (1990). Hydrazine metabolism in rat liver microsonnes 

Human Exp.Toxicol., 9:335-336.

Jenner, A. and Timbrell, J.A. (1991). Personal communication.

Jewell, S.A., Belloma, G., Thor, H., Orrenius, S. and Smith, M.T. (1982). Bleb 

formationinhepatocytes during drug metabolism is caused by disturbance in thiol 

and calcium ion homeostasis. Science. 217:1257-1259.

Jonen, H.G., Werringloer, J., Prough, R.A. and Estabrook, R.W. (1982) The reaction of 

phenylhydrazine with microsomal cytochrome P-450: catalysis of heme destruction.

184



J.Biol.Chem., 257:4404-4411.

Juchau, M.R., Cram, R.L., Plaa, G.L. and Fouts, J.R. (1965). The induction of benzpyrene
(Xf

hydroxylase in the isolted perfused rat liver. Biochem.Pharmacol.. 14:473-482.

Juchau, M.R. and Horita, A. (1972). Metabolism of hydrazine derivatives of 

pharmacological interest. Drug.Met.Revs., 1:71-100.

Judah, J.D. (1969). Biochemical disturbances in liver injury. Brit.Med.Bull., 25:274.

Kalhorni , T.F., Thummel, K.E., Nelson, S.D. and Slattery, J.T. (1985). Analysis of oxidized 

and reduced pyridine dinucleotides in rat liver by high-performance liquid 

chromatography. Anal.Biochem., 151:343-347.

Kane, A.B., Young, E.E., Schanne, F.A.X. and Farber, J.L. (1980). Calcium dependence 

of phalloidin-induced liver cell death.Proc.Natl Acad.Sci.USA . 77:1177-1180.

Kato, R., Takanaka, A. and Shoji,H. (1969). Inhibition of drug-metabolizing enzymes of 

liver microsomes by hydrazine derivatives in relation to their lipid solubility. 

Jap.J.Pharmac., 19:315-321.

Keith, C.H., Bajer, A.S., Ratan, R., Maxfield, F.R. and Shelanski, M.L. (1987). Calcium and 

calmodulin in the regulation of the microtubular cytoskeleton. Ann.NY.Acad.Sci., 

466:375-391.

Killam, K.F. and Bain, J.A. (1956). Convulsant hydrazides: in vitro and in vivo inhibition of 

vitamin B6 enzymes by convulsant hydrazides. J.Phramcol.Exp.Ther.. 119:255-262.

Kimball, R.F. (1977). The mutagenicity of hydrazine and some of its derivatives. 

Mutat.Res.. 39:111-126.

King, T.E. (1967). In Methods.Enzymol., 10:322-331.

Kingsley, E., Tweedale, B. and Tolman, K.G. (1980). Hepatotoxicity of sodium valporate

185



Lardy, H.A., Paetkau, V. and Walter, P. (1965). Paths of carbon in gluconeogenesis and 

lipogenesis: the role of mitochondria in supplying precursors of phosphoenol 

pyruvate. Biochem., 53:1410-1415.



and other anticonvulsants in rat hepatocyte cultures. Epilepsia 21:699-704.

a
Klaassen, C.D. and Stacey, N.H. (1982). Use of isolted hepatocytes in toxicty assessment. 

In Toxicology of the liver.. Eds G.L. Plaa and W.R. Hewitt. Raven Press: New York,

Kletzien, R.F., Pariza, M.W., Becker, J.E., Potter, V.R. and Butcher, F.R. (1976). Induction 

of amino acid transport in primary cultures of adult rat liver parenchymal cells by 

insulin. J.Biol.Chem. 251:3014-3020.

Koop, D.R., Morgan, E.T., Tarr, G.E. and Coon, M.J. (1982)

Purification and characterisation of a unique isozyme of cytochrome P450 from 

liver microsomes of ethanol-treated rabbits. J.Biol.Chem.. 257:8472-8480.

Korsrud, G.O., Grice, H.C and McLaughlan, J.M. (1972). Sensitivity of several serum 

enzymes in detecting carbon tetrachloride-induced liver damage in rats. 

Tox.Appl.Pharmacol.. 22:474-483.

Lamb, R.G. and Banks, W.L. (1979). Effect of hydrazine exposure on hepatic 

triacylglycerol biosynthesis. Biochim.et.Biophvs.Acta.. 574:440-447.

Lemasters, J.J., Di Guiseppi, J., Nieminen, A.L. and Herman, B. (1987). Blebbing, free 

Ca2+ and mitochondrial membrane potential preceding cell death in hepatocytes. 

Nature. 325:78-81.

Levin, W., Thomas, P.E., Reik, L.M., Ryan, D.E., Bandiera, S., Haniu, M. and Shively, G.E. 

(1985). In microsomes and drug oxidations. 13. Eds, A.R. Boobis, J. Caldwell, F. 

De Matteis and C.R. Elcombe. Taylor and Francis: London.

Lin, R.C. and Snodgrass, P.J. (1975). Primary culture of normal rat liver cells which 

maintain stable urea-cycle enzymes. Biochem.Biophvs.Res.Commun.. 64:725-734.

Lombardi, B. (1965). Pathogenesis of fatty liver. Fed.Proc., 12:34-38.

Lombardi, B. and Oler, A. (1963). Choline deficiency fatty liver. Lab.Invest.. 17:308-313*

186



Long, R.M. and Moore, L. (1986). Cytosolic Ca2+ after carbon tetrachloride, 1,1- 

dichloroethylene and phenylphrine exposure. Biochem.Pharmacol., 35:3301 -3307.

Lopez-Mendoza, D. and Villa-Trevino, S. (1971). Hydrazine-induced inhibition of aminoacid 

incorporation into rat liver protein. Lab.Invest. 25:68-72.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Dandall, R.J. (1951). Protein measurement 

with the folin-phenol reagent. J.Biol.Chem., 193:265.

Maddrey, W.C. and Boitnott, J.K. (1973). Isoniazid hepatitis. Ann.Intn.Med., 79:1-12.

Magee, P.N. Toxic liver necrosis. In Biochemical Pathology. Eds E. Farber and P.N. 

Magee, p.111, Baltimore, The Williams and Wilkins Co. 1966.

Magnani, M., Roni, L., Cucchiorini., L., Socchi, V. and Forparin, G. (1988). Effect of 

phenylhydrazine on red blood cell metabolism. Cell.Biocem.Function, 6:175-182.

Martz, G., D’Alessandri, A., Kfeel, H., and Bollag, W. (1963). Preliminary clinical results 

with a new anti-tumor agent RO 4-6467 (NSC-77213).Cancer Chemother.Rep., 

33:5-14.

McEwen, J.D., Vernot, E.H., Haun, C.C., Kinkead, E.R. and Hall, A. (1981). Chronic 

inhalation toxicity of hydrazine: oncogenic effects. AFAMRL-TR-81-56. Aerospace 

Med Res Labs, Wright-patterson Air Force Base, Ohio.

McKennis, H. Jr., Yard, A.S., Weatherby, J.H. and Haggy, J.A. (195Cj). Acetylation of 

hydrazine and the formation of 1,2-diacetylhydrazine in vivo. 

J.Pharmacol.Exp.Ther., 114:385^.392.

McKinely, S., Anderson, C.D. and Jones, M.E. (1967). Studies on the action of hydrazine, 

hydroxylamine and other amines in the carbamyl phosphate synthetase reaction. 

J.Biol.Chem., 242:3381-3390.

McQueen, C.A. and Williams, G.M. (1987). Toxicology studies in cultured hepatocytes

187



from various species. In The isolated hepatocvte: use in toxicology and xenobiotic 

biotransformations Eds. E.J. Rauckman and G.M. Padilla, pp. 51-67, Academic

Press, London.

Medina, M.A. (1963). The in vivo effects of hydrazines and vitamin B6 on the metabolism 

of gamma-a m iinobutyric acid. J.PharmacolExp.Ther.. 140:133-141.

Meister, A. (1977). Glutathione and the y-glutamyl cycle. In Glutathione: metabolism and 

function. Eds I.M. Arias and W. Jakoby, pp. 35-43, Raven Press. New York.

Mendoza-Figueroa, R., Lopez-Revilla, R.and Villa-Trevino,S. (1983). DNA breaks induced 

by micromolar concentrations of dimethylnitrosamine in liver primary cell cultures 

from untreated and phenobarbital treated rats. Toxicology. 27:55-64*

Mesland, D.A.M., Los, G. and Spiele, H. (1981). Cytochalasin-B disrupts the association 

of filamentous web and plasma membrane in hepatocytes. Exp.Cell.Res.. 135:431 - 

435.

Michalopoulos, G., Slater, G.L., O’Connor, L and Pitpt, H.C. (1978). Unscheduled DNA 

synthesis induced by procarcinogens in suspensions and primary cultures of 

hepatocytes on collagen membrane. Cancer Res.. 38:1866-1871.

Misra, H.P. and Fridovich, I. (1976). The oxidation of phenylhydrazine: superoxide and 

mechanism. 15:681-687.

Mitchell, J.R., Thorgierson, U.P., Black, M., Timbrell, J.A., Snodgrass, W.R., Potter, W.Z., 

Jollow, D.J. and Keiser, H. (1975). Increased incidence of isoniazid hepatitis in 

rapid acetylators: possible relation to hydrazine etabolites. Clin.Pharmacol.Ther.. 

18: 70-79.

Moldeus, P. Hogberg, J. and Orrenius, S. (1978). Isolation and use of liver cells. In 

Methods in Enzymoloqy. LI I (52). Eds S. Fleisker and L. Praker. pp 60-67

Moloney, S.J., Snider, B.J. and Prough, R.A. (1984) The interactions of hydrazine

188



Nelson, S.D., Hinson, J.M. and Mitchell, J.R. (1976). Application of chemical ionization 

mass spectrometry and the twin-ion technique to better define a mechanism in 

acetylhydrazine toxicity. Biochem.Biophvs.Res.Commun.. 69:900-907.



derivatives with rat-hepatic cytochrome P-450. Xenobiotica.. 14:803-814.

Montanaro, N., Novello, F. and Stripe, F. (1971). Effect of a-amanitin on ribonucleic acid 

polymerase II of rat brain nuclei and on retention of avoidance conditioning. 

Biochem.J., 125:1087_11oo.

Morgan, E.T., Koop, D.R. and Coon, M.J. (1982) Catalytic activity of cytochrome P-450 

isozyme 3a isolated from liver microsomes of ethanol-treated rabbits. J.Biol.Chem.. 

257: 13951-13957.

Muakkassah, S.F., Bidlack, W.R. and Yang, C.T. (1981) Mechanism of the inhibitory
&

action of isoniazid on microsomal rug metabolism. Biochem. Pharmacol.. 30:1651- 

1658.

Musch, E., Eichelbaum, M., Wang, J.K., Sassen, W.V., Castro-Parron, M. and Dengler,

H.J. (1982). Incidence of hepatotoxic side effects during antituberculous therapy 

(INH, RMP, EMB) in relation to the acetylator phenotype. Klin.Wochensschr.. 

60:513-519.

Nebert, D.W. et al (1987) The P-450 gene superfamily: recommended nomenclature. DNA. 

6i:1-11.

Nelson, G.D. and Gordon, W.P. (1982). Metabolic activation of hydrazines. In Biological 

reactive intermediates II. part B. Eds. R. Snyder, D.V. Parke, J.J. KocJollow, 

G.G. Gibson and C.M. Witmer, pp. 971-981, Plenum Press: NY and London.

Nicotera, P. Hartzell, P., Baldi, C., Svensson, S.A., Bellomo, G. and Orrenius, S. (1986). 

Cystamine induces toxicity in hepatocytes through the elevation of cytosolic Ca2+ 

and the stimulation of a nonlysosomal proteolytic system. (1986). J.Biol.Chem.. 

261:14628-14635.

Noda, A., Goromaru, T. and Matsuyama, K. Sogabe, K., Hsu, K.Y. and Iguehi, S. (1978). 

Quantitative determination, of hydrazine derived from isoniazid in patients. 

In.J.Pharm.Dvn. 1432-141.

189



Noda, A., Hsu, K.Y. and Aso, Y. (1982). Studies of isoniazid metabolism in isolated rat 

hepatocytes by mass fragmentography. J.Chromatoqr.Biomed.Ed.. 230:345-352.

Noda, A., Noda, H., Ohno, K., Sendo, T., Misaka, A., Kanazawa, Y., Isobe, R.l. and 

Mirata, M.(1985). Spin-trapping of a free radical intermfcliate formed during 

microsomal metabolism of hydrazine. Biochem. Biophvs. Res. Comm.. 133:1086- 

1091.

Noda, A., Sendo, T., Ohno, K., Noda, H. and Goto, S.(1987).

Metabolism and cytotoxicity of hydrazine in isolated rat hepatocytes. Chem. Pharm. 

Bull.. 35:2538-2544.

Noda, A., Noda, H., Misaka, A., Sumimoto, H. and Tatsumi, K. (1988). Hydrazine 

radicalformation catalysed by rat microsomal NADPH-cytochrome P-450 reductase. 

Biochem.Biophvs.Res.Comm.. 153:256-260.

Ohkuma, S., Tamura, J., Kuriyama, K. and Takino, T. (1981). Characteristics of taurine 

transport in freshly isolated rat hepatocytes. Jpn.Pharmacol. 31:1061-1070.

Ohkuma, S., Tamura, J., Kuriyama, K. and Mukainaka, T. (1984). Characteristics of taurine 

transport in rat hepatocytes in primary culture. Cell.Biochem.Function 2:71-77.

Omura, T. and Sato, R. (1964). The carbon monoxide-binding pigment of liver 

microsomes. J.Biol.Chem.. 2370-2380.

Orrenius, S. McKonkey, D.J., Jones, D.P. and Nicotera, P. (1988). Ca2+-activated 

mechanisms in toxicty and programmed cell death. ISI Atlas Sci.Pharmacol., 2:319- 

324.

Orrenius, S., McConkey, D.J., Bellomo, G. and Nicotera, P. (1989). Role of Ca2+ in toxic 

cell killing. Trends in Pharmacol. Sci., 10:281-285.

Ortiz de Montellano, P.R., Augusto, A., Viola, F. and Kunze, K.L. (1983) Carbon radicals 

in the metabolism of alkyl hydrazines. J.Biol.Chem.. 258:8623.

190



Orton, T.C. and Parker, G.L. (1981). The effect of hypolipidemic agents on the hepatic 

microsomal drug-metabolising enzyme system of the rat: induction of 

cytochrome(s) P450 with specificity towards terminal hydroxylation of lauric acid. 

Druq.Met.Disp.. 10:110-115.

Paine, A.J. (1990). The maintenance of cytochrome P450 in rat hepatocyte culture: some 

applications of liver cell cultures to the study of drug metabolism, toxicity and the 

induction of the P450 system. Chem.Biol.Interactions. 74:1-31.

Parmer, S.S. et al. (1975). Synthesis of substituted benzylidinohydrazines and their 

monoamine oxidase inhibitory and anticonvulsant properties. J.Pharm.Sci.. 64:154- 

157.

Patek, D.R., Hellerman, L. (1974). Mitochondrial monoamine oxidase. Mechanism of 

inhibition by phenylhydrazine and aralkylhydrazines. Roles of enzymatic oxidation. 

J.Biol.Chem.. 249:2373-2381.

Patrick, R.L. and Back, K.C. (1965). Pathology and toxicologyjbf hydrazine and 1,2- 

dimethylhydrazine in monkeys and rats. Industrial Med.Surqerv. 10:430.

Perry, H.M., Tan, E.M., Carmody, S. and Sakamoto, A. (1970). Relationship of 

aceyltransferase activity to antinuclear antibodies and toxic symptoms in 

hypertensive patinets treated with hydralazine. J.Lab.Clin.Med.. 76:114-125.

Pessayer, D. and Mazel, P. (1976). Induction and inhibition of hepatic drug metabolizing 

enzymes by rifampin. Biochem.Pharmacol., 25:943-949.

Peters, J.K., Miller, K.S. and Brown, P. (1965). Studies on the metabolic basis for the 

genetically determined capacities for isoniazid inactivation in man. 

J.Pharmacol.Exp.Ther.. 150:298-304.

Pinelli, A., Trivulzio, S., Colombo-Zefanetti, G. and Tofanetti, O. (1988). Anti-convulsant 

effects by reduced glutathione and related aminoacids in rats treated with isoniazid. 

Toxicol., 48:103-107. &

191



Roberge, A., Gosselin, C. and Charbonneau, R. (1971). Effect of hydrazine on urea cycle 

enzymes in vitro and in vivo. Biochem.Pharmacol., 20:2231-2238.



Pinter, J.K., Hayashi, J.A. and Watson, J.A. (1967). Enzymatic assay of glycerol, 

dihydroxyacetone and glyceraldehyde. Arch.Biocehm.Biophvs., 121:404«411.

Plaa, G.L. (1980). Toxic responses of the liver. In Casarett and Doull’s Toxicology. 2nd ed. 

Eds J. Doull, C.D Klaassen and M.O. Amdur. New York: McMillan, pp« 286

Preece, N.E., Timbrell, J.A. (1989). Investigation of lipid peroxidation induced by hydrazine 

compounds in vivo in rats. Pharmacol.Toxicol.. 64:282-285.

Preece, N.E., Ghatineh, S. and Timbrell, J.A.(1990). The role of ATP depletion in 

hydrazine hepatotoxicity. Arch.Tox., 64:49-53.

Preece, N.E., Ghatineh, S. and Timbrell, J.A.(19^)).Quantitative 1H NMR studies of

hydrazine metabolism and hepatotoxicity in isolated hepatocytes. Human.Tox.. 
8:156-

Preece, N.E., Nicholson, J.K. and Timbrell, J.A. (1991) Identification of novel hydrazine 

metabolites by 15N-NMR. Biochem. Pharmacol.f 41 r1319-1324.

Ray, P.D., Hanson, R.L. and Lardy, H.A. (1970). Inhibition by hydrazine of 

gluconeogenesis in the rat. J.Biol.Chem., 245:690-696.

Rechnagel, R.O. and Glende, E.A. (1973). Carbon tetrachloride hepatotoxicty: an example 

of lethal cleavage. CRC-Crit.Rev.Toxicol.. 2:263.

Reynolds, B.A. and Thomas, A.A. (1965). A colorimetric method for the determination of 

hydrazine and monomethylhydrazine in blood. Am.Ind.Hyq.Assoc.J., 26:527-531.

Robinson, D.S. and Seakins, A. (1962). Observations relating to the mechanisms of action 

of carbon tetrachloride. Biochem.J., 82:9.

192



Sanins, S.M., Timbrell, J.A., Elcombe, C. and Nicholson, J.K. (1988). Proton NMR studies 

on the metabolism and biochemical effects of hydrazine in vivo. In Bioanalysis of 

drugs and metabolites. Eds E. Reid, J.D. and I. Wilson, pp. 375-381, Plenum 

Publishing Corporation, New York.

Schmidt, E.W. (1984). Reactions of hydrazine. In Hydrazine and its derivatives. Ed. E.W. 

Schmidt, pp. 327-364. J. Wiley and Sons. New York.



Ryan, D.E., Ramanthan, L.,lida, S., Thomas, P.E., Haniv, M., Shively, J.E., Lieber, C.S. 

and Levin, W. (1985). Characterization of a major form of cytochroe P450 of rat 

hepatic microsomal cytochrome P450 induced by isoniazid. J.Biol.Chem.. 

260:6385-6393.

Salock , C.B., Hsieh, D.P.H. and Byard, J.L. (1981). Butylated hydroxytoluene 

pretreatment protects against cytotoxicity and reduces covalent binding of aflotoxin 

B1 in primary hepatocyte cultures. Toxicol.App.Pharmacol. 59:331-345.

Sato, T., Tanaka, J. and Kono, Y. (1982). Hepatic cellular injury following lethal 

Eschericia Coli bacteraemia in rats.Lab.Invest., 47:304-310.

Scales, M.D.C. and Timbrell, J.A. (1982). Studies on hydrazine hepatotoxicity : 

pathological findings. Tox.Env.Health.. 10:941-953.

Schanne, F.A.X., Kane, A.B., Young, E.E. and Farber, J.L. (1979). Calcium dependence 

of toxic cell death: a final common pathway .Science, 206:700-702.

Schlenk, F. and Snell, E. (1945). Vitamin B6 and transamination. J.Biol.Chem.. 157:425- 

426.

Schmeltz, I., Hoffman, D. and Toth, B. (1977). Hydrazines: Occurance, analysis and 

carcinogenic activity realted to structure. In Symposium on structure correlation of 

carcinogenesis and mutagenesis, a guide to testing prioroties. Eds I.M. Asher and 

C. Zerves, pp. 172-178, F.D.A./OS, Washington D.C.

Schreiber, G. and Schreiber, M. (1973). Preparation of isolated hepatocytes. 

Subcell.Biocem.. 2:307-353.

Sendo, T., Noda, A., Ohno, K., Goto, S. and Noda, H. (1984). Hepatotoxicity of hydrazine 

in isolated rat hepatocytes. Chem.Pharm.Bull., 32:795-796.

Simonsen, D.G. Roberts, R. (1967). Influence of hydrazine on the distribution of free amino 

acids in mouse liver. Proc.Soc.exp.Biol.Med., 124:806.811 •

193



Smith, P.K., Kron, R.I., Hermanson, G.T. Mallia, A.K., Gartner, F.H., Provenzano, M.D. 

Fujimoto, E.K., Goeke, N.M., Olson, B.J. and Klenk, D.C. (1985). Measurement of 

protein using bicinochoninic acid. Annal.Biochem., 150:76:85.

Sotaniemi, E., Hirvonen, J., Isomaki, H., Takkunen, J. and Kaila, J. (1971). Hydrazine 

toxicity in the human. Annal.Ciln.Res., 3:30-33.



Simpson, M.V., Farber, E. and Tarver, H. (1950). Studies on ethionine. I. Inhibition of 

protein synthesis in intact animals. J.Biol.Chem., 182:81-88*

Sinha, B.K. (1987). Activation of hydrazine derivatives to free radicals in the perfused rat

liver: a spin trapping study. Biochem. Biophvs. Acta., 924:261.

Smith, M.T, Loveridge, N., Wills, E.D. and Chayen, J. (1979). The distribution of

glutathione in rat liver lobule. Biochem.J., 182:103-108.

Speck, J.F. (1949). The enzymatic synthesis of glutamine, a reaction utilizing adenosine 

triphosphate. J.Biol.Chem., 179:1405-1426.

Springer, D.L., Krivak, B.M., Broderick, D.J., Reed, D.J. and Dost, F.N.(1981). Metabolic 

fate of hydrazine. J.Tox.Env.Health., 8:21-29.

Stanley, P.E. and Williams, S.G. (1969). Use of the liquid scintillation spectrometer for 

determining adenosine triphosphate by the luciferase enzyme. Anal.Biochem.. 

29:381-392.

Steward, A.R., Dannan, G.A., Guzelian, P.S. and Guengerich, F.P. (1984). Changes in the 

concentration of seven forms of cytochrome P-450 in primary cutures of adult rat 

hepatocytes. Mol.Pharmacol. 27:125-132.

Story, D.L., Gee, S.J. and Tyson, C.A. (1983). Response of isolated hepatocytes to 

organic and inorganic cytotoxins. J.Tox.Env.Health., 11:483-501.

Severi, L. and Biancifori, C. (1968). Hepatic carcinogenesis in CBA/Cb/Se mice and Cb/Se 

rats by isonicotinic acid hydrazide and hydrazine sulphate. J.Natl.Cancer Ins., 

41:331.341

Tanaka, K., Sato, M., Tomita, y. and Ichihara, A. (1978).

Biochemical studies on liver functions in primary cultured hepatocytes of adult rats.

194



Timbrell, J.A., Scales, M.D.C. and Streeter, A.J. (1982). Studies on hydrazine 

hepatotoxicity: Biochemical findings. J.Tox.Environ.Health. 10:955-963.

Toth, B. (1980). Actual new cancer causing hydrazines, hydrazides and hydrazones. 

J.Cancer Res.Clin.Oncol.. 97:97-108.

Tweedle, D.J., Erikson, J.M. and Prough, R.A. (1987). Metabolism of hydrazine anti-cancer 

agents. Phrmacol.Ther., 34:111-127.



J.Biochem. 84:937-946.

Thomas, P.E., Bandiera, S., Maines, S.L.,Ryan, D. and levin,W. (1987). Regulation of 

cytochrome P450j, a high affinity N-nitrosodimethylamine demethylase, in rat 

hepatic microsomes. Biochem.J., 26:2280-2289.

Thurman, R.G. and Kaufman, F.C. (1980). Factors regulating drug metabolism in intact 

hepatocytes. Pharmacol.Rev. 31:229_244.

Timbrell, J.A. (1990). Personal communication.

Timbrell, J.A. (1979). The role of metabolism in the hepatotoxicity of isoniazid and 

iproniazid. Drug Met.Rev., 10:125-147.

Timbrell, J.A., Wright, J.M. and Baillie, T.A. (1977). Monoacetylhydrazine as ametabolite 

of isoniazid in man. Clin.Pharmacol.Ther., 22:602-608.

Timbrell, J.A., Wright, J.M. and Smith, C.M. (19771). Determination of hydrazine metaboites 

of isoniazid in human urine by gas chromatography. J.Chrom. 138:165.

Timbrell, J.A. and Wright, J.M. (1978). Studies on the effects of isoniazid on 

acetylhydrazine metabolism in vivo. Drug Metab.Dispos.. 7:237-240.

Timbrell, J.A. and Harland, S.J. (1979). Identification and quantitation of hydrazine in the 

urine of patients treated with hydralazine. Clin.Pharmacol.Ther., 26:81-88.

Timbrell, J.A., Mitchell, J.R., Snodgrass, W.R. and Nelson, S.D. (1980). Isoniazid 

hepatotoxicty: the relationship betwwen covalent binding and metabolism in vivo. 

J.Pharmacol.Exp.Ther., 213:364-369..

Toth, B. and Shubik, P. (1966). Carcinigenesis in Swiss mice by INH. Can.Res., 26:1473- 

1475.

Trout, D.L. (196H). Effect of hydrazine on plsma free fatty acid transport.

195



Biochem. Pharmacol., 14:813-821.

Trout, D.L. (1965). Effects of hydrazine on fat transport as affected by blood glucose 

concentration. J.Pharmacol.Exp.Ther., 152:529-534.

Trump, B.F., McDowell, E.M. and Astilla, A.U. Cellular reactions to injury. In Principles of 

pathobioloqy. Eds R.B. Hill and M.F. Lavia. pp 20-111. Oxford University Press.

Turner, N.A., Wilson, H.M., Jefcoate, C.R. and Pitot, H.C. (1988). The expression and 

metabolic activity of cytochrome P-450 isozymes in control and phenobarbital- 

induced primary cultures of rat hepatocytes. Arch.Biochem.Biophvs. 263:204-2 IJL-

Ugazio, G., Lombardi, B. (1965). Serum lipoproteins in rats with ethionine-induced fatty 

liver. Lab.lnves.. 14:711-719.

Villa-Trevina, S., Shull, K.H. and Farber, E. (1963) The role of adenosinetriphosphate 

deficiency in ethionine-induced inhibition of protein synthesis. J.Biol.Chem. 

238:1757-1763.

Wagner, J., Faigle, J.W., Imhof, P. and Liehr, G. (1977). Metabolism of hydralazine in 

man. Arzneim-Forsch/Druq Res.. 27:2388-2395.

Wakabayashi, T., Yamashita, K., Adachi, K., Kawai, K., lijima, M., Gekko, K., Tsudzuki, 

T., Popinigis, J. and Momota, M. (1987). Changes in physiochemical properties of 

mitochondrial membranes during the formation process of megamitochondria 

induced by hydrazine. Tox.Appl.Pharmacol., 87:235-248.

Wanson, J.C., Drochmans, P., Mosselmause, P. and Ronveaux, M.F. (1977). Adult rat 

hepatocytes in primary minolayer culture. Ultrastructural characteristics of 

intracellular contacts and cell membrane differentiations. J.Cell.Biol. 74:858-877.

Weber, W.W. and Hein, D.W. (1985). N-acetylation pharmacogenetics. Pharmacol.Rev.. 

37:25-79.

196



Wells, H.G. (1908). The pathologic anatomy of hydrazine poisoning. J.Exp.Med.. 10:457- 

464.

Whitmore, C.F. and Till, J.E. Quantitation of cellular radiobiological responses. 

Ann.Rev.Nucl.Sci. 14: 347-374.

Williams, G.M. and Gunn, J.M. (1974). Long-term cell culture of adult rat liver epithilial 

cells. Exp.Cell.Res.. 89:139-142.

Williams, G.M., Bermudez, E. and Scaramuzzino, D. (1977). Rat hepatocyte primary
r

cultures. III. Jmproved dissociation and attachment techniques and the 

enhancement of survival by culture medium. In Vitro 13:809-817.

Wong, E.T. (1966). Renal functional response to hydrazine and 1,1-dimethylhydrazine. 

Toxicol.Appl.Pharmacol.. 8:51-56.

Yamamoto, R.S. and Weisburger, J.H. (1970). Failureof arginine glutamate to inhibit lung 

tumor formation by isoniazid and hydrazine in mice. Life Sci.. 9:285-289.

Younes, M. and Strublet, O. (1988). Cyanide-induced injury to the isolated perfused rat 

liver. Pharmacol.Toxicol.. 63:382-385.

Zimmerman, H.J. (1987). Drug-induced liver disease. Drugs. 16: 25-47.

197



PUBLICATIONS

1. Preece, N.E., Ghatineh, S. and Timbrell, J.A. (1988). NMR studies of hydrazine 
hepatotoxicity in isolated hepatocytes. Proceedings of the XIII International Conference 
on Magnetic Resonance in Biological Systems. Madison, Wisconsin.

2. Preece, N.E., Ghatineh, S. and Timbrell, J.A. (1989). Quantitative proton NMR 
studies of hydrazine metabolism and hepatotoxicity in isolated hepatocytes. Human 
Tox.. 8:156.

3. Ghatineh, S., PReece, N.E. and Timbrell, J.A. (1989). The role of ATP depletion in 
hydrazine hepatotoxicity. Human Tox.. 8:160.

4. Preece, N.E., Ghatineh, S. and Timbrell, J.A. (1990). The role of ATP depletion in 
hydrazine hepatotoxicity. Arch .Tox.. 64:49-53.

5. Ghatineh, S., Dawson, J. and Timbrell, J.A. (1990). Effect of hydrazine on 
microsomal enzymes. Human Exp.Tox.. 19:336-337.

6. Ghatineh, S. and Timbrell, J.A. (1990). Hydrazine toxicity in isolated hepatocytes in 
suspension and primary culture. Biochem.Soc.Trans.. 18:1217-1218.

POSTER PRESENTATIONS

Joint meeting of the British Toxicology Society and the Societa Italiana Di Tossicologia, 
Venice, Italy, 1988.

The 5th International Congress of Toxicology (IUOTOX), Brighton, U.K., 1989.

The Spring Meeting of the British Toxicology Society (BTS), Canterbury, U.K., 1990. 

635TH Meeting of the Biochemical Society, Aberdeen, U.K., 1990.

Oral Communications

IUOTOX, Brighton.

EUROTOX ’90, Leipzig, DDR, 1990.

198


