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Abstract

It is of importance when studying cell injury that the models used give 

information that is applicable to in vivo use.

Paracetamol has been used as a model compound for the study of cell injury by 

many researchers (follow et. al. 1974, McLean and Nuttall 1978, Beales et. al. 

1985, Shen et. al. 1992). The initial phase of toxicity with absorption and 

activation of paracetamol to a reactive metabolite is well imderstood and therapies 

for treating overdose during this phase are well established.

The later progression of cell injury has yet to be fully elucidated and therefore no 

successful treatment is available.

Many models for examining cell injury and protection use in vitro models that 

produce cell death in a short time and do not correlate well with events found in 

vivo. Many compounds have been shown to protect in the in vitro system after the 

initiation stage, but when tried in vivo do not offer any protection.

Using an in vitro liver slice model I have shown that many compounds e.g. 

glycerol, fructose, diphenyl para phenylene diamine (DPPD) and ethanol, will 

prevent paracetamol injury in the short term i.e. up to 6 hours. But when the 

incubation time is extended to 18 hours we do not see any protection. The 

concentration of paracetamol used is lOmM, this is in the concentration range 

found in the plasma following an i.p. dose of Ig/Kg in vivo. So although, the



concentration of paracetamol is similar in each model the time course of injury in 

the in vitro system is much shorter with significant leakage of enzymes by 6 hours, 

where as in vivo enzyme leakage is not apparent until around 12 hours.

I have therefore developed a model which is comparable to the time course of 

injury in the in vivo situation. Paracetamol Ig/Kg i.p. is given to initiate injury in 

vivo, then several hours later liver slices are taken and incubated in an in vitro 

system for up to 18 hours. In this system the compounds that protected against 

paracetamol injury in the 6 hour in vitro model, showed no protective effects.

Cell injury from paracetamol cannot be prevented by a single compound as in the 

short term in vitro model. But using paracetamol and carbon tetrachloride as 

models for liver cell injury, I have shown that in my new model of in vivo 

initiation and in vitro progression, the combination of fructose, cyclosporin A and 

trifluoperazine (FCAT) does offer protection in the late stage of injury, as 

measured by lactate dehydrogenase leakage and potassium content of the slice. 

This combination also maintains the mitochondrial membrane potential.

Ultimately one would hope that the results found in any in vitro model would help 

in devising a system of protection in vivo.

I have found that in vivo, glycerol does not protect against paracetamol injury. 

Neither does ibuprofen or dexamethasone which was shown by Horton and Wood 

(1989) to protect against late paracetamol injury in vivo.

Protection was found in vivo in one experiment using rats dosed with paracetamol 

Ig/Kg i.p. then given a combination of fructose (5g/Kg), cyclosporin A (20mg/Kg) 

and trifluoperazine (80mg/Kg) (FCAT) orally either 3 hours or 3 and 8 hours post

II



the paracetamol dose. A reduction in the alanine transaminase levels in the plasma 

at 24 hours was found, although in a second experiment there was no significant 

difference between the groups.

To try and establish the mechanisms by which these agents are working, I have 

looked at other compounds which either have been shown to act in the same way or 

do not act at a particular point.

I have replaced fructose with glycerol which can also enter glycolysis as a 

potential source of ATP. Cyclosporin A was replaced with FK506 another 

immunosuppressant which lacks the mitochondrial effect on the pore of the inner 

membrane. Trifluoperazine was replaced with a variety of phenothiazines to see if 

there were similar effects.

My results would indicate that protection from cell injury by xenobiotics such as 

paracetamol will require a combination of compounds targeting different sites of 

injury. No one compound is likely to prevent the progression of cell injury.

My in vivo /  in vitro model may help in devising such a combination, this model 

shows a progression of injury from paracetamol, similar to the time course of 

injury in vivo. By using a model that shows a similar response in vivo, one can 

improve the protection combination without using large numbers of animals.
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CHAPTER 1: INTRODUCTION

1.0 Aim

The aims of this project are:

• To find a better in vitro model for examining hepatotoxicity and protection, 

which will predict events in vivo.

• To establish which events in the progression of cell injury are critical to the 

survival of the cell.

• To block the progression of injury with protective agents at these points.

If we can understand the mechanisms involved in the progression of cell injury and 

cell death, then these may well be common to different types of injury such as 

anoxia following myocardial infarction and stroke as well as those caused by 

chemicals like paracetamol. If we can find agents that protect the liver cells in vitro 

for a long time period corresponding to the time course of injury in vivo, this might 

in turn lead towards useful therapy.

1.1 Cell Injury

Cell death can be brought about by a variety of conditions: physical, 

physiological and pathological (Corcoran and Ray, 1992). I will deal mainly with 

drugs and chemicals.

Chemical cell injury can result in immediate cell death; as with dinitrophenol and 

the uncoupling of oxidative phosphorylation, or in most cases after a finite time

1



span; as with carbon tetrachloride 1-2 days (Christie and Judah 1954) and 

paracetamol overdose, 3-4 days (Prescott et. al. 1976), there is a long gap after the 

initial phase of contact, metabolism and covalent binding.

During the time leading up to cell death there are many diverse and complex 

responses. Accordingly many of the changes following the initiation of injury may 

not be related to the final cause of cell death.

There has been much research to determine the pathway of events and to identify 

which points are critical for cell survival or death and whether there is a final route 

to cell death common to different cell types and from different stimuli (Trump and 

Berezesky 1992).

Cell death has been divided into two categories: necrosis and apoptosis, although 

there is growing evidence that these two categories show overlapping 

characteristics.

1.2 Necrosis

Necrosis occurs in circumstances where there is a severely deranged 

cellular environment including hypoxia, extremes of temperature, exposure to a 

variety of toxins, attack by complement, and infection with lytic viruses (Wyllie 

and Duvall 1992). Often large numbers of cells in blocks are involved.

1.2.1 Biochemical and Morphological Changes in Necrosis

Many changes occur in the cell due to toxic injury. There is alteration in ion 

control, changes in the membrane as well as the cellular organelles (figure 1.1).
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1.2.2 Ion control

Alteration in cell size as seen by swelling is the commonest form of a 

response induced by a wide variety of stimuli. Necrosis is usually brought about by 

toxic or harmful agents which generally give rise to an increase in permeability of 

the plasma membrane by effecting membrane pores or channels or by inhibiting the 

ion pumps, causing an ion imbalance with a loss of potassium and an influx of 

sodium and then consequently an increase in chloride, calcium will also enter the 

cell. This ion imbalance will result in an influx of water and swelling of the cell 

(Leaf 1956).

1.2.3 Membrane Changes

Changes in cell surface with the formation of blebs, are seen as a common 

early phase in necrosis and apoptosis. Blebs are thought to be induced by changes 

in the intra-cellular calcium concentration, although there is controversy over the 

role calcium plays in cell injury, and rearrangement of cytoskeletal proteins. Smith 

et. al. (1991) showed that sustained elevations of intra-cellular calcium, above 

300nM, preceded bleb formation and cell death from mercuric chloride (HgCh). 

Bleb formation and cell death were delayed and reduced in calcium free medium. 

Nieminen et. al. (1990) demonstrated that a rise in intracellular calcium was not 

necessary for bleb formation. They found that blebs still occurred in calcium free 

buffer, but in high calcium buffer there was an acceleration of calcium entry 

through the blebs and the blebs became hot spots of free calcium with levels 

greater than 600nM. Oxidation of pyridine nucleotides which leads to a



depolarisation of the mitochondrial membrane and ATP depletion was found to 

precede bleb formation and cell death. Jewel et. al. (1982) demonstrated that 

influx of calcium from outside the cell was not required for bleb formation, but 

changes in the intra-cellular distribution of calcium and intracellular glutathione 

(GSH) were important in bleb formation. Incubation of hepatocytes with 

bromobenzene resulted in a loss of GSH and extra-mitochondrial calcium, but did 

not effect mitochondrial calcium, and brought about a progressive increase in 

blebbing. Incubation with dicoumarol caused a rapid depletion in mitochondrial 

calcium and only a small depletion in extra-mitochondrial calcium and intra

cellular GSH and did not cause blebbing.

Differentiated cells may lose surface features such as microvilli and cilia, and cell

cell contacts are often disrupted.

1.2.4 Mitochondrial Effects

Mitochondria are particularly sensitive to injury from many sources. 

Electron microscopy of injured tissues shows the mitochondria to be denser, the 

inner membrane shrinks away from the outer membrane and there is impairment of 

oxidative phosphorylation and energy generation. This leads to a failure of the 

ionic pumps, followed by swelling and an accumulation of calcium and related 

dense bodies in the mitochondrial matrix. The mitochondria do not retain this 

calcium indefinitely. In calcium-overloaded mitochondria there is an increase in the 

permeability of the inner mitochondrial membrane (Halestrap et. al. 1993). 

Crompton et. al. (1988) have demonstrated the existence of a non-specific pore in



the inner mitochondrial membrane. Under normal conditions the pore is closed, but 

under pathological conditions, such as those due to oxidative stress, in the presence 

of external calcium, the pore is open. This allows matrix components such as 

adenine nucleotides, glutathione, Mg '̂  ̂ and to leak out. There is collapse of the 

mitochondrial membrane potential and swelling of the mitochondria,

1.2.5 Endoplasmic Reticulum

The endoplasmic reticulum frequently shows dilation of the cistemae due to 

osmotic disturbances in the cell. In some forms of injury e.g. carbon tetrachloride 

(CCU), there is detachment of the ribosomes, with a decline in protein synthesis 

(McLean et, al. 1965).

1.2.6 Nuclear and DNA Effects

The nuclear envelope is functionally continuous with the ER and therefore 

is also susceptible to osmotic changes, condensation of chromatin is often seen in 

dying and dead cells (Wyllie and Duvall 1992). McConkey et. al. (1988) have 

shown that hepatocytes exposed to the redox-active compound menadione (2- 

methyl 1,4-naphoquinone) (lOOpM), used as a model for toxic cell death, had the 

characteristic DNA fragmentation and chromatin condensation, due to the 

activation of endonucleases, normally associated with apoptosis. At lower doses of 

menadione (25pM) no endonuclease activation was seen as well as no cell death. 

At higher doses (200pM) again there was no endonuclease activation. They suggest 

that the cells either died before endonuclease activation or else formed an inhibitor.



DNA double-strand breaks were also detected after 2 hours. Single-strand breaks 

were detected after only 30 minutes.

Effects on DNA have also been seen with r-butyl hydroperoxide (tBHP) (Coleman 

et. al. 1989). They demonstrated that oxidative damage resulted in DNA strand 

breaks which preceded cell death, but in non-proliferating cells such as 

hepatocytes, cell death could be dissociated from DNA damage. The antioxidant 

diphenyl para phenylene diamine (DPPD) prevented cell death from tBHP but had 

no effect on DNA strand breaks.

1.3 Biochemical Mechanisms of Necrotic Cell Injury

Xenobiotics may in some cases be directly toxic to the cell (e.g. strong 

acids and bases), mostly toxicity is due to biotransformation to toxic metabolites. 

Occasionally molecules may be structurally altered to allow interaction with 

receptors or enzymes.

1.3.1 Biotransformation

Xenobiotics are metabolised to facilitate excretion, but in some instances 

biotransformation can lead to reactive metabolites that may potentially harm the 

cell. These may be electrophiles, nucleophiles or free radicals.



1.3.2 Electrophiles

Electrophiles are molecules with a positive charge that react by sharing 

electron pairs with nucleophiles. Acrolein is an electrophilic metabolite of allyl 

alcohol and cyclophosphamide (Jaeschke et. al. 1987). It is highly reactive and 

covalently binds to critical proteins to cause injury.

1.3.3 Nucleophiles

The formation of a nucleophile is fairly uncommon as a mechanism for 

toxicity. Cyanide is a nucleophile that can be formed from amygdalin in the gut by 

bacterial p-glucosidase.

1.3.4 Free Radicals

A free radical contains one or more unpaired electrons in its outer orbital. 

Paraquat is able to accept an electron from reductase’s to give rise to a free radical. 

It is then able to transfer this extra electron to molecular oxygen forming a 

superoxide anion radical (O2 ) and regenerating the parent compound, this is 

“redox cycling” (Casarett and Doull 1996).

Some chemicals such as hydroquinones can undergo two sequential one-electron 

oxidation’s producing a semiquinone then a quinone.

Quinones are reactive electrophiles and electron acceptors and will cause redox 

cycling and oxidation of thiols and NAD(P)H (Boobis et. al. 1992).

Carbon tetrachloride is metabolised to the trichloromethyl free radical (CbC ) by 

cytochrome P450 or the mitochondrial electron transport chain. CbC will react
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with O2 to form the more reactive trichloromethyl peroxy radical (ChCOO ) 

(Casarett and Doull 1996).

Glutathione (GSH) plays an important role in the detoxification of many 

electrophiles and free radicals. But when GSH is depleted these reactive radicals 

can attack other critical proteins causing impairment of protein function. Many 

proteins contain thiol groups which are critical moieties essential for catalytic 

activity. Thiol-reactive chemicals will therefore impair many proteins non- 

selectively.

1.4 General Mechanisms of Xenobiotic Interactions

The reactive metabolites formed through biotransformation may react with 

cellular targets either by non-covalent bonding, covalent binding or by reacting 

with lipids.

1.4.1 Non-covalent Binding

This type of reaction usually involves the binding of the toxic compound by 

apolar interactions (hydrogen or ionic bonds) with receptors, ion channels or 

enzymes. This type of bonding is usually reversible.

1.4.2 Covalent Binding

This type of binding is practically irreversible, the toxic compound reacts 

with nucleophilic atoms in proteins or nucleic acids. For example quinones will 

react with the sulphur in thiols. The free radicals formed from CCb will react with



double-bonded carbons in lipids forming covalent bonds. Acetylhydrazine a 

metabolite of isoniazid will covalently bind to proteins in the liver but also in other 

organs, however, injury is only seen in the liver suggesting that only covalent 

binding to critical proteins will result in injury (Woodward and Timbrell 1984).

1.4.3 Lipid Peroxidation

Free radicals such as those formed from CCU can initiate peroxidative 

degradation of lipids by hydrogen abstraction from fatty acids. The lipid radical 

(L ) is converted to the lipid peroxy radical (LOO ) by oxygen fixation and the lipid 

hydroperoxide by hydrogen abstraction (LOOH). The lipid hydroperoxides are 

broken down to form reactive lipid aldehydes and hydrocarbons such as ethane and 

malondialdehyde which are used to measure the amount of lipid peroxidation. 

Evidence suggests that lipid peroxidation is usually a result of injury not a cause. 

(For instance lipid peroxidation can be prevented by continual exposure to 

paracetamol, but with no effect on cell injury, Beales et. al. 1985.)

1.5 Cellular Dysregulation

Xenobiotics may alter cellular regulation such as gene expression or cell 

activity and cellular maintenance.

1.5.1 Gene Expression

Transcription is controlled largely by transcription factors which by 

interaction with promoter areas of genes will activate transcription. Chemicals may
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interact with the transcription factors or the promoter area of the gene. Interference 

can also occur via interaction with extra-cellular signalling molecules such as 

cytokines and hormones, these activate transcription factors. Protein kinases and 

phosphatases activate transcription factors by phosphorylation.

1.5.2 Alteration of Cellular Activity

Cellular activity is exerted by signalling molecules that either act on 

receptors, ion channels or enzyme activity. For example the botulinum toxin causes 

muscle paralysis by binding to nicotinic acetylcholine receptors and tlie local 

anaesthetic procaine inhibits the sodium channel in sensory neurons (Rang and 

Dale 1991).

1.5.3 Cellular Maintenance

As well as affecting cellular regulation, xenobiotics can alter cellular 

maintenance. Cells must synthesise endogenous molecules, assemble 

macromolecular complexes, such as membranes and cell organelles, maintain the 

intracellular environment and produce energy for survival.

1.6 Calcium

Loss of calcium homeostasis as a result of injury has many detrimental 

consequences.

Intracellular calcium levels are highly regulated, between the extra-cellular and 

intracellular environment there is a 10,000 fold concentration difference. The free
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calcium concentration in the cell is approximately O.lpM, the extra-cellular 

concentration is 1.3mM.

This difference is maintained by the impermeability of the plasma membrane to 

calcium, active extrusion mechanisms and sequestering by the endoplasmic 

reticulum and the mitochondria.

Toxic chemicals can induce elevated cytoplasmic calcium levels by causing an 

influx of calcium, inhibiting the efflux of calcium or inducing the release from 

internal stores such as in the mitochondria.

Elevated levels of calcium will result in :

• Depletion of energy stores.

• Dysfunction of microfilaments.

• Activation of hydrolytic enzymes.

1.6.1 ATP and Depletion of Energy Stores

ATP is the major source of energy for the cell. ATP drives ion transporters 

(ATPases) which are essential for the maintenance of cellular function. Chemicals 

can interfere with ATP synthesis by inhibiting the delivery of hydrogen to the 

electron chain (through inhibition of the enzymes of the citric acid cycle), by 

inhibition of the electron transport chain itself, such as with cyanide inhibiting 

cytochrome oxidase. Inhibition of oxygen delivery to the electron transport chain 

and by inhibition of ADP phosphorylation (e.g. inhibition of ATP synthase by 

oligomycin or by dissipating the proton gradient of the inner mitochondrial 

membrane that drives protons out of the matrix).
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High cytoplasmic calcium levels will cause an increase in uptake by the 

mitochondrial calcium uniporter. This utilises the mitochondrial membrane 

potential which is also the driving force for ATP synthesis. Consequently an 

increase in calcium ions in the mitochondria will result in inhibition of ATP 

synthesis (Lotscher et. al. 1980). Calcium can also effect ATP production by 

oxidative damage due to partially reduced oxygen species to the inner 

mitochondrial membrane, thereby activating mitochondrial dehydrogenases. 

Increased calcium levels in the mitochondria will also cause an increase in ATP 

utilisation to actively extrude calcium. This uptake and active extrusion results in 

calcium cycling and is an energy dissipating process.

1.6.2 Dysfunction of Microfilaments

Increased intracellular calcium has also been shown to affect microfilaments 

leading to blebbing of the plasma membrane (see section 1.2.3)

1.6.3 Activation of Hydrolytic Enzymes

Calcium activated proteases - calpains, which are associated with 

membranes, are activated by elevated calcium levels. This will result in the 

breakdown of the cytoskeleton and may lead to bleb formation as already 

discussed. Activation of phospholipase A: also occurs with elevated calcium levels, 

this leads to a breakdown of membrane phospholipids and an accumulation of 

lysophospholipids and free fatty acids altering cellular permeability. Endonucleases 

are also activated by increasing calcium levels leading to condensation of
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chromatin by the rapid hydrolysis of DNA into fragments which is a characteristic 

particularly found in apoptosis.

1.7 Repair Mechanisms

Cell injury activates many processes for the removal of the damaged cell as 

well as mechanisms for repairing damaged molecules. When injury outweighs the 

repair mechanisms then injury becomes lethal. As well as chemicals inducing 

injury a few have been shown to protect against lethal injury by:

• Pharmacokinetic interaction- In patients with low potassium digoxin will have a 

detrimental effect to reduce the arrhythmia’s an infusion of potassium salts is 

given.

• Chelating agents will pull the chemical out of the cell restoring function e.g. 

desferrioxamine will chelate iron.

• By blocking the metabolism of the toxic compound with another chemical 

utilising the same metabolic route e.g. ethanol can be given to block the 

metabolism of methanol.

• Giving precursors to GSH such as methionine or N-acetyl cysteine will block 

injury from the toxic metabolite of paracetamol, NAPQI, by increasing the 

supply of SH donors.

Once injury has passed a certain point, which will vary according to the toxic 

agent, there is no effective treatment to prevent injury.
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1.8 Apoptosis

Apoptosis is from the Greek for ‘falling of leaves from trees in autunm’. 

Apoptosis or programmed cell death has distinct features which result in cellular 

events that maybe regulated by gene expression under normal conditions for the 

elimination of unwanted cells or as a result of cell injury or through cytokine 

mediated pathways. Apoptosis may be triggered by low concentrations of several 

toxins which at higher concentrations cause necrosis (Wyllie 1980,1995).

1.8.1 Biochemical and Morphological Changes in Apoptosis

Apoptosis generally affects single cells within living tissue and does not 

generate inflammation and scarring that is characteristic of necrosis. The time 

course from initiation to cell death is also much shorter than with necrosis, minutes 

to hours compared with hours to days for necrosis (figure 1.2).

Apoptosis is regulated by gene expression and is often referred to as ‘programmed 

cell death’ (PCD).
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Figure 1.2
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Representation of the morphological changes in apoptosis. Adapted from W yllie and 

Duvall (1992).
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1.8.2 Membrane Changes

In apoptosis the cell first loses specialised surface structures like microvilli, 

cell-cell contacts are also broken very early on. The cell condenses and the 

organelles compact. The apoptotic cell often splits into several membrane-bound 

bodies (apoptotic bodies), each with its own cluster of organelles. Blebs occur as 

with necrosis, but instead of exploding releasing the cell contents, they form 

membrane bound fragments called apoptotic bodies which are then phagacytosed 

by surrounding cells.

1.8.3 Endoplasmic Reticulum

The endoplasmic reticulum (ER) transiently dilates as the export of water 

probably occurs here. The ER fuses with the plasma membrane giving the cell a 

crated appearance.

1.8.4 DNA Effects

The most striking feature of apoptosis and one which is often used as a 

marker of apoptosis is the nuclear chromatin condensation. DNA is cleaved at the 

intemucleosomal region by endonuclease activity into approximately 180-200 base 

pairs. McConkey et. al. (1989) showed that DNA fragmentation could be blocked 

with aurintricarboxylic acid an endonuclease inhibitor.
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1.9 Molecular Control of Apoptosis

To understand the control of apoptosis the hermaphrodite worm 

caenorhabdititis elegans has proven to be an excellent system. Of its 1090 cells 

131 die by apoptosis. Two genes are required for cell death these are ced-3 and 

ced-4. If either is inactivated by mutation none of the 131 cells die (Yuan and 

Horvitz 1990). Another gene ced-9 acts to suppress apoptosis, mutation of this 

gene results in excessive cell loss (Hengartner et. al. 1992).

1.9.1 BcI-2

The ced-9 gene was found to be homologous with the mammalian gene bcl- 

2. Expression of bcl-2 on its own acts as a survival factor (Fairbaim et. al. 1993). 

When in combination with its partner Bax suppresses apoptosis (Yin et. al. 1994).

1.9.2 ICE-Like Protease’s

The ced-3 gene has been found to be homologous with the mammalian 

protein interleukin-ip converting enzyme (ICE). ICE is a 45kD protein which is 

cleaved into two sub units of 10 and 20kD both of which are required for activity. 

ICE is a cysteine protease that cleaves polypeptide substrates at specific aspartate 

residues. It is thought that ICE itself may be the trigger for apoptosis. Evidence for 

its direct role comes from Miura et. al. (1993) where expression of ICE in Rat-1 

fibroblasts triggers apoptosis and from Ray et. al. (1992) where expression of an 

ICE inhibitor suppresses apoptosis. Several other ICE-like protease’s have been 

identified and all seem to act as apoptosis triggers (Kumar 1995; Enari et. al.
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1995). Recent work has demonstrated that an ICE-like protease YAM A can 

catalyse the cleavage of PARP (poly ADP-ribose polymerase) a protein known to 

be activated in apoptosis which cause DNA strand breaks and depletes NAD^ 

(Tewari 1995).

1.9.3 Ced-4

The gene ced-4 encodes a polypeptide with potential calcium binding 

domains but its function is unknown, and as yet no known mammalian homologue 

has been found.

1.9.4 Regulation in Vertebrates

Apoptosis is regulated at multiple levels both transcriptionally and at a post 

transcriptional level. Regulation in vertebrates is not as straight forward as with c. 

Elegans but much more complex and apoptosis can be induced by signals from 

other cells. DNA damage induces apoptosis by activating a protein p53, this is 

important as mutated cells pose a neoplastic risk. The protein c-Myc if dimerised 

with its partner Max will induce apoptosis (Amati et. al. 1993).

Apoptosis can be mediated by receptor activation of endogenous substrates. The 

TNFa (tumour necrosis factor a) receptor activates sphingomyelinase, releasing 

ceramide and phosphocholine. Ceramide is a signalling molecule that can induce 

apoptosis (Haimovitz-Friedman et. al. 1994). The FAS/APO-1 receptor also 

mediates apoptosis but the intracellular signalling remains unknown as yet 

(Hanabuchi et. al. 1994). Nurr77 is a newly identified receptor in thymocytes and
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can stimulate apoptosis by complexing with the CD3/T-cell receptor (Liu et. al. 

1994).

1.10 Examples of Compounds Which Cause Apoptosis

Apoptosis can be activated by a number of compounds.

1.10.1 Glucocorticoids

Wyllie (1980) first demonstrated that glucocorticoids e.g. dexamethasone 

and methyIprednisolone, induced apoptosis in thymocytes. Glucocorticoids 

activated endonuclease-like activity which resulted in DNA fragmentation with 

cleavage of nucleosomal lengths of 180 base pairs.

Cohen and Duke (1984) demonstrate the involvement of macromolecule synthesis 

in glucocorticoid-induced apoptosis. Inhibiting protein synthesis with 

cycloheximide, transcription with actinomycin D or endonuclease activity with zinc 

prevented apoptosis in glucocorticoid induced thymocytes (Wyllie et. al. 1984, 

Cohen and Duke 1984).

Calcium and magnesium were also found to be involved in the activation of the 

endonuclease activity (McConkey et. al. 1989). An early sustained increase in 

calcium preceded DNA fragmentation, which could be prevented if this increase in 

calcium was blocked.
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1.10.2 Cisplatin

Cisplatin in an anticancer drug which directly acts on DNA to produce 

apoptosis (Hickman 1992). At high doses apoptosis arises rapidly by cell shrinkage 

and endonucleolytic cleavage of DNA. At low concentrations the cells are blocked 

in the G2 phase of the cell cycle. Apoptosis is then initiated with cell death 

occurring much later.
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Table 1.1 Comparison of morphology of necrosis and apoptosis.

Necrosis Apoptosis

Histology Blocks of cells die together, 

disrupting tissue structure.

Single cells affected within living 

tissues.

Cytology cellular oedema, nuclei intact but 

stain faintly.

Pyknotic nuclei, condensed 

cytoplasm, rounded cell 

fragments.

Dye exclusion test Dyes enter Dyes initially excluded.

Ultrastructure

-Cytoplasm

-Nucleus

Mitochondria show high 

amplitude swelling and matrix 

densities.

Dilated organelle profiles. 

Ruptured plasma and internal 

membranes.

Coarse chromatin patterns which 

retain normal distribution.

Compact intact organelles. 

Dilated ER

Plasma membrane intact.

Chromatin condensation, 

nuclear disintegration.

Circumstances Never physiological

Complement

Hypoxia

Toxins (high dose)

Often in 'programmed cell death' 

Atrophy

Cell-mediated immune killing 

Toxins (low dose)

Tissue Effects Acute inflammation scarring later No inflammation, phagocytosis by 

adjacent cells, rapid involution 

without collapse of overall tissue 

structure.

Adapted from Wyllie and Duvall 1992.
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1.11 Similarities and Contrasting Effects

Both necrosis and apoptosis may exhibit similar and contrasting effects 

(table 1.1). Both show membrane, respiratory, ionic and ribosomal changes with 

an eventual loss of ATP production (Bowen and Bowen 1990). In contrast 

apoptosis shows an initial increase in RNA and protein synthesis rather than a 

decline seen with necrosis. With necrosis the cells swell due to the entry of water 

but with apoptosis there is a loss of water and hence the cells shrink. Both types of 

cell death cause blebbing. In apoptosis the blebs tend to break away, they are 

referred to as apoptotic bodies and often contain nuclear fragments which are 

phagocytosed. With apoptosis the chromatin condenses forming DNA fragments of 

180-200 base pairs. With necrosis there is DNA fragmentation but not of any 

definite size. Apoptosis usually affects single cells where as necrosis usually 

disrupts large number of cells together. Necrosis causes inflammation and scarring 

which is not seen in apoptosis. Both show activation of many systems which lead to 

cell death e.g. proteases, endonucleases and phospholipases, with apoptosis it has 

been shown that these can be activated by gene expression, although not all, 

apoptosis can still be initiated in cells where protein synthesis is inhibited with 

cycloheximide (Ning et. al. 1995). This is not the case with necrosis, no gene 

expression as yet has been shown to be involved.

1.11.1 Thioacetamide

Thioacetamide has been shown to produce both apoptosis and necrosis after 

a single dose (Ledda-Columbano et. al. 1991). After a dose of 40mg/Kg apoptotic
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bodies were clearly evident at the early time points (l-6h) with a 70 fold increase at 

6 hours compared with controls, no sign of necrosis was noted at this time. After 

24 hours with this dose there was a prominent degree of centrilobular necrosis and 

inflammation.

1.12 Paracetamol

Paracetamol is hepatotoxic in overdose. I am using paracetamol as a model 

for toxicity with the aim of finding a better model to establish the events of the 

progression of injury. To try and protect against injury after the initial phase of 

metabolism, generation of reactive metabolite and covalent binding to cellular 

macromolecules, which will be of use in vivo.

1.12.1 History of Paracetamol Usage

Paracetamol (acetaminophen) is a commonly used analgesic and antipyretic 

drug which is available without prescription. Its properties were first described by 

Von Mehring in 1893 (referred to by Spooner and Harvey 1976). But it was not 

until the 1940's that Brodie and Axelrod (1949) identified paracetamol as the 

therapeutically active metabolite of acetanilide and phenacetin. This lead to 

paracetamol being substituted for phenacetin in the product Trigesic in the USA in 

1950. In the UK paracetamol was first marketed in 1956 under the trade name of 

Panadol. Since then paracetamol consumption has steadily increased, replacing 

aspirin as the analgesic of choice. Side-effects are uncommon and when taken in 

therapeutic doses paracetamol is very safe. Batterman and Grossman (1955)
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reported that a daily dose of 3.6g for up to 116 weeks failed to produce any 

abnormality in blood, kidney or liver. It is therefore only with misuse in overdose 

that we see adverse effects. With paracetamol being easily available and widely 

used, it is often the choice in overdose. In 1990 in England and Wales there were 

541 deaths associated with the misuse of paracetamol. UCH in 1992 saw 173 cases 

associated with paracetamol overdose. Of these 15.4% were accidental in the sense 

of not being intended for self-harm (CWI Owens personal communication).

1.12.2 Metabolism of therapeutic doses

In normal doses paracetamol is metabolised in the liver mainly via phase II 

enzymes to form conjugates with sulphate and glucuronic acid, which are excreted 

in the urine. The glucuronide conjugate accounts for approximately 40-60% and 

the sulphate conjugate 20-30% of the dose.

A small proportion of the paracetamol dose is metabolised via the phase I P450- 

mixed function oxidase system to give a reactive intermediate which has been 

identified as N-acetyl-/7-benzoquinone imine (NAPQI). This is a highly reactive 

material, which readily conjugates with glutathione (GSH). This can be further 

degraded to give the cysteine and mercapturate derivatives (Fig.l).

1.12.3 Metabolism in Overdose

Paracetamol in overdose is hepatotoxic causing centrilobular necrosis. This 

is due to a toxic intermediary metabolite N-acetyl-/7-benzoquinone imine (NAPQI),
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Figure 1.3 Paracetamol Metabolism.
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formed via the minor pathway involving the cytochrome P450 mixed-fiinction 

oxidase system.

After an overdose the sulphation pathway becomes saturated, glucuronidation 

continues to increase in proportion to the dose and more paracetamol goes via the 

P450 route, allowing the formation of the reactive intermediate. Studies showing 

species differences indicate that an increase in the mercapturate levels corresponds 

with the level of damage. Hamsters which are particularly sensitive excrete much 

larger amounts of the mercapturic acid metabolite than the rat which is relatively 

insensitive. With very high doses the mercapturate proportion of the dose decreases 

presumably as the GSH is depleted (within 1-2 hours) then the reactive 

intermediate will covalently bind to cellular proteins (Jollow et. al. 1974) giving a 

net decrease in this metabolite. Therefore an important factor as to whether damage 

results is not solely the dose but the amount of P450 bioactivation.

1.12.4 P450 Bioactivation

Paracetamol is activated to the reactive metabolite NAPQI by P450 

oxidation. The cytochrome P450 consists of a family of isozymes which catalyse 

the oxidative bioactivation of many xenobiotics. Vermeulen et. al. (1992) 

summarising the possible mechanisms suggests a two-step two-electron oxidation 

as the most likely mechanism to produce NAPQI.

Firstly a primary electron and proton or hydrogen atom is abstracted from the 

phenolic group to form a phenoxy radical NAPSQI, this may also be the rate 

limiting step. A second hydrogen is then abstracted to give NAPQI.
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It has been shown that the P450 isoenzymes CYP2E1 and CYP1A2 are responsible 

for the metabolism in man (Raucy et. al. 1989). P450 isoenzymes are inducible by 

various agents :

• Phenobarbitone will induce a proportion of the CYP2 family and CYP3 family.

• Poly cyclic aromatic hydrocarbons will induce the CYPl family.

• acetone and ethanol will induce the P450 subfamily CYP2E.

There are also species differences in P450 isoenzymes, which would account for 

the differences in susceptibility between species (Paine 1991).

1.12.5 Glutathione (GSH)

Conjugation with glutathione is an important mechanism for protection 

against paracetamol injury. Glutathione is a non-protein thiol present in all cells 

and ranges in concentration between 0.1 and lOmM. It is regarded as an essential

cellular component without an adequate supply the cell will die. It is important in

the detoxification of many reactive molecules. It is a tripeptide with the sequence y- 

glutamyl-cysteine-glycine which is normally abbreviated to GSH. Oxidation of the 

thiol group of the cysteine residue to form a disulphide is usually abbreviated to 

GSSG. GSH can act as a nucleophile forming conjugates with electrophilic 

compounds or as a reductant forming GSSG with free radicals or oxidising species.

COO" o
I II

CH —  CHj —  CHg—  C — NH 0  —  NH —  C H ,"— COO

cysteiney-glutamic acid
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It is synthesised by a 2 step reaction as follows:

y-glutamylcysteine synthetase
1. L-cysteine + L-glutamate +  A T P _______^y-glutamylcysteine ADP 4-Pi

glutathione synthetase
2. y-glutamylcysteine + L-glycine + ATP -----------  ̂GSH -I-ADP -I- Pi

Highly reactive radicals such as NAPQI are able to conjugate with GSH and are 

then converted in separate stages to the mercapturic acid derivatives. Firstly by 

removal of the y-glutamyl moiety then removal of the glycine moiety to form the 

cysteine conjugate and then thirdly by N-acetylation of the cysteine conjugate to 

form the mercapturic acid derivative. GSH can also be oxidised to form GSSG, 

although this does not appear to be a major route in paracetamol detoxification 

(Vermeulen et. al. 1992).

1.12.6 Covalent Binding

The covalent binding theory to explain paracetamol-induced hepatocellular 

injury was first described by Mitchell et. al. (1973), following the work of Magee 

and Farber on the alkylation by nitrosamines in 1962. Since then, other researchers 

have shown that hepatocellular injury can be dissociated from covalent binding 

both in vitro and in vivo. In vitro hepatotoxicity is reduced with the antioxidant 4-(- 

)catechin (Devalia et. al. 1982), and with the chelator CaEDTA (Beales et. al, 

1985) without effecting covalent binding. Although covalent binding alone may not 

be sufficient to cause cell death, there have been no reports of hepatotoxicity 

without covalent binding.
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It is possible that covalent binding to mitochondrial GSH and protein might be 

more important in the induction of hepatotoxicity (Tirmenstein and Nelson 1990).

1.12.7 Lipid Peroxidation

Oxidative stress by paracetamol has been suggested as an important factor 

in hepatotoxicity, resulting in lipid peroxidation, depletion of protein and non 

protein thiols, changes in adenine nucleotides and calcium homeostasis, all of 

which will cause cytotoxicity (Vermeulen et. al. 1992). Lipid peroxidation may not 

be important in toxicity from paracetamol, as it has been shown that injury can 

occur without lipid peroxidation (Beales et. al. 1985). This suggests that lipid 

peroxidation in this case is probably the result of injury rather than the cause.

1.12.8 ATP and Energy disruption

A more important mechanism and certainly a more complex one may be the 

perturbation of cellular thiol, ATP, pyridine nucleotide status, and disturbances of 

intracellular calcium homeostasis.

It has been shown that paracetamol and NAPQI can dramatically deplete cytosolic 

and mitochondrial ATP levels by impairment of oxidative phosphorylation. 

Cytosolic ATP levels though fell earlier than mitochondrial ATP levels (Anderson 

et. al. 1990; Burcham and Harman 1991). Mitochondrial GSH was also depleted 

and found to correspond with depletion of cytosolic GSH. Burcham and Harman 

(1990) also showed that paracetamol inhibited respiration at the energy-coupling
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site I and even more at the energy-coupling site II complex, but did not effect site 

III.

Succinate dehydrogenase a site II enzyme is particularly rich in cysteine residues 

and would therefore be a likely target of NAPQI.

It has been shown in vitro using liver slices that fructose, a possible glycolytic ATP 

source, can prevent paracetamol injury and maintain ATP levels (Martin and 

McLean 1996a, Mourelle et. al. 1991). Martin and McLean (1996) showed that 

with higher levels of fructose, 20mM as compared to lOmM, ATP is rapidly 

depleted to a low but consistent level and protection is still seen. The addition of 

adenine to raise ATP levels did not alter the protection afforded, suggesting injury 

may be independent of exact ATP levels. They suggest that fructose may protect 

the mitochondrial membrane potential and therefore protect mitochondrial ATP 

production. In contrast 2,4 dinitrophenol (DNP) drops ATP levels much faster than 

fructose and leads to cell injury and death.

1.12.9 Mitochondrial Calcium and Respiration

Loss of calcium homeostasis is an important hepatotoxic action of 

paracetamol and NAPQI. Harris and Hamrick (1993) have shown that paracetamol 

effects mitochondrial calcium homeostasis. In the liver calcium uptake is through a 

uniporter that drives calcium into the mitochondrial matrix at the expense of the 

mitochondrial membrane potential, which is generated by respiration or ATP 

hydrolysis. Both paracetamol and NAPQI inhibit respiration (see 1.2.8). NAPQI 

depletes GSH, covalently binds critical proteins in the mitochondria to inhibit the
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citric acid cycle and lower the pyridine nucleotide redox ratio. The pyridine 

nucleotide redox level regulates calcium release through the antiporter in exchange 

for (Baumhuter and Richer 1982).

1.12.10 ADP Ribosylation

Weis et. al. (1992) has shown that NAPQI increases ADP ribosylation of 

proteins. ADP ribosylation is a post transcriptional protein modification process. 

The co-enzyme NAD^ is cleaved into nicotinamide and ADP ribose which 

covalently attaches to proteins. This results in the depletion of NAD and leads to 

calcium release through the antiporter. Some of the calcium released from the 

antiporter is taken up by the uniporter and calcium cycling ensues.

1.12.11 Mitochondrial Permeability Transition

Calcium cycling is an energy dissipating process which will lead eventually 

to the collapse of mitochondrial membrane potential This may trigger another 

mechanism of calcium release from the mitochondria. A lowering of the 

mitochondrial membrane potential will allow the inner mitochondrial membrane to 

become permeable to ions and low molecular weight compounds causing a 

mitochondrial permeability transition (Broekemeier et. al. 1985). This has been 

associated with the activation of phospholipase A% (PLA2) activity.

Phospholipase Azhas been suggested by Broekemeier and Pfeiffer (1989) to be one 

of two mechanisms for controlling the mitochondrial permeability transition the 

other being the cyclosporin sensitive pore. Phospholipase A2 , when activated by
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increasing calcium levels will result in hydrolysis of phospholipids to produce 

lysophospholipids and free fatty acids. Oxidants will inhibit lysophospholipid- 

acyltransferase activity (the reverse enzyme) thereby causing an accumulation of 

lysophospholipids and free fatty acids in the membrane resulting in membrane 

instability.

1.12.12 Mitochondrial Pore

Crompton and Costi (1988) have shown the existence of a mitochondrial 

pore. Under normal conditions the pore is closed, but under oxidative stress with 

increased mitochondrial calcium and depleted ATP levels the pore is open, 

allowing matrix components to escape.

Calcium homeostasis is critical to the survival of the cell. Mitochondria would 

therefore be a lethal target. There are several mechanisms for controlling calcium 

and it may be that more than one target needs to be protected for the survival of the 

cell.

1.13 Protection In vivo

It was shown by Mitchell et. al. (1973) that covalent binding of the reactive 

metabolite did not occur until there was sufficient depletion of GSH. This could be 

further demonstrated by pre-treating animals with dimethyl maleate to reduce GSH. 

Giving GSH precursors or SH compounds such as N-acetyl cysteine (NAC) or 

methionine could protect against paracetamol injury in vivo, only if given early 

enough, up to 12 hours after ingestion in man. Harrison et. al. (1990) have shown
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that NAC given between 10-36 hours after the paracetamol overdose does reduce 

mortality from 58% in patients not receiving the antidote to 37% in those that did 

receive the antidote.

Compounds that inhibit P450 bioactivation e.g. piperonyl butoxide will also protect 

against paracetamol injury if given before or at the same time as the paracetamol 

dose (Mitchell et. al. 1973).

Hughes et. al. (1991) have shown protective effects with propylene glycol against 

paracetamol induced injury in mice. When propylene glycol is given at the same 

time as the paracetamol dose there is good protection as seen by AST plasma levels 

but when given 3 hours after the paracetamol dose the plasma AST levels are still 

very high. Snawder et. al. (1992) has shown that propylene glycol inhibits the 

P450 isoenzyme IIEl in subcellular fractions of mouse liver, but not P450IA2. 

Paracetamol is activated by P450IIE1 and P450IA2 in human liver (Raucy et. al. 

1989). Inhibition of one of the major P450 isoenzymes that metabolise paracetamol 

to NAPQI the reactive metabolite, would therefore reduce the injury seen. The 

majority of workers looking at protective agents either pre-treat the animals or give 

the protective agent at the same time as the paracetamol dose.

Sata et. al. (1981) showed that giving ethanol 6 hours before or at the same time as 

the paracetamol dose prevented liver injury in the rat. Again this is probably due to 

its inhibition of P450 enzymes and therefore the bioactivation of paracetamol to 

NAPQI.

Both Harris and Hamrick (1993) and Saville et. al. (1988) have shown protection 

with the phenothiazine chlorpromazine, but in both cases this was given 1 hour
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prior to the paracetamol dose. They suggest its action is via inhibition of calcium 

activated processes. The inhibition of the enzyme lysophospholipid acyltransferase 

by chlorpromazine will inhibit the activation of PLA2 this would prevent the 

breakdown of phospholipids in the membrane. Increases in calcium will activate 

other cellular processes, and chlorpromazine has been shown to inhibit the 

activation of calmodulin, phospholipase C and protein kinase C (Weiss et.al. 1982; 

Prozialeck and Weiss 1982; Aftab et. al. 1991). Phenothiazines are also known to 

reduce body temperature and this effect could alter the metabolism of the 

paracetamol whereby reducing the amount metabolised to NAPQI, although Saville 

et. al. (1988) did not show any difference in covalent binding of paracetamol 

metabolites in the fed group. Devalia et. al. (1982) showed that in an in vitro 

system hepatocytes could be protected by promethazine or 3-0-methyl (-l-)catechin 

with no difference in covalent binding.

Villarruel et. al. (1986) demonstrated that trifluoperazine another phenothiazine 

prevented carbon tetrachloride induced necrosis but that this was reversed when the 

animals body temperature was increased to near normal levels.

As well as Harris and Hamrick (1993) various groups have shown protection with 

the calcium channel blocker diltiazem (Kobush and Souich 1990; Deakin et. al. 

1991). If diltiazem is given early then protection is clearly seen but if given later 

e.g. as in the Deakin et. al. (1991) paper protection is not so clear cut. If diltiazem 

is given 6 hours after the paracetamol dose there is no significant protection, nor if 

given 12 hours later. Reduced AST levels were only found when diltiazem was
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given at 9 hours post the paracetamol dose. No significant difference was seen in 

the histology.

Horton and Wood (1989) did claim that several inhibitors of PLA2 , cyclooxygenase 

or thromboxane synthase blocked paracetamol hepatotoxicity in the rat, but when I 

repeated some of their work using dexamethasone and ibuprofen, I found no such 

protection (Beales and McLean 1995).

To date nothing convincing has been found that will protect against paracetamol 

poisoning after the initial phase of activation of injury.

1.14 Protection In vitro

Using in vitro methods, many compounds have been found to protect 

against paracetamol injury even after the initiation stage of injury is complete. The 

anti-oxidants methylene blue, promethazine, DPPD and +(-) catechin have all been 

found to afford protection in a liver slice system (McLean and Nuttall 1978). 

CaEDTA has shown good protection in hepatocyte suspensions (Beales et. al. 

1985) where the cells are permeable to large molecules that would not normally 

enter the cell. Fructose has also shown good protection, presumably by providing a 

source of glycolytic ATP (Mourelle et. al. 1991). Tee et. al. (1986) found 

protection with dithiothreitol, probably by reduction of disulphide groups back to 

SH-groups in critical targets.

There is no evidence that these in vitro protective agents have shown any 

protection against late damage from paracetamol in vivo.
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Many of the in vitro model systems use exposures that lead to injury within 2-6 

hours (McLean and Nuttall 1978, Beales et. al. 1985, Tee et. al. 1986) often with 

continual exposure to the injury stimulus throughout the experiment (Shen et. al. 

1992; Milam and Byard 1985).

This type of cell injury seen at 2-6 hours can be prevented by many compounds 

and seems to be different from the in vivo events where liver injury is apparent at 

12 hours and is not blocked by these compounds.

Many groups use cultured hepatocytes, where the cells have been left in culture for 

up to 24 hours before the addition of paracetamol and often the inhibitor is added 

at the same time as the paracetamol. Shen et. al. (1992) have used cultured mouse 

hepatocytes which have been maintained for 18-22 hours before the addition of 

paracetamol. The protective agents aurintricarboxylic acid, EGTA or NAC were 

all added at the same time as the paracetamol and all reduced the injury seen. It 

would be difficult to determine if the effects seen were on the bioactivation of 

paracetamol or the later progression events leading to cell injury caused by the 

reactive metabolite.

A model that is similar to the time course of events in vivo and that can separate 

the initiation of injury from the events of progression may provide a more realistic 

model that may reflect the events in vivo. Imberti et. al. (1992) have looked at a 

combination of compounds fructose, cyclosporin A and trifluoperazine to protect 

against lethal injury from tertiary butyl hydroperoxide. Once a realistic model is 

found, then maybe a better approach is to protect several targets from injury with 

such a combination.
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1.15 Models of Toxicity

The effect of xenobiotics on the liver can be studied using a variety of 

preparations. These include both in vivo and in vitro systems such as liver 

perfusions in situ, liver slices, isolated hepatocytes, cell cultures, homogenates, 

membrane fractions and purified enzymes. Each preparation has its own 

advantages and disadvantages.

1.15.1 In vivo

In vivo many factors can not be controlled such as blood flow, hormonal 

and neuronal influences. Large numbers of animals are required for statistical 

purposes and there is often great variation between animals. Therefore in vitro 

methods have been developed to reduce the number of animals used as well as 

outside influences.

1.15.2 Perfused Liver

The perfused liver in situ removes some of the external influences but does 

not reduce the number of animals used.

1.15.3 Liver Slices

The liver slice technique was first developed by Otto Warburg and 

colleagues in 1923 (see Cohen 1959) with further optimisation by Figueroa et. al. 

(1966). Incubation in 95% oxygen and a slice thickness of between 0.3-0.5mm was
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shown to be optimal, although there were still some anoxic cells at the centre of the 

slice.

Work by Peters (1983) optimising the incubation medium has meant liver slices can 

now be incubated for much longer lengths of time. The disadvantage of this 

technique is that it requires skill in the cutting of the slices to get reproducible 

results.

Smith et. al. (1985) have developed a mechanical sheer and have demonstrated that 

the liver slices are consistent in size and thickness and can be cultured for up to 20 

hours.

Many studies have been done to confirm the usefulness of liver slices as a model 

for toxicity; most show effects much earlier than would be seen in vivo.

1.15.4 Isolated Hepatocytes

Suspensions of isolated hepatocytes have proved to be a valuable tool in 

bridging the gap between isolated organelle fractions and the whole animal. They 

retain many of the properties of the intact tissue when looking at drug metabolism 

and formation and excretion of drug metabolites. The technique for isolating 

hepatocytes was improved by Seglen (1972), but still requires skill, enzymatic 

digestion and mechanical disruption.

The disadvantage of isolated hepatocytes is that all cell-cell contacts are lost. 

Enzymatic digestion of the cells removes surface proteins, rendering them more 

permeable to molecules that would not normally enter the cell (Hue et. al. 1986). 

In suspension they are more fragile and therefore only viable for a few hours.
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1.15.5 Cultured Primary Hepatocytes

Cultures of primary hepatocytes have been used extensively as an in vitro 

model for toxicity. Isolated hepatocytes are cultured in medium with added 

components to optimise their survival and to try and maintain their functional 

capacity. During isolation, as with the isolated hepatocyte preparations, 

collagenase perfusion will strip the cells of surface proteins and cell-cell contacts. 

Hepatocytes are very fragile and differences in viability between batches can often 

be seen. They require several hours to attach before use, often during this time 

there is considerable loss of P450 activity which may alter the metabolism of the 

agent in question. Expertise is needed in both the isolation and in culturing the 

cells to maintain them under sterile conditions. They are particularly useful when 

looking at effects on individual cells.

1.15.6 Cultured Cell Lines

The use of cell lines, particularly human cell lines, has been increasing. 

Human cell lines have the advantage that they are more likely to reflect events in 

humans. Animal cell lines may have quite different genetic phenotypes. One 

difference noted is that the human HepG2 cell line utilises cystine for GSH 

synthesis where as in primary cultures of rat hepatocytes methionine is used (Lu 

and Huang 1994).
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1.15.7 Organelle Preparations

Organelle preparations e.g. microsomes and mitochondria are again time 

consuming to prepare often requiring long centrifugation at high speeds. These 

preparations are valuable for examining specific reactions but are again more 

removed from the whole animal.

1.15.8 Do these in vitro models reflect events in vivol

Liver slices provide a better model for examine effects on the liver as they 

retain tissue superstructure and cell-cell interactions as in the perfused liver and 

provide a vast number of samples from one animal. They are also able to maintain 

their functional capacity as compared with isolated hepatocytes. But as shown 

previously the in vitro model does not always reflect what happens in the whole 

animal, particularly when trying to extrapolate the effects of the so called 

protective agents to in vivo. A model is needed that will compare to the events in 

vivo and yet retain many of the useful in vitro aspects.

1.16 Indicators of Damage

Liver damage can be assessed by a variety of methods; histological, 

biochemical and functional methods.

1.16.1 Histology

The type of lesion can really only be assessed histologically, qualitative 

assessment of various biochemical alterations can be made using specific
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histochemical staining techniques. Quantitation of the degree of injury can be 

achieved by image analysis.

1.16.2 Biochemical Measurements

Biochemical measurements such as the determination of enzymes released 

into the blood by the damaged liver have been utilised for many years (Zimmerman 

et. al. 1965; Grice et. al. 1971). In addition to serum enzyme levels, serum 

isoenzyme patterns are particularly useful in determining the target organ. Serum 

enzyme levels can be used to determine injury before morphological changes are 

discernible histologically. The time course of injury can also be assessed in vivo by 

taking serial samples without the need to sacrifice the animal at each time point, as 

would be the case with histology samples. Measurement of enzyme leakage can 

also be used in “m vitro’* models to assess injury. These indicators are irreversible, 

but measurement of ionic changes, such as calcium, potassium and water content, 

can be a much earlier and reversible indicator of damage (Laiho and Trump 1974). 

Mitochondrial damage can be assessed by using the mitochondrial probe TPMP^ 

(triphenylmethylphosphonium). TPMP^ is a penetrating cation which accumulates 

predominately in the mitochondrial matrix because of its high negative potential 

relative to the cytoplasm. Loss of potential causes the release of TPMP^. The 

plasma membrane can also be assessed using the probe thiocyanate (SCN ). A fall 

in the plasma membrane potential will result in uptake of SCN' by the cell (Hoek 

et. al. 1988).
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1.16.3 Functional Methods

Functional methods such as the synthesis of urea, cholesterol and protein 

can be monitored but are not sensitive or specific enough to be used on their own. 

Measurement of protein synthesis by incorporation of leucine into proteins has 

been used as a measure of the cells metabolic competence. But reduced levels of 

protein synthesis does not necessarily lead to cell death. Hepatocytes incubated 

with cycloheximide, a protein synthesis inhibitor, does not cause cell death and 

there is no recovery of protein synthesis in hepatocytes injured by paracetamol and 

protected by CaEDTA (Beales et. al. 1985).

1.17 Summary

Using paracetamol as a model for hepatotoxicity I aim to try and establish 

the events of the progression of injury that are critical to the cell and whether these 

can be manipulated to prevent cell death.
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CHAPTER 2: Materials and Methods

2.0 Chemicals

All chemicals used were of the highest grade available, cyclosporin A was 

purchased from Sandoz Pharma Ltd. (Basle, Switzerland.), FK506 was a kind gift 

from Fujisawa Pharmaceutical Co. Ltd. (Osaka, Japan.); pH] triphenyl methyl 

phosphonium iodide (TPMP^) (52.8 pCi/mmol) was purchased from Du Pont Ltd., 

New England Nuclear Division (Stevenage, UK); paracetamol, fructose, 

trifluoperazine and other chemicals unless otherwise stated were purchased from 

Sigma Chemical Co. Ltd. (Poole, UK).

2.1 Animals and Diets

Male Wistar rats (Olac, Bicester, UK) of final weight 120-200g were fed 

stock pellets (SDS, Witham, UK) and given either water (if used for the CCh 

experiments) or phenobarbitone (Martindale Pharmaceuticals, Romford, UK) as a 

solution containing 1 mg/ml of sodium phenobarbitone (if used for the paracetamol 

experiments) as the sole source of drinking water, ad. libitum. Phenobarbitone 

treatment was given for at least 5 days before sacrifice to ensure high levels of 

cytochrome P450 and in vivo sensitivity to paracetamol. P450 levels of 31.6 ±  15.2 

and 98.8 ±  21.8 nmoles/g liver (mean ±  SD, n = 4 and 6) were found in controls 

and phenobarbitone treated rats respectively. Vitamin E (5mg alpha tocopherol 

acetate in two drops of olive oil) was given by mouth 12-24 hours before rats were
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sacrificed, to all the animals used in the in vitro and in vivo /  in vitro system, since 

the in vitro preparations are stabilised by vitamin E. (Vitamin E does not alter in vivo 

sensitivity to paracetamol in rats fed stock diets, nor does the phenobarbitone alter 

body weight gain (Marshall and McLean, 1969).). Although mice are more sensitive 

to paracetamol injury rats were used in these experiments because of the large 

number of liver slices that could be taken from one animal.

Rats were killed by exsanguination under anaesthesia using fentanyl citrate (Janssen, 

Wantage, UK, O.Olmg/Kg i.m.) and loprazolam (Roussel Ltd. Uxbridge, UK,

0.04mg/Kg i.m.).

2.2 Liver slice preparation

The liver was rapidly removed and rinsed in cold tap water then placed in ice 

cold isotonic saline, liver slices of 0.3mm thickness or less (0.28 ± 0 .045mm, n=5) 

were cut by hand, using a Stadie Riggs tissue slicer (A.H.Thomas Co. Philadelphia, 

USA) (figure 2.1). Slice thickness was estimated by measuring the weight of the slice 

and dividing this by the surface area of the slice, this was measured by placing the 

slice on graph paper and counting the number of square millimetres. Slices weighing 

about lOOmg were weighed and put in 25ml Erlenmeyer flasks at room temperature, 

containing 5ml of Ringer solution as described in each methods section 3.1.1 and 

4.1.2. Biocide (Panabath M, BDH, Poole, UK) was used in the waterbath to prevent 

entry of infected aerosols.

The slices were incubated under O2 at 37®C in a shaking waterbath (90 strokes / 

minute).
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Figure 2.1

Representation o f a Stadie Riggs stage with a long blade used to obtain liver slices. 

Adapted from Cohen (1959).
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2.3 Injury Assessment

Injury in the in vitro and in vivo / in vitro systems was assessed by a variety 

of methods. Development of injury can be demonstrated by indicators of loss of 

homeostasis. Measurement of water content (McLean, 1963; Jennings et. al.., 1975); 

potassium loss (McLean, 1963; Whalen et. al., 1974); and mitochondrial membrane 

potential (Narazeth et. al. ,1991) have all been shown to be good indicators of cellular 

injury from a variety of toxins (Wands et. al., 1970; Farber and El Mofty, 1975). 

Early loss of homeostatic control maybe reversible, but irreversible damage can be 

measured by loss of membrane integrity with leakage of intracellular enzymes such 

as lactate dehydrogenase (LDH) (EC 1.1.1.27) (Zimmerman et. al.., 1965; McLean, 

1975). In the in vivo experiments measurement of injury was assessed by plasma 

alanine transaminase (ALT) (EC 2.6.1.2) leakage, visual and histological 

examination.

2.4 Measurement of Water Content

Water content was determined by the method of McLean (1963). A small 

lump and a slice of liver weighing approximately 150mg were taken at the time of 

sacrifice, as well as liver slices at the end of the incubation time, these were blotted 

between two pieces of Whatman filter paper no.l then placed on a small square of 

aluminium foil and weighed on a Mettler balance (AJ50) to within 0. Img. The slices 

were dried overnight at 100®C , slices were removed from the oven and placed in a 

desiccator to cool down, this is to prevent the re-absorption of moisture, then 

weighed again. The dried piece of liver was then placed in a glass vial with 10ml of
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1 % HCl for potassium measurement. The foil was then re-weighed. It is essential 

that the liver and foil is handled either with gloves or forceps so as not to transfer any 

contaminating ions to the sample. The water content was calculated and expressed as 

a ratio over the dried weight.

Calculation:

(wet wt -I- foil) - (dry wt + foil) = water content 
(dry wt -f foil) - (foil) tissue dry wt.

2.5 Potassium Measurement

Potassium was measured by atomic absorption. In this technique the sample 

in vaporised in a flame and the absorbtion of the light by the unexcited atoms is 

measured. Potassium content was measured in the dried tissue samples (McLean, 

1963; Judah et. al., 1966), these were placed in acid washed glass vials with 10ml of 

1% HCl and left overnight to allow the potassium to be extracted out into the HCl. 

The samples were further diluted 1/10 with 1% HCl into acid washed vials. The 

potassium content was measured using an atomic absorption spectrophotometer (Pye 

Unicam SP9), using an acetylene / air mixture at recommended settings (20mm / 26- 

33mm), a potassium lamp at wavelength 766.5nm and lamp energy set at 6mA. 

Standards ranging from 0.01 - O.lmM were measured each time and the machine 

zeroed on 1% HCl.

The potassium content of the liver samples was expressed as nmoles / mg dry 

weight. For replicate measurements on the same solution on different days a 

coefficient of variation of 6% was found.
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2.6 Lactate Dehydrogenase Measurement

Lactate dehydrogenase (EC 1.1.1.27) (LDH) activity was measured according 

to the method of Wroblewski and LaDue (1955). A lump and slice of liver was taken 

after sacrifice and homogenised in KCl Tris buffer (0.025M Tris, 0.15M KCl; pH7.4 

at 4°C) at a concentration of 20mg/ml using an Ultra Turrax homogeniser on full 

speed for 10 seconds. LDH activity was measured on a 20pl sample of homogenate. 

LDH activity was also measured in a 50pl sample of incubation medium at the 

appropriate times. Samples were either analysed immediately or frozen overnight and 

measured the following day. No statistical difference was found between the samples 

measured straight away or frozen. Activity was lost if samples were re-frozen and 

thawed.

The assay is based on the method involving the following reaction:

pyruvate + NADH + H^ -----------  ̂ lactate -f- NAD^

The reaction is catalysed by LDH.

The reaction mixture in the cuvette contained a final volume of 1ml, which consisted 

of:

• NazHP04 50mM

• pyruvate 0.6mM

• NADH 0.2mM

The working buffer was prepared from a stock (xlO) solution of NazHP04 (0.5M; 

pH7.5, pH adjusted), by taking 10ml, dissolving 6.9mg pyvuric acid and making up 

to 100ml with deionised water, this was stored frozen, either 930pl or 960pl was 

added to the cuvette depending on the sample volume. NADH 7.8mg/ml in deionised
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water was prepared fresh and kept on ice, 20pl was added to the cuvette. All samples 

were kept on ice, 20pl of homogenate or 50pl of incubation fluid was added to the 

cuvette and mixed thoroughly then placed in a Pye Unicam spectrophotometer 

SP1750. The rate of change in absorbance at 340nm due to oxidation of NADH was 

measured over 3 minutes at 30°C, all samples were read against a reference of the 

working buffer solution. LDH released into the incubation medium was expressed as 

a percentage of the amount of enzyme originally present in the flask, based on the 

original slice weight and the LDH assays on the homogenates.

Calculation:

1. For LDH in incubation medium:

AAbs(340nm) / minute x 1000 x dilution factor (20) =  nmoles/min/ml 
6.22

multiply by 5 to give nmoles/min/flask = nmoles/min/slice 

divide by original slice weight to give nmoles/min/mg slice 

Where:

AAbs(340nm) / min = initial Abs - final Abs

1000 = conversion of pmoles/ml to nmoles/ml

6.22 = mM extinction coefficient for NADH (with a 1cm path length)

2. For LDH in original liver homogenates:

AAbs(340nm) / minute x 1000 x dilution factor (50) = nmoles/min/ml
6.22

divide by mg/ml to give nmoles/min/mg.
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3. For % leakage:

nmoles/min/mg (flask) x 100 = % leakage
nmoles/min/mg (homog)

For replicate measurements on the same solution on different days a coefficient of 

variation of 7% was found.

2.7 Measurement of Plasma Alanine Transaminase

Alanine transaminase (EC 2.6.1.2) (ALT) is an enzyme which specifically 

catalyses the transfer of the amino group of alanine to 2-oxoglutarate, measurement is 

based on a coupled reaction based on the rate of NADH oxidation as follows:

ALT
1. L-Alanine + 2-Oxoglutarate ----------------------► Pyruvate + L-Glutamate

LDH
2. Pyruvate + NADH -------------------------► L-Lactate + NAD^ + H2O

ALT is widely distributed in animal tissues, with the highest concentration found in 

liver and kidney. Injury to the liver results in elevated plasma levels of the enzyme 

(Wroblewski and LaDue 1956). Lactate dehydrogenase measurement in plasma was 

found to be unreliable if their were any haemolysis due to high levels of LDH in the 

red blood cells (100-fold greater in RBC's than in plasma), whereas ALT is only 3-4 

fold greater (Henry et. al. 1974). ALT activity was measured on a 20pl plasma 

sample using the Sigma ALT 20 kit and calculated using the same equation as for 

LDH estimation and expressed as nmoles/min/ml.
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2.8 Measurement of cytochrome P450 content

Total cytochrome P450 was measured according to the method of McLean 

and Day (1974). A 1 % liver homogenate in O.IM KH2PO4 pH7.5 was made and kept 

on ice at all times. Carbon monoxide was bubbled through the homogenate for 20 

seconds to complex any haem which may interfere with the assay. Two 4ml cuvettes 

containing the homogenate with CO were placed in a Pye Unicam double beam 

spectrophotometer (SP1750) and scanned between 390nm and 500nm, to check the 

baseline. A few granules of sodium dithionite were added to the front cuvette to 

reduce the contents, this results in a peak at 424 for cytochrome bs and a separate 

peak at 450 for the new reduced cytochrome P450-CO complex that is formed. The 

cuvette containing the non-reduced homogenate was bubbled with air using a pasteur 

pipette to prevent any reduction of cytochrome P450 by NADPH produced from 

endogenous substrates. The cuvettes were allowed to stand for 2 minutes, then 

scanned between 390 and 500nm.

The total P450 was calculated by using the following equation:

Abs (450-490nm) x dilution factor = nmoles P450 / g liver 
0.091

Where:

AAbs (450-490nm) = change in absorbance between the peak at 450nm and the 

trough at 490nm.

0.091 = pM extinction coefficient for cytochrome P450 (with a 1cm path length) 

dilution factor = 100 for a 1% homogenate (lOmg/ml).
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2.9 Liver Glutathione Measurement

Reduced glutathione was measured according to the method of Rentier et. al. 

(1963). The reaction is based on the formation of a colour complex with 5,5' 

dithiobis-2-nitrobenzoic acid (DTNB), when GSH and other thiols are added.

TNB S-S TNB + GSH

GS - S TNB + HS TNB (coloured)

A 10% liver homogenate was prepared in KCl Tris buffer (0.025M Tris, 0.15M 

KCl; pH7.4 at 4°C) using an Ultra Turrax homogeniser on full speed for 10 seconds 

and diluted to 5% in O.IM KH2PO4 pH7.5. Proteins were precipitated with 

metaphosphoric acid reagent (MPA), this was prepared as follows:

• 1.7g metaphosphoric acid

• 0.2g EDTA

• 3g NaCl

• made up to 100ml with deionised water and stored at 4®C, stable for 3 weeks.

• The solution was filtered through Whatman no. 1 filter paper before use.

A 1ml sample of the 5% homogenate was added to 1ml of MPA, mixed and

centrifuged at 400g for 10 minutes. One ml of supernatant was taken and 4.5ml of 

Ellmans-phosphate reagent added.

The Ellmans reagent was prepared as follows:
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• Ig potassium citrate

• 40mg DTNB (5,5' dithiobis-2-nitrobenzoic acid)

• made up to 100ml with deionised water and stored at 4°C, stable for 13 weeks. 

The Ellmans-phosphate reagent consisted of:

• 0.5ml of Ellmans reagent added to 4ml of O.M KH2PO4 pH7.5.

This was prepared fresh.

For liver slices: the slice was placed into 2ml MPA and homogenised. The 

homogenate was centrifuged at 2500rpm for 10 minutes. A 0.5ml sample of the 

supernatant was diluted with 0.5ml KH2PO4 buffer and 4.5ml of the Ellmans- 

phosphate mixture added to this.

The samples were mixed with a vortex mixer and the absorbance read 30 seconds 

later at 410nm in a Ciba-Coming colorimeter 257. Standards were prepared from a 

stock 2mM GSH solution over the range 0-0.5pmoles/ml. The colorimeter was 

zeroed on water.

2.10 Measurement of Mitochondrial Membrane Potential

Changes in the mitochondrial membrane potential were assessed by 

determining intracellular [^H] triphenyl methyl phosphonium (TPMP^) accumulation 

in the slice (Nazareth et. al. 1991; Hoek et. al. 1980). TPMP^ is a penetrating cation 

which accumulates predominately in the mitochondrial matrix due to the high 

negative potential relative to the cytoplasm. Loss of potential from injury to the 

mitochondria results in release of TPMP^ from the organelle.
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The slices from the in vivo / in vitro experiments were incubated in a Ringers 

solution ±  protective agents as described above. The TPMP^ (0.02p,Ci/ml (740Bq) 

pH] TPMP^ with 0.2|ig/ml cold carrier TPMP^) was added to the flasks at the 

beginning of the 30 minute - 6 hour incubation, and at the beginning of the 6-18 hour 

incubation. The slices were removed at the end of the incubation period i.e. 6 hours 

or 18 hours, gently blotted, weighed and placed directly into 1ml of IM NaOH to 

digest at 37®C overnight. A 200pl sample neutralised with 200pl of IM HCl was 

counted in 5ml liquiscint in a Packard Tri-Carb 460C scintillation counter. A 50pl 

sample of the Ringer flask solution was also counted at the end of the incubation 

period. Results were expressed as a ratio of intracellular to extra-cellular 

radioactivity i.e. (dpm/pl slice water) / (dpm/pl incubation medium). Cell water 

content was assumed to be five times the protein content. The cell protein content 

was determined by the method of Lowry et. al. (1951) on the same NaOH digest that 

was used for counting.

2.11 Protein Estimation

Protein content was measured according to the method of Lowry et. al. 

(1951). The method is based on the reaction of copper in alkali with amino acids to 

give a blue colour by the reduction of the Folin-phenol reagent.

The assay comprises of the following reagents for NaOH digests of protein:

• FolinA: 2% sodium carbonate

• Folin B: 0.5% copper sulphate in 1 % sodium potassium tartrate

• Folin C: 100 parts Folin A : 2 parts Folin B
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• Folin D: Folin-Ciocalteau's phenol reagent (BDH) diluted 1:1.8 with deionised 

water.

The liver slice NaOH digest was diluted 1/20 with 0.15M NaCl and a lOOpl sample 

taken in duplicate for protein estimation (O-lOOpg protein). For the MPA 

homogenates a 1ml sample was taken and centrifuged at 2500rpm for 10 minutes. 

The pellet was dissolved in 1ml IM NaOH, this was further diluted 1/20 with 0 .15M 

NaCl and a lOOpl sample taken in duplicate. To these 400pl of 0.15M NaCl was 

added, Folin C (2.5ml) was added and the tubes vortexed and left for a minimum of 

10 minutes. Folin D (250pl) was added to each tube and vortexed immediately, then 

left for a minimum of 30 minutes for the colour to develop. The absorbance was 

measured using a Ciba-Coming colorimeter 257 at 700nm. A standard curve was 

prepared from an albumin standard solution in 0.15M NaCl (Pierce), over the range 

O-lOOpg/ml.

2.12 HPLC of paracetamol in plasma

Plasma from paracetamol pre-treated rats was taken at sacrifice for HPLC 

analysis to measure the concentration of paracetamol according to the method of 

Blackledge et. al. (1991).

Blood was collected in heparin tubes, centrifuged at SOOOrpm for 10 minutes. The 

plasma was then separated and the following was placed in an eppendorf tube:

• 500pl plasma

• 465pl distilled water

• lOpl of internal standard (2mg/ml metacetamol)
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• 25pl 60% perchloric acid.

The mixture was vortexed and centrifuged at 12000rpm for 10 minutes in an 

eppendorf microfuge. A sample (lOOyl) was placed in the autosampler vial ready for 

analysis. If the analysis was not immediate then the vials were frozen at -70°C.

A 20pl sample was injected on to a spherisorb 50ODS A reverse phase column 

(Technicol). A pre-column (Millipore Guard PAK) was used to protect the analytical 

column. The mobile phase consisted of:

• 1ml of 100% formic acid

• 15ml of isopropan-2-ol

• in IL of 0. IM KH2PO4 in distilled water.

The flow rate of the mobile phase was 1.5ml/min. Paracetamol was detected using a 

Cecil CE292 spectrophotometer at 254nm. The concentration of paracetamol in the 

plasma was calculated by measuring the peak height ratio of the paracetamol to the 

known concentration of internal standard added and from standards of paracetamol 

with internal standard over the range 0-50pg/ml.

2.13 Glycerol measurement

To a 50pl blood sample add 150pl of saline (0.15M NaCl) in an eppendorf 

tube, centrifuge for 2 minutes at 12 OOOrpm in a microfuge.

Take lOOpl of supernatant and add lOOpl of 0.5M perchloric acid to precipitate the 

proteins, centrifuge again.

57



• Take a 50pl sample of supernatant, add 40pl of NAD, 50pl of water and 1ml of 

buffer pH 9.9 (consisting of O.IM 2-amino 2-methyl propan-l-ol, 0.2M 

hydrazine, ImM EDTA)

Leave to equilibrate for 10 minutes at room temperature.

Start the reaction by adding lOpl of GDH, the rate is measured at 340nm at 30°C in 

a Pye Unicam spectrophotometer SP1750.

Standards are prepared using glycerol over the range 0-50nmol/cuvette.

2.14 Histology

Samples of liver were taken immediately after sacrifice, or liver slices at 

appropriate times and placed in formol saline for at least 48 hours. Paraffin sections 

were cut and stained with haematoxylin and eosin by either the EM Unit at the 

London School Hygiene and Tropical Medicine or the histopathology department at 

University College Hospital. The magnification for the photographs from the 

histology results are all quoted as the magnification of the objective used. There was 

also a further xlO magnification in each case for the eyepiece and the film 

processing.

2.14 Statistical Analysis

Triplicate flasks were set up for each incubation condition in each experiment 

on the liver slices from one rat. The mean value for the triplicate slices was used as 

one data point for the analysis of results from at least 3 separate experiments. 

Significance of the differences was determined using the Students T-Test with
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P<0.05 being taken as indicating a significant difference. For the in vivo ALT 

results statistical analysis using log transformation was used, as well as 

nonparametric analysis (Mann Whitney U test).

The percentage protection of a liver slice from a paracetamol treated rat (i.e. the in

vivo /  in vitro model), through the subsequent addition of a candidate “protective

agent” was calculated as follows:

% LDH leakage from slice with “protective agent” x 100
% LDH leakage from slice without “protective agent”

= % leakage factor

100 - % leakage factor = % protection.
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CHAPTER 3: Results - In vitro Experiments

3.0 Introduction- Incubation of liver slices for 6-18 hours

As explained in chapter 1, the therapy of early stages of paracetamol 

poisoning is well developed, however the later stages are barely treatable.

This study looks at the protection of liver slices from injury subsequent to exposure 

to paracetamol in an in vitro system.

Many model systems have been used to investigate paracetamol toxicity (follow et. 

al. 1974; McLean and Nuttall 1978; Beales et. al. 1985; Shen et. al. 1992; 

Mourelle et. al. 1991). They have led to an understanding of the initial phase of 

toxicity with absorption and activation of paracetamol to a reactive metabolite 

which initiates the process of cell injury unless it is neutralised by GSH.

Using the two stage liver slice model developed by McLean and Nuttall (1978), 

one can distinguish between the first stage of contact with paracetamol and the later 

progression stage of injury leading to cell death many hours later. In this system 

liver slices are exposed to paracetamol for a short time. A 2 hour exposure to 

paracetamol was found to be adequate and lead to injury after a further 4 hours of 

incubation (McLean and Nuttall 1978). By incubating without paracetamol in the 

second stage one can distinguish the effects of progression of injury from the 

incidental effects of continuous exposure. Paracetamol levels in the slice once in 

the second incubation medium are minimal (0.33±0.02mM, n=3) following 

exposure to lOmM paracetamol.
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Cell death in this system becomes apparent as early as 5-6 hours (figure 3.4), 

whereas in vivo serum enzyme levels do not become raised until 12 hours in the rat 

(Martin and McLean 1995) and 48 hours in poisoned humans (Prescott 1984).

The concentration of paracetamol needed to show significant injury at 6 hours was 

found to be 5-lOmM. In vivo plasma levels of paracetamol following an overdose 

of Ig/Kg ip, which is enough to cause extensive liver damage, are in the region of 

3mM at 3 hours and 1.8mM at 4 hours (see figure 3.3). Therefore concentrations 

immediately after dosing are probably higher and more similar to those used in 

vitro to obtain injury (figure 3.3). In human overdose cases plasma levels of up to 

7mM have been observed (Prescott 1983).

In the present in vitro experiments lOmM paracetamol was chosen as it gave 

consistent cell injury when liver slices were exposed for 2 hours and was in the 

same concentration range that would be expected soon after dosing in vivo.

Lactate dehydrogenase (LDH) was used as a marker of cell injury. LDH is a 

convenient and frequently used indicator of cell death. Potassium content of the 

dried liver slice was also used as an indicator of cell integrity and is useful if LDH 

is destroyed or inactivated.

I have found that many compounds will protect in vitro even when given in the late 

progression stage, that is after the initial 2 hour phase of paracetamol metabolism 

with generation of reactive metabolite, GSH depletion and covalent binding. Any 

effect on mitochondria will also have already taken place. Cells and slices can be 

protected by many agents such as fructose, glycerol, promethazine or CaEDTA 

(McLean and Nuttall 1978, Beales et. al. 1985, Mourelle et. al. 1990, Mourelle et.
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al. 1991). Such agents have generally been chosen on the basis that they were 

antioxidants, metal chelators, had ATP generating capacity, or had effects on 

mitochondrial preparations in vitro. The concentrations used in the present 

experiments were based on those in published papers. However, there is little 

evidence that any of these protective agents can afford protection in vivo.

To determine whether in the short term (i.e. 0-6 hour) in vitro system we are only 

delaying the onset of injury with the “protective agents” , I extended the incubation 

period to 18 hours to see if protection could still be found.

I have employed the in vitro method, using liver slices from phenobarbitone treated 

rats to look at a selection of protective agents over 6 and 18 hours of incubation.

3.1 Protection of liver slices incubated for 6 hours.

In this study liver slices are incubated with lOmM paracetamol for 2 hours 

then transferred to fresh Ringers solution without paracetamol. The “protective 

agents” are added to the second incubation medium. This study demonstrates that:

• Many compounds can protect against cell injury from paracetamol, even when 

given after the first phase, when injury is initiated.
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3.2 Protection of liver slices incubated for 18 hours.

These experiments show that:

• Injury can be prevented in the short term, but when the incubation of the liver 

slice is extended to 18 hours, following exposure to lOmM paracetamol for 2 

hours, all protection is lost.

3.3 Methods

3.3.1 In vitro liver slice preparation

The liver from phenobarbitone treated rats was rapidly removed and rinsed 

in cold tap water then placed in ice cold isotonic saline, liver slices of 

approximately 0.3mm thickness or less were cut by hand, as described in the 

methods section 2.2. The liver slices were drained, weighed and put in 25ml 

Erlenmeyer flasks at room temperature, containing 5ml of Ringer solution with the 

following composition:

NaCl 125mM 

KCl 6 mM 

MgS04 1.2mM 

NaHz PO4 ImM 

CaCh ImM 

glucose lOmM 

15mM HEPES buffer pH7.4 

as previously described (McLean and Nuttall, 1978). The slice preparation was not 

sterile therefore antibiotics were also added to the incubation medium, gentamicin
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(50ug/ml), which allowed for long term incubations. Biocide (Panabath M, BDH, 

Poole, UK) was also used in the waterbath to prevent entry of infected aerosols.

The slices were placed in Ringer solution ±  lOmM paracetamol and incubated 

under O2 at 37°C in a shaking waterbath (90 strokes / minute). After 2 hours the 

slices were taken out and re-incubated in fresh Ringer solution (5ml) without 

paracetamol. The various protective agents were added to these second incubation 

flasks.

3.3.2 In vitro model

Figure 3.1 is a diagrammatic representation of the in vitro model. The 

point to notice is that there is no addition of paracetamol to the second incubation 

medium (2-6 or 18 hours) and that the paracetamol concentration in the medium 

and slices is therefore minimal (0.33mM).
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3.3.3 Injury assessment

Lactate dehydrogenase (LDH) was measured in the incubation medium as a 

marker of liver damage. Alanine transaminase (ALT) is a more specific marker for 

liver damage, but the in vitro system contains only liver tissue, so specificity is not 

the major issue. The amount of ALT in the tissue is much lower than LDH (figure 

3.2). This made the measurement of the amount of leakage unreliable. The levels 

found in liver are around 30nmoles/min/mg, therefore a liver slice of 

approximately lOOmg will have around 3(X)0nmoles/min/slice, the slice is in a 

volume of 5ml. If all the ALT were to leak out into the medium we would expect 

there to be around 600nmoles/min/ml. In the assay 100fi\ of medium is taken for 

ALT measurement which would give 60nmoles/min/sample. A 10% leak in control 

slices would therefore give 6nmoles/min/sample, while the limit of sensitivity for 

this method is 5nmoles/min/ml (Sigma Procedure no.57-UV). With damaged slices 

leakage would be around 20-30% and therefore only 2 or 3 times above the level of 

sensitivity.

Lactate dehydrogenase was therefore chosen to assess liver injury in this system. 

LDH leakage in to the medium was measured at 6 hours and 18 hours in 

subsequent experiments.

Potassium and water content was measured in the slice at the end of the incubation 

period. Potassium is a good marker of cell injury and is useful if LDH is 

inactivated or destroyed in the incubation.
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When GSH was measured in the slice at the appropriate times, the slice was placed 

in 2ml metaphosphoric acid (MPA), homogenised and a 1ml sample added to 

4.5ml Ellmans phosphate reagent as described in the methods section.
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Figure 3.2 Lactate Dehydrogenase and Alanine 
Transaminase Levels in Rat Liver
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Results are mean + sd, n=3.

Liver was taken at sacrifice and homogenised for 
measurement of lactate dehydrogenase and alanine 
transaminase as described in the methods section. 
Results are expressed as nmoles/min/mg o f liver.
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3.4 Results

3.4.1 Paracetamol plasma levels

Time course of plasma paracetamol concentration following a Ig/Kg i.p. dose.

Figure 3.3 shows the levels of paracetamol found in plasma following a 

Ig/Kg dose i.p. There is around 3mM at 3 hours which drops to approximately 

1.8mM by 4 hours.

With a rough extrapolation back to zero time, we get an initial concentration of 

around 7mM. Therefore in the in vitro experiments, concentrations in this range 

were used to induce liver injury.

3.4.2 Effect of 2 hours exposure to paracetamol on liver slices Incubated for 6 

hours

In vitro time course and dose response to paracetamol in liver slices

Figure 3.4 shows a dose response curve to paracetamol and time course of 

injury. Liver slices were exposed to paracetamol (1,2,5,10 and 15mM) for 2 hours 

then transferred to fresh Ringer without paracetamol for a further 4 hours. Lactate 

dehydrogenase (LDH) leakage was measured in the medium at various times (3,4,5 

and 6 hours). Control slices show very little leakage and there is no apparent 

difference with 1 or 2mM paracetamol. Both 5, 10 and 15mM paracetamol show a 

significant increase in LDH leakage at 5 and 6 hours. The time course of injury 

demonstrates that injury is not apparent at 3 hours and only starts to become 

evident at 4 hours, following 2 hours exposure to paracetamol.
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Paracetamol concentration in liver slices

Table 3.1 shows the concentration of paracetamol in the liver slice 

incubated for various times, 5 minutes and 2 hours with paracetamol at 1, 5 and 

lOmM. Then the levels in the slice after re-incubation for 10 minutes in fresh 

Ringer without paracetamol. Paracetamol equilibrates quickly in the slice, but once 

in fresh medium without paracetamol the levels in the slice are minimal and at a 

level to be expected from dilution of the slice contents into a fresh 5ml solution of 

Ringers.

Time course of GSH depletion in liver slices

Using lOmM paracetamol exposure for 2 hours, figure 3.5 shows the time 

course of GSH depletion in liver slices. GSH reacts with the toxic metabolite of 

paracetamol, ‘NAPQT to prevent cell injury. Once GSH is depleted NAPQI is 

able to attack other cellular macromolecules to cause injury. There is a decrease in 

GSH in the slice in both the control and paracetamol treated slices. This may be 

due to a loss of GSH from cells that were damaged during cutting and from 

oxidative damage during incubation with loss of GSSG (Vina et. al. 1978). The 

GSH in control slices remains fairly level over the next 5 hours whereas the slices 

exposed to paracetamol decrease even further. (GSH content at 2 hours would have 

been a useful measure since it is not clear whether GSH levels remain steady, 

decline, or rise on removal to paracetamol-free Ringer.)
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Figure 3.3 Tim e course of plasm a paracetam ol 
concentration follow ing a Ig/K g i.p. dose.

c
Plasma Paracetamol level 

Extrapolated data
2
c
tu
o
c
o

5 -

&

1 "
Ê
CL

2

0 1 o 3 4 5 6

T im e hours

Results are m ean+ sd. n = 7 plasma sam ples lor each time poini

Rats were given paracetamol Ig/K g i.p. and sacrificed at various times. 
Plasma was taken and the concentration o f  paracetamol measured by HPLC  
as described in the methods section.
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Figure 3.4 In vitro time course and dose response to
paracetamol in liver slices.
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Results arc m ean± sd. n = 3 experiments.
< 0 .05  as compared to the control group at each time point.

Liver slices from phenobarbitone pre-treated rats were incubated in a Ringers 
solution ±  paracetamol at various concentrations (0 ,1 ,2 ,5 ,1 0  and 15 mM) for 2  
hours. The liver slices were then transferred to fresh Ringer without paracetamol 
and LDH leakage in to the medium was measured at various time points.
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Table 3.1 Paracetamol concentration in liver slices following incubation.

[Paracetamol] in liver slice (mM)

[Paracetamol] in 

medium

5 minutes 

incubation

2 hours 

incubation W

10 minutes re

incubation (mM)

ImM 0.9±0.1 0.9±0.3 A 0.1410.03

5mM 4.3Ü .6 6.012.5 S 0.1410.03

lOmM 8.5±1.0 10.910.8 H 0.3310.02

Results are mean ± SD. n = 3.

Rat liver slices from phenobarbitone pre-treated rats were incubated in a Ringers 

solution with paracetamol at 1, 5 and lOmM for 5 minutes and 2 hours. 

Paracetamol levels in the slice were measured by the HPLC method described in 

the methods section. Paracetamol levels in liver slices that were re-incubated in 

fresh Ringer without paracetamol were also measured. Results are expressed as 

mM concentration in the slice.
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Figure 3.5 GSH time course in liver slices from
control and paracetamol treated rats.
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Liver slices were incubatcd+ lOmM paracetamol lor 2 hours 
then transferred to fresh Ringer for up to a further 4  hours. 
G Sfi was measured in the slice at 0,1,3-5 and 6 hours using 
the Ellmans method as described in the methods section and 
the results are expressed as um oles/m g protein.

74



3.4.3 Protective agents

A dose response curve for protection against paracetamol injury in liver slices at 

6 hours with glycerol

Table 3.2 shows the protective effect of glycerol at different concentrations 

on paracetamol injury. Control slices show very little damage with low levels of 

LDH in the mediiun and good potassium and water content in the slices at 6 hours. 

The addition of glycerol to the control slices does not significantly alter any of the 

parameters measured. The liver slices exposed to lOmM paracetamol for 0-2 hours 

then re-incubated in fresh Ringer for a further 4 hours show significantly high 

levels of LDH leakage, loss of potassium from the slice and high water content at 6 

hours.

The addition of ImM glycerol to the second incubation does not show significant 

protection whereas 2 and 5mM show significant protection against LDH leakage, 

potassium loss and water content.

Dose response data for fructose following lOmM paracetamol in vitro

Figure 3.6 shows the protective effect of fructose at different concentrations 

on paracetamol injury. Control slices show very little damage with low levels of 

LDH leakage in to the medium at 6 hours. The addition of 20mM fructose to the 

control slices does not significantly alter LDH leakage. The liver slices exposed to 

lOmM paracetamol for 0-2 hours then re-incubated in fresh Ringer for a further 4 

hours show significantly high levels of LDH leakage at 6 hours.
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The addition of 2 or 5mM fructose to the second incubation does not show 

significant protection whereas 10 and 20mM show significant protection against 

LDH leakage.

Effect of various protective agents on in vitro paracetamol-induced liver injury 

measured at 6 hours in liver slices.

Table 3.3 shows again that liver slices incubated in a Ringers solution leak 

very little LDH and maintain their potassium content for up to 6 hours. Exposure 

to lOmM paracetamol for 2 hours leads to a significant LDH leakage and 

potassium loss at 6 hours. The addition of the antioxidant diphenyl para phenylene 

diamine (DPPD) (4pM) in the second incubation significantly protects the liver 

slice against LDH leakage and potassium loss, this concentration was also shown 

by McLean and Nuttall (1978) to protect. The addition of 2mM glutamate, 2mM 

carnitine or 5mM ethanol also show significant protection against paracetamol 

injury as shown by measurement of LDH leakage and potassium loss (other 

concentrations were used and showed varying degrees of protection, the 

concentrations shown were the minimum that gave good, consistent protection).
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Table 3.2 Dose response data for protection against paracetamol injury in 

liver slices at 6 hours with glycerol.

0-2 hr 
conditions

2-6 hr 
conditions

n % LDH 
Leakage

K+ 
nmoles/mg 

dry wt.

Water / dry 
wt. ratio

Ringer Ringer 9 1.9±0.9 258 ±36 2.59±0.16

Ringer Glycerol
5mM

3 3.2±1.3 243 ±37 2.56±0.11

Paracetamol
lOmM

Ringer 9 22.4±11.8* 156±48* 3.19±0.69*

Paracetamol
lOmM

Glycerol
ImM

2 18.8 151 2.72

Paracetamol
lOmM

Glycerol
2mM

5 7.5±4.4 217±41 2.46±0.17

Paracetamol
lOmM

Glycerol
5mM

9 3.6±2.1 235 ±44 2.53±0.21

Results mean ±  SD
* P <  0.05 as compared with the control Ringer group.

Liver slices were incubated ±10mM paracetamol for 2 hours then transferred to 

fresh Ringer ±  glycerol at various concentrations for a further 4 hours. Samples 

for lactate dehydrogenase (LDH) leakage were taken at 6 hours.

Slice potassium content and water content was measured at 6 hours.
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Liver slices were incubated + 1 OmM paracetamol for 2 hours then 
transferred to fresh Ringer + fructose at various concentrations 
(2,5, 10 and 20mM) for a further 4 hours. Samples for LDH leakage 
were taken at 6 hours.
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Table 3.3 Effect of various protective agents on in vitro paracetamol-induced

liver injury measured at 6 hours in liver slices.

0-2 hr 
conditions

2-6 hr 
conditions

n % LDH 
Leakage

nmoles/mg 
dry wt.

Ringer Ringer 12 2.3±1.1 256 ±30

Paracetamol
lOmM

Ringer 11 18.0±7.2* 175±21*

Paracetamol
lOmM

DPPD
4pM

3 4.3±2.3 231±8

Paracetamol
lOmM

Glutamate
2mM

6 5.0±3.5 230±14

Paracetamol
lOmM

Carnitine
2mM

5 5.5±2.3 212±7

Paracetamol
lOmM

Ethanol
5mM

3 6.3±2.9 181±11

Results mean ±  SD
* P <  0.05 as compared with the control Ringer group. 
DPPD - diphenyl para phenylene diamine.

Liver slices were incubated +10mM paracetamol for 2 hours then transferred to 

fresh Ringer ±  the protective agent at various concentrations as shown in the table, 

for a further 4 hours. Samples for LDH leakage and potassium content were taken 

at 6 hours.
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3.4.4 Liver Slices Incubated For 18 Hours

Glycerol and fructose protect liver slices exposed to paracetamol in vitro against 

cell injury at 6 hours but not at 18 hours.

Table 3.4 shows the results from liver slices incubated for 18 hours, control 

slices are maintained very well for this length of time and the addition of glycerol 

(5mM) or fructose (lOmM) does not significantly alter the results found compared 

to control slices incubated in Ringer alone. Liver slices incubated with lOmM 

paracetamol for 2 hours then re-incubated in fresh Ringer without paracetamol 

show a significant increase in LDH leakage at 6 hours with very extensive leakage 

by 18 hours. Potassium content of the slice is also dramatically decreased. Both the 

addition of glycerol or fructose at doses that provided protection in the short 6 hour 

incubations, when added at 2 hours, protected the slice at 6 hours but all protection 

was lost by 18 hours. The potassium levels are also down at this time as would be 

expected from the LDH results. Evidently glycerol and fructose protect for only a 

short time.

Effect of various protective agents on in vitro paracetamol-induced liver injury 

measured at 6 and IS hours in liver slices.

Table 3.5 shows the effect of various agents which have been shown by 

others or myself to protect against cell injury in the short term incubations 

(Mourelle et. al. 1991; Nasseri-Sina et. al. 1992; Hughes et. al. 1991; Carini et. 

al. 1992; Deakin et. al. 1991; Timbrell et. al. 1995).
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DPPD, glutamate, ethanol and carnitine all show very good protection at 6 hours 

which is lost after 18 hours of incubation, Diltiazem, propylene glycol, iloprost 

and taurine which have been shown in other systems to protect showed very poor 

or no protection in this system at 6 or 18 hours of incubation.

Effect of fructose, cyclosporin A and trifluoperazine on in vitro paracetamol- 

induced liver injury measured at 6 and 18 hours in liver slices.

Table 3.6 shows the effect of fructose, cyclosporin A and trifluoperazine on 

paracetamol induced liver injury in vitro, both individually and as a combination 

(FCAT) which has been shown by Imberti et. al. (1993) to protect hepatocytes 

from tertiary butyl hydroperoxide (rBHP) injury. The doses chosen were those 

used by Imberti et. al.. (1993) which afforded protection in their system.

Liver slices incubated in a Ringers solution for up to 18 hours show minimal LDH 

leakage and potassium loss. Liver slices that have been exposed to lOmM 

paracetamol for 2 hours then transferred to fresh Ringer without paracetamol show 

significant LDH leakage at 6 and 18 hours with extensive loss of potassium at 18 

hours. The addition of the mixture FCAT following incubation in Ringer did not 

alter the parameters measured. The addition of the mixture FCAT to the incubation 

following paracetamol showed a significant reduction in LDH leakage at 6 hours 

but not at 18 hours, as did fructose on its own. Cyclosporin A and trifluoperazine 

did not show any protection against paracetamol injury at 6 or 18 hours.
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Table 3.4 Glycerol and fructose protect liver slices exposed to paracetamol in 

vitro against cell injury at 6 hours but not at 18 hours.

Incubation Medium (n) % LDH Leakage
nmoles/mg 

dry wt

Time 0-2h 2-18h 6 hours 18 hours 18 hours

Ringer Ringer 5 2.9±1.0 6.8±2.4 236 ±39

Ringer Glycerol 3 2.7±0.9 8.2±3.3 233 ±64

Ringer Fructose 2 3.2 8.3 194

Paracetamol Ringer 5 22.8±3.9* 63.2±10.9* 61±18*

Paracetamol Glycerol 3 4.7±0.9 56.5±13.4* 75±13*

Paracetamol Fructose 3 6.4±0.8 41.7±5.3* 89±33*

Mean ±  ISD
* P <  0.05 as compared with the control Ringer group.

Liver slices incubated ±10mM paracetamol for 2 hours then transferred to fresh 

Ringer ±  5mM glycerol or ±  lOmM fructose for a further 16 hours. Samples for 

LDH leakage were taken at 6 and 18 hours.

Slice potassium content was measured at 18 hours.
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Table 3.5 Effect of various protective agents on in vitro paracetamol-induced

liver injury measured at 6 and 18 hours in liver slices.

Incubation medium % LDH leakage

nmoles/mg
dwt

0-2h 2-18h (n) 6h 18h 18h

Ringer Ringer 4 2.8±1.5 6.412.35 292111

Paracetamol Ringer 4 20.3±4.1* 63.912.32* 6213.5*

Paracetamol DPPD 4pM 4 4.3±2.3 62.014.9* 66115*

Paracetamol Carnitine 2mM 3 4.2+2.0 69.514.9* 72113*

Paracetamol Glutamate 2mM 3 4.1+2.8 69.916.4* 87112*

Paracetamol Ethanol 5mM 3 6.3±2.9 64.813.5* 4318*

Paracetamol Propylene 
glycol 5mM

4 12.7±0.6* 60.713.9* 55115*

Paracetamol Diltiazem
O.lmM

3 19.111.6* 90110* 3513*

Paracetamol Iloprost
O.lng.ml

3 22.113.5* 75117* 3613*

Paracetamol Taurine 2mM 3 21.512.35* 7318* 37110*

Results are mean ± SD.
*P <0.05 as compared to the control Ringer group.
DPPD - diphenyl para phenylene diamine.

Liver slices were incubated in a Ringers solution ± lOmM paracetamol for 2 hours 

then transferred to fresh Ringer for a further 16 hours without paracetamol 

containing either 4pM DPPD (dissolved in ethanol), 2mM glutamate, 5mM 

ethanol, 5mM propylene glycol, 2mM carnitine, O.lmM diltiazem, 2mM taurine or 

O.lng/ml iloprost (dissolved in saline with 1% albumin).

LDH leakage was measured at 6 and 18 hours. Results are expressed as % LDH 

leakage and potassium as nmoles/mg dry weight.
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Table 3.6 Effect of fructose, cyclosporin A and trifluoperazine on in vitro

paracetamol-induced liver injury measured at 6 and 18 hours in liver slices.

Incubation Medium % LDH Leakage
nmoles/mg 

dry wt

Time 0-2h 2-18h 6 hours 18 hours 18 hours

Ringer Ringer 6.2±0.6 11.6±0.9 161±33

Ringer FCAT 4.5±0.4 10.0+0.9 197±20

Paracetamol Ringer 12.4±1.2* 36.2±3.4* 49+9*

Paracetamol Fructose 3.5±0.3 24.3±2.3* 61+8*

Paracetamol Cyclosporin A 12.1±1.1* 37.4±3.5* 76±15*

Paracetamol Trifluoperazine 15.5±1.5* 32.1±3.0* 82+7*

Paracetamol FCAT 4.1±0.4 25.9±2.4* 52±9*

Mean ±  ISD n=  3.
* P <  0.05 as compared with the control Ringer group.

Liver slices were incubated ±  lOmM paracetamol for 2 hours then transferred to 

fresh Ringer + lOmM fructose, ± IpM cyclosporin A, ± 5pM trifluoperazine or a 

mixture of all 3 (FCAT) at the above concentrations for a further 16 hours. 

Samples for LDH leakage were taken at 6 and 18 hours. Slice potassium content 

was measured at 18 hours.

84



3.5 Discussion

I have shown in these results that:

• Liver slices incubated with paracetamol, at a concentration similar to that 

found in vivo, for 2 hours go on to show injury by leakage of LDH and loss 

of potassium at 6 hours. This is much earlier than is seen in vivo.

• In the 6 hour incubation system many compounds protect against injury from 

paracetamol.

• When the incubation time is extended to 18 hours, when injury would be 

evident in vivo, any protection afforded at 6 hours is lost.

Using an in vitro model for paracetamol injury we can protect from cell 

injury with many different compounds perhaps through different mechanisms. 

There is no evidence that these compounds acting in the later progression stage 

have provided protection in vivo. Using the extended liver slice method these 

compounds have also failed to protect over 18 hours incubation. However, the 

mechanism by which they protect for 6 hours may give some indication of the cell 

components involved in the overall injury. Blocking just one part of the injury 

pathway may not be enough to prevent the final cell death but may only delay 

events or block one branch of the pathway of which there may be many.

From previous work (Mourelle et. al. 1991) fructose has been shown to protect 

against paracetamol damage. It was thought that it might act as a glycolytic 

substrate providing ATP for cell functions to continue, but other work (Martin 

and McLean 1996) has shown that protection may be independent of ATP levels.
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They showed high levels of fructose (20mM) are ATP depleting but protection at 

6 hours is still seen, the addition of adenine to increase ATP levels in the 20mM 

fructose group did not alter the protection afforded. It may be that ATP levels 

may not be crucial as long as a threshold level of around 5nmoles/mg protein 

(ImM) is not breached, or fructose may provide protection by its effect on 

mitochondria. Martin and McLean (1996) suggest that it may protect the 

mitochondrial membrane potential and therefore protect mitochondrial ATP 

production.

Glycerol like fructose may also be a substrate for the glycolytic or gluconeogenic 

pathways and may be a source of energy for the cell. Glycerol is also a membrane 

stabilising compound, protecting against dénaturation and conformational changes 

that may lead to inactivation of proteins (Winter and Cederbaum 1990). Glycerol 

also forms hydrogen bonds with water, thus reducing the motion of water 

molecules which may also slow the permeability of ions across the membrane, 

this in turn may delay injury. However, the concentration needed to show this 

effect is in excess of 200mM (Gekko and Timasheff 1981).

Carnitine has also been shown to protect in our 6 hour system but not when 

extended to 18 hours. Carnitine is an important carrier of activated long chain 

fatty acids across the inner mitochondrial membrane, where oxidation in the 

mitochondrial matrix is a major energy yielding process (Stryer 1988).

Glutamate is another protective agent and may be important as an energy source. 

The glutamate carrier in the mitochondria exchanges glutamate for OH’. The
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proton-motive force generated by electron transfer rather than ATP may be an 

immediate source of energy protecting the cell (Stryer 1988).

Propylene glycol provides partial protection in vitro and has been reported also to 

afford some protection in vivo against paracetamol injury in mice when given up 

to 3 hours after paracetamol (Hughes et. al. 1991). Hughes has proposed some 

possible mechanisms for how propylene glycol may protect. Propylene glycol can 

be oxidised to pyruvate and lactate which can be further oxidised through the 

citric acid cycle to provide energy, or it may act as a free radical scavenger in the 

same way as mannitol reacting with hydroxyl radicals. Propylene glycol may also 

interfere with the metabolism of paracetamol by inhibition of cytochrome P450 

(see introduction 1.13).

The antioxidant N , N ' -diphenylphenylene diamine (DPPD) protected well in this 6 

hour system. DPPD has been found to inhibit leakage of mitochondrial matrix 

enzymes and prevent the loss of the mitochondrial membrane potential in 

hepatocyte injury by iron nitriloacetate (Carini et. al. 1992).

From these results I would suggest that a lesion involving electron transport, 

probably in the mitochondria, is an early event in the process of cell injury in 

vitro. Protecting the mitochondria by providing the cell with glycolytic ATP or 

possibly stabilising the membrane or altering ion permeability, I am able to delay 

injury for a few hours, but as yet we are not able to prevent cell death in the long 

term. Previous work (Nazareth et. al. 1991) has shown that paracetamol as well 

as NAPQI affects the mitochondrial membrane potential. Protection with the -SH 

donor cysteine or blocking paracetamol metabolism with the P450 inhibitor
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SKF525A, so that injury does not occur, does not alter the effects on the 

mitochondrial membrane potential as demonstrated by the loss of TPMP^. We 

therefore need to consider other points of damage that maybe targeted so as to 

apply other protective agents at these points.

Imberti et. al. (1992) showed that a combination of agents; fructose, cyclosporin 

A and trifluoperazine, provided long term protection against rBHP injury. They 

suggest the combination act to protect the mitochondria by maintaining the 

mitochondrial membrane potential. This combination does not provide protection 

to the liver slice from paracetamol injury in the extended incubation model.

I have shown that a range of compounds which show short term protection 

against paracetamol toxicity in vitro, are not protective in an extended in vitro 

model. The active mechanism in the later stages of paracetamol injury therefore 

needs to be further investigated both in vitro and in vivo and it is clear that short 

term assays for cell protection have only a limited explanatory value.

The time course of injury from paracetamol in this in vitro model is very short, 4- 

6 hours after 2 hours in vitro exposure to paracetamol. In vivo in the rat enzyme 

levels do not become raised until around 12 hours (Martin and McLean 1995) and 

in poisoned humans around 48 hours (Prescott 1984). A model that provides a 

more realistic course of injury may provide results that will reflect the events in 

vivo.

Clearly the exposure of liver slices in vitro to paracetamol sets in motion cell 

injury events that are maybe more severe and therefore much quicker than would 

be seen in vivo. A model with initiation events in vivo and at a dose that leads to
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injury at 24 hours may prove more useful in determining the events and if this 

can be combined with an in vitro progression step may help to establish whether 

cell injury can be blocked.
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CHAPTER 4: Results - In vivo /  in vitro Experiments

4.0 Introduction

If we wish to use some in vitro screening techniques to find drugs that 

protect against paracetamol injury, then these techniques need to give information 

applicable to in vivo use. Evidence about mechanisms of toxicity is also more 

convincing if it can be shown to apply in vivo as well as in vitro.

In a parallel series of experiments carried out in the same laboratory, F.Martin 

showed that in the short compressed system (i.e. liver slices exposed for 2 hours 

to lOmM paracetamol), ATP levels fall to 60% of controls at 30 minutes after 

exposure to paracetamol (Martin and McLean 1995). I found that LDH leakage 

from slices is apparent at 5 hours (figure 3.4). In contrast, injury in vivo from 

paracetamol overdose in rats does not become apparent until 12 hours or later, 

when serum ALT levels become significantly raised and histological change 

becomes evident, but ATP levels in vivo drop well before this at around 4 hours 

(Martin and McLean 1995).

I have shown in the previous chapter that short term in vitro methods such as 

incubations of liver slices for up to 6 hours gives results that have only a limited 

value. In this system many compounds protect for 6 hours but when the 

incubation time in the in vitro model is extended, any protection seen is lost. 

These compounds that show short term protection do not show any protection in

VIVO.
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The present experiments use an in vivo /  in vitro model to study cell injury from 

paracetamol and to evaluate the possible protective effects of a variety of 

compounds that have either shown protection in the short term in vitro system or 

have shown protection in other systems (McLean and Nuttall 1978, Beales et. al. 

1985, Shen et. al. 1992, Mourelle et. al. 1991).

To develop a model that may reflect the events found in vivo, I have set up a 

system where injury is first initiated in vivo. The progression of injury is then 

followed over 18 hours in vitro. This allows for the addition of various protective 

agents and for sampling at various time points. In order to maintain better 

function in the slices the Ringer was modified by the addition of 21 amino acids, 

albumin and a bicarbonate buffer instead of HBPES (Peters 1983). This in vivo / 

in vitro system combines both an in vivo initiation step and the versatility of the in 

vitro methods. Using paracetamol as a model for liver injury, I have examined 

many compounds at doses that have been shown to protect in the short term in 

vitro system, even when applied after the paracetamol metabolism stage, to see if 

they also afford protection to the liver after in vivo initiation of injury.

In particular I have looked at a combination of compounds fructose, cyclosporin 

A and trifluoperazine. This combination has been shown to afford protection in 

other types of systems (Imberti et. al. 1992). In order to try and protect the cell at 

various points that may be critical for cell survival, both after paracetamol and 

another hepatotoxin carbon tetrachloride, I have used the doses that showed 

protection against tertiary butyl hydroperoxide (ffiHP) employed by Imberti et. 

al. (1992).
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Injury has been followed in this system by measuring several markers, LDH 

leakage, potassium content of the slice, GSH and mitochondrial membrane 

potential with the probe triphenyl methyl phosphonium.

To try and establish how these agents may be working I have looked at the effect 

of substituting other compounds that may have similar effects or lack a particular 

pharmacological action.

I have tried replacing fructose with glycerol as both are able to provide ATP as a 

source of energy by entering glycolysis at various points.

The immunosuppressant FK506 has many of the properties of cyclosporin A but 

it has been shown not to act on the mitochondrial pore or mega channel in the 

inner membrane. To see if this pore may be important in cell injury I replaced 

CyA with FK506. FK506 is needed in much lower amounts to exert its 

immunosuppressant effect and so lower concentrations compared to CyA were 

used (Sigal and Dumont 1992), it also showed some toxicity to control slices at 

IpM concentration. Trifluoperazine has many effects so I have tried a variety of 

phenothiazines to see if they all behave in a similar way.

4.1 Summary of in vivo /  in vitro experiments with paracetamol

These experiments show that:

• Cell injury from paracetamol can be followed in vitro following in vivo 

dosing.

• LDH leakage is apparent at 18 hours. GSH levels are reduced after the 2 

hours treatment in vivo and remain low throughout the incubation period.
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4.2 Summary of in vivo /  in vitro experiments with **protective agents”

These experiments show that:

• Cell injury from paracetamol cannot be prevented in the in vivo /  in vitro 

model by the addition of the single compounds that prevent injury in the short 

in vitro model or in several other systems.

• The combination of fructose, cyclosporin A and trifluoperazine (FCAT) does 

show significant protection in this in vivo /  in vitro system.

• The combination of FCAT may act by protecting the mitochondrial membrane 

potential. Experiments with the mitochondrial probe triphenyl methyl 

phosphonium (TPMP^) suggest that the mitochondria are critical targets for 

paracetamol since FCAT protection of the mitochondrial membrane potential 

is found early on and is associated with reduced signs of cell injury.

• GSH levels are reduced by 3 hours following paracetamol dosing in vivo and 

remain low throughout the incubation period. In slices protected by FCAT, 

GSH levels remain low.

4.3 Methods

4.3.1 In vivo /  in vitro model.

Phenobarbitone pre-treated rats were dosed with paracetamol (Ig/Kg i.p.)

at 25mg/ml in warm 0.075M sodium chloride, once dosed the animals were kept

in a warm cage ( 25-28°C ) to maintain their body temperature. A decrease in

body temperature can effect the metabolism of many compounds (Villarruel et. al.

1986). Rats were pre-treated with phenobarbitone to increase their sensitivity to
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paracetamol. The LD50 for paracetamol in phenobarbitone induced rats is 2g/Kg 

and the Ig/Kg dose regularly produces extensive liver necrosis. (In non-induced 

rats the LD50 is 5g/Kg) (McLean 1975). Non-induced rats were dosed with 

carbon tetrachloride 0.6ml/100g orally. The LD50 for carbon tetrachloride is 

3.6ml/Kg in non-induced rats (Garner and McLean 1969). Liver slices were 

prepared 3, 4 or 5 hours later as described in the methods section.

Figure 4.1 In vivo /  in vitro model

Figure 4.1 is a diagrammatic representation of the in vivo / in vitro model. 

Paracetamol is given in vivo, then several hours later the rat is sacrificed and liver 

slices incubated in a Ringers solution for up to 18 hours. During this stage the 

“protective agent” is added.
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Figure 4.1 IN VIVO /  IN VITRO MODEL
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4.3.2 Liver Slice Incubation

Liver slices were cut weighed as described in the methods section 2.2, and 

put in 25ml Erlenmeyer flasks containing 5ml of Ringer solution with the 

following composition:

NaCl 125mM • 21 amino acids each at O.lmM

KCl 6 mM alanine aspartic acid

MgS04 1.2mM glycine asparaginine

NaH2 PO4 ImM isoleucine glutamine

CaCh ImM serine proline

glucose lOmM threonine hydroxyproline

albumin (BSA Sigma) valine arginine

5mg/ml phenylalanine histidine

15mM bicarbonate buffer tyrosine methionine

pH7.4 tryptophan cystine

leucine cysteine

lysine

(Peters, 1983). Because the slice preparation was not sterile an antibiotic was also 

added to the incubation medium, (gentamicin 50ug/ml), which allowed for long 

term incubations.

The slices were incubated under O2/CO2 (95/5%) at 37°C in a shaking waterbath 

(90 strokes / minute). After 30 minutes and after 6 hours the slices were taken out 

and re-incubated in fresh Ringer solution for up to 18 hours. The various 

protective agents were present throughout the incubation.
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4.4 Results

4.4.1 In vivo /  in vitro model for paracetamol injury

These experiments are designed to show whether, in vivo initiation of 

injury with paracetamol for 3, 4 or 5 hours will then go on to produce signs of 

injury in an in vitro system, that is comparable with what one is likely to find in 

vivo if plasma ALT or LDH is followed.

The experiments are also designed to determine whether giving the antidote 

methionine before paracetamol which would protect the liver in vivo would still 

protect once the liver slices were incubated in vitro.

Glycerol does not afford any protection against paracetamol injury in vivo (see 

chapter 5) but does in the short term in vitro system. By giving glycerol in vivo I 

would not expect to find any protection in vitro.

These experiments are therefore designed to show whether the effects found in 

vivo can be predicted by initiating injury in vivo and following the progression in 

vitro by the incubation of liver slices.

Effect of differing times of in vivo treatment with paracetamol on slice leakage 

in vitro.

Figure 4.2 shows that liver slices from control rats when incubated for up 

to 18 hours in a Ringers solution with antibiotics shows little LDH leakage 

(approximately 10%). In rats given paracetamol Ig/Kg 2 hours before sacrifice 

there is no significant difference in LDH leakage as compared to the controls. 

When the time to sacrifice is extended to 3,4 or 5 hours there is significantly
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more leakage at 18 hours, with the 5 hour paracetamol pre-treated group there is 

also significant leakage after 6 hours of incubation (i.e. 11 hours after dosing). 

The half-life of paracetamol in the rat is about 45 minutes, so the extended in vivo 

period after dosing leads to a considerable increase in the exposure of liver cells 

to circulating paracetamol.

Effect of methionine and glycerol in vivo given 30 minutes before paracetamol 

and followed in liver slices in vitro.

Figure 4.3 demonstrates that if methionine, an antidote for paracetamol 

poisoning, is given 30 minutes prior to the paracetamol and slices taken 3 hours 

after paracetamol pre-treatment, there is no significant leakage of LDH as 

compared to the control group at 18 hours. Methionine is effective against 

paracetamol overdose only if given before or up to 3 hours after the paracetamol 

dose in rats (unpublished results). If glycerol is given 30 minutes before the 

paracetamol, we do not see any protection against LDH leakage or potassium 

loss. Glycerol has been shown to provide good protection in the short term in 

vitro system, possibly by providing a glycolytic ATP source, similar to fructose, 

after initiation of injury, but not when the incubation time is increased to 18 

hours.
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Figure 4.2 Effect o f  differing times o f  in vivo 
treatment with paracetamol on slice leakage 

in vitro
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Results are mean ± sd. 
n= at least 3 experiments.
*P< 0.05 as compared to the control rat.

Liver slices from control or rats given paracetamol (Para)
Ig/Kg i.p. and allowed 2,3,4 and 5 hours in vivo to initiate 
injury, were incubated in a Ringers solution for up to 18 
hours as described in the methods.
LDH leakage was measured in the medium at T6 and T18 hours.
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Figure 4.3 Effect o f  methionine and glycerol in vivo given 
30 minutes before paracetamol and followed in liver slices

in vitro
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Results are mean + sd. n = at least 3 experiments.
*P < 0.05 as compared to the control rat

Liver slices were taken from control rats, rats pre-treated with 
paracetamol (para) Ig/Kg i.p. 3 hours previously and rats treated with 
either glycerol (gly) (5g/Kg orally) or methionine (met) (250mg/Kg i.p.) 30 
minutes prior to being given paracetamol.
LDH was measured in the medium at T6 and T18 hours.
Potassium content of the slices was measured at 18 hours.
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4.4.2 Glutathione levels following paracetamol dosing

These experiments show the effect of paracetamol dosing on glutathione 

levels in the liver both in vivo and during subsequent incubation in vitro.

Time course of GSH depletion in the whole liver from control and paracetamol 

pre-treated rats.

Figure 4.4 shows that the GSH level in the liver from fed rats given 

paracetamol (Ig/Kg i.p.) are down to about 1.5pmoles/g by 2 hours. It remains at 

that level for the 6 hours of measurement following the paracetamol dose. It is 

notable that it is not until 3 hours post the paracetamol dose that we start to see 

subsequent damage on incubation in the in vitro system. Control GSH levels at TO 

are around 6pmoles/g and while one might expect around 35% variation 

throughout the day in GSH levels (Leszczynska-Bisswanger and Pfaff 1985) 

levels found in the paracetamol treated animals are reduced by 75 %.

Time course of GSH depletion in rat liver slices from control and paracetamol 

pre-treated rats.

Figure 4.5 shows that control slices from fed rats when incubated in a 

Ringers solution show a rapid fall in GSH in the first 30 minutes of incubation. 

This loss may be due to damaged cells on the surface of the slice through the 

cutting procedure and by oxidation of GSH to GSSG which can readily leave the 

cell (Vina et. al. 1978). There is a further decline to around 6nmoles/mg protein 

up to 6 hours but at 18 hours levels are up to 15nmoles/mg protein (i.e. about
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3]jmoles/g liver). Liver GSH levels from paracetamol pre-treated rats are already 

depleted after 4 hours in vivo following paracetamol dosing (Ig/Kg i.p.) and this 

level remains low throughout the incubation. This data suggests that GSH levels 

vary with time during the incubation and that paracetamol may also decrease 

these levels. However further studies are necessary to conArm this.
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Figure 4.4 Time course o f  GSH depletion in the liver
after paracetamol 1 g/Kg i.p.
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Results are mean + sd.
n= at least 3 except 2h where n=2 and 6h where n = l.
*P < 0.05 as compared to the TO group.

GSH was measured in the liver taken from control or paracetamol 
treated rats (Ig/Kg i.p.) at various times by the Ellmans method 
as described in the methods section. Results are expressed as 
umoles/g liver.
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Figure 4.5 Time course o f  GSH depletion in liver
slices from control and paracetamol pre-treated rats
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Results are mean of 2 slices from 1 experiment.

Liver slices from phenobarbitone induced control or rats treated with 
paracetamol 4 hours previously were incubated in a Ringers solution 
for up to 18 hours. GSH was measured in the liver slice at 0, 0.5, 2,
6 and 18 hours by the Ellmans method as described in the methods section. 
Results are expressed as nmoles/mg protein. The TO slice was freshly cut 
and not put into Ringers solution at all.
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4.4.3 Effect of compounds used in vitro to protect against paracetamol injury

These experiments were designed to demonstrate whether the protective 

agents used in the in vitro model (chapter 3) or used by other researchers 

(McLean and Nuttall 1978; Sato et. al. 1981; Mourelle et. al. 1990; Nasseri-Sina 

et. al. 1992; Timbrell et. al. 1995) would show any potential in protecting against 

paracetamol injury initiated in vivo.

Progression of cell injury and protection in liver slices after initiation of injury 

with paracetamol in vivo

Table 4.1 shows that liver slices from control rats incubated for 18 hours 

show minimal damage as measured by LDH leakage and potassium loss. The 

addition of the mixture fructose lOmM, cyclosporin A IpM and trifluoperazine 

5|iM (FCAT), as used by Imberti et. al. (1992), does not significantly alter these 

parameters. Liver slices from rats given paracetamol Ig/Kg 3,4 or 5 hours 

previously in vivo, all show significant leakage of lactate dehydrogenase (LDH) 

after 18 hours of incubation (i.e. 9-11 or 21-23 hours after dosing in vivo) as 

compared to the control Ringer group and after 6 hours in the case of the 5 hours 

in vivo exposure. Liver slices from the group left in vivo for 5 hours fared 

significantly worse than the 3 hour group. Liver slices from the rats pre-treated in 

vivo with paracetamol (3,4 and 5 hours), then incubated with the combination of 

fructose, cyclosporin A and trifluoperazine (FCAT) in vitro show significant 

protection as compared to their respective paracetamol dosed-Ringer group. 

Protection is seen with both LDH leakage and potassium content.
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Effect of various agents on liver slices in vitro from rats treated with

paracetamol in vivo.

Table 4.2 shows that liver slices from rats pre-treated with paracetamol 

Ig/Kg 3 hours previously and incubated in a Ringers solution show extensive 

leakage of LDH and potassium loss at 18 hours. If various agents are added to the 

in vitro system, which were shown to provide some protection in the short term 

in vitro model we find no protection in this 18 hour system.

Mitochondrial membrane function in liver slices after initiation of injury with 

paracetamol in vivo.

Liver slices from control rats maintain a large gradient of triphenyl methyl 

phosphonium (TPMP^) between the slice and the external medium (Nazareth et. 

al.., 1991). Liver slices from paracetamol treated rats (Table 4.3) show marked 

and significant impairment of TPMP^ accumulation especially in the 5 hour pre

treated group even at 6 hours of incubation i.e. 11 hours after dosing. Liver slices 

from the 3 and 4 hour in vivo treated groups showed significant impairment at 18 

hours of incubation. In the 5 hour paracetamol pre-treated rats, TPMP^ 

accumulation at 18 hours is much lower than would be expected compared to the 

potassium content of the slice. It is possible that the ion pumps in the plasma 

membrane are still able to function sufficiently to keep potassium in, while 

mitochondrial membrane potential has collapsed and TPMP^ no longer 

accumulates. Addition of fructose, cyclosporin A and trifluoperazine (FCAT) to
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the incubation medium greatly improves maintenance of the gradient, TPMP^ 

accumulation was also increased in FCAT treated control slices. Evidently 

fructose, cyclosporin A and trifluoperazine act to maintain the mitochondrial 

membrane potential in the face of paracetamol injury, and perhaps against 

mechanical and oxidative injury in the control slices.

Effect of FCAT on GSH depletion from paracetamol pre-treated rats

Figure 4.6 suggests that the addition of FCAT to the incubation medium 

does not alter GSH levels in the liver slices, throughout the incubation period 

from control or paracetamol pre-treated rats, although further studies are required 

to confirm this. GSH levels in the liver from rats pre-treated with paracetamol 4 

hours previously have already decreased to around 6nmoles/mg protein. GSH 

levels in liver slices incubated in a Ringers solution with or without FCAT, 

remain low throughout the incubation period, with a very slight increase at 18 

hours. FCAT does not act by restoring GSH levels, nor does the protection given 

by FCAT permit restoration of GSH levels, even in the presence of sulphur 

amino acids in the medium.
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Table 4.1 Progression of cell injury and protection in liver slices after

initiation of injury with paracetamol in vivo.

In vivo 

treatment

In vitro

conditions 
0-18 hrs

n % LDH 

T6

Leakage

T18

Potassium

nmoles/mg 
dry wt

Control Ringer 11 6.3 ±2.6 14.6±5.9 284 ±43

Control FCAT 11 4.8±2.1 11.6±5.5 302 ±40

Paracetamol (3 hrs) Ringer 6 17.2±6.5* 26.1 ±4.3* 235 ±28*

Paracetamol (3 hrs) FCAT 6 9.0±2.7^ 16.5±2.6^ 282 ±14+

Paracetamol (4 hrs) Ringer 8 1 3 .2 ± 8 .r 31.3±8.1* 181 ±53*

Paracetamol (4 hrs) FCAT 8 8.3±3.9 20.1 ±3.8*^ 241 ±30+

Paracetamol (5 hrs) Ringer 3 18.3±9.8* 39.9±5.9** 186±40*

Paracetamol (5 hrs) FCAT 3 8.4±2.9 23.3±5.2*^ 272±59

Results are mean ±  SD
* P <  0.05 as compared to control-Ringer group, 
t  P <  0.05 as compared to its paracetamol dosed-Ringer group.
$ P < 0.05 as compared to 3 hour paracetamol dosed-Ringer group.

Liver slices from control or rats given paracetamol Ig/Kg i.p. and allowed 3, 4 
or 5 hours in vivo to initiate injury, were incubated in a Ringers solution ±  
lOmM fructose, IpM cyclosporin A and 5pM trifluoperazine (FCAT). LDH 
leakage was measured in the medium at 6 and 18 hours and potassium content of 
the slice at 18 hours.
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Table 4.2 Effect of various agents on liver slices in vitro from rats treated

with paracetamol in vivo.

Incubation
medium

(n) % LDH Leakage nmoles/mg 
dry wt.

0-18 hours 6 hours 18 hours 18 hours

Ringer 6 9.4±4.4 39.9 + 15 133+48

Glycerol 5 8.3±3.9 39.5 + 16 139+49

Ethanol 4 12.6+4.6 62.1 +  14 128+75

Fructose 3 9.8±3.7 57.1 + 14 56+14

Propylene
Glycol

3 6.9±2.4 36.4+14 133+20

Glutamate 3 7.8+3.11 26.6+11 173+23

Results are mean ±  ISD

Liver slices are from rats dosed with paracetamol 3 hours previously. Slices were 
incubated in Ringer ±  5mM glycerol, lOmM ethanol, 20mM fructose, lOmM 
propylene glycol or 2mM glutamate firstly for 30 minutes then transferred to 
fresh medium for the remaining 18 hours. Samples for LDH leakage were taken 
at 6 and 18 hours. Potassium content of the liver slices was measured at 18 hours. 
Control rat liver slices showed 10.84±4.68 % leak of LDH and potassium levels 
of 248± 16 nmoles/mg dry weight at 18 hours.
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Table 4.3. Mitochondrial membrane function in liver slices after initiation of

injury with paracetamol in vivo.

In vivo In vitro n TPMP+ Accumulation

dpm/pl slice water: dpm/pl inc. 
medium

Treatment Conditions 
0-18 hrs

T6 T18

Control Ringer 10 91.4±26.7 120.0±44.7

Control FCAT 10 146.3±33.4* 205.5 ±67.9*

Paracetamol (3 hrs) Ringer 4 99.5±38.5 79.5±18.9

Paracetamol (3 hrs) FCAT 4 134.2±23.2* 185.8±31.1**

Paracetamol (4 hrs) Ringer 9 73.0±17.6 58.4±16.0*

Paracetamol (4 hrs) FCAT 9 104.2±9.4^ 133.0±14.0*

Paracetamol (5 hrs) Ringer 3 28.5 ±6.2** 10.8±3.3**

Paracetamol (5 hrs) FCAT 3 88.8±27.9* 99.0±13.0*

Results are mean ±  SD
* P <  0.05 as compared to control-Ringer group.
 ̂P <  0.05 as compared to its paracetamol dosed-Ringer group.

* P <  0.05 as compared to 3 hour paracetamol dosed-Ringer group.

Liver slices from control or rats given paracetamol Ig/Kg i.p. and allowed 3, 4 
or 5 hours in vivo to initiate injury, were incubated in a Ringers solution ±  
lOmM fructose, IpM cyclosporin A and 5pM trifluoperazine (FCAT) and 
TPMP^ for 6 and 18 hours. Results are expressed as a ratio of dpm / pi slice 
water : dpm / pi incubation medium.
Slice water was calculated as 5 times the protein content.
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Figure 4.6 Time course o f  GSH depletion in rat liver
slices from control and paracetamol pre-treated rats.
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Results are mean o f 2 slices from 1 experiment.

Liver slices from phenobarbitone induced control or 
paracetamol pre-treated rats were incubated in Ringer 
± FCAT for up to 18 hours. GSH was measured in the 
liver at 0,0.5,2,6 and 18 hours by the Ellmans method 
as described in the methods section and expressed 
as umoles/mg protein.
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4,4.4 Effects of altering one of the components of FCAT

The following experiments were designed to try and establish which 

cellular targets are important in paracetamol injury. By altering one of the 

components of the effective mixture, and replacing it with a substance which may 

have different actions one hopes to try and elucidate which cellular components 

are affected and how each component of the FCAT mixture is working.

Effect of substituting different concentrations of fructose with glycerol in 

combination with cyclosporin A and trifluoperazine on protection following 

paracetamol.

Table 4.4 shows that no protection is seen when fructose is omitted from 

the combination. Fructose at a concentration of lOmM is needed to show good 

protection in combination with cyclosporin A and trifluoperazine. Glycerol will 

not substitute for fructose at these concentrations.
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Table 4.4. Effect of substituting different concentrations of fructose with

glycerol in combination with cyclosporin A and trifluoperazine on protection

following paracetamol.

In vitro 

conditions

[Fructose] or 

[Glycerol] mM

% LDH Leakage 

T18

nmoles/mg dry 
wt 

T18
Ringer - 31.4+2.8 142+40

CAT - 32.2±2.9 105±12

FCAT 2 31.6±2.9 134±48

FCAT 5 24.2+2.2* 113+29

FCAT 10 18.1+1.7* 167+14

GCAT 2 32.9+3.0 103+26

GCAT 5 27.3±2.5 143±15

GCAT 10 33.3+3.0 127+9

Results are mean ±  ISD. n =  3 experiments. 
P <  0.05 as compared to the Ringer group.

Liver slices are from phenobarbitone pre-treated rats dosed with paracetamol 4 
hours previously. Slices were incubated in Ringer ±  fructose at various 
concentrations 0 , 2 , 5  and lOmM, IpM cyclosporin A and 5pM trifluoperazine 
(FCAT) or glycerol at various concentrations 0, 2, 5 and lOmM, IpM 
cyclosporin A and 5pM trifluoperazine (GCAT) for 18 hours. Samples for LDH 
leakage were taken at 18 hours and expressed as % leakage. Potassium was 
measured at 18 hours in the liver slice and expressed as nmoles/mg dry weight.
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Dose response curve for cyclosporin A

Table 4.5 shows the effect of varying the dose of cyclosporin A. In these 

particular experiments even without cyclosporin we see significant protection at 6 

and 18 hours against LDH leakage but not when measuring potassium content. 

Cyclosporin A at all concentrations gave significant protection when looking at 

LDH leakage. With potassium content only 0.01 and l.OpM cyclosporin A 

showed significant protection. In some earlier experiments (data not shown) all 3 

compounds were needed to provide significant protection and in experiments 

substituting for CyA with FK506 we do not see protection (see table 4.7).

Effect of FCAT and FFKT on liver slices from a control rat

FK506 is another immunosuppressant with many of the properties of 

cyclosporin A except it has been shown not to affect the mitochondrial pore (see 

discussion 6.0), so to see if this was an important factor in cell protection 

cyclosporin A was replaced with FK506. Table 4.6 shows the effect of FK506 at 

0.25 and IpM doses in combination with fructose and trifluoperazine (FFKT) and 

FCAT on liver slices from a control rat. There was no difference in LDH leakage 

in the slices incubated with Ringer, FCAT or FFKT at the 0.25pM dose. But in 

one experiment (data not shown) there appears to be an increase in LDH leakage 

at the higher IpM dose of FK506. Further experiments would be needed to 

confmn this.
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Effect of FK506 with fructose and trifluoperazine on liver slices from a

paracetamol treated rat

Table 4.7 shows the effect of replacing cyclosporin A with FK506 at 3 

doses in liver slices from a paracetamol treated rat. FK506 is generally 100 fold 

more active than CyA on T cell-proliferative responses, therefore doses over the 

range of 0-0.25pM were chosen compared with a dose of IpM  of CyA. FK506 

was also found to be toxic to control liver slices at the higher IpM dose. These 

results show no protection with FK506 at any dose. If only fructose and 

trifluoperazine were needed then we should also see protection when FK506 is 

used in these experiments as was seen in the experiment described in table 4.5.
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Table 4.5. Dose response curve for cyclosporin A

In vitro 
conditions

[CyA] % LDH Leakage nmoles/mg 
dry wt.

pM T6 T18 T18

Ringer - 15.0+3.5 33.7+6.0 162+18

FT 0 7.2+1.6» 17.3+0.9* 231+39

FCAT 0.005 8.1+0.4* 20.0+4.8* 188+29

FCAT 0.01 6.3 + 1.0* 12.9±5.0* 254±18*

FCAT 1.0 7.4+1.7* 14.3±2.8* 229+11*

FCAT 5.0 7.5 + 1.8* 22.3±2.1* 208±32

FCAT 10.0 12.6+2.1 21.2+2.4* 158+33

Results are mean ±  SD n=  at least 3 experiments. 
*P<0.05 compared to the Ringer group.

Liver slices from rats given paracetamol Ig/Kg i.p. and allowed 4 hours in vivo 
to initiate injury, were incubated in a Ringers solution ±  lOmM fructose, 0 (FT), 
0.005, 0.01, 1 ,5  or lOpM cyclosporin A and 5pM trifluoperazine (FCAT). LDH 
leakage was measured in the medium at 6 and 18 hours and potassium content of 
the slice at 18 hours.
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Table 4.6 Effect of FCAT and FFKT on liver slices from a control rat

In vitro conditions % LDH 

T6

Leakage

T18

Ringer 1.8 i  0.6 6.9 ±  1.3

FCAT 2.4 ±  0.9 8.5 ±  0.5

FFKT (0.25^iM) 4.5 ±1.3 8.4 ± 0 .6

FFKT (IpM) 6.2 ±  3.3 15.5 ±  7.0

Results are mean ±  SD of triplicate samples from 1 experiment.

Liver slices from control rats were incubated in a Ringers solution ±  lOmM 
fructose, IpM cyclosporin A and 5pM trifluoperazine (FCAT) or lOmM 
fructose, 0.25p,M or IpM FK506 and 5pM trifluoperazine (FFKT). LDH leakage 
was measured in the medium at 6 and 18 hours.
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Table 4.7. Effect of FK506 with fructose and trifluoperazine on liver slices

from a paracetamol treated rat

In vitro 
conditions

% LDH 

T6

Leakage

T18

K^ nmoles/mg dry wt. 

T18

Ringer 12.6±8.1 19.1+9.0 244+32

FCAT 5.6+1.2 11.9+2.3* 289+23*

FFK 0.05T 12.7+8.1 22.1 + 11.0 256 + 1

FFKO.IT 12.2+4.5 22.5+5.3 237+26

FFK 0.25T 9.5+7.1 19.9+8.4 238 +  12

Results are mean ±  SD. n =  at least 3 experiments.
*P< 0.05 compared to the Ringer group.

Liver slices from rats given paracetamol Ig/Kg i.p. and allowed 4 hours in vivo 
to initiate injury, were incubated in a Ringers solution ±  lOmM fructose, IpM 
cyclosporin A and 5pM trifluoperazine (FCAT) or lOmM fructose, 0.05, 0.1 or 
0.25pM FK506 and 5pM trifluoperazine (FFKT). LDH leakage was measured in 
the medium at 6 and 18 hours and potassium content of the slice at 18 hours.
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Dose response curve for trifluoperazine

Table 4.8 shows the effect of varying the dose of trifluoperazine with a 

fixed amount of fructose and cyclosporin A. Without trifluoperazine there is no 

significant protection as compared to the Ringer group. Trifluoperazine at all 

doses gave a significant reduction in LDH leakage at 18 hours.

Effect of other phenothiazines in place of trifluoperazine in combination with 

fructose and cyclosporin A.

Table 4.9 shows the effect of different phenothiazines as part of the 

combination with fructose and cyclosporin A. All show a similar level of 

protection (around 30-40%) with trifluoperazine being slightly better and 

promethazine slightly worse, but these results are not significantly different from 

each other.
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Table 4.8. Dose response curve for trifluoperazine

In vitro 
conditions

[Trifluo
perazine]

%LDH Leakage nmoles/mg
dwt

0-18hr pM T6 T18 T18

Ringer - 7.2±2.9 29.0+4.5 126142

FCA 0 12.3+2.5 23.9±1.6 195124

FCAT 0.5 9.6+1.9 19.0+1.5* 183121

FCAT 1.0 10.9+0.8 18.9±1.5* 181120

FCAT 5.0 11.5±2.7 18.7±0.7* 170114

FCAT 10.0 11.3+0.7 20.411.6* 169129

FCAT 15.0 10.5+1.2 20.2+2.1* 130116

Results are expressed mean ±  SD. n = at least 3 experiments.
P <  0.05 as compared to the Ringer group.

Liver slices from rats given paracetamol Ig/Kg i.p. and allowed 4 hours in vivo 
to initiate injury, were incubated in a Ringers solution ±  lOmM fructose, IpM 
cyclosporin A and 0, 0.5, 1, 5, 10 or 15pM trifluoperazine (FCAT). LDH 
leakage was measured in the medium and potassium content in the slice at 18 
hours.
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Table 4.9 Effect of other phenothiazines in place of trifluoperazine in

combination with fructose and cyclosporin A.

In vitro conditions 

0-18 hours

n % Protection 

LDH Leakage 

T18

% Protection 

K^nmoles/mg dwt 

T18

Ringer 3 0 0

FCAT 3 46±8 43+9

FCATH 3 36+11 38±10

FCACH 3 39±7 42+9

FCAPR 3 27+4 31+7

Results are expressed as % protection so as to compare experiments, due to the 
large variation in control values. See methods p59 for derivation.

Liver slices from rats given paracetamol Ig/Kg i.p. and allowed 4 hours in vivo 
to initiate injury, were incubated in a Ringers solution ±  lOmM fructose, IpM 
cyclosporin A and 5pM trifluoperazine (FCAT), or 5pM thioridazine (FCATH), 
or 5pM promethazine (FCAPR) or 5pM chlorpromazine (FCACH). LDH leakage 
was measured in the medium and potassium content in the slice at 18 hours.
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4.4.5 Does FCAT have a protective effect on liver injury from other 

hepatotoxins

These experiments aim to show that this model can be used for other 

hepatotoxins that have a long delay between initiation of injury and cell death. 

They also aim to determine if there is a common route of the progression of 

injury not only from paracetamol but other hepatotoxins which FCAT may play a 

role in protecting against. Carbon tetrachloride was chosen as the hepatotoxin. A 

dose of 6ml/Kg was used in these experiments in uninduced rats. Previous 

experiments using a lower dose of 3.6ml/Kg, which was reported to be the LDso 

(Garner and McLean 1969), did not show much injury in the slice incubation at 

18 hours, therefore a much higher dose was chosen which did show injury in the 

slice incubation.

Effect of FCAT on liver slices from a rat treated with carbon tetrachloride.

In table 4.10 we can see the effect of FCAT on the LDH leakage in liver 

slices from rats treated with carbon tetrachloride. There is a significant reduction 

in LDH leakage with FCAT compared to the slices incubated in Ringer. Liver 

slices from contol rats show significantly less LDH leakage at 18 hours than those 

from the carbon tetrachloride treated animals.

The results appear to be similar to those found with paracetamol induced injury, 

indicating that the site of injury which is blocked by FCAT may be a common 

lesion in other forms of cell injury.
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Table 4.10. Effect of FCAT on liver slices from a rat treated with carbon 

tetrachloride.

In vitro conditions % LDH Leakage

T6 T18

Ringer 12.5±8.9 29.6+2.0

FCAT 6.9±3.7 18.7+2.9*

Results are mean ±  SD. n = 3 rats.
*P <  0.05 as compared to the Ringer group.

Liver slices from rats treated with carbon tetrachloride 0.6ml/100g orally 4 hours 
previously were incubated in a Ringers solution ±  lOmM fructose, IpM 
cyclosporin A and 5pM trifluoperazine (FCAT). LDH leakage was measured in 
the medium at 6 and 18 hours. Liver slices from control rats showed % LDH 
leakage of 1.7 ± 0.3 at 6 hours and 7.6 ± 1.3 at 18 hours (n=4 ).
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4.4.6 Histology Results 

Histology scoring key

Table 4.11 shows the key used for scoring the histology slides. This 

ranges from NO which is normal to N4 with very severe necrosis with none or 

very few normal cells.

Histology scoring showing the effect of FCAT on liver slices from a 

phenobarbitone induced rat treated with paracetamol for 4 hours.

Table 4.12 shows the scoring of the histology (H&E) slides from a rat 

treated with paracetamol for 4 hours. Liver slices were incubated in either Ringer 

or FCAT for up to 18 hours. At time 0, 6 and 18 hours slices were removed and 

placed in formol saline to fix for histology. The slices were stained with 

haematoxylin and eosin. The scoring shows little difference between the groups at 

each time point. No damage is seen at time 0, but by 6 hours areas of damaged 

cells can be seen in both the Ringer and FCAT groups. At 18 hours the slices 

show a more severe pattern, although the FCAT group appear slightly better.

H & E  section of liver slices taken at TO from a) control and b) paracetamol 

pre-treated (4hr) rats

Liver lobular architecture can be clearly seen and cell morphology 

examined in cut and stained liver slices.

Figure 4.7a shows a control liver slice taken before incubation. This shows a 

normal histological picture. Figure 4.7b shows a liver slice from a 4 hour pre
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treated paracetamol rat before incubation. There is no histological difference 

noted between the slices.

H&E section of a liver slice from a control rat incubated for 6 hours in Ringers 

solution

Figure 4.8 is an H&E section of a liver slice from a control rat incubated 

in Ringer solution for 6 hours. The photographs shows some dead cells without 

nuclei at the edge of the slice and the centrilobular region with healthy cells.

H & E  section of a liver slice from a control rat incubated for 18 hours in a 

Ringers solution

Figure 4.9 is an H & B section of a liver slice from a control rat incubated 

for 18 hours in a Ringers solution. The photographs shows an area along the 

centre of the slice with damaged cells. This is probably due to anoxia, which is a 

common problem of liver slices. Oxygen does not penetrate right through the 

slice to the centre (Figueroa et. al. 1966). Some cells have lost their nuclei while 

others appear fragmented.

Liver slice from a paracetamol pre-treated rat incubated for 6 hours in a 

Ringers solution

Figure 4.10 is an H & E section of a liver slice from a 4 hour pre-treated 

paracetamol rat incubated in a Ringers solution for 6 hours. The photographs 

shows that by 6 hours cell injury has developed with a large section of the slice
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showing a loss of basophilic staining. The nuclei are not effected yet but the cells 

appear swollen and foamy.

Liver slice from a paracetamol pre-treated rat incubated for 18 hours

Figure 4.11 shows an H & E section of a liver slice from a 4 hour 

paracetamol pre-treated rat incubated in a Ringers solution for 18 hours. The 

photographs show the majority of the slice is damaged with only a few basophilic 

cells towards the edge of the slice. The cells in the damaged region either lack 

nuclei or are fragmented.

Effect of FCAT on a liver slice from a control rat incubated for a)6 and b)18 

hours

Figure 4.12a is an H & B section of a control liver slice incubated with 

FCAT for 6 hours. The cells appear healthy and no different from those 

incubated in Ringer for 6 hours. Figure 4.12b shows the effect of incubating a 

control liver slice for 18 hours in FCAT. There are some dead cells towards the 

edge of the slice and a few around the centrilobular region. When several sections 

are examined the FCAT slices seem in somewhat better condition than the Ringer 

slices at 18 hours.
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Effect of FCAT on a liver slice incubated for 6 hours from a paracetamol 

treated rat

Figure 4.13 shows the effect of FCAT on a liver slice from a 4 hour pre

treated paracetamol rat after 6 hours of incubation. Comparing these photographs 

to figure 4.10 there does not seem to be any protection histologically.

Effect of FCAT on a liver slice incubated for 18 hours from a paracetamol 

treated rat.

Figure 4.14 shows the effect of FCAT on a liver slice from a 4 hour pre

treated paracetamol rat after 18 hours of incubation. Comparing these 

photographs to figure 4.11 there appears to be a slightly larger area of basophilic 

cells.
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Table 4.11 Histology scoring key

Code Description of injury

NO Normal

N1 Small isolated areas of a few necrotic cells.

N2 Larger areas of necrotic cells surrounded by

normal cells.

N3 Large areas of necrotic cells joined together i.e.

not surrounded by normal cells.

N4 Very severe all cells necrotic.

Necrotic cells are pale, swollen cells often with vacuoles and without nuclei.
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Table 4.12 Histology scoring showing the effect of FCAT on liver slices from 

a phenobarbitone induced rat treated with paracetamol for 4 hours.

Incubation 
Time (hr)

Ringer FCAT

0 NO NO NO NO NO NO

6 N1 N1 N1 N1 N1 N1

18 N2 N3 N3 N2 N1 N2

Liver slices from a phenobarbitone induced rat given paracetamol 4 hours 

previously were incubated in either a Ringers solution or in the mixture of 

fructose lOmM, cyclosporin A IpM and trifluoperazine 5pM (FCAT) for up to 

18 hours. Slices were removed and placed in formol saline to fix the tissue for 

histology. Histology sections were stained with haematoxylin and eosin. The 

sections were examined and scored according to the key found in table 4.11.
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Figure 4.7 H & E  section of liver slices taken at TO from a) control and b)

paracetamol pre-treated (4hr) rats

%

a) control liver slice x20

b) Liver slice from paracetamol (4hr) pre-treated rat x20
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Figure 4.8 H&E section of a liver slice from a control rat incubated for 6

hours in Ringers solution
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Figure 4.9 H & E section of a liver slice from a control rat incubated for 18

hours in a Ringers solution
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Figure 4.10 H & E section of a Liver slice from a paracetamol pre-treated

rat incubated for 6 hours in a Ringers solution

x20

x40

132



Figure 4 .11 H & E section of a Liver slice from a paracetamol pre-treated

rat incubated for 18 hours
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Figure 4.12 H & E section Effect of EC AT on a liver slice from a control rat

incubated for a)6 and b)18 hours
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Figure 4.13 H & E section Effect of EC AT on a liver slice incubated for 6

hours from a paracetamol treated rat
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Figure 4.14 H & E section Effect of EC AT on a liver slice incubated for 18

hours from a paracetamol treated rat.
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meanwhile fructose can be utilised to supply cytoplasmic ATP. If the 

mitochondria are injured AMP is able to leak out into the cytoplasm, to be further 

degraded to inosine. Work by Griffiths and Halestrap (1991) has shown that in 

mitochondrial injury, matrix components can leak out via a pore or mega channel 

of the inner mitochondrial membrane.

4.5.3 Glycerol and fructose

The addition of glycerol instead of fructose does not provide any 

significant protective effect. Glycerol can act as a glycolytic ATP source, but it 

maybe that the concentration of glycerol needed to achieve the same level of 

protection as fructose is much higher. The Km for both fructokinase and 

glycerokinase are low, around ImM for each substrate (Phillips and Davies 1985; 

Vernon and Walker 1970). Glycerol is metabolised to glycerol-3-phosphate at the 

expense of 1 ATP, then further oxidised to dihydroxyacetone which can enter the 

glycolysis pathway by isomérisation to glyceraldehyde 3-phosphate. Fructose is 

metabolised to fructose 1-phosphate by the enzyme fructokinase, this is then split 

into dihydroxyacetone and glyceraldehyde, both of which can be degraded via the 

glycolysis pathway. There may be other factors such as absorption that may be 

different between the two compounds or other systems that are affected.

Some reports have suggested that fructose may exert its protective effect in cells 

via other means. Although fructose can act as a source of ATP, it may not be 

protecting in this way. Martin and McLean (1996) have shown that high levels of 

fructose are ATP depleting yet protection from paracetamol injury in the short
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term liver slice system is still seen. Fructose has been found to counteract the loss 

of mitochondrial membrane 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). It is still unclear as to how fructose is 

working to protect cells subject to paracetamol injury.

4.5.4 Cyclosporin A and FK506

Low levels of the immunosuppressant drug cyclosporin A are able to 

block the non-specific pore of the inner mitochondrial membrane by binding a 

mitochondrial cyclophilin. This has been identified as an enzyme peptidyl-prolyl 

cis-trans isomerase and is important in protein folding and signal transduction 

pathways by its action with calcineurin (Liu 1993). The isomerase is thought to 

bind the inner membrane pore and in the presence of Ca^^ cause a conformational 

change allowing the formation of a non-specific channel which will allow matrix 

components to escape into the cytoplasm. Cyclosporin A is able to block the 

formation of this channel and hence block the increase in membrane permeability 

(Halestrap et. al., 1993).

The immunosuppressant FK506 has many of the actions of cyclosporin, but acts 

via another protein FK binding protein, which is also a peptidyl-prolyl cis-trans 

isomerase enzyme and binds calcineurin but does not act on the mitochondrial 

pore. Concentrations of FK506 needed to exert its effect are generally much less 

than CyA (Sigal and Dumont 1992). The addition of FK506 in place of
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cyclosporin does not provide protection again indicating that it is the action via 

the mitochondria that is important in cell protection and not by its 

immunosuppressant mode of action.

4.5.5 Trifluoperazine

Cyclosporin A and fructose together are still generally not enough to 

prevent cell death from paracetamol injury, trifluoperazine is also required for 

cell protection in this system. Trifluoperazine is a phenothiazine with many 

actions for example, it is a phospholipase A% inhibitor. Phospholipase A2 has 

been suggested by Broekemeier and Pfeiffer (1989) to be one of two mechanisms 

for controlling the mitochondrial permeability transition the other being the 

cyclosporin sensitive pore. It is also a calmodulin inhibitor, an important calcium 

activated signal transducing factor (Hope et. al., 1993). Trifluoperazine may 

provide protection by one or several of these actions. All have many actions, 

chlorpromazine is a more potent inhibitor of calmodulin than promethazine with 

an ICso of 40pM and 340pM respectively. Trifluoperazine has an ICso of 17pM, 

whether their potencies with regard to calmodulin are related to their PLA2 

inhibition is unclear (Prozialeck and Weiss 1982). PLA2 can be regulated by 

calmodulin, but in a preliminary experiment with the specific calmodulin inhibitor 

calmidazolium in place of the phenothiazines, no protection was seen (results not 

shown). PLA2 may also be activated without calmodulin involvement.

The addition of other phenothiazines shows similar protection with trifluoperazine 

being slightly better and promethazine slightly worse, although the difference
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between the groups is not significant, but the results would appear to go in line 

with their ICso potencies.

4.5.6 Carbon Tetrachloride

Rats were treated with carbon tetrachloride in vivo and then liver slices 

incubated in a Ringers solution 4 hours later in vitro. These slices also show 

protection against enzyme leakage due to carbon tetrachloride with FCAT.

4.5.7 Mechanisms of protection

All 3 compounds are generally required to provide protection to the slice 

against paracetamol injury, indicating that more than one event is critical to the 

survival of the cell. In table 4.5 protection is seen without the addition of 

cyclosporin A but as previously stated this is usually not the case. The process of 

cell injury is a very dynamic one and variation between animals as well as 

between individual cells or mitochondria can be immense. The extent of 

progression of the cell along the injury pathway may determine whether 2 or 3 

protective agents are required. It would appear that in this system fructose as a 

possible source of ATP is probably the first point necessary to maintain the 

viability of the cell; then trifluoperazine to block phospholipase Ai activation and 

possibly calmodulin effects. Activation of these would be an earlier event as 

second messengers would be required to provide signals for other mechanisms to 

be put in place. The cyclosporin A sensitive pore is probably a later event as once
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this is open the contents of the mitochondria can leak out signifying the end of 

that mitochondrion.

Histologically we see little change in the appearance of the protected slice in 

comparison with the unprotected ones. The cells treated with FCAT have still lost 

their basophilic staining, although the nuclei do seem to be more abundant 

compared to the paracetamol-Ringer group which have lost many of their nuclei. 

Histology shows a different aspect of cell function from LDH leakage and 

potassium content.

The cell injury process initiated by many chemicals (e.g. paracetamol, carbon 

tetrachloride, f-BHP, ursodeoxycholate and iodoacetate) is blocked by 

Cyclosporin A and trifluoperazine. Some of these also require fructose for 

protection (Imberti et. al. 1992; Beales and McLean 1996; Broekemeier and 

Pfeiffer 1989; Botla et. al. 1995).

It would appear that there maybe a common route for progression of the cell 

injury caused by many different compounds and at least some of the critical 

targets appear to lead to a mitochondrial lesion which would involve the loss of 

energy and membrane stability and each target site needs to be protected for cell 

survival. From the histological results it would appear that we still need to adjust 

the protection system, possibly the addition of an endonuclease inhibitor may help 

in blocking the fragmentation of the DNA. It is clear that no one compound is 

going to protect the cell from the complexity of cell injury and future work 

should concentrate on a combination of compounds to counteract the injury 

effects.
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CHAPTER 5: Results - In vivo Experiments

5.0 Introduction

The ultimate test of conclusions drawn from in vitro experiments is to see 

if they hold true in vivo. The following experiments were designed to evaluate 

whether the compounds that showed protective effects in either the in vitro or in 

vivo /  in vitro system, offered any protection against paracetamol toxicity in vivo. 

Strategies for prevention of liver injury have been devised by the use of many 

model systems to investigate paracetamol toxicity (McLean and Day 1974, 

McLean and Nuttall 1978, Tee et. al. 1985, Shen et. al. 1992). They have led to 

an understanding of the initial phase of toxicity with absorbtion and activation of 

paracetamol to a reactive metabolite which initiates the process of cell injury 

unless it is neutralised by GSH. From these observations the administration of - 

SH donors such as methionine and N-acetylcysteine have lead to effective 

treatment in vivo, in animal model systems and in patients, against paracetamol 

toxicity when given in the initial stage of absorbtion and metabolism (Prescott 

1984; Harrison et. al. 1990).

The later progression phase leading from the reactive metabolite to cell injury and 

death many hours later is currently little understood and consequently there is no 

effective antidote which can be administered during the later stages of 

paracetamol toxicity.
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In many in vivo studies the protective agent is given either before or at the same 

time as the paracetamol dose (Sata et. al. 1981, Saville et. al. 1988, Harris and 

Hamrick 1993). This does not allow for the distinction between effects on 

paracetamol metabolism, and initiation of cell injury, from those on the 

progression of injury. Compounds which interfere with the initial absorbtion and 

activation of paracetamol do not affect the progression of cell injury when given 

at a later time (Hughes et. al. 1991, Deakin et. al. 1991).

Following my results using the in vitro and in vivo I in vitro models, I have 

examined whether the protective agents found in these systems offer any 

protection in vivo.

Paracetamol was given at a dose of either 800mg/Kg i.p. in the glycerol 

experiments or Ig/Kg i.p. in the experiments using the combination of fructose, 

cyclosporin A and trifluoperazine (FCAT), which we know gives considerable 

liver damage.

In the short term in vitro system glycerol afforded protection, but this is lost 

when the incubation is extended to 18 hours. Glycerol does not provide protection 

to the slice in the in vivo / in vitro system either and would seem unlikely to offer 

protection in vivo. However, in early experiments, before the in vivo /  in vitro 

system was developed an experiment was conducted using glycerol. A dose of 

5g/Kg was chosen as this gave blood levels of around 5mM at 1 hour, similar to 

the levels used in vitro. Blood levels of glycerol were down to less than ImM at 

5 hours, hence the need for several doses (see table 5.1).
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The negative result of this experiment was one of the reasons for developing the 

in vivo /  in vitro method.

Horton and Wood (1989) claimed that glucocorticoids and NSAID’s protect 

against paracetamol injury when given 7 hours after the paracetamol dose of 

2g/Kg orally. Using ibuprofen and dexamethasone I have repeated their work to 

see if I can protect against paracetamol injury in vivo. I did not find any 

protection with either of these drugs as claimed by Horton and Wood (1989) 

(Beales and McLean 1995).

The combination of FCAT does provide some protection in the in vivo / in vitro 

system and may therefore show potential for protecting the liver from 

paracetamol injury in vivo. Dosage levels which did not show toxicity were 

chosen according to previous doses used in vivo by various researchers. 

Cyclosporin A (CyA) was given at a dose of 20mg/Kg orally, Van de Vrie et. al. 

(1993) gave CyA 20mg/Kg i.m. and achieved blood levels of 2pmol/L. In my in 

vitro model I was using Ipmol/L, so this dosage orally should give blood levels 

in the same region as used in vitro. Trifluoperazine (TPZ) was given at a dose of 

80mg/Kg orally, Livnat et. al. (1993) used this dose given i.p. which had an 

effect on calmodulin activity. Yamamoto (1990) gave TPZ at a dose of 30mg/Kg 

ip to antagonise paracetamol toxicity. These investigators used doses given i.p. I 

have used oral dosing so absorption from the gut may mean that plasma levels of 

the drug would be lower in my animals than in those of Livnat et. al. (1993). 

Fructose was given at a dose of 5g/Kg orally using the same dose as was used for 

glycerol in previous experiments.
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The timing of FCAT dosage from 3 hours after paracetamol dosage was based on 

preliminary experiments which showed that methionine no longer protected 

against these doses of paracetamol from 3 hours onwards, that shows that the 

initiation of injury in vivo is complete around 3 hours. Hence any protection by 

FCAT is not likely to be due to decreased paracetamol metabolism or increased 

GSH synthesis.

5.1 Summary

These experiments show that :

• Glycerol does not offer any protection against paracetamol liver injury.

• Neither ibuprofen nor dexamethasone offer any protection against paracetamol 

injury as suggested by Horton and Wood (1989).

• The combination of fructose, cyclosporin A and trifluoperazine (FCAT) show 

significant protection against paracetamol injury, as seen by plasma ALT 

levels, in one experiment.

5.2 Methods

In general animals were treated with paracetamol followed by a protective 

agent, and serum enzymes measured on samples taken at intervals from the tail 

vein and terminally. Liver sections were taken for histology.
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5.2.1 In vivo Experiments with glycerol.

Phenobarbitone pre-induced rats weighing 120 140g were fasted overnight 

then dosed with paracetamol (800mg/Kg i.p.) as a 25mg/ml solution in warm 

0.075M sodium chloride. Glycerol 5g/Kg was given as a 25% solution in distilled 

water orally at 1,5 and 9 hours post the paracetamol dose. Food and water was 

given at 5 hours post the paracetamol dose.

Blood was taken for LDH measurement at sacrifice (30 hours),

5.2.2 In vivo Experiments with Ibuprofen and Dexamethasone.

Non-induced rats on stock SDS diet weighing 120-150g were fasted 

overnight then given paracetamol 2g/Kg orally suspended in saline (lOOmg/ml), 

controls were given vehicle only. Ibuprofen (lOOmg/Kg) and dexamethasone 

(300mg/Kg) were given 7 hours later i.p. in com oil, controls were given corn oil 

only.

Animals were sacrificed at 24 hours and plasma taken for ALT measurement.

5.2.3 In vivo Experiments with FCAT.

Phenobarbitone pre-induced rats weighing 140-160g were dosed with 

paracetamol (Ig/Kg i.p.) as a 25mg/ml solution in warm 0.075M sodium 

chloride. A mixture of 5g/Kg fructose, 20mg/Kg cyclosporin A and 80mg/Kg 

trifluoperazine in 0.075M NaCl, was given orally post the paracetamol dose at 

the times stated in the results. Either 1 or 2 doses were given. Controls were
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given vehicle only. Animals were kept in a warm cage at 25-28°C to prevent 

hypothermia. Access to food and water was allowed at all times.

Animals were sacrificed at 24 or 48 hours. Plasma was taken at appropriate times 

from the tail vein and at sacrifice. Liver was taken at sacrifice for histology.

5.2.4 Influence of FCAT on ALT

To ensure FCAT did not interfere with the alanine transaminase 

measurement, plasma with a high ALT level was incubated with either saline or 

FCAT at 37°C for up to 1 hour. 5ml of plasma was incubated with either 1ml of 

saline (0.15M NaCl) or 1ml of FCAT (fructose lOmM, cyclosporin A IpM  and 

trifluoperazine 5pM), concentrations used in the in vitro experiments. Alanine 

transaminase was then measured in lOOpl sample of this mixture at various times 

(0,30 and 60 minutes).

5.3 Results

5.3.1 In vivo experiments with glycerol

Blood glycerol levels following a dose of 5g/Kg orally in the rat

Table 5.1 shows the levels of glycerol in the blood following a dose of 

5g/Kg orally. This preliminary experiment was designed to determine whether the 

5g/Kg dose would give blood levels similar to those used in the in vitro 

experiments. Blood levels were found to be around 5mM at 30 minutes and 1 

hour, the concentration used in vitro. Because the concentration dropped to
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0.92mM at 5 hours, I decided to give several doses to keep the concentration high 

over a longer time.

Effect o f glycerol on paracetamol toxicity in vivo.

Table 5.2 shows that in phenobarbitone induced rats given either 

800mg/Kg of paracetamol or 800mg/Kg of paracetamol + three dose of 5g/Kg of 

glycerol at 1, 5 and 9 hours post the paracetamol dose, there is no difference in 

LDH levels in the plasma at 30 hours. Control plasma levels of LDH were also 

found to be fairly high, this is probably due to high levels of LDH in red blood 

cells. Any haemolysis will result in higher plasma LDH than would be expected. 

I therefore decided to use alanine transaminase levels in future in vivo 

experiments, where control levels are around 30nmoles/min/ml and the enzyme is 

more specific for liver.

Visual appearance of livers at post mortem

Table 5.3 shows the percentage of liver that appeared damaged to the 

naked eye. No significant difference was noted between the groups as visually 

assessed. There is a large difference between animals in the extent of visibly 

necrotic livers and this is typical of paracetamol treated rats at this dose range.
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Table 5.1 Blood glycerol levels following a 5g/Kg dose orally in the rat.

Time post dose (hr) Glycerol (mM)

0.5 4.41

1 5.27

5 0.92

Results are from 1 rat given glycerol 5g/Kg orally as a 25 % solution in distilled 

water. Blood was taken from the tail vein at various times (0.5,1 and 5 hours) 

post dose. Glycerol in the blood is expressed as mM.
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Table 5.2 Effect of glycerol on paracetamol toxicity in vivo.

Treatment (n) LDH nmol/min/ml

paracetamol (800mg/Kg) 5 747 ±643

paracetamol (800mg/Kg) / 4 789 ±449
glycerol (5g/Kg)

Results are expressed as mean ±  ISD

Phenobarbitone pre-treated rats were given either paracetamol 800mg/Kg i.p. in 

warm 0.075M NaCl alone or paracetamol 800mg/Kg i.p. and glycerol 5g/Kg 

orally in distilled water at 1,5 and 9 hours post the paracetamol dose. LDH was 

measured in the plasma at 30 hours.

Control plasma levels of LDH in 5 animals were found to be 464 ± 247 

nmoles/min/ml.
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Table 5.3 Visual appearance of livers at post mortem

Treatment group Rat no. % of liver showing damage

1 60

2 80

Paracetamol 3 0

4 100

5 0

6 100

Paracetamol + 7 100

Glycerol 8 95

9 100

Results are % of liver showing typical paracetamol damage i.e. PALM (pale 

accentuated lobular markings) at post mortem.

Phenobarbitone pre-treated rats were given either paracetamol 800mg/Kg i.p. in 

warm 0.075M NaCl alone or paracetamol 800mg/Kg i.p. and glycerol 5g/Kg 

orally in distilled water at 1,5 and 9 hours post the paracetamol dose.
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5.3.2 In vivo experiments with ibuprofen and dexamethasone 

Effect of Ibuprofen and dexamethasone on paracetamol toxicity in vivo.

Table 5.4 shows that in non-induced rats control plasma levels of ALT are 

around 40nmoles/min/ml. At 24 hours following 2g/Kg of paracetamol (p.o.) 

plasma ALT levels are raised with a large range. With either ibuprofen 

(lOOmg/Kg i.p.) or dexamethasone (300mg/Kg i.p.) given 7 hours after the 

paracetamol dose there is no difference in plasma ALT levels at 24 hours in 

comparison with paracetamol alone.

Visual appearance of livers at post mortem

Table 5.5 shows the percentage of liver that appeared damaged to the 

naked eye. No difference was noted between the groups treated with paracetamol 

or paracetamol + “protective agent” visually.
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Table 5.4 Effect of Ibuprofen and dexamethasone on paracetamol toxicity in

VIVO.

Treatment (n) ALT nmol/min/ml

control 4 41.4±17

paracetamol (2g/Kg) 4 747 ±643

paracetamol (2g/Kg) / 
ibuprofen (lOOmg/Kg)

4 789 ±449

paracetamol (2g/Kg) / 
dexamethasone (300mg/Kg)

4 1055 ±359

Results are expressed as mean ±  ISD

Paracetamol (2g/Kg) was given orally suspended in saline. Ibuprofen (lOOmg/Kg) 

and dexamethasone (300mg/Kg) were given i.p. in com oil 7 hours after the 

paracetamol dose. Controls were given vehicle only. Plasma alanine transaminase 

(ALT) was measured at 24 hours following the paracetamol dose.
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Table 5.5 Visual appearance of livers at post mortem

% of Liver Showing Damage

Control Paracetamol Paracetamol + 
Ibuprofen

Paracetamol + 
Dexamethasone

0 100 100 70

0 100 40 90

0 50 100 100

0 100 100 100

Results are % of liver showing typical paracetamol damage i.e. PALM (pale 

accentuated lobular markings or haemorrhagic necrosis) at post mortem, in the 4 

rats in each group.

Paracetamol (2g/Kg) was given orally suspended in saline. Ibuprofen (lOOmg/Kg) 

and dexamethasone (300mg/Kg) were given i.p. in com oil 7 hours after the 

paracetamol dose. Controls were given vehicle only.

Histological sections were taken from each liver and graded, no difference 

between groups was found.
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5.3.3 In vivo experiments with FCAT

In vivo protection with FCAT- experiment I.

Figure 5.1 shows that plasma ALT from phenobarbitone induced control 

animals is around 30nmoles/min/ml. With paracetamol (Ig/Kg i.p.) there is a 

wide spread of results but the majority are over lOOnmoles/min/ml at 24 hours. 

With 1 dose of FCAT at 3 hours post the paracetamol dose there is a significant 

reduction in plasma ALT leakage. With 2 doses ALT levels are at the same level 

as controls.

Visual appearance of livers at post mortem

Table 5.6 shows the percentage of liver that appeared damaged to the 

naked eye. With paracetamol injury there is a typical appearance of pale 

accentuated lobular markings (PALM) with considerable variation of extent 

between rats in the same group. In the paracetamol group 2 out of 9 rats had 

normal livers, the others all showed 100% PALM. With 1 dose of FCAT at 3 

hours, 2 out of 9 rats showed no damage, 2 showed minimal PALM and 5 had 

90-100% PALM. With 2 doses of FCAT at 3 and 8 hours, 4 rats showed no 

damage and 1 rat had 90% PALM.

Histology scoring of liver sections

Table 5.7 shows the histology scoring for the rats given paracetamol 

Ig/Kg i.p. 24 hours previously and either 1 dose of the mixture of fructose 

5g/Kg, cyclosporin A 20mg/Kg and trifluoperazine 80mg/Kg (FCAT) orally at 3
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hours or 2 doses at 3 and 8 hours post the paracetamol dose. The controls showed 

a normal histological picture, the paracetamol group showed a range of severities 

from 2 being normal to 2 having very severe damage. With 1 dose of FCAT we 

see again a range of degrees of damage but generally a little less severe than the 

paracetamol group. With 2 doses of FCAT the sections appear normal apart from 

1 with moderate damage.

H & E section of liver from a rat given paracetamol Ig/Kg i.p. at 24 hours

Figure 5.2 shows an H & E section of liver from a rat given paracetamol 

Ig/Kg ip 24 hours previously. There are large areas of centrilobular necrosis, 

where the cells have lost their basophilic staining. Most of the cells in this region 

have also lost their nuclei. Between this area and the more normal area where 

there is a lot of basophilic staining there are cells which appear swollen and 

ballooning but with their nuclei intact.

H & E section of liver from a rat given paracetamol Ig/Kg i.p and FCAT a) 3 

hours and b) 3 and 8 hours later at 24 hours post dose

Figure 5.3a shows a liver section at 24 hours from a rat given FCAT 3 

hours after paracetamol. There is less centrilobular necrosis but there is still an 

area of ballooning and swollen cells.

Figure 5.3b shows a liver section at 24 hours from a rat given FCAT at 3 and 8 

hours post the paracetamol dose, there are fewer signs of damage.
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Figure 5.1 In vivo protection with FCAT-
experiment I
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Animals were dosed with paracetamol Ig/Kg i.p. One group 
received fructose 5g/Kg, cyclosporin A 20mg/Kg and 
trifluoperazine 80mg/Kg (FCAT) orally at 3 hours post the 
paracetamol dose. Another group received 2 doses of the 
FCAT mixture at 3 and 8 hours post paracetamol.
Plasma alanine transaminase (ALT) was measured at 24 hr. 
n= at least 5. *P < 0.05 as compared to the paracetamol group.
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Table 5.6 Visual appearance of liver at post mortem at 24 hours after

paracetamol.

% of Liver Showing Damage

Control Paracetamol Paracetamol + Paracetamol +

FCAT 1 dose FCAT 2 doses

0 100 20 0

0 100 0 90

0 0 0 0

0 0 100 0

0 100 1 0

0 100 0

0 100 100

95 100

100 100

Results are % of liver showing typical paracetamol damage i.e. PALM (pale 

accentuated lobular markings) at post mortem.

Animals were dosed with paracetamol Ig/Kg ip. One group received fructose 

5g/Kg, cyclosporin A 20 mg/Kg and trifluoperazine 80mg/Kg orally (FCAT) at 3 

hours post the paracetamol dose. Another group received 2 doses of the FCAT 

mixture at 3 and 8 hours post paracetamol.
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Table 5.7 Histological scoring of liver sections 24 hours after paracetamol.

Histology Scoring

Control Paracetamol Paracetamol + Paracetamol +

FCAT 1 dose FCAT 2 doses

NO N3 N1 NO

NO N3 NO N2

NO NO NO NO

NO NO N2 NO

NO N4 N1 NO

NO N2 NO

NO N2 N3

N2 N2

N4 N2

Histology scoring from liver sections from control phenobarbitone induced rats 

and those given paracetamol Ig/Kg i.p. and either 1 dose of the mixture of 

fructose 5g/Kg, cyclosporin A 20mg/Kg and trifluoperazine 80mg/Kg (FCAT) 

orally at 3 hours or 3 and 8 hours. Liver sections were taken at 24 hours and 

placed in formol saline to fix the tissue for histology. Histology sections were 

stained with haematoxylin and eosin. The sections were examined and scored 

according to the key found in table 4.11.
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Figure 5.2 H & E section of liver from a rat given paracetamol Ig/Kg i.p. at

24 hours post dose.

T24 x40
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Figure 5.3 H & E section of liver from a rat given paracetamol Ig/Kg i.p and

FCAT a) 3 hours and b) 3 and 8 hours later at 24 hours post dose.
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In vivo protection against paracetamol injury with FCAT plasma ALT at 24

hours - experiment II

In another experiment rats were treated and observed for 48 hours. I 

found again that there is enormous variation in ALT results at 24 hours (figure 

5.4). With paracetamol (Ig/Kg i.p.) the majority of the values are above 

2000nmoles/min/ml. With FCAT given at 3 and 8 hours after the paracetamol 

dose, all are under 2000nmoles/min/ml. With FCAT given at 4 and 9 hours ALT 

results are similar to 3 and 8 hours. FCAT given at 5 and 10 hours post the 

paracetamol dose shows again great variation with 2 samples being over 

3000nmoles/min/ml.

The variation between animals is enormous and large numbers of animals would 

be needed to establish if there really is a significant difference in protection at 

different times of dosage.

In vivo protection against paracetamol injury with FCAT plasma ALT at 48 

hours

Figure 5.5 shows the plasma ALT levels at 48 hours (in the same 

experiment II) following paracetamol ±  FCAT. By 48 hours the ALT levels in 

the paracetamol group are down to less than 1500nmoles/min/ml. The plasma 

ALT levels in the groups given FCAT have all stayed around the same level as 

the 24 hour results (figure 5.4). This would suggest that the FCAT mixture has 

delayed cell death. Keeping ALT leakage down for a longer time might help the 

liver repair the injury it has incurred.
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Visual appearance of livers at post mortem

Table 5.8 shows the percentage of liver that appeared damaged to the 

naked eye at 48 hours. No difference was noted between the groups given 

paracetamol alone or with the mixture of FCAT visually.

Histology scoring of liver sections

Table 5.9 shows the histology scoring for the rats given paracetamol 

Ig/Kg i.p. 48 hours previously and 2 doses of the mixture of fructose 5g/Kg, 

cyclosporin A 20mg/Kg and trifluoperazine 80mg/Kg (FCAT) orally at 3 and 8, 4 

and 9 or 5 and 10 hours post the paracetamol dose. The paracetamol group 

showed a range of severities from moderate to very severe damage. With FCAT 

at 3 and 8 hours we see a moderate degree of damage but possibly a little less 

severe than the paracetamol group. With FCAT at 4 and 9 and 5 and 10 hours the 

majority of the sections appear more severe and generally no different from the 

paracetamol group.

H & E section of liver from a rat given paracetamol Ig/Kg i.p. at 48 hours post 

dose.

Figure 5.6 shows an H & E section of liver from a rat given paracetamol 

Ig/Kg ip 48 hours previously. There are large areas of centrilobular necrosis, 

where the cells have lost their basophilic staining. Most of the cells in this region 

have also lost their nuclei. Between this area and the more normal area where
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there is a lot of basophilic staining there are cells which appear swollen and 

ballooning but with their nuclei intact.

H & E section of liver from a rat given paracetamol Ig/Kg i.p and a) FCAT 3 

and 8 hours later and b) 4 and 9 hours later at 48 hours post dose

Figure 5.7a and b shows liver sections at 48 hours from a rat given FCAT 

at 3 and 8 hours or 4 and 9 hours after paracetamol. There are large areas of 

centrilobular necrosis with an area of swollen ballooning cells between this and 

tlie area of basophilic staining cells, resembling the liver at 48 hours in figure 

5.6.

When all the sections were examined and classified by the degree of injury, no 

consistent difference between groups was observed.

Effect of FCAT on plasma alanine transaminase activity after in vitro treatment 

of plasma

Table 5.10 shows that FCAT added to plasma with high alanine 

transaminase levels, does not interfere with the enzyme. Incubation for up to 60 

minutes at 37 °C of the plasma with FCAT again does not significantly alter the 

ALT level.
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Figure 5.4 In vivo protection against paracetamol injury with
FCAT at different times — experiment II.
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Animals were dosed with paracetamol Ig/Kg i.p. Three groups 
received fructose 5g/Kg, cyclosporin A 20mg/Kg and 
trifluoperazine 80mg/Kg (FCAT) orally, one group at 3 and 8 hours post the 
paracetamol dose. Another group received the FCAT mixture at 4 and 9 
hours post paracetamol and the third group received the FCAT mixture at 5 
and 10 hours post the paracetamol dose.
Plasma alanine transaminase (ALT) was measured at 24 hours, 
n = at least 4.
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Figure 5.5 In vivo protection against paracetamol injury at 48
hours with FCAT - experiment II
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Animals were dosed with paracetamol Ig/Kg i.p. Three groups 
received fructose 5g/Kg, cyclosporin A 20mg/Kg and trifluoperazine 
80mg/Kg (FCAT) orally, one group at 3 and 8 hours post the paracetamol 
dose. Another group received the FCAT mixture at 4 and 9 hours post 
paracetamol and the third group received the FCAT mixture at 5 and 10 
hours post the paracetamol dose.
Plasma alanine transaminase (ALT) was measured at 48 hours, 
n = at least 4.
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Table 5.8 Visual appearance of livers at post mortem 48 hours after

paracetamol.

% of Liver Showing Damage

Paracetamol Paracetamol + Paracetamol + Paracetamol +

FCAT 3/8 hr FCAT 4/9 hr FCAT 5/10 hr

100 100 100 100

100 100 100 100

100 100 100 100

100 100 100 100

100 100

Results are % of liver showing typical paracetamol damage i.e. PALM (pale 

accentuated lobular markings) at post mortem.

Animals were dosed with paracetamol Ig/Kg ip. One group received fructose 

5g/Kg, cyclosporin A 20 mg/Kg and trifluoperazine 80mg/Kg orally (FCAT) at 3 

and 8 hours post the paracetamol dose. Another group received the FCAT 

mixture at 4 and 9 hours post paracetamol and a third group received the FCAT 

mixture at 5 and 10 hours post the paracetamol dose.
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Table 5.9 Histological scoring of livers 48 hours after paracetamol.

Histology Scoring

Paracetamol Paracetamol + Paracetamol + Paracetamol +

FCAT 3/8 hr FCAT 4/9 hr FCAT 5/10 hr

N2 Nl-2 N l-2 N2-3

N3 N2 N4 N2

N4 N2 N2 N4

N4 N4 N3 N4

N4 N3-4

Histology scoring from liver sections from phenobarbitone induced rats given 

paracetamol Ig/Kg i.p. and the mixture of fructose 5g/Kg, cyclosporin A 

20mg/Kg and trifluoperazine 80mg/Kg (FCAT) orally at 3 and 8, 4 and 9 or 5 

and 10 hours post the paracetamol dose. Liver sections were taken at 48 hours 

and placed in formol saline to fix the tissue for histology. Histology sections were 

stained with haematoxylin and eosin. The sections were examined and scored 

according to the key found in table 4.11.
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Figure 5.7 H & E section of liver from a rat given paracetamol Ig/Kg i.p

and a) FCAT 3 and 8 hours later and b) 4 and 9 hours later at 48 hours post

dose

a) Paracetamol + FCAT T3 and 8 x20

&

m

b) paracetamol + FCAT T4 and 9 \1()
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Table 5.10 Effect of in vitro treatment of plasma with FCAT, on plasma 

alanine transaminase activity.

Conditions TO T30 min T60 min
alanine transaminase nmoles/min/ml plasma

Plasma +  saline 572±24 615125 610116

Plasma + FCAT 578116 605125 63219

Results are mean ± SD. n = 3.

A 5ml plasma sample was incubated at 37 °C with either 1ml saline or 1 ml of 

FCAT (lOmM fructose, lyM  cyclosporin A and 5pM trifluoperazine). A lOOpl 

sample was taken at TO, 30 and 60 minutes for alanine transaminase as described 

in the methods section.
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5.4 Discussion

• These experiments show that glycerol which protects against paracetamol 

injury in the short term in vitro model (0-6 hours) does not protect in vivo.

• Dexamethasone and ibuprofen which were shown to protect against

paracetamol injury by Horton and Wood (1989) did not protect against liver

injury in my experiments.

• The combination of fructose, cyclosporin A and trifluoperazine which affords

protection in the in vivo /  in vitro model does show some protection against

paracetamol injury in one experiment.

Liver slices when exposed to paracetamol (lOmM) for 2 hours then 

incubated with glycerol for a further 4 hours show protection against LDH 

leakage (see table 3.1). When the incubation time is extended protection is lost 

(table 3.3). In my new in vivo / in vitro system glycerol also does not protect the 

liver slices from paracetamol pre-treated rats. I have also shown that when 

glycerol is given in vivo in the in vivo /  in vitro system, before paracetamol the 

subsequent progression of injury is followed in the in vitro system, then glycerol 

does not afford any protection. My results in vivo also show no protection against 

paracetamol injury with glycerol given 1,5 and 9 hours after paracetamol.

Horton and Wood (1989) claimed that glucocorticoids and NSAID’s given 7 

hours after oral paracetamol protected against liver injury. Using their protocol I 

repeated their work with ibuprofen and dexamethasone. My results show no 

protection against paracetamol injury (table 5.2).
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The FCAT combination given in vivo after a paracetamol dose of Ig/Kg i.p. 

significantly reduces plasma alanine transaminase levels at 24 hours (figure 5.1). 

The 2 dose regime at 3 and 8 hours post paracetamol affords more protection than 

1 dose. When comparing ALT activity in the plasma with % damage (PALM) 

due to paracetamol alone, ALT activity was always raised above control levels if 

liver damage could be seen visually. The visual appearance did correlate well 

with the histological picture, i.e. if there was PALM then this was evident in the 

histology section. However, in these experiments when FCAT was given there 

could be visually 100% PALM of the liver but very little ALT activity in the 

plasma.

Figures 5.5 and 5.6 show ALT levels at 24 and 48 hours respectively. In these 

experiments there are enormous variations in the plasma ALT leakage. But the 

combination of FCAT does reduce the plasma ALT levels to some degree and 

maintains this level at 48 hours. FCAT may have delayed injury for some cells 

spreading out the injury process over 48 hours. By delaying injury we may be 

able to give the cell time to repair. In this particular experiment ALT activity did 

appear to go in line with the visual appearance of the livers. Histological 

appearance also correlated with visual appearance.

Since FCAT given at 3 and 8 hours offers more protection than one dose at 3 

hours, it is clear that some late stage of injury is involved and that these 

protective compounds may be acting in the late stage of injury progression after 

paracetamol metabolism is completed both in vivo and in the in vivo / in vitro 

system.
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The reduction in plasma enzyme activity could be due to reduced cell damage, 

reduced release from injured cells, altered clearance and other factors. However, 

the slice experiments with protection of mitochondrial potential and potassium 

levels suggests a real reduction of cell degeneration processes.

From experience I find enormous variation in response to paracetamol overdose 

in the rat, from no damage to extensive injury and even premature death. 

Therefore it is difficult to assess the real effect of these “protective agents” unless 

very large numbers of animals are used. By using the in vitro /  in vivo system it 

should be possible to improve the protection regime before the need for large 

numbers of animals to test the system in vivo.

These experiments go some way towards finding a possible protection regime. 

Further work should be carried out to improve this and maybe the addition of an 

endonuclease inhibitor to block DNA damage might prove useful.
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CHAPTER 6: Discussion

6.0 Project Achievements

The experimental results presented here show that cell injury from 

paracetamol can be prevented by a large variety of compounds when investigated 

in a short in vitro incubation system. These compounds do not show any 

protective effects in vivo. I have developed a new model for the investigation of 

protective effects from paracetamol injury, this in vivo /  in vitro model has an in 

vivo initiation step. Rats are dosed with a large dose of paracetamol then liver 

slices prepared several hours later and the progression of cell injury followed in 

vitro over 18 hours incubation. The in vitro step allows for many compounds to 

be investigated for possible protective effects. I have found that the combination 

of cyclosporin A, trifluoperazine and fructose act together to provide some 

protection against paracetamol injury. This is also demonstrated in one in vivo 

experiment.

6.1 Methodology chosen

Three markers of cell injury where chosen for the in vitro and in vivo /  in 

vitro models. Alteration in mitochondrial membrane potential was monitored by 

measuring the accumulation of the cationic probe triphenyl phosphonium 

(TPMP^), an early marker of mitochondrial integrity. Cell potassium content was 

measured as a monitor of the cells ability to maintain a gradient across the cell
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membrane. Enzyme leakage of lactate dehydrogenase (LDH) from the cell into 

the medium was measured, signifying irreversible cell death.

In the in vivo experiments plasma alanine transaminase (ALT) activity was 

measured. This enzyme is more specific for assessment of liver injury. LDH a 

more widely found enzyme gave falsely high values if the plasma was 

haemolysed. Visual and histological appearance of the liver was monitored.

6.2 Limitation of methods

One of the main limitations is the variability between animals. To try and 

eliminate some of this variation, the animals were pre-induced with 

phenobarbitone to make them more sensitive to paracetamol, by induction of 

cytochrome P450 enzymes. Although this increased P450 levels in all animals to 

around lOOnmoles/g liver, this did not reduce the variation in sensitivity to 

paracetamol and although there was a general increase in sensitivity to 

paracetamol injury, P450 levels could not predict the variation found in the 

“induced” group. There was no obvious reason for the difference in response 

between animals and there was no way to predict how each animal would 

respond.

Lactate dehydrogenase leakage was chosen as a measure of cell death in the in 

vitro and in vivo /  in vitro models. Although this enzyme is not specific for liver, 

its higher levels in the tissue compared to alanine transaminase a liver specific 

enzyme, made it a more reliable measure for the in vitro studies where other 

tissues are not present. In the in vivo model LDH was found to be less reliable as
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its high concentration in red blood cells meant that any haemolysis would lead to 

higher plasma levels.

6.3 Other markers

ATP levels would have been useful, Dr F. Martin working in this 

laboratory did investigate the role of energy status of rat hepatic cells during the 

progression and prevention of cell injury. His work suggested that prevention of 

paracetamol cell injury was independent of ATP levels so long as these were kept 

above 20% of control levels. Liver slices could be protected against paracetamol 

injury with various doses of fructose. High levels of fructose (20mM) reduced 

ATP levels and protected and low fructose levels (lOmM) maintained ATP levels 

to near normal and still protected (Martin and McLean 1995). He suggests that a 

minimum ATP level needs to be maintained for cell survival, so although it 

would be of interest to measure ATP it might not tell us very much more about 

the mechanism of protection in this case if we only need to maintain ATP to a 

low level.

Measurement of p-oxidation in mitochondria could have been used to give an 

indication of the state of mitochondrial function, although this would have meant 

pooling several slices per condition to obtain enough mitochondria for the assay. 

By using the cationic probe TPMP^ one could investigate mitochondrial integrity 

in the form of the ability to maintain the mitochondrial membrane potential, this 

was investigated in individual slices with no need to prepare mitochondria or pool 

slices.
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6.4 General Discussion

The processes of cell injury and cell death are important in many disease 

states as well as chemical injury, so understanding the stages of cellular response 

to an injury stimulus is of practical as well as theoretical importance.

In some instances cell death is rapid, arising as a consequence of loss of a major 

function, as when complement injury makes large holes in the cell membrane in 

minutes or seconds (Lachmann 1992). Far more often injury starts as a change of 

environment leading to activation of a process that ends in cell death many hours 

or days later (CCI4 1-2 days (Christie and Judah 1954); paracetamol 3-4 days 

(Prescott et. al. 1976)).

Many of the model systems used to study injury have not distinguished between 

the stages of initiation of cell damage and the later progression of the process 

leading to loss of function and death. Many of the model systems have used 

exposures that lead to rapid cell death within an hour or two, often with 

continuous exposure to the injury stimulus throughout the experiment. As a result 

of such a compressed system, it becomes difficult to distinguish the events of 

exposure from the events of progression, and to distinguish the key events of 

progression from the incidental side effects of injury.

Paracetamol induced cell injury and death have been intensively studied both in 

vitro and in vivo. However, the in vitro model systems do not always reflect 

events which occur in drug induced injury of the liver in patients. In the in vitro 

models using paracetamol as the toxin, all too many agents prevent cell death;
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ethanol, DPPD, fructose, glycerol, glutamate, propylene glycol and 

prostaglandin’s (table 3.3, 3.4).

In the whole animal, none of these agents have more than marginal protective 

activity once the injury process has been initiated, that is after covalent binding is 

complete. We can prevent paracetamol metabolites ifom reaching intracellular 

targets by giving methionine or N-acetyl cysteine, only if given early enough 

(Prescott 1984). It is claimed by Harrison et. al. (1990) that NAC even if given 

later offers protection, (probably due to delayed metabolism of a large dose of 

paracetamol). But once injury has been initiated we have no effective therapy. 

This is true even when agents are given many hours before the expression of 

failure of function or cell death. Our picture of the course of cell injury is built up 

largely on the basis of in vitro models, where metabolism to the reactive 

metabolite NAPQl which covalently binds cellular proteins, is extensive by 1 

hour (Devalia et. al. 1982). ATP levels are depleted by 30 minutes (Martin and 

McLean 1995), mitochondrial effects are seen as early as 30 minutes and enzyme 

leakage is significant by 4 hours (Nazareth et. al. 1991). The in vivo findings 

suggest that this picture is incomplete or perhaps incorrect. In vivo the time 

course is very different. In mice covalent binding takes place after GSH has been 

depleted at around 2 hours (follow et. al. 1973). ATP levels start to fall at 2 

hours and enzyme leakage is not seen until 12 hours later (Martin and McLean 

1995).

Initially an early attempt to resolve some of the difficulties employed a “two stage 

in vitro system” (McLean and Nuttall 1978), liver slices were incubated firstly
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for up to 2 hours with paracetamol to initiate injury, then transferred to fresh 

medium without paracetamol for a further 4 hours to follow the progression 

stages of injury. During this stage the protective agents were added. This system 

was designed to try and separate initiation events from the progression of injury. 

However, this is still a compressed system, showing signs of injury 4-6 hours 

after exposure. Although many compounds prevented injury at 4-6 hours, when 

the system is extended to 18 hours all protection is lost (see table 3.3 and 3.4).

I have developed an in vivo / in vitro system, with initiation of injury in vivo and 

subsequent progression of injury followed in vitro, this seems to provide a model 

which more closely reflects the in vivo situation.

I have examined paracetamol hepatotoxicity and shown that in this in vivo / in 

vitro model a combination of compounds is required to give cell protection 

suggesting that more than one point of injury is critical, and that each of these 

points needs to be targeted for cell survival. My results indicate that cyclosporin 

A, trifluoperazine and fructose (FCAT) when used in combination can protect 

against paracetamol toxicity to some extent. All appear to interact closely with 

aspects of mitochondrial function. It would appear that mitochondrial function is 

one of the key factors in cellular injury since loss of ATP is an early event in 

paracetamol injury and seems independent of paracetamol metabolism (Martin 

and McLean 1996; Nazareth et. al. 1991).

Mitochondria are important organelles and complete loss of function can lead to 

the cells’ death. Mitochondrial dysfunction with disruption of ATP production by 

dinitrophenol (DNP) can lead to cell death (Martin and McLean 1997). DNP is a
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proton translocator and uncoupler of oxidative phosphorylation. At low 

concentrations of DNP (5pM) there is considerable ATP loss (>50% ) without 

injury to the cell. With higher doses (>  lOpM) there is a very rapid drop in ATP 

to less than 5nmoles/mg protein which precedes cell death. Inherited disorders of 

mitochondrial function may not lead to such low ATP levels and so may not be 

life threatening (Scholte et. al. 1987).

If we consider mitochondrial structure and function we observe that the outer 

membrane is permeable to most metabolites but the inner membrane is selectively 

permeable. The mitochondria possess many transporter systems for facilitating 

the transport of metabolites and nucleotides across the inner membrane. The 

adenine nucleotide transporter system allows the exchange of ATP and ADP but 

not AMP. The respiratory chain, an integral part of the inner mitochondrial 

membrane, acts as a proton pump. The transfer of electrons through the 

respiratory chain leads to the pumping of protons (H^) from the matrix to the 

other side of the inner mitochondrial membrane. The inner membrane is 

practically impermeable to protons, so the protons accumulate on the outside of 

the inner mitochondrial membrane creating an electrochemical potential 

difference across the membrane. This drives the ATP synthase which in the 

presence of Pi + ADP forms ATP,

Collapse of the electrochemical potential will therefore result in loss of ATP 

production and if membrane damage is severe, ATP is utilised by the reversal of 

the synthetase (e.g. DNP), leading to loss of even the glycolytic ATP.
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Mitochondria are also important in regulating cell calcium levels. Calcium plays a 

key role in the regulation of many cellular processes. Regulation of the 

mitochondrial calcium concentration is dependant upon the mitochondrial 

membrane potential and is controlled by the redox state of the cell, particularly 

the ratio of NAD(P)H to NAD(P)^, and exchange processes with Na'^ and H^.

We see failure of mitochondrial membrane potential in my experiments using the 

mitochondrial probe TPMP^. Liver slices from control rats maintain their 

mitochondrial membrane potential as seen by accumulation of TPMP^ in the cell, 

whereas liver slices from paracetamol pre-treated rats loose TPMP^ from the cell 

indicating a loss of membrane potential.

It could be that maintenance of mitochondrial function is a sign of cell survival, 

and mitochondrial failure a mere sign of cell death from some other mechanism. 

However, the observation that the effective protective agents (cyclosporin A, 

trifluoperazine and fructose together) all interact closely with aspects of 

mitochondrial function suggests strongly that the mitochondria play an important 

role in cell death from paracetamol and carbon tetrachloride, even if they are not 

involved in all forms of cell death (Jacobson and Raff 1993).

It is proposed here that fructose provides a glycolytic source of ATP, cyclosporin 

A blocks a non-specific pore of the inner mitochondrial membrane preventing 

loss of vital components and trifluoperazine blocks the activation of 

phospholipase Ai. These three materials would then interact to protect the cell 

against paracetamol injury.
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Cyclosporin A (CyA) is an immunosuppressant drug, it was originally isolated 

from cultures of the fungus Tolypocladium inflatum (grown from a soil sample 

collected in Southern Norway). Borel et. al. (1976) first demonstrated that it had 

pronounced immunosuppressive activity without causing myelotoxicity or other 

severe side effects. The major toxicity associated with CyA is nephrotoxicity, the 

mechanism of which remains unclear (Sigal and Dumont 1992).

CyA is an undecapeptide which blocks the calcium-dependant signal transduction 

pathway from the T-cell receptor and has been used as a probe to dissect this 

pathway. It acts by binding to the protein cyclophilin. Cyclophilin is an enzyme, 

peptidyl prolyl cis-trans isomerase which accelerates the interconversion of cis 

and trans rotamers of proline-containing peptides or proteins (Liu 1993). This is 

believed to be the rate limiting step during protein folding (Fisher and Schmid 

1990). This was originally thought to be the mechanism by which CyA blocks the 

signal transduction pathway. However it was found that relatively small amounts 

of CyA were needed to cause immunosuppression whereas there were still vast 

quantities of the enzyme around. Also, studies using analogs of CyA which would 

strongly bind cyclophilin did not always show immunosuppressive activity (Liu 

1993).

Fruman et. al. (1992) showed that the complex of CyA-cyclophilin inhibited 

another protein calcineurin at concentrations which were similar to those required 

to inhibit IL2 production in activated T-cells (see figure 6.1).

FK506 which is also an immunosuppressant is a macrolide with a structure is 

very different from CyA. FK506 does not bind cyclophilin but binds another
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protein FK binding protein (FKBP). FKBP also has peptidyl prolyl cis-trans 

isomerase activity. The complex of FK506-FKBP was also found to inhibit 

calcineurin and hence signal transduction. CyA, but not FK506, has been found 

to act on a pore of the inner mitochondrial membrane to inhibit its opening. This 

is thought to be a possible mechanism for both its toxicity in the kidney and 

protection against toxic injury. The mechanism of its protective action against 

paracetamol toxicity may be in preventing the escape of vital components from 

the mitochondria and helping to maintain the mitochondrial membrane potential. 

Griffiths and Halestrap (1991) have suggested that the pore is an ATP 

translocase, which under normal conditions is closed, but under pathological 

conditions can open. They propose that the isomerase causes pore opening 

through interaction with the adenine nucleotide translocase, see figure 6.2. Their 

hypothesis is based on the observation that "calcium-induced swelling may be 

inhibited by bongkrekic acid and ADP, which stabilise the m-conformation of the 

carrier, while carboxyactractyloside which stabilises the c-conformation enhances 

swelling. The c-conformation is believed to have a proline residue (Pro-61) that is 

exposed to the matrix surface but is hidden in the m-conformation. There is also 

evidence that matrix calcium can bind to the carrier in the c-conformation and in 

the presence of calcium and Pi with no adenine nucleotides bound to the carrier. 

PPIase binds to Pro-61 and causes a conformational change sufficient to form a 

non-specific pore. This conformational change is probably associated
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with cis-trans isomérisation of the proline peptide bond and on the addition of 

CyA the PPIase is rapidly removed closing the pore."

The PPIase FKBP has not been shown to act on this mitochondrial pore and hence 

it is not surprising that FK506 does not cause the pore to close. Since FK506 does 

not provide any protection to the cell from paracetamol injury it gives us further 

evidence that the non-specific pore of the inner mitochondrial membrane is 

important in pathological states.

This non-specific pore may be important for the release of by-products which 

have no specific transport pathway out of the mitochondria. Under pathological 

conditions continuous opening of the pore would lead to the release of many 

important mitochondrial components. But also continuous closure of the pore, as 

in immunosuppressed patients, could lead to a build up of toxic waste products 

with no means of escape, which would be detrimental to the mitochondria. 

Alternatively the pore could be of value to relatively unimpaired mitochondria.

If programmed cell death often involves this opening of the mitochondrial mega

pore at an early stage in the cascade of events, then CyA would block these forms 

of PCD. CyA has been shown to inhibit apoptosis which may be another 

important link to the mechanism by which CyA helps to prevent cell death 

(Dhein et. al. 1995). FK506 has also been shown to inhibit apoptosis. If CyA and 

FK506 are acting at an early stage of apoptosis initiation then the addition during 

the later stages of paracetamol injury may not help block this pathway of 

programmed cell death.
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Trifluoperazine (TFZ) is a phenothiazine used in the treatment of schizophrenia, I 

have shown that TFZ is also required for cell protection. However, this can also 

be replaced by other phenothiazines such as chlorpromazine, thioridazine or 

promethazine with similar protection, trifluoperazine being slightly better and 

promethazine slightly worse.

Phenothiazines can be sub-divided according to their side chain, trifluoperazine is 

a piperazine derivative, chlorpromazine is an aliphatic derivative and thioridazine 

a piperidine derivative. They all have a general ring structure and their side chain 

determines their potency.

The phenothiazines have many actions, they block many receptors as well as 

inhibiting calmodulin, phospholipase Ai, protein kinase C and phospholipase C 

(Broekemeier et. al. 1985; Prozialeck and Weiss 1982; Lenzen et. al. 1989; Rang 

and Dale 1991).

It has been proposed by Broekemeier and Pfeiffer (1989) that TFZ is acting as a 

protective agent by inhibiting phospholipase À2 (PLAi) activity. Activation of 

PLAi is thought to be one of two mechanisms for controlling the permeability 

transition of the inner mitochondrial membrane, the other being the CyA sensitive 

pore. PLAi (EC 3.1.1.4) is a ubiquitous enzyme found in the mitochondrial outer 

membrane that cleaves fatty acids from the sn-2 position of phospholipids. PLAi 

plays an important role in phospholipid turnover of cell membranes which affects 

membrane fluidity, function and generation of lipid second messengers. PLAz is 

activated by calcium accumulation resulting in hydrolysis of phospholipids to 

lysophospholipids and free fatty acids. Oxidants (from the inducing agent) will
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inhibit the reacetylation by inhibition of the enzyme lysophospholipid- 

acyltransferase causing an accumulation of lysophospholipids and free fatty acids 

in the membrane resulting in a decrease in the permeability barrier. TFZ will 

inhibit this permeability transition.

This is the most probable mode of action for the phenothiazines, although they 

also inhibit calmodulin activity. This is a widely distributed calcium binding 

protein and has been shown to activate many calcium-dependant processes 

including PLAi activity.

Broekemeier et. al. (1985) have shown that TFZ inhibits PLA2 activity in 

mitochondrial membrane preparations, without the involvement of calmodulin. I 

have also in a preliminary experiment tried the very specific calmodulin inhibitor 

calmidazolium in combination with CyA and fructose and found no protection 

(data not shown).

It has been shown previously that ATP levels fall with paracetamol injury in vitro 

as well as in vivo and that fructose protects the liver slice probably by maintaining 

a minimum ATP level (Martin and McLean, 1995).

Dransfield and Aprille (1994) have shown that in rat hepatocytes stressed by 

starvation, cytoplasmic adenine nucleotides are degraded from AMP to inosine 

but mitochondrial adenine nucleotides are dephosphorylated only as far as AMP. 

This preserves the mitochondrial adenine nucleotide pool because the AMP is not 

a substrate for the mitochondrial ATP-Mg/Pi carrier and so does not reach the 

cytoplasm. If glycolytic ATP production is made possible as with the addition of 

fructose (though not glucose) then modest ATP levels in the cytoplasm are
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maintained. In the presence of fructose, degradation of the cytoplasmic adenine 

nucleotides and dephosphorylation of the matrix adenine nucleotides to AMP does 

not occur. However, if a Ca^^ signal is imposed by an oxidative stress in the 

absence of fructose, then ATP-Mg/Pi movement is activated by opening of a 

mitochondrial pore. As a result there is a net movement of adenine nucleotides 

from the mitochondrial matrix to the cytoplasm. Dephosphorylation of matrix 

adenine nucleotides to AMP and transport out of the mitochondria leads to 

cessation of mitochondrial function the cell becomes dependant for its membrane 

integrity and survival on cytoplasmic glycolytic ATP generation. Fructose may be 

working by providing a glycolytic ATP source to prevent total depletion of 

adenine nucleotides or maintaining them to a minimal level which will prevent the 

final steps to cell death.

Glycerol when used in place of fructose does not help to provide protection. 

Fructose has 2 potential routes of metabolism into the citric acid cycle, whereas 

glycerol has only one.

Fructose can be metabolised by fructokinase to fructose 1-phosphate or 

hexokinase to fructose 6-phosphate, both have a low km for the substrate (in the 

region of <  ImM) (Phillips and Davies 1985). Glycerol is metabolised by 

glycerokinase to glycerol 3-phosphate again with a low km (approximately ImM) 

(Vernon and Walker 1970).

Figure 6.3 demonstrates the many routes that have been postulated to moderate 

pore opening, which may be a final common event leading to cell death. With
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such a cascade it would be impossible to block injury at one point unless it was 

early on.

The combination of FCAT goes along way in providing protection against 

paracetamol injury and helping in our understanding of the events taking place in 

the compromised cell. These compounds all interact closely with some aspect of 

mitochondrial function, may be we also need to think of other possible targets 

that may need protecting, such as the DNA. Histologically we can see many 

fragmented nuclei, the addition of an endonuclease inhibitor may offer protection 

here.

6.5 Future Developments

Currently there is much research on the role of gene expression in 

programmed cell death (PCD). Whether this has a role in toxic cell death (TCD) 

is unclear. The expression of the bcl2 gene has been identified as an inhibitor of 

PCD. It would be interesting to see if over expression of this gene in the liver had 

any possible protective effects against hepatotoxicity from compounds like 

paracetamol or CCb.

The ICE family of protease’s is an early mediator of PCD. Inhibitors of the ICE 

protease’s (e.g. CrmA, Tewari et. al. 1995) will block the progression of PCD. 

Again the involvement of ICE protease’s has not been demonstrated in toxic cell 

death (TCD). Poly (ADP-ribose) polymerase (PARP) is a nuclear enzyme which 

can be activated by some ICE-protease’s (e.g. YAM A) and induces DNA strand 

breaks, which initiates PCD by the depletion of NAD^ and ATP pools (Tewari
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et. al. 1995). PARP inhibition bas been shown to block necrosis from H2O2 

(Watson et. al. 1995).

Gene expression of these proteins may have an effect on TCD. In toxic cell injury 

many cells are morphologically altered and consequently the surrounding cells 

may not be in a position to phagacytose their neighbours. So although the PCD 

system is put in motion the cells may not be able to respond and hence necrosis 

occurs.

We see great inter-individual variation in response to paracetamol overdose, both 

in humans and in rats or mice. Is this solely due to variation in bioactivation by 

P450 and GSH supply or does gene expression in response to chemical attack 

play a role here?

If cells are more resistant to programmed cell death this may also help block toxic 

cell death at an early stage, unless it becomes too overwhelmed.
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6.6 Summary

I have shown that using an in vitro liver slice model many compounds e.g. 

glycerol, fructose, DPPD, ethanol and glutamate, will prevent paracetamol 

induced injury in the short term i.e. 4-6 hours. When the incubation is extended 

to 18 hours any protection seen is lost. There is also no evidence that these 

compounds show any protective effects in vivo.

I have developed an in vivo / in vitro model where injury is initiated in vivo and 

the progression followed over 18 hours, the compounds that protected in the short 

term incubations are not effective in this system. However, the combination of 

fructose, cyclosporin A and trifluoperazine did provide protection which could 

also be demonstrated in vivo.

This in vivo / in vitro system would therefore appear to be a more realistic model 

for examining cell injury and protection with results that can predict effects in 

vivo.

I have found that a combination of compounds is needed for protection against 

paracetamol injury. All appear to act on some aspect of mitochondrial function. 

Fructose as a substrate for ATP production, cyclosporin A inhibits the opening of 

a non-specific pore of the inner membrane and trifluoperazine acts on 

phospholipase Ai activation.

These results would suggest that the mitochondria is a critical point of injury with 

several aspects being compromised and each needing to be targeted for cell 

protection.
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I have shown protection with these compounds from injury by paracetamol and 

carbon tetrachloride, others workers have shown protection with either 2 or all 3 

of these compounds in tBHP and iodoacetate injury (Imberti et. al. 1993, 

Broekemeier and Pfeiffer 1989). These results would indicate that there may be a 

common pathway to cell death involving mitochondria in some forms of injury 

and the combination of fructose, cyclosporin A and trifluoperazine may be 

important in preventing cell death from these agents.
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Appendix - Abbreviations

ADP

ALT

AMP

AST

ATP

Ca2+

adenosine diphosphate 

alanine transaminase 

adenosine monophoshate 

aspartate transaminase 

adenosine triphosphate 

calcium

CaEDTA calcium ethylene diamine tetra acetic acid

CCI4  carbon tertrachloride

CI3 C trichloromethyl free radical

CI3 COO trichloromethyl peroxy radical

CyA cyclosporin A

DNA deoxyribonucleic acid

dpm disintegrations per minute

DPPD diphenyl para phenylene diamine

EDTA ethylene diamine tetra acetic acid

EGTA ethylene glycol-bis-(b-aminoethylether) N,N,N’,N’-tetra acetic acid

ER endoplasmic reticulum

EC AT fructose, cyclosporin A and trifluoperazine

GSH reduced glutathione

GSSG oxidised glutathione
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HCl hydrochloric acid

H&E hematoxylin and eosin

HEPES (N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid)

HgCl2 mercuric chloride

HPLC high pressure liquid chromatography

IC50 50% inhibitory concentration

ICE interleukin-ip converting enzyme

LD50 50% lethal dose

LOO lipid peroxy radical

LOOK lipid hydroperoxide

potassium

min minutes

Mg'" magnesium

MPA metaphosphoric acid

Na'" sodium

NAG N-acetyl cysteine

NAD nicotinamide adenine dinucleotide

NADH reduced nicotinamide adenine dinucleotide

NSAID’S non-steroidal anti inflammatory drug’s

02- superoxide anion radical

p a l m pale accentuated lobular markings

PARP poly ADP-ribose polymerase

PCD programmed cell death

PLA2 phospholipase A2
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Pi inorganic phosphate

PPIase peptidyl prolyl cis-trans isomerase

SCN' thiocyanate

SD standard deviation

tBHP tertiary butyl hydroperoxide

TFZ trifluoperazine

TPMP^ triphenyl methyl phosphonium

TNFa tumour necrosis factor a

UCH University College Hospital
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