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Abstract

The partial portal vein ligation rat model of portal hypertension is associated with th¢
development of a hyperdynamic circulation characterised by an increased cardiac index and a
reduced systemic vascular resistance. Recent studies have shown that tumour necrosis factor-a
is involved in the development of the hyperdynamic response. Studies on tumour necrosis
factor-ou in vitro have shown that the signal transduction pathways involve activation of the
transcription factor NF-kB by reactive oxygen species and that this can be inhibited by
antioxidants. It is not known however, whether involvement of these pathways can be
demonstrated in vivo in this model, and whether treatment with antioxidants can inhibit these

signalling pathways and thus the development of the hyperdynamic circulation.

This thesis concentrated on the signal transduction pathways and the possible role of
oxidant stress in the generation of the hyperdynamic circulation in the partial portal vein
ligated rat model compared with sham controls. Firstly, a group of compounds known as the
Fo-isoprostanes were studied as markers of lipid peroxidation. Secondly, activation of the
transcription factor NF-kB was measured in whole liver from different study groups. Levels of
plasma TNF-a levels were then measured, as were plasma levels of nitrite and nitrate. Finally,
haemodynamic studies were performed in different groups to evaluate the pharmacodynamic
effects of different reagents including N-acetylcysteine, pyrrolidine dithiocarbamate and BB-

1101.

Partial portal vein ligation is associated with increased lipid peroxidation, activation of
hepatic NF-xB and increased nitric oxide synthesis. Furthermore, the hyperdynamic circulation
can be inhibited by the chronic administration of N-acetylcysteine, pyrrolidine dithiocarbamate
and BB-1101 to PPVL rats. The precise mechanism of action of these reagents remains unclear

and further work needs to be performed to answer these questions.
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CHAPTER 1: INTRODUCTION

1.1 The Hyperdynamic Circulation in Portal Hypertension
1.1.1 Background

Portal hypertension is a common complication of chronic liver disease characterised
by an increased portal pressure gradient between the portal vein and the hepatic vein. The
normal pressure gradient is approximately 5 mmHg but is increased in portal hypertension and
becomes clinically significant when it exceeds 12 mmHg since complications such as variceal
haemorrhage or the development of ascites occur above this level (Bosch et al. 1989). Portal
hypertension is almost invariably accompanied by the development of a hyperdynamic
circulation in which there is an increased cardiac index and reduced vascular resistance. It is
thought that the hyperdynamic circulation contributes both to the severity and also to the
complications of portal hypertension by increasing portal pressure and causing activation of
the neuroendocrine systems. These complications include the development of ascites, hepatic
encephalopathy, hepato-renal syndrome, enhanced susceptibility to bacterial infections,
deranged liver metabolism and most significantly increased portosystemic shunting leading to
the development of oesophageal varices. Bleeding from oesophageal varices is associated with
a high mortality (about 50%) (Smith and Graham, 1982). For this reason portal hypertension

and the pathogenesis of associated haemodynamic changes are of considerable interest.

1.1.2 Methods of Studying Portal Hypertension

Studies of portal hypertension in humans give rise to both technical difficulties as well
as ethical limitations. The portal pressure can be measured indirectly using the hepatic venous
wedge pressure gradient. This requires the placement of a balloon catheter into a hepatic
venous radicle by a transjugular or femoral approach under radiological guidance until it can
go no further with the catheter balloon inflated. The "wedged" pressure measurement
represents the sinusoidal venous pressure. The catheter is properly positioned if the pressure
tracing shows regular oscillations related to transmissions of hepatic arterial pressure and,

finally, a small amount of contrast medium is injected and seen to pass against the
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predominant flow into the sinusoidal bed. Measurements are then taken with the balloon
deflated and reflect the free hepatic venous pressure. The difference between the “wedged” and
the “free” pressure is the portal (sinusoidal) pressure. The wedged hepatic venous pressure
does not reflect portal pressure in pre-sinusoidal portal hypertension and may even
underestimate the true portal venous pressure.

Hepatic venous wedge pressure measurement is relatively easy, safe and can be
performed in patients with a bleeding tendency or ascites but it remains an invasive procedure.
Hence, much of the current knowledge relating to the pathogenesis of portal hypertension is
based on studies in animal models of portal hypertension. The rat is most frequently studied
and different procedures can be performed in this animal to induce portal hypertension
including partial portal vein ligation, chronic bile duct ligation which gives rise to biliary
cirrhosis, or carbon tetrachloride administration which causes a cirrhosis resembling that
produced secondary to alcoholic liver disease. Each model may mimic a clinical situation but
it must be emphasised that experimental models are not without limitations especially when
extrapolating the data to man.

Prehepatic portal hypertension can be induced by partial portal vein ligation (PPVL).
Complete occlusion of the portal vein is associated with a high mortality when performed
acutely and is therefore not used. Partial ligation however induces portal hypertension with
minimal liver damage and a high degree of portosystemic shunting. The clinical counterpart
for this model is portal vein thrombosis or cavernomatosis of the portal vein. This model is
popular as it is straightforward to perform and is inexpensive. As this model causes portal
hypertension without liver damage the responses of different animals tend to be homogenous.

The PPVL model however would be inappropriate to demonstrate changes in
intrahepatic resistance or architecture as there is minimal liver involvement. Instead a model of
bile duct ligation, or carbon tetrachloride administration in the rat could be used for this
purpose as there are marked architectural changes in these models. Chronic bile duct ligation
induces portal hypertension and, although often used as a model of cirrhosis, this strictly

speaking is not the case. It is associated with fibrotic changes and ductular proliferation in the
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liver without any regeneration (Muriel et al. 1994). This is associated with a moderate degree
of portosystemic shunting and the responses of different animals tend to be heterogeneous.
Carbon tetrachloride treated rats induces cirrhosis over a time period when administered by
either inhalation or ingestion but is associated with a high mortality. It is usually necessary to
enhance liver injury and thus the chance of developing cirrhosis by inducing the liver enzymes
by treating the animals with phenobarbitone (Proctor and Chatamra, 1982). This produces
characteristic cirrhotic changes but administering the reagents is time consuming and

laborious. This model is associated with a low degree of portosystemic shunting.

1.1.3 Pathogenesis of Portal Hypertension
The portal pressure gradient is the product of the portal venous inflow and resistance

to flow. This can be summarised by Ohm’s Law:

AP=QxR

where AP is the portal pressure gradient, Q is the portal venous blood flow and R is the
vascular resistance to portal venous flow.

The vascular resistance, (R) is determined by other factors defined by Pouiselle’s Law:

R = 8uL / nrd

where L is the viscosity of the blood, L is the length of the vessel and r is the radius of the
vessel. Thus, the radius of the vessel is the main determinant affecting portal pressure.

Two traditional views have emerged to explain the development of portal
hypertension. For many years it was believed that portal hypertension was caused by a “block”
to the portal venous system causing congestion with a reduced portal venous inflow. This is
known as the backward flow theory of portal hypertension. Support for the backward theory of
portal hypertension (Bosch et al. 1989), was the observation that portal blood flow, measured
during surgery with electromagnetic flowmeters, is frequently reduced in cirrhotic patients.

However, studies in PPVL rats with portal hypertension have demonstrated that
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forward flow may be of importance (Vorobioff et al. 1983). Using radiolabelled microspheres
the total portal venous inflow can be measured. This represents the sum of the portal blood
flow entering the liver and the portosystemic collateral blood flow. The fraction of the
portosystemic shunting is the percentage of portal venous inflow entering the collateral
circulation and is determined by injecting a second radiolabelled microsphere into the spleen
or mesenteric vein. These studies demonstrated that the portal venous inflow was markedly
increased in portal hypertension although most of the portal venous inflow passes through the
collateral circulation (as much as 90% in severe portal hypertension) (Vorobioff et al. 1983,
Chojkier and Groszmann, 1981).

These observations contradicted the backward flow theory and lead to the development
of a forward flow theory (Benoit et al. 1985) which proposes that the increased portal venous
inflow plays a central role in the pathogenesis of portal hypertension. The increased portal
venous inflow has also been confirmed in other models of portal hypertension, in which there
is less portosystemic shunting than PPVL rats, such as carbon tetrachloride-induced cirrhosis
and chronic bile duct ligated rats (Pizcueta et al. 1989, Vorobioff et al. 1984).

It is probable that both factors are important and that their significance in the
pathogenesis of portal hypertension may vary from disease to disease depending on the
underlying aetiology or the severity of liver damage. If portal venous flow remains normal
then an increased portal resistance will increase portal pressure. However, in the absence of
increased portal vascular resistance an increase in portal venous vascular inflow alone is not
sufficient to increase the portal pressure significantly. Thus, both portal vascular resistance and
portal venous inflow are important and each theory (backward or forward flow) may coexist to

different degrees in different conditions.

1.1.4 Current Understanding of the Partial Portal Vein Ligated Model
Complete ligation of the portal vein however is not a reliable model as it is associated

with a high mortality. Instead partial ligation of the portal vein is used.
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Following PPVL, there is a reproducible series of typical haemodynamic changes
during the first week that have been demonstrated. Since this is the model to be used in the
thesis, I have used information from these studies in formulating the hypothesis and this will

be discussed further.

It is now established that PPVL is associated with the following changes:

Increased cardiac index

e Reduced mean arterial pressure
e Reduced systemic vascular resistance
e Increased portal pressure

e Portosystemic shunting

The presence of a hyperdynamic circulation has been demonstrated as being a primary
factor for the maintenance of portal hypertension by Vorobioff et al.(Vorobioff et al. 1983).
This group studied the systemic and splanchnic haemodynamic changes in partial portal vein
ligated and control animals at two weeks. They observed an increase in portal venous inflow
with extensive portosystemic shunting following PPVL. This was accompanied by a reduction
in the splanchnic resistance and altered systemic haemodynamics including an elevated cardiac
index and a reduced mean arterial pressure reflecting the reduced total peripheral resistance.
They concluded that the increased blood flow into the portal system may be a major
mechanism for the maintenance of chronic portal hypertension in the presence of high-grade
portosystemic shunting.

The next question that needed to be answered was how does portal hypertension
evolve in this model and how is it maintained? These questions were addressed by Sikuler and
colleagues from the same group (Sikuler et al. 1985). Specifically, they investigated the
chronological chain of haemodynamic events that occur after stenosis of the portal vein. In

particular, the relationship between resistance and flow in the portal system as well as the
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interaction between the development of portosystemic shunting and the appearance of the
hyperdynamic circulation. As one could predict on mechanical grounds they found that,
immediately after portal vein stenosis, there was a resistance-induced portal hypertension
characterised by increased portal resistance, increased portal pressure and a reduction of portal
venous inflow. However, over the following seven days a series of circulatory changes
occurred which by day eight were maximal. These changes were extensive portosystemic
shunting, a return of portal resistance (within the portal vein and collateral circulation) to
control values and an increase in portal venous inflow which contributed to the maintenance of
an elevated portal pressure. Thus, while portal hypertension initially occurs in this model due
to an increase of portal venous resistance, subsequently portal venous inflow increases and
becomes dominant in the maintenance of portal hypertension.

Plasma volume expansion was demonstrated by Genecin et al. to be an absolute
requirement for the generation of the hyperdynamic state (Genecin et al. 1990b). However,
what was not known at this point was the temporal and functional relationship between the
two. Specifically, does plasma volume expansion enhance haemodynamic changes or does it
occur as a consequence? This was addressed by Colombato et al. who studied the portal vein
ligated model over the first four days using Doppler flow studies of the iliac artery and the
superior mesenteric artery as well as measurements of haematocrit (Colombato et al. 1992). In
this study, they demonstrated that vasodilatation precedes plasma volume expansion. Plasma
volume expansion occurs parallel to increases in both regional flow and cardiac index. This
confirms other work suggesting that the hyperdynamic circulatory state is dependent on
plasma volume expansion. Vasodilatation is the initiating event but requires plasma volume
expansion to sustain and develop the hyperdynamic state. These studies showed that the
vasodilatation is initially detected in the systemic circulation rather than in the splanchnic
circulation. The reason for this is that within the splanchnic circulation there is initial
vasoconstriction of the superior mesenteric artery secondary to the outflow block caused by the

ligated portal vein. This outflow block is then ameliorated when the portal system forms a
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collateral circulation. It is after this that the superior mesenteric artery bed becomes more
sensitive to vasodilators.

Different factors that mediate the vasodilatation in this model have been proposed and
investigated. These include nitric oxide (Pilette et al. 1996a, Pilette et al. 1996b, Garcia-Pagan
et al. 1994, Sogni et al. 1996, Sieber and Groszmann, 1992a, Sieber and Groszmann, 1992b,
Lee et al. 1993), prostacyclin (Hamilton et al. 1982, Hamilton et al. 1981, Oberti et al. 1993),
glucagon (Benoit et al. 1986, Kravetz et al. 1988), adenosine (Murakami et al. 1996) and bile
acids (Genecin et al. 1990a). Studies performed by Lopez-Talvera demonstrated that the
proinflammatory cytokine tumour necrosis factor is a major contributor to the development of
the hyperdynamic circulation (Lopez-Talavera et al. 1996, Lopez-Talavera et al. 1995). In
these studies, inhibition of the actions of TNF-a by an anti-TNF-a antibody prevented the

development of the hyperdynamic circulation in PPVL rats.

1.2 TUMOUR NECROSIS FACTOR AND NUCLEAR FACTOR-KAPPA B
1.2.1 Tumour Necrosis Factor-a

Tumour necrosis factor-a (TNF-a) is a 17-kd proinflammatory cytokine that is
produced in response to inflammatory stimuli such as injury, infection and neoplasia. It is
produced by a variety of cells including monocytes, macrophages, lymphocytes, epithelial and
endothelial cells, fibroblasts and parenchymal cells of the gastrointestinal viscera. TNF-a
initially exists as a 26-kilodalton surface-associated molecule anchored by an N-terminal
hydrophobic domain. It is subsequently processed by proteolytic cleavage to the 17-kilodalton
peptide, and three 17-kilodalton molecules become non-covalently associated to form a
homotrimeric complex that is biologically active (Smith and Baglioni, 1987). Under normal
circumstances, these molecules are not operational or they appear to function at low levels
which do not disturb homeostasis. However, soon after an inflammatory stimulus, these
mediators are produced both at the site of injury and diversely by cells throughout the body,

and they generate a wide range of local and systemic effects incorporating all of the
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physiological response systems (ie. cardiovascular, central nervous, pulmonary,
gastrointestinal, renal, haemopoietic and endocrine) (table 1).

Lipopolysaccharide (LPS) is an extremely potent stimulus to the synthesis of TNF-o
and has been extensively studied. Within 20 minutes of injection of intravenous LPS, there is
an increase in concentration of plasma TNF-a that peaks at 90 to 120 minutes. The half-life of
TNF-a is 14 to 18 minutes, and levels become undetectable within 4 to 6 hours (Beutler et al.
1985, Hesse et al. 1988). Repeat administration of LPS is followed by a markedly attenuated or
absent secondary TNF-a peak. TNF-a interacts with at least two distinct membrane-associated
receptors termed TNF-a-R1 (55 kd) and TNF-a-R2 (75 kd) which exhibit similar receptor
binding affinities for TNF-a.. Both receptors are available on virtually every cell type, except
erythrocytes. The two receptors utilise separate pathways for intracellular signal transduction
which have been investigated using agonist and antagonist antibodies against each receptor.
The pathways activated by p75 are unknown, but the second messenger systems that are
activated by p55 include protein kinase C, phospholipase A7, sphingomyelinase, and
phosphatidylcholine-specific phospholipase C (Andrews et al. 1990, Mathias et al. 1993). The
TNF-a receptor-ligand complex is internalised and metabolised but this does not appear to be
necessary for bioactivity to be expressed since this can occur in the absence of internalisation.

TNF-a receptors also exist in soluble forms that are present in the serum and urine of
patients with sepsis, cancer and febrile illness (Van Zee et al. 1992, Digel et al. 1992, Aderka
et al. 1991, Kalinkovich et al. 1992). They are produced by the proteolytic cleavage of the
extracellular domain of TNF-ao receptors. These soluble receptors can bind TNF-o and
compete with cellular-associated TNF-o receptors for the cytokine. At high concentrations,
soluble TNF-a receptors reduce the bioactivity of TNF-a by binding to it and preventing it
from binding to the TNF-a-receptors. At low concentrations however, the soluble TNF-a
receptors appear to stabilise the trimeric structure of TNF-a and therefore augments its long
term function by slowing down the decay of TNF-a..

The full biological effects of TNF-a can be elicited when only 5% to 10% of the TNF-

o receptors are required (Coffman et al. 1988). These effects are related to cellular
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proliferation and differentiation, regulation of cytokine interaction, interaction with other
mediators of the stress response, including the prostaglandins and corticosteroids and
mediation of the acute metabolic response to injury. With respect to the vascular system TNF-
o increases vascular permeability (Stephens et al. 1988), enhances neutrophil adhesion to
vascular endothelium (Gamble et al. 1985) promotes neutrophil migration to sites of
inflammation and injury (Varani et al. 1988, Gamble et al. 1985) and causes metabolic and
structural changes in vascular endothelial cells (Frater-Schroder et al. 1987, Johnson et al.
1991). Furthermore TNF-a causes marked hypotension in mammals (Old, 1985) and several
investigators have shown the existence of a cytokine-inducible L-arginine/NO pathway and
that the hypotension elicited by TNF-a is reversed after selective inhibition of NO synthesis
(Hibbs, Jr. et al. 1992, Kilbourn et al. 1990) suggesting that L-arginine-derived NO is a
principal mediator of TNF-a-induced hypotension.

As cytokines are such important mediators in inflammatory processes with significant
haemodynamic effects TNF-a levels were investigated in the PPVL model. Lopez-Talavera et
al. demonstrated using a bioassay a 5-fold increase in plasma TNF-a levels at day 5 following
PPVL and a 10-fold increase at day 14 (Lopez-Talavera et al. 1995). They went on to show
that administration of an anti-TNF-a antibody to rats undergoing PPVL attenuated the
development of the hyperdynamic circulation. This suggested that TNF-o is a major
contributor to the hyperdynamic circulation, and is consistent with other work implicating NO
as a mediator causing vasodilatation, since TNF-a is believed to mediate its haemodynamic
effects by induction of NO synthesis. A subsequent study involving the administration of
thalidomide, which inhibits TNF-oo mRNA production, also produced similar results (Lopez-
Talavera et al. 1996). What remains unclear is the pathophysiological mechanisms resulting in
TNF-o production in this model. Possible mechanisms include the involvement of endotoxin
and/or oxidant stress.

Endotoxin and bacterial translocation following PPVL has been studied acutely and
chronically following PPVL by Garcia-Tsao et al.(Garcia-Tsao et al. 1993). Following PPVL

there is an increase in bacteria in mesenteric lymph node cultures compared to sham rats by 48
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hours. However, by seven days there was no significant difference. No detectable circulating
endotoxin were detected in the plasma at any time in these studies. Despite this, it is possible
that macrophages may be primed in the mesenteric lymph nodes to produce the
proinflammatory cytokines but this may only be a short term response as there is no detectable
bacterial translocation after 5 days.

Mehta et al. (Mehta et al. 1990) treated rats with antibiotics to see if this could alter the
hyperdynamic circulation on the basis that there was bacterial translocation but found that this

had no effect on haemodynamic changes.

1.2.2 Nuclear Factor-kappa B

The transcription factor nuclear factor-kappa B (NF-xB) is a key regulator of
important inflammatory and immune reactions. It exists as a protein molecule comprising two
subunits of different molecular weights (heterodimer). The p-50 and p-65 subunits make up the
protein heterodimer which when inactive exists in the cytoplasm of cells of the body bound to
an inhibitory protein subunit IxkB. When the cells are activated the IkB subunit becomes
phopshorylated and dissociates from the heterodimer, NF-xB, (p-50-p65 heterodimer) which
then migrates to the nucleus of the cell where it binds to the promoter and enhancer regions of
target genes encoding for mRNA transcription (figure 1). The target genes are multiple but
include the proinflammatory cytokines TNF-a, IL-6, IL-8 and the inducible form of nitric
oxide synthase (iNOS). As there are multiple target genes that can be influenced by activated
NF-xB, then, it explains why it is such an important molecule in the acute phase response as
well as in immune reactions. NF-xB can be artificially induced in tissue culture by phorbol
esters, calcium ionophores, ultra-violet light and various mitogens (Baeuerle and Henkel,
1994, Grilli et al. 1993). In vivo activation of NF-kB can be caused by TNF-o (Schutze et al.
1995), IL-1 (Grilli et al. 1993), lipopolysaccharide, viral products such as double stranded

RNA (Visvanathan and Goodbourn, 1989) and ROS (Schreck et al. 1991).
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System

Effect of TNF-o

Cardiovascular

Central Nervous

Pulmonary

Gastrointestinal

Renal

Haematopoietic

Endocrine

Shock

Myocardial suppression
Capillary leakage syndrome
Nitric oxide synthesis

Fever

Release of corticotropin-releasing factor, CRF
Release of adrenocorticotropic hormone, ACTH
Anorexia

Adult Respiratory Distress syndrome
Oedema
Hypoxia

Necrosis

Biosynthesis of platelet activating factor
Hepatic production of acute phase proteins
Diarrhoea

Diuresis followed by oliguric renal failure
Acute renal tubular necrosis

Suppressed erythropoiesis

Increased haemolysis

Disseminated intravascular coagulation
Neutrophilia or neutropenia

Euthyroid sick syndrome
Lactic acidosis )
Hyperaminoacidaemia

Table 1. Systemic Effects of Tumour Necrosis Factor-a.
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Different groups have demonstrated that activation of NF-kB is subject to redox control. In
vitro studies have shown that prooxidants such as hydrogen peroxide or oxidised glutathione
can activate NF-kB (Schreck et al. 1991, Schreck et al. 1992, Gaiter et al. 1994) and
antioxidants such as N-acetylcysteine and pyrrolidine can inhibit NF-kB activation. (Mihm et
al. 1991, Staal et al. 1990, Staal et al. 1995). However, in other studies it remains unclear as to
whether reactive oxygen species directly activates NF-kB or whether it facilitates activation of
NF-kB by other physiological inducers. Hydrogen peroxide is reported to activate NF-kB in
Jurkat T cells but it was also observed that it was unable to activate NF-kB without the
addition of PMA or TNF-a (Israel et al. 1992, Ziegler-Heitbrock et al. 1993).

TNF-a and other cytokines induce an oxidant stress in vitro. This is probably via the
generation of reactive nitrogen species. What is interesting is the fact that TNF-a can not only
induce an oxidant stress, but can be produced indirectly as a result of oxidant stress through the
activation of NF-kB. Therefore, it is possible that a self-perpetuating loop involving oxidant

stress and cytokine production may develop.

PI—=DAGH>PKC
P65 p5Q>'
Cytoplasm
Nucleus
DNA
Enhancer
5’-AGT TGA GGG GAC TTT CCC AGG C-3’ mRNA

3>-TCA ACT CCC CTG AAA GGG TCC G-5°

Figure 1. Molecular Actions of NF-kB. In the inactive form it exists in the cytoplasm as a
protein heterodimer bound to an inhibitory protein, IKkB. When it is activated the IKB subunit
dissociates from the protein heterodimer which migrates to the nucleus and binds to enhancer
regions oftarget genes encoding for transcription of specific proteins.
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1.3 OXIDANT STRESS
1.3.1 Definition

Oxidant stress is defined as an imbalance between free radical-producing and free
radical-scavenging mechanisms resulting in free radical damage. Free radicals are species
which contain one or more unpaired electrons and are capable of independent existence. As a
result of having an unpaired electron the free radical is chemically more reactive than other
molecules as it tries to become stable by either gaining or losing an electron. Biologically
important free radicals include reactive oxygen species and reactive nitrogen species. Reactive
oxygen species may be defined as any compound derived from molecular oxygen (O2) which
has occurred by chemical reduction of less than four electrons. Reactive nitrogen species
include nitric oxide (NO®), nitrogen dioxide (NO7®), dinitrogen trioxide (N2O3) and

dinitrogen tetroxide (N2O4) and peroxynitrite (ONOO-).

Singlet oxygen

2 — O —>» B —» OH: —» 0

Oxygen Superoxide Hydrogen Hydroxyl Water
anion peroxide radical

Figure 2. Formation of reactive oxygen species by the four electron reduction of molecular
oxygen to water.

25



1.3.2 Reactive Oxygen Species

Reactive oxygen species are constantly being formed in the body and are removed by
antioxidant defenses. Examples of oxygen-derived free radicals include the superoxide anion
(03-*), singlet oxygen (O®), hydroxide (OH®), peroxyl (ROO®) and alkoxyl (RO®) species.
Examples of ROS which contain an even number of electrons and are thus not free radicals
include hydrogen peroxide (H0O»), hypochlorous acid (HOCI) and N-chlorinated amines
(RNHCI). These different species will be described further.

Superoxide anion is produced by the univalent reduction of molecular oxygen. This is
a relatively stable free radical which exists in equilibrium with its conjugate acid, the

hydroperoxyl radical (HOO®):

Oy~ + HY < HOO® (pK=4.3)

At physiological pH virtually all the superoxide will exist as the unprotonated form. However,
at the low pH that occurs in the phagolysosome of inflammatory cells such as neutrophils or
macrophages or in the phospholipid bilayers of cell membranes the concentration of HOO®
may increase dramatically. However, in an aqueous enviroment the superoxide anion will

rapidly dismutate to yield HyO5 and O».

Oy +0p"+2H" —»  H02+0p

Superoxide can act as an oxidant as well as a reductant. It can oxidise a variety of
biomolecules such as ascorbate, sulphydryl-containing compounds and certain catecholamines.
Alternatively, superoxide anion may reduce certain compounds including ferric ion (Fe3h),
chelates and haemoproteins as well as certain quinones. Additionally, superoxide anion is
capable of inactivating a variety of enzymes such as RNase, glyceraldehyde-3-phosphate
dehydrogenase and aconitase. However, it is not thought to be highly toxic to cells because of
poor permeability but instead its derivatives, including, hydroxyl radical and hydroperoxyl

radical, play a more important role in mediating oxidant stress.
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Hydrogen peroxide contains no unpaired electrons and is therefore not a free radical. It
is however a relatively stable oxidant that sluggishly reacts with most bio-organic molecules.
Hydrogen peroxide is lipophilic and will readily cross the lipid bilayer of cell membranes.
Once inside the cell it can react with certain transition metals such as iron or copper or with
certain haemoproteins to yield reactive free radicals such as hydroxyl radical or ferryl
derivatives of haemoproteins. Hydrogen peroxide can also inactivate some enzymes by
oxidising essential sulphydryl groups. It has also been suggested that it can affect transforming
DNA, inducing chromosomal aberrations and breaking the DNA backbone although these
changes are probably mediated by HyO2>-dependent, metal-catalysed reactions. The hydroxyl
radical is produced by the reaction of superoxide anion and hydrogen peroxide with certain
transition metals such as iron (Fe2+) or copper (Cu2t) and/or their low molecular chelates to
yield the highly reactive OH®.

In this type of reaction iron acts as a catalyst being reduced by superoxide and is then
oxidised by hydrogen peroxide. This reaction is known as the Haber-Weiss reaction or the

superoxide-driven Fenton reaction.

Oy +Fe3t - 0y + Fe2*t
HyOy + Fe2t - OH®* + OH- + Fe3*
Net: O3~ + HyO9 - OH®*+ OH- + O3

Another mechanism by which the hydroxyl radical is formed in vivo has been proposed by
Beckman et al. (Beckman and Koppenol, 1996). Their group suggested that nitric oxide
combines with superoxide anion to generate the peroxynitrite anion (ONOO"):

03" + NO* -  ONOO-

Although peroxynitrite is relatively stable it has a pK, of 6.6 and therefore at physiological pH

it becomes protonated and yields peroxynitrous acid (ONOOH). This compound is very
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unstable and it was initially proposed that this rapidly decomposes to yield hydroxyl radical

(OH®) and nitrogen dioxide (NO2®):

ONOO- + HY ¢« ONOOH - OH® + NO»*

However, current evidence suggests that this sequence does not occur readily, but that
peroxynitrite anion itself reacts as a potent radical and is nearly as reactive as the hydroxyl
radical. The simultaneous formation of superoxide anion and nitric oxide has been proposed as
the mechanism of the superoxide-dependent microvascular injury produced by ischaemia and
reperfusion of various organ systems. The hydroxyl radical is an extremely reactive species
which can react with virtually all known biomolecules. It reacts in a site-specific manner
wherever it is formed because of its high reactivity.
Hydroxyl radicals interact with certain carbohydrates, proteins, nucleotide bases and
lipids to produce peroxyl radicals (ROO®) as intermediates. These species are slightly less
reactive than hydroxyl radical and therefore would be expected to react at sites distant from
those of hydroxyl radical production thereby promoting the toxicity of OH®. Peroxyl radicals
can induce peroxidation of polyunsaturated fatty acids (PUFA) initiated by hydroxyl radical.
They can also oxidise proteins, carbohydrates and sulphydryl components and haemolyse
erythrocytes.
Haemoproteins including myoglobin and haemoglobin may impose an oxidant stress
in cells and tissue if released from damaged erythrocytes or if there is enhanced oxidant
metabolism in proximity to these haemoproteins. This may occur at three related levels:
¢ Haemoglobin or myoglobin may interact with small amounts of HyO» or lipid peroxides
to yield a haemoprotein-associated oxidant (ferryl-Hb or ferryl-Mb) which is able to
peroxidise lipids, degrade carbohydrates, and crosslink proteins.

e These haemoproteins may interact with large amounts of peroxides to produce both the
ferryl haemoprotein as well as release the haem iron into the surrounding medium where it

is able to perpetuate the oxidant reactions resulting in the generation of free radicals.
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e The ferrous form of oxyhaemoglobin and oxymyoglobin can auto-oxidise to yield

superoxide anion, hydrogen peroxide and possibly the hydroxyl radical.

Neutrophils contain myeloperoxidase, a haemoprotein in the azurophilic granules. Following
activation of neutrophils this enzyme is released into the extracellular medium where it
interacts with hydrogen peroxide to form an enzyme substrate complex with a potent oxidising
potential. This haemoprotein-associated oxidant is able to oxidise chloride (CI-) with the loss

of two electrons to form hypochlorous acid:

HyOp + CI- + HF -  HOCI + HyO

At physiological pH, hypochlorous acid exists in equilibrium with its conjugate base anion
hypochlorite (OCI-). Both hypochlorous acid and hypochlorite anion are both potent oxidising
and chlorinating agents that are more reactive than superoxide anion and hydrogen peroxide.
They can react with a variety of biological substrates including sulphydryl groups, thioethers,
aromatic and aliphatic amino acids, haemoproteins, unsaturated lipids and ascorbate.

Hypochlorous acid can also react especially rapidly with certain primary amines to form

derivatives containing the nitrogen-chlorine bond known as N-chlorinated amines.

RNH3* — RNHp + HT
RNHp + HOCI —»  RNHCI + HpO

The lipophilic forms of N-chlorinated amines are especially toxic to cells since they can cross
the biological membranes and rapidly oxidise the intracellular components such as
haemoproteins, thiols and glutathione. Other derivatives have been shown to injure intestinal

cells in vitro and in vivo.
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1.3.3 Sources of Reactive Oxygen Metabolites

Non-enzymatic Sources of Reactive Oxygen Species:

Fe2t + Op - Fe3*  + Oy

Hb-Fe2t + 0y - Hb-Fe3t + Op-

Mb-Fe2* + 0Oy - Mb-Fe3* + Op-

Catecholamines + O - Melanin + Op-

Reduced flavin  + Op - Flavin semiquinone + Oy
Coenzyme Q (hydroquinone) + O2 - Coenzyme Q (ubiquinone) + O2
Tetrahydrobiopterin + O - Dihydrobiopterin + (6)

Enzymatic Sources of Reactive Oxygen Species:

Xanthine oxidase

Hypoxanthine  + 0)) - xanthine + O + Hy0p
NADPH oxidase
NADPH  + 20, - NADP* + 209~ + H*

Amine oxidase
R-CHp-NHy; + Hz0 + O - R-CH + NH3 + HyOp

Aldehyde oxidase
R-CHO + (6)) - RCOOH + ()N

Dihydro-orotate dehydrogenase

Dihydro-orotate + NAD™ + 0O - Oroticacid + NADH + Oy
Peroxidase
HyOp + C + O - HOCI- +  H0

NADH oxidase reaction:

E-Fe3* + ROOH - Compound I + ROH
CompoundI + NADH - NAD®* + Compound II
Compound II + NADH - NAD®* + E-Fe3*
2NAD* + 209 - 2NADY + 209-

Table 2. Sources of Reactive Oxygen Species
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Reactive oxygen species can be formed from exogenous sources as well as endogenous sources
(table 2). Ionising radiation, from the enviroment or administered as medical therapy, is a
significant source of reactive oxygen species in biological systems as different products are
formed as the water molecule in aqueous solution absorbs energy becoming excited and
unstable. The excited water molecule thereby produces the hydroxyl radical and other reactive
species including H®, Hy, HpOp, and H30". These species can subsequently react with
biological substrates such as protein and carbohydrates. Alternatively, the reactive metabolites
can react with each other to generate stable molecular species.

Under physiological conditions the mitochondrial electron transport system is the most
important site of free radical production. Normally, more than 95% of all molecular oxygen
consumed by cells is reduced by four electrons to form two molecules of water via this
mechanism. The enzyme responsible for this reaction is cytochrome oxidase (cytochrome aa3),
the terminal oxidase in the respiratory chain. However, it has been estimated that
approximately 1-2% of the electron flow leaks off to form superoxide anion under normoxic
conditions. The fact that only hydrogen peroxide and not superoxide can be detected using
intact mitochondria suggests that it is dismutated either enzymatically or non-enzymatically to

hydrogen peroxide:

Oy~ + Oy + H - HyOp + Op
Within the electron transport chain there are two additional sources of superoxide anion. The
major source of superoxide is the partially reduced ubisemiquinone free radical generated by
the reduction of ubiquinone during electron transport. Ubisemiquinone interacts with

molecular oxygen to form superoxide anion by the following reaction:

ubiquinone + e© —  ubisemiquinone + Oy — ubiquinone + Oy"
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A second source of mitochondrial superoxide formation is from the flavoprotein, NADH
dehydrogenase. The flavin moiety of this enzyme is reduced by catalysis to form the flavin
semiquinone free radical which interacts with molecular oxygen to form the superoxide anion
in a similar reaction to above.

Since mitochondria are rich in superoxide dismutase (SOD), an enzyme which will be
discussed in the next section, the majority of the derived superoxide anions are enzymatically
dismutated to HpO7 and O3 In certain disease states, however, there is a shift in the redox
balance in favour of oxidation. Other enzymatic and non-enzymatic mechanisms for the

production of reactive oxygen species are shown in table 2.

1.3.4 Reactive Nitrogen Species

Symbol Name Comments

NO nitric oxide free radical

NO2 nitrogen dioxide free radical,
nitrosating agent

N203 dinitrogen trioxide nitrosating agent

N204 dinitrogen tetroxide dimeric nitrogen dioxide,
nitrosating agent

NOa2- nitrite produces nitric oxide at acidic pH

Table 3. Reactive Nitrogen Species

Reactive species containing nitrogen (table 3) are also important since they can impose an
oxidant stress and influence the redox balance in vivo and in vitro. Nitric oxide is a colourless
gas containing an unpaired electron that is delocalised over the nitrogen and oxygen atom

giving the resonance stabilisation structures represented below:

N=0: « N=O:

NO?® is relatively unstable in the presence of molecular oxygen with an apparent half-life of 3-
5 seconds. It rapidly decomposes in the presence of O and HyO to yield a variety of nitrogen

oxides in a complex series of interactions as indicated on the next page:
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2NO® + O —»2NOy’ (in presence of HyO)
2NO3®* — N7204 — NOjp- + NO3- (in presence of HyO)
NOj® + NpOg4 — NO® + 2NO3~ (in presence of HyO)
NO® + NO2* — N7203 - 2NO»-

where NO2°®, N2O3 and NpOy4 represent nitrogen dioxide, dinitrogen trioxide and dinitrogen
tetroxide respectively. Each of these species are potent N-nitrosating agent (NOX) with the
ability to promote the nitrosation of primary and secondary amines to yield potentially

carcinogenic nitrosamines:

Ry-NH + NOX — RyN-N=0

where RpN-N=0 represents a nitrosamine. In addition, it has already been mentioned that
nitric oxide may interact with superoxide anion to yield peroxynitrite anion (ONOO-).
Although peroxynitite is relatively stable it has a pK, of 6.6 which implies that substantial
amounts of this compound will be protonated at physiological pH to yield peroxynitrous acid.
This compound is very unstable and is thought to rapidly decompose to yield the hydroxyl

radical (OH®) and nitrogen dioxide radical (NO2®):

Oy + NO - ONOO- — NO»® + OH®

The hydroxyl radical is, as mentioned earlier, an extremely reactive species and tends therefore
to react with virtually all biomolecules at the site where it is formed. The nitrogen dioxide
radical is also a very reactive radical with the ability to react with alkanes and alkenes via free
radical-mediated mechanisms and other studies have shown that nitrogen dioxide can initiate
lipid peroxidation ir vitro (Kikugawa et al. 1994). In addition it has also been shown to react

with haemoproteins such as haemoglobin and oxidise thiols and thioethers such as methionine.
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1.3.5 Oxidant stress in the PPVL rat model

In the PPVL rat model oxidant stress may occur for a number of reasons. Firstly, there
is increased circulating TNF-o which itself may mediate oxidant stress through the induction
of nitric oxide and formation of reactive nitrogen species. Secondly, there is increased
bacterial translocation acutely following PPVL which presumably causes macrophage
activation and a respiratory burst of oxidant stress. Finally, there is a characteristic sequence of
haemodynamic changes following PPVL which may give rise to an ischaemia-reperfusion type
of injury. In the first few days following PPVL there is a reduced portal venous inflow but by
day 4 there is a significant increase in the portal venous inflow. This suggests that within
relatively ischaemic areas of the liver, mesentery and portosystemic venous channels the re-
exposure to oxygen could subject these areas to an ischaemia-reperfusion type injury and an

oxidant stress.

1.3.6 Antioxidants

Antioxidants can be defined as “any substance that, when present at low
concentrations compared to those of an oxidisable substrate, significantly delays or inhibits
oxidation of that substrate” (Halliwell and Gutteridge, 1997). These substances form the
endogenous defence against free radical mechanisms although they can also be administered
as therapeutic agents to protect against oxidant stress. Antioxidants cannot distinguish between
radicals that play a role in physiological reactions and those that cause damage. There are
different mechanisms by which an antioxidant offers protection. For example, they can prevent
lipid peroxidation by:
1) Decreasing localised O7 concentrations (eg sealing of foodstuffs under nitrogen)
2) Preventing the initiation of the first chain reaction for example by scavenging initiating
radicals such as hydroxyl radicals.
3) Binding metal ions in forms that will be unable to generate species that initiate lipid

peroxidation such as ferryl, or Fe2+/Fe3+/02 and/or will not decompose lipid peroxides to
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peroxy or alkoxy radicals that can also initiate as well as stimulate the lipid peroxidation
process.

4) Decomposing peroxides by converting them to non-radical products such as alcohol instead
of the peroxy radicals.

5) By scavenging intermediate radicals such as peroxy and alkoxy radicals to prevent the
continued hydrogen abstraction. These are termed chain breaking antioxidants and are often

phenols or aromatic amines.

Examples of antioxidants include Vitamin E, Vitamin C, Superoxide Dismutase
(SOD), glutathione (GSH), glutathione peroxidase and N-acetylcysteine. These will be
discussed further:

Vitamin E is a lipid soluble vitamin and is a mixture of four lipid-soluble tocopherols
of which a-tocopherol is the most active. It functions as a chain-breaking antioxidant in that it
is able to scavenge the lipid peroxide radical, an intermediate product of peroxidation of

PUFAs and prevent further formation of peroxidation chains (Bast et al. 1991):

VitE + LOO®* —» LOOH + VitE®

The vitamin E radical is fairly stable due to the delocalisation of its unpaired electron within
the aromatic ring. Therefore vitamin E is a good antioxidant. This vitamin can be regenerated
by the hydrophilic vitamin C which can also function as a radical scavenger.

Antioxidant enzymes also offer protection against oxidant stress. The primary
antioxidant system consists of three enzymes: superoxide dismutases (SOD), catalases (CAT),
and peroxidases of which glutathione peroxidase is the most common in mammalian cells.
These enzymes are highly compartmentalised. For example, a copper- and zinc-containing-
superoxide dismutase (CuZnSOD) is found predominantly in the cytoplasm, whereas a
manganese-containing superoxide dismutase (MnSOD) is found primarily in mitochondria.

The reaction catalysed by SOD is as follows:
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209+ 2HFY > 07 + HyOp

Glutathione peroxidase has at least three different isoenzymes: one found in the
cytoplasm, one found in the mitochondria and one found in plasma. The enzyme contains
selenium and catalyses the oxidation reaction of reduced glutathione while simultaneously

reducing hydrogen peroxide:

2GSH + Hy0» > GSSG + 2Hy0

The maintenance of reduced glutathione levels is important and thiol groups (SH) in
glutathione are essential in the protection against oxidant injury. The reduced form is
regenerated by the reduction of oxidised glutathione using the enzyme glutathione reductase at

the expense of NADPH:

GSSG + NADPH + H* - 2GSH + NADP*

Catalase is another important enzyme that contains haem and it transforms hydrogen

peroxide into water and molecular oxygen:

2H>0» - 2H0 + Oy

N-acetylcysteine is an antioxidant that is derived from the amino acid cysteine (figure 3).

Its precise mechanism of action is unclear but it could be by one or more of the following
methods:

1) N-acetylcysteine serves as a precursor for glutathione synthesis thereby indirectly acting as
a free radical scavenger.

2) It may act directly as a free radical scavenger .
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3) It acts as a thiol donor and can therefore react with peroxynitrite resulting in the release of

NO which under normal circumstances behaves as an anti-oxidant.

4GSH + ONOO- — 2GSSG + NO + 2Hp0

3) The thiol donor action maintains the thiol groups in the reduced state within cells.
4) At high concentrations it may act as an iron chelator.
5) It may prevent accumulation of neutrophils thereby preventing the respiratory burst and the

extracellular formation of reactive oxygen intermediates.

Figure 3. Structure of N-acetylcysteine

Pyrrolidine Dithiocarbamate is an antioxidant which has been shown to inhibit
activation of NF-kB (figure 4). Its precise mechanism of action as an antioxidant is unclear but
it has previously been demonstrated to act as a free radical scavenger and also to be a chelator

of heavy metaj ions (Schreck and Baeuerle, 1994).
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Figure 4. Structure of Pyrrolidine Dithiocarbamate

1.3.7 Demonstration of oxidant stress

Oxidant stress and free radical reactions can be determined directly and indirectly.
Technical difficulties arise in demonstrating free radicals since they are highly unstable. The
only analytical technique that directly measures free radicals is by electron spin resonance
(ESR) spectrometry but it is of limited use in vivo. Whole body ESR has been investigated but
is not yet developed. Instead ESR has been used to detect free radicals in tissue samples
obtained ex vivo (Benedetto et al. 1981).

Another method of detecting oxidant stress is to detect the concentrations of
antioxidants in tissues. If these are decreased it is likely that there is an increased oxidant stress
in tissues. The TRAP assay (Total [peroxyl] Radical-trapping antioxidant Parameter) is a
commonly used method for determining an empirical measurement of antioxidant activity in
plasma (Wayner et al. 1987). Assessment of the relative contribution of individual antioxidants
(ascorbate, urate, a-tocopherol, protein sulphydryls) to the total antioxidant capacity requires
different assays. However, measurement of either TRAP or the individual antioxidants are not
likely to be useful indices of free radical production as the latter would have to be extensive to

disturb the normally steady state levels of antioxidants.
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Markers of free radical injury can also be used to demonstrate oxidant stress. These
include measurement of lipid peroxidation products, protein damage and DNA damage. Lipid
peroxidation is a complex process whereby polyunsaturated fatty acids (PUFAs) in the
phospholipids of cellular membranes undergo reaction with oxygen to yield lipid
hydroperoxides (LOOH). The reaction occurs through a free radical chain mechanism initiated
by the abstraction of a hydrogen atom from a PUFA by a reactive free radical, followed by a
complex sequence of propagative reactions. The LOOH and conjugated dienes that are formed
can decompose to form numerous other products including alkenals, alkanals, 4-
hydroxyalkenals, malondialdehyde and the Fy-isoprostanes. The Fp-isoprostanes are a group
of prostaglandin-like compounds which are produced independently of cyclooxygenase and as
they are stable by-products they can be used as markers of lipid peroxidation (figure 5 of Fp-
isoprostane formation). These compounds will be discussed further in the next section. Lipid
peroxidation is an important process for a number of reasons whenever free radicals are
formed in biological tissues. The reaction is highly likely to occur due to the abundance of
PUFAs and so it is a sensitive marker of free radical reactions. Secondly, the reaction is
damaging to the cell causing dysfunction or cell death. Finally, the lipid peroxidation products
formed may have biological effects.

Different lipid peroxidation products could therefore be measured to provide an index
of ongoing lipid peroxidation. The thiobarbituric acid reacting substances (TBARS) assay is
still the most popular and easiest method of demonstrating lipid peroxidation and free radical
reactions in biological samples (Esterbauer and Cheeseman, 1990). The assay is based on the
reaction of thiobarbituric acid with malondialdehyde. The sample is heated with thiobarbituric
acid under acidic conditions and the amount of pink-coloured MDA-TBA adduct product is
measured at 532 nm. The test is very simple and quick but the detected concentration of
malondialdehyde can be influenced by the incubation time since heating of the specimen may
encourage more malondialdehyde to be formed by the decomposition of lipid hydroperoxides.
It should be noted that malondialdehyde is a minor product of lipid peroxidation and is rapidly

metabolised. This is therefore not an ideal method for measuring lipid peroxidation in vivo and
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the assay is considered to be non-specific and subject to artefact. Lipid hydroperoxides can be
measured using gas chromatography mass spectrometry. This is a sensitive and specific assay
and involves reduction of LOOH to the hydroxy acids with triphenylphosphine (Hughes et al.
1986). However, accurate measurement of lipid hydroperoxides are difficult due to their rapid
deterioration in vitro. It is therefore important to minimise this by the addition of antioxidants
and by quick processing of the samples at 4°C which is inconvenient. Other peroxidation
products can also be measured including conjugated dienes and other aldehydes but these have
not been used extensively in vivo. Conjugated dienes may be absorbed in the diet or produced
by the metabolism of gut bacteria whereas the methods used for assay of other aldehydes are
generally time consuming and expensive.

Measurement of protein damage by free radicals has been less intensely studied than
lipid peroxidation due to inherent problems of the presence of a large number of different
protein targets and the relatively high number of different amino acid residues. Likewise, the
measurement of DNA damage induced by free radicals is limited by the obscurity of the tissue

of origin of the products due to interference with other urinary components.

1.3.8 Fa-isoprostanes

In this thesis a group of compounds known as the Fy-isoprostanes were used as an
index of lipid peroxidation. The precursor of the isoprostanes is arachidonic acid. The majority
of arachidonic acid present in vivo exists esterified to phospholipids. It is likely that the
oxidation of the lipid-esterified arachidonic acid rather than free arachidonic acid is the most
likely source of Fp-isoprostanes in vivo and that this is subsequently released by
phospholipases (Morrow et al. 1992). A mechanism to explain the non-enzymatic formation of

these compounds is outlined in figure 5.
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Figure 5. Mechanism of F2-isoprostane formation.

Arachidonic acid initially undergoes abstraction of a hydrogen atom leading to the generation
of one of four isomeric arachidonyl radicals which can each give rise to one of four peroxyl
radicals, formed by the addition of molecular oxygen. Subsequently, endocyclisation and
addition of another molecule of oxygen yield bicycloendoperoxide prostaglandin-like
intermediates that can then be reduced to PGF7-like regioisomers (I-IV). Theoretically, eight
racemic diastereomers for each regioisomer may exist. Thus, sixty-four different compounds
can potentially be produced by this mechanism, although the formation of a smaller number of
certain isomers is likely to be favoured in vivo. It is because these compounds are structurally
isomeric with PGF7(, that these compounds are collectively referred to as Fp-isoprostanes.
Measurement of Fp-isoprostanes has emerged as one of the most reliable and sensitive
methods of demonstrating lipid peroxidation and levels can be determined using stable isotope
dilution gas chromatography mass spectrometry.
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1.4. THE HYPOTHESIS
1.4.1 The Hypothesis
The hypothesis to be tested in this thesis is that in partial portal vein ligated rats, oxidant

stress induces a hyperdynamic circulation via a cytokine-dependent pathway (figure 6).

PARTIAL PORTAL VEIN LIGATION

l

OXIDANT STRESS

\

NF-kappa B ACTIVATION

\J
TNF-alpha PRODUCTION

l

NITRIC OXIDE PRODUCTION

HYPERDYNAMIC CIRCULATION

Figure 6. The Hypothesis

The diagram represents a possible sequence of events that occurs in this model to result in the
hyperdynamic circulation. Another possibility is that oxidant stress is a downstream effect of
TNF-a production and nitric oxide production. If oxidant stress is an important component in
the generation of the circulatory changes in this model then this may eventually open alternative

therapeutic pathways for the treatment of portal hypertension.
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1.4.2 Aims of the thesis

In this thesis, the unifying hypothesis was tested in stages according to the mechanism
shown in diagram (figure 6). The first stage was to demonstrate that oxidant stress occurred in
the model. This involved measuring Fp-isoprostanes as biological markers of lipid
peroxidation in liver, plasma and urine. The second stage was to demonstrate activation of the
transcription factor NF-kB in this model. This involved the measurement of NF-xB in nuclear
extracts from liver using an electromobility shift assay. The third stage involved measurement
of plasma levels of the proinflammatory cytokine TNF-a and then plasma nitrite and nitrate as
stable metabolism products of nitric oxide were measured. Haemodynamic studies were
performed to demonstrate the hyperdynamic circulatory changes in the PPVL model. Finally,
attempts were made to manipulate these changes pharmacologically. The pharmacological
reagents used included the antioxidant N-acetylcysteine, the matrix metalloproteinase inhibitor
BB1101, which is also known to inhibit TNF-a secretion, and an inhibitor of NF-xB

activation, pyrrolidine dithiocarbamate.
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CHAPTER 2: MATERIALS AND METHODS

2.1.1 Preparation of Animals.

Male Sprague Dawley rats weighing 280-330g were obtained from the comparative
biology unit (CBU), Royal Free Hospital School of Medicine. All animals were housed in the
CBU on a normal rodent chow diet (expanded SDSRM1, Witham, UK) with a light cycle of 12
hours on and 12 hours off, at a temperature of 19-23°C, and humidity of ~50%. The animals
were housed in plastic cages except during 24 hour urine collections when they were placed in
metabolic cages. The rats were allowed free access to food and water except during the urine
collections when they had no access to food for 6 hours prior to and during the 24 hour
collection period. Urine collections were made at baseline and on day 14 following PPVL or
sham procedure. All animal experiments were conducted according to Home Office Guidelines.

Animals were used for either harvesting of blood and tissue or for haemodynamic
studies. No animals were used in more than one study since blood and tissue variables may have
been altered by recurrent injection of the thermal indicator during the haemodynamic studies.

All animals were sacrificed by exsanguination from the inferior vena cava on day 14
under deep terminal anesthesia with intraperitoneal (i.p.) sodium pentobarbitone (Rhéne
Mérieux Ltd, Harlow, UK). The blood was collected into tubes containing EDTA and
centrifuged at 4°C. The liver tissue was harvested and snap frozen in liquid nitrogen. All plasma,

urine and liver specimens were stored at -70°C until analysis.

2.1.2 Induction of Portal Hypertension by Partial Portal Vein Ligation.

PPVL was carried out as previously described (Chojkier and Groszmann, 1981). In
brief, following anaesthesia with intramuscular hypnorm (Janssen Pharmaceuticals, Oxford, UK)
and i.p. diazepam (Dumex Ltd, Tring, UK), the portal vein was isolated and a ligature (Mersilk
3/0, Ethicon, Edinburgh, UK) was placed around the vein and a blunt-tipped 20-gauge needle
lying alongside the portal vein. The needle was then removed to allow restricted re-expansion of
the portal vein with a calibrated stenosis. A sham operation was performed using the same

procedure with the exception that no ligature was placed around the portal vein.
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2.1.3 Administration of Pharmacological Agents:

N-acetylcysteine: This was administered by twice daily intraperitoneal injection of 120mg/kg

(Parvolex) with the volume made up to 0.6 ml with 0.9% saline. The dosing regime was
determined by provisional studies in the laboratory. The dosing was commenced two days prior
to surgery and continued until day 14. Twenty animals received N-acetylcysteine including 6
sham and 14 PPVL animals. Two of the PPVL animals died prematurely during the
haemodynamic studies. No other adverse effects were observed.

BB-1101(2S-allyl-N'-hyd roxy-3R-isobutyl-N-(1S-methylcarbamoyl-2-phenylethyl)-

succinamide): This agent was kindly donated by British Biotech for experimental work. This
was suspended in a vehicle of 0.01% Tween-80 in phosphate buffered saline using a sonic probe
and administered at a concentration of 2mg/kg. Although it is insoluble studies, performed by
British Biotech, have shown that it does have biological activity. 22 animals received BB-1101
including 8 sham animals and 14 PPVL animals. Two of the six animals receiving BB-1101
treatment for tissue/blood harvesting died prematurely explaining why only 4 animals were
studied in this group. One of the eight animals used for haemodynamic study also died
prematurely.

Pyrrolidine Dithiocarbamate: This was obtained from Sigma and was dissolved in water (10

mg/ml). It was administered by gavage at a dose of 200 mg/kg. This dosing regime and mode of
administration was used by Sakurai et al. Sakurai et al. 1996) and was found to effectively
inhibit NF-xB activation in a model of experimental glomerulonephritis. 20 animals received
treatment with pyrrolidine including 6 PPVL animals for blood/tissue harvesting, 8 PPVL
animals for haemodynamic study and 6 sham animals for haemodynamic study. 2 PPVL animals
died prematurely during the haemodynamic studies.

Placebo groups: These animals received 0.6 ml of 0.9% saline by intraperitoneal injection on a
twice daily basis. Sixteen were used for haemodynamic study and two out of the eight PPVL

animals died prematurely.
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2.2 Demonstration of Lipid Peroxidation in the Experimental groups:
2.2.1.Measurement of urinary F;-isoprostanes

Free F,-isoprostanes in urine were extracted and quantified using stable isotope dilution
gas chromatography mass spectrometry (GCMS) method as described by Morrow et al. with the
exception that a 30m DB 1701 GC column (J and W Scientific Inc., Folsom, California, USA)
was used (Morrow and Roberts, 2nd. 1994). The principle of the assay is to purify the F,-
isoprostanes by solid phase extraction and thin layer chromatography followed by conversion of
F,-isoprostanes which contain a ring structure, a carboxylic acid group and three hydroxyl
groups in the specimen into a purified volatile form which is able to capture electrons and which
is able to elute and be separated from other peaks by passage through the gas chromatography
column of the mass spectrometer. It is therefore necessary to extract, purify and derivatise the
molecule into this suitable form (figure 7).

Urine samples (0.5 ml) were spiked with 1ng of deuterated internal standard of [D4]-8-
1s0-PGF,, and 5 ng of [D4]-PGF,,. The [D4]-8-is0-PGF,, standard is identical to one of the
major Fp-isoprostanes formed in vivo with the exception that it contains four deuterium atoms,
and is distinguished from the corresponding Fr-isoprostane by virtue of being four mass units
heavier. Since the deuterated 8-iso-PGF,, is otherwise chemically identical to F,-isoprostanes,
then it will have similar losses and thus recovery through each of the extraction and
derivatisation steps as the endogenous non-deuterated form. The [D4]-PGF,, standard is added
to help with the final identification of the peaks from the chromatogram. Following the addition
of 5 ml of pH 3.0 water, samples were extracted on tC18 Sep Pak cartridges (3ml size) (Waters,
Watford, UK). The cartridges were then washed with 6 ml of pH 3.0 water followed by heptane
to elute polar and non-polar compounds before elution into liquid phase by 6 ml of
heptane:ethyl acetate:methanol (40:50:10). Following evaporation under nitrogen the samples
were resuspendend in 80 pl of ethanol and then 3 ml of ethyl acetate. Then the samples were
then loaded onto a silica Sep Pak cartridge (3ml size) (Waters, Watford, UK) preconditioned
with ethyl acetate before further washing with ethyl acetate. Isoprostanes were eluted with 8 ml
of ethyl acetate:methanol (60:40), dried under nitrogen, and resuspended in 40 pl of

chloroform:methanol (2:1).
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Figure 7.Outline of F,-isoprostane Assay

The TLC plates (Whatman Silica Gel 60A, Linear K6D, S x 20 cm, 250 pm thick) were pre-run
in methanol and then dried. Specimens were loaded onto each lane of the plate and 5 pg of
PGF,, was loaded onto a separate plate before placement of all plates into a TLC tank to
determine the running positions of the Fp-isoprostanes and PGF,, containing a mixture of
chloroform:methanol:water:glacial acetic acid (86 ml:14 ml: 0.8 ml:1 ml). The presence of acid
suppresses ionisation of the carboxylic acid group and facilitates chromatography. The solvent
front was run to 13 cm and the position of the PGF,, was confirmed on the standard plate by
spraying the PGF,,-TLC plate with 10% phosphomolybdic acid in ethanol followed by heating
the plate to approximately 100 to 150°C until a blue band developed. Previous studies in the
laboratory had established that 8-is0-PGF,, runs to ~ 5.5 cm and PGF,,, runs to ~ 5.8 cm (figure
8). The TLC lanes in which the samples were run were then scraped 1 cm above and 1.2 cm
below the running position of the standard and collected into eppendorf tubes. Prostaglandins
were then extracted from the silica by the addition of ethyl acetate:ethanol (50:50). After vortex
mixing, shaking for sixty minutes and centrifugation, the supernatant, containing the extracted
prostaglandins, were aspirated and dried under nitrogen. The carboxylic acid group was then
derivatized to the pentafluorobenzyl ester by the addition of 20 pl of DIPEA (10% in

acetonitrile) and 40 pl of PFBR (10% in acetonitrile) and the samples left at room temperature
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for 30 minutes before drying down under nitrogen. The DIPEA provides an alkaline but organic
and volatile medium for the reaction. The PFBR group serves two purposes. It renders the
molecules more volatile thus allowing passage down the GC column and the fluorine atoms in a
five-membered ring structure provide an ideal electron capturing group. The PFBR ester of the
F,-isoprostanes were then purified by a second TLC step as above using chloroform:ethanol (93
ml: 7 ml). To determine the running position of the Fy-isoprostane-PFBR esters the isopropyl
ester of the PGF», (Sug) was used. This has been shown in our laboratory to migrate to ~ 3.4 cm
compared with the 8-iso-PGF,,-PFBR ester which migrates to ~ 3.2 c¢m (figure 9). Thus,
samples were obtained by scraping 1 cm above and 1.2 cm below the running position of the
ester collecting into eppendorf tubes, extracting from the silica using ethyl acetate:methanol
(50:50) and centrifugation. The supernatant was aspirated and placed into a flat bottomed
chromocol vial and dried under nitrogen. Samples were then derivatised with 10 pul of anhydrous
DMF and 20 pl bis(trimethylsilyl)trifluoroacetamide (BSTFA) to give the trimethylsilyl
derivative. That is, each of the three hydroxyl groups had a trimethylsilyl group added. This step
facilitates the passage of the derivatives down the GC column since the presence of the hydroxyl
groups render the compound too polar. The specimens were then dried down under nitrogen,
resuspended in 15 pl undecane and transferred to conical chromocol vials and 4 pl of sample
was injected. Ions were then monitored at 569 and 573 (base ion -181) using a VG TRIO 1000
(Fisons, Manchester, UK) mass spectrometer coupled to a Carlo Erba GC 8000 Gas
Chromatograph (Fisons, Manchester, UK ) in negative CI mode using ammonia as the reagent
gas. The GC gradient was 190° C for one minute followed by 20° C/minute until 300°C where it
was maintained for 6 minutes. The injector was set at 250° C, interface at 280°C and the source
at 200° CA typical mass spectrometry trace is shown in figure 10. The concentrations in each

specimen were calculated from the tracing using the following equation:

(AREA OF SPECIMEN) x(AMOUNT OF INTERNAL STANDARD ADDED)
CONCENTRATION

(AREA OF DEUTERATED STANDARD) x (VOLUME OF SPECIMEN)
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Historically, the height is used for measurement as described originally by Morrow et al. but as
detection has become more sensitive with improvements in the purifcation steps the area under
the peaks have been used.

This enabled the 24 hour excretion to be determined using the measured urinary volume

excreted over the 24 hour period. Results were then corrected for body weight and expressed as

pe.day’g-'.

2.2.2 Measurement of Plasma F,-isoprostanes

This method was similar to that employed for determination of urinary F,-isoprostanes
except less deuterated internal standard was added (0.4 ng of [D4]-8-iso PGF,, and 2 ng of
[D4]-PGF,,) and a single thin layer chromatography stage was employed following the
derivatisation to the PFBR ester. This simpler extraction procedure reflects the fact that urine
contains many potentially contaminating substances compared to plasma. Results were

expressed as pg/ml.

2.2.3 Measurement of Tissue F,-isoprostanes

To determine the component of membrane bound isoprostanes in liver it was necessary
to homogenise a known weight of tissue (approximately 0.1-0.4 g). In liver tissue the F»-
isoprostanes are esterified and bound to lipids (predominantly membrane). It was therefore
necessary to initially extract the lipids from homogenised liver into chloroform. The esterified
Fp-isoprostanes were subsequently cleaved by base hydrolysis. Although this could be
performed by phospholipase A,, it was impractical. Therefore, a base hydrolysis was performed
using 15% methanolic potassium hydroxide. This was a suitable alternative method as it is
cheap, effective and the compounds are stable in the solution. Free Fp-isoprostanes were then

extracted and derivatised as for plasma.
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Figure 8. Thin Layer Chromatography Stage 1. This shows the running position of different
standards following the first thin layer chromatography stage and development. The standards
are as follows: 1) 9a-, 11 (3 PGF2a 2) Isopropyl PGF2oc 3)PGF2a 4) 8-iso PGF2a. During the
assay the running standard used is PGF2a which runs to approximately 5.8 cm and the
isoprostanes (8-iso- PGF2a) run to approximately 5.5 cm. the specimen plates are therefore
scraped 1 cm above and 1.2 cm below the running position of PGF2a-
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Figure 9. Thin Layer Chromatography Stage 2. This shows the running position of the PFBR
ester derivative of 8-iso-PGF2a (lanes 1 and 2) compared to the isopropyl ester of PGF2a
(lanes 3 and 4). During the assay the usual running position of the isopropyl ester is
approximately 3.4 cm compared to the 8-iso-PGF2a derivative which runs to approximately
3.2 cm. The specimen plates are therefore scraped lcm above and 1.2 cm below the running
position ofthe isopropyl PGF2a standard.

51



Sample ID: N1322-Jan-19897In
Acquired 22-Jan-1987 at 23:38:5

BIMBI1151 SIR of 2 Channels CI
9.762 §73.20
1007 2409767/ 2.53e8
Height
%4 9.435
862890
9.668
211333 9.892
§5257
2 1) T T 1 1 ) T T T T 1 T T T
BIMBI151 SIR of 2 Channels ClI
9.782 569.20
100-1 23623037 2.46e6
Height
9.445
- 1185180
9.542 9.682
27717 37215
3 ¥ T T T T T T T T T 1 n
9.350 8.400 9450 9.500 9.450 9.600 9.650 9.700 9.750 9.800 9.850 8.900 9.950
(a)
Sample 1D: N1523-Jan-1897Inst
Acquired 23-Jan-1997 at 0Q 13:10
BIMBI 153 SIR of 2 Channds Cl-
100 51320
1 ws‘\m 1.5508
Height
%‘ 9412
505536
635 2652
33792 48647
4 T T T T T T T T RN RS
BIMBI 153

SlRoliCl’nmds al-
100 560.20

&3‘3 3.0306
Heght
%]
a415
389366
Q65 9&9
25415
! gd)o T T

a%o ' a0 ' ad0 ' ado | a%0 ' aeo

(b)

Figure 10. Mass Spectrometry Traces. Two examples are shown above. The upper
panel on each trace corresponds to the peaks for 1 ng of deuterated 8-isoPGF,, (left
peak) and 5ng of deuterated PGF,, (right peak) which were added to the specimen. The
lower panel represents the unknown amount of 8-isoPGF,, (left peak) and PGF,,(right
peak) in the specimen which is calculated using the height (or area) in the formula
described. Specimen (a) contains a greater amount of 8-1soPGF,, compared to specimen

(b).
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2.3 Demonstration of NF-xB in Liver Tissue from Experimental Groups:

NF-xB is normally present in the cytoplasm of cells. When NF-kB is activated the
p50-p65 heterodimer migrates to the nucleus of cells and initiates transcription by binding to
DNA. Therefore, extraction of nuclear protein and measurement of the p-50-p65 complex in
the nuclei allows us to determine the extent of activation of NF-kB. The ability of the nuclear
extract to bind a radiolabelled oligonucleotide consensus probe specific for NF-xB is
determined by gel electrophoresis followed by autoradiography. This gives rise to bands on the
gel which correspond to NF-kB but the position of these bands are confirmed using the
supershift assay in which antibodies against the p-50 and p-65 subunits of the NF-xB molecule
alter the mobility of the bands such that they occupy a different position. The outline of the
whole assay is shown in figure 11. The three main stages of the assay are the nuclear
extraction, the protein assay and finally the electromobility shift assay and the supershift assay

and these will be described further.

2.3.1 Nuclear Extraction

The following solutions were made prior to nuclear extraction:

Buffer A : 10mM HEPES, pH 7.9, 1.5 mM MgCly , 10 mM KCI, 1 mM PMSF
Buffer B: 0.1% Non-idet P-40 in buffer A
Buffer C: 20 mM HEPES, pH 7.9, 25% glycerol (v/v), 0.42 M NaCl, 1.5 mM

MgClp, 0.2 mM EDTA, 0.5 mM DTT, and 1 mM PMSF.

Liver tissue was treated using a modification of a method described by Manning et al
(Manning et al. 1995). In brief, tissue samples of ~100 mg were rinsed with ice-cold Ca2*-
and Mg2+-free phosphate buffered saline. The tissue samples were homogenized in 3 ml ice-
cold buffer B using a Kontes tissue grind pestle (Vineland, New Jersey, USA). The
homogenate was transferred to a polypropylene centrifuge tube and, after a 10 minute
incubation period on ice, was centrifuged at 850 x g for 10 minutes at 4 °C. The cell pellet was
then suspended in ice-cold buffer A, incubated on ice for 10 minutes and then recentrifuged as

above. The crude nuclear pellet was rinsed again with buffer A, incubated for a further 10
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minutes before recentrifugation as before. Following this the pellet was resuspended in 50-100
pul of buffer C and incubated on ice for 30 minutes. The nuclear protein was then extracted

following centrifugation at 100,000 x g for 20 minutes at 4 °C.

2.3.2 Protein Assay

Protein concentrations in the nuclear extracts were determined using the Bradford
assay (Biorad Laboratories, Hemel Hempstead, UK) with bovine serum albumin as a standard
(Sigma, Poole, UK). A standard curve was prepared by adding increments of BSA from 0 to 20
pg made up to a final solution of 100 pl with water into 1.5 ml cuvettes. 5 pl samples of
nuclear extracts and 95 pl of water were added to separate cuvettes in duplicate. To each
cuvette 2 ml of diluted Biorad reagent (1 in 5) were added before mixing and then reading the
absorbance at 543 nm. A standard curve was then prepared and this enabled the sample
concentrations to be determined and diluted to a standard concentration of 0.5 mg/ml (figure

12).

Homogenise tissue

\

Nuclear protein extraction

\

Nuclear protein quantifiication

\/

Electrophoresis

Autoradiography Supershift Assay

'

Densitometry

Figure 11. Outline of NF-kB Assay. This figure outlines the stages in the electromobility shift

assay from whole tissue. The supershift assay is performed to confirm that the bands on the gel
correspond to NF-xB.

54



Absorbance at 543 nm (O.D)

0 5 10 15 20

Protein (ug)

Figure 12. Standard curve for Protein Assay. Increments of BSA were made up to a final
solution of 100 ul with water prior to the addition of 2ml of diluted Biorad reagent.
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2.3.3 Electromobility Shift Assay and Supershift Assay
Antibodies cross-reactive to rat p50, p65 (relA), subunits of NF-kB were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, California, USA). The double stranded NF-«B

consensus oligonucleotide probe (5’-AGTTGAGGGGACTTTCCCAGGC-3’) or the E-selectin

NF-kB probe (5’-AGCTTAGAGGGGATTTCCGAGAGGA-3’) were end labeled with

y[32P]ATP (10 pCi at 222 Tbg/mmol (Amersham International PLC, Buckinghamshire, UK).
Binding reactions, containing 35 fmol (~ 1 x 103 ) of oligonucleotide and 3 pg of nuclear
protein were conducted at room temperature for 20 minutes in a total volume of 10 pl binding
buffer ( 10mM Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM MgCly, 0.5 mM EDTA, 0.5 mM DTT,
4% glycerol (v/v), and 0.5 pg poly(dl:dC). Identity of the bands were confirmed by
competition reactions in which unlabelled oligonucleotide was added 5 minutes before
addition of radiolabelled probe. For supershift analysis, 1 pg of each antibody, p-50 or p-65
antibody, was added to the reaction mixtures immediately before addition of the radiolabeled
probe (figure 13). Following the binding reactions, 1 ul of 10 x gel loading buffer was added
and the reaction was subjected to non-denaturing 7% PAGE in low ionic strength buffer (45
mM Tris-borate, 1 mM EDTA) at 75 mV/8 mA for approximately 3 hours at 4°C. Gels were
then vacuum dried and exposed to X-ray film (Hyperfilm MP, Amersham International PLC,
Amersham, UK) at -70 °C. The density of the band corresponding to NF-xB on the gel was
quantified by using an imaging densitometer (Biorad Laboratories, Hemel Hempstead, UK)
and related to a constant HELA standard which was run with each gel. Results were expressed
as optical density relative to one tenth of the optical density of the HELA standard (Rel.O.D).
After I had prepared the nuclear extracts and protein assay, the electromobility shift assay and
supershift assays were performed by Ms Radhika Anand in the host laboratory. In these series
of experiments the supershift assays were performed on livers from rats which had undergone
bile duct ligation instead of PPVL livers since these were being processed simultaneously by
my co-workers. Since the purpose of the supershift assay was to confirm that the bands on the
gel corresponded to NF-kB it was not felt necessary to repeat the supershift assay specifically

for the PPVL livers since the gel band positions were identical.

56



SUPERSHIFT ASSAY

shiviarnd bl g [ R T | P Lo+ cald ool shaa

v tiba g tatibadyg pligonvneleotide

Figure 13. Characterisation of NF-KB complexes activated following surgery. NF-KB DNA-
binding activity were measured in the nuclear extracts from liver by the EMSA using a 32 p_
labelled NF-KB oligonucleotide probe. Competition experiments were performed on unlabelled
NF-kB at 100x molar excess. In the supershift experiments antibodies for the p50 and p-65
were used at 1 p.g per assay to provide confirmation that the band corresponds to NF-KB. This
supershift assay was performed on rats undergoing bile duct ligation.
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2.4 Demonstration of Tumour Necrosis Factor in Experimental Groups

Plasma TNF-a ELISA

TNF-a levels were measured in plasma specimens using two separate commercial ELISA kits.
These were from Genzyme and later with an ultra-sensitive ELISA kit manufactured by
Biosource International (Camarillo, California, USA). In principle an antibody specific for
TNF-a is coated onto the wells of the microtitre strips. Samples are then pipetted into these
wells. During the first incubation, the TNF-a. binds to the immobilised antibody on one site.
Following washing, a biotinylated secondary antibody specific for TNF-« is added. During this
incubation, this antibody binds to the immobilised TNF-a captured during the first incubation.
Following removal of the excess second biotinylated antibody, an enzyme Streptavidin-
Peroxidase is added. This binds to complete the four member sandwich. After a third
incubation and washing to remove all of the unbound enzyme, a substrate solution is added
which is acted upon by the Bound enzyme to produce colour. The intensity of the colour
product is directly proportional to the concentration of TNF-a in the original specimen. The

assays were performed by Dr Steve Holt in the host laboratory.

2.5 Demonstration of Nitrite/ Nitrate in Plasma from Experimental Groups

2.5.1 Griess reaction

Plasma and urinary levels of nitrite and nitrate were determined using a modification of
Grisham’s method (Grisham et al. 1996) in a microtitre assay. The principle of the Griess
reaction is that nitrite reacts with Griess reagent to produce a red colour. At low nitrite
concentrations, the colour intensity following the Griess reaction is proportional to the
concentration of nitrite. Nitrate may also be reduced to nitrite using nitrate reductase prior to

the reaction such that the total nitrite and nitrate concentration is measured.
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Three solutions were made up prior to assay:

Solution A: 5.0 ml water,500 pl 1M HEPES buffer (pH 7.4)(Sigma) (kept
at 4°C), 500 ul 0.1mM Flavin adenine dinucleotide, disodium
salt (FAD: Sigma),1 ml of ImM Nicotinamide adenine
dinucleotide phosphate, reduced form, tetrasodium salt
(NADPH;Sigma);

Solution B: 1ml of 100mM Pyruvic acid, sodium salt, Type II (Sigma).
0.5mt of 500 U/ml Lactate dehydrogenase (LDH; bovine
muscle, Sigma); Aspergillus Nitrate reductase 2 U/ml (kept on
ice until use)

Griess reagent: (equal volumes of 0.2% (w/v) napthyleneethylenediamine and

2% (w/v) sulfanilamide in 5% (v/v) phosphoric acid.

70 ul of solution A was pipetted into each well before adding 40 pl of each test specimen. Each
sample was run in duplicate. This included the sodium nitrate standards which were at a
concentration of 0 to 160 uM. 10 pl of Aspergillus nitrate reductase was then added and
incubated for 30 minutes at 37°C. Following this 15ul of solution B was added to oxidise any
unreacted NADPH and incubated further for 10 minutes at 37°C. 200 pul of Griess reagent was
then added and left at room temperature for 10 minutes. The absorbance of each sample was
determined at 543 nm using a microtitre plate reader. Since all nitrate is converted to nitrite the
assay measures total nitrite and nitrate.

As is apparent from the standard curve (figure 14) at concentrations below 20 uM the optical

densities are quite low and therefore subjected to less accuracy.
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Figure 14. Standard curve for Total Nitrite/Nitrate levels using the Griess reaction. Sodium
nitrate standards were used. Since all the nitrate is converted to nitrite by the nitrate reductase
the assay measures total nitrite and nitrate.

2.5.2 Chemiluminescence

Since plasma concentrations, as determined by the Griess reaction were low (5-20 pM)
and, since the colour of the plasma may have influenced the colorimetric assay, the results
using this method were questionable. To confirm results obtained using the Griess reaction, a
second method to measure plasma nitrite and nitrate levels was employed. This used nitric
oxide released from nitrite and nitrate and detected by chemiluminescence using an nitric
oxide analyzer (Sievers Research Inc, Boulder, Colorado, USA). Chemiluminescence is a

process whereby a chemical reaction results in emission of light. The emission of light can be
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enhanced and multiplied using a photomultiplier tube before detection. The nitric oxide analyser

makes use of the following reaction between nitric oxide and ozone which occurs in gas phase:

NO + 03 e d NOz* + 02
N02 * - NOz + emitted llght

Both nitrite and nitrate were reduced to NO in refluxing vanadium chloride in hydrochloric acid.
The NO produced was then purged from the refluxing solution by nitrogen and reacted with
ozone before analysis by chemiluminescence (Ignarro et al. 1993). This is a highly sensitive and
accurate method for detecting NO and the quantification of plasma nitrite and nitrate (Archer,

1993).

2.6 Haemodynamic Studies

2.6.1. Development and Validation of Thermodilution Method for Cardiac Output
Measurement

Cardiac output was measured by thermodilution in which the flow rate is determined by

injecting a known volume of a known thermal indicator and monitoring the temperature change

using a thermistor. This method is based indirectly on the Fick principle. The budget for this

thesis did not allow the purchase of a commercially available cardiac output computer for this

purpose and therefore, a thermodilution technique for cardiac output measurement making use

of the Maclab system was developed. This is an integrated system of computer hardware and

software that is designed to record and analyse experimental data.

The development was performed in three stages:

1) Demonstration of Thermodilution Curves using the Maclab system

The first aim was to determine whether the Maclab computer would be able to detect rapid

changes in temperature to produce a thermodilution curve. A Swan-Ganz catheter was obtained

and connected to a Wheatstone bridge designed and made by Dr Roy Smith of the Department

of Medical Physics, Royal Free Hospital and connected to a bridge amplifier which transmitted

the thermal signal onto the computer monitor (figure 15). The thermistor was then placed into
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the peripheral tubing of a cardiac output simulator with adjustable flow rates at similar
temperatures to those of animals. Fine bore silicone tubing was connected to a pump, flow
buffer and water bath as shown in figure 16. The water bath enabled the temperature of the
flowing water within the tubing to be maintained at approximately 37°C. The pump was then
adjusted to allow a wide range of flow rates to be assessed and the flow buffer was essentially
placed within the circuit to allow the flow to be smooth. A thermal indicator was injected
upstream of the thermistor to see if thermodilution curves could be produced by the thermistor
which was connected to the Maclab system. Curves similar to those in figure 17 were displayed
on the computer monitor confirming that rapid changes in temperature could be detected.

2) Calculation of flow rates using a coefficient, k.

Following confirmation that the Maclab system was able to produce and display thermodilution
curves the next stage was to demonstrate that flow rates could be determined from the curves
using a coefficient, k.

Different flow rates were passed through the tubing and were measured directly by allowing the
flowing water to pass into a measuring cylinder over one minute. A cold indicator at a
temperature of approximately 15 degrees Celsius below that of the water within the tubing was
injected upstream to the thermistor. This temperature change reflects that present for in vivo
measurement {Animal core temperature, 37°C; room temperature, 22°C). This caused a typical
thermodilution curve with a rapid upstroke and slow decay (figure 17). After calibrating the
thermistor with numerous thermodilution curves at different known flow rates a coefficient, k,
was obtained such that an unknown flow rate could be determined if the temperature of the

perfusing fluid and the injectate were known from the equation.

k. injectate vol. delta temp
flowrate =

[ thermodilution curve

where k = coefficient for the thermistor
injectate vol. = volume of thermal indicator injected
delta temp = temperature difference between thermal indicator and perfusing fluid

Jthermodilution curve = area under thermodilution curve
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Table 4 shows the calculated flow rates between 180 ml/min and 710 ml/min using the Swan-
Ganz catheter. The calculated flow rate was determined from the equation using the mean
coefficient value of 844 in the above equation. A curve was also plotted for the actual values

versus the calculated values (figure 18).

Flow rate| Temp diff. | Volume | Integral | calc. Coefficient |Calculated value
MVmin | Degrees C ml Mv.s? | factor ml/min

710 17 1 19.8 0.859 827 725

580 17 1 25.01 | 0.680 853 574

430 17 1 36.54 | 0.465 924 393

270 17 1 52.6 0.323 835 273

180 17 1 73.79 | 0.230 781 194

mean coefficient
= 844

Table 4. Values calculated for flow rates compared with actual flow rates are shown. These
were performed in a cardiac output simulator using a Swan-Ganz catheter.

3) Modification and validation of the thermodilution method for use in rats

The final stage of the development was to produce a system which would allow measurement of
cardiac output in vivo and more importantly to validate this method such that subtle changes in
flow rates between different animals could be confidently measured. Thermistors were acquired
from thermometrics and mounted in 22 gauge polyvinyl chloride catheter with an epoxy resin.
The thermistor was then connected to a Wheatstone bridge and connected to a bridge amplifier

which transmitted the thermal signal onto the computer monitor. The thermistor was then placed
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into the peripheral tubing of the cardiac output flow simulator with adjustable flow rates and
similar temperatures to those of small animals (figure 16).

This was tested extensively in the cardiac output simulator at two different flow rates which
were more representative of the rat cardiac output values on three different days.

From this an intra-assay coefficient of variation of 2.9% + 0.7%, and an inter-assay coefficient
of variation of 4.9% * 0.4% over the typical ranges for cardiac output in small animals (table

5). Following this validation 1t was felt that this thermodilution system was suitable to use in the

anaesthetised rat.

50ml/min 100mi/min

06/03/97 | 15/03/97 |16/03/97| mean |03/03/97|06/03/97 |16/03/97| mean
55 52 53 53 96 106 101 101
55 53 52 53 92 103 94 96
51 53 55 53 97 104 92 98
51 51 53 52 95 97 106 99
50 50 53 51 98 99 95 97
60 53 54 56 93 107 101 100
52 57 53 54 98 103 94 98
53 51 51 52 100 107 98 102
49 58 49 52 108 98 96 101
55 53 50 53 102 113 100 105
55 54 50 53

51
Mean 53 53 52 98 104 98

Table S. This demonstrates the intra and inter variability in calculated flow rates as determined
using the cardiac output simulator. The simulator was set at 2 different flow rates and at least 10
values were obtained on three separate days. Each calculated flow rate was determined using the
mean integral from three thermodilution curves. From these values the coefficient of variation
(cv) was calculated by dividing the mean value by the standard deviation (Inter-cv = 4.9 % +
0.4%, Intra-cv =2.9% £ 0.7 %).
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Figure 18. Graph showing calculated flow rates versus actual flow rates. Calculated flow rates
were determined using the Maclab system on the cardiac flow simulator. Actual flow rates
were determined by direct measurement into a measuring cylinder over a minute.
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2.6.2 Haemodynamic Studies in Experimental Groups

Haemodynamic studies were performed in anaesthetised animals using sodium
pentobarbitone (60 mg/kg) (figure 19).This has been shown by others to be a suitable
anaesthetic since it has minimal effects on haemodynamics (Lee et al. 1985). To determine the
cardiac output in small animals it was necessary to cannulate the external jugular vein with
fine-bore tubing (PE-50) such that the tip was adjacent to the right atrium. The thermistor was
placed in the carotid artery and advanced to the aortic arch. This gave the highest temperature
reading on the thermistor trace. A thermal indicator was then injected into the jugular line and
the thermistor trace was observed for the thermodilution curve. A typical curve had a rapid
downstroke and slow return (figure 17). Atypical curves may show a slow downstroke and
prolonged return, a sloping baseline or no curve at all. These could be corrected by placing the
thermistor in a different position.

Mean arterial pressures were monitored by cannulation of the femoral artery with a 22
gauge Abbocath (Abbott laboratories). The femoral artery was carefully dissected free from
the femoral vein and nerve before cannulation and the cannula was secured in place with
mersilk ties. The cannula was connnected via tubing to a pressure transducer which was
calibrated immediately prior to measurement with the zero reference point being the
midportion of the rat (figure 19).

Portal pressure was measured by cannulation of the ileocolic vein, a tributary of the
portal vein, with a 22 gauge Abbocath. The vein was carefully isolated in the mesentery before
cannulation and once in place the cannula was tied in place. Again this was connected to a

pressure transducer which was calibrated immediately before use.
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Figure 19. Animal undergoing Haemodynamic Studies. Cannulation of the jugular vein and
carotid artery allowed cardiac output to be determined by thermodilution. Mean arterial
pressure and portal pressure measurements were made by cannulation of the femoral artery and
a tributary of the ileo-colic vein respectively. The core temperature of the animal was
measured using a rectal thermometer and was maintained at 37 + 0.5 °C by a heating pad.
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2.7 Statistics

All of the observations are reported as mean + SEM. Statistical analysis was performed using the
unpaired student’s t-test and p-values below 0.05 were regarded as statistically significant. When
multiple comparisons were made between several groups an analysis of variance (ANOVA) was
used to determine whether the variation between groups was significantly greater than expected
by chance. If this was the case then a further statistical test was applied for specific comparisons

(Bonferroni or Tukey-Kramer multiple comparison test).
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CHAPTER 3: RESULTS
3.1 Measurement of Fy-isoprostanes in the Experimental Groups

Since the basis of the hypothesis is that oxidant stress is involved in the development
of the hyperdynamic circulation it was necessary to demonstrate oxidant stress in the PPVL
model and sham groups.

Fp-isoprostane levels were measured in the urine, plasma and liver to provide an index
of lipid peroxidation in PPVL animals and compared them to sham operated animals. The
initial study examined changes in the sequential 24 hour excretion of urinary Fp-isoprostanes
from day 3 to day 8 and then at day 14 in PPVL animals. On the basis of these results, and
published data, we then measured the Fp-isoprostanes excretion at day 14 in both sham and
PPVL groups and examined the effects of N-acetylcysteine, BB-1101 and pyrrolidine.

Following purification by Sep Pak, thin layer chromatography and gas
chromatography, the mass spectrometer detected a series of compounds with peaks which
corresponding to a mass:charge (m/z) ratio of 569 and 573 in the selective ion monitoring
mode (fig 10). The mass spectrometer does not discriminate between compounds that have a
m/z ratio of 569 or 573. However, following the purification procedures which involve 3
chromatography steps (two thin layer chromatography and one gas chromatography), the level
of impurities are low and the level of isoprostanes are concentrated. Therefore, the two peaks
eluting at approximately 9.4 and 9.7 minutes with a m/z ratio of 569 and 573 corresponded to
D4-8-is0-PGFp¢ and D4-PGF)( respectively. These elution times were pre-determined on

pure standard specimens since a small day to day variation was observed.

1) Sequential excretion of Fa-isoprostane excretion in PPVL(day 4-8,14) compared to
sham (day 1-4):

Following PPVL there was an increased urinary excretion of Fo-isoprostanes from day S
onwards suggestive of increase lipid peroxidation (figure 20, table 6). In comparison, during
the first four days after sham operation when one might expect to find an increased excretion

of Fp-isoprostanes due to the trauma of surgery, there was no increase observed (table 6).
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day after surgery n-fold increase in F,-isoprostanes group number
day 3 post-PPVL 1.1+04 5
day 4 post-PPVL 1.8+04 7
day 5 post-PPVL 2.4+0.7* 6
day 6 post-PPVL 2.8 +0.3% 8
day 7 post-PPVL 27 40.5% 5
day 8 post-PPVL 8
y S pos 34 40.5%
day 14 post-PPVL 5
3.9+0.8*
day 1 post-sham 1.0 £0.2 4
day 2 post sham 0.840.1 4
day 3 post sham 12402 4
day 4 post sham 15406 4

Table 6 showing the sequential urinary excretion of F,-isoprostanes following PPVL or sham
surgery. Following PPVL there was a significant increase in the excretion over baseline is
observed from day 5 onwards whereas during the first four days after sham operation there was
no significant increase. During these initial experiments I unfortunately omitted weighing the
animals. Therefore the results are expressed as n-fold over baseline compared to actual values
since there were observed differences in baseline values which were probably related to the
animal weight. In the subsequent experiments the results were indexed to the animal weight (*p
< 0.05). Comparisons were only made with baseline values and no comparisons should be made
between different groups.
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Figure 20. Sequential excretion of Fp-isoprostanes following PPVL. Urinary excretion of F,-

isoprostanes is significantly increased by day 5 following PPVL (*p < 0.05) when compared to
baseline values. No comparisons should be made between groups studied on different days.
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2) Urinary F,-isprostane excretion in placebo-treated PPVL and sham operated rats

Having demonstrated the sequential changes following surgery, the next stage was to compare
the two groups at day 14 with placebo treatment (table 7). There was no difference in the
preoperative value (39 £ 5 pg/day/g versus 33 + 5 pg/day/g) but, by day fourteen, urinary F,-
isoprostane excretion increased significantly following PPVL compared to sham animals (193 +

37 pg/day/g versus 30 + 5 pg/g/day), (figure 21).

group Number pre-op post-op
pg/day/g pg/day/lg |
pvi-placebo 5 3956 193 + 37*
sham-placebo 5 335 305

Table 7 showing the pre-operative and post-operative 24 hour urinary excretion of F,-
isoprostanes. Following PPVL there was a significant increase in the urinary excretion of Fp-
isoprostanes compared to baseline values and also to the post-operative sham value (*p < 0.05).

3) Urinary F,-isoprostane excretion in NAC, BB-1101 and pyrrolidine-treated rats
Administration of N-acetylcysteine to PPVL animals prevented the increased excretion of

urinary F,-isoprostanes (79 *+ 26 pg/day/g, p < 0.05). Treatment with pyrrolidine however,
resulted in a significant increase in urinary excretion of F,-isoprostanes (409 + 26 pg/day/g, p <
0.001), (figure 22) but the increase with BB-1101 was insignificant. (265 £ 43 pg/day/g, p >

0.05). There were only 4 animals in the BB-1101 group as 2 died during the experimental

period.
group Number Mean £ SEM
pg/day/g
pvi-placebo 5 193 £ 37
pvi-NAC 5 79 + 26*
pvl-pyrrol 6 409 + 26*
pvi-BB1101 4 265+43

Table 8 showing the 24 hour urinary excretion of F,-isoprostanes in treated experimental
groups. N-acetylcysteine prevented the increased excretion of F,-isoprostanes following PPVL.
Pyrrolidine and BB-1101 resulted in an increase in excretion when compared to PPVL-placebo
but this was statistically significant only with pyrrolidine (*p < 0.05). For the ANOVA test and
all the multiple comparisons for this study refer to figure 22.
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Figure 21. Urinary excretion of Fp-isoprostanes is significantly increased following PPVL
compared to sham operated animals (** p < 0.05).
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Figure 22. Urinary excretion of Fr-isoprostanes in study groups. Treatment with N-
acetylcysteine resulted in a significantly decreased excretion compared to PPVL group (*p <
0.05). Pyrrolidine resulted in a greater excretion of urinary Fp-isoprostanes (**p <0.001). BB-
1101 however had no significant effect. [ANOVA p-value for the above groups is < 0.001.
Specific comparisons using the Tukey-Kramer test: sham vs PPVL+placebo p<0.01, sham vs
PPVL+NAC: p>0.05, sham vs PPVL+Pyrrol: p<0.001, sham vs PPVL+BB1101: p<0.001,
PPVL vs PPVL+NAC: p<0.05, PPVL vs PPVL+pyrrol: p<0.001, PPVL vs PPVL+BB1101:
p>0.05, PPVL+NAC vs PPVL+pyrrol: p<0.001, PPVL+NAC vs PPVL+BB1101: p<0.01,
PPVL+pyrrol vs PPVL+BB1101: p<0.05]
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4) Plasma levels of Fy-isoprostanes in placebo-treated PPVL and sham operated animals:
Plasma levels and of Fp-isoprostanes however showed no significant differences
between the PPVL and sham groups and N-acetylcysteine-treated group. (tables 9). They were

not measured in animals treated with pyrrolidine or BB-1101.

Group number mean + SEM
(pg/ml)
sham 4 110 + 22
pvi 5 126 £ 19
pvl-nac 5 122 + 22

Table 9. This shows the results for plasma levels of Fp-isoprostanes. No significant
differences were demonstrated between the three groups.

5) Liver tissue levels of Fa-isoprostanes in placebo-treated pvl and sham animals:
Tissue levels of Fp-isoprostanes in PPVL and sham operated rats showed no
significant differences. Levels were not measured in N-acetylcysteine, BB-1101 and

pyrrolidine-treated animals.

Group |number| mean +/- sem
(ng/g)
pvi n=4 3.6+/-05
sham n= 5.7 +4/-0.2

Table 10. Although liver tissue levels of F-isoprostanes show a difference between PPVL and
sham operated groups, this was not significant.
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The demonstration that urinary excretion of Fp-isoprostanes is increased by days S to 14 in the
PPVL model is indicative of lipid peroxidation secondary to the formation of reactive oxygen
species. This is the first demonstration of oxidant stress in this model. No increase was detected
in the sham groups but the observation that N-acetylcysteine treatment prevented the rise in
urinary excretion of F,-isoprostanes confirmed the involvement of reactive oxygen species. N-
acetylcysteine is a multifunctional antioxidant and the observation that it decreased urinary
excretion of Fp-isoprostanes strongly suggests that this model is associated with the generation
of reactive oxygen species.

BB-1101 and pyrrolidine administration both produced unexpected results. BB-1101 is
an inhibitor of metalloproteinase as well as an inhibitor of TNF-a production. Since it is known
that TNF-o can induce an oxidant stress involving reactive nitrogen species such as peroxynitrite
anion, it could be predicted that inhibition of TNF-o production may decrease oxidant stress and
lipid peroxidation. Pyrrolidine is an inhibitor of the transcription factor NF-kB as well as having
antioxidant properties as an iron chelator. As with BB-1101, one would also predict that
pyrrolidine would decrease lipid peroxidation. However, both treatments resulted in increased
excretion of urinary F-isoprostanes after PPVL compared to placebo-treated rats but this was
only significant in the pyrrolidine-treated group. (pvl-BB-1101: 265 £ 43 pg/day/g, p > 0.05;

pvl-pyrrol: 409 + 26 pg/day/g, p < 0.001; pvl-placebo: 193 +37).

3.2 Measurement of Nuclear Factor -kappa B activation in Experimental Groups
NF-xB is a protein heterodimer which is a key regulator of the inflammatory response in
that it can initiate the transcription of a wide variety of key inflammatory proteins and cytokines
including tumour necrosis factor-a (TNF-ot). Since TNF-o is implicated in the aetiology of the
hyperdynamic circulation, we measured activation of NF-xB in the liver. Having shown the
presence of increased lipid peroxidation following PPVL and since reactive oxygen species can
activate NF-xB, studies were performed to demonstrate the activation of liver NF-xB in the

same experimental groups as for F,-isoprostanes.
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The supershift assay provided confirmation that the band on the gel corresponded to
NF-xB. This was by binding with antibodies to the p-50 and p-65 subunits as well as cold
oligonucleotide (figure 13).

PPVL was associated with activation of NF-kB as evidenced by naked eye inspection
and measurement of relative optical density (3.4 £ 0.5 versus 1.6 + 0.3 Rel.O.D), (figure 24).
Previous studies using antioxidants in vitro have shown that NF-kB activation involves reactive
oxygen species and is inhibited by N-acetylcysteine and pyrrolidine. To determine whether N-
acetylcysteine or pyrrolidine could inhibit NF-xB activation in vivo both compounds were
administered from before operation to day 14 post-operatively when the rats were sacrificed.

Treatment with N-acetylcysteine resulted in a significantly reduced optical density (1.2
0.2 Rel.0.D) indicating that there was reduced NF-xB activation (figure 25,26). Pyrrolidine
treatment also inhibited activation of NF-kB {(pvl-pyrrolidine:0.85 + 0.14 Rel.O.D), (figure
25,27). Treatment with BB-1101 had no statistical effect on NF-xB activation although lower
optical density values were observed in this group compared to PPVL animals. (pvl-
BB1101:2.45 + 0.26 Rel O.D), (figure 25).

It is likely that the process of activation of NF-xB in this model is secondary to reactive
oxygen species since treatment with N-acetylcysteine prevents this activation in a PPVL group.
However, the process may not be as straightforward as this due to the findings from the BB-
1101 and pyrrolidine groups which both also prevented the NF-xB activation despite the
evidence of increased lipid peroxidation in these groups. Pyrrolidine is known to be a potent
inhibitor of NF-xB and it may act by direct inhibition of NF-kxB or by inhibiting oxidant stress.
It could also act by preventing NF-xB from being activated despite the presence of increased
lipid peroxidation. BB-1101 has two known actions: inhibition of metalloproteinase and also it
inhibits the production of tumour necrosis factor-o.. Since tumour necrosis factor itself can
activate NF-xB then it is possible that BB-1101 may be preventing NF-xB activation by this

method.
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Figure 23. Hepatic activation of NF-xB. On day 14 after PPVL there was a significant
increase in hepatic activation of NF-kB compared to sham operated animals ( p < **0.02).
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Figure 24. Hepatic activation of NF-xB in study groups. Treatment with N-acetylcysteine and
pyrrolidine both resulted in a significantly reduced activation of hepatic NF-xkB compared to
placebo-treated animals (**p < 0.05). Treatment with BB-101 had no significant effect
(p>0.05). [ANOVA p-value for the above groups is < 0.007. Specific comparisons using the
Tukey-Kramer test: sham vs PPVL+placebo p<0.05, sham vs PPVL+NAC: p>0.05, sham vs
PPVL+Pyrrol: p>0.05, sham vs PPVL+BB1101: p>0.05, PPVL vs PPVL+NAC: p<0.05, PPVL
vs PPVL+pyrrol: p<0.001, PPVL vs PPVL+BB1101: p>0.05, PPVL+NAC vs PPVL+pyrrol:
p>0.05, PPVL+NAC vs PPVL+BB1101: p>0.05, PPVL+pyrrol vs PPVL+BB1101: p>0.05]
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Figure 25. EMSA Gel autoradiograph. Naked eye inspection can confirm that there is an
increased optical density of the band corresponding to NF-KB compared to sham operated
animals and this increase can be prevented by administration of N-acetylcysteine.

83



SHAM PPVL+PYRROL PPVL | STD

If

M M M

Figure 26. EMSA Gel autoradiograph. Animals undergoing PPVL and treated with pyrrolidine
demonstrated reduced activation of hepatic NF-KB compared to placebo-treated PPVL
animals.

84



3.3 Measurement of Plasma TNF-a Levels in Experimental Groups

Since TNF-o. was shown to be a major contributor to the generation of the
hyperdynamic circulation by Lopez-Talavera et al. plasma levels were determined in the
experimental groups. It was felt to be necessary to measure plasma TNF-a levels in order to
demonstrate the possible effects of different pharmacological reagents. In these studies the
plasma levels of TNF-a were detected using two different ELISA kits. Initial experiments

measured TNF-a levels following PPVL using a Genzyme ELISA kit.

Absorbance at 450 nm (O.D)

0 T
0 200 400 600

TNFa (pg/mi)

1 L

Figure 27. Standard Curve for TNF-o Measurement using the Genzyme ELISA assay.
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day after number per | plasma TNF-a levels
PPVL group (pg/ml)
day 3 n= 59.8 £+12.3
day 4 n= 39.0+1.4
day 5 n= 56.4 £4.8
day 7 n= 47.8 £13.1
day 14 n=5 342+13.0

Table 11 showing plasma TNF- levels as measured using the Genzyme ELISA

The values obtained using the Genzyme kit were between 34 and 60 pg/ml and the groups did
not show statistical significance from day 3. Furthermore from the standard curve shown in
figure 27 it can be seen that the values were in the lower part of the curve and therefore the
concentrations detected in this region would be inaccurate. It was felt that the kit was more
suitable for detecting large differences in TNF-o values instead of more subtle changes. For this
reason a second ELISA kit manufactured by Serotec was used which was described as

ultrasensitive and was able to detect lower values.

Using the ultrasensitive kit a small difference was observed between PPVL and sham operated
rats but this was statistically insignificant (table 12, figure 29). PPVL rats treated with N-
acetylcysteine and BB-1101 both resulted in lower TNF-a values compared to PPVL-placebo
animals but again this was not statisically significant. (At the time of this study the pyrroldine
specimens were not available for analysis. Since no significant differences were demonstrated
between the other groups it was decided not to analyse the pyrrolidine group for plasma TNF-a
levels). From this data we have been unable to demonstrate an effect of PPVL and drug

treatment on plasma TNF-a levels.
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Figure 28. Standard Curve for TNF-o. Measurement using the Serotec Ultra-sensitive assay.

group

Number per group

plasma TNF-a level
(pg/ml)

PPVL

sham

NAC

BB101

1.47 £ 0.66

-0.35+ 0.54

0.44 £ 0.35

0.80 £ 0.32

Table 12 showing the calculated plasma TNF-a levels using the ultra-sensitive ELISA kit
No significant differences were observed between the study groups.
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Figure 29. TNF-a Concentrations in study groups. A small difference was observed between
PPVL and sham operated animals but this was statistically insignificant. Plasma values from
PPVL animals treated with N-acetylcysteine and BB-1101 both resulted in lower values than
placebo treated PPVL animals but again this was not statistically significant.
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3.4  Measurement of Plasma Nitrite/Nitrate Levels from Experimental Groups

One of the proposed mediators of the hyperdynamic circulation is nitric oxide. This is a
highly reactive, rapidly diffusible molecule. It was difficult to measure nitric oxide levels
directly because of these characteristics. Instead the stable metabolic products of nitric oxide,
namely nitrite and nitrate were measured in plasma.

Using the Griess reaction method plasma nitrite and nitrate levels following PPVL were
greater than values obtained after sham operation although this was not statistically significant
(PPVL: 28.0 £ 3.0 uM versus 21.1 + 3.4 uM, p = 0.072). N-acetylcysteine treated animals
undergoing PPVL had lower nitrate/nitrite concentration compared to placebo treated PPVL

animals (18.4 £ 2.7 uM, p < 0.02).

group Number conc(um) sem p-value
vs. PPVL
PPVL 16 28.0 3.0 -
sham 13 211 3.4 0.072
NAC 11 18.4 2.7 0.011

Table 13 showing the plasma concentration of total nitrite and nitrate using the Griess reaction.

For similar reasons to those outlined for the Genzyme TNF-a assay and because of haemolysis
in some of the samples it was decided to confirm the above data using a more sensitive
chemiluminescence analyser which was recently acquired by the Departinent of Biochemistry at
the Royal Free Hospital. Plasma specimens that had haemolysed would have interfered with the
red colour generated on addition of the Griess reagent. However, using the Griess reaction a
difference was observed between the PPVL and sham groups although this was not significant.
N-acetylcysteine also appeared to have an effect in the PPVL group as it lowered the plasma
nitrite and nitrate level.

Using the chemiluminescence method, PPVL was associated with elevated plasma

nitrite and nitrate levels compared to sham operation suggestive of increase nitric oxide synthesis
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(41.5 £ 6.0 uM versus 28.4 £ 2.0 uM, p < 0.05) (figure 31). Treatments with N-acetylcysteine
and pyrrolidine to PPVL groups had no significant effects on nitrite and nitrate levels (NAC:
29.4 £ 2.8 uM, p > 0.05, Pyrrolidine: 66.2 + 9.4 uM, p > 0.05). The BB-1101 group however
resulted in elevated plasma nitrite and nitrate levels (BB-1101: 161.4 £ 62.3 uM, p < 0.001)
(figure 32). In the BB-1101 group 2 animals died during the experimental period which

prevented the measurement of 6 specimens in this group.

group Conc (um) SEM number p-value
(vs PPVL)
PPVL 415 6 11 -
sham 28.4 2 11 <0.05
NAC 294 2.8 6 >0.05
pyrrol 66.2 9.4 6 > 0.05
BB-1101 161.4 62.3 4 < 0.001

Table 14 showing the plasma nitrite and nitrate levels in the experimental groups as measured
using chemiluminescence. Treatment with N-acetylcysteine and pyrrolidine had no significant
effect but BB-1101 treatment increased plasma nitrite and nitrate levels when compared to
placebo treated PPVL animals.

From the chemiluminescence studies it can be concluded that there was an elevated level
of circulating nitric oxide following PPVL compared to sham since the stable metabolism
products, nitrate and nitrite, were increased. N-acetylcysteine and pyrrolidine treatment had no
significant effect on plasma nitrite and nitrate levels. However, BB-1101 treatment resulted in
elevated circulating levels of nitrite and nitrate. The trends observed in plasma nitrite and nitrate
levels for each group appeared to be compatible with the observed findings from urinary

excretion of F,-isoprostanes although it must be stressed that these were not significant when a

multiple comparison statistical test was performed (Tukey-Kramer).
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Figure 30. Plasma Nitrite/Nitrate levels measured using chemiluminescence are increased at
day 14 following PPVL compared to sham operated animals (**p < 0.03).
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Figure 31. Plasma Nitrite/Nitrate levels in study groups. Although the ANOVA p-value for the
above groups is < 0.0001 when comparisons were made using the Tukey-Kramer test the
relation between sham vs PPVL-placebo became insignificant (p>0.05) (this was significant
using the student's t-test). Other comparisons were as follows: sham vs PPVL+NAC: p>0.05,
sham vs PPVL+Pyrrol: p>0.05, sham vs PPVL+BB1101: p<0.001, PPVL vs PPVL+NAC:
p>0.05, PPVL vs PPVL+pyrrol: p>0.05, PPVL vs PPVL+BB1101: p<0.001, PPVL+NAC vs
PPVL+pyrrol: p>0.05, PPVL+NAC vs PPVL+BB1101: p<0.001, PPVL+pyrrol vs
PPVL+BB1101: p<0.05.

92



Haemodynamic Studies

Haemodynamic studies were performed in order to confirm that the model of partial
portal vein ligation induced a hyperdynamic state and also to investigate the pharmacodynamic

effects of the different drugs.

A. PPVL+placebo versus sham+placebo

Following PPVL there was a significant increase in cardiac output when compared with sham
controls. (28.4 + 1.5 vs. 18.8 + 1.8 mlmin’.100g", PPVL+placebo vs. sham+placebo
respectively, P < 0.001). This was accompanied by a reduction of both mean arterial pressure
(99 £ 5.1 vs. 125 + 6.4 mmHg, P < 0.01) and decreased systemic vascular resistance index (3.5
+0.3 vs. 6.8 + 0.6 mmHg.mI” . min™'.100g, P < 0.001) indicative of a hyperdynamic circulation.
Portal pressure increased following PPVL confirming the development of portal hypertension in
this model (14.7 = 1.1 vs. 8.7 £ 0.6 mmHg, PPVL+placebo vs. sham+placebo, P < 0.001),

(figure 32).

B. Sham+placebo versus sham+NAC

In the sham groups, treatment with N-acetylcysteine had no significant effect on mean arterial
pressure (MAP), systemic vascular resistance index (SVRI), cardiac index (CI) and portal
pressure (PP) values in sham+NAC animals compared with placebo-treated sham controls
(MAP:120 + 3.3 vs. 125 + 6.4 mmHg, P = NS, SVRI:7.3 + 0.4 vs 6.8 + 0.6 mmHg.ml" min’
'100g, P=NS, CI: 16.6 + 1.3 vs. 18.8 + 1.8 mL.min™.100g”, P = NS, PP: 7.0 + 0.6 vs. 8.7 £

0.6 mmHg, P= NS). (figure 33).
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Figure 32. Haemodynamic studies. PPVL resulted in the development of a hyperdynamic
circulation. This was associated with a significant reduction in systemic vasular resisitance and
a significant increase in cardiac index. Portal pressure increased following PPVL(*p < 0.05).
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C. PPVL+placebo versus PPVL+NAC

Chronic administration of N-acetylcysteine completely blocked the development of the
hyperdynamic circulation following PPVL (figure 33). PPVL+NAC rats exhibited a higher
mean arterial pressure compared with PPVL+placebo rats (109 £ 3 vs. 99 £ 5 mmHg,
respectively) although this did not reach statistical significance (P = NS). This was associated
with a significant increase in systemic vascular resistance index (6.3 * 0.5 vs. 3.5 £ 0.3
mmHg.m!".min”.100g, P < 0.01) and a lowering of cardiac index (17.6 + 1.4 vs. 284 £ 1.5
ml.min”.100g™, P <0.001), and a decrease of portal pressure (9.8 +0.3 vs. 14.7 + 1.1 mmHg, P
< 0.001). Following treatment with N-acetylcysteine, there was no significant difference
between cardiac indices, mean arterial pressures, portal pressures and systemic vascular

resistance indices in the PPVL+NAC and the sham+NAC groups. (figure 33).

D Sham+placebo versus sham+pyrrolidine

No significant differences were observed in cardiac index, mean arterial pressure, portal pressure
and systemic vascular resistance between sham animals treated with placebo and sham animals
treated with pyrrolidine respectively. (CI: 18.8 + 1.8 ml.min”.100g" vs.17.6 £ 1.0 ml.min’
.100g” , P=NS; MAP: 125 + 6.4 mmHg vs. 125 + 5.3 mmHg, P=NS; PP: 8.7 + 0.6 mmHg vs.
7.9 + 0.4 mmHg, P=NS and SVRI: 6.8 + 0.6 mmHg.ml" .min™.100g vs. 7.2 + 0.5 mmHg.ml’

! min".100g, P=NS), (figure 34).
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Figure 33. Haemodynamic effects of N-acetylcysteine (hatched bars) compared to placebo
(solid bars). N-acetylcysteine treatment attenuated the hyperdynamic response and reduced
portal pressure in PPVL animals (** p < 0.005). N-acetylcysteine also reduced portal pressure in
sham operated animals (* p < 0.05). The ANOVA p-value was <0.005 and the Bonferroni test
was used for multiple comparisons.
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Figure 34. Haemodynamic effects of pyrrolidine (hatched bars) compared to placebo (solid
bars). Pyrrolidine attenuated the hyperdynamic response and reduced portal pressure in PPVL
animals (** p < 0.05). The ANOVA p-value was <0.005 and the Bonferroni test was used for
multiple comparisons.
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E PPVL+placebo versus PPVL+pyrrolidine
Following PPVL animals treated with pyrrolidine demonstrated an attenuated hyperdynamic

response (figure 34). Cardiac index and portal pressure were significantly reduced in pyrrolidine
treated animals when compared to placebo treated animals (CI: 22.4 *+ 0.7 mlmin".100g™
vs.28.4 + 1.5 ml.min”.100g”, P< 0.05; PP:11.4 + 0.5 mmHg vs. 14.7 + 1.1 mmHg, P< 0.05).
Systemic vascular resistance was increased by treatment with pyrrolidine but mean arterial
pressure showed no significant difference when compared to placebo treated PPVL rats. (SVRI:
4.5+ 0.2 mmHg.ml™" .min".100g vs. 3.5 + 0.3 mmHg.m!" min™.100g, P< 0.05; MAP: 101 £2.2

mmHg vs. 99 £ 5.1 mmHg, P=NS), (figure 34).

F Sham + placebo versus Sham + BB-1101
In the sham groups, treatment with BB-1101 had no significant effect on mean arterial pressure

(MAP), systemic vascular resistance (SVRI) and cardiac index (CI) values in sham+BB-1101
animals compared with placebo-treated controls (MAP:114 +4.7 vs. 125 + 6.4 mmHg, P = NS,
SVRI: 7.2 + 0.3 vs. 6.8 + 0.6 mmHg.mlI'min”.100g, P = NS, CI:16.0 £ 0.9 vs. 18.8 + 1.8
ml.min?.100g”, P = NS). There was however a small but significant decrease in the portal
pressure between the sham+BB-1101 group and the sham + placebo group (6.0 + 0.6 vs. 8.7 £+

0.6 mmHg, p < 0.05), (figure 35).

G PPVL+placebo versus PPVL+BB-1101
BB-1101 administration resulted in the abrogation of the hyperdynamic circulation following

PPVL (figure 36). Animals treated with BB-1101 had a significantly lower cardiac index and
portal pressure compared to placebo-treated animals (CI: 18.0 £ 1.4 ml.min™ .100g" vs. 28.4 +
1.5 ml.min™.100g”, P < 0.001; PP: 10.3 + 0.7 mmHg vs. 14.7 £ 1.1 mmHg, P < 0.001),
whereas the systemic vascular resistance and mean arterial pressure were increased (although
mean arterial pressure did not reach statistical significance), (SVRI: 6.3 + 0.8 mmHg.ml” .min
'.100g vs. 3.5 + 0.3 mmHg.ml".min".100g, P < 0.01; MAP: 109 + 6.4 mmHg vs. 99 + 5.1

mmHg, P = NS), (figure 35).
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Figure 35. Haemodynamic effects of BB-1101 (hatched bars) compared to placebo (solid bars).
BB-1101 treatment prevented the hyperdynamic response and reduced portal pressure in PPVL
animals (** p < 0.05). The ANOVA p-value was <0.005 and the Bonferroni test was used for
multiple comparisons.

99



study group cardiac index | mean arterial portal Systemic vascular
(ml/min/100g) pressure pressure resistance
(mmHg) (mmHg) (mmHg/ml/min.100g)
sham-placebo (n=8) 188+ 1.8 125+ 6.4 87+0.6 6.8+0.6
PPVL-placebo 284+1.5 99 +5.1 147+ 1.1 35103
(n=6)
sham-NAC (n=6) 16613 120+ 3.3 7.0+0.6 73104
pvl-NAC (n=6) 176 £ 1.4 109 £2.9 9.8+03 63+0.5
sham-BB-1101(n=8) 16.0 £ 0.9 114 +4.7 6.0+0.6 72103
pvl-BB-1101 (n=7) 180x+14 109+ 6.4 10.3+0.7 63x0.8
sham-pyrrol (n=6) 176 £ 1.0 125+5.3 79+04 7.2+0.5
pvl-pyrrol (n=6) 224107 101 £2.2 11.4+0.5 45+£02

Table 15. Summary of the Haemodynamic Studies
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CHAPTER 4: GENERAL DISCUSSION
4.1 Discussion

Kowalski and Abelman first described the development of a hyperdynamic circulation
in patients with chronic liver disease in 1953 (Kowalski and Abelman, 1953). It is associated
with the development of portal hypertension and is believed to be an important determinant of
many of the complications of chronic liver disease including variceal haemorrhage,
portosystemic encephalopathy, ascites and renal failure. Therefore, the generation of the
hyperdynamic circulation has been the subject of intense research.

In this thesis a model of pre-hepatic portal hypertension was studied. PPVL is a very
useful model to use as it induces portal hypertension immediately and generates a hyperdynamic
circulation after approximately 5 days which persists for several weeks. In addition to this there
is minimal liver damage and a high degree of portosystemic shunting. As this model causes
portal hypertension without liver damage the responses of different animals tend to be
homogenous. This model is popular as it is straightforward to perform and is inexpensive.
Therefore it has been studied extensively and the knowledge gained by other groups has been
used in formulating the hypothesis to this work.

It is generally believed that the sequence of events leading to the development of the
hyperdynamic circulation are that the liver disease results in abnormal vasoreactivity, with
vasodilation and this leads to expansion of plasma volume which is critical to the development
of the hyperdynamic circulation. The possible role played by several different mediators have
been investigated including bile acids (Genecin et al. 1990a), glucagon (Benoit et al. 1986,
Kravetz et al. 1988), adenosine (Murakami et al. 1996), endotoxin (Lee et al. 1996, Mehta et al.
1990), bacterial translocation (Garcia-Tsao et al. 1993) tumour necrosis factor (Lopez-Talavera
et al. 1995, Lopez-Talavera et al. 1996), prostacyclin (Hamilton et al. 1982, Hamilton et al.
1981, Oberti et al. 1993) and nitric oxide. In cirrhosis the role of nitric oxide in the development
is controversial as certain groups believe that a reduced sensitivity to vasoconstrictors, such as

catecholamines, is important.
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Several studies support the concept that increased formation of NO, is involved at least
in part, in the vasodilatory changes that occur in animals with non-cirrhotic portal hypertension.
These studies have demonstrated increased nitric oxide synthase (Cahill et al. 1996, Cahill et al.
1995, Niederberger et al. 1996) and increased production of nitrite and nitrate, the stable
metabolism products of nitric oxide (Hori et al. 1995). Other studies have shown that inhibition
of nitric oxide synthase or nitric oxide reverses the systemic hypotension and splanchnic
vasodilatation in the PPVL model (Pilette et al. 1996a, Pilette et al. 1996b, Garcia-Pagan et al.
1994, Sogni et al. 1996, Sieber and Groszmann, 1992a, Sieber and Groszmann, 1992b, Lee et
al. 1993). Induction of NO synthesis may be stimulated by endotoxin, TNF-a and interleukin-1
(Harbrecht et al. 1994, Hattori et al. 1996a). The observation that blocking the action of TNF-a
using specific antibodies, prevents the development of the hyperdynamic circulation in PPVL
rats demonstrates unequivocally that TNF-a or its downstream responses are key events in this
process (Lopez-Talavera et al. 1995, Lopez-Talavera et al. 1996). TNF-a is produced
principally by cells of the macrophage/monocyte lineage and plasma levels are elevated in the
portal hypertensive rat (Lopez-Talavera et al. 1995). However, the factors which trigger the
signal transduction pathways resulting in the production of TNF-o are unknown. The aim of
identifying the signalling processes is to both increase our understanding of the disease
pathophysiology and to develop therapeutic strategies to inhibit unwanted responses. These
signal transduction pathways may involve the transcription factor NF-xB which can be activated
by different mechanisms including viruses, phorbol esters, mitogens, ultra-violet light and,
importantly, cytokines and reactive oxygen species. NF-kB activation is subject to redox
regulation and reactive oxygen species are also involved in TNF-a signalling. Thus, NF-xB may
be activated secondary to TNF-a or it may be involved in the induction of TNF-a. Therefore,
we postulated that oxidant stress and the generation of reactive oxygen species may be an
important factor in switching on this signal transduction pathway resulting in the synthesis of
nitric oxide and the development of the hyperdynamic circulation in this model of portal
hypertension. If this postulate is correct then the activation of NF-kB could be used as a

potential therapeutic target in inhibiting the hyperdynamic response. We proposed that PPVL
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would result in an oxidant stress which would alter the redox balance in cells resulting in NF-xB
activation. This in turn would activate the signal transduction pathways for cytokines including
TNF-a which may induce a further oxidant stress and activation of NF-xB, as well as the
induction of nitric oxide synthesis. The net increased production of nitric oxide would thereby
mediate the hyperdynamic response (figure 6). It remains unclear in this model as to whether the
primary activator of NF-xB is oxidant stress or TNF-a.. It is also unclear as to whether oxidant
stress is a cause or a downstream effect of TNF-o activation.

To demonstrate the described sequence of events we initially determined whether
oxidant stress occurred in this model. Urinary F,-isoprostanes excretion was used as a marker of
oxidant stress in vivo. These are prostaglandin-like compounds formed by the peroxidation of
arachidonic acid and are formed independently of cyclooxygenase. Measurement of F,-
isoprostanes has emerged as one of the most reliable and specific approaches to assess lipid
peroxidation in vivo (Roberts, 2nd and Morrow, 1994, Roberts, 2nd and Morrow, 1995). The
demonstration that urinary Fp-isoprostanes are increased following PPVL is the first
demonstration of oxidant stress in this model. Confirmation that ROS are formed in this model
was the observation that N-acetylcysteine suppressed the increase of urinary F,-isoprostane
excretion in the treated PPVL group. N-acetylcysteine is a thiol-containing antioxidant which is
used therapeutically in the treatment of paracetamol overdosage (Keays et al. 1991) and as an
antimucolytic agent (Boman et al. 1983). It has also been used in heart failure after ischaemia-
reperfusion (Qiu et al. 1990) and to protect the liver following hypothermic-reperfusion (Nakano
et al. 1995). Although the precise mechanism of action of N-acetylcysteine is unclear, it is
assumed to involve scavenging of ROS either directly as a thiol donor or indirectly by increasing
glutathione synthesis, and detoxification of reactive oxygen species such as hydrogen peroxide.

F,-isoprostane levels were also measured in plasma and liver. In the plasma level studies
no significant differences were demonstrated between PPVL and sham operated animals. There
was however a difference between the mean values of 16 pg/ml for the two groups. It could be
argued that if this difference in mean values were correct then eventually a statistical difference

may be observed if a much larger number of animals were studied. Using a statistical program

103



(Statmate, Graphpad, USA) it was calculated that approximately 125 animals in each group
would have to be studied to demonstrate a difference of 16 pg/ml with a p-value of < 0.05 and
90% power assuming a standard deviation of approximately 40 pg/ml in each group. Clearly
this hypothetical argument is based on extrapolating the results from a very small sample but it
demonstrates that a very high number of animals would need to be studied. Therefore, it must be
assumed that there is no significant difference between the groups. However, the fact that it is
insignificant does not negate the findings from the urinary excretion of Fp-isoprostanes. It is
generally accepted that urinary measurement of F,-isoprostane levels over a set time period
provides a more reliable index of overall lipid peroxidation than plasma levels and has been
used in other studies (Reilly et al. 1996, Morrow et al.1992a). This is because urinary levels
provide a time-integrated measurement of Fo-isoprostanes filtered and subsequently excreted by
the kidney compared to the plasma F,-isoprostane levels which provides a "snap-shot" image of
circulating Fp-isoprostanes which are being continuously cleared from the body (Delanty et al.
1996).

Liver F,-isoprostane levels were also measured in sham and PPVL animals. In the four
animals studied in each group there was overall no statistical difference observed although again
a trend was seen. Membrane-bound F,-isoprostane levels were greater in the sham group
compared to the PPVL group. This trend initially appears to be surprising since one may predict
the opposite with increased levels in the PPVL group. However, it is important to realise that
these represent membrane-bound F,-isoprostanes which have not been cleaved from the
membrane phospholipids. F,-isoprostanes are formed from esterified arachidonic acid and exist
as acyl moieties of membranes phospholipids. Unlike cyclooxygenase-derived prostaglandins
which are formed de novo and are not stored, Fp-isoprostanes are released preformed from this
membrane bound store. Oxidant stress is an ongoing process and occurs under physiological
conditions resulting in the continued formation and storage of membrane-bound F,-isoprostanes.
However, in pathological conditions such as following PPVL F,-isoprostanes will be formed at
an increased rate. It is possible that under these conditions the enzyme phospholipase A, which

cleaves the membrane phospholipids and releases F,-isoprostanes could be upregulated in this
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model resulting in a greater release of membrane bound F,-isoprostanes from the liver (Morrow
et al.1992b). This could explain the observed trend. Ideally more numbers in each group should
be assessed to determine whether or not this trend becomes significant. Although no statistical
difference was observed between sham and PPVL groups for plasma and liver tissue F-
isoprostane levels it can still be concluded that this model is associated with increased lipid
peroxidation by virtue of the urinary excretion results.

The mechanism of oxidant stress is unknown. The most likely explanation is that it is
secondary to formation of TNF-a.. TNF-a causes induction of nitric oxide synthase in a variety
of cell types including hepatocytes, vascular smooth muscle cells and macrophages (Geng et
al. 1992, Adamson et al. 1991). Activation of macrophages or other inflammatory cell types by
TNF-a or endotoxin also causes a respiratory burst and increased formation of superoxide
(Bautista et al. 1991). The rate of reaction between nitric oxide and superoxide is rapid, and
results in the formation of peroxynitrite (Beckman and Koppenol, 1996), which has previously
been shown to initiate lipid peroxidation (Radi et al 1991) and the subsequent formation of F,-
isoprostanes (Moore et al. 1995). Furthermore peroxynitrite may rapidly decompose to produce
hydroxy! radicals which would therefore cause further free radical injury (Beckman et al. 1990).
Another possible explanation could be that the oxidant stress occurs secondary to an ischaemic-
reperfusion-type process. Studies performed by Colombato et al. demonstrated that immediately
after partial portal vein ligation there is a significant reduction in portal venous inflow compared
to sham animals but by day 4 this is reversed such that the portal venous inflow is significantly
greater than in sham operated animals (Colombato et al. 1992). The increase in portal venous
inflow is as a result of sodium retention and plasma volume expansion caused by activation of
the neurohumoral pathways (Albillos et al. 1992). As the liver has a dual afferent blood supply
there is a degree of autoregulation of total liver blood flow. Therefore when the portal vein is
constricted there is an autoregulatory compensation by the hepatic artery to maintain total
hepatic flow. Nevertheless it is possible that the redox balance in relatively ischaemic areas of

the liver or in the collateral circulation may be shifted in favour of oxidant stress. This may
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explain why oxidant stress does not occur immediately after partial portal vein ligation but only
following the plasma volume expansion and the increase observed in portal venous inflow.

Another explanation for the mechanism of oxidant stress could be as a result of bacterial
translocation which has been demonstrated acutely. In these studies by Garcia-Tsao et al. rats
undergoing PPVL were sacrificed at day 2 and were found to have a greater proportion of
positive mesenteric lymph node cultures when compared to sham operated animals (Garcia-Tsao
et al. 1993). However blood, liver and spleen cultures were negative. Fifteen days after the
original surgery there were no differences between PPVL and sham animals in the mesenteric
lymph node cultures. The mechanism by which bacterial translocation occurs acutely is probably
by disruption of the intestinal mucosal barrier by acute venous congestion, oedema and
ischaemia which are secondary to the acute stenosis of the portal vein. The bacterial
translocation may result in priming of macrophages prior to a respiratory burst of activity
involving the generation of reactive oxygen species.

A further PPVL group received treatment with pyrrolidine dithiocarbamate. This is a
potent inhibitor of NF-xB activation. Pyrrolidine dithiocarbamate is thought to be an antioxidant
and it is reported to have at least antioxidant properties (Schreck and Baeuerle, 1994). These are
as a free radical scavenger and as a chelator for heavy metal ions which are needed for the
catalytic decomposition of hydrogen peroxide to hydroxyl radicals. However, although these
actions may contribute to the inhibitory effect on NF-kB activation it remains unclear as to the
precise mechanism of inhibition by pyrrolidine dithiocarbamate like BB-1101. Treatment with
pyrrolidine dithiocarbamate was associated with a significant increase in urinary excretion of F,-
isoprostanes compared to placebo treated-PPVL rats. This finding was opposite to the predicted
observation implying that pyrrolidine dithiocarbamate increases lipid peroxidation. Recent work
by one of our collaborators has questioned the antioxidant effects of pyrrolidine (Moellering et
al. in press). They have demonstrated that pyrrolidine does not act as an antioxidant but acts by
binding directly to the NF-xB molecule therefore preventing it from binding to target genes in
the nucleus. Furthermore at high doses pyrrolidine acts as a pro-oxidant and also causes

apoptosis. This may explain the observed results in the current study.
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The pharmacological effects of other agents were also investigated. BB-1101 is a drug
which has been developed by British Biotech with a combination of effects including inhibition
of matrix metalloproteinases and TNF-c. It has been shown to be beneficial in an animal model
of multiple sclerosis by reducing the severity of disease and weight loss compared with a
placebo treatment (Clements et al. 1997). It has also been shown to inhibit the release of TNF-a
following in vitro and in vivo following LPS stimulation. Since TNF-a may induce an oxidant
stress by its induction of NO which can combine with superoxide to form peroxynitrite, a highly
reactive nitrogen species, it is possible that the peroxidation of arachidonic acid and thus
formation of F,-isoprostanes is secondary to production of this cytokine. If this were the case
one would anticipate a reduction in oxidant stress by inhibiting TNF-a production using BB-
1101. In fact an opposite observation was made and BB-1101 treatment resulted in increased
excretion of F,-isoprostanes indicative of increased oxidant stress. Therefore, under these
conditions BB-1101 is behaving as a pro-oxidant. Clearly, more information needs to be
obtained about its mechanism of action. Specifically, how it causes inhibition of TNF-o
activation and what other actions it has.

The next stage was to study the activation of NF-kB. NF-kB is a nuclear transcription
factor is a central regulator of inflammatory and immune reactions by virtue of the fact that it
plays a crucial role in the regulation of numerous target genes. NF-xB exists as a protein
heterodimer comprising of a p-50 and p-65 subunit (Bacuerle and Henkel, 1994). In most cells
NF-xB activity is low or undetectable and is stored within the cytoplasm bound to an inhibitory
protein, I-xB as its inactive form (Rice et al. 1993). When the cells are subjected to
inflammatory stimuli such as phorbol esters, TNF-a or hydrogen peroxide, NF-xB becomes
activated by dissociating from the inhibitory protein and translocating to the nucleus of the cell.
In the nucleus it binds to promoter regions of target genes and promotes transcription of several
proteins including TNF-a, IL-1, IL-6, IL-8, and inducible NOS (Spink et al. 1995). Thus
activation of NF-xB may be central to both the transcription of TNF-a as well as the induction
of nitric oxide synthase thereby increasing NO synthesis with the subsequent development of the

hyperdynamic circulation. Several studies have demonstrated that activation of NF-xB can be
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inhibited by N-acetylcysteine, pyrrolidine dithiocarbamate or other antioxidants in vitro (Hattori
et al. 1996b, Kalebic et al. 1991, Mihm et al. 1991) but there had been no published studies
using in vivo models when this thesis was commenced.

NF-kB activation was studied in liver since this was considered to be a likely site for
activation. NF-xB was clearly activated in the liver following PPVL. To determine whether
pharmacological agents inhibited NF-kB activation in vivo, groups of PPVL rats receiving
treatment with N-acetylcysteine, pyrrolidine and BB-1101 were studied. The in vitro inhibitory
effects of antioxidants have been previously mentioned but since TNF-o results in NF-xB
activation then it could be postulated that inhibitors of TNF-a secretion may also result in
suppressed NF-kB activation. Therefore, the effect of BB-1101 was also investigated.

The activation observed in PPVL liver was inhibited by treatment with N-acetylcysteine
in vivo indicative of the involvement of reactive oxygen species in this process. In animals
treated with pyrrolidine there was a significantly reduced activation of NF-kB compared with
placebo-treated PPVL animals. However, the mechanism of reduced activation was likely to be
by the pyrrolidine binding directly to NF-xB preventing it from binding to target genes
(Moellering et al, in press). Treatment with the metalloproteinase inhibitor BB-1101 which is
also an inhibitor of TNF-a secretion also showed a trend in inhibition of NF-xB activation
although this did not reach statistical significance. Four animals were studied in this group since
2 died prematurely. However, it must be assumed that BB-1101 does not affect NF-xB

activation.

Others groups have demonstrated increased TNF-a levels following PPVL compared to
sham operation using a bioassay, although the range observed in these experiments was
widespread (Lopez-Talavera et al. 1995). In the current studies we determined TNF-a levels
using two commercially available ELISA kits. The Genzyme kit produced levels which were
approximately ten-fold greater than values detected using the ultra-sensitive Serotec ELISA.
Since both assays were run by the same person and kit standards were used in each assay a

possible explanation for the discrepancy between the two results is that the specimen values
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obtained are in the lower part of the standard curve and are therefore inaccurate. When TNF-a
levels in the PPVL group were compared with sham animals using the ultrasensitive ELISA kit,
the levels detected were again at the low end of the standard curve and were insufficiently high
above background to determine a clear effect of N-acetylcysteine. This is consistent with the
notion that TNF-a may exert a biological effect in vivo even if it is undetectable in the
circulation (Lopez-Talavera et al. 1995). Furthermore, the lack of correlation between the
plasma levels of TNF-a and the haemodynamic status has been described by several groups
(Lopez-Talavera et al. 1995, Sakurai et al. 1993, Calandra et al. 1990). This is probably due to
the fact that the TNF-a effect is amplified by a cascade of events which in turn are mediated by
other cytokines and metabolic products. In addition to this the processes initiated by TNF-o may
persist for a relatively long time after TNF-a is no longer present in the blood (Lopez-Talavera
et al. 1995)

The stimulus causing macrophage activation and TNF-o secretion in this model is
unknown. Endotoxaemia has not been observed in arterial samples obtained from rats that have
undergone PPVL (Mehta et al. 1990, Lee et al. 1996). However, bacterial translocation has been
observed in mesenteric lymph nodes (Garcia-Tsao et al. 1995, Sorell et al. 1993) as well as in
blood cultures (Sorell et al. 1993) in this model. Thus, macrophages may have been activated
within the lymph nodes even in the absence of circulating endotoxin. However, treatment with
antibiotics has no influence on the systemic and splanchnic haemodynamics following PPVL
suggesting that gut derived toxins are not important in this process (Mehta et al. 1990, Garcia-
Tsao et al. 1995, Sorell et al. 1993, Lee et al. 1996).

It has been proposed that excessive NO mediates the generation of the hyperdynamic
circulation of portal hypertension (Pizcueta et al. 1992, Garcia-Pagan et al. 1994, Pilette et al.
1996a). The observation in this study that plasma nitrite and nitrate are increased following
PPVL support other data indicative of increased NO synthesis (Cahill et al. 1996, Hori et al.
1995). Increased synthesis of NO is presumably a consequence of TNF-a production which
causes induction of nitric oxide synthase. However, in these studies we failed to demonstrate a

significant effect of N-acetylcysteine and pyrrolidine on plasma nitrite and nitrate levels. What
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was observed were trends which appeared to correspond with the urinary excretion values of F,-
isoprostanes. N-acetylcysteine showed a trend towards lower plasma nitrite and nitrate whereas
pyrrolidine showed the opposite. The effect of treatment with BB-1101 caused an increased
circulating plasma level of nitrite and nitrate compared to placebo-treated PPVL rats indicative
of increased nitric oxide synthesis. This may explain why there was an increased urinary
excretion of F,-isoprostanes as the increased nitric oxide levels may have enhanced peroxynitrite
production (Radi et al. 1991) and its subsequent effects on lipid peroxidation (Moore et al.
1995) One would therefore expect this drug to result in a worsening of the hyperdynamic
circulation if this was mediated purely by nitric oxide. It therefore remains unclear as to whether
nitric oxide is the key mediator of the hyperdynamic circulation or whether other mediators are

just as important.

The initial observations that the oxidant stress and activation of NF-kB occur in the
portal hypertensive rat and are inhibited by N-acetylcysteine, lead to the natural question as to
whether long term administration of this drug could, by blocking the signalling pathways
involved in cytokine activation, prevent the development of the hyperdynamic circulation.
However, the effects of chronic administration of N-acetylcysteine have not previously been
studied in models of portal hypertension or cirrthosis. It was also interesting to discover if other
drugs that inhibit NF-xB and TNF-a could also abrogate the hyperdynamic circulation following
PPVL since according to the hypothesis both proteins are postulated to have significant roles in
the haemodynamic response. Pyrrolidine was used as it was shown to inhibit NF-xB in an
experimental model of glomerulonephritis (Sakurai et al. 1996). BB-1101 was chosen as it was
shown previously to have anti-TNF-a effects (Clements et al. 1997) although in the PPVL
studies we failed to demonstrate anti-TNF-o effects.

The demonstration that N-acetylcysteine prevents the development of the hyperdynamic
circulation as well as portal hypertension in the PPVL rat strongly suggests that oxidant stress is
important in these changes in this experimental model. The findings that both pyrrolidine and

BB-1101 prevents the hyperdynamic circulation are both interesting since both treatments
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resulted in increased oxidant stress in this model. They may however help to identify the level at
which oxidant stress generates the hyperdynamic state. Pyrrolidine resulted in increased F»-
isoprostane excretion but inhibited NF-xB. The expected downstream effects of this would be
the reduced mediation of the hyperdynamic circulation by nitric oxide but in fact there were
elevated levels of nitrite and nitrate indicative of increased nitric oxide. It is therefore likely that
another mediator or factor is involved in the process. A similar discrepancy was observed in the
BB-1101-treated group. There was a significantly higher urinary Fr-isoprostane excretion
indicative of increased oxidant stress, reduced activation of NF-xB activation but increased
circulating plasma nitrite and nitrate. This also implies that an additional mediator separate from
nitric oxide is important in mediating the hyperdynamic circulation.

Currently, it is generally believed that the predominant site of vasodilatation involves
the mesenteric vascular bed (Cahill et al. 1996, Ghosh and Baltimore, 1990) which will increase
portal venous inflow. Lopez-Talavera and colleagues also observed that anti-TNF-o antibody
administration and thalidomide treatment decreased portal pressure (Lopez-Talavera et al. 1995,
Lopez-Talavera et al. 1996). In the current studies portal pressure was also decreased by chronic
treatment with N-acetylcysteine, pyrrolidine and BB-1101. This suggests the hyperdynamic
circulation is important in sustaining elevated portal pressure following PPVL, presumably by

increasing portal venous inflow since the mechanical obstruction remains unaltered.

4.2 Criticisms and Possible Areas for Future Work

In these studies approximately 10% of the animals died during the experimental period.
This either happened during the first three days after surgery or prematurely during the
haemodynamic study. Post-mortem examinations were performed where possible and in the
majority of the early cases it appeared that the cause of death was through peritonitis secondary
to perforation of the bowel. This was likely to be caused by the intraperitoneal injections which
were the route of administration for three of the four groups. There was a higher likelihood of
causing peritonitis in the PPVL group since the bowel was oedematous and ischaemic during the

early post-operative period. When the animals died during the haemodynamic studies it
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appeared that this was as a result of overdosage with sodium pentobarbitone despite taking the
precautions of carefully weighing the animals and giving the appropriate dose by weight. The
fact that animals died during the experimental period is of significance as it may be a source of
bias. Animals with a greater morbidity may not survive long enough to be studied and an
argument can be put forward that these animals are the important ones to study as they may
reflect inadequacies of the treatments. Surprisingly, there is a paucity of published data relating

to the mortality of this particular model.

Future work progressing from this thesis should pursue the role of antioxidant therapy in
the abrogation of the hyperdynamic response. The first stage should involve studying other
models of portal hypertension such as the bile duct ligated rat or carbon tetrachloride-induced
cirrhotic rat. One study has already shown a reduced antioxidative capacity in liver mitochondria
from bile duct ligated rats suggestive of an increased oxidant stress in these animals (Krahenbuhl
et al.1995). A more recent study investigating the antioxidant enzyme status in treated bile duct
ligated rats demonstrated as an incidental finding a significant reduction in portal pressure and
spleen weight in chronic N-acetylcysteine-treated animals (Pastor et al. 1997). Unfortunately, no
other haemodynamic measurements were made in this paper but it would be of considerable
interest to determine if other haemodynamic variables were altered too. It is already known that
the carbon tetrachloride model of cirrhosis is associated with significant lipid peroxidation
(Morrow et al. 1992b) and activation of NF-xB which can be prevented by treatment with
vitamin E (Liu et al. 1995). As the aim of this particular study was to establish a correlation
between NF-«xB activation and liver cell injury no haemodynamic measurements were made.
However, a more recent study by Lopez-Talavera et al. demonstrated that the hyperdynamic
circulation in carbon tetrachloride-induced cirthotic rats could be ameliorated by the
administration of tyrphostins (Lopez-Talavera et al. 1997). These are specific inhibitors of
protein tyrosine kinase and they block the signalling effects induced by TNF-a and nitric oxide

production. It would be very interesting to investigate whether antioxidant treatment has any
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beneficial haemodynamic effects in this model since the mechanism of blocking the signal
transduction pathways may be similar.

N-acetylcysteine and other antioxidants could be used separately or in combination in
different models to find the ideal therapy for manipulation of the hyperdynamic circulation. In
addition it would of clinical relevance to investigate the therapeutic effect of these drugs
following the development of the abnormal circulatory changes rather than trying to prevent the

changes from occurring as has been done in this thesis.

With respect to the current model it is important to identify another mediator or
mediators which could have been manipulated by pharmacological treatment to abrogate the
hyperdynamic response. It is highly likely that there are other mediators as both pyrrolidine and
BB-1101 both abrogated the hyperdynamic response without reducing lipid peroxidation.
Prostacyclin is a potential candidate as it has vasodilatory properties and levels have been shown
to be increased in PPVL rats (Hamilton et al. 1981, Hamilton et al. 1982). Moreover,
administration of indomethacin may attenuate the hyperdynamic circulation (Sitzmann et al.
1989, Sitzmann et al. 1991, Bruix et al 1985). An increase in prostacyclin production is
secondary to increased activity of constitutive cyclooxygenase enzyme (COX-1) or by the
expression of the inducible form of cyclooxygenase (COX-2). It should be noted that activity of
COX-1 and the constitutive form of nitric oxide synthase (¢cNOS) can be stimulated by common
physicochemical factors such as shear stress and neuropeptides (Hecker et al. 1993, De Nucci et
al.1988) and that expression of the inducible isoenzymes can be activated by common
proinflammatory agents such as endotoxin and cytokines (Masferrer et al. 1992, Knowles et al.
1990). Other studies have shown that cyclo-oxygenase II expression is upregulated by reactive
oxygen species (Feng et al. 1995). This suggests that prostacyclin production may be suppressed
by antioxidants. It would have been an interesting study to measure prostacyclin levels in the
study groups as this is possibly an important mediator in the mediation of the hyperdynamic

circulation.
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It has also been suggested that a humoral substance with vasoactive properties may
mediate the hyperdynamic circulation. Such a substance would be produced by the gut and
escape hepatic inactivation via intrahepatic or extrahepatic shunting such that it has elevated
levels in portal hypertension. There are many substances which fulfill part or all of these criteria
including histamine, S5-hydroxytryptamine, vasoactive intestinal polypeptide and glucagon.
Among these glucagon has been studied most vigorously. This 29-amino acid peptide is secreted
by the pancreatic-o cells and the oxyntic mucosa of the stomach and it is inactivated by the liver.
It is elevated in patients and animals with portal hypertension (Marco et al. 1973, Sherwin et al.
1974, Tkeda et al. 1986). In addition to its well known effect on carbohydrate metabolism
glucagon also has a vasodilatory effect and may be a cardiac inotrope at pharmacological doses
(Silva et al. 1990). However at physiological doses its vasoactive properties are less clear
(Sikuler et al. 1987 and Pizcueta et al. 1991). Whether glucagon is a mediator of the
hyperdynamic circulation is controversial since the levels observed in portal hypertensive
animals are a third of the levels which would induce haemodynamic changes in normal animals
(Cerini et al. 1989, Pizcueta et al. 1990, Benoit et al. 1984). Also after a period the vasoactive
effects of glucagon appear to diminish as a form of desensitisation occurs (Silva et al. 1990 and
Lee et al. 1988). It remains possible that glucagon may be an important mediator in the
induction of the hyperdynamic circulation but it is unlikely to be involved in its maintenance.
However, it is possible that another gut-derived mediator may be of importance.

Before determining the identity of these additional elusive mediators it is clear that more
information about the mechanism of action of the drugs used in these studies. The antioxidant
action of pyrrolidine for example is being challenged and recent data suggests that it acts as a
prooxidant (Moellering et al. in press). BB-1101 is a research drug and could have additional
actions to its documented anti-TNF-a effects and inhibitory effects of matrix metalloproteinases.
Furthermore it would have been ideal if the numbers in the BB-1101 group were increased to six
since four precluded adequate statistical analysis. Additional information about the actions of
these drugs could be achieved by altering the dose of the drugs administered and by studying

other models of portal hypertension or by cell culture studies.
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In this thesis I have demonstrated NF-kB activation only in whole liver. The reason why
whole tissue was studied instead of individual cell types was due to concerns that activation of
NF-xB may occur during the cell extraction process. Clearly it would be interesting to know
which cell type or types are exhibiting NF-kB activation but unfortunately this was not studied
during this period. Of particular interest would be whether the Kupffer cells are the predominant
liver cell involved. Kupffer cells are the resident macrophages of the liver and account for 15 %
of the total number of liver cells and 2.5 % of the cellular content of the liver (Kuiper et al.
1994). The normal function of Kupffer cells is to remove particulate and other foreign materials
form portal blood by phagocytosis. When they are activated Kupffer cells produce ROS,
cytokines and proteolytic enzymes and it is likely that this is secondary to activation of NF-kB.

NF-«xB activation in other tissues and organs were not formally assessed. It would have
been of interest to assess this in the superior mesenteric artery and portal vein since this was
where there appeared to be the greatest flux in blood flow immediately after PPVL and in the
subsequent period (Colombato et al. 1992). Another interesting question to answer would be
whether other organs such as the kidneys and spleen were involved or whether the activation of

NF-xB was limited purely to the liver.

As far as the role of TNF-a is concerned it would be useful to find a more reliable
method of demonstrating TNF-a activity since the ELISA kits do have problems in detecting
inactive and active TNF-a.. An alternative means of demonstrating TNF-o would be by
performing Northern blotting in extracted Kupffer cells to detect the degree of TNF-oo mRNA.
This too is unable to distinguish between the active and inactive forms of TNF-o but would
merely show if there is upregulation of TNF-a mRNA transcription. The bioassay does
overcome these problems to a certain extent as it detects only biologically active TNF-a. When
TNF-a levels were determined by Lopez-Talavera using a bioassay they found that there was a

5-10 fold increase in biological activity of TNF-a following PPVL compared to sham operated
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animals. However, it is important to realise that levels do not have to be increased for TNF-a to
exert a biological effect as it may behave in a paracrine fashion. Furthermore the processes
initiated by TNF-a, which include amplification by other cytokines and metabolic products, may

persist for a relatively long period of time after TNF-a is no longer in the blood.

In this thesis haemodynamic responses have been evaluated in anaesthetised animals.
These animals behave differently to unanaesthetised animals in that they have a lower cardiac
output and the distribution of this cardiac output may be significantly different resulting in
alterations of regional blood flows to different organs. Obviously the degree of these differences
depends on the type of anaesthetic used as well as the dosage. In these studies we used sodium
pentobarbitone which has previously been shown to maintain the hyperdynamic response in
PPVL rats compared to sham operated rats. Although this reagent induces a significant reduction
in the cardiac index it does not alter the regional blood flow to different organs and the

splanchnic bed (Lee et al. 1985).

Although there are several methods available for determining cardiac output, in these
studies I employed the thermodilution method. Other means of determining cardiac output
include injection of radiolabelled microspheres (McDevitt et al. 1976, Malik et al 1976 and
Ishise et al. 1990), injection of coloured microspheres (Coleman et al. 1974 and Matsunaga et al.
1980), injection of rubidium chloride (Mendell et al. 1971), use of electromagnetic or ultrasonic
probes and the direct Fick principle. Radiolabelled microspheres pose problems with sample
handling and disposal of radioactive substances. Furthermore, this method does not allow
multiple measurements since the radiolabelled microspheres can only be injected once per
animal unless different isotopes are used. In addition to this, the solutions used to inject the
microspheres may exert a significant hypotensive effect (Stanek et al. 1983). Electromagnetic
flow probes and ultrasonic Doppler flow probes are expensive and necessitate a thoracotomy on
the animal for implantation around the aorta with the additional risk of damaging the nerve

fibres which may be important in cardiac regulation. However, once in place these flow probes
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allow continuous monitoring and repeated determinations to be made in unanaesthetised animals
although only one animal can be studied at a time unless several probes are available. On the
basis of these limitations and also the fact that the budget did not allow purchase of a cardiac
output computer the thermodilution method using the Maclab computer system was developed.
This gave values which were comparable to values obtained for cardiac output using other
methods. However, this method also had its limitations. The main problem was of heat diffusion
of the thermal indicator, which may have caused an overestimation of cardiac output especially
in smaller animals (Kissling et al. 1993). Although this was reduced by minimal handling of the
syringe and by keeping the thermal indicator at room temperature this source of error was
inevitable. Another obvious problem was that repeat bolus injections of indicator influenced the
cardiac output as well as the temperature of the animal (Mannesmann and Muller, 1980) as a
function of volume and temperature of the injectate. Therefore, it was necessary to keep the
number of bolus injections to a minimum and to continuously monitor the temperature of the
animals. Finally, the fact that the animal had multiple cannulation of major vessels (carotid
artery, jugular vein, femoral artery and a portal vein tributary) would itself cause an alteration in
cardiac output and systemic vascular resistance. This source of error was unavoidable but since
the animals undergoing haemodynamic studies were of similar weights it was expected that
similar alterations would be seen in all the animals such that this error would not preclude

comparisons in haemodynamic variables.

The eventual aim from these studies is to perform clinical trials investigating the effect
of chronic administration of N-acetylcysteine, or other antioxidant therapy, in patients with
chronic liver disease and to reduce the severity and complications of portal hypertension. The
haemodynamic effects of N-acetylcysteine have already been evaluated in patients with liver
disease. One study performed in patients with fulminant hepatic failure demonstrated that an
acute injection of N-acetylcysteine caused a further reduction in systemic vascular resistance and
an increase in cardiac index together with an increased oxygen delivery to liver tissue thereby

accounting for its beneficial effect in preventing hepatic necrosis after paracetamol overdosage
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(Harrison et al. 1991). In another acute study performed in stable cirrhotic patients similar
haemodynamic effects were found with an increase in cardiac index and a reduction in systemic
vascular resistance, following a 30 minute infusion of N-acetylcysteine, but this did not cause
any benefit in oxygen delivery (Jones et al. 1994). It is interesting to note that in these two acute
studies the haemodynamic effects of N-acetylcysteine are opposite to the findings in this thesis
where N-acetylcysteine was administered chronically. A possible reason for this difference could
be due to the presence of nitric oxide forming complexes with proteins. In the cirrhotic these
nitric-oxide adducts such as nitrosoalbumin would circulate in the blood and the nitric oxide
would be released by the administration of N-acetylcysteine when the thiol group binds to the
protein causing nitric oxide displacement. If N-acetylcysteine is given acutely then this would
result in a sudden release of nitric oxide from these protein adducts and cause significant
vasodilatation as observed in the acute infusion study. The fact that the acute administration of
N-acetylcysteine causes vasodilatation is not new since this is well known to reverse
nitroglycerin tolerance (Torresi et al. 1985, Packer et al. 1987 and Pizzuli et al. 1997). If
however, N-acetylcysteine is administered chronically then these nitric oxide-protein adducts
may not be allowed to form since the thiol groups would prefentially bind to the proteins. This
would explain the increase in systemic vascular resistance in the PPVL studies. In other words
chronic administration of N-acetylcysteine prevents the formation of nitric oxide adducts which
under other conditions act as a store for nitric oxide. Meanwhile, the nitric oxide produced
would be immediately metabolised and rendered inactive on the endothelium.

It is therefore apparent that there are obvious differences between acute and chronic
administration of N-acetylcysteine. The haemodynamic effects of chronic administration of N-
acetylcysteine in cirrhotic patients are yet to be evaluated. Clearly this would be an interesting

area for future work.

4.3 Conclusions
It can be concluded that formation of reactive oxygen species causing oxidant stress and

activation of NF-kB may have an important role in the development of haemodynamic
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abnormalities following PPVL. Whilst it is probably via a cytokine-dependent pathway this was
not confirmed in these studies. Furthermore, the mediator may or not be nitric oxide. Since both
pyrrolidine and BB-1101 also caused abrogation of the hyperdynamic response with an apparent
increase in oxidant stress and nitric oxide production, it can also be concluded that factors other
than oxidant stress and nitric oxide can cause these haemodynamic changes.

However, the observation that chronic administration of the antioxidant N-acetylcysteine
to PPVL animals prevents the development of the hyperdynamic circulation and reverses portal

hypertension opens a further avenue for potential therapy of portal hypertension.

119



References

Adamson, G.M. and Billings, R.E. (1991) Tumor necrosis factor induced oxidative stress in
isolated mouse hepatocytes. Archives of Biochemistry & Biophysics 1 223-229.

Aderka, D., Englemann, H., Homnik, V., Skomick, Y., Levo, Y., Wallach, D. and Kushtai, G.
(1991) Increased serum levels of soluble receptors for tumor necrosis factor in cancer patients.
Cancer Research 51, 5602-5607.

Albillos, A., Colombato, L.A. and Groszmann, R.J. (1992) Vasodilatation and sodium retention
in prehepatic portal hypertension. Gastroenterology 102, 931-935.

Andrews, J.S., Berger, A.E. and Ware, C.F. (1990) Characterization of the receptor for tumor
necrosis factor (TNF) and lymphotoxin (LT) on human T lymphocytes. TNF and LT differ in
their receptor binding properties and the induction of MHC class I proteins on a human CD4+ T
cell hybridoma. Journal of Immunology 144, 2582-2591.

Archer, S. (1993) Measurement of nitric oxide in biological models. FASEB Journal 7, 349-
360.

Baeuerle, P.A. and Henkel, T. (1994) Function and activation of NF-kappa B in the immune
system. Annual Review of Immunology 12, 141-179.

Bast, A., Haenen, G.R. and Doelman, C.J. (1991) Oxidants and antioxidants: state of the art.
American Journal of Medicine 91, 2S-13S.

Bautista, A., Schuler, A., Spolarics, Z. and Spitzer, J.J. (1991) Tumor necrosis factor-alpha
stimulates superoxide anion generation by perfused rat liver and Kupffer cells. American
Journal of Physiology 261 (24):G891-G895.

Beckman, J.S., Beckman, T.W., Chen, J., Marshall, P.A. and Freeman, B.A. (1990) Apparent
hydroxyl radical production by peroxynitrite: implications for endothelial injury from nitric
oxide and superoxide. Proceedings of the National Academy of Sciences of the United States of
America 87, 1620-1624.

Beckman, J.S. and Koppenol, W.H. (1996) Nitric oxide, superoxide, and peroxynitrite: the
good, the bad, and ugly. American Journal of Physiology 271, C1424-37.

Benedetto, C., Bocci, A., Dianzani, M.U., Ghiringhello, B., Slater, T.F., Tomasi, A and Vannini,
V. (1981) Electron spin resonance studies on normal human uterus and cervix and on benign and
malignant uterine tumors. Cancer Research 41, 2936-2942.

Benoit, J.N., Barrowman, J.A., Harper, S.L., Kveitys, P.R. and Granger, D.N. (1984) Role of
humoral factors in the intestinal hyperemia associated with chronic portal hypertension.
American Journal of Physiology 247 (Gast Liver Phys 10):G486-G493.

Benoit, J.N.,, Womack, W.A., Hernandez, L. and Granger, D.N. (1985) "Forward" and
"backward" flow mechanisms of portal hypertension. Relative contributions in the rat model of
portal vein stenosis. Gastroenterology 89, 1092-1096.

Benoit, J.N., Zimmerman, B., Premen, A.J., Go, V.L. and Granger, D.N. (1986) Role of

glucagon in splanchnic hyperemia of chronic portal hypertension. American Journal of
Physiology 251, G674-7.

120



Beutler, B.A., Milsark, I. W. and Cerami, A. (1985) Cachectin/tumor necrosis factor: production,
distribution, and metabolic fate in vivo. Journal of Immunology 135, 3972-3977.

Boman, G., Backer, U., Larsson, S., Melander, B. and Wahlander, L. (1983) Oral acetylcysteine
reduces exacerbation rate in chronic bronchitis: report of a trial organized by the Swedish
Society for Pulmonary Diseases. Furopean Journal of Respiratory Diseases 64, 405-415.

Bosch, J., Navasa, M., Garcia-Pagan, J.C., DelLacy, AM. and Rodes, J. (1989) Portal
hypertension. Medical Clinics of North America 73, 931-953.

Bruix, J., Bosch, J., Kravetz, D., Mastai, R. and Rodes, J. (1985) Effects of prostaglandin
inhibition on systemic and hepatic hemodynamics in patients with cirrhosis of the liver.
Gastroenterology 88, 430-435.

Cahill, P.A., Foster, C., Redmond, E.M., Gingalewski, C., Wu, Y. and Sitzmann, J.V. (1995)
Enhanced nitric oxide synthase activity in portal hypertensive rabbits. Hepatology 22, 598-606.

Cahill, P.A., Redmond, E.M., Hodges, R., Zhang, S. and Sitzmann, J.V. (1996) Increased
endothelial nitric oxide synthase activity in the hyperemic vessels of portal hypertensive rats.
Journal of Hepatology 28, 370-378.

Calandra, T., Baumgartner, J., Grau, G.E., Wu, M., Lambert, P. and Schellekens, J. (1990)
Prognostic values of tumor necrosis factor/cachectin, interleukin-1, interferon-alpha and

interferon-gamma in the serum of patients with septic shock. Journal of Infectious Diseases 136
49-60.

Cerini, R., Koshy, A., Hadengue, A., Lee, S.S., Garnier, P. and Lebrec, D. (1989) Effects of
glucagon on systemic and splanchnic circulation in conscious rats with biliary cirrhosis. Journal
of Hepatology 9 69-74.

Chojkier, M. and Groszmann, R.J. (1981) Measurement of portal-systemic shunting in the rat by
using gamma-labeled microspheres. American Journal of Physiology 240, G371-5.

Clements, J. M., Cossins, J.A., Wells, G.M., Corkill, D.J., Helfrich, K., Wood, L.M., Pigott, R.,
Stabler, G., Ward, G.A., Gearing, A.J. and Miller, KM. (1997) Matrix metalloproteinase
expression during experimental autoimmune encephalomyelitis and effects of a combined
matrix metalloproteinase and tumour necrosis factor-alpha inhibitor. Journal of
Neuroimmunology 74, 85-94.

Coffman, F.D., Green, L M. and Ware, C.F. (1988) The relationship of receptor occupancy to
the kinetics of cell death mediated by tumor necrosis factor. Lymphokine Research 7, 371-383.

Coleman, T.G. (1974) Cardiac output by dye dilution in the conscious rat. Journal of Applied
Physiology 37, 452-455.

Colombato, L.A., Albillos, A. and Groszmann, R.J. (1992) Temporal relationship of peripheral
vasodilatation, plasma volume expansion and the hyperdynamic circulatory state in portal-
hypertensive rats. Hepatology 15, 323-328.

De Nucci, G., Gryglewski, R.J., Warner, T.D. and Vane, J.R. (1988) Receptor-mediated release
of endothelium-derived relaxing factor and prostacyclin from bovine aortic endothelial cells is

coupled. Proceedings of the National Academy of Sciences of the United States of America 85,
2334-2338.

121



Delanty, N., Reilly, M., Pratico, D., FitzGerald, D.J., Lawson, J.A., FitzGerald and GA. (1996)
8-Epi PGF2 alpha: specific analysis of an isoeicosanoid as an index of oxidant stress in vivo.
British Journal of Clinical Pharmacology 42, 15-19.

Digel, W., Porzsolt, F., Schmid, M., Herrmann, F., Lesslauer, W. and Brockhaus, M. (1992)
High levels of circulating soluble receptors for tumor necrosis factor in hairy cell leukemia and
type B chronic lymphocytic leukemia. Journal of Clinical Investigation 89, 1690-1693.

Esterbauer, H. and Cheeseman, K.H. (1990) Determination of aldehydic lipid peroxidation
products: malonaldehyde and 4-hydroxynonenal. Methods in Enzymology 186, 407-421.

Feng, L., Xia, Y., Garcia, G.E., Hwang, D. and Wilson, C.B. (1995) Involvement of reactive
oxygen intermediates in cyclooxygenase-2 expression induced by interleukin-1, tumor necrosis
factor-alpha, and lipopolysaccharide. Journal of Clinical Investigation 95, 1669-1675.

Frater-Schroder, M., Risau, W., Hallmann, R., Gautschi, P. and Bohlen, P. (1987) Tumor
necrosis factor type alpha, a potent inhibitor of endothelial cell growth in vitro, is angiogenic in
vivo. Proceedings of the National Academy of Sciences of the United States of America 84,
5277-5281.

Galter, D., Mihm, S. and Droge, W. (1994) Distinct effects of glutathione disulphide on the
nuclear transcription factor kappa B and the activator protein-1. European Journal of
Biochemistry 221, 639-648.

Gamble, J.R., Harlan, JM., Klebanoff, S.J. and Vadas, M.A. (1985) Stimulation of the
adherence of neutrophils to umbilical vein endothelium by human recombinant tumor necrosis
factor. Proceedings of the National Academy of Sciences of the United States of America 82,
8667-8671.

Garcia-Pagan, J.C., Fernandez, M., Bemadich, C., Pizcueta, P., Pique, J.M., Bosch, J. and
Rodes, J. (1994) Effects of continued NO inhibition on portal hypertensive syndrome after
portal vein stenosis in rat. American Journal of Physiology 267, G984-90.

Garcia-Tsao, G., Albillos, A., Barden, G.E. and West, A.B. (1993) Bacterial translocation in
acute and chronic portal hypertension. Hepatology 17, 1081-1085.

Garcia-Tsao, G., Lee, F.Y., Barden, G.E., Cartun, R. and West, A.B. (1995) Bacterial
translocation to mesenteric lymph nodes is increased in cirthotic rats with ascites.
Gastroenterology 108, 1835-1841.

Genecin, P., Polio, J., Colombato, L.A., Ferraioli, G., Reuben, A., Groszmann and RJ. (1990a)
Bile acids do not mediate the hyperdynamic circulation in portal hypertensive rats. American
Journal of Physiology 259, G21-5.

Genecin, P., Polio, J. and Groszmann, R.J. (1990b) Na restriction blunts expansion of plasma
volume and ameliorates hyperdynamic circulation in portal hypertension. American Journal of
Physiology 259, G498-503.

Geng, Y., Hansson G and Holme E (1992) Interferon-gamma and tumor necrosis factor
synergize to induce nitric oxide production and inhibit mitochondrial respiration in vascular

smooth muscle cells. Circulation Research 71 1268-1276.

Ghosh, S. and Baltimore, D. (1990) Activation in vitro of NF-kappa B by phosphorylation of its
inhibitor I kappa B. Nature 344, 678-682.

122



Grilli, M., Chiu, J.J. and Lenardo, M.J. (1993) NF-kappa B and Rel: participants in a multiform
transcriptional regulatory system. International Review of Cytology 143, 1-62.

Grisham, M.B., Johnson, G.G. and Lancaster, J.R., Jr. (1996) Quantitation of nitrate and nitrite
in extracellular fluids. Methods in Enzymology 268, 237-246.

Halliwell, B. and Gutteridge, J.M.C. (1997) Free Radicals in Biology and Medicine, 2nd edn.
Oxford: Clarendon Press.

Hamilton, G., Rosza, 1., Hutton, R., Chow, F.P., Dandona, P. and Hobbs, K.E. (1981) Portal
vein prostacyclin activity in experimental portal hypertension in rats. Clinical Science 60, 327-
329.

Hamilton, G., Phing, R.C., Hutton, R.A., Dandona, P. and Hobbs, K.E. (1982) The relationship
between prostacyclin activity and pressure in the portal vein. Hepatology 2, 236-242.

Harbrecht, B.G., Di Silvio, M., Demetris, A.J., Simmons, R.L. and Billiar, T.R. (1994) Tumor
necrosis factor-alpha regulates in vivo nitric oxide synthesis and induces liver injury during
endotoxemia. Hepatology 20, 1055-1060.

Harrison, P.M., Wendon, J.A., Gimson, A.E.S., Alexander, G.J.M. and Williams, R. (1991)
Improvement by acetylcysteine of hemodynamics and oxygen transport in fulminant hepatic
failure. New England Journal of Medicine 324, 1852-1857.

Hattori, Y., Nakanishi, N., Kasai, K., Murakami, Y. and Shimoda, S. (1996a)
Tetrahydrobiopterin and GTP cyclohydrolase I in a rat model of endotoxic shock: relation to
nitric oxide synthesis. Experimental Physiology 81, 665-671.

Hattori, Y., Nakanishi, N., Kasai, K., Shimoda, S.I. and Gross, S.S. (1996b) Pyrrolidine
dithiocarbamate inhibits immunostimulant-induced tetrahydrobiopterin synthesis in rat vascular
smooth muscle. European Journal of Pharmacology 296, 107-112.

Hecker, M., Mulsch, A., Bassenge, E. and Busse, R. (1993) Vasoconstriction and increased
flow: two principal mechanisms of shear stress-dependent endothelial autacoid release.
American Journal of Physiology 265, H828-33.

Hesse, D.G., Tracey, K.J., Fong, Y., Manogue, K.R., Palladino, M.A,, Jr., Cerami, A., Shires,
G.T. and Lowry, S.F. (1988) Cytokine appearance in human endotoxemia and primate
bacteremia. Surgery, Gynecology & Obstetrics 166, 147-153.

Hibbs, J.B., Jr., Westenfelder, C., Taintor, R., Vavrin, Z., Kablitz, C., Baranowski, R.L., Ward,
J.H., Menlove, R.L., McMurry, M.P., Kushner, J.P. and et al. (1992) Evidence for cytokine-
inducible nitric oxide synthesis from L-arginine in patients receiving interleukin-2 therapy
Journal of Clinical Investigation 89, 867-877.

Hori, N., Takahashi, H., Okanoue, T., Sawa, Y., Mori, T., Takami, S., Yoshimura, M and
Kashima, K. (1995) Augmented endogenous nitric oxide production in partial portal vein-ligated
rats. Clinical & Experimental Pharmacology & Physiology 22, 506-511.

Hughes, H., Smith, C.V., Tsokos-Kuhn, J.O. and Mitchell, J.R. (1986) Quantitation of lipid
peroxidation products by gas chromatography-mass spectrometry. Analytical Biochemistry 152,
107-112.

Ignarro, L.J., Fukuto, J.M., Griscavage, J.M., Rogers, N.E. and Byrns, R.E. (1993) Oxidation of
nitric oxide in aqueous solution to nitrite but not nitrate: comparison with enzymatically formed

123



nitric oxide from L-arginine. Proceedings of the National Academy of Sciences of the United
States of America 90, 8103-8107.

Ikeda, T., Takeuchi, T., Murakami, I., Mokuda, O., Tominaga, M. and Mashiba, H. (1986)
Secretion and degradation of insulin and glucagon in carbon tetrachloride-induced liver injury
rats. American Journal of Physiology 251 (Endocrinol Metab 14):E660-E663.

Ishise, S., Pegram, B.L., Yamamoto, J., Kitamura, Y. and Frohlich, E.D. (1980) Reference
sample microsphere method: cardiac output and blood flows in conscious rat. American Journal
of Physiology 239, H443-H449.

Israel, N., Gougerot-Pocidalo, M.A., Aillet, F. and Virelizier, J.L. (1992) Redox status of cells
influences constitutive or induced NF-kappa B translocation and HIV long terminal repeat
activity in human T and monocytic cell lines. Journal of Immunology 149, 3386-3393.

Johnson, J., Brigham, K.L., Jesmok, G. and Meyrick, B. (1991) Morphologic changes in lungs
of anesthetized sheep following intravenous infusion of recombinant tumor necrosis factor
alpha. American Review of Respiratory Disease 144, 179-186.

Jones, A.L., Bangash, LH., Bouchier, .A.D. and Hayes, P.C. (1994} Portal and systemic
haemodynamic action of N-acetylcysteine in patients with stable cirrhosis. Gut 35, 1290-1293.

Knowles, R.G., Salter, M., Brooks, S.L. and Moncada, S. (1990) Anti-inflammatory
glucocorticoids inhibit the induction by endotoxin of nitric oxide synthase in the lung, liver and
aorta of the rat. Biochemical & Biophysical Research Communications 172, 1042-1048.

Kalebic, T., Kinter, A., Poli, G.,, Anderson, M.E., Meister, A. and Fauci, A.S. (1991)
Suppression of human immunodeficiency virus expression in chronically infected monocytic
cells by glutathione, glutathione ester, and N-acetylcysteine. Proceedings of the National
Academy of Sciences of the United States of America 88, 986-990.

Kalinkovich, A., Engelmann, H., Harpaz, N., Burstein, R., Barak, V., Kalickman, I, Wallach, D.
and Bentwich, Z. (1992) Elevated serum levels of soluble tumour necrosis factor receptors
(STNF-R) in patients with HIV infection. Clinical & Experimental Immunology 89, 351-355.

Keays, R., Harrison, P.M., Wendon, J.A., Forbes, A., Gove, C., Alexander, G.J. and Williams,
R. (1991) Intravenous acetylcysteine in paracetamol induced fulminant hepatic failure: a
prospective controlled trial. BAMJ 303, 1026-1029.

Kikugawa, K., Hiramoto, K., Okamoto, Y. and Hasegawa, Y.K. (1994) Enhancement of
nitrogen dioxide-induced lipid peroxidation and DNA strand breaking by cysteine and
glutathione. Free Radical Research 21, 399-408.

Kilbourn, R.G., Gross, S.S., Jubran, A., Adams, J., Griffith, O.W., Levi, R. and Lodato, R.F.
(1990) NG-methyl-L-arginine inhibits tumor necrosis factor-induced hypotension: implications
for the involvement of nitric oxide. Proceedings of the National Academy of Sciences of the
United States of America 87, 3629-3632.

Kissling, G., Ross, C. and Brandle, M. (1993) Validity of thermal dilution technique for
measurement of cardiac output in rats. American Journal of Physiology 265, H1007-13.

Kowalski H J and Abelman W H (1953) The cardiac output at rest in Laennec cirrhosis. Journal
of Clinical Investigation 1025-1033.

Krahenbuhl, S., Talos, C., Lauterburg, B.H. and Reichen, J. (1995) Reduced antioxidative
capacity in liver mitochondria from bile duct ligated rats. Hepatology 22 607-612.

124



Kravetz, D., Bosch, J., Arderiu, M.T., Pizcueta, M.P., Casamitjana, R., Rivera, F. and Rodes, J.
(1988) Effects of somatostatin on splanchnic hemodynamics and plasma glucagon in portal
hypertensive rats. American Journal of Physiology 254, G322-8.

Kuiper, J., Brouwer, A. and Knook, D.L. (1994) Kupffer and sinusoidal endothelial cells. In:
Arias, A.M.,, Boyer, J.L., Fausto, N., Jakoby, W.B., Schachter, D.A. and Shafritz, D.A. (Eds.)
The liver: biology and pathobiology, 4th edn. pp. 791-818. New York: Raven Press]

Mannesmann, G. and Muller, B. (1980) Measurement of cardiac output by the thermodilution
method in rats: the effect of different volumes and temperatures of the indicator solution on
cardiac output measurements and on cardiodynamics and hemodynamics of the anesthetized rat.
Journal of Pharmacological Methods 4, 11-18.

Lee, F.Y., Colombato, L.A., Albillos, A. and Groszmann, R.J. (1993) N omega-nitro-L-arginine
administration corrects peripheral vasodilation and systemic capillary hypotension and
ameliorates plasma volume expansion and sodium retention in portal hypertensive rats.
Hepatology 17, 84-90.

Lee, F.Y., Wang, S.S., Yang, M.C,, Tsai, Y.T., Wu, S.L., Lu, R.H,, Chan, C.Y. and Lee, S.D.
(1996) Role of endotoxaemia in hyperdynamic circulation in rats with extrahepatic or
intrahepatic portal hypertension. Journal of Gastroenterology & Hepatology 11, 152-158.

Lee, S.S., Girod, C., Valla, D., Geoffroy, P. and Lebrec, D. (1985) Effects of pentobarbital
sodium anesthesia on splanchnic hemodynamics of normal and portal-hypertensive rats.
American Journal of Physiology 249, G528-32.

Lee, S.S., Moreau, R., Hadengue, A., Cerini, R., Koshy, A. and Lebrec, D. (1988) Glucagon
selectively increases splanchnic blood flow in patients with well compensated cirrhosis.
Hepatology 8 1501-1505.

Liu, S.L., Esposti, S.D., Yao, T., Diehl, A.M. and Zern, M.A. (1995) Vitamin E therapy of acute
carbon tetrachloride -induced liver injury in mice is associated with inhibition of nuclear factor
kappa B binding. Hepatology 22 1474-1481.

Lopez-Talavera, J.C., Merrill, W.W. and Groszmann, R.J. (1995) Tumor necrosis factor alpha: a
major contributor to the hyperdynamic circulation in prehepatic portal-hypertensive rats.
Gastroenterology 108, 761-767.

Lopez-Talavera, J.C., Cadelina, G., Olchowski, J., Merrill, W. and Groszmann, R.J. (1996)
Thalidomide inhibits tumor necrosis factor alpha, decreases nitric oxide synthesis, and

ameliorates the hyperdynamic circulatory syndrome in portal-hypertensive rats. Hepatology 23,
1616-1621.

Lopez-Talavera, J.C., Levitzki, A., Martinez, M., Gazit, A., Esteban, R. and Guardia, J. (1997)
Tyrosine kinase inhibition ameliorates the hyperdynamic state and decreases nitric oxide
production in cirrhotic rats with portal hypertension and ascites. Journal of Clinical
Investigation 100 664-670.

Malik, A.B., Kaplan, J.E. and Saba, T.M. (1976) Reference sample method for cardiac output
and regional blood flow determinations in the rat. Journal of Applied Physiology 40, 472-475.

Manning, A.M., Billah, M.M., Rosenbloom, C.L., Chosay, J.G., Simmons, C.A., Northup, J.L.,
Shebuski, R.J., Dunn, C.J. and Anderson, D.C. (1995) NF-kB is activated during acute
inflammation in vivo in association with elevated endothelial cell adhesion molecule gene
expression and leukocyte recruitment. Journal of inflammation 45, 283-296.

125



Marco, J., Deigo, J., Villanueva, M.L., Diaz-Fierros, M., Valverde, 1. and Segovia, J. M. (1973)
Elevated plasma glucagon levels in cirrhosis of the liver. New England Journal of Medicine 2
1107-1111.

Masferrer, J.L., Seibert, K., Zweifel, B. and Needleman, P. (1992) Endogenous glucocorticoids
regulate an inducible cyclooxygenase enzyme. Proceedings of the National Academy of
Sciences of the United States of America 89, 3917-3921.

Mathias, S., Younes, A., Kan, C.C., Orlow, 1., Joseph, C. and Kolesnick, R.N. (1993) Activation
of the sphingomyelin signaling pathway in intact EL4 cells and in a cell-free system by IL-1
beta. Science 259, 519-522.

Matsunaga, K., Imamura, N. and Ueda, M. (1980) Cardiac output by dye dilution using a left
carotid loop in conscious rats. Journal of Pharmacological Methods 4, 1-10.

McDevitt, D.G. and Nies, A.S. (1976) Simultaneous measurement of cardiac output and its
distribution with microspheres in the rat. Cardiovascular Research 10, 494-498.

Mehta, R., Gottstein, J., Zeller, W.P., Lichtenberg, R. and Blei, A.T. (1990) Endotoxin and the
hyperdynamic circulation of portal vein-ligated rats. Hepatology 12, 1152-1156.

Mendell, P.L. and Hollenberg, N.K. (1971) Cardiac output distribution in the rat: comparison of
rubidium and microsphere methods. American Journal of Physiology 221, 1617-1620.

Mihm, S., Ennen, J., Pessara, U., Kurth, R. and Droge, W. (1991) Inhibition of HIV-1
replication and NF-kappa B activity by cysteine and cysteine derivatives. AIDS S, 497-503.

Moellering, D., McAndrew, J., Hanjoong, J. and Darley-Usmar, V. (1999) Effects of pyrrolidine
dithiocarbamate on endothelial cells: protection against oxidative stress and apoptosis. Journal
of Biological Chemistry (in press):

Moore, K.P., Darley-Usmar, V., Morrow, J. and Roberts, L.J., 2nd. (1995) Formation of F2-
isoprostanes during the oxidation of human low density lipoprotein by peroxynitrite. Advances
in Prostaglandin, Thromboxane, & Leukotriene Research 23, 225-227.

Morrow, J.D., Awad, J.A., Boss, H.J,, Blair, LA. and Roberts, L.J., 2d. (1992) Non-
cyclooxygenase-derived prostanoids (F2-isoprostanes) are formed in situ on phospholipids.
Proceedings of the National Academy of Sciences of the United States of America 89, 10721-
10725.

Morrow, J.D., Awad, J.A., Kato, T., Takahashi, K., Badr, K.F., Roberts, L.J., 2nd and Burk,
R.F. (1992) Formation of novel non-cyclooxygenase-derived prostanoids (F2-isoprostanes) in
carbon tetrachloride hepatotoxicity: an animal model of lipid peroxidation. Journal of Clinical
Investigation 90 2502-2507.

Morrow, J.D. and Roberts, L.J., 2nd. (1994) Mass spectrometry of prostanoids: F2-isoprostanes
produced by non-cyclooxygenase free radical-catalyzed mechanism. Methods in Enzymology
233, 163-174.

Murakami, S., Bernardo, J.F., Branch, R.A. and Sabra, R. (1996) Adenosine does not mediate

renal sodium retention and peripheral vasodilation elicited by partial portal vein ligation in rats.
Hepatology 23, 346-352.

126



Muriel, P., Suarez, O.R., Gonzalez, P. and Zuniga, L. (1994) Protective effect of S-adenosyl-1-
methionine on liver damage induced by biliary obstruction in rats: a histological, ultrastructural
and biochemical approach. Journal of Hepatology 21, 95-102.

Nakano, H., Boudjema, K., Alexandre, E., Imbs, P., Chenard, M.P., Wolf, P., Cinqualbre, J. and
Jaeck, D. (1995) Protective effects of N-acetylcysteine on hypothermic ischemia-reperfusion
injury of rat liver. Hepatology 22, 539-545.

Niederberger, M., Gines, P., Martin, P.Y., Tsai, P., Morris, K., McMurtry, I. and Schrier, R W.
(1996) Comparison of vascular nitric oxide production and systemic hemodynamics in cirrhosis
versus prehepatic portal hypertension in rats. Hepatology 24, 947-951.

Oberti, F., Sogni, P., Cailmail, S., Moreau, R., Pipy, B. and Lebrec, D. (1993) Role of
prostacyclin in hemodynamic alterations in conscious rats with extrahepatic or intrahepatic
portal hypertension. Hepatology 18, 621-627.

Old, L.J. (1985) Tumor necrosis factor (TNF). Science 230, 630-632.

Packer, M., Lee, W.H., Kessler, P.D., Gottlieb, S.S., Medina, N. and Yushak, M. (1987)
Prevention and reversal of nitrate tolerance in patients with congestive heart failure. New
England Journal of Medicine 317 799-804.

Pastor A., Collado, P.S., Almar, M. and Gonzalez-Gallego, J. (1997) Antioxidant enzyme status
in biliary obstructed rats: effects of N-acetylcysteine. Journal of Hepatology 27, 363-370.

Pilette, C., Kirstetter, P., Sogni, P., Cailmail, S., Moreau, R. and Lebrec, D. (1996a) Dose-
dependent effects of a nitric oxide biosynthesis inhibitor on hyperdynamic circulation in two

models of portal hypertension in conscious rats. Journal of Gastroenterology & Hepatology 11,
1-6.

Pilette, C., Morean, R., Sogni, P., Kirstetter, P., Cailmail, S., Pussard, E. and Lebrec, D. (1996b)
Haemodynamic and hormonal responses to long-term inhibition of nitric oxide synthesis in rats
with portal hypertension. European Journal of Pharmacology 312, 63-68.

Pizcueta, M.P., Casamitjana, R., Bosch, J. and Rodes, J. (1990) Decreased systemic vascular
sensitivity to norepinephrine in portal hypertensive rats: role of hyperglucagonism. American
Journal of Physiology 258 (Gastro Liver Phys 21):G191-G195.

Pizcueta, M.P., de Lacy, A M., Kravetz, D., Bosch, J. and Rodes, J. (1989) Propranolol
decreases portal pressure without changing portocollateral resistance in cirrhotic rats.
Hepatology 10, 953-957.

Pizcueta, M.P., Garcia-Pagan, J.C., Fernandez, M., Casamitjana, R., Bosch, J. and Rodes, J.
(1991) Glucagon hinders the effects of somatostatin on portal hypertension. A study in rats with
partial portal vein ligation. Gastroenterology 101, 1710-1715.

Pizcueta, M.P., Pique, J.M., Bosch, J., Whittle, B.J. and Moncada, S. (1992) Effects of
inhibiting nitric oxide biosynthesis on the systemic and splanchnic circulation of rats with portal
hypertension. British Journal of Pharmacology 105, 184-190.

Pizzulli, L., Hagendorff, A., Zirtbes, M., Jung, W. and Luderitz, B. (1997) N-acetylcysteine
attenuates nitroglycerin tolerance in patients with angina pectoris and normal left ventricular
function. American Journal of Cardiology 79 28-33

Proctor, E. and Chatamra, K. (1982) High yield micronodular cirrhosis in the rat.
Gastroenterology 83, 1183-1190.

127



Qiu, Y., Bemier, M. and Hearse, D.J. (1990) The influence of N-acetylcysteine on cardiac
function and rhythm disorders during ischemia and reperfusion. Cardioscience 1, 65-74.

Radi, R., Beckman, J.S., Bush, K.M. and Freeman, B.A. (1991) Peroxynitrite-induced
membrane lipid peroxidation: the cytotoxic potential of superoxide and nitric oxide. Archives of
Biochemistry & Biophysics 288 (2):481-487.

Reilly, M.P., Delanty, N., Lawson, J.A. and FitzGerald, G.A. (1996) Modulation of oxidant
stress in vivo in chronic cigarette smokers. Circulation 94 19-25.

Rice, N.R. and Emst, M.K. (1993) In vivo control of NF-kappa B activation by I kappa B.
EMBO Journal 12 (12):4685-4695.

Roberts, L.J., 2nd and Morrow, J.D. (1994) Isoprostanes. Novel markers of endogenous lipid
peroxidation and potential mediators of oxidant injury. Annals of the New York Academy of
Sciences 744, 237-242.

Roberts, L.J.,, 2nd and Morrow, J.D. (1995) The isoprostanes: novel markers of lipid
peroxidation and potential mediators of oxidant injury. Advances in Prostaglandin,
Thromboxane, & Leukotriene Research 23, 219-224.

Sakurai, H., Hisada, Y., Ueno, M., Sugiura, M., Kawashima, K. and Sugita, T. (1996)
Activation of transcription factor NF-kappa B in experimental glomerulonephritis in rats.
Biochimica et Biophysica Acta 1316, 132-138.

Sakurai, Y., Zhang, X. and Wolfe, R.R. (1993) Short-term effects of tumor necrosis factor on
energy and substrate metabolism in dogs. Journal of Clinical Investigation 91 2437-2445.

Schreck, R., Rieber, P. and Baeuerle, P.A. (1991) Reactive oxygen intermediates as apparently
widely used messengers in the activation of the NF-kappa B transcription factor and HIV-1.
EMBO Journal 10, 2247-2258.

Schreck, R., Meier, B., Mannel, D.N., Droge, W. and Baeuerle, P.A. (1992) Dithiocarbamates
as potent inhibitors of nuclear factor kappa B activation in intact cells. Journal of Experimental
Medicine 175, 1181-1194.

Schreck, R. and Baeuerle, P.A. (1994) Assessing oxygen radicals as mediators in activation of
inducible eukaryotic transcription factor NF-kappa B. Methods in Enzymology 234, 151-163.

Schutze, S., Wiegmann, K., Machleidt, T. and Kronke, M. (1995) TNF-induced activation of
NF-kappa B. Immunobiology 193, 193-203.

Sherwin, R.S., Joshi, P., Hendler, R., Felig, P.H. and Conn, H.O. (1974) Hyperglucagonemia in
Laennec's cirrhosis: the role of portosystemic shunting. New England Journal of Medicine 290
239-242.

Sieber, C.C. and Groszmann, R.J. (1992a) In vitro hyporeactivity to methoxamine in portal
hypertensive rats: reversal by nitric oxide blockade. American Journal of Physiology 262,
G996-1001.

Sieber, C.C. and Groszmann, R.J. (1992b) Nitric oxide mediates hyporeactivity to vasopressors
in mesenteric vessels of portal hypertensive rats. Gastroenterology 103, 235-239.

128



Sikuler, E., Kravetz, D. and Groszmann, R.J. (1985) Evolution of portal hypertension and
mechanisms involved in its maintenance in a rat model. American Journal of Physiology 248,
G618-25.

Sikuler, E., Polio, J., Groszmann, R.J. and Hendler, R. (1987) Glucagon and insulin metabolism
in a portal-hypertensive rat model. American Journal of Physiology 253, G110-5.

Silva, G., Navasa, M. and Bosch, J. (1990) Haemodynamic effects of glucagon in portal
hypertension. Hepatology 11 668-673.

Sitzmann, J.V., Bulkley, G.B., Mitchell, M.C. and Campbell, K. (1989) Role of prostacyclin in
the splanchnic hyperemia contributing to portal hypertension. Annals of Surgery 209, 322-327.

Sitzmann, J.V., Li, S.S. and Adkinson, N.F. (1991) Evidence for role of prostacyclin as a
systemic hormone in portal hypertension. Surgery 109, 149-153.

Smith, J.L. and Graham, D.Y. (1982) Variceal hemorrhage: a critical evaluation of survival
analysis. Gastroenterology 82, 968-973.

Smith, R.A. and Baglioni, C. (1987) The active form of tumor necrosis factor is a trimer.
Journal of Biological Chemistry 262, 6951-6954.

Sogni, P., Sabry, S., Moreau, R., Gadano, A., Lebrec, D. and Dinh-Xuan, A-T. (1996)
Hyporeactivity of mesenteric resistance arteries in portal hypertensive rats. Journal of
Hepatology 24, 487-490.

Sorell, W.T., Quigley, EM., Jin, G., Johnson, T.J. and Rikkers, L.F. (1993) Bacterial
translocation in the portal-hypertensive rat: studies in basal conditions and on exposure to
hemorrhagic shock. Gastroenterology 104, 1722-1726.

Spink, J., Cohen, J. and Evans, T.J. (1995) The cytokine responsive vascular smooth muscle cell
enhancer of inducible nitric oxide synthase. Activation by nuclear factor-kappa B. Journal of
Biological Chemistry 270, 29541-29547.

Staal, F.J., Roederer, M. and Herzenberg, L.A. (1990) Intracellular thiols regulate activation of
nuclear factor kappa B and transcription of human immunodeficiency virus. Proceedings of the
National Academy of Sciences of the United States of America 87, 9943-9947.

Staal, F.J., Anderson, M.T. and Herzenberg, L.A. (1995) Redox regulation of activation of NF-
kappa B transcription factor complex: effects of N-acetylcysteine. Methods in Enzymology 252,
168-174.

Stanek, K.A., Smith, T.L., Murphy, W.R. and Coleman, T.G. (1983) Hemodynamic
disturbances in the rat as a function of the number of microspheres injected. American Journal
of Physiology 245, H920-3.

Stephens, K.E., Ishizaka, A., Larrick, J.W. and Raffin, T.A. (1988) Tumor necrosis factor causes
increased pulmonary permeability and edema. Comparison to septic acute lung injury. American

Review of Respiratory Disease 137, 1364-1370.

Torresi, J., Horowitz, J.D. and Dusting, G.J. (1985) Prevention and reversal of tolerance to
nitroglycerin with N-acetylcysteine. Journal of Cardiovascular Pharmacology T 777-783.

Van Zee, K.J., Kohno, T., Fischer, E., Rock, C.S., Moldawer, L.L. and Lowry, S.F. (1992)
Tumor necrosis factor soluble receptors circulate during experimental and clinical inflammation

129



and can protect against excessive tumor necrosis factor alpha in vitro and in vivo. Proceedings
ofthe National Academy o fSciences ofthe United States o fAmerica 89, 4845-4849.

Varani, J., Bendelow, M.J., Sealey, D.E., Kunkel, S.L., Gannon, D.E., Ryan, U.S. and Ward,
P.A. (1988) Tumor necrosis factor enhances susceptibility of vascular endothelial cells to
neutrophil-mediated killing. Laboratory Investigation 59, 292-295.

Visvanathan, K.V. and Goodboum, S. (1989) Double-stranded RNA activates binding of NF-

kappa B to an inducible element in the human beta-interferon promoter. EMBO Journal 8,
1129-1138.

Vorobioff, J., Bredfeldt, J.E. and Groszmann, R.J. (1983) Hyperdynamic circulation in portal-
hypertensive rat model: a primary factor for maintenance of chronic portal hypertension.
American Journal o fPhysiology 244, G52-7.

Vorobioff, J., Bredfeldt, J.E. and Groszmann, R.J. (1984) Increased blood flow through the
portal system in cirrhotic rats. Gastroenterology 87, 1120-1126.

Wayner, D.D., Burton, G.W., Ingold, K.U., Barclay, L.R. and Locke, S.J. (1987) The relative
contributions of vitamin E, urate, ascorbate and proteins to the total peroxyl radical-trapping
antioxidant activity of human blood plasma. Biochimica et Biophysica Acta 924, 408-419.

Ziegler-Heitbrock, H.W., Stemsdorf, T., Liese, J., Belohradsky, B., Weber, C., Wedel, A.,

Schreck, R., Bauerle, P. and Strobel, M. (1993) Pyrrolidine dithiocarbamate inhibits NF-kappa

B mobilization and TNF production in human monocytes. Journal o fImmunology 151, 6986-
6993.

MEDICAL LIBRARY
ROYAL FREr HOSPITAL
HAMPSTEAD

130



