
ENERGY STATUS OF HEPATIC CELLS DURING 

PROGRESSION AND PREVENTION OF CELL INJURY^ W vrrKo

FRANCIS L. MARTIN BSc. DIPTOX. MSc.

LABORATORY OF TOXICOLOGY 

DEPARTMENT OF MEDICINE 

UNIVERSITY COLLEGE LONDON 

UNIVERSITY STREET 

LONDON WCIE 6JJ

SUBMITTED FOR DEGREE OF DOCTOR OF PHILOSOPHY 

JUNE 1994



ProQuest Number: 10045876

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10045876

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



To My Parents

Contemplations of nature and of bodies in their simple form 
break up and distract the understanding, while 
contemplations of nature and bodies overpower and dissolve 
the understanding . . .  for that school is so busy with the 
particles that it hardly attends to the structure, while the 
others are so lost in admiration of the structure that they do 
not penetrate to the simplicity of nature.

Francis Bacon



Abstract

Cell injury takes place in two phases, initial interaction with an adverse chemical 

environment, and subsequent stages of progression of injury to cell death, or else 

adaptation and survival. In this study paracetamol, 2,4-dinitrophenol (DNP), 

antimycin A, and ethionine injury in hand cut rat liver slices were used to 

investigate the relationship between ATP levels and progression of cell injury. 

Slices were exposed to lOmM paracetamol for 120min and, then, incubated 

without paracetamol for up to 240min to investigate paracetamol-induced injury. 

Other slices were exposed to various concentrations of DNP, antimycin A, and 

ethionine to investigate the injury induced by these other compounds. Introduction 

of lOmM or 20mM fructose in the second phase of incubation prevented 

paracetamol-induced injury. lOO/xM adenine introduced at the start of incubation 

reversed ATP depletion induced by ethionine. Adenine did not reverse 

paracetamol-induced injury. Injury was quantified by measuring leakage of lactate 

dehydrogenase (LDH) and potassium (K^). ATP levels were measured using the 

luciferin-luciferase bioluminescent assay.

ATP levels were markedly depleted after exposure to toxic concentrations 

of paracetamol, DNP, antimycin A and ethionine. This depletion of ATP was 

found to precede the onset of cell injury as quantified by significant loss of 

and LDH. However, protection against paracetamol-induced injury using lOmM 

or 20mM fructose was not dependent on ATP levels. Histological examination of 

paracetamol-treated slices showed extensive centrilobular injury correlating well 

with the in vivo situation.

Indices of viability i.e. ATP and levels in control slices, were found
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to compare favourably with levels reported in precision cut liver slices and 

isolated hepatocytes. ATP levels were maintained at in vivo levels for six hours 

following a pre-incubation step.

The effect of 800mg paracetamol/kg in vivo was examined. Depletion of 

ATP and total adenine nucleotide levels was observed. However, ATP/ADP and 

ATP/AMP ratios and energy charge levels were not markedly altered. ATP 

depletion preceded cell injury as measured by increased enzyme activity in the 

plasma, visible evidence of cell injury and increase in water content of liver 

tissue. The metabolic status of the livers was also examined using ^^P-nmr. 

However, no gross alterations were observed using this technique.

This study shows that ATP levels are crucial to the maintenance of ionic 

balance and membrane integrity. However, it also shows that cells can survive 

with depleted ATP levels. It is probable that ATP levels need to be depleted to 

a certain threshold level before a loss of homeostatic control becomes apparent. 

Liver slices cut by hand were found to be a good and reproducible model for 

investigating the underlying mechanisms leading to injury.
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Chapter 1: Introduction

1.1. Cell death:

Cell death can be broadly classified into two types. The first is called necrosis 

and is characterised by cell and organelle swelling and rupture (fig. 1.1.). It 

typically affects cells in groups rather than singly and evokes an exudative 

inflammatory response. It is the commonest consequence of cell injury, where cell 

death is the result of the failure of endogenous protective systems to maintain 

intracellular homeostasis. The other form of cell death is characterised by 

condensation of the cell and its eventual break-up into a number of membrane 

bound fragments; this mode of death was formerly known as shrinkage necrosis 

but is now known as programmed cell death or apoptosis [Wyllie 1980].

1.1.1. Necrosis:

Necrosis occurs in circumstances of severely deranged cellular environment, 

including hypoxia, hyperthermia, exposure to a variety of toxins, attack by 

complement, and infection with lytic viruses. The first observable changes in 

injured cells are mild cytoplasmic swelling, dilatation of the smooth endoplasmic 

reticulum, and loss of ribosomes from rough endoplasmic reticulum. A further 

characteristic change is blebbing from the plasma membrane of cytoplasmic 

fragments that include cytosol but not the larger organelles such as mitochondria 

and endoplasmic reticulum.
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Figure 1.1.
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The morphological characteristics of necrosis. Adapted from Bowen & Bowen 

(1990).



All these changes, however, can also occur in sublethally injured cells. An 

important question therefore is the nature of the point of no return at which there 

is irreversible commitment to necrosis. This commitment has been observed to 

coincide closely with gross mitochondrial changes seen using the electron 

microscope [Trump & Berezesky 1992]. Both inner and outer compartments of 

the mitochondria become greatly distended and dense depositions of matrix 

lipoproteins appear [Bowen & Bowen 1990]. Lemasters et al. [1987] found that 

the only change accompanying bleb formation and preceding cell death in 

individual cultured hepatocytes, after chemical hypoxia with cyanide and 

iodoacetate, was a fall in mitochondrial membrane potential. These injured cells 

swell rapidly, and both the plasma and internal membranes begin to rupture. Cell 

death has been found to be precipitated by a sudden breakdown of the plasma 

membrane permeability barrier, possibly caused by rupture of a cell surface bleb 

[Lemasters et al. 1987]. Organelles spill out and are found lying in the 

extracellular space. These changes after the point of no return are more obvious 

as the cytoplasm acquires a homogeneous eosinophilic ground glass appearance 

which can be observed under the light microscope.

1.1.2. Targets within the cell:

There are three important targets at the cellular level, chiefly cell membrane 

integrity, energy metabolism, and protein synthesis. These three targets represent 

functions that are vital to cell survival.

The cell membrane is the homeostatic boundary, controlling access to the
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interior of the cell and mediating cellular interactions. The metabolism of the 

membrane and especially the synthesis and turnover of its component parts are 

vital for the maintenance of membrane structure. Extensive disruption of the 

membrane is incompatible with survival of the cell [Orrenius et al. 1989].

Cell membrane integrity, however, is itself dependent on energy 

metabolism. When this is impaired, as in hypoxia [Anundi et al. 1987] or through 

the action of poisons on mitochondrial function [Wu et al. 1990], the whole cell 

suffers as a consequence. There is loss of the sensitive control exercised by the 

cell membrane pumping systems over fluid and electrolyte balance.

The third vital function is ribosomal protein synthesis. The half-life of 

many vital proteins of the cell is very short, calling for constant synthetic activity 

to maintain essential functions. However, although cells require protein synthesis 

to survive, in certain circumstances i.e. following ethionine overdose in vivo, 

survival is possible for many hours despite inhibition of protein synthesis [Farber 

et al. 1964].

This does not imply that damage to other components of the cell, such as 

the lysosomes, the nucleus, or the cytoskeleton, can be sustained without the risk 

of lethal injury. In general, however, these three functions represent the major 

common pathways through which diverse forms of environmental challenge lead 

to cell injury and death [Wyllie & Duvall 1992]. The various specialised 

intercellular junctions are common targets for toxic agents, many of which 

produce their effects by disruption of such contacts [Goodenough 1979].



1.1.3. Adaptation or injury:

Cells are constantly under environmental threat, but are generally capable of 

maintaining homeostasis by mounting effective adaptive responses to a wide range 

of challenges. Cell injury may therefore be defined as a failure of the cell, on 

challenge, to maintain itself within homeostatic tolerance limits [Wyllie & Duvall 

1992]. The central problem in interpreting such changes at the ultrastructural level 

lies in the fact that cell death is defined in functional, as opposed to 

morphological terms. Cell death is only structurally recognisable after the event, 

by a degree of disruption of cellular morphology so gross as to be clearly 

irreversible.

1.1.4. Cellular events during progression of injury:

The changes that occur in a cell following injury depend upon the site of injury, 

the nature and duration of exposure to the injurious agent, the metabolic state of 

the cell, the supply of oxygen and nutrients to the cell, and the removal of 

metabolic waste from the cell [Wyllie & Duvall 1992]. Because of the 

interdependency of cell structures and functions, direct injury also induces indirect 

injury. However, there are a number of cellular events common to most forms of 

lethal cell injury.

Injury to the cell membrane, either directly or by interfering with 

metabolic processes on which the membrane depends for its integrity (e.g. ATP 

synthesis), results in increased membrane permeability. The reaction rate of
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Na^/K^-ATPase has been shown to be linear with ATP production in several cell 

types [Balaban & Bader 1984]. Increase in membrane permeability leads to an 

influx of sodium ions (Na^) into the cell down its concentration gradient and to 

a loss of potassium ions (K^) from the cell [McLean 1963]. These ion movements 

result in the accumulation of water in the cell, manifest as acute cell and organelle 

swelling. Calcium ions (Ca^^) enter the cell, aggravating the increase caused 

initially by Ca^^ release from intracellular stores such as the endoplasmic 

reticulum and mitochondria [Bellomo et al. 1982]. The cell alters shape and may 

bleb at the surface probably as a result of changes in Ca^  ̂disrupting cytoskeletal 

components [Bowen & Bowen 1990]. Attempts to re-equilibrate ion concentrations 

further consumes ATP. Increased consumption of ATP leads to metabolic 

activation with a resultant increased demand for oxygen and metabolic substrates 

such as glucose. At this stage the mitochondria lose their matrix granules, become 

denser in appearance and the inner membranes shrink away from the outer 

membranes [Bowen & Bowen 1990]. The depletion of ATP results in activation 

of phosphofructokinase, which produces fructose 1,6-diphosphate [Wyllie & 

Duvall 1992]. This activates pyruvate kinase leading to an accumulation of 

pyruvate. The increase in reducing equivalents in the cytosol following the 

increased demand for energy in the cell leads to the conversion of pyruvate to 

lactate. This shift to anaerobic glycolysis results in a decrease of intracellular pH 

[Nieminen et al. 1990] which, together with the increase in the concentration in 

cytosolic Câ "̂ , alters the activity of many intracellular enzymes involved in 

homeostatic regulation in the cell. There is also a reduction in protein synthesis 

[Farber 1973]. The breakdown of membrane phospholipids releases arachidonic
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acid which is a precursor for the formation of eicosanoids and may also give rise 

to reactive oxygen species [Wyllie & Duvall 1992].

1.1.5. Morphological characteristics during cell injury:

Changes in cell surface morphology often occur at an early stage in the course of 

cell injury. Normal cytoskeletal organisation is essential for several cellular 

processes, including cell division, intracellular transport, secretion, receptor 

turnover and control of cell motility and shape [Orrenius et al. 1989]. Disruption 

of this organisation by cytoskeleton-specific poisons (cytochalasins and phalloidin) 

results in the appearance of surface protrusions known as blebs [Orrenius et al.

1989].

A common form of response to environmental stress is cell swelling. This 

may be induced by hypoxia and in many other deleterious circumstances [Gores 

et al. 1989]. Interference with the balance of cellular energy metabolism leads to 

acute malfunctions of the energy-dependent pumping systems which maintain the 

fluid and electrolyte balance of the various compartments of the cell, resulting in 

abnormal osmotic forces acting across still intact membrane barriers. A loss of 

and an influx of Ca^  ̂ and Na"̂  result in an uptake of water [Bowen & Bowen

1990]. This causes swelling of cellular organelles. Dilatation of the cistemae of 

the endoplasmic reticulum is one of the most frequently observed responses to 

environmental challenge. Although cell swelling may play a critical role in bleb 

formation and lethal cell injury, it is not thought to be the driving force in the 

process of cell injury [Gores et al. 1989].
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Mitochondrial damage is often observed early in the response to many 

types of cell injury i.e. paracetamol-induced injury [Placke et al. 1987]. 

Impairment of mitochondrial oxidative metabolism and energy generation is the 

common functional effect in many instances of cell injury, including hypoxia 

[Lemasters et al. 1987] and toxin-induced injury [Harman et al. 1991, Maellaro 

et al. 1990]. This leads to depletion of ATP levels. These functional events often 

result in an early stage of mitochondrial condensation and increased electron 

density, followed by progressive swelling which can ultimately result in 

mitochondrial rupture. Volumetric changes such as these are frequently 

accompanied by the accumulation of mitochondrial inclusions including 

precipitates of mitochondrial proteins (flocculent densities) and precipitates of 

calcium phosphate (crystalline hydroxyapatite) [Trump & Berezesky 1992].

Inhibition of the golgi complex may lead to atrophy and collapse of the 

Golgi cistemae and associated structures. Inhibition may be induced by certain 

chemotherapeutic agents, starvation and protein deficiency, and the administration 

of puromycin and cycloheximide [Wyllie & Duvall 1992].

There may also be changes in peroxisomes which may be either increased 

or decreased in number in response to certain agents and changes to the lysosomes 

[Hawkins et al. 1972]. This occurs in hypoxia [Wyllie & Duvall 1992] and after 

fructose load [Bode et al. 1974].

Nuclei may swell prior to rupture in some forms of lethal cell injury, but 

more often the nuclei of degenerating cells become condensed and shrunken 

[Wyllie & Duvall 1992].



1.1.6. Cause and correlation:

With the plethora of reactions occurring in the cell during injury, it is difficult to 

distinguish between those which are instrumental in the injury and those which are 

a result of the injury process.

Many compounds, or their metabolites, that can cause cell injury are 

chemically reactive. They may react with tissue components e.g. reduced 

glutathione (GSH). Electrophilic species will bind covalently to cellular 

nucleophiles, leading to arylation or alkylation of, for example proteins. Many 

workers correlated the amount of covalent binding with necrosis [follow et al. 

1973II]. However, Devalia et al. (1982) pointed to a dissociation between 

covalent binding and cell death.

Many compounds that cause injury are first metabolised to electrophilic 

free radicals which can react with molecular oxygen to produce reactive oxygen 

species e.g. paraquat. Following this, there is evidence of oxidative deterioration 

of polyunsaturated lipids, or lipid peroxidation. It would be expected that such 

toxicity would be a major cause of cell death [Wyllie & Duvall 1992]. However, 

there are a number of reasons why such lipid peroxidation might be more a 

consequence than a cause of cell death [Younes et al. 1985; Tee et al. 1986].

Cytosolic free Câ "̂  is maintained at very low concentrations, 

approximately 0.1/xM in hepatocytes, against an extracellular concentration of 

1.3mM. Low intracellular Câ "̂  is a necessary condition for the phosphate driven 

metabolism characteristic of higher organisms [Bowen & Bowen 1990]. If the 

Ca^^ concentration in the cell is high, inorganic phosphate (PJ will precipitate to
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give hydroxyapatite crystals. Perturbation of cellular Ca^  ̂ homeostasis has been 

postulated to play a key role in cell injury and death caused by a number of 

injurious agents in many cell types [Jewell et al. 1982]. A number of biochemical 

processes, including the activation of degradative enzymes, are initiated by a 

sustained elevation of cytosolic Ca^^. These include Ca^"^-activated proteases, 

Ca^^-activated phospholipases, Ca^^-activated endonucleases, and Ca^^-mediated 

alterations in the cytoskeleton [Orrenius et al. 1988]. Jones et al. (1988) have also 

shown that isolated rat liver nuclei contain a DNA endonuclease activity 

dependent upon Câ "*" in the submicromolar range when the nuclei are 

reconstituted with NAD"  ̂ and ATP. Their results suggest that this endogenous 

endonuclease activity may be responsible for DNA fragmentation occurring during 

programmed cell death and certain types of toxic cell killing. However, it has also 

been shown that cell death can proceed without Ca^  ̂ influx into the cell 

[Lemasters et al. 1987; Hardwick et al. 1992]. Starke et al. (1986) have put 

forward Ca^^-dependent and Ca^^-independent mechanisms of irreversible cell 

injury in cultured hepatocytes.

Many toxic compounds alter mitochondrial levels of NAD(P)H. Oxidation 

or arylation of critical thiol groups in NAD(P)H dehydrogenases results in the 

oxidation of NAD(P)H. The decrease in the capacity of mitochondria to reduce 

NAD(P), together with the decline in the NAD(P)H/NAD(P) redox couple, 

permeabilises the inner mitochondrial membrane, favouring the release of Ca^  ̂

from the organelle and uncoupling oxidative phosphorylation [Bellomo et al. 

1982]. NAD(P)H depletion also compromises the activity of GSSG-reductase, and 

other protective enzymes.
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Finally, there is an additional postulated mechanism for the loss of 

pyridine nucleotides and the depletion of ATP. Exposure of certain cells to 

reactive species such as hydrogen peroxide and l,2-dibromo-3-chloropropane, 

induces single-strand breaks in DNA. This activates a poly(ADP- 

ribose)polymerase involved in DNA excision repair, which leads to a decrease in 

NAD"  ̂ levels followed by a depletion of ATP, and ultimately to cell death [Gaal 

& Pearson 1986; Gaal et al. 1987]. This might be the basis of a suicide 

mechanism of cell death to prevent the perpetuation of damaged DNA.

1.2. The free energy currency of the cell:

In order to maintain living processes, all eukaryotic organisms must obtain 

supplies of free energy from their environment. These vital energy requiring 

processes (endergonic reactions) within cells- e.g. synthetic reactions, active 

transport, cell structure and ionic balance- obtain energy by chemical linkage, or 

coupling, to oxidative reactions (exergonic reactions). In most of these processes 

adenosine triphosphate (ATP) plays a central role in the transference of free 

energy.

ATP is a specialised nucleotide containing an adenine, ribose, and a 

triphosphate unit. In its reactions in the cell, it functions as the Mĝ "̂  or Mn̂ "̂  

complex. It is an energy-rich molecule because its triphosphate unit contains two 

phosphoanhydride bonds. A large amount of free energy is liberated when ATP 

is hydrolysed to adenosine diphosphate (ADP) and orthophosphate (PJ or when 

ATP is hydrolysed to adenosine monophosphate (AMP) and pyrophosphate (PPJ.
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An understanding of the role of ATP in energy coupling can be enhanced by 

considering a chemical reaction that is thermodynamically unfavourable without 

an input of free energy. Many reactions in the cell proceed because they are 

coupled to the hydrolysis of ATP. Within the cell ATP, ADP, and AMP are 

interconvertible. The free energy liberated in the hydrolysis of ATP is harnessed 

to drive reactions. In turn, ATP is formed from ADP and Pj. ATP is continuously 

consumed and regenerated.

1.2.1. Regulation of cellular energy metabolism:

The major pathways whereby eukaryotic organisms produce energy are glycolysis 

and mitochondrial oxidative phosphorylation. Owing to its high energy yield, 

mitochondrial oxidative phosphorylation is responsible for supplying over 95 % of 

the total ATP requirement of the cell. However, due to compartmentation of 

ATP, ADP and P;, some of the glycolytic enzymes and Na^/K^-ATPase may 

share a membrane-associated pool of ATP, ADP and Pj [Balaban & Bader 1984]. 

The mitochondria are not as efficient at supplying ATP to this membrane pool, 

due to their location in the cytosol [Balaban & Bader 1984]. It appears that 

glycolysis is able to deliver ATP faster and maintain the phosphate potential 

higher at this plasma membrane site.

All living organisms are steady-state systems in which the rate of energy 

production (ATP synthesis) equals the rate of energy utilisation. The range of 

activities over which mitochondrial oxidative phosphorylation operates in vivo is 

best illustrated by the observation that in man the rate of ATP synthesis varies
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from 0.4g ATP/min/kg body weight at rest to 9.0g ATP/min/kg body weight 

during strenuous exercise [Erecinska & Wilson 1982]. This high flux through the 

ATP synthesising pathway and its large dynamic range ensures that oxidative 

phosphorylation plays an important role in cellular homeostasis.

An important general principle of metabolism is that biosynthetic and 

degradative pathways are almost always distinct [Stryer 1988]. This separation is 

necessary to control energy metabolism. Since the concentrations of ADP and 

ATP will be inversely related in the intact cell, stimulation by ADP corresponds 

in metabolic terms to negative feedback by ATP [Atkinson 1965]. Many reactions 

in metabolism are controlled by the energy status of the cell and one index of 

energy status is the ATP/ADP ratio.

Another index of the energy status is the energy charge, which is 

proportional to the mole fraction of ATP plus half the mole fraction of ADP, 

given that ATP contains two anhydride bonds, whereas ADP contains one. Hence, 

the energy charge is defined as:

Energy charge = [ATP] + 1/2[ADP]/[ATP] + [ADP] +  [AMP].

The energy charge can have a value ranging from 0 (all AMP) to 1 (all ATP). 

The energy charge of most cells is in the range of 0.80 - 0.95 [Lundin et al 

1986].

1.2.2. Metabolic effects of fructose:

Infusion of D-fructose was once considered a source of calories in clinical 

medicine. Following claims that fructose had a protective effect on the liver, it

13



was widely recommended for the treatment of patients with liver disease [Darragh 

et al. 1953; Smith et al. 1952]. It was claimed that fructose had several 

advantages over glucose, especially in patients with acute or chronic liver diseases 

[Smith et al. 1952] and in diabetic ketoacidosis [Darragh et al. 1953, Smith et al. 

1952]. The beneficial action of fructose had been assumed from the biochemical 

findings that this hexose is metabolised more rapidly than glucose, that its 

metabolism is insulin-independent, and in liver diseases uptake of fructose by the 

liver is less affected than glucose uptake [Darragh et al. 1953; Smith et al. 1952].

However, investigations revealed that fructose loading of the body leads 

to a decrease in ATP levels as fructose 1-phosphate is rapidly formed [Ravio et 

al. 1969; Woods et al. 1970; Van Den Berghe et al. 1977]. Fructose 1-phosphate 

is formed by the ketohexokinase (fructokinase) (EC 2.7.1.3.) reaction:

Fructose 4- ATP fructose 1-phosphate + ADP

and the removal of fructose 1 -phosphate is brought about by the ketose 1 - 

phosphate aldolase (EC 4.1.2.7.) reaction:

Fructose 1-phosphate -» dihydroxyacetone phosphate + D-glyceraldehyde. 

Assays of these enzymes (when maximally active) are about the same and in view 

of this the accumulation of fructose 1-phosphate was unexpected. However, 

Woods et al. (1970) showed that the aldolase is partially inhibited after fructose 

loading because of an increase in the concentrations of inosine monophosphate 

(IMP), an effective inhibitor of liver aldolase. This accumulation of IMP is 

connected with the hepatic depletion of the adenine nucleotides after fructose 

loading [Woods et al. 1970]. Reduction in hepatic ATP levels by other factors 

such as hypoxaemia or uncoupling of oxidative phosphorylation is always
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Figure 1.2.2.
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accompanied by a corresponding increase in ADP and/or AMP, leaving total 

adenine nucleotide levels temporarily unchanged [Bode et al. 1973]. As the 

fructokinase reaction proceeds at a high rate there is a rapid decrease in the levels 

of cellular ATP and Pj. Both ATP and Pj are essential in stabilising AMP and 

preventing its degradation. The sequestration of Pj in fructose 1-phosphate results 

in a decrease in ATP and Pj levels. Pj is an inhibitor of AMP deaminase (EC

3.5.4.6 .) and at higher levels 5’-nucleotidase also (fig 1.2.2.). AMP deaminase 

is considered to be the more important route for AMP degradation [Van Den 

Berghe et al. 1980]. The decrease in ATP and P; levels results in an increased rate 

of the reactions that cause an irreversible degradation of AMP. The degradation 

of AMP gives rise to a depletion of total adenine nucleotide levels. This effect is 

seen in rat and mice livers both in vivo and in vitro [Woods et al. 1970; Bode et 

al. 1973; Van Den Berghe et al. 1977; Raivio et al. 1969], and in man [Bode et 

al. 1973]. The finding that administration of P; together with fructose partially 

prevents the loss of total adenosine phosphates in rat liver is indirect evidence for 

the validity of the discussed mechanism [Bode et al. 1973]. When the inhibition 

of AMP deaminase becomes less effective hepatic IMP levels increase and both 

AMP and IMP undergo dephosphorylation with the formation of adenosine and 

in osine and eventually hypoxanthine, uric acid and allantoin. In accordance with 

this mechanism, elevated levels of serum uric acid as the final product of AMP 

degradation are observed [Woods et al. 1970; Bode et al. 1973]. This adenine 

nucleotide depletion results in a trzmsient inhibition of protein synthesis and RNA 

synthesis [Maenpaa et al. 1968; Bode et al. 1973], indicating that fructose at high 

concentrations inhibits energy dependent reactions in the liver. The morphological
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equivalent of the inhibition of RNA and protein synthesis has been documented 

in electron microscopic studies, where marked alterations of the endoplasmic 

reticulum with loss of ribosomes and disarray of membranes have been observed 

after fructose infusion in man (500ml 10% fructose within 30min) and in rats (15- 

30 min after 1.6g fructose/kg) [Bode et al. 1973]. These effects were most 

pronounced in the centrilobular area [Philipps et al. 1970; Bode et al. 1974]. 

Another striking finding is the occu^nce of numerous lysosomes mostly 

surrounding the bile canaliculi after fructose treatment [Bode et al. 1974]. 

Furthermore, fructose infusion was shown to inhibit bile salt dependent choleresis 

both in man and dog [Bode et al. 1974].

Lactate concentrations in normal livers increase only slightly during i.v. 

infusion of high concentrations of fructose. However, in diabetics [Bode et al. 

1973] and in acute hepatic failure [Bode et al. 1973] a distinct increase in blood 

lactate concentration has been observed during infusion of fructose resulting in 

clinically significant acidosis. Some patients given parenteral solutions containing 

fructose develop a dangerous lactic acidaemia [Woods & Alberti 1972].

1.2.3. ATP and cell integrity:

Depletion of ATP, and other adenine nucleotides, have been implicated in the 

pathogenesis of a variety of diseases and the progression of cell injury after toxic 

insult [Farber 1973]. Depletion of ATP is a typical characteristic of many forms 

of cell injury [Anundi & De Groot 1989; Farber 1973; Schull et al. 1966; Wu et 

al. 1990]. Figure 1.2.3. shows the central role of ATP depletion in the
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progression of cell injury. However, it is not known whether ATP depletion by 

itself is a principal factor in cell death, a factor exacerbating an already 

compromised system or, an effect of late stages of cell injury.

There are several models for the study of disturbances in adenine 

nucleotides by various mechanisms. These are listed below in table 2.3.

(1973).

Mechanism Procedure

1) Interference with oxidative a) Ligation of blood supply. Hypoxia

generation of ATP b) Uncoupler/Mitochondrial poison

2) Trapping of adenosine moiety as a) Ethionine in rat, guinea pig liver

S-adenosyl derivative b) Methionine in guinea pig liver

3) Trapping of excess Pj -> a) Fructose by injection - liver

deamination of AMP b) 2-Deoxyglucose

Mitochondria have a crucial role in maintaining cellular structure and 

function via aerobic ATP production. The fact that they are ready and vulnerable 

targets for many toxic stimuli is of great importance. ATP depletion may be 

caused in many circumstances such as inhibition of aerobic mitochondrial electron 

flow e.g. hypoxia, cyanide poisoning [Anundi et al. 1987; Nieminen et al. 1990], 

loss of mitochondrial transmembrane potential [Di Monte et al. 1988] and 

uncoupling of respiration from ATP generation [George et al. 1982]. 

Mitochondria may also be targeted after paracetamol overdose [Burcham &
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Figure 1.2.3.
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Harman 1990; Burcham & Harman 1991; Meyers et al. 1988]. Paracetamol has 

been shown to induce a loss of mitochondrial transmembrane potential which 

precedes the onset of cell injury and cell death as measured by leakage of lactate 

dehydrogenase (LDH) and potassium (K^) from the cell [Nazareth et al. 1991]. 

Redegeld et al. (1992) examined the role of ATP and glutathione (GSH) levels in 

maintaining the viability of isolated rat hepatocytes. The acute cellular toxicity of 

a wide variety of chemicals is associated with a depletion of GSH [Redegeld et 

al. 1992]. Their results suggest that depletion of GSH alone does not necessarily 

result in cell killing. Only when GSH depletion is succeeded by a massive 

reduction in ATP levels is loss of cell viability observed. Since mitochondria play 

an important role in cellular ATP production, loss of mitochondrial function as 

a result of GSH depletion (i.e. the mitochondrial GSH pool) may effect the energy 

status of the cell. A resulting depletion of intracellular ATP levels may cause loss 

of cellular homeostatic control, culminating in lethal cell injury and loss of 

viability.

1.2.4. Antimycin A:

This antibiotic, isolated from Streptomyces griseus, blocks electron flow from 

reduced b-562 to QH inhibiting electron flow between cytochromes b and Cj, and 

so preventing proton pumping by site 2  of the respiratory chain (cytochrome 

reductase). This block can be bypassed by the addition of ascorbate, which 

directly reduces cytochrome c. Electron flow from cytochrome c to O2 generates 

a proton-motive force by site 3 (cytochrome oxidase). Using the crossover
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technique, addition of antimycin A to isolated mitochondria causes the carriers 

between NADH and QH2 to become more reduced, and those between cytochrome 

c and O2 to become more oxidised. Hence, it can be concluded that antimycin A 

inhibits the reduction of ĉ  by QH2 , because this step is the crossover point after 

which electron carriers are more oxidised than in the normal state.

1.2.5. 2.4-Dinitrophenol:

The tight coupling of electron transport and phosphorylation is disrupted by 2,4- 

dinitrophenol (DNP) and some other acidic aromatic compounds [George et al. 

1982]. They uncouple the energy-yielding from the energy-conserving reactions 

by carrying protons across the inner mitochondrial membrane. In the presence of 

these uncouplers, electron transport from NADH to O2 proceeds normally, but 

ATP is not formed by the mitochondrial ATPase because the proton-motive force 

across the inner mitochondrial membrane is dissipated. The loss of respiratory 

control leads to increased oxygen consumption by mitochondria even in the 

absence of ADP and oxidation of NADH. Moreover, DNP, like other uncouplers, 

evokes a large amount of ATP-hydrolysing activity in mitochondria; in the 

absence of uncoupling agents mitochondria have very little ATPase activity 

[Katyare et al. 1971]. In contrast, DNP has no effect on phosphorylations 

involving high-energy chemical intermediates (e.g., 1,3-bisphosphoglycerate in 

glycolysis). DNP and other uncouplers are very useful tools in metabolic studies 

because of their specific effect on ATP levels.
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1.2.6. Ethionine:

Ethionine is the ethyl analogue of the amino acid methionine. Acute ethionine 

intoxication is known to induce a reversible hepatic injury in female rats, and to 

a lesser degree in male rats, by reducing hepatic ATP levels [Villa-Trevino et al. 

1963; Farber et al. 1964]. Some of the earliest lesions observed in treated-animals 

are the development of a fatty liver [Farber et al. 1964] and distinct alterations 

in the structure of nucleoli [Shinozuka et al. 1968]. The injury indirectly inhibits 

hepatic RNA synthesis [Villa-Trevino et al. 1966] and the initiation of hepatic 

protein synthesis, with resultant polysomal disaggregation [Villa-Trevino et al. 

1963]. It has a rapid onset but unlike the inhibition of protein synthesis by 

actinomycin D or puromycin, the ethionine-induced inhibition is reversible for 

many hours after its induction [Villa-Trevino et al. 1963; Farber et al. 1964; 

Shinozuka et al. 1968]. This inhibition of protein synthesis induced by ethionine 

is in itself secondary to the reduction in hepatic ATP levels. It is now well 

established that methionine reacts with ATP to form S-adenosylmethionine (SAM) 

via an activating enzyme. SAM is used by the liver for transmethylation reactions, 

polyamine synthesis and many other metabolic reactions (fig. 1.2.6.). It does not 

accumulate in large amounts. In the rat, dosed with methionine, the rate of 

utilisation of ATP for SAM synthesis and the rate of regeneration of the adenosine 

moiety are quantitatively so balanced that even large doses of methionine given 

over a short period of time do little to disturb the balance [Farber 1973]. 

Ethionine is almost as efficient a substrate for this activating enzyme as is 

methionine. Following hepatic uptake, ethionine is conjugated with ATP to form

22



Figure 1.2.6.
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S-adenosylethionine (SAE) [Farber et al. 1964]. The adenosyl compound is 

metabolised at a slow rate, for which reason the adenosine moiety is prevented 

from recycling, and hepatic ATP is depleted to 15 - 20% of the control level 

within an hour of the administration of ethionine [Farber et al. 1964; Lyon & 

Kisilevsky 1990]. As figure 1.2.6. shows, an imbalance is thus created between 

the rate of utilisation of ATP for SAE synthesis and the rate of regeneration of 

the adenosine moiety through utilisation of the SAE. This trapping action of 

ethionine taxes the liver beyond its capacity to make the adenine moiety of ATP 

de novo from the usual precursors. Irreversible cell injury does not however 

occur. 2hr after the depletion of ATP, impairment of liver protein synthesis 

begins and becomes progressively worse during the next 2hr [Villa-Trevino et al. 

1963]. Translation can be rapidly renewed by the administration of adenine, which 

provides a source of purine for the restoration of hepatic ATP [Villa-Trevino et 

al. 1963; Farber et al. 1964] or ATP itself [Farber et al. 1965] or methionine 

which competes with ethionine for the activating enzyme [Villa-Trevino et al. 

1963] even after ethionine has induced its maximal effects. The efficacy of 

adenine in counteracting the drop in ATP would appear to be due to its rapid 

conversion to ATP, presumably via the adenine phosphoribosyl-transferase and 

adenosine kinase leading to ADP and the phosphorylation of this ADP to ATP 

through oxidative phosphorylation. Since mitochondrial oxidative phosphorylation 

appears to be normal in the liver of the ethionine-treated rat, the generation of 

ATP from ADP should be sufficiently rapid to maintain adequate ATP levels, 

even in the presence of an ATP-trapping system, provided sufficient adenine is 

supplied to form AMP and ADP [Farber et al. 1964]. Also, both
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inosine and 5-amino-4-imidazole carboximide, precursors of adenine nucleotides 

through the intermediate formation of inosinic acid, counteract the effects of 

ethionine upon ATP levels and protein synthesis [Farber et al. 1965]. This 

translational dependence on hepatic ATP offers an experimental switch to turn 

hepatic protein synthesis off or on.

The magnitude of the ATP depletion induced by ethionine is proportional 

to the dose [Farber et al. 1964]. Because of this, it is possible, by administration 

of varying concentrations of ethionine, to obtain a reproducible spectrum of levels 

of ATP in the liver ranging between the control and the minimal value. Ethionine 

treatment of rat liver slices was investigated in this study to see if such effects 

could be duplicated and whether or not adenine could be used as a protective 

agent to replenish depleted ATP levels in this cell model.

1.3. The liver as a target organ:

The liver is highly susceptible to the adverse effects of many compounds as it 

forms a major site of entry for ingested xenobiotics as well as being the body’s 

main metabolic organ. These compounds or their metabolites may exert toxic 

effects within the liver.

1.3.1. A reason to use an in vitro svstem:

In comparison with in vivo systems, in vitro systems are relatively inexpensive 

and a lot of samples can be easily handled at once. However, the very
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simplification of such a system can give rise to complications in interpreting the 

data generated. It is very difficult to duplicate in a test tube the plethora of 

controlling factors found in vivo. Tissue isolation may result in trauma and 

isolated cells may undergo gross morphological change. Ultimately, the real 

advantage of research using an in vitro system is that it may give pointers to the 

regulation and occurrence in the in vivo situation. The sequence of events during 

cell injury induced by drugs and chemicals can be observed in whole animals but 

the underlying mechanisms of injury may be obscure [McLean & Nuttall 1978]. 

From the data that can be obtained by in vitro experimentation a deeper insight 

into the underlying mechanisms of cell injury may be provided.

1.3.2. The liver slice technique:

Amongst a whole range of experimental in vitro techniques, adapted for studies 

on liver function, the liver slice model has featured prominently. The method of 

preparation of tissue slices cut by hand was developed by Warburg many years 

ago [Cohen 1959]. It has been utilised in experiments investigating the effects of 

various hormones on liver function [Haylett & Jenkinson 1978], studies involving 

ionic balance alterations in liver [McLean 1963; Judah & Nicholls 1970] and it 

has also been used in some toxicity studies [Smuckler 1966; McLean & Nuttall 

1978; Mourelle et al. 1991]. In addition, the precision-cut liver slice prepared 

with a Krumdieck tissue slicer [Krumdieck et al. 1980] has been used to study 

the in vitro metabolism of various xenobiotics including chlorobenzenes, diazepam 

and halothane [Beamand et al. 1993]. Precision-cut liver slices have also been
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used to study the toxicity of several chemicals including allyl alcohol, 

bromobenzene and derivatives, carbon tetrachloride, chlorobenzenes, cocaine, 

halothane and valproic acid [Beamand et al. 1993]. It has been shown that 

mammalian slices can be kept alive and electrically excitable in vitro, extending 

the applications of the tissue slice technique into the domains of neurophysiology 

and neuropharmacology [Richards & Tegg 1977]. Slices from kidney [Hook et al. 

1982] and lung [Mariani et al. 1989] are also routinely used to investigate toxicity 

and cell function.

Blocks of tissue left over from transplants are often difficult to perfuse 

successfully and so culture of liver slices may be a more productive use of such 

tissues [Wright & Paine 1992]. One major drawback is the difficulty of 

consistently preparing slices of the required 0.3mm thickness [Cohen 1959]. Slices 

should be sufficiently thin to prevent the cells at the centre of the slice from 

becoming anoxic. However, slices cut too thin may not be robust and may fall 

apart during incubation.

As with primary hepatocyte cultures, a major advantage of slices is the 

ease of handling, particularly for medium changes. Another advantage is their 

close similarity in structural and organisational terms to the intact liver. A large 

number of undisturbed gap junctions remain intact so aiding intercellular 

communication [Goodenough 1979].

When compared to the more popular isolated hepatocyte suspension, the 

liver slice behaves in a manner more closely aligned to the in vivo situation. For 

instance, slice hepatocytes like hepatocytes in vivo are impermeable to certain 

molecules such as CaEDTA. However, these molecules can freely enter isolated
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hepatocytes in suspension. Isolated hepatocytes are obtained by collagenase 

digestion of the liver. Collagenase is known to strip cell surfaces, alter structural 

integrity, and result in decreased membrane protein-mediated events such as 

hormonal responsiveness or transport processes when the hepatocytes are not 

given time to heal in culture [Ichihara et al. 1982]. Also, the anatomical basis for 

the functional heterogeneity of the liver is destroyed. Not only does CaEDTA 

penetrate isolated hepatocytes, it also protects against paracetamol injury in this 

cell model [Beales et al. 1985]. This is an example where the isolated hepatocyte 

is not acting like a true liver cell for the data obtained cannot be extrapolated to 

the in vivo situation. Although the isolated hepatocyte retains many of the 

functions of intact liver, such as ureogenesis and gluconeogenesis, cells remain 

viable for no more than a few hours. Early investigations reported suitability for 

no more than 4 - 5  hours duration, with possible extension up to 8  hours [Dickson 

& Pogson 1977]. Even when cultured as monolayers, the incorporation of serum 

into the culture medium seems necessary in order to maintain viability [Nakamura 

et al. 1984] for reasonably long periods i.e. up to a week. This raises the 

complication of unknown factors or cofactors in serum.

The slice hepatocytes have not had their surfaces stripped by proteases. 

Nor have they been treated with any other chemical preparation which may 

chemically stress or compromise the cell and provide difficulty in interpreting 

cytotoxicity data [Smith et al. 1987; Mourelle et al. 1991; Nazareth et al. 1991]. 

They maintain their cell to cell adhesion, communication and the heterogeneous 

structure of the tissue. The liver slice obtained will contain a mixture of periportal 

and centrilobular areas. This study will show that histological changes classically
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associated with toxicant-treated animal liver tissue in vivo i.e. centrilobular 

necrosis as a result of paracetamol overdose, may still be observed in vitro in 

liver slices. The method of preparation of hand-cut liver slices once learned is 

quick, and slices for incubation are obtained soon after removal of the liver from 

the whole animal. The only problem is the calculated low oxygen tension at the 

centre of the slice and the presence of injured cells at the slice surface. However, 

this study will show that reasonably skilled hand cutting can produce reproducibly 

thin slices with little or no loss of ATP or K^. This suggests minimal loss of 

oxygen tension and minimal trauma due to cutting. In the model used in this study 

most of the surface cells will fall off during the pre-incubation stage, prior to the 

start of the experiments.

1.3.3. Requirements of an in vitro hepatic system:

In order to maintain the viability and metabolic activity of any in vitro hepatic

system, an incubation medium of suitable composition is required. In theory the

incubation medium should mimic as closely as possible the extracellular fluid

(ECF) in vivo, hence creating a similar environment. To achieve this state, the

concentrations of essential ions and co-factors must be regulated, the pH and the

osmolarity controlled. Sydney Ringer (1886) pioneered studies to investigate the

importance of the ECF in this respect.
p

The in vitro system is a sinj^ification of the in vivo situation. In addition, 

particular models require more manipulation than others. Loss of in liver 

slices is an early indicator of cell injury [McLean 1960] and this can be reduced
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in the control situation by the prior administration of the antioxidant vitamin E (a- 

tocopherol) to the donor rat. The inclusion of vitamin B in the incubation medium 

of isolated hepatocytes has been shown to reverse the injury effects induced by 

the absence of Ca^^ from the incubation medium [Fariss et al. 1985].

1.3.4. Cell injury indicators:

The levels of ATP and are sensitive indices of cell injury, both for initial 

assessment of viability and as monitors for chemically induced responses [Plaa & 

Hewitt 1982]. The liver slice model used in this study allows the measurement of 

ATP and levels in slices. It also allows the measurement of lactate 

dehydrogenase (LDH, EC 1.1.1.27.) leakage into the incubation medium, an 

indicator often used as a sign of irreversible injury [Mourelle et al. 1991]. 

Because of the functional heterogeneity of the liver slice system, zonal differences 

in response to paracetamol injury were observed (fig. 3.4.3b.).

Similar indicators may be used in vivo. In vivo liver injury is readily 

displayed by alterations in the plasma activities of certain key enzymes. For 

example, plasma levels of alanine aminotransferase (ALT, EC 2.6.1.2.) 

[Wroblewski & LaDue 1956; Prescott 1980; Masudsa & Nakayama 1982], LDH, 

and isocitrate dehydrogenase (EC 1.1.1.42.) [McLean & Nuttall 1978] often 

provide an insight into the physical condition of the liver. Adenine nucleotide and 

levels are readily measurable. Increased water content of the tissue [McLean 

1963] indicates deplenished viability. Examination of the liver itself may reveal 

the presence of pale accentuated lobular markings (PALM) indicative of necrosis.
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Zonal differences in injury may also be examined histologically by the provision 

of tissue sections.

1.3.5. ATP monitoring using transformation of oxidation-reduction energy into 

bioluminescence:

Luminescent organisms include certain bacteria, protozoa, fungi, worms, 

crustaceans, and particularly the firefly. In many of these organisms enzymatic 

oxidoreductions take place in which the free-energy change is utilised to excite a 

molecule to a high-energy state. This is followed by the return of the excited 

molecule to the ground state, a process accompanied by the emission of visible 

light. This phenomenon is called bioluminescence.

The two necessary components of firefly luminescence, a heat-stable 

heterocyclic phenol, luciferin, and a heat-labile enzyme, luciferase, have been 

extracted from fireflies and crystallised. In the first step, luciferin (LH2) and ATP 

react to form luciferyl adenylate (LHj-AMP), which remains tightly bound on the 

catalytic site of luciferase (E):

LH2 +  ATP 4- E E-LH2-AMP +  PPi .

When this form of the enzyme is exposed to molecular oxygen, the enzyme-bound 

luciferyl adenylate is oxidised to yield oxyluciferin (L), which emits light on 

returning to the ground state:

E-LH2-AMP -f O2 ^  L + H2O + bioluminescence.

One quantum of light is emitted for each molecule of luciferin oxidised. This 

luciferin-luciferase reaction, followed in a luminometer, is employed as a highly
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sensitive quantitative assay for ATP measurement. The optimum pH for the 

luciferase reaction is 7.75.

Until the mid 70’s this assay had been complicated and the results 

uncertain because of low purity reagents and poorly controlled reaction conditions. 

With the introduction of the ATP monitoring reagent (LKB Wallac) these 

difficulties were overcome. This new reagent results in the emission of light of 

almost constant intensity proportional to the ATP concentration. It produces a 

linear signal up to a concentration of lO'^M ATP, the lower limit of detection 

being 1 0  "M.

Cellular systems must be lysed with an extraction agent, because luciferase 

does not penetrate the membranes of the cell. Extraction using chaotropic acids 

(trichloroacetic acid (TCA) or perchloric acid (PCA)) will consistently result in 

high yields of ATP from any biological material [Lundin et al. 1986]. However, 

acid extraction has several drawbacks in connection with the luciferase assay apart 

from the obvious need to neutralise the extract: TCA and PCA anions(C2Cl3 0 2 ' 

and CIO4 respectively) are inhibitors of the luciferase reaction, thus they must be 

removed or diluted from the extract before the assay can be carried out. In 

sampling cellular systems consideration should be given to the fact that the 

turnover of the ATP pool is completed within a few seconds; turnover rates 

corresponding to between 270 and 450 times the total cellular pool of ATP per 

minute have been reported for growing bacteria [Holms et al. 1972]. The addition 

of extraction agent to sample followed by homogenisation, should release cellular 

ATP completely, instantaneously, and terminate all conversion activities rapidly 

and irreversibly. Inclusion of EDTA in the extraction agent promotes irreversible
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inactivation of ATP converting enzymes, improves extraction and the stability of 

the extracts. Finally, a decreasing light output may be observed with some 

extracts containing protein reactive components. Centrifugation of samples 

removes this.

In summary, an ideal extract should give a high yield of ATP, little or no 

inhibition of the luciferase reaction, and result in stable light output. If these 

properties cannot be obtained, inhibition should be corrected for, using the 

constant addition technique. In addition the yield of ATP should be linearly 

related to the amount of sample extracted. Inclusion of suitable coupling reactions 

allows the measurement of other metabolites i.e. ADP and AMP, in the same 

aliqout used for ATP measurement.

1.3.6. K'*' levels as an index of cell membrane integrity:

Most animal cells maintain intracellular at relatively high and constant 

concentrations, between 120mM and 160mM, whereas the intracellular Na"̂  

concentrations are usually much lower, less than lOmM. A substantial gradient 

of and Na"̂  exists across the cell membrane, since the extracellular fluid of 

mammals contain relatively high concentrations of Na^, about 150mM, and a very 

low concentration of K^, usually less than 5mM. The constancy of the high 

internal concentration is maintained by the energy-requiring extrusion of Na"̂  

out of the cell and its replacement by K^, promoted by an active-transport system 

called the Na'*'/K“̂ -ATPase. Judah et al. (1966) suggested that intracellular is 

directly proportional to ATP levels, however, the results obtained in this study
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suggest that high levels can still be maintained even in the presence of low

ATP levels.

Relatively high concentrations of internal are required for several 

processes vital in the internal economy or function of animal cells. One is protein 

synthesis. Second, a number of enzymes require for maximum activity. For 

example, in the glycolytic sequence is required for maximal activity of 

pyruvate kinase. levels are also important in the maintenance of the membrane 

potential of excitable tissues.

changes are reversible and perhaps, therefore, not an appropriate test 

[Plaa & Hewitt 1982]. For example, freshly cut liver slices in ice-cold isotonic 

saline lose some but take it up again on incubation at 37°C [Van Rossum

1963]. This reversibility of reuptake of is most probably dependent on the 

extent of loss of the ion and the nature of the induction of this loss. levels are 

most probably a more subtle indicator of membrane integrity as opposed to 

leakage of intracellular enzymes which is suitable only for indicating severe 

structural and irreversible injury.

1.4. Cell protection:

Cells are known to possess their own endogenous protective systems e.g. GSH. 

In cases of cell injury i.e. paracetamol overdose, these protective systems may be 

overwhelmed. Antidotes which may augment and maintain this endogenous 

protection have been used to protect cells e.g. methionine. It is important to 

unravel the events which lead to the initiation and progression of cell injury in
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order to formulate preventive therapy against cell injury.

1.4.1. Fructose as a protective agent:

Fructose can protect in vitro against hypoxic damage [Anundi & De Groot 1989], 

nitrofurantoin [Silva et al. 1991] and MPTP [Di Monte et al. 1988; Wu et al. 

1990] injury in isolated hepatocytes, paracetamol injury in rat liver slices 

[Mourelle et al. 1991] and cyanide poisoning and hypoxia in isolated perfused rat 

livers [Anundi et al. 1987; Nieminen et al. 1990]. The mechanism of protection 

afforded by fructose has been attributed both to the ability to provide glycolytic 

ATP [Anundi & De Groot 1989] and so raise ATP levels, and to the ability to 

deplete and maintain low ATP levels [Silva et al. 1991]. Low ATP levels have 

been shown to be inhibitory to the active extrusion of excess glutathione 

disulphide (GSSG) from the cell formed as a result of the redox cycling of 

nitrofurantoin [Silva et al. 1991]. This retention allows conversion of GSSG back 

into GSH within the cell, and hence prevents cytotoxicity [Silva et al. 1991].

When Wu et al. (1990) investigated the relationships between 

mitochondrial transmembrane potential, ATP levels and cytotoxicity in isolated 

rat hepatocytes in response to the neurotoxicant 1 -methyl-4-phenyl-1,2,3,6 - 

tetrahydropyridine (MPTP) and its fully oxidised metabolite, the l-methyl-4- 

phenylpyridinium (MPP^) ion, they found a concentration- and time-dependent 

depolarisation of mitochondrial membranes following ATP depletion and 

preceding cytotoxicity. Addition of fructose to the hepatocyte incubations treated 

with either MPTP or MPP^ counteracted the loss of mitochondrial transmembrane
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potential. Fructose was also effective in protecting against the mitochondrial 

membrane depolarisation, ATP depletion and cytotoxicity induced by antimycin 

A, carbonyl cyanide p-trifluoromethoxyphenyl hydrazone, and valinomycin [Wu 

et al. 1990].

Anundi et al. (1987) and Anundi & De Groot (1989) concluded from their 

observations that the protective effect of fructose is related to its ability to provide 

glycolytic ATP under hypoxic conditions both in the perfused rat liver and 

isolated hepatocytes respectively. Their measurements show an increase and 

maintenance in ATP levels and ATP/ADP ratios by fructose during hypoxic 

injury. This effect is concentration dependent. They state that cell viability under 

anaerobic conditions can be seen as a function of rates of glycolysis. This may 

reflect the spatial heterogeneity of high-energy phosphate utilisation inside the cell 

[Jones 1986]. Heterogeneity in ATP supply due to spatial distribution of 

mitochondrial and glycolytic enzymes may be an important determinant of 

structure and function in many cell types. Numerous studies indicate that ATP 

derived from glycolysis may be preferentially utilised for membrane functions in 

muscle [Jones 1986]. Although it has been recognised that mitochondrial 

clustering occurs in hepatocytes near sites of high ATP utilisation to optimise 

ATP utilisation, ATP produced via glycolysis appears to be better able to serve 

certain fictions [Jones 1986]. Entman et al. (1976) have suggested a coupling of 

glycolysis with Câ "̂  uptake by sarcoplasmic reticulum. A specific coupling of 

Na^/K^-ATPase to glycolysis via a membrane associated pool of ADP and ATP 

has been proposed in several tissues, even in cells capable of oxidative 

phosphorylation [Balaban & Bader 1984]. Accordingly, although glycolytic ATP
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formation is low (20% at most of that required by aerobic tissue), ATP generated 

in this way may preferentially contribute to preserve membrane integrity. Anundi 

& De Groot (1989) also suggest that under anaerobic conditions fructose inhibits 

phosphorylase a, possibly by the accumulation of fructose 1-phosphate 

allosterically inhibiting the enzyme and thus, counteracting glycogen degradation 

and glucose release.

Although fructose has been used to successfully protect many cell systems 

in vitro, its use in vivo has not been so apparent [Bode et al. 1973; Woods & 

Alberti 1972]. Rumpelt & Bode (1972) showed that fructose administration in 

animals pretreated with CCI4 results in marked aggravation of liver cell injury. 

However, the same authors later showed that D-galactosamine-induced 

hepatocellular injury in the rat can be prevented by giving fructose simultaneously 

[Rumpelt & Bode 1981]. D-Galactosamine and fructose as well as their 

metabolites are not toxic themselves, but bring about injury in vivo mainly 

because their metabolism induces a dose-dependent decrease of cofactor 

concentrations, particularly of energy rich phosphates. D-Galactosamine results 

in a dose-depen.dent decrease in uridine phosphates and UDP-glucose by trapping 

uridine phosphates with the formation of UDP-galactosamine. The subsequent 

inhibition of RNA- and protein synthesis gives rise to hepatocellular injury 

[Keppler & Decker 1969]. It is likely that when fructose and D-galactosamine 

have to compete simultaneously for the cellular ATP pool, ATP depletion mainly 

by fructose phosphorylation occurs, thereby minimising the slower D- 

galactosamine phosphorylation [Rumpelt & Bode 1981]. The injected D- 

galactosamine may be excreted via the kidneys or may otherwise become
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ineffective. This shows that fructose can protect in certain instances of cell injury 

in vivo.

All these factors considered, fructose is shown to be a very powerful 

protective agent in several systems. However, the precise mechanism of this 

protection is not clearly understood. What is clear is that fructose is involved in 

many processes within the cell but the relative importance of these in cell injury 

is not known.

1.4.2. Sorbitol and fructose 1.6-diphosphate as protective agents:

Like fructose, sorbitol which is converted into fructose during its metabolism in 

the liver was frequently used as a source of calories in clinical medicine [Bode et 

al. 1973]. The activity of L-iditol dehydrogenase (EC 1.1.1.14.), the enzyme 

which catalyses the formation of fructose from sorbitol, surpasses that of 

fructokinase. As a result, sorbitol would be expected to have a similar effect to 

fructose.

Over the last few years significant evidence has accumulated suggesting 

that fructose 1,6-diphosphate (EBP) can exert a protective action in ischaemia- 

induced injury [Trimarchi et al. 1990]. It appears to reduce tissue injury 

associated with cardiac arrest, myocardial infarction, myocardial ischaemia, and 

renal ischaemia [Trimarchi et al. 1990]. It has also been reported to protect 

against CCI4 hepatotoxicity in rats in vivo [Rao & Mehendale 1989]. It has been 

suggested that exogenous EBP can cross the cellular membrane and undergo 

further metabolism in the cell [Rao & Mehendale 1989]. It would be expected that
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exogenous supply of this intermediary metabolite of the glycolytic pathway would 

favour a greater cellular energy conservation.

1.5. Paracetamol and its metabolism:

Paracetamol (N-acetyl-p-aminophenol), also known as acetaminophen, was first 

described as an analgesic and antipyretic agent by Von Mering in 1893 

[Vermeulen et al. 1992]. In the 1940’s Brodie and Axelrod confirmed its analgesic 

and antipyretic activity. In addition, they showed that paracetamol is the 

therapeutically active metabolite of acetanilide and phenacetin [Vermeulen et al. 

1992], at that time both frequently used analgesics. In contrast to these 

compounds, however, paracetamol did not cause methaemoglobinaemia. The 

compound was introduced worldwide in the 1950’s. Nowadays paracetamol is still 

one of the most frequently used, short-acting, non-prescription drugs in many 

countries.

Adverse effects due to paracetamol taken at recommended therapeutic 

doses are rare. First reported in 1966, however, a massive overdosage of the drug 

can cause severe centrilobular hepatic necrosis in man which can be fatal. 

Furthermore, acute renal tubular necrosis occasionally occurs in man following 

a large overdose of paracetamol. This is usually, but not always, secondary to 

fulminant hepatic failure [Vermeulen et al. 1992]. A slight clastogenic activity, 

measured as chromosome aberrations in peripheral lymphocytes, has also been 

observed in healthy volunteers receiving high doses [Vermeulen et al. 1992]. Over 

the past decades, paracetamol has been frequently used in suicide attempts
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Figure 1.5.
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[Prescott 1984]. It has also developed into a model compound for the study of 

injury mechanisms, as well as into a research tool for the study of the 

effectiveness of preventive or therapeutic agents against hepatotoxicity [Mourelle 

et al. 1990].

Much of the early basic work on the mechanisms involved in the induction 

of hepatic necrosis by paracetamol in laboratory animals, was reported by 

Mitchell et al. (19731, IV). They largely elucidated the metabolism of paracetamol 

(fig. 1.5.) and postulated that liver cell injury did not result from paracetamol 

itself, but from a toxic intermediary metabolite formed in a minor pathway 

involving the hepatic cytochrome P-450 containing mixed-function oxidase 

system. Paracetamol is known to undergo mainly detoxicating metabolism via 

glucuronidation and sulfation in the liver. Only a small part of the administered 

dose is found to be bioactivated in the liver to a reactive and toxic metabolite. 

This reactive metabolite, believed to be an electrophile, is detoxified by 

conjugation to hepatic glutathione (GSH) with the formation of a 3-gluthionyl 

conjugate of paracetamol, which, upon degradation in the gut and the kidney, is 

excreted as a mercapturic acid in the urine [Moldeus 1978]. After overdosage 

with paracetamol, GSH levels are depleted [Moldeus 1978]. Generally, GSH 

depletion by compounds like menadione and rerf-butylhydroperoxide, is the result 

of NADPH consumption and oxidation of GSH to GSSG [Thor et al. 1982]. 

Paracetamol appears to be an exception to this general rule, since the paracetamol- 

induced GSH depletion is caused by conjugation with GSH, rather than oxidation 

of GSH [Van De Straat et al. 1987]. A dose dependent proportion of reactive 

metabolite continues to be formed after depletion of GSH. Subsequently, covalent
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binding of the reactive intermediate to (cysteinic thiol groups [follow et al. 

1973II]) cellular macromolecules is increasingly taking place. This covalent 

binding theory was originally proposed by follow et al. (1973II) as the mechanism 

explaining paracetamol-induced hepatocellular injury.

1.5.1. Bioactivation of paracetamol:

Hepatic cytochrome P-450 is known to catalyze the oxidative bioactivation of a 

large number of xenobiotics, such as bromobenzene, chloroform and 

benzo(a)pyrene to toxic reactive metabolites. In various ways, it has been 

established that the cytochrome P-450 containing mixed-function oxidase system 

is also responsible for the bioactivation of paracetamol to a hepatotoxic 

metabolite. Paracetamol-induced hepatotoxicity in vivo can, for instance, be 

inhibited in experimental animals by cytochrome P-450 inhibitors like piperonyl 

butoxide and cobaltous chloride [Mitchell et al. 19731] and by the H2-antagonist 

cimetidine in man [Kadri et al. 1988]. Furthermore, induction of cytochrome P- 

450 increases the hepatotoxicity of paracetamol; treatment of animals with the 

inducers phenobarbitone [McLean & Day 1975], 3-methylcholanthrene or ethanol 

[McMurtry et al. 1978; Pessayre et al. 1980], or alcoholism in man [Seeff et al. 

1986] dramatically potentiates the hepatotoxicity of paracetamol. This suggests 

that an isoenzyme specificity exists in paracetamol oxidation [Prasad et al. 1990].

All presently available experimental evidence points to N-acetyl-p- 

benzoquinone imine (NAPQI) as being the reactive metabolite of paracetamol. 

Figure 1.5. shows that this is the two-electron-oxidised form of paracetamol.
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Synthetic NAPQI has been shown to possess similar chemical characteristics to 

the elusive reactive intermediate of paracetamol. It is, for instance, capable of 

covalent binding to proteins, a process which can be inhibited by GSH and 

ascorbic acid [Dahlin et al. 1984]. It was further shown to react with GSH under 

formation of both a GSH conjugate and GSSG [Rosen et al. 1984; Van De Straat 

et al. 1986]. It has been shown to be a potent cytotoxin in hepatocytes [Van De 

Straat et al. 1986; Harman et al. 1991].

There is some debate over the mechanism of formation of NAPQI. The 

earliest proposals suggested monooxygenation reactions of paracetamol to labile 

N-hydroxy- or 3,4-epoxy-intermediates which upon dehydration would form 

NAPQI. The availability of synthetic N-hydroxy-paracetamol, however, led to the 

rejection of this proposal as it was shown that N-hydroxy-paracetamol did not 

immediately dehydrate to NAPQI [Nelson et al. 1980]. The alternative hypothesis 

for the formation of an oxygenated metabolite of paracetamol via the formation 

of a 3,4-epoxy-paracetamol, which would also rapidly dehydrate to NAPQI, has 

also been discounted. Hinson et al (1980) have shown that the formation of this 

metabolite is unrelated to the formation of the elusive reactive intermediate of 

paracetamol which covalently binds to protein.

Since cytochrome P-450-mediated biotransformation of paracetamol to 

NAPQI apparently does not involve oxygenation of paracetamol, a direct 

transformation of paracetamol to NAPQI by proton and electron-transfer reactions 

catalysed by cytochrome P-450 may be an alternative possibility. Firstly, it was 

proposed by Hinson et al. (1981) and Nelson et al. (1981) that the cytochrome P- 

450-oxene complex might react with the lone pair of the nitrogen atom of
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paracetamol. Then, the ferric-oxyamide complex formed would readily decompose 

to NAPQI and H2O. However, the relatively stable N-hydroxy-paracetamol would 

also be expected and this metabolite has never been found in a cytochrome P-450- 

mediated biotransformation reaction of paracetamol, thus discounting this theory 

[Vermeulen et al. 1992].

Another mechanism for the oxidation of paracetamol by cytochrome P-450 

was postulated to occur in analogy with peroxidases [Nelson et al. 1981]. A 

cytochrome P-450-oxene complex would catalyze two successive hydrogen 

abstractions to yield NAPQI and H2O. A peroxidase-oxene complex I, however, 

is known to differ essentially from a cytochrome P-450-oxene complex, not only 

in structure, but also in reactivity [Nelson et al. 1981].

More recently, Koymans et al. (1990) have put forward another 

mechanism for the oxidation of paracetamol. Upon an initial one-electron 

oxidation and a proton abstraction of paracetamol to N-acetyl-p-semiquinone imine 

(NAPSQI), no oxygen transfer would occur as a second step, but a second 

hydrogen abstraction or a one-electron oxidation and proton abstraction reaction 

to NAPQI would occur instead.

Summarising, it can be stated that there have been several hypotheses on 

the mechanism of formation of the elusive reactive metabolite of paracetamol. The 

most likely mechanism on the basis of current knowledge is the oxidation of 

paracetamol to NAPQI by a cytochrome P-450-oxene complex in a two-step two- 

electron oxidation mechanism, in which a primary electron and proton or 

hydrogen atom abstraction from the phenolic group under the formation of a 

phenoxy radical may be rate determining. A second hydrogen abstraction is
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Figure 1.5.2.
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then favoured in terms of energy differences [Vermeulen et al. 1992]. Oxidation 

of substrates by electron transfer or hydrogen abstraction might be more general 

for the cytochrome P-450-mediated biotransformation of two-electron oxidisable 

substrates [Vermeulen et al. 1992].

1.5.2. Postulated mechanisms o f paracetamol-induced injury:

Not unlike the debate over the mechanism of NAPQI formation, there also exists 

a controversy about the molecular mechanism underlying the hepatotoxic effect 

of paracetamol. Figure 1.5.2. shows the number of reactions which may be 

important in paracetamol injury.

Initially, covalent binding of the reactive metabolite of paracetamol to thiol 

groups of proteins following a severe GSH depletion was thought to initiate the 

paracetamol-induced hepatotoxicity, and to be solely responsible for it [follow et 

al. 1973II]. However, Devalia et al. (1982) pointed to a dissociation of the 

covalent binding process from the cell death induced by paracetamol. They 

showed that 3-0-methyl(4-)catechin prevents the hepatotoxicity o f paracetamol in 

vitro without having significant effects on the extent of covalent binding of 

paracetamol to protein [Devalia et al. 1982]. Furthermore, some of the sulfhydryl 

antidotes protect against paracetamol-induced hepatotoxicity even if administered 

up to 10 hours after paracetamol overdose [Prescott 1983], a time point at which 

extensive covalent binding would have taken place. Nevertheless, covalent binding 

of the reactive metabolite to proteins has proven to be a reliable general marker 

of the cytotoxic insult of paracetamol. The apparent dissociation between the
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covalent binding process and hepatotoxicity is not absolute as there are no reports 

on the occurrence of paracetamol-induced hepatotoxicity in the absence of 

covalent binding [Vermeulen et al. 1992]. Covalent binding may be necessary but 

not sufficient on its own for injury to occur, indicating the possibility of two or 

more targets in paracetamol injury. The occurrence of covalent binding in the case 

of paracetamol must probably be seen as an indication of the inability of the 

cellular GSH-dependent defense system to adequately detoxify the reactive 

metabolite of paracetamol. Apart from covalent binding to cytosolic proteins and 

GSH, covalent binding to mitochondrial GSH and proteins might be a particularly 

important event in the induction of the cytotoxicity of paracetamol [Tirmenstein 

& Nelson 1989].

Lipid peroxidation is a radical-initiated process where upon peroxidation 

of unsaturated membrane lipids may lead to loss of cellular integrity and viability. 

After an overdosage of paracetamol, lipid peroxidation has been shown to occur 

[Albano et al. 1983; Wendel & Feuerstein 1981; Gerson et al. 1985], suggesting 

a correlation with cell injury. The observed prevention of paracetamol-induced 

injury by various antioxidants like promethazine [McLean & Nuttall 1978] and 

(4-)-catechin [Devalia et al. 1982] might even suggest that lipid peroxidation is 

causally related to the hepatotoxicity of paracetamol. However, Younes et al. 

(1985) showed that chelation of endogenous ferric iron by treatment of mice with 

desferrioxamine prevents the paracetamol-induced lipid peroxidation without 

affecting the hepatic necrosis in vivo. Furthermore, in a study on paracetamol 

injury in rat hepatocytes it was observed that this could be prevented by 

dithiothreitol without having any effect on the amount of lipid peroxidation [Tee
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et al. 1986]. Hence, lipid peroxidation apparently is not the primary mechanism 

by which paracetamol exerts its hepatotoxic action.

As a third hypothesis on the mechanism of hepatotoxicity, a complicated 

pathological process related to perturbation of the cellular thiol, ATP, and 

NADPH status, and disturbance of the intracellular Câ "̂  homeostasis has been put 

forward [Vermeulen et al. 1992]. Such a mechanism has also been proposed to 

explain menadione [Thor et al. 1982] and cysteamine injury [Nicotera et al. 

1986].

The intracellular Câ "*" homeostasis is susceptible to depletion of GSH level 

in cells, as GSH plays an essential role in the regulation of the cellular protein 

thiol-disulphide status [Orrenius 1985]. A loss (by arylation and oxidation) of 

critical protein thiol groups may occur causing a disruption of intracellular Ca^  ̂

homeostasis resulting in an increase in cytosolic Ca^  ̂levels. Some studies [Moore 

et al. 1985; Boobis et al. 1990] have postulated a direct role of intracellular Câ '̂  

in paracetamol injury. Moore et al (1985) showed that NAPQI moderately 

inhibited microsomal and plasma membrane Ca^^-ATPases in hepatocytes. 

However, an even more recent study [Hardwick et al. 1992] has pointed to a 

dissociation between the observed rise in intracellular Câ '*' and paracetamol- 

induced injury.

Plasma membrane Na'^/K'^-ATPase activity is also damaged during 

paracetamol-induced injury in the rat [Corcoran et al. 1987]. Corcoran et al. 

(1987) suggest that this activity is altered earlier than Ca^^-ATPase activity.
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1.5.3. Effect of paracetamol on mitochondrial function:

One of the earliest histological changes in the paracetamol-poisoned liver is an 

alteration in mitochondrial morphology [Placke et al. 1987]. Burcham & Harman 

(1990, 1991) found that exposure of isolated mouse hepatocytes to concentrations 

of paracetamol ranging from non-toxic (0.5mM) to toxic (5mM) results in injury 

to the mitochondrial respiratory apparatus. Respiration stimulated by succinate at 

energy coupling site 2  was found by these authors to be most sensitive to 

inhibition and is decreased by 47% after Ihr. The loss of mitochondrial 

respiratory function is accompanied by a decrease in ATP levels and ATP/ADP 

ratios in the cytosolic compartment. These decreases are preceded by a loss of 

reduced glutathione in both the cytosolic and mitochondrial compartments 

[Burcham & Harman 1991]. These findings indicate that an impairment of 

mitochondrial function which precedes the loss of cell membrane integrity. 

Burcham & Harman (1991) claimed that a loss of the ability to utilise succinate- 

and NADH-linked substrates due to attack on the respiratory chain by the putative 

metabolite, NAPQI, causes a disruption of energy homeostasis in paracetamol 

hepatotoxicity. NAPQI was found to produce a similar pattern of injury both in 

isolated hepatic mitochondria [Burcham & Harman 1991] and cultured hepatocytes 

[Harman et al. 1991]. The cytotoxic effect of NAPQI is preceded by a collapse 

of the mitochondrial membrane potential and a depletion of ATP [Harman et al. 

1991]. Nazareth et al. (1991) showed that lOmM paracetamol significantly 

decreases mitochondrial membrane potential in rat liver slices within 30min of 

incubation and that this effect is independent of cytochrome P-450 activity. Taken
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together, these findings indicate that paracetamol elicits a direct effect on 

mitochondrial function before cell injury develops. In isolated rat mitochondria, 

Itinose et al. (1989) observed that concentrations between ImM and lOmM 

paracetamol induces more pronounced effects when mitochondria are oxidising a- 

ketoglutarate or L-glutamate and minimal effects with succinate. They found that 

paracetamol clearly decreases ADP/0 ratio, the respiratory control ratio, and state 

III and state IV respiration. State III respiration i.e. the phosphorylation of ADP, 

is the predominant state within the intact cell. These results suggest that 

paracetamol decreases both the rate of coupled respiration and the efficiency of 

phosphorylation. These seemingly conflicting findings may be explained in part 

by Meyers et al. (1988) who found that paracetamol has a direct effect on 

respiratory function in isolated mitochondria. However, they found that in vitro 

effects of paracetamol differ markedly to those observed in vivo. The in vivo 

effect seemed to be due to a mixed-function oxidase generated metabolite. This 

also agrees with the observation by Esterline et al. (1989) that paracetamol is 

capable of inhibiting mitochondrial respiration both before and after its activation 

to NAPQI in the isolated perfused rat liver.

1.5.4. The energetic requirements for the biotransformation of paracetamol:

The metabolism of paracetamol has been the subject of several studies in isolated 

hepatocytes [Moldeus 1978; Aw & Jones 1982] as well as in the perfused rat liver 

[Grafstrom et al. 1979]. Itinose et al (1989) measured the rates of uptake of 

paracetamol at various concentrations in the perfused rat liver and from these
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rates calculated the biotransformation rates in terms of /^mol min^ g'̂  wet weight. 

They showed that at 5mM paracetamol the rate of uptake is 0.36/xmol min * g '\ 

From known stoichiometric relationships, it results that 0.62/xmol ATP min^ g'* 

are necessary for biotransformation at 5mM paracetamol. In the cytosol these 

additional needs for high energy intermediates are compensated by 2.1 ^mol ATP 

min'  ̂ g*̂  in excess produced in glycolysis (1.5 mol ATP mol^ L-lactate + 

pyruvate). However, since oxygen uptake is diminished, the energy balance is 

probably negative. Assuming a P/O ratio of 2.5 [Itinose et al. 1989], the decrease 

in oxygen uptake produced by 5mM paracetamol (0.5/xmol O2 min'  ̂ g' )̂ signifies 

2.5/xmol ATP min'* g'̂  less intramitochondrially. It should be recalled, however, 

that paracetamol affects the P/O ratio, which means that the impairment of 

oxidative phosphorylation can be even more pronounced because energy of the 

remaining respiratory activity is transduced less efficiently in the presence of the 

drug.

1.5.5. Mechanism-based prevention of paracetamol-induced hepatotoxicity:

The time-course of paracetamol injury can be separated into two distinct phases 

[Prescott 1971]. There is a long latent period between the first phase of 

paracetamol absorbtion and metabolism, and the subsequent phase of development 

of cell injury and necrosis [McLean & Nuttall 1978]. Methods aimed at the 

repletion of GSH by stimulation of its synthesis have been successfully used in the 

protection against paracetamol-induced hepatotoxicity in animal or man: thus 1- 

cysteine precursors, such as N-acetyl-L-cysteine [Prescott 1984] and methionine
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[Crome et al. 1976] have been found to be successful in the early stages of 

paracetamol overdose. However, there are no known compounds capable of 

effectively combating the chain of events leading to cell necrosis and liver failure, 

after most of the drug has been metabolised or excreted. A large number of agents 

have been shown to protect in vitro against the late stages of paracetamol-induced 

injury, however none of these have been shown to work in vivo.

1.6. Revealing metabolic events in intact organisms:

Nuclear magnetic resonance (nmr) spectroscopy allows non-invasive exploration 

of the metabolic processes in tissues of intact organisms. This technique is based 

on the fact that certain atomic nuclei, such as the naturally occurring isotope of 

phosphorus (̂ *P), are intrinsically magnetic. Their magnetic moment can take 

either of two orientations when an external magnetic field is applied. The energy 

difference between these states is proportional to the strength of the imposed field. 

The state with the moments aligned along the field has the slightly lower energy 

of the two, and so it is slightly more populated (by a factor of the order of 

1.00001 in a typical experiment). A transition from the lower to the upper state 

occurs when a nucleus absorbs electromagnetic radiation of appropriate frequency. 

This resonance frequency of an isolated nucleus is

Uo = y B J lr

where is the strength of the steady magnetic field and 7  is a constant (called 

the magnetogyric ratio) for a given nucleus. For example, the resonance 

frequency for in a 100 kilogauss (10 tesla) field is 172 megahertz (MHz),
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which lies in the radiofrequency region of the spectrum. A plot of the energy 

absorbed versus frequency would show a peak at 172 MHz.

Nuclear magnetic resonance is a very informative technique because the 

local magnetic field is not identical to the applied field for all nuclei in the 

sample. Depending on the particular arrangement of bonds and other atoms 

around a nucleus, it is more or less shielded from the applied field. Consequently, 

nuclei in different chemical environments absorb energy at slightly different 

resonance frequencies, an effect termed the chemical shift. These separations are 

expressed in fractional units (parts per million, ppm) relative to the standard 

compound. In particular, nmr spectroscopy can be used to monitor the levels 

of phosphate-containing metabolites, including ATP. The application of ^̂ P nmr 

to problems ranging from monitoring organ function to clinical diagnosis and to 

the development of cell injury [Murphy et al. 1988] has proliferated rapidly in 

recent years.

Surface or surgically-implanted coils have been utilised previously to detect 

phosphorous-containing metabolites in the livers of live, intact animals [Malloy 

et al. 1986]. The metabolic stability of the liver during acquisition of spectra is 

demonstrated by normal values for [PJ, [ATP], [lactate], and [pyruvate] in livers 

which are freeze-clamped immediately after completion of experiments [Malloy 

et al. 1986]. *̂P nmr spectroscopy has been used to investigate the toxicity of 

hepatotoxicants such as ethionine [Smith et al. 1987] and carbon tetrachloride 

[Sandhu et al. 1991].

An in vivo time course of paracetamol injury is examined in this study. At 

various times after administration of paracetamol in vivo, ^̂ P nmr spectra were
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collected in order to examine the phosphorylation state of the intact liver during 

the progression of this injury in vivo.

1.7. The main objectives of this project:

The main objective of this project was to adapt the in vitro liver slice system to 

investigate the energy status of rat hepatic cells during the progression and 

prevention of paracetamol injury. The effects of paracetamol injury on energy 

status were compared with those of the uncoupler 2,4-dinitrophenol, the electron 

blocking agent antimycin A, and ethionine. The mechanism of prevention of cell 

injury was investigated using protective agents fructose, sorbitol, fructose 1 ,6 - 

diphosphate, and adenine.

Finally, the time course of paracetamol injury in vivo was examined using 

^^P-nmr and standard biochemical assays.
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Slices were obtained from phenobarbitone-induced rats except in the experiments 

on the following pages: 87, 8 8 , 90, 91, 116, 120, 121, 122, 131, 135. Slices for 

these studies were obtained from non-induced rats.



Chapter 2: General methods

2.1. Animals:

Adult male Wistar rats (Olac, Bicester, U.K.) of body weight 160 - 250g at time 

of experimental use and/or sacrifice were fed stock pellets (SDS, Witham, U.K.) 

and allowed either tap water or tap water containing Img of sodium 

phenobarbitone/mL as the source of drinking water ad libitum. Phenobarbitone 

treatment was given for at least 5 days prior to experimental use. Vitamin E (5mg 

a-tocopherol acetate in two drops of olive oil) was given orally 12 - 24hr prior 

to experimental use. Animals were anaesthetised using fentanyl citrate (0.01 

mg/kg, i.m.) and diazepam suspension (2.5mg/kg, i.p.) (Janssen, Wantage, U.K.) 

or else, fentanyl citrate (0 . 0 1  mg/kg) plus midazolam (0.5mg/kg) as a single i.m. 

injection.

2.2. Chemicals:

Paracetamol and other chemicals were purchased from Sigma Chemical Co. 

(Poole, U.K.) or BDH Ltd (Poole, U.K.) and were of analytical grade.

2.3. Liver slice preparation:

For liver slice experiments the liver was rapidly removed from the anaesthetised 

whole animal and immediately placed in ice-cold isotonic saline. Liver slices
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Figure 2.3.

Representation of a Stadie-Riggs stage with a long blade being used to obtain 

tissue slices. Adapted from Cohen (1959).
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60-120mg wet weight were cut by hand on a Stadie-Riggs stage with a long blade 

(A.H. Thomas Co., Philadelphia, PA, U.S.A.) [Stadie & Riggs 1944]. Slice 

thickness was estimated by dividing the volume (wet weight) of individual slices 

by their surface area. For a typical experiment slice thickness was estimated to 

be 0.34 ±  0.03mm (mean ±  SD of 3 individual measurements). Similarly cut 

slices were estimated to be 25 - 30 cells thick under histological examination.

The microtome in principle holds a definite thickness of tissue between the 

under-surface of a transparent plate and the advancing edge of a thin fiat blade. 

In this way multiple slices can be quickly made with a minimum of trauma and 

with considerable reproducibility. Figure 2.3. shows that the microtome is 

constructed of two pieces of plexiglas, fastened with stainless steel screws 

carefully centered for interchangeable, end for end assembly. These are tightened 

only to bare holding tension to minimise cold flow of the plastic. The upper 

surface of the top section is ground and polished fiat with full transparency 

(except for minor scratches). The hand-held lower surface contains a machine-cut 

depression to allow introduction of the liver-supporting stage.

In operation, a piece of liver tissue approximately I cm in diameter rests 

on a moistened bit of filter paper on the plexiglas stage. The blade is introduced 

into the microtome, which is then gently pressed down on the surface of the 

tissue. The blade is advanced with a to and fro motion until the slice is complete. 

Slices are carefully removed from the inverted microtome with forceps, weighed 

and placed in 25mL Erlenmeyer flasks containing 5mL of Ringer solution.
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2.4. The composition of Ringer solution:

The incubation of liver slices was carried out in 25 mL Erlenmeyer flasks

containing 5mL of Ringer solution. The Ringer solution was composed of the

following (final concentration): NaCl 125mM, KCl 6 mM, MgSO^ 1.2mM,

NaHzPO^ ImM, CaCl2 ImM, Glucose lOmM, 15mM Hepes buffer, pH 7.4.

Generally, it was prepared using a Ringer Stock solution which consisted of:

NaCl 2M 312mL

KCl 2M 15mL

MgS0 4  IM 6 mL

NaH^PO^ O.IM 50mL

made up to IL with distilled water and stored frozen.

Ringer working solution, made up to a concentration of 100/60, was prepared as 

follows: 20mL Ringer stock, 3mL 0.5M HEPES, pH7.4, ImL lOOmM CaCl2 

(added last after adding some water to prevent precipitation), and 200mg Glucose 

(or ImL of 200mg/mL). Finally 6 mL of this concentrate was made up to a final 

volume of lOmL by addition of deionised water or any required solutions such as 

paracetamol or fructose. Ringer working solution was made up fresh or stored 

frozen.

2.5. Measurement of adenine nucleotide levels:

Adenine nucleotide levels were measured by luminescence using the 1243-102 

ATP monitoring kit in an LKB Wallac luminometer. For measurement of ATP
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Figure 2.5a.

Inhibitory effect of 5% TCA on luciferin-luciferase reaction.

>

1 = 1
O

•I—I
OQ

CD

5 0 0 0

4 0 0 0 -

3 0 0 0 -

2000

^  1000  - 

Ü0
•  i— i

O  —  O  5 0  p m o l e s  ATP

#  •  2 0 0  p m o l e s  ATP

A  A  5 0 0  p m o l e s  ATP

2 0  3 0  4 0

5% TCA (/Al)
6 0

The standard assay has 10/xl o f 0.83% TCA added, i.e. equivalent to 1.3/xl o f 5% 

TCA in 1000^1.

59



Figure 2.5b.

Effect of increasing volumes of final extract on luciferin-luciferase 

bioluminescent assay.
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levels approximately lOOmg tissue was placed in ice-cold 3mL 5% trichloracetic 

acid (TCA)/2mM ethylenediaminetetracetic acid (EDTA) in acid-washed glass 

tubes and homogenised using an ultra-turrax homogeniser for extraction. The 

homogenates were diluted 1 in 6  (v/v) with deionised water to reduce the 

inhibitory effect of TCA (Fig. 2.5a.) and hence optimise ATP measurement. The 

diluted homogenate was centrifuged in the cold at 500g for lOmin. 10/xl of 

supernatant (0.83% TCA) was added to O.IM tris-acetate buffer, pH7.7/2mM 

EDTA in a final volume of 900/xl. The samples were gently vortexed and allowed 

to equilibrate at room temperature for lOmin. 100/xl of monitoring reagent was 

added and the samples were vortexed again. Light emission was measured after 

Imin. A range of volumes (0-20/xl) of the diluted extract gives rise to 

luminescence that has a linear relationship to volume (Fig. 2.5b.). This indicates 

that the TCA is sufficiently diluted to remove any inhibitory effect.

Adenosine diphosphate (ADP) levels were measured by the further addition 

of 10/xl of pyruvate kinase (lOmg/mL) - 0.2M phosphoenolpyruvate reagent (PK- 

PEP) and vortexing. Increase in light emmision was measured after Imin.

Adenosine monophosphate (AMP) levels were measured by the further 

addition of 10/xl adenylate kinase (5mg/mL) - cytidine 5’-triphosphate reagent 

(AK-CTP) and vortexing. Increase in light emmision was measured after 5min.

Finally 10/xl of ATP standard (1.0 x lO'^M stock solution) was added and 

the samples vortexed. Increase in light emmision was measured after Imin.

Figure 2.5c. shows a typical standard curve for blank plus added ATP, 

ATP plus a constant amount of ATP (10/xl of a 1.0 x 10"̂ M ATP stock solution) 

as internal standard, ATP plus 10/xl homogenate set up for each assay. When
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ADP and AMP measurements were not required the PK-PEP and AK-CTP stages 

were excluded from the assay procedure. Adenine nucleotide levels are expressed 

as nmoles/mg protein.

2.6. Protein estimation:

Protein was estimated according to the method of Lowry et al. (1951). The 

method involves the treatment of proteins with a copper reagent which reacts with 

phenolic amino acids to produce a blue colour which can be estimated 

spectrophotometrically. The required reagents consist of the following:

Folin solution A: 2% Sodium carbonate

Folin solution B: 0.5% copper sulphate in 1% sodium potassium tartrate 

Folin solution C: 100 parts reagent A : 2 parts reagent B 

Folin solution D: Folin-Ciocalteau’s phenol reagent (BDH) diluted 1:1.8 with 

distilled water.

50/zl of diluted homogenate in 0.83% TCA (i.e. a precipitated suspension 

containing 0-100)ng protein), was made up to ImL with deionised water and 

centrifuged at 500g for lOmin. Approximately 15-20% protein was lost due to this 

step (data not shown). The supernatant was carefully discarded to remove buffer 

or interfering phenols, and the pellet dissolved in 250^1 IM NaOH. After 

vortexing a further 250/xl of isotonic saline was added. 2.5mL of reagent C was 

added, vortexed and allowed to stand for at least lOmin. 0.25mL of reagent D 

was then added, the sample vortexed immediately and then allowed to stand for 

at least a further 30min. The absorbance of the blue colour formed was then read
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Figure 2.5c.

ATP standard curve using luciferin-luciferase bioluminescent assay.

6 0 0 0 -

5 0 0 0 - A

#O  4 0 0 0 -

og  3 0 0 0 -

a
(D 2 0 0 0  —

1 0 0  2 0 0  3 0 0

p m o les  ATP
4 0 0 5 0 0

O  O Standard curve (ATP in tris EDTA buffer).

e -

A

#

-A

Standard curve plus internai standard (10/xl 1.0 x lO'^M ATP). 

Standard curve plus homogenate extract (10/xl o f 0.83% TCA

containing x pmol ATP).

63



at 710nm, in a Ciba-Coming colorimeter 257, zeroed with distilled water. 

Duplicate samples were analysed and the amount of protein per sample determined 

from a standard curve, prepared with each assay using crystalline bovine serum 

albumin, in the range of 0 -1 0 0 /zg/assay.

2.7. Measurement of levels:

All tubes were acid washed prior to each experiment. 0.5mL of the above 

supernatant (section 2.5.) was taken and diluted with 4.5mL of 1% HCl. Samples 

were measured in an atomic absorption spectrophotometer (Model SP9, Pye 

Unicam, U.K.) zeroed on 1% HCl. Standard curves for between 0 and 

O.lmM were measured with each assay, with appropriate amounts of TCA added 

to standards. The ion was determined using a fuel lean air/acetylene flame at 

766.5nm. levels are expressed as nmoles/mg protein.

2.8. Enzyme leakage assays:

Two assays specific for the measurement of dehydrogenase activity and one 

specific for the measurement of transaminase activity were used in this study for 

monitoring leakage from liver into the plasma in vivo. One assay specific for the 

measurement of dehydrogenase activity i.e. lactate dehydrogenase, was used for 

monitoring leakage from liver slices into the incubation medium in vitro.

Lactate dehydrogenase (LDH, EC 1.1.1.27.) activity was measured after 

the method of Amador et al. (1963). The test principle underlying LDH activity
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measurement is:

pyruvate + NADH + -> lactate +  NAD^

The reaction is catalysed by LDH. LDH was measured using 20/d plasma, 20/d 

incubation medium or 2 0 /d original homogenate (a 2 % homogenate of slice or 

tissue in KCl/Tris buffer).

The reaction mixture was prepared from a stock (xlO) of 0.5M Na2HP0 4 , 

pH7.5. A working buffer solution (xl) was made up by dissolving 6.9mg pyruvic 

acid in lOmL stock and diluting this mixture with 90mL deionised water. This 

was stored frozen. A 7.8mg NADH/mL deionised water solution was made up 

fresh. The reaction mixture in a cuvette containing a final volume of ImL 

consisted of 960/d working buffer solution and 20/d sample. Each sample was 

equilibrated at 30°C for 5min in a Pye-Unicam SP-1750 automatic recording 

spectrophotometer. 20/d of NADH solution was added and mixed thoroughly. The 

rate of change in absorbance at 340nm due to oxidation of the NADH was 

measured over a period of Imin per sample. LDH activity in plasma is expressed 

as the amount of enzyme present.

Isocitrate dehydrogenase activity (ICD, EC 1.1.1.42.) was measured 

according to the method of McLean & McLean (1966). This method is specific 

for the cytosolic form of the iso-enzyme utilising NADP^ as the cofactor. The test 

principle underlying ICD activity measurement is:

L-Isocitrate -f NADP^ -> 2-Oxoglutarate +  NADPH -I- CO2 

The reaction is catalysed by ICD in the presence of Mn̂ "*" as cofactor. ICD 

activity was measured in 2 0 0 /d plasma samples taken during in vivo studies.

The ICD stock solution was prepared fresh. It consisted of 6 mL distilled
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water, 7mL 2M NaCl, 3mL IM Tris, 3mL 20mM MnCl2 , ImL 12.5mg/mL 

NADP^. The reaction mixture in a cuvette containing a final volume of ImL 

consisted of 200fd ICD stock solution, 550/ul distilled water and, 200/d sample. 

Each sample was equilibrated at 30°C for 5min in a PYE-Unicam SP-1750 

automatic recording spectrophotometer. The deuterium lamp was switched on and 

the wavelength set to 340nm. 50/xl of 0.05M DL-isocitrate was added and mixed 

thoroughly. The rate of change in absorbance at 340nm due to reduction of the 

NADP^ was measured over a period of Imin per sample. Plasma ICD activity 

was calculated as follows:

(O.D./min x 1000)7(6.22 x 1000/^1 sample) = nmoles/mL/min 

where: O.D./min = activity reading, 1000 = pmolesnmoles  conversion factor, 

6.22 = mMolar Extinction coefficient (l^M/mL NADPH) , 1000/fil sample = 

dilution factor.

Alanine aminotransferase (ALT, L-alanine 2-oxoglutarate aminotrans - 

ferase, E.C. 2.6.1.2.) is widely distributed with highest concentrations in the 

liver, kidney and heart. As a rule serum ALT levels rise whenever liver cells are 

injured [Wroblewski & LaDue 1956]. The enzymatic reactions involved in the 

assay procedure are as follows:

(1) L-Alanine 2-Oxoglutarate Pyruvate 4- L-Glutamate

(2) Pyruvate -I- NADH -f H"̂  -> Lactate 4- NAD^

ALT catalyses the transfer of the amino group from alanine to 2-oxoglutarate, to 

form glutamate and pyruvate (reaction 1). The pyruvate formed is then reduced 

to lactate in the presence of LDH, with simultaneous oxidation of NADH
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(reaction 2). The rate of decrease in absorbance at 340nm is directly proportional 

to ALT activity. The activity was measured in 20^1 plasma samples taken during 

in vivo studies using a Sigma kit and calculated using the same equation used to 

calculate LDH activity.

2.9. Estimation of cytochrome P-450 content:

Overall cytochrome P-450 content was estimated according to the method of 

McLean & Day (1975). Ig liver was added to 9mL KCl/Tris buffer and 

homogenised using an ultra-turrax homogeniser. ImL of homogenate was diluted 

with 9mL phosphate buffer (0.5M KH2PO4 , pH 7.5) to give a final concentration 

of lOmg/mL (1%). The homogenate was kept on ice at all times. Carbon 

monoxide was gently bubbled through the 1 % homogenate for 2 0  seconds, using 

a pasteur pipette. The gassed homogenate was divided between two 4mL cuvettes, 

and the cuvettes scanned between 390nm-500nm at 2nm/sec in a Pye-Unicam SP- 

1750 automatic recording spectrophotometer. The contents of the front cuvette 

were reduced by adding a few crystals of sodium dithionite and mixing. The 

control cuvette was oxygenated by a few bubbles of air from a pasteur pipette. 

After Imin the cuvettes were again scanned between 390nm-500nm. The distance 

between the peak at 450 and the trough between 490nm-500nm was measured. 

The following equation was used:

A X 100/0.091 = nmoles Cyt P-450/g liver 

where: A = Absorbance (distance between peak and trough), 100 = homogenate 

dilution, 0.091 = micromolar difference extinction coefficient for average
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cytochrome P-450j (1cm pathlength).

2.10. Water content of tissue as an indicator of cell injury:

Water content of tissue was measured after the method of McLean (1963). A 

small piece of tissue (approximately 2 0 0 mg) was blotted on filter paper to remove 

surface fluid. It was then placed on a small piece of foil and the combined weight 

of the tissue and foil obtained. This is the wet weight plus foil (ww + f). The foil 

plus tissue on a petri dish was placed in an oven at 90-100°C for 12-24hr. When 

dry, the samples were placed in a dessicator to cool and then the foil plus tissue 

were weighed again. This is the dry weight plus foil (dw +  f). Foil weight (f) 

was obtained. The water/dry weight ratio is:

(ww + f) - (dw + f)/(dw + f) - (f) = Water con tent/tissue dry weight.

2 . 1 1 . nmr examination of rat liver:

^̂ P collections were performed as described by Cady & Azzopardi (1989) using 

a 1.9T Oxford Research Systems spectrometer (^'P - 32.5MHz). Each rat was 

anaesthetised (as above). An abdominal incision was made to expose the liver. 

The animal was laid flat on a custom built perspex platform covered in plastic 

film, and placed so that the exposed liver came in contact with a single turn 

surface coil (1cm diameter). The animal on the platform was then placed in the 

magnet. The magnetic field was shimmed on H2O in the liver, and nonspinning 

line widths at half-height of 38Hz were routinely obtained. A 30-jns pulse length,

68



a 2-s delay, a 30K H3 spectral width, and 2048 data points were used. In vivo 

scans of either 128 collections (5min) or 512 collections (20min) were taken.

2.12. Statistical analysis of experiments:

Comparative analysis and significance of results was determined using a Student 

t-test. The probability of getting a random result P<0.05 is considered to be 

significant. The tests were computed using a computer based statistical package 

(Statgraphics, CHILD Inst.).
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Chapter 3: Energy status of rat hepatic cells during progression of iniurv

3.1. Introduction:

Liver slices have been used to investigate the progression of injury in many 

studies [Judah et al. 1966; Smuckler 1966; Smith et al. 1987; Mourelle et al. 

1991; Beamand et al. 1993]. This study investigates the use of liver slices to 

examine the role of ATP levels during cell injury.

It is notable that paracetamol, even in overdose, is metabolised and 

excreted in the course of 24hr, but signs of liver failure take much longer to 

develop in humans. In other words, there is a latent period between paracetamol 

absorbtion and metabolism and the subsequent development of cell injury and 

necrosis [McLean & Nuttall 1978]. This latent phase may last 48hr or more in 

humans following paracetamol overdose [Prescott 1984]. McLean & Nuttall 

(1978) introduced an in vitro model system that allows the separation of the toxic 

effects of paracetamol into two stages, incubating liver slices for 120min with the 

toxin and, then, changing to a fresh solution not containing paracetamol in which 

cell injury develops over the next 240min. This is an effort to simulate as closely 

as possible the latent period found in vivo between paracetamol absorption and 

metabolism and the subsequent phase of development of cell injury and necrosis. 

Although cytochrome P-450 activation plays an important role in the initiation of 

paracetamol injury [Mitchell et al. 19731], it is probable that injury is not 

mediated via one single mechanism i.e. covalent binding. It is also possible that 

interference with mitochondrial function also plays an important role in
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paracetamol injury. The results of the present study suggest that injury needs to 

occur at two or more sites before the onset and progression of paracetamol injury.

3.2. Changes in ATP levels while obtaining liver slices:

The initial in vivo ATP levels of anaesthetised rat liver were measured in small 

pieces of liver rapidly taken before removal of the whole organ. Initial hepatic 

ATP levels were found to be 26.5 ± 1.6 nmoles/mg protein (mean ±  SD of 3 

animal experiments). Liver slices were incubated in duplicate for up to 360min 

to examine changes in ATP levels and to find out whether ATP levels comparable 

to in vivo levels could be obtained in liver slices. Table 3.2. shows that slice ATP 

levels are lower than in vivo levels for the first 30min of incubation. This is 

followed by a sustained recovery from 60min onwards.
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3.3. An experimental model to examine the energy status of rat hepatic cells 

during progression of injury:

The slices were put into the Ringer solution at room temperature and the flasks 

were placed into an incubator bath at 37°C under oxygen with shaking (90 

strokes/min). As figure 3.3. shows all slices were pre-incubated for 60min to 

allow ATP levels to plateau. After 60min the slices were transferred to fresh 

solution. Transfer of the slices took approximately 2min and this was called T .̂ 

Unless otherwise stated the slices were then incubated in Ringer solution with or 

without paracetamol for 120min. After 120min the slices were transferred to new 

flasks with or without protective agent and reincubated for a further 240min (i.e. 

T,2o-T36o). Other slices were incubated for up to 240min in various concentrations 

of 2,4-dinitrophenol (DNP), antimycin A and ethionine as stated.

3.3.1. Methods:

Figure 3.3.1. is a flow diagram of the procedure used to measure ATP and 

levels in individual slices and leakage of LDH. For ATP and K'*’ measurements, 

incubating liver slices were rapidly removed from warm Ringer solution, placed 

in ice-cold 3mL 5% TCA/2mM EDTA and immediately homogenised using an 

ultra-turrax homogeniser. The homogenates were diluted 1 in 6 (v/v) with 

deionised water. 50^1 samples (made up to ImL with deionised water) were 

centrifuged and the resulting pellets were dissolved in IM NaOH for protein 

measurements using the Lowry protein assay [Lowry et al. 1951]. The remaining
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Figure 3.3 .

An experimental model to investigate the energy status of hepatocytes 

during progression of cell injury.

Liver slice from rat 
incubated for 60min 
to stabilise ATP levels

Exposed to lOmM 
paracetamol for 
120min

Incubated for a further 
240min without paracetamol 
± protective agents

I
Sample
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Table 3.2.
Recovery and plateau of ATP levels in liver slices incubated in Ringer 

solution at 3TC.

Incubation time (min) nmoles ATP/ mg protein

Initial ATP levels ( in vivo ) 26.5 ±  1.6

Incubated Slices: 2 15.5 ±  2.7

15 11.6 ±  4.1

30 17.9 ±  3.6

60 24.6 ±  1.2

120 27.9 ±  5.6

240 24.8 ±  3.9

360 23.9 ±  2.7

Results are means ±  SD of 3 experiments each performed in duplicate. Each experiment 
concerned a separate rat liver with duplicate slices for each condition and triplicate 
measurements of ATP for each slice. The values were then combined to give the mean 
for that experiment. Each experiment contributed one value to the mean (N=3). ATP 
levels were measured as described in General methods. Initial ATP levels (26.5 ± 1 .6  
nmoles/mg protein) were measured in pieces of liver rapidly taken from the 
anaesthetised animals before removal of the whole organ. All slices were incubated in 
Ringer solution and Tq is measured from the moment of placing the flasks into the 
shaking water bath at 37°C.
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homogenate was centrifuged at 2000rpm for lOmin. The supernatant was used to 

measure ATP and levels as described in the General methods.

3.4. Paracetamol injury in rat liver slices:

Before experiments could be carried out using a pre-incubation stage, it was 

important to first check whether or not pre-incubation for 60min significantly 

altered the response of the slices to injury. McLean & Nuttall (1978) showed that 

liver slices maintain their GSH levels throughout a 240min incubation period. 

However, liver slices, like isolated hepatocytes, are known to rapidly lose their 

cytochrome P-450 content over a period of time [Wright & Paine 1992]. Although 

the rats were phenobarbitone-induced, 60min pre-incubation may result in 

diminished injury. Injury induced by lOmM paracetamol [Mourelle et al. 

1990,1991] was investigated with or without a pre-incubation step. Table 3.4. 

shows that this experimental procedure did not significantly alter the injury 

induced by lOmM paracetamol.

3.4.1. Dose response of paracetamol iniurv:

Figure 3.4.1. shows a dose response of paracetamol injury in rat liver slices. The 

liver slices were incubated in the presence of increasing concentrations (0, 2, 5, 

lOmM) of paracetamol (Tq-Tijo). Paracetamol gives rise to a time- and 

concentration-dependent depletion in ATP levels from Tigo-Tĝ g. Nazareth et al. 

(1991) observed that the decrease in mitochondrial membrane potential was
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Figure 3 .3 .1 .

Flow diagram of the procedure used to measure ATP and 

levels in individual slices and leakage of LDH.

Slice in Ringer solution

Slice in 3mL 5 % LDH activity in

TCA/2mM EDTA medium

Homogenise

1 in 6 dilution (v/v)

with deionised water

Centrifuge 50/d homogenate for

homogenised sample protein assay

10/d supernatant for O.SmL for assay

ATP assay
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Figure 3.4.1.

Dose response of paracetamol injury in rat liver slices.

• o —

'o
B

40

20

1 0 -

500

3 0 0 -

3 0 0 -

100
350300120 180

T i m e ( m in )
o -------o  C ontrol A --------- a  5mM p a r a c e ta m o l
• ----•  2mM p a r a c e ta m o l A----- ▲ lOmM p a r a c e ta m o l

Each bar represents the mean ±  SD of 3 experiments each performed in duplicate 
assays. ATP and levels and leakage of LDH were determined as described in 
General methods.
* P<0.05 as compared with control group.
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Table 3.4.
Effect of 60min pre-incubation on paracetamol injury in rat liver slices.

Incubation time 

0 - 120min 120 - 360min

nmoles ATP/ 

mg protein

%LDH

Leakage

nmoles K"̂ / 

mg protein

R R 18.7 ±  2.4 3.5 ±  1.4 409.8 ±  15.6

R +  P R 2.9 ±  0.9 29.6 ±  5.9 256.2 ±  31.2

R(-60) R 17.8 ±  1.5 5.5 ±  2.1 407.7 ±  13.4

R +  P (-60) R 3.5 ±  1.1 31.2 ±  7.7 277.2 ±  28.7

Results are means ±  SD of 3 experiments each performed in duplicate. Each 
experiment concerned a separate rat liver. Slices were incubated with or without a 
60min pre-incubation. ATP and levels and LDH leakage were determined as 
described in General methods. LDH leakage is expressed as the percentage of 
enzyme activity found in the medium in comparison with the amount originally 
present in the slice. Initial ATP (20.1 ± 1 .4  nmoles/mg protein) and (423.5 ±  
12.7 nmoles/mg protein) were measured in pieces of liver taken prior to removal of 
the whole organ from the anaesthetised animals. P-450 content was 88.7 ±  12.3 
nmoles/g liver. The labels stand for the following: R = Ringer solution; P = lOmM 
paracetamol; (-60) = pre-incubation for 60min.
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proportional to dose, up to lOmM paracetamol. Together with the results in this 

study, this suggests that the greater the decrease in mitochondrial membrane 

potential, the greater the subsequent depletion in ATP levels. This is mirrored by 

a time- and concentration-dependent rise in leakage of LDH and following 

exposure to 5mM and lOmM paracetamol.

These results suggest that interference with mitochondrial function and 

ATP depletion play a crucial role in the progression of paracetamol injury.

3.4.2. Time course of lOmM paracetamol injury:

Liver slices incubated with lOmM paracetamol show no sign of injury at 180min. 

However, during the subsequent 180min of incubation they develop a progressive 

and extensive leak of soluble enzyme content (LDH) (fig 3.4.1b.). This is 

accompanied by loss of from the slices, also readily measurable during the 

second incubation. In contrast, control slices incubated without exposure to 

paracetamol show minimal leakage of soluble enzyme and maintain high levels 

for the duration of incubation. Figure 3.4.1b. and table 3.4.1. also show the time 

course of ATP depletion in the liver slices induced by paracetamol injury over 

360min. Control slices maintain a relatively stable level of ATP for the duration 

of the 360min incubation (20.2 ±  2.5 and 19.9 ± 1 .5  nmoles ATP/mg protein 

at Tq and Tĝ g respectively). However, in paracetamol-poisoned slices there is a 

moderate but progressive and significant depletion of ATP levels from T30 

onwards. At T30 it is unlikely that much covalent binding [Devalia et al. 1982] has 

taken place. This early depletion in ATP levels is probably due to a direct effect
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Figure 3.4.2a.

ATP depletion and cell injury in liver slices following lOmM 

paracetamol exposure.
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Each bar represents the mean ±  SD of 5 experiments each performed in duplicate 
assays. ATP and levels and leakage of LDH were determined as described in 
General methods.
* P < 0 .0 5  as compared with the control group.
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Table 3.4.2.
Effect of 120min treatment with lOmM paracetamol on slice ATP 
levels over 360min.

Incubation 
time (min)

nmoles ATP/mg protein 
Control lOmM Paracetamol 

(0-120min)

%
Control

0 20.2 ±  2.5 20.2 ±  1.8 100

30 18.5 ±  2.0 11.1 ±  3.4* 60

60 19.8 ±  3.0 13.5 ±  0.6* 68

120 19.0 ±  3.2 9.1 ±  1.8* 48

180 19.6 ±  3.5 6.8 ±  1.0* 35

240 18.6 ±  1.5 4.1 ±  0.8* 22

360 19.9 ±  1.5 3.6 ±  0.6* 18

Results are means ±  SD of 5 experiments. Each experiment concerned a separate 
rat liver with duplicate slices for each condition and triplicate measurements of 
ATP for each slice. The values were then combined to give the mean for that 
experimental condition. Each experiment contributed one value to the mean 
(N=5). ATP levels were measured as described in General methods. Initial ATP 
levels (21.4 ±  2.6 nmoles ATP/mg protein) were measured in pieces of liver 
rapidly taken prior to slice cutting. P-450 content was 95.88 ±  14.3 nmoles/g 
liver. Incubations were performed as above with paracetamol present in the 
treated slices for the first 120 minutes only. Tq is taken after 60min pre
incubation.
* P<0.05 as compared with control group.
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Figure 3 .4 .2b .

ATP/ADP ratio in liver slices following lOmM paracetamol exposure.
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Each bar represents the mean ±  SD of 3 experiments. Each experiment concerned 
a separate rat liver with duplicate slices for each condition and triplicate 
measurements of ATP and ADP for each slice. The values were then combined 
to give the mean for that experimental condition. ATP/ADP ratios were calculated 
for each individual experiment. Each experiment contributed one value to the 
mean (N=3). ATP and ADP levels were determined as described in General 
methods.
* P<0.05 as compared with control group.
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of high concentrations of paracetamol on mitochondrial function [Nazareth et al. 

1991]. This effect on mitochondrial function appears to precede extensive GSH 

depletion [McLean & Nuttall 1978], inhibition of protein synthesis [Beales et al. 

1985] and glycogen loss [Burcham & Harman 1989]. At Tigg paracetamol slices 

contain 6 . 8  ±  1.0 nmoles ATP/mg protein (35% of control levels). At this time 

point the slices show no sign of loss or irreversible injury (LDH). Cell injury 

only becomes apparent 60min later at T240. This shows that ATP depletion 

precedes the late irreversible stages of cell injury. At T̂ ô ATP levels are 

massively depleted (3.6 ±  0.6 nmoles ATP/mg protein, 18% of control levels) 

and this coincides with significant leakage of soluble enzyme and from the 

slices, indicating that cell death has taken place.

Figure 3.4.1c. shows the time course of the change in ATP/ADP ratio in 

the liver slices over 360min during and after lOmM paracetamol intoxication. 

Control slices maintain a relatively stable ATP/ADP ratio (3-3.5) for the duration 

of the 360min incubation. However, in paracetamol-poisoned slices there is a 

marked drop in ATP/ADP ratio at 30min followed by slight recovery at 120min. 

However, from T120 onwards there is a progressive and significant depletion in 

ATP/ADP ratio. This is probably due to a reduction in phosphorylation potential 

giving rise to increased levels of ADP and decreased levels of ATP [Chapman & 

Atkinson 1973].
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3.4.3. Histological examination of liver slices exposed to paracetamol:

Histological examination of control slices (fig. 3.4.3a.) show a maintenance of 

tissue architecture, basophilic staining and intact nuclei from the surface of the 

slice to the middle at the end of the 360min experimental period. Histological 

examination of slices treated with paracetamol (fig. 3.4.3b.) show centrilobular 

necrosis at typified by loss of tissue architecture, cell vacuolation, decreased 

basophilic staining of the cytoplasm and pyknotic nuclei. This correlates well with 

findings in vivo (fig. 3.4.3c.).

Centrilobular necrosis occurs in vivo because of the presence, or the 

induction, of high cytochrome P-450 content in this region. Gooding et al. (1978) 

showed that centrilobular regions in livers of control male Wistar rats contain up 

to twice as much cytochrome P-450 as periportal regions. In the livers from 

similar rats, induced with 1 mg/ml sodium phenobarbitone in their drinking water 

for one week, the centrilobular regions contain up to five times as much 

cytochrome P-450 as periportal regions [Gooding et al. 1978]. Because of this 

heterogeneity of cytochrome P-450 content, formation of reactive metabolite and 

subsequent cell injury occurs in the centrilobular region. This suggests that 

cytochrome P-450 activation and reactive metabolite formation is required before 

lethal cell injury occurs.
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Figure 3 .4 .3 .
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(a) Representative section of control slice (H and E, Approximately

x250).

(b) Representative section of paracetamol-treated slice (H and E, 

Approximately x250).

(c) Representative section from a phenobarbitone-treated rat 24hr after 

administration of 800mg/kg paracetamol i.p. showing large, pale, balloon-shaped 

cells indicative of a breakdown in ionic balance (H and E, approximately x250).



3.5. 2.4-Dinitrophenol (DNP) injury in rat liver slices:

All slices were pre-incubated for 60min to allow ATP levels to plateau. After 

60min slices were transferred to fresh Ringer solution with or without the various 

concentrations of DNP as stated. Figure 3.5a. shows the dose response of DNP 

injury in liver slices sampled after 240min exposure to increasing concentrations 

of DNP. An increasing depletion in liver slice ATP levels with increasing 

concentrations of DNP (5-50/xM) is observed. 5/nM DNP causes a 50% depletion 

in ATP levels without causing cell injury. The fact that 5/iM DNP requires at 

least 120min in order to significantly deplete ATP levels may account for the fact 

that significant loss is not observed at T240 at this concentration (data not 

shown). A parallel increase in cell injury (leakage of LDH and K^) is observed 

in the presence of increasing concentrations of DNP (10-50^M).

Figure 3.5b. shows the time course of ATP depletion in liver slices 

exposed to 50/xM DNP for up to 240min. There is an immediate and significant 

decrease in the ATP levels and an observable decrease in levels of the liver 

slices. This precedes irreversible cell injury as measured by extensive leakage of 

and LDH. Irreversible cell injury appears to occur when ATP levels are 

depleted below 5 nmoles/mg protein for approximately 60min.
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Figure 3.5a.

Dose response of DNP injury in rat liver slices.
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General methods.
* P<0.05 as compared with control group.
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Figure 3 .5b .

Injury induced by 50/iM DNP in rat liver slices.
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3.6. Antimycin A injury in rat liver slices:

All slices were pre-incubated for 60min to allow ATP levels to plateau. After 

60min slices were transferred to fresh Ringer solution with or without the various 

concentrations of antimycin A as stated. Figure 3.6. shows the time course of 

ATP depletion in liver slices exposed to 20/xM antimycin A for up to 240min. 

Over the first 60min there is significant and progressive depletion in liver slice 

ATP levels. ATP levels are depleted below 5 nmoles/mg protein for 

approximately 60min i.e. T^o-Tijo, before extensive leakage of and LDH is 

observed.

3.7. Ethionine injury in rat liver slices:

All slices were pre-incubated for 60min to allow ATP levels to plateau. After 

60min slices were transferred to fresh Ringer solution with or without the various 

concentrations of ethionine as stated. Figure 3.7. shows a dose response of 

ethionine injury in rat liver slices sampled after 240min of ethionine exposure. An 

increasing depletion in the ATP levels of liver slices with increasing doses of 

ethionine (5-25mM) is observed. A parallel depletion in levels is also

observed. ATP depletion appears to precede the depletion in levels. This result 

agrees with Judah et al. (1966) who found that depletion in levels of liver

slices is proportional to a concentration-dependent ATP depletion induced by 

ethionine. However, there is no observable increase in leakage of LDH in slices 

exposed to 25mM ethionine (data not shown).
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Figure 3 .6 .

Injury induced by 20/iM antimycin A in rat liver slices.
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Figure 3.7.

Relationship between ATP and levels in liver slices exposed 

to increasing concentrations of ethionine.
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3.8. Discussion:

The most important factor in the use of tissue slices is the thickness of the 

preparation. Thin slices of uniform thickness should minimise the loss of oxygen 

tension in the middle of the slice while being thick enough to maintain the 

structural integrity of the slice throughout the period of incubation. This study 

shows that slices of a robust nature when cut by hand can be obtained. Table 3.2. 

shows that after an initial depletion in ATP levels in the slices, there is recovery 

and maintenance of ATP levels close to in vivo levels. This early depletion in 

ATP levels has been previously reported using precision cut liver slices [Dale et 

al. 1990]. However, in the present study ATP levels were observed to recover 

within 60min as opposed to 120min observed by others [Dale et al. 1990] and, 

ATP levels obtained were higher than levels previously reported [Dale et al.

1990] for precision cut liver slices and slices cut by hand [Van Rossum 1972; 

Mariani et al. 1989]. If the control liver contains 150 - 200mg protein/g wet 

weight then the ATP levels obtained in this study would be expected to be 

between 3.5 and 4.5/^moles/g wet weight in agreement with Faupel et al. (1972). 

Although in vivo levels below 2^moles/g wet weight have been frequently 

reported [Bode et al. 1973], these levels may reflect anoxia and stress induced by 

ether anaesthesia [Faupel et al. 1972] used in these experimental protocols. This 

may account for the very low energy charge levels (energy charge = [ATP] + 

[ADP]/[ATP] +  [ADP] + [AMP]) reported in these studies. For instance. Bode 

et al. (1973) obtained energy charge levels between 0.5 and 0.6 and ATP/ADP 

ratios between 1.5 and 2.0 in control rat livers. Faupel et al. (1972) stressed the
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importance of minimising the three main factors falsifying real substrate values: 

anaesthesia, anoxia and stress. Rapidity of sampling into cold extraction medium 

is also important. ATP levels comparable to the levels obtained in this study have 

been observed in cultured hepatocytes [Harman et al. 1991], in isolated foetal rat 

hepatocytes [Roncero et al. 1986], in the perfused rat liver [Anundi et al. 1987] 

and in vivo [Faupel et al. 1972]. Taking into account that total adenine nucleotide 

levels of rat liver are thought to be 4mM i.e. 4^moles/g wet weight [Chapman & 

Atkinson 1973], the levels obtained in the present study may better reflect true in 

vivo levels.

There is a significant depletion in ATP levels within 30min in the presence 

of lOmM paracetamol (fig. 3.4.2a. & table 3.4.2.). Whether this depletion is due 

to a direct effect of paracetamol on mitochondrial respiration [Nazareth et al.

1991], or an effect of a postulated metabolite, NAPQI [Harman et al. 1991], is 

not fully known. However, interference with mitochondrial function correlates 

well with other reported findings [Burcham & Harman 1990,1991]. There is a 

progressive depletion in ATP levels in paracetamol-treated slices without any 

observable rise in injury for 180min of incubation. ATP levels continue to drop 

and at T240 a significant rise in injury is observed. This ATP depletion and 

subsequent rise in injury is time- and concentration-dependent (fig. 3.4.1.). It is 

also accompanied by a progressive fall in ATP/ADP ratios (fig. 3.4.2b.). Massive 

ATP depletion appears to precede irreversible cell injury by approximately 60min. 

One explanation may be that cells can survive and remain viable with much less 

ATP than they actually synthesise under control conditions. Cells maintain their 

viability until ATP levels drop to a certain threshold. Below this threshold loss
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of membrane functions and Ca^^-uptake by endoplasmic reticulum could well 

occur. If ATP depletion is independent of cytochrome P-450 activation then it 

would take place across the whole liver lobule, not particularly in the 

centrilobular region. The magnitude of the drop in ATP levels in lOmM 

paracetamol-treated slices confirms this, as an 80% loss of ATP cannot be 

attributed wholly to loss of ATP in the centrilobular region alone (table 3.4.2.). 

The concentration-dependent depletion in ATP levels may correlate with the 

concentration-dependent decrease in mitochondrial membrane potential observed 

by Nazareth et al. (1991). Also, paracetamol itself may only disrupt mitochondrial 

function. ATP produced glycolytically in the cytosol may be used primarily for 

membrane functions facilitating survival of the cell [Balaban & Bader 1984]. This 

direct effect of paracetamol may not be enough to initiate the processes of cell 

injury. Initiation of cell injury may require NAPQI formation via cytochrome P- 

450. This would mostly occur in the centrilobular region of phenobarbitone pre

treated rats [Gooding et al. 1978]. At high concentrations of paracetamol, NAPQI 

formation would give rise to further interference of mitochondrial function 

[Harman et al. 1991], GSH depletion [Mitchell et al. 1973IV] and covalent 

binding [Devalia et al. 1982]. This two pronged attack of paracetamol and NAPQI 

would give rise to injury at two or more sites resulting in the initiation of cell 

injury.

As expected, DNP, a proton translocator and uncoupler of oxidative 

phosphorylation [George et al. 1982], lowers ATP levels in the intact cells of 

liver slices. 5/xM DNP brings ATP levels down to a half those of control slices, 

but causes no cell injury as observed by leakage of LDH and K^. 50^M DNP
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causes a much more dramatic fall in ATP levels. At T̂ o ATP levels less than 

5nmoles/mg protein are observed. This precedes an increase in cell injury as 

measured by leakage of and LDH observed at T̂ jo- ATP depletion would be 

expected to occur throughout each DNP-treated liver slice. 5nmoles/mg protein 

may be the threshold level in rat liver slices below which cells can no longer 

maintain their viability.

lOfxM antimycin A induces a similar effect on ATP levels and 

subsequently cell death. At T̂ o ATP levels of approximately 5nmoles/mg protein 

are observed. This again precedes an increase in cell injury observed at T120.

Ethionine is observed to significantly deplete ATP levels probably via 

excess trapping of the adenosine moiety of the available ATP as S- 

adenosylethionine [Farber 1973]. This occurs over a 240min period in a 

concentration-dependent fashion (fig. 3.7.). This is accompanied by significant 

loss of K^. However, although ATP levels are depleted below 5nmoles/mg 

protein at 15mM and 25mM ethionine no observable rise in LDH leakage is 

observed (data not shown). This may be due to the fact that ethionine intoxication 

allows ATP production to proceed and that a minimal amount of ATP is still 

being used for functions to preserve membrane integrity and cell viability. 

However, not enough ATP is being generated to maintain levels via the 

Na'^/K'^-ATPase pump.

These results show the importance of ATP levels to the viability of intact 

cells. If ATP synthesis is disrupted i.e. via interference with mitochondrial 

function, then the ability of the cell to survive and remain viable is severely 

diminished. It is clear that cells may survive with low levels of ATP. Whether
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ATP levels must drop below a certain threshold for cell injury to occur or, 

whether cells can survive for only a short period of time with low ATP levels is 

another question. The present study suggests that the injury mechanism for 

different compounds may be different. Paracetamol may require injury at a 

number of targets (mitochondrial function, thiol groups) before progression to 

lethal cell injury. DNP and antimycin A may deplete ATP levels so much via 

interference with the electron transport chain (and ATPase activity in the case of 

DNP) that cells are unable to remain viable. Ethionine may deplete ATP levels 

to a point where protein synthesis is inhibited, fatty liver occurs and Na' /̂K'*'- 

ATPase is disrupted, but the ATP synthesising pathways are still intact, allowing 

minimal ATP levels to maintain membrane integrity and cell viability for a much 

longer period of time. The present study shows that ATP depletion appears to 

precede the late stages of cell injury and cell death.

96



Chapter 4: Energy status during prevention of cell iniurv

4.1. Introduction:

Paracetamol injury can be divided into two phases. The first phase includes the 

absorption, metabolism and excretion of the drug. Treatment with methionine or 

N-acetyl cysteine during this phase (within 8-lOhr of ingestion of large overdoses 

in humans) has been shown to be highly effective [Prescott 1984]. This is 

followed by a latent period before the second phase of onset and progression of 

cell injury. There are no known compounds capable of effectively combating the 

chain of events leading to cell necrosis and liver failure, after most of the drug 

has been metabolised or excreted.

The liver slice model used in the present study allows investigation of the 

processes leading to the onset and progression of late stages of cell injury. It also 

allows the use of possible antidotes to combat key degradative processes during 

the late stages of cell injury as distinct from known antidotes used in the early 

phase of metabolism [Mourelle et al. 1990,1991].

ATP levels were manipulated using different concentrations of fructose, 

adenine and ethionine. Manipulation of ATP levels would indicate whether or not 

the processes leading to cell necrosis induced by paracetamol injury were active 

or otherwise.
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4.2 . ATP levels in liver slices incubated with different concentrations o f fructose:

Figure 4.2. shows the effect of different concentrations of fructose on ATP levels 

in liver slices over a 240min incubation period. 5mM fructose induces a small 

depletion in ATP levels over the 240min incubation period. lOmM fructose 

induces an initial spike of ATP depletion. However, within 60min ATP levels 

recover to control levels. At the end of the 240min incubation period ATP levels 

in the presence of 5mM and lOmM fructose are similar. This transient depletion 

in ATP levels induced by lOmM fructose may be explained on the basis of the 

properties of the enzymes of fructose metabolism and of adenine nucleotide 

degradation. Because of the high capacity of fructokinase, rapid ATP depletion 

occurs with the formation of fructose 1-phosphate even in the presence of lOmM 

fructose. However, this ATP depletion may not be sufficient to allow the 

activation of AMP deaminase and subsequent formation of inosine 

monophosphate, an effective inhibitor of the liver aldolase required for cleavage 

of fructose 1-phosphate [Woods et al. 1970]. 20mM fructose induces a rapid, 

marked and sustained depletion in ATP levels over the 240min incubation period. 

In the presence of 20mM fructose ATP levels fall to 20% (approximately 5nmoles 

ATP/mg protein) of control values within 5min (data not shown). It is possible 

that 20mM fructose depletes ATP levels, via fructose phosphorylation and 

formation of fructose 1-phosphate, to a threshold for activation of AMP 

deaminase. At 20mM fructose 80% of slice ATP levels are trapped as fructose 1- 

phosphate for the duration of the 240min incubation period. Total adenine 

nucleotide levels are probably depleted as well, due to activation of AMP
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deaminase. A similar concentration effect with fructose has been found using 

isolated hepatocytes [Silva et al. 1991].

4.3. Protective effect of fructose against paracetamol injury:

As shown in the previous chapter, liver slices incubated with lOmM paracetamol 

show no sign of injury at T̂gQ. However, during the subsequent 180min of 

incubation significant injury becomes apparent.

Figure 4.3. and table 4.3. show the protective effect of fructose added in 

the incubation system subsequent to exposure to lOmM paracetamol for 120min. 

The leakage of LDH and are completely prevented in the presence of lOmM 

and 20mM fructose as compared to slices incubated with paracetamol alone 

(P<0.05). In paracetamol-treated slices %LDH leakage is 30.5 ± 3.2 at T̂ ô. 

However, %LDH leakage in slices protected by lOmM and 20mM fructose is 4.5 

± 1 .3  and 5.4 ± 1 .9  respectively, and this is comparable with the control value 

(4.5 ±  1.6). Addition of 30mM fructose to the incubation medium is found to 

induce cell injury even in control slices. Figure 4.3. shows a massive decrease in 

levels in control and paracetamol-treated slices in the presence of 30mM 

fructose. LDH leakage is also increased (40.4% in control and 63.4% in 

paracetamol-treated slices). This indicates that liver slices have a narrow zone of 

fructose tolerance and the adverse effects observed are similar to adverse effects 

sometimes seen in vivo [Woods & Alberti 1972].
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Figure 4.2.

Effect of fructose on ATP levels in liver slices.
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ATP levels in liver slices following the addition of different concentrations of 
fructose (F) to the incubation medium. Each data point represents the mean ±  SD 
of 3 experiments each performed in duplicate assays. ATP levels were determined 
as described in General methods. All slices were pre-incubated for 60min.
* P <0.05 as compared with control group.

100



Figure 4.3.

Dose response of fructose protection against injury measured at 

360min following exposure to lOmM paracetamol from 0120min.
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Dose response of fructose protection in the second phase of incubation (120- 
360min). ATP and levels and leakage of LDH were determined as described 
in General methods. Each bar represents the mean ±  SD of 5 experiments each 
performed in duplicate assays.
* P<0.05 as compared with control group.
+  P<0.05 as compared with paracetamol group.
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4.3.1. The role of ATP levels in fructose protection:

Figures 4.3.1a. and 4.3.1b. show the time course of lOmM and 20mM fructose 

protection respectively, in the second phase of incubation (T120-T360). 20mM 

fructose does not appear to increase ATP levels. There is a sustained depletion of 

ATP levels in all slices incubated with 20mM fructose for the duration of 

incubation. Despite this, 20mM fructose counteracts the injurious effects of lOmM 

paracetamol in liver slices. lOmM fructose does not significantly deplete ATP 

levels in control slices and maintains a higher level of ATP in paracetamol-treated 

slices (P<0.05). In the presence of both concentrations there is a profound 

protective effect in place. This suggests that cell protection by fructose is 

independent of ATP levels in paracetamol injury.

4.3.2. Histological examination of fructose protection:

Figure 4.3.2a. shows an absence of necrotic cells around a centrilobular region 

of a paracetamol-treated slice protected with lOmM fructose. The tissue 

architecture is maintained, basophilic staining of cytoplasmic organelles is present 

and nuclei are rounded with prominent nuclei. However, cytoplasmic 

vacuolisation is still present.
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Figure 4 .3 .1a .

Protective effect of lOmM fructose in the second phase of

incubation following 120min exposure to paracetamol.
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Protective effect of lOmM fructose in the second phase of incubation (120- 
360min) in slices previously exposed to lOmM paracetamol (0-120min). ATP and 

levels and leakage of LDH were determined as described in General methods. 
Each bar represents mean ±  SD of 5 experiments each performed in duplicate. 
* P<0.05 as compared with control group.
4- P<0.05 as compared with paracetamol group.
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Figure 4 .3 .1b .

Protective effect of 20mM fructose in the second phase of 

incubation following 120min exposure to paracetamol.
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360min) in slices previously exposed to lOmM paracetamol (0-120min). ATP and 

levels and leakage of LDH were determined as described in General methods. 
Each bar represents mean ±  SD of 5 experiments each performed in duplicate. 
* P<0.05 as compared with control group.
+  P<0.05 as compared with paracetamol group.
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Table 4.3.
Fructose protection against injury measured at 360min following 
exposure to lOmM paracetamol from 0-120min.

Incubation time 

0 - 120min 120 - 360min

% LDH 

Leakage

nmoles ATP/ 

mg protein

R R 4.5 ±  1.6 23.2 ±  3.2

R R 4- lOmM F 3.7 ±  1.2 18.3 ±  2.7

R R + 20mM F 4.0 ±  1.4 7.1 ±  1.8*

R + P R 30.5 ±  3.2* 6.1 ±  1.0*

R +  P R -k lOmM F 4.5 ±  1.3 12.6 ±  1.1*+

R + P R + 20mM F 5.4 ±  1.9 7.8 ±  3.0*

Fructose (F) was added after 120min incubation with lOmM paracetamol (P). Results 
are means ±  SD of 5 experiments each performed with duplicate slices for each 
condition. ATP levels and LDH leakage were determined as described in General 
methods. LDH leakage is expressed as the percentage of enzyme activity found in 
the medium in comparison with the amount originally present in the slice. Initial 
ATP levels (22.5 ±  2.2 nmoles/mg protein) were measured in pieces of liver taken 
prior to removal of the whole organ from the anaesthetised animal. P-450 content 
was 81.2 ±  9.6 nmoles/g liver. The labels stand for the following: R = Ringer 
solution; lOmM F = lOmM fructose; 20mM F = 20mM fructose; P = lOmM 
paracetamol.
* P<0.05 as compared with control groups.
+ P<0.05 as compared with paracetamol groups.
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4 .3 .3 . LDH leakage as an indicator o f cell injury in liver slices:

As an indicator of cell injury, leakage of LDH from the slice into the medium 

was measured. Unless otherwise stated LDH released into the Ringer solution was 

expressed as a percentage of the amount originally present in the flask, based on 

the original slice weight and LDH assays of homogenates of slices sampled before 

incubation [McLean & Nuttall 1978].

Table 4.3.3. shows that the total LDH activity in the flasks (i.e. slice plus 

medium) is maintained over the entire incubation period and, that the percentage 

enzyme activity found in the medium when compared to original homogenate or 

to total activity in each flask is similar. Table 4.3.3. also shows that paracetamol- 

treated slices protected with lOmM or 20mM fructose retain their LDH content 

when compared to unprotected paracetamol-treated slices.
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Table 4.3.3.
Balance sheet for leakage of lactate dehydrogenase (LDH).

Time Slice LDH Medium LDH Total LDH LDH

(min) (nmoles NADH
/min/lOOmg
slice)

(nmoles NADH
/min/lOOmg
slice)

(nmoles NADH
/min/l(X)mg
slice)

Leakage (%)

Original
homogenate

- -
1.29x105

-

To 1.13xlOf 1.13 xl()5

120(C) 0.93x10^ 0.01 xlO^ 0.94 xl()5 1.1

360(C) 0.81x10^ 0.02 xlO^ 0.83 xl05 2.3

120(P) 1.1 xlO^ 0.01x10^ 1.11 xl05 0.9

360(P) 0.59x10^ 0.27 xlO^ 1.11 xl()5 31.4

360(C + lOF) 0.76x10^ 0.02 xlO^ 0.78 xl()5 2.3

360(P +  lOF) 0.7x10^ 0.02 xlO^ 0.72 xl()5 2.5

360(C +  20F) 0.68x10^ 0.02 xlO^ 0.7 xl()5 2.8

360(P + 20F) 0.79x10^ 0.02 xlO^ 0.81 xl()5 1.2

Results are means of duplicate samples taken from one experiment. Slices were pre
incubated for 60min in ordinary fresh Ringer solution to allow ATP levels to plateau. 
Following this, the experiment was started by placing the slices in fresh Ringer 
solution plus or minus lOmM paracetamol from 0-120min. The slices were 
transferred to fresh Ringer solution from 120-360min with and without protective 
agent. LDH content was measured in slice and medium as described in General 
methods. LDH leakage at T̂ ô when expressed as the percentage of enzyme activity 
found in the medium in comparison with the amount in the original homogenate was 
1.95% and 27.73% in control and paracetamol-treated slices respectively. The labels 
stand for the following: C = control; P = lOmM paracetamol; lOF = lOmM 
fructose; 20F = 20mM fructose.
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Figure 4 .3 .2 .
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Representative section of a centrilobular region of a paracetamol-treated slice 

protected with lOmM fructose in the second phase of incubation (T120-T360). (H 

and E, Approximately x250).
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4.3.4. Protective effect cf Sorbitol:

Figure 4.3.4a. shows the dose dependent protective effect of sorbitol against 

paracetamol injury. Increasing concentrations of sorbitol from 0.1-20mM added 

in the incubation system following exposure to lOmM paracetamol for 120min 

culminates in protection with 20mM sorbitol. The leakage of LDH and are 

completely prevented in the presence of 20mM sorbitol as compared to slices 

incubated with paracetamol alone (P<0.05). Addition of 30mM sorbitol to the 

incubation medium reverses this protective effect as exemplified by leakage of 

LDH and K+.

Figure 4.3.4b. shows the time course of 20mM sorbitol protection in the 

second phase of incubation (Tizo-Tĝ o)- 20mM sorbitol does not appear to reverse 

the ATP depletion induced by paracetamol injury. There is sustained depletion of 

ATP levels in all paracetamol-treated slices protected with 20mM sorbitol for the 

duration of incubation. However, a profound protective effect is in place.

4.3.5. Protective effect of fructose 1.6-diphosphate:

20mM fructose 1,6-diphosphate added to the incubation system following 120min 

exposure to lOmM paracetamol is found to protect (fig. 4.3.5.). Fructose 1,6- 

diphosphate does not significantly alter ATP levels in control slices but is 

observed to significantly increase ATP levels in paracetamol-treated slices 

(P<0.05).
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Figure 4.3.4a.

Dose response of sorbitol protection against in jury  m easured 

a t 360min following exposure to lOmM paracetam ol from  0-120min.
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Dose response of sorbitol protection in the second phase of incubation (120- 
360min). ATP and levels and leakage of LDH were determined as described 
in General methods. Each bar represents the mean of duplicate samples from 3 
experiments each performed in duplicate.
* P < 0.05 as compared with control group.
-t- P < 0 .05  as compared with paracetamol group.
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Figure 4.3.4b .

Protective effect of 20mM sorbitol in the second phase of 

incubation following 120min exposure to paracetamol.
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Protective effect of 20mM sorbitol in the second phase of incubation (120- 
360min) in slices.previously exposed to lOmM paracetamol (0-120min). ATP and 

levels and leakage of LDH were determined as described in General methods. 
Each bar represents mean ±  SD of 5 experiments each performed in duplicate. 
* P<0.05 as compared with control group.
+ P<0.05 as compared with paracetamol group.
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4.3.6. Effect of inhibitors of glycolysis on fructose protection:

The effect of ImM sodium fluoride (NaF) and 10/iM iodoacetate on fructose 

protection were investigated. Naf and iodoacetate are inhibitors of glycolysis 

[Lehninger 1975]. ImM NaF does not reverse the protective effect of 20mM 

fructose against paracetamol injury. This result differs from that obtained by 

Mourelle et al. (1991). ImM Naf significantly lowers ATP levels in control slices 

without causing cell injury (table 4.3.6a.).

10/xM iodoacetate also significantly lowers ATP levels in control slices 

(table 4.3.6b.). lOmM fructose does not protect against the combined toxic effects 

of lOmM paracetamol and 10/iM iodoacetate.

4.4. Fructose protection against antimycin A injury:

Antimycin A is a blocking agent of the electron transport chain. 20mM fructose 

prevents the leakage of LDH and in slices treated with 20^M antimycin A 

(fig. 4.4.). However, fructose does not markedly reverse the ATP depletion 

induced by this blocking agent.
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Figure 4 .3 .5 .

Protective effect of 20mM fructose 1,6-diphosphate in the second 

phase of incubation following 120min exposure to paracetamol.
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Protective effect of 20mM fructose 1,6-diphosphate (Fl,6-P) in the second phase 
of incubation (120-360min) in slices previously exposed to lOmM paracetamol (0- 
120min). ATP and levels and leakage of LDH were determined as described 
in General methods. Each bar represents mean ± SD of 5 experiments each 
performed in duplicate.
* P<0.05 as compared with control group.
4- P<0.05 as compared with paracetamol group.
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Table 4.3.6a.
Effect of ImM NaF on protection by 20mM fructose following 
exposure to lOmM paracetamol from 0 - 120min.

Incubation time 

0 - 120min 120 - 360min

nmoles ATP/ 

mg protein

% LDH 

Leakage

R R 23.4 ±  3.3 3.4 ±  1.7

R 4- P R 4.6 ±  1.8* 29.5 ±  1.9*

R R + F 7.7 ±  1.4* 3.7 ±  1.4

R + P R + F 6.3 ±  0.9* 4.7 ±  1.9

R R + Naf 8.9 ± 3.7* 6.0 ±  3.4

R + P R + Naf 2.8 ±  0.7* 41.8 ±  5.7* +

R R + F + Naf 3.7 ± 0.5* 5.0 ±  1.4

R + P R + F + Naf 3.8 ± 0.3* 7.5 i  3.6

20mM fructose (F) and/or ImM sodium fluoride (NaF) were added after 120min 
incubation with lOmM paracetamol (P). Results are means ±  SD of 4 
experiments each performed with duplicate slices for each condition. ATP and K+ 
levels and LDH leakage were determined as described in General methods. LDH 
leakage is expressed as the percentage of enzyme activity found in the medium in 
comparison with the amount originally present in the slice. P-450 content was 
69.2 ±  14.93 nmoles/g liver. The labels stand for the following: R = Ringer 
solution; F = 20mM fructose; P = lOmM paracetamol; Naf = ImM sodium 
fluoride.
* P<0.05 as compared with control group.
+  P<0.05 as compared with paracetamol group.
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Table 4.3.6b.
Effect of lOfiM iodoacetate on protection by lOmM fructose following 
exposure to lOmM paracetamol from 0 - 120min.

Incubation time 

0 - 120min 120 - 360min

nmoles ATP/ 

mg protein

% LDH 

Leakage

R R 21.8 ±  1.2 3.8 +  1.3

R +  P R 4.4 ±  0.9* 16.4 ±  3.4*

R R + F 21.5 ±  1.1 2.7 + 0.7

R + P R + F 13.5 ±  2.4*+ 3.5 +  1.0

R R -H I 14.6 ±  3.7*+ 3.2 +  0.8

R -H P R -H I 1.2 ±  0.4*+ 69.9 + 8.7*+

R R -H F + I 10.0 + 2.5*+ 5.6 ±  2.4

R +  P R + F -H I 2.9 ± 1.8* 29.8 ±  5.7*+

lOmM fructose (F) and /or 10/xM iodoacetate (I) were added after 120min incubation 
with lOmM paracetamol (P). Results are means ±  SD of 4 experiments each 
performed with duplicate slices for each condition. ATP levels and LDH leakage 
were determined as described in General methods. LDH leakage is expressed as the 
percentage of enzyme activity found in the medium in comparison with the amount 
originally present in the slice. Initial ATP levels (20.2 ± 1 . 2  nmoles/mg protein) 
were measured in pieces of liver taken prior to removal of the whole organ from 
anaesthetised animals. P-450 content was 80.4 ± 16.3 nmoles/g liver. The labels 
stand for the following: R = Ringer solution; F = lOmM fructose; P = lOmM 
paracetamol; I = lO^M iodoacetate.
* P<0.05 as compared with control group.
-HP <0.05 as compared with paracetamol group.
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Figure 4 .4 .

Protective effect of 20mM fructose against antimycin A 

injury In liver slices.
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Protective effect of 20mM fructose (F) in slices exposed to 20/xM antimycin A 
(AA). ATP and levels and leakage of LDH were determined as described in 
General methods. Each bar represents the mean ± SD of 2 experiments each 
performed in duplicate. The rats were not phenobarbitone-induced.
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4.5. Effect of other carbohydrates on paracetamol injury:

Because the for glucose phosphorylation by hepatic glucokinase (5-lOmM) is 

much higher than that of fructose phosphorylation (0.2-0.8mM) [Cannon et al. 

1991], increasing concentrations of glucose in the Ringer solution were 

investigated. Table 4.5a. shows that concentrations of glucose up to 50mM have 

no protective effect against paracetamol injury.

Table 4.5b. shows that neither sucrose nor mannitol protect against 

paracetamol injury. Sucrose, a non-metabolisable carbohydrate, was investigated 

to see whether it has a membrane stabilising effect. Mannitol is known to act as 

a free radical scavenger in certain systems [Silva et al. 1991].

4.6. Adenine protection against ethionine injury:

The ability of adenine to reverse the ATP depletion induced by ethionine in rat 

liver slices was tested. Figure 4.6a. shows that 0.05 and O.lmM adenine reverse 

the drop in ATP and levels in slices incubated with lOmM ethionine for 

240min in a concentration-dependent fashion. However, concentrations above 

0. ImM adenine appear to be toxic both to control and ethionine-treated slices. In 

the presence of ImM adenine 10% LDH leakage is observed in control slices. 

Concentrations higher than ImM adenine are toxic to all slices (data not shown). 

Figure 4.6b. shows the time course of O.lmM adenine reversal of lOmM
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Table 4.5a.
Effect of increasing concentrations of glucose on injury 
measured at 360min following exposure to lOmM paracetamol 
from 0-120min.

Incubation time 

0 - 120min 120 - 360min

nmoles ATP/ 

mg protein

% LDH 

Leakage

nmoles KV 

mg protein

R R 18.2 2.4 426.9

R +  P R 3.8 22.8 227.0

R -1- P R (15mM) 4.0 24.0 216.7

R 4- P R (20mM) 4.6 20.4 236.5

R + P R (30mM) 4.1 22.6 234.7

R -1- P R (50mM) 3.9 24.6 256.3

R R (50mM) 17.0 2.3 435.4

Increasing concentrations of glucose were added to Ringer solution after incubation 
with lOmM paracetamol from 0-120min. Increasing glucose concentrations are in 
brackets. Control Ringer solution was made up as in General methods and contains 
lOmM glucose. ATP and levels and LDH leakage were determined as described 
in General methods. Initial ATP levels (22.2 nmoles/mg protein) were measured in 
pieces of liver taken prior to removal of the whole organ from anaesthetised animals. 
P-450 content was 88.5 nmoles/g liver. The labels stand for the following: R = 
Ringer solution; P = lOmM paracetamol.

118



Table 4.5b.
Effect of mannitol or sucrose on paracetamol injury in liver slices.

Incubation time 

0 - 120min 120 - 360min

nmoles ATP/ 

mg protein

%LDH

Leakage

nmoles K"̂ / 

mg protein

R R 18.8 3.9 420.4

R + P R 1.8 24.0 183.4

R R + 5mM S 22.5 3.2 432.6

R -f P R + 5mM S 2.3 24.1 219.3

R R + 20mM S 19.3 3.7 432.9

R -h P R + 20mM S 2.2 22.5 210.7

R R 4- 5mM M 16.1 3.5 436.3

R -h P R 4- 5mM M 2.4 24.8 185.9

R R 4- 20mM M 16.9 5.2 431.4

R 4- P R 4- 20mM M 1.6 25.2 145.1

Results are means of 1 experiment performed in duplicate. Sucrose (S) or mannitol 
(M) were added after 120min incubation with paracetamol (P). ATP and levels 
and LDH leakage were determined as described in General methods. Initial ATP 
(22.9 nmoles/mg protein) and (407.3 nmoles/mg protein) levels were measured 
in a piece of liver taken prior to removal of the whole organ from the anaesthetised 
animal. P-450 content was 95.5 nmoles/g liver. The labels stand for the following: 
R = Ringer solution; P = lOmM paracetamol; S = sucrose; M = mannitol.
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Figure 4.6a.

Dose response of adenine protection against ethionine injury 

measured at 240min.
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and levels and leakage of LDH were determined as described in General 
methods. All slices were pre-incubated for 60min prior to Tq. The rats used were 
not phenobarbitone-induced.
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Figure 4 .6b .

Time course of O.lmM adenine protection against lOmM ethionine 

injury in liver slices.
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Protective effect of 0. ImM adenine (A) in slices exposed to lOmM ethionine (E). 
ATP and levels and leakage of LDH were determined as described in General 
methods. Each bar represents the mean + SD of 5 experiments each performed 
in duplicate. The rats used were not phenobarbitone-induced.
* P <0.05 as compared with control group.
+ P<0.05 as compared with paracetamol group.
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Table 4.6.
Adenine protection during ethionine exposure in rat liver slices.

Incubation nmoles ATP/ nmoles YM % LDH

(240min) mg protein mg protein Leakage

R 18.4 423.1 4.1

R +
A(0-240min) 19.2 425.5 2.5

R + E 4.8 191.8 4.5

R 4- E -H 
A(0-240min) 13.1 404.0 3.7

R +  E -h 
A(60-240min) 9.9 340.6 3.1

R -H E + 
A(120-240min) 6.9 293.7 3.1

Liver slices were incubated for 240min in the presence or absence of lOmM 

ethionine (E). 100/xM adenine (A) was added at various times following exposure 

to ethionine. Results are means of one experiment performed in duplicate. ATP 

and levels and LDH leakage were determined as described in General 

methods. Initial ATP (22.1 nmoles/mg protein) and levels (430.7 nmoles/mg 

protein) were measured in a piece of liver taken prior to removal of the whole 

organ from the anaesthetised animal. The rat was not phenobarbitone-induced. 

The labels stand for the following: R = Ringer solution; E = lOmM Ethionine 

(0 - 240min); A = 100/xM Adenine.
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ethionine injury in liver slices. O.lmM adenine significantly reverses the drop in 

ATP and levels in ethionine-treated slices throughout the 240min incubation. 

Villa-Trevino et al. (1963) showed that administration of adenine at increasing 

time points after administration of ethionine in vivo, reverses ethionine injury in 

a time-dependent fashion. Table 4.6. shows a similar result with rat liver slices. 

Addition of O.lmM adenine to the incubation system 0, 60 and 120min after 

addition of lOmM ethionine at Tq gives rise to a time-dependent protection at T240.

4.6.1. Effect of ethionine on paracetamol injury:

All slices were pre-incubated for 60min to allow ATP levels to plateau. After 

60min slices were transferred to fresh Ringer solution with or without paracetamol 

and incubated for a further 120min (T0-T120). Slices were then transferred to fresh 

Ringer solution with or without lOmM or 25mM ethionine from Ti2o-Tigo or T120- 

T360 (table 4.6.1.). Slices incubated in the presence of ethionine from T120-T180 

were transferred to fresh Ringer solution at T̂ gg. All slices were incubated up to 

T360 at which time samples were taken for analysis. Because ethionine depletes 

ATP levels via excess trapping of adenosine [Farber 1974], one would expect 

inhibition of any ATP requiring stage of injury progression initiated by 

paracetamol. However, ethionine is found to potentiate paracetamol injury in a 

time- and concentration-dependent fashion.
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Table 4.6.1.
Effect of ethionine on paracetamol injury.

Incubation time nmoles ATP/ nmoles K"*̂ / % LDH

0-120min 120-360min mg protein mg protein Leakage

R R 21.6 ±  1.8 424.7 +  13.8 4.3 +  1.2

R + P R 4.5 ±  1.9* 223.4 +  34.5* 22.3 +  4.6*

R R + lOmM E 
(120-180min) 17.4 ±  2.4+

417.8
+ 21.6+ 3.6 +  1.9

R R ±  lOmM E 
(120-360min) 7.3 ±  1.7*+ 209.4 +  26.7* 4.6 + 2.3

R + P R +  lOmM E 
(120-180min) 2.9 ±  0.6* 174.8 +  66.4* 19.5 +  8.9*

R + P R + lOmM E 
(120-360min) 1.2 + 0.5*+

124.6
+ 35.7*+ 27.7 ±  9.6*

R R + 25mM E 
(120-180min) 13.7 + 3.1*+

369.7
+ 26.9*+ 4.8 + 1.6

R R + 25 mM E 
(120-360min) 2.2 + 0.8*

132.7
±  18.7*+ 5.6 + 3.1

R + P R + 25mM E 
(120-180min) 1.3 ±  0.6*+

91.5
+ 18.7 30.4 ±  8.6*

R + P R +  25mM E 
(120-360min) 0.9 ±  0.2*+

74.8
+ 11.6*+ 41.8 ±  5.4*+

lOmM or 25mM ethionine (E) was added after 120min incubation with lOmM 
paracetamol (P). Results are means ±  SD of 5 experiments each performed with 
duplicate slices for each condition. ATP and levels and LDH leakage were 
determined as described in General methods. Initial ATP (22.1 ±  2.4 nmoles/mg 
protein) and (444.8 ± 2 4 .5  nmoles/mg protein) levels were measured in pieces 
of liver taken prior to removal of the whole organ from the anaesthetised animals. 
The labels stand for the following: R = Ringer solution; P = lOmM paracetamol; 
E = ethionine.
* Means statistically different from control group, P<0.05.
+  Means statistically different from paracetamol group, P<0.05.
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4.6.2. Effect of adenine on paracetamol injury:

Adenine has often been used as a source of ATP [Villa-Trevino et al. 1963] to 

counteract cell injury. O.lmM adenine was added to the incubation system either 

from T0-T120, T120-T360 or Tq-Tj^o with exposure to lOmM paracetamol from Tq- 

T120 (fig- 4.6.2.). However, O.lmM adenine does not have any significant effect 

on paracetamol injury at Tĝ g. Paracetamol injury is neither increased nor 

decreased. This suggests that paracetamol injury is either independent of ATP 

levels or, that the ATP synthesising pathways are so badly damaged that ATP can 

no longer be produced in any circumstance i.e. mitochondrial injury.

4.6.3. Effect of O.lmM adenine on 20mM fructose-induced ATP depletion and 

protection:

O.lmM adenine is found to reverse 20mM fructose-induced ATP depletion (fig. 

4.6.3a.) in control slices over a 240min incubation. This result differs from that 

obtained by Curtis Morris et al. (1978) who did not observe a reversal of 

fructose-induced hepatic ATP depletion in vivo with adenosine.

Figure 4.6.3b. shows that O.lmM adenine reverses the ATP depleting 

effect of 20mM fructose following 120min exposure to lOmM paracetamol, 

without altering the protective effect of fructose.
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Figure 4 .6 .2 .

Effect of O.lmM adenine against injury m easured at 360min 

following exposure to lOmM paracetam ol from 0-120min.
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Effect o f O.lmM adenine on paracetamol injury measured at Tĵ o in slices 
previously exposed to lOmM paracetamol (0-120min). ATP and levels and 
leakage o f LDH were determined as described in General methods. Each bar 
represents mean ±  SD of 5 experiments each performed in duplicate. The bar 
labels represent the following; a =  Control slices; b=  lOmM paracetamol-treated 
slices.
* P < 0 .0 5  as compared with control group.
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Figure 4.6.3a.

Reversai by O.lmM adenine of ATP depletion induced by 20mM 

fructose in liver slices.
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Reversal by O.lmM adenine of the ATP depleting effect of 20mM fructose in 
liver slices. ATP and levels and leakage of LDH were determined as 
described in General methods. Each bar represents the mean ± SD of 5 
experiments each performed in duplicate.
* P<0.05 as compared with control group.
+ P<0.05 as compared with fructose group.
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Figure 4 .6 .3b .

Protective effect of O.lmM adenine/20mM fructose in the 

incubation system following 120min exposure to lOmM paracetamol.
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Effect of 0. ImM adenine on protection by 20mM fructose added to the incubation 
system following 120min exposure to lOmM paracetamol in liver slices. ATP and 

levels and leakage of LDH were determined as described in General methods. 
The results are the means of one experiment performed in duplicate. The labels 
stand for the following: C = control; P = lOmM pcU'acetamol (0-120min); F = 
20mM fructose (120-360min); A = O.lmM adenine (120-360min).
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4.7 . The effect o f glucose in Ringer solution on paracetamol iniury in rat liver

slices:

The effect of the inclusion of lOmM glucose in normal 100/100 Ringer solution 

was investigated. Experiments were conducted using liver slices from 

phenobarbitone-induced rats and non-induced rats. Slices were incubated in Ringer 

solution with and without the inclusion of lOmM glucose and the effect of this on 

paracetamol injury was investigated.

Figure 4.7a. suggests that the absence of glucose in the Ringer solution 

increases paracetamol injury in the second phase of incubation (T120-T360) in liver 

slices obtained from phenobarbitone-induced rats. Although only one experiment 

was performed, a clear difference in paracetamol injury in slices incubated in 

Ringer solution and glucose-free Ringer solution can be observed. There is a 

marked increase in LDH leakage in paracetamol-treated slices incubated in 

glucose-free Ringer, and there also appears to be a faster drop in ATP and 

levels in this experiment.

A similar result is obtained using liver slices obtained from non-induced 

rats. Although there is a significant drop (P<0.05) in ATP levels following 

exposure to lOmM paracetamol (T0-T120) in liver slices incubated in Ringer 

solution, there is no observable rise in leakage of or LDH. However, in non- 

induced liver slices incubated in glucose-free Ringer solution there is significant 

leakage in and LDH (P<0.05) at Tĝ o following exposure to lOmM 

paracetamol. These liver slices appear to lose ATP at a much faster rate, and at 

T180 a significant drop in ATP levels can be observed in paracetamol-treated slices
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Figure 4.7a.

The effect of lOmM glucose in Ringer solution on lOmM paracetamol

injury in phenobarbitone-induced rat liver slices.
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The effect of lOmM glucose in Ringer solution in the second phase of incubation 
(120-360min) in slices previously exposed to lOmM paracetamol (0-120min). ATP 
and levels and leakage of LDH were determined as described in General 
methods. Each value is the mean of duplicate samples taken from one experiment.
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Figure 4.7b.

The effect of lOniM glucose in Ringer solution on lOmM paracetamol

injury in non-induced rat liver slices.
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The effect o f lOmM glucose in Ringer solution in the second phase of incubation 
(120-360min) in non-induced rat liver slices previously exposed to lOmM 
paracetamol (0-120min). ATP and levels and leakage o f LDH were 
determined as described in General methods. Each bar represents the mean ±  SD  
of 3 experiments each performed in duplicate assays.
* ? < 0 .0 5  as compared with control group.
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(P<0.05) incubated in glucose-free Ringer solution. These results suggest that 

lOmM glucose in Ringer solution may elicit a protective effect, may be via the 

formation of glycolytic ATP, and that exclusion of lOmM glucose from the 

Ringer solution leaves the liver slice even more vulnerable to the hepatotoxic 

effect of lOmM paracetamol.

4.7.1. Fructose and methionine reverse paracetamol injury in different incubation 

conditions:

Figure 4.7. la. shows that phenobarbitone-induced rat liver slices are quite clearly 

protected at Tĝ g following exposure to lOmM paracetamol (T0-T120) when 2mM 

methionine is added to the incubation system from Tq-Tjjo. This is probably via 

the formation of endogenous GSH. However, exclusion of lOmM glucose from 

the Ringer solution removes this protective effect. There is marked leakage of 

and LDH in paracetamol-treated slices incubated in glucose-free Ringer solution 

in the presence and absence of 2mM methionine. Figure 4.7.1b. shows that 

lOmM fructose (T120-T360) protects at Tĝ o in glucose-free Ringer solution 

following exposure to lOmM paracetamol both in the presence and absence of 

2mM methionine(To-Ti2o). The paracetamol-treated slices protected with lOmM 

fructose (T120-T360) have high ATP and levels and little loss of LDH.

Figure 4.7.1c. shows that 2mM methionine (T0-T120) does not reverse the 

injury induced by lOmM paracetamol (T0-T120) at T360 in non-induced rat liver 

slices incubated in glucose-free Ringer solution. However, lOmM fructose (T120- 

T360) is found to protect.
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Figure 4 .7 .1a .

2mM methionine (0-120min) does not protect at in glucose-free 

Ringer solution following exposure to lOmM paracetamol (0-120min).
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2mM methionine does not protect at in phenobarbitone-induced rat liver slices 
previously exposed to lOmM paracetamol (0-120min) when incubated in glucose- 
free Ringer glucose. ATP and levels and leakage of LDH were determined as 
described in General methods. Each bar represents the mean of duplicate samples 
taken from 1 experiment. The bar labels represent the following: a = control 
slices; b = lOmM paracetamol-treated slices.
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Figure 4 .7 .1b .

lOuiM fructose protection against injury measured at following 

exposure to lOmM paracetamol (0-120min) in slices incubated in 

glucose-free Ringer solution.
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Protective effect of lOmM fructose in the second phase of incubation (120- 
360min) in slices previously exposed to lOmM paracetamol (0-120min). ATP and 

levels and leakage of LDH were determined as described in General methods. 
Each bar represents the mean of duplicate samples taken from 1 experiment. The 
bar labels represent the following: a=  control slices; b = 10mM paracetamol- 
treated slices.
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Figure 4 .7 .1c .

lOmM fructose protection against injury in non-induced rat liver 

slices incubated in glucose-free Ringer solution.
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Protective effect of lOmM fructose in the second stage of incubation (120-360) 
in non-induced rat liver slices previously exposed to lOmM paracetamol (0- 
120min). ATP and levels and leakage of LDH were determined as described 
in General methods. Each bar represents the mean of 3 experiments each 
preformed in duplicate. The bar labels represent the following: a = control slices; 
b = lOmM paracetamol-treated slices. 2mM methionine was added from 0- 
120min.
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4 .8 . Discussion:

In order to study the late effects of paracetamol injury it is important to separate 

the early stages in which paracetamol is metabolised from the late events of cell 

injury during which cells run down as a consequence of the primary attack. 

Previous studies have demonstrated the ability of the electron acceptor 2,6- 

dichlorophenol indophenol (DCPIP), ethanol and fructose to protect against 

paracetamol in the second phase of incubation after metabolism is ended 

[Mourelle et al. 1990,1991]. These agents were shown to be able to prevent late 

leakage of enzyme (LDH), loss of potassium (K^) and the increase in water 

content of the slices briefly exposed to high concentrations of paracetamol 

[Mourelle et al. 1990,1991]. These results suggest that a change in intracellular 

redox balance or else the provision of glycolytic substrates to increase energy 

supplies may be an alternative mode of cell protection. Such effects would help 

to counter the early and direct change that paracetamol elicits in the membrane 

potential of mitochondria [Nazareth et al. 1991]. In the event of a major 

impairment of mitochondrial function, leading to a fall in cellular ATP levels, 

such measures to increase ADP phosphorylation would be expected to protect 

[Anundi & De Groot 1989]. The finding that 20mM fructose 1,6-diphosphate, a 

phosphorylated intermediate of glycolysis, also protects lends some support to the 

hypothesis that cell protection is based on ATP synthesis (fig. 4.3.5.). However, 

if the progression of cell injury is due to an ATP-requiring active biochemical 

process designed to breakdown cell components and give rise to cell death, and 

this process is initiated by early events of paracetamol injury, then taking
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measures to replenish cellular ATP levels could have disastrous consequences for 

an already compromised system. Such a process could be glutathione disulfide 

(GSSG) extrusion from cells [Silva et al. 1991]. Silva et al. (1991) showed that 

nitrofurantoin-induced futile redox cycling and resultant oxygen activation leads 

to the formation of GSSG from GSH in isolated rat hepatocytes. At cytotoxic 

concentrations of nitrofurantoin, GSSG is not reduced back to GSH but is 

exported from the cell resulting in GSH depletion. Incubation of hepatocytes with 

ATP-depleting levels of fructose results in protection against nitrofurantoin- 

induced injury. In fact protection requires a sustained ATP depletion to 20% of 

control levels for the duration of incubation [Silva et al. 1991]. GSSG is retained 

enabling NADPH and glutathione-reductase to reduce the GSSG back to GSH, 

thereby protecting the cell from nitrofurantoin-induced oxidative stress. High 

concentrations of fructose have also been shown to inhibit ATP-dependent 

synthetic reactions such as RNA and protein synthesis in vivo [Bode et al. 1973]. 

Figure 4.2. shows how rat liver slices respond to different concentrations of 

fructose. This dose response is similar to the response observed by others [Silva 

et al. 1991]. lOmM fructose causes an early depletion of ATP levels followed by 

recovery whereas 20mM fructose causes a rapid and sustained depletion of ATP 

levels. This may be due to the biphasic effect of increasing fructose concentrations 

on cellular ATP levels [Cannon et al. 1991]. However, a profound protective 

effect against paracetamol injury with both lOmM and 20mM fructose is observed 

[figs. 4.3.1a. and 4.3.1b.).

The effect of high concentrations of fructose on the liver has been studied 

and discussed intensively [Bode et al. 1973; Raivio et al. 1969; Woods et al.
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1970]. The rapid reaction of fructose with ATP causes a decrease in both ATP 

and Pi levels. Both ATP and Pi levels are essential in stabilising AMP levels and 

therefore total adenine nucleotide levels [Van Den Berghe et al. 1980].

It is highly probable that the intermediate formation of fructose via L-iditol 

dehydrogenase [Bode et al. 1973], is responsible for the protective action of 

sorbitol (figs. 4.3.4a. and 4.3.4b.). The protective effect of fructose has been 

attributed to an ability to provide glycolytic ATP [Anundi & De Groot 1989; 

Anundi et al. 1987] and, conversely, to its ability to deplete ATP levels [Silva et 

al. 1991]. However,20mM fructose depleted ATP levels and protected (fig. 

4.3.1b. and table 4.3.) and lOmM fructose did not deplete ATP levels and still 

protected (fig. 4.3.1a. and table 4.3.). 20mM fructose 1,6-diphosphate also 

maintained high ATP levels in all slices (fig. 4.3.5.). One explanation may be that 

fructose is helping to compartmentalise ATP production. Although anaerobic ATP 

production may only provide approximately 20% of that required by aerobic 

tissue, ATP produced glycolytically in the cytosol may be used primarily for 

membrane functions such as Na^/K^-ATPase, facilitating the survival of the cells 

[Balaban & Bader 1984]. The fact that 20mM fructose can protect against 20/xM 

antimycin A injury (fig.4.4.) for up to 240min would seem to indicate that hepatic 

cells can survive for a time on glycolytic ATP production alone. Two different 

inhibitors of the glycolytic pathway, NaF and iodoacetate, were used to examine 

the importance of glycolysis during cell protection. These inhibitors block fructose 

entry into glycolysis at different levels. NaF produces an accumulation of 3- 

phosphoglycerate and 2-phosphoglycerate while iodoacetate causes an 

accumulation of fructose 1,6-diphosphate [Lehninger 1975]. Both inhibitors have
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in common their ability to reduce glycolytic ATP production, however, with 

iodoacetate NADH generation during glycolysis is also blocked [Lehninger 1975]. 

Iodoacetate, the earlier inhibitor of glycolysis, was seen to reverse the protective 

action of lOmM fructose against paracetamol injury (table 4.3.6b.). However, 

lOfiM iodoacetate also significantly reduced ATP levels in control slices, 

suggesting that 10/iM iodoacetate may be toxic itself. However, ImM NaF did 

not reverse the protective action of 20mM fructose against paracetamol injury 

(table 4.3.6a.). The later inhibition of NaF may allow production of one molecule 

of glycolytic ATP for each molecule of fructose. Even this may be sufficient for 

cell protection. The fact that both control and paracetamol-treated slices contain 

such low ATP levels in the presence of NaF and 20mM fructose suggests that all 

the cells in the liver slices have low ATP levels as differences between periportal 

and centrilobular regions would almost certainly be impossible. It also shows that 

cells can survive and remain viable despite extremely depleted ATP levels.

The effect of increasing glucose concentrations in the Ringer solution from 

T120-T360 was investigated (table 4.5a.). Liver does not glycolyze at high rates, 

except when in anoxia or when given a large excess of glucose [Hers & Hue 

1983]. The existence of an enzyme with properties now known to apply to 

glucokinase was first suggested when liver slices were shown to phosphorylate 

glucose at a rate that depended on the concentration of glucose in the medium 

[Cahill et al. 1958; Pollard-Knight & Comish-Bowden 1982]. Cahill et al. (1958) 

showed a dose dependent relationship between glucose concentration in the 

medium and liver slice uptake between lOmM and 50mM glucose. They also 

showed a concomitant increase in glucose carbon recovered in CO2 , glycogen and
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fatty acids in control rat liver slices. The combined glycolytic pathway and citric 

acid cycle become saturated in their ability to metabolise glucose, and the surplus 

of glucose utilised is accounted for as glycogen [Cahill et al. 1958]. This 

suggested that the enzyme responsible for the reaction should have a for 

glucose around normal blood glucose concentrations (5mM). This observation led 

to the discovery of rat liver glucokinase (ATP: D-glucose 6-phosphotransferase, 

EC 2.7.1.2.). The liver content for hexokinase is very low, and the major enzyme 

for glucose phosphorylation is glucokinase [Katz & McGarry 1984]. Glucose is 

phosphorylated to glucose 6-phosphate which is then either deposited as glycogen 

or enters the glycolytic pathway. Some futile cycling between glucokinase and 

glucose 6-phosphatase occurs, however this does not prevent large amounts of 

glucose 6-phosphate from being deposited as glycogen [Hers & Hue 1983]. The 

Kn, for glucose was reported to be — lOmM, but a more recent value, obtained 

with a highly purified rat liver enzyme, was — 5mM [Katz & McGarry 1984]. In 

contrast with muscle and adipose cells, which are normally impermeable to 

glucose and require insulin for enhancement of its transport, the liver cell is freely 

permeable to the inward and outward flow of glucose [Weinhouse 1976]. 

However, glucose utilisation in the liver appears to be a unique process. 

Investigators studying glycogen deposition in the fasted-refed rat have noted that 

in contrast to whole animal models, the rate of glycogen deposition in in vitro 

systems i.e. isolated perfused rat liver model, is considerably lower with glucose 

than with gluconeogenic substrates e.g. fructose, alanine. This apparent 

discrepancy between glucose metabolism in intact and reduced systems has been 

termed the glucose paradox [Katz & McGarry 1984], and these observations have
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led to the concept that glucose is a poor substrate for hepatic metabolism relative

to gluconeogenic substrates [Brass et al. 1992]. It also has been suggested that

zonation exists in hepatocellular metabolism, specifically in glucose utilisation,

with centrilobular hepatocytes in perfused livers from fasted, phenobarbitol-treated

rats consuming gluconeogenic substrates predominantly and periportal hepatocytes

utilising glucose to synthesise and supply these gluconeogenic substrates [Anundi

et al. 1987]. However, this was shown to be oxygen dependent and retrograde

perfusion reversed these findings [Anundi et al. 1987], probably negating a role

in liver slices. If the difference between glucose and fructose metabolism is

related to differences in the of glucokinase (the dominant glucose

phosphorylating enzyme in liver) and fructokinase, then at 50mM glucose, 5 - 1 0

times the reported K̂ ,, some protection would be expected. In the present study

no amelioration of paracetamol injury was observed using glucose. In the light of

the differences already known between glucose and fructose metabolism, this is

not unexpected. In addition to being an alternative glycolytic substrate, fructose

appears to have a variety of other metabolic effects. Fructose appears to alter

purine metabolism and to influence glycogen synthesis and gluconeogenesis as

well as depleting ATP and Pj [Brass et al. 1992]. It is unclear to what extent the

amelioration of hypoxic liver injury by fructose reflects its role as an alternate

readily available glycolytic substrate and to what extent fructose may be acting

indirectly through metabolic regulation of the glycolytic pathway [Brass et al.
y

1992]. However, these results do suggest that g^olytic ATP production, although 

important, may not be sufficient to protect against paracetamol injury in liver 

slices.
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Other reports have suggested that fructose may exert its protective effect 

in cells via other means. Fructose was found to counteract the loss of 

mitochondrial transmembrane potential in hepatocytes treated with either MPTP 

or MPP^ [Wu et al. 1990]. Fructose protection against alloxan cytotoxicity has 

been suggested to occur via possible hydroxyl radical scavenging capabilities, 

similar to mannitol [Silva et al. 1991]. Mannitol and the relatively non- 

metabolisable carbohydrate, sucrose, are investigated. However, neither mannitol 

nor sucrose at the concentrations stated in table 4.5b. are observed to have any 

protective action against paracetamol injury. Although this evidence would seem 

to negate any role for fructose in countering oxidative stress or as a molecule 

cabable of stablising membranes during injury, it may add credence to the 

hypothesis that a molecule such as fructose which undoubtedly has several sites 

of action is required to protect against cell injury. Mannitol, sucrose and even 

glucose may be limited by their lack of versatility in comparison with fructose.

Judah et al. (1966) used adenosine to reverse ATP depletion in rat liver 

slices induced by ethionine. In this study, adenine is used because Villa-Trevino 

et al. (1963) obtained more reliable results with this precursor of ATP. O.lmM 

adenine reversed the ATP and subsequent depletion caused by lOmM 

ethionine (Figs. 4.6a. and 4.6b.). The efficacy of adenine in counteracting the 

drop in ATP levels would appear to be due to its rapid conversion to ATP, 

presumably via the adenylate pyrophosphorylase and kinase leading to ADP and 

the phosphorylation of this ADP to ATP through oxidative phosphorylation 

[Farber et al. 1964]. Table 4.6. shows that adenine is effective not only when 

administered from Tq with ethionine but also when administered at subsequent
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time-points, by which time ethionine has already exerted a significant effect. 

O.lmM adenine is also observed to reverse the ATP depletion caused by 20mM 

fructose (fig. 4.6.3a.), probably via the pyrophosphorylase salvage pathway also. 

However, O.lmM adenine is not observed to protect on its own against 

paracetamol injury in liver slices (fig. 4.6.2.). This is probably due to an effect 

on mitochondrial function [Nazareth et al. 1991] inhibiting oxidative 

phosphorylation of any ADP generated via a salvage pathway. However, adenine 

does reverse the ATP depletion in paracetamol-treated slices in the presence of 

20mM fructose (fig. 4.6.3b.). This finding adds weight to the argument that cell 

protection by fructose is independent of high or low ATP levels.

Figures 4.7a. and 4.7b. suggest that the lOmM glucose normally added to 

the Ringer solution has a profound effect on the progression of paracetamol 

injury. Glucose-free Ringer solution greatly increases paracetamol injury in liver 

slices taken from phenobarbitone-induced rats and non-induced rats. This suggests 

that lOmM glucose may provide some endogenous protection that phenobarbitone 

induction overcomes. This may be due to some glycolytic ATP production and 

glycogen deposition in these slices [Cahill etal. 1958]. Although 2mM methionine 

(T0-T120) protects against paracetamol injury in liver slices incubated in Ringer 

solution containing lOmM glucose, it fails to protect in liver slices incubated in 

glucose-free Ringer solution (fig. 4.7.1a.). This suggests that methionine on its 

own will not protect against paracetamol injury in this circumstance. It also 

requires lOmM glucose, presumably a source of energy production. However, 

lOmM fructose (T120-T360) can protect against paracetamol injury in liver slices 

taken from phenobarbitone-induced and non-induced rats when incubated in
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glucose-free Ringer solution (figs. 4.7.1b. and 4 .7 .1c .). This protection is

independent o f  2mM methionine (fig. 4 .7 .1c.).

Although aerobic cells require ATP production in order to maintain 

viability, the observations shown here indicate that cell protection following toxic 

insult can occur independent of high or low ATP levels. The fact that fructose 

protects in vitro is of special interest. At first it would appear that fructose is 

solely a substrate for glycolysis [Anundi et al. 1987; Mourelle et al. 1991]. 

However, it is highly probable that fructose may have many points of protective 

action. These may include ATP depletion [Silva et al. 1991] and counteraction of 

the loss of mitochondrial transmembrane potential [Wu et al. 1990]. The necessity 

to protect against cell injury at several points has been exemplified by Imberti et 

al. (1993). They used fructose, cyclosporin A and trifluoperazine to protect 

against f-butylhydroperoxide injury in isolated rat hepatocytes. Both cyclosporin 

A and trifluoperazine appear to inhibit the loss of mitochondrial permeability 

control while fructose acts as a substrate for glycolysis [Imberti et al. 1993]. 

Unraveling the mechanism of fructose protection in vitro may provide a clearer 

picture of the sequence of events which occur during the progression of cell injury 

leading to cell death.
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Chapter 5; Correlation between energy status and progression of 

paracetamol-induced iniurv in vivo

5.1. Introduction:

The time course of paracetamol injury in vivo has been intensively studied 

[Mitchell et al. 19731,IV; follow et al. 1973II; Potter et al. 1973III]. This time 

course suggests that the following chronology of events takes place after overdose 

with paracetamol: overload of glucuronidation and sulfation pathways of 

metabolism, excessive formation of a postulated reactive metabolite via 

cytochrome P-450, depletion of glutathione (GSH) and glycogen levels, and 

covalent binding of reactive metabolites to cellular macromolecules. This precedes 

a latent period of several hours before the onset of centrilobular necrosis and liver 

failure [Prescott 1984].

Many recent reports indicate that paracetamol and its metabolites may 

cause mitochondrial dysfunction during the initiation and progression of cell injury 

in vitro [Burcham & Harman 1989,1990; Nazareth et al. 1991]. The importance 

of this finding in the in vivo situation is not known. This study examines whether 

or not energy status plays a significant role in the progression of paracetamol- 

induced injury in vivo. In conjunction with the biochemical measurements used 

in this study, ^̂ P nmr spectra were collected to study the hepatic metabolic status 

of rats following paracetamol overdose. Spectra collected from paracetamol- 

treated rats were compared to spectra collected after treatment with 2,4- 

dinitrophenol (DNP).
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5.2 . Methods:

Male Wistar rats were housed in groups of 2 or 4 (table 5.2.) in the laboratory 

for the duration of this study. All rats were phenobarbitone-induced and had free 

access to food and water. Following injection the rats were quickly returned to 

their respective cages. Paracetamol-treated rats received i.p. injections of 

800mg/kg paracetamol dissolved in 50% isotonic saline/50 % deionised water. 

Vehicle controls received similar volumes of 50% isotonic saline/50 % deionised 

water. Following injection the rats were taken off phenobarbitone and placed on 

ordinary tap water. At the time points indicated (table 5.2.) the designated groups 

of rats were anaesthetised. After abdominal incision pieces of liver were quickly 

taken for estimation of adenine nucleotide levels (ATP, ADP and AMP), 

levels and water content/tissue dry weight as described in General methods. Blood 

samples were obtained via exsanguination and stored in ice-cold heparinised tubes 

to be spun down later to obtain plasma. Then the livers were removed, examined 

and scored for visible evidence of cell injury (pale accentuated lobular markings 

(PALM)). Liver slices (5mm thick) were taken and fixed in neutral buffered 

formalin for histological examination. Enzyme assays for lactate dehydrogenase 

(LDH), isocitrate dehydrogenase (ICD) and alanine aminotransferase (ALT) were 

performed as described in General methods.

^̂ P nmr spectra were collected as described in General methods. As 

exposure of the liver causes a TC  drop in body temperature [Sandhu etal. 1991], 

different sets of rats were used for ‘̂P nmr studies from those used for 

biochemical measurements, at the time points indicated in the figures.
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Table 5.2.
Number of rats in each group for in vivo study.

no. rats/group

Time (hr) Vehicle control 800mg/kg 
paracetamol i.p.

0 4 -

3 2 4

6 2 4

12 2 4

18 2 4

24 2 4

36 2 4

48 2 4

72 2 4

96 2 3*

168 2 2

Male Wistar rats were housed in groups of 2 or 4 in the laboratory for the duration 
of the study. Paracetamol-treated rats received i.p. injections of 800mg/kg 
paracetamol which was dissolved in 50% isotonic saline/50 % deionised water. 
Vehicle controls received similar volumes of 50% isotonic saline/50 % deionised 
water. The rats were placed in cages labelled with the designated time points. 
Samples for biochemical analyses were taken as described in the methods above.
* One rat died during experimental procedure.
*Rats used in sections 5.5. and 5.5.1. were not induced with phenobarbitone.

* Where n=4 or n=3 the results are presented as mean ±  SD. Where n=2 i.e.

2 animals in group, the results are presented as mean and range.
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5.3 . Changes in adenine nucleotide levels following i.p. injection o f  800mg/kg

paracetamol:

Figures 5.3a. and 5.3b. show the changes in adenine nucleotide levels in vehicle 

control and paracetamol-treated rats in vivo. A drop in ATP levels is observed in 

both the vehicle control and the paracetamol-treated rats at 3hr post-injection. The 

ATP levels in the vehicle control group recovered by 12hr. However, there is a 

sustained depletion in ATP levels in the paracetamol-treated group. By six hours 

post-injection there is a significant drop in ATP levels (P<0.05) when compared 

to the vehicle control group. This drop is still significant at 36hr. From 48hr to 

168hr a full recovery in ATP levels is observed.

A significant drop (P<0.05) in ADP levels is also observed in 

paracetamol-treated groups from 0 to 36hr. However, at 48hr a large increase in 

ADP levels is observed. These levels are significantly greater (P <  0.1) than levels 

observed in the vehicle control group at this time-point. From 96hr onwards ADP 

levels are observed to return to vehicle control levels.

Following a small transient increase observed at 3hr post-injection in 

comparison with the vehicle control group, a drop in AMP levels is observed in 

the paracetamol-treated group. This drop is significant at 12hr, 24hr and 36hr 

post-injection (P<0.05). From 48hr onwards a recovery in AMP levels is 

observed.

Figure 5.3b. shows that there is a significant depletion in adenine 

nucleotide levels from 6hr to 36hr (P<0.05). Recovery in adenine nucleotide 

levels is observed from 48hr onwards.
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Figure 5.3a.

Changes in adenine nucleotide levels in vivo following i.p .

injection of 800m g/kg paracetamol.
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The number of rats in each group is outlined in table 5.2. Results are means ± 
SD. Adenine nucleotide levels were determined as described in General methods 
and were measured in pieces of liver quickly taken prior to removal of the whole 
organ from the anaesthetised animals.
* P<0.05 as compared with vehicle control group.
+ P<0.1  as compared with vehicle control group.
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Figure 5.3b,

Changes in total adenine nucleotide levels in vivo following

i.p. injection of 800mg/kg paracetamol.
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The number of rats in each group is outlined in table 5.2. Results are means ±  
SD. Total adenine nucleotide levels were obtained from the sum of ATP, ADP 
and AMP levels. Adenine nucleotide levels were determined as described in 
General methods and were measured in pieces of liver quickly taken prior to 
removal of the whole organ from the anaesthetised animals.
* P<0.05 as compared with vehicle control group.
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5 .3 .1 . Changes in adenine nucleotide ratios and energy charge levels:

Figure 5.3.1. shows the changes in adenine nucleotide ratios and energy charge 

levels in vehicle control and paracetamol-treated rats in vivo. A significant drop 

in ATP/ADP ratios is observed at 48hr in paracetamol-treated rats. This coincides 

with the previously observed increases in ADP levels at 48hr. However, 

ATP/ADP ratios return to normal by 96hr.

A significant drop in ATP/AMP ratios is only observed at 3hr post

injection (P<0.05). Although the drop is not significant from 6 hr onwards, 

ATP/AMP ratios are lower in paracetamol-treated than vehicle control groups for 

the remainder of the study.

Energy charge levels drop significantly in paracetamol-treated groups at 

3hr post-injection (P<0.05). From 6 hr to 24hr energy charge levels are lower 

than levels found in vehicle control groups although not significantly. At 36hr 

both groups have similar energy charge levels. However, probably due to the 

observed increases in ADP levels at 48hr, a signiHcant decrease (P<0.05) in 

energy charge levels is observed at 48hr and at 72hr in paracetamol-treated groups 

when in comparison with the vehicle control groups. From 96hr to 168hr energy 

charge levels recover to vehicle control levels.
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Figure 5.3.1.

Changes in adenine nucleotide ratios and energy charge

levels in vivo following i.p. injection of 800mg/kg paracetamol.
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The number of rats in each group is outlined in table 5.2. Results are means ±  
SD. Adenine nucleotide levels were determined as described in General methods 
and were measured in pieces of liver quickly taken prior to removal of the whole 
organ from the anaesthetised animals.
* P<0.05 as compared with vehicle control group.
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5.4 . Injury measured in the liver following i.p. injection o f 80Qmg/kg

paracetamol:

The changes observed in adenine nucleotide levels in vivo in the first 12hr post

injection precedes injury as observed by biochemical measurements. Figure 5.4a. 

shows the time course for plasma enzyme activity in the paracetamol-treated 

groups as compared to the vehicle controls. Alanine aminotransferase (ALT) 

activity in the plasma is significantly increased (P<0.05) at 12hr, and this rise 

continues until 36hr. From 48hr onwards ALT activity falls, and at 72hr ALT 

activity in paracetamol-treated groups have returned to vehicle control levels. 

Lactate dehydrogenase (LDH) activity is observed to increase at 18hr and 24hr. 

Marked increases are observed at 36hr and 48hr. At 72hr, LDH activity has 

returned to vehicle control levels. A similar time course is observed with 

isocitrate dehydrogenase (ICD) activity. ICD activity in the plasma is increased 

at 12hr, and is observed to continue to significantly increase until 36hr. From 

36hr onwards, ICD activity in the plasma falls and by 72hr has returned to vehicle 

control levels.

A significant increase in water content/tissue dry weight is observed at 

12hr in paracetamol-treated groups (fig. 5.4b.). Water content/tissue dry weight 

continues to increase until 36hr, after which it is observed to decrease. However, 

levels in paracetamol-treated groups are only observed to return to vehicle control 

levels by 168hr. The increases in water content/tissue dry weight coincide with 

100% pale accentuated lobular markings (PALM) in all paracetamol-treated livers 

examined at 24hr, 36hr and 48hr (fig. 5.4c.). At 72hr 50% PALM, at 96hr 30%
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Figure 5.4a.

Plasma enzyme activity in vivo following i.p . ipjection of

800mg/kg paracetamol.
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The number of rats in each group is outlined in table 5.2. Results are means ±  
SD. Enzyme activities were measured as described in General methods.
* ?<0 .05  as compared with vehicle control group.
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Figure 5.4b.

W ater content/tissue dry weight in vivo following i.p . ipjection of

800m g/kg paracetamol.
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The number of rats in each group are outlined in table 5.2. Results are means ± 
SD. Water content/tissue dry weight was determined as described in General 
methods and was measured in pieces of liver quickly taken prior to removal of the 
whole organ from the anaesthetised animals.
* P<0.05 as compared with vehicle control group.
+ P<0.1 as compared with vehicle control group.
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Figure 5.4c.

%PALM observed in vivo following i.p . injection o f 800m g/kg

paracetamol.
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The number of rats in each group is outlined in table 5.2. Results are means ±  
SD. Pale accentuated lobular markings (PALM) as a score of visible evidence of 
cell injury were noted after removal of the whole organ from the anaesthetised 
animal.

156



Figure 5.4d.

levels in vivo after i.p . injection of 800m g/kg paracetamol.
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The number of rats in each group are outlined in table 5.2, Results are means ±  
SD. levels were determined as described in General methods and were 
measured in pieces of liver quickly taken prior to removal of the whole organ 
from the anaesthetised animals.
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PALM and at 168hr 0% PALM is observed. However, despite the obvious injury 

induced by 800mg/kg paracetamol i.p., there is no significant effect on in vivo 

levels for the duration of the study (fig. 5.4d.).

5.5. A ^̂ P nmr liver spectrum:

A method of acquiring reproducible liver spectra was required. Figure 5.5. 

compares a spectrum collected from abdominal muscle (fig.5.5a.) with a liver 

spectrum collected after abdominal incision (fig. 5.5b.). An anaesthetised rat was 

laid flat on it s abdomen on the coil. A 20min spectrum was collected. Then an 

abdominal incision was made exposing the liver. The animal was laid flat so that 

the exposed liver came in contact with the coil. Another 20min spectrum was 

collected. Comparison of both spectra reveals that a pure liver spectrum contains 

no phosphocreatine, and any phosphocreatine present would indicate 

contamination from metabolites present in the abdominal muscle wall.

5.5.1. DNP-induced ATP depletion observed by ^̂ P nmr:

Figure 5.5.1. shows a control liver spectrum collected for 20min. A 5min 

spectrum collected 5min after i.v. injection with 17mg/kg DNP shows a marked 

decrease in ATP levels and a marked increase in P; and sugar phosphates (fig.

5.5.1.). This is indicative of a depletion in ATP levels in the liver due to DNP 

uncoupling oxidative phosphorylation.
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Figure 5.5.

Representative, in vivo ‘̂P nmr rat spectra collected (a) prior to abdominal 

incision, (b) after abdominal incision exposes the liver. Peak assignments: (1) 

sugar phosphates; (2) inorganic phosphate; (3) phosphodiesters (mainly 

glycerophosphocholine and glycerophosphoethanolamine) ; (4) phosphocreatine; (5) 

7 -ATP and jg-ADP; (6 ) a-ATP, a-ADP, and NAD+; and (7) ,8 -ATP.
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Figure 5 .5 .1 .

 ̂P nmr spectra collected (a) of control anaesthetised rat liver, 

(b) after i.v. injection with 17mg/kg 2,4-dinitrophenol.

(a)

-25-20-15-IB

(b)

iB"15" -25-2B-15-IB-5
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5 .5 .2 . nmr spectra o f paracetamol-induced injury:

Representative rat liver spectra, taken 6 hr and 24hr post-injection with 800mg/kg 

paracetamol, are shown in figure 5.5.2. Unlike the DNP-injury which occurs over 

a relatively short period of time, paracetamol elicits it s injury over a number of 

hours as exemplified by the biochemical measurements obtained in this study. 

Hence it is impossible to study the course of paracetamol injury in one rat liver 

which is never moved from the surface of the coil, as was possible with DNP. 

However, gross distortions in the metabolic status of the liver should be 

observable. Spectra were not obtained at the 3hr time point. Because of the poor 

condition of the rats at 6 hr, and the fact that the anaesthetic appeared to work less 

efficiently, 5min spectra were collected. Figure 5.5.2a. shows a representative 

spectrum collected at 6 hr post-injection with paracetamol which shows that the 

peaks are not very well resolved, especially between the sugar phosphates and 

inorganic phosphate. This may be due to a number of factors. First, a 5min 

collection may not yield sharp peaks. Second, the magnetic field was shimmed on 

HgO in the liver, and the rats appeared to become severely dehydrated during the 

first 36hr post-injection with paracetamol. Figure 5.5.2b. shows a 20min spectrum 

collected at 24hr. It is a highly resolved liver spectrum and appears quite normal, 

as did all spectra collected from 12hr. This indicates that any injury in vivo is not 

apparent using this technique or, that equilibration of containing compounds 

within the liver has occurred. Without an external reference with which to 

standardize the spectral peak areas [Sandhu et al. 1991], liver spectra collected 

will be based on total present in individual livers and will not furnish
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Figure 5 .5 .2 .

spectra collected (a) 6hr post-injection with 800mg/kg 

paracetamol, (b) 24hr post-injection with paracetamol.

(a)

(b)

-25-2B-15-10
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much information when in comparison with spectra collected from other livers at 

different time points.

5.6. Discussion:

Although maintenance of high intracellular glutathione levels may be crucial in 

protection against the onset of paracetamol injury [McLean & Nuttall 1978], it is 

unlikely that the mechanism of the initiation and progression of paracetamol injury 

in vivo after the initial phase of metabolism and excretion is quite so clear cut 

[Mourelle et al. 1991]. It is highly probable that paracetamol in overdose may 

have several sites of injurious action. Certain forms of injury may correlate well 

with paracetamol injury but may not be sufficient to result in irreversible cell 

injury i.e. covalent binding. These sites of injurious action may include 

interference with mitochondrial function [Nazareth et al. 1991]. Several reports 

suggest that both paracetamol itself and what appears to be a cytochrome P-450 

generated toxic metabolite may have deleterious effects on mitochondrial function 

[Esterline et al. 1989]. This suggests that some upset in mitochondrial function 

and as a result on adenine nucleotide levels may play a role in the progression of 

paracetamol injury in vivo.

In liver, as in most other tissues and organisms studied, the adenylate 

energy charge (the mole fraction of ATP plus half the mole fraction of ADP 

divided by the mole fraction of ATP plus the mole fraction of ADP plus the mole 

fraction of AMP) has been shown to be maintained at a value of approximately 

0.90 [Chapman & Atkinson 1973]. In the physiological range of the adenylate
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energy charge in liver (0.7 to 0.9) the rate of deamination of AMP catalysed by 

rat liver AMP deaminase increases sharply with decreasing energy charge. When 

liver is subjected to metabolic stress a relatively small drop in the energy charge 

is accompanied by a decrease in total levels of adenine nucleotides. It is suggested 

that this response serves to protect against sharp transient decreases in energy 

charge: when the charge decreases the resulting removal of AMP by deamination 

will oppose the decrease in charge [Chapman & Atkinson 1973]. Raivio et al. 

(1969) showed that in rats injected i.v. with fructose, the energy charge returns 

to control levels within 30min despite massive decreases in ATP levels. Unlike 

fructose phosphorylation and ATP depletion which occur within 5min of i.v. 

infusion [Raivio et al. 1969], the effect of paracetamol on adenine nucleotide 

levels, even at the high dose used in the present study, is likely to occur at a 

much slower rate over a number of hours. Despite the marked drop in hepatic 

ATP levels in the paracetamol-treated rats prior to the progression of injury, a 

corresponding drop in ADP and AMP levels is also observed resulting in 

depletion of total adenine nucleotide levels. This helps to maintain energy charge 

levels within the physiological range. As a result the lowest hepatic energy charge 

level observed in the paracetamol-treated group is 0.79 ±  0.04 observed at 6 hr 

post-injection with paracetamol as compared to 0.84 ±0.01  in the vehicle control 

group. Because paracetamol itself appears to directly interfere with mitochondrial 

function [Nazareth et al. 1991], loss of ATP would be expected throughout the 

entire liver lobule. As in the rat liver slices investigated earlier in the present 

study, such marked ATP loss could not be accounted for by loss of ATP in 

centrilobular hepatocytes alone which make up approximately 2 0 % of the entire
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liver. Histological examination of tissue slices taken at 6 hr show intact cellular 

architecture and correct H and E staining of centrilobular regions (not shown). 

Some cytoplasmic vacuolation is observed but this is not a common feature. Yet 

ATP levels are depleted to less than 50% of control levels at 6 hr. ATP levels 

continue to fall and at 18hr significant injury becomes apparent as serum enzyme 

activity increases, water content increases and PALM become visible. This shows 

that ATP depletion precedes the onset of cell injury in the in vivo situation also. 

ATP levels also exhibit a greater percentage loss than ADP or AMP levels 

preceding and during cell injury. The fact that ATP levels are expressed per mg 

protein suggests that if the ATP levels were expressed as /xmoles/g, wet weight, 

the apparent decrease in ATP levels might be even greater as the water 

content/tissue dry weight increases (fig. 5.4b.). It is also probable that loss 

would also be observed if levels were expressed as /xmoles/g, wet weight. 

Recovery from cell injury is marked by increasing ATP, ADP and AMP levels 

at 36hr. This correlates with a fall in serum enzyme activity and water 

content/tissue dry weight at 36hr although 100% PALM is still apparent up to 

48hr. One can estimate that the half life of the enzymes ALT and ICD in serum 

is approximately 18hr, by looking at their decreasing activity (fig. 5.4a.). At 

48hr ATP and AMP levels are at vehicle control levels. However, ADP levels are 

over 200% vehicle control levels in paracetamol-treated groups at 46hr. This 

gives rise to a low ATP/ADP ratio at this time point indicative of dividing cells 

[Ozawa et al. 1974]. A feature in the energy status of regenerating liver is a fall 

in the energy charge with a concomitantly increasing ADP level [Ozawa et al. 

1974]. Figure 5.3a. shows a significant increase (P<0.1) in hepatic ADP levels
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from paracetamol-treated group as compared to the vehicle control group at 48hr. 

This lowering of the ATP/ADP ratio also gives rise to a significant fall in the 

energy charge at 48hr in the paracetamol-treated group for the first time in the 

study (fig. 5.3.1.). This coincides with recovery from cell injury. However, from 

96hr ATP, ADP and AMP levels in paracetamol-treated groups have returned to 

normal as compared with levels obtained from vehicle control groups.

It is obvious from the literature that there is an extreme diversity in 

reported in vivo hepatic adenine nucleotide levels [Faupel et al. 1972]. Low 

control hepatic ATP levels may account for the fact that very small decreases in 

ATP levels in response to toxic doses of CCI4 [Sandhu et al. 1991] and ethionine 

[Smith et al. 1987] have been reported in vivo. Figure 5.3a. shows that a massive 

depletion in ATP levels in paracetamol-treated groups occurs. For instance, at 

18hr ATP levels in paracetamol-treated groups are about 30% of levels in 

comparison with vehicle control group.

It is highly probable that energy status plays a significant role in vivo in 

the progression of paracetamol injury. These results show that ATP levels per mg 

protein are drastically down by 6 hr, some 6 hr before serum enzyme leakage. It 

is still not clear whether this represents a separate pathway of effect from that due 

to the reactive metabolite. The fall in ATP levels would appear to be separate 

from paracetamol metabolism and the subsequent fall in GSH levels and covalent 

binding. Adenine nucleotide depletion precedes cell injury and recovery from cell 

injury is marked by a recovery of adenine nucleotide levels. The question remains 

whether ATP depletion plays a separate but essential part in the initiation 

andprogression of cell injury as distinct from the effects of the reactive
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metabolite. Regulation of energy levels in vivo may be of therapeutic value in 

reversing the in vivo cell injury induced by paracetamol.

Although the biochemical data conclusively shows adenine nucleotide depletion 

at 24hr following i.p. injection with 800mg/kg paracetamol (fig. 5.3b.) and a 

corresponding rise in injury as measured by plasma enzyme activity (fig. 5.4a.), 

water content/tissue dry weight (fig. 5.4b.), and PALM (fig. 5.4c.), nmr liver 

spectra obtained from paracetamol-treated animals (fig. 5.5.2.) appear quite 

normal in comparison with control liver spectra (fig. 5.5.). There maybe a 

number of reasons for the apparent ambiguity of this result. Because of the time 

course of paracetamol injury in vivo it is not possible to compare *̂P nmr spectra 

before and after injection as with DNP (fig. 5.5.1.). Although the representative 

liver spectrum collected 24hr post-injection with paracetamol appears quite 

normal, in fact it is highly probable that if it were compared on the same scale 

to a liver spectrum collected from the same animal prior to injection the 

concentrations of metabolites following paracetamol treatment would appear quite 

small. Also since paracetamol causes centrilobular necrosis, the periportal regions 

maybe relatively unaffected. Although paracetamol may reduce ATP levels in the 

cells of periportal regions due to a direct effect of paracetamol on mitochondrial 

function, these cells may still contain high enough levels of metabolites sufficient 

to dilute out any signal indicating injury in centrilobular regions and provide a 

relatively normal looking liver spectrum.
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Chapter 6: Discussion and conclusions

This study has investigated the role of energy status of rat hepatic cells during the 

progression and prevention of cell injury. In particular it has focused on the role 

of energy status in the mechanism of paracetamol-induced injury both in vitro 

using rat liver slices and in vivo. It has compared paracetamol-induced injury with 

the injury induced by 2,4-dinitrophenol, antimycin A and ethionine.

Since the work of Mitchell et al. (19731, IV) in which the covalent binding 

theory of paracetamol-induced injury was proposed, many other detailed studies 

have been devoted to the elucidation of the mechanism underlying paracetamol- 

induced injury. However, there is still much controversy over the exact nature of 

the initiation of the late irreversible stages of cell injury and death leading to 

centrilobular necrosis following paracetamol overdose. No single mechanism has 

been identified to correlate with this injury. The present study suggests that the 

progression of paracetamol injury may involve injury at two or more sites.

This study shows that ATP depletion is observed to precede the onset of 

paracetamol-induced cell injury both in vitro in rat liver slices and in vivo. In fact, 

this ATP depletion is so significant that it is unlikely that this effect can be 

attributed to ATP depletion in centrilobular hepatocytes alone. ATP depletion 

occurs very early in the onset of paracetamol-induced injury. Within 30min 

significant ATP depletion is seen in liver slices incubated in the presence of 

lOmM paracetamol (fig. 3.4.2a.) and within 6 hr in vivo following 800mg/kg 

paracetamol i.p. (fig. 5.3a.). Nazareth etal. (1991) showed that paracetamol itself 

has a direct effect on mitochondrial membrane potential. Esterline et al. (1989)
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showed interference with mitochondrial function attributed both to paracetamol 

and a cytochrome P-450 generated toxic metabolite. This study also shows that 

lOmM paracetamol induces ATP depletion even in liver slices taken from non- 

phenobarbitone induced rats without cell injury as measured by leakage of LDH 

or becoming apparent (fig. 4.7b.). Only when glucose is absent from the 

medium in which these slices are incubated does cell injury become apparent. 

This is probably due to an ATP depletion so great that the cells cannot survive in 

any case and this may differ from classic paracetamol injury. The evidence of 

these experiments allows one to say that it is probable that paracetamol in 

overdose will give rise to interference with mitochondrial function both in 

periportal and centrilobular hepatocytes. This ATP depletion, not sufficient on its 

own, is a part of a mechanism inducing irreversible cell injury. Although ATP 

depletion may occur throughout the whole liver lobule, only in centrilobular 

hepatocytes of phenobarbitone-induced rats does cell injury occur. Initiation of 

cell injury following paracetamol overdose may require NAPQI formation. This 

would occur in the centrilobular region of the phenobarbitone-treated rat [Gooding 

et al. 1978]. Both paracetamol and NAPQI together would give rise to injury at 

two or more sites resulting in the initiation of cell injury (fig. 6.1.). This study 

also shows that ATP depletion preceding the onset and progression of cell injury 

is a feature of the cell injury induced by the compounds 2,4-dinitrophenol, 

antimycin A and ethionine. However, it is probable that the mechanism of cell 

injury induced by these compounds may differ from paracetamol-induced injury.

This study also investigated the role of energy status of rat hepatic cells 

during the prevention of the late stages of irreversible cell injury in rat liver slices
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Figure 6.1.

NAPQI

Paracetamol

/Cyt P450

GSH depletion 
Covalent binding 

Other interactions? \
Initiation of cell injury

Progression

Cell death

\
Mitochondrial 

function i

A T P i

/

Scheme of events initiated by paracetamol and its reactive metabolite, NAPQI, 

leading to the onset and progression of cell injury. Paracetamol directly interferes 

with mitochondrial function giving rise to ATP depletion. In cells with high 

cytochrome P-450 (Cyt P450) activity i.e. centrilobular regions, formation of 

NAPQI gives rise to further interference with mitochondrial function, GSH 

depletion and covalent binding. The resulting injury at multiple sites is required 

for cell injury to occur.
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after toxic concentrations of paracetamol were removed from the incubation 

medium. ATP levels were manipulated with various concentrations of fructose, 

fructose plus adenine and fructose 1,6-diphosphate. If cell injury could be 

prevented by up-regulation of intracellular ATP levels then this would suggest that 

cell injury is a function of intracellular ATP levels alone. If this were true, then 

by maintaining high intracellular ATP levels cell injury could be prevented. 

However, if the progression of cell injury is due to an ATP-requiring active 

biochemical process designed to breakdown cell components initiating the late 

stages of irreversible cell death then it would be more beneficial to down-regulate 

intracellular ATP levels. High ATP levels were obtained with lOmM fructose, 

20mM fructose plus 0.1 mM adenine and 20mM fructose 1,6-diphosphate in 

control and paracetamol-treated liver slices. Low ATP levels were obtained with 

20mM fructose in control and paracetamol-treated slices. This suggests that 

prevention of cell injury is independent of ATP levels in paracetamol injury to rat 

liver slices.

Despite the fact that compounds such as fructose have been shown to 

protect against paracetamol-induced injury in vitro, no such success has yet to be 

obtained in vivo. The reason for this is not certain although it is probable that the 

in vivo situation is far more complex than the in vitro situation. It is probable that 

the correct kinetic studies with protective agents with regard to paracetamol- 

induced injury have yet to be carried out in vivo. It is also probable that a cocktail 

of different compounds may be required to counteract paracetamol-induced injury 

in vivo. Protection in vitro may require protection at a single site of paracetamol- 

induced injury. However, protection in vivo may require protection at all the
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different sites of paracetamol-induced injury. Imberti et al. (1993) used a cocktail 

containing fructose, cyclosporin A and trifluoperazine to protect against lethal 

injury induced by r-butylhydroperoxide in isolated hepatocytes. It is possible that 

a similar approach may be required in vivo to protect against paracetamol-induced 

injury.

The mechanism of paracetamol-induced injury has been found to possess 

features which more and more appear to be involved in the hepatotoxic action of 

other compounds. Therefore, paracetamol has more or less developed into a 

model compound for the study of injury mechanisms, as well as into a research 

tool for the study of the effectiveness of preventive or therapeutic agents against 

hepatotoxicity. The mechanism of paracetamol-induced injury has been shown to 

be mechanistically interesting, both as to the cytochrome P-450-mediated 

formation of reactive metabolite or metabolites and, as to the mechanism of injury 

initiation and progression. Understanding such mechanisms are critical in 

understanding similar processes induced by various other xenobiotics. The 

elucidation of a mechanism-based prevention of paracetamol-induced injury in the 

early stages of paracetamol metabolism has shown that a molecular toxicological 

approach can be successful in providing insights and tools which may be of 

importance in designing chemoprotective antidotes or in the rational design of 

safer biologically active compounds, such as drugs and pesticides, or nontoxic 

chemicals to be used for other purposes. In the case of paracetamol, this approach 

could take place along with the preservation of the desired analgesic activity.
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