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ABSTRACT

There is abundant evidence that liver disease is associated with both increased production of
reactive oxygen species and of nitric oxide. Previous studies of antioxidant therapy in advanced

liver disease have, however, shown only minimal effects on disease progression.

In this thesis, oxidative stress is shown to be increased in patients with liver disease by
quantification of plasma and urinary F,-isoprostanes. The F.-isoprostanes, in addition to being
markers of oxidant stress, are also vasoactive compounds. This is confirmed by the
demonstration that 8-isoprostaglandin F», causes intrahepatic vasoconstriction in rat livers, an
effect which is markedly enhanced in rats with secondary biliary cirrhosis, when compared to
controls. Ethanol is also shown to cause marked vasoconstriction in cirrhotic rats, though this

appears to be mediated by endothelins rather than isoprostanes.

The effects of antioxidant therapy on both disease progression and haemodynamic parameters
were studied. In bile duct ligated rats chronic administration of the antioxidant lipoic acid
prevents the development of the hyperdynamic circulation, in association with a reduced level
of nitric oxide synthase activity when compared to control rats. There is, however, no effect on

either histological or biochemical parameters.

The combination of increased nitric oxide production in the presence of reactive oxygen species
alters the chemistry and physiology of nitric oxide. Overproduction of a group of long acting
nitric oxide carrier molecules, the S-nitrosothiols, would be predicted under such circumstances.
In order to examine the biochemistry of S-nitrosothiols the development of a novel assay is
described, capable of measuring plasma concentrations of these compounds down to a
concentration of S nM. Using this assay normal plasma concentrations were shown to be orders

of magnitude lower than has been previously suggested.



ABSTRACT

New insights into the chemistry of S-nitrosothiols, in particular their generation by nitric oxide
under aerobic conditions, and their degradation by thiols through transnitrosation reactions is
described. This development has opened the way to future studies of the role of these

compounds in all disease processes including those involving the liver.
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CHAPTER -1 -INTRODUCTION

1.1 DEFINITIONS

1.1.1 Oxidative and Nitrosative Stress

Oxidative stress can be simply defined as a disturbance in the prooxidant - antioxidant balance
in favour of the former. Chemical species capable of causing oxidative stress are formed
as partially reduced metabolites of molecular oxygen. They include compounds such as
hydrogen peroxide and superoxide (O,’), which are constantly formed as a result of cellular
metabolism in mitochondria and peroxisomes as well as by enzyme systems such as the
cytochrome P450 enzymes, membrane associated oxidases, lipooxygenase, and xanthine
oxidase. Hydrogen peroxide. though a weaker oxidising agent than superoxide, functions as an
intermediate in the formation of more potent and toxic oxidants. such as hypochlorous acid,
formed by the action of myeloperoxidase, and the hydroxyl radical, formed by the oxidation of
transition metals. These partially reduced metabolites are referred to as reactive oxygen species

(ROS) due to their higher reactivity relative to molecular oxygen.

When produced in high concentrations, nitric oxide (NO) also functions as a source of highly
toxic oxidants called reactive nitrogen oxide species (RNOS), which are formed via the reaction
of NO with superoxide anion or molecular oxygen. These include peroxynitrite (ONOQO"),
nitroxyl radical, and nitrogen dioxide. The formation of ROS and RNOS is outlined in figure

1.1.

-16 -
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NO O, oxidase -

Transition
metal ions

e.g.. Fe2 [ myeloperoxidase ]-—> HOCF

RNOS  H,0,

Transition

metal ions
S

e.g. Fe-

OH-

Figure 1.1 Cellular sources of ROS and RNOS (from Bomzon and Ljubunic, 2001).

ROS and RNOS have an important positive role as a part of the host immunological defence
pathway. These molecules are generated appropriately by macrophages and neutrophils, in
order to eliminate microbes and other foreign material. However, production of high levels of
ROS and RNOS is potentially damaging to cellular macromolecules including lipids, proteins,

and DNA.

Cellular defence mechanisms have evolved to counteract the harmful effects of ROS and
RNOS. These antioxidant defence mechanisms can be broadly divided into enzymatic and non-
enzymatic systems. Free readical scavenging enzymes include superoxide dismutase (SOD),
catalase, and glutathione peroxidase. Non-enzymatic antioxidants include low molecular weight
compounds such as reduced glutathione (GSH) and vitamin E. This is further illustrated in

figure 1.2.

-17-



ENZYMATIC DEFENCES

Catalase
SOD 1

0, — 0O, + H,0, H,O + O,

L |

GSH Peroxidase

| I

GSH GSSG

GSH Reductase
NON-ENZYMATIC DEFENCES

Vitamin E. B-carotene, GSH., ascorbate

Figure 1.2. The major cellular antioxidant mechanisms.

Therefore the terms oxidative and nitrosative stress may be broadly defined as an imbalance
between ROS and/or RNOS production and the antioxidant capacity of the cell to prevent
oxidative or nitrosative injury. Overproduction of ROS and RNOS has been implicated in the
pathogenesis of numerous chronic inflammatory diseases, atherosclerosis, cancer, diabetes, and

the ageing process (Cross et al. 1987, Halliwell et al. 1992).

1.1.2 Circulatory Abnormalities in Liver Disease

Advanced liver disease is associated with the development of portal hypertension and a
hyperdynamic circulation. Together these changes are responsible for many of the life
threatening complications that occur in cirrhosis, including variceal bleeding, the development
of ascites and the hepatorenal syndrome, the hepatopulmonary syndrome, and hepatic

encephalopathy
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1.1.2.i Portal Hypertension

An increase in portal pressure is an early event in liver disease. It results from both an increase
in resistance to portal blood flow through the liver and an increase in the volume of portal
venous inflow. The latter occurs as a result of the hyperdynamic circulation, which is described

in more detail below.

The increase in resistance occurs due to both structural changes, such as nodule formation
occuring as a part of the cirrhotic process, and also due to increased resistance at the level of the
intrahepatic sinusoidal circulation. Whereas the structural changes are fixed, resistance at the
level of the intrahepatic sinusoids is under dynamic control. This was demonstrated by Bhathal
and Grossman (/985) who showed that infusion of sodium nitroprusside into isolated cirrhotic
rat livers, with a constant flow rate, could reduce portal pressure by 15%. They suggested that
blood flow was controlled at the sinusoidal level by perisinusoidal stellate cells, which, as a
result of liver injury, undergo phenotypic changes from fat storing lipocytes to contractile
myofibroblasts. Subsequently it has been shown that vasoconstrictors such as endothelin and
thromboxane A2 can cause these hepatic myofibroblasts to contract (Rockey and Weisiger 1996,
Kawada et al. 1992) and that the vasodilator nitric oxide can lead to their relaxation (Kawada et
al. 1993). Therefore the relative balance of these vasoactive compounds control sinusoidal

blood flow and thus influence portal pressure.

1.1.2.ii The Hyperdynamic Circulation

50 years ago it was first recognised that progressive liver disease is associated with the
development of well-defined circulatory abnormalities termed the hyperdynamic circulation
(Kowalski and Abelmann 1953). This is characterised by a low systemic vascular resistance,

high cardiac output, a low mean arterial pressure and an increased circulating blood volume.

The series of events leading from structural changes in the liver, and associated portal
hypertension, to the development of these haemodynamic changes remains unclear. Studies of

liver disease at various stages throughout its progression from early Childs A to decompensated
-19-



Childs C cirrhosis have demonstrated well defined physiological and anatomical stages, prior to
the development of the hyperdynamic circulation. An early feature contributing to the
development of portal hypertension, in addition to increased hepatic resistance, is portal venous
dilatation and an increase in portal venous blood flow (Benoit and Granger 1986). Another
early feature is subclinical sodium retention resulting in the expansion of all body fluid
compartments, including the systemic and central blood volumes (Bernardi et al. 1993, Wong et
al. 1994). An imbalance in the production of several vasoactive compounds have been

described.

Both endogenous vasodilators and vasoconstrictors are overproduced in liver disease. A major
problem in interpreting the role of these systems is establishing whether they are primary events
or compensatory secondary changes. Another paradox is that regional circulatory differences
exist in advanced liver disease. For example, whereas vasodilatation is the main feature in the
splanchnic and pulmonary circulation, vasoconstriction tends to predominate in the renal
circulation. This may reflect different pharmacological responses to vasoconstrictors that are
increased in liver disease, such as the endothelins (Moore et al. 1992) and the renin-angiotensin

system (Fernandez-Seara et al. 1989).

Amongst the vasodilators, there is abundant evidence that overproduction of nitric oxide. either
directly or indirectly, is a major contributor to the hyperdynamic circulation. As this compound
is a focus of the work presented in this thesis its role will be described in more detail later on in

the introduction.

1.1.2.iii Animal Models of The Hyperdynamic Circulation and Portal Hypertension

There are three commonly studied rat models of the hyperdynamic circulation. Two are
associated with liver injury, namely secondary biliary cirrhosis, following bile duct ligation, and
chronic exposure to carbon tetrachloride. The third model is of partial portal vein ligation, in
which the liver itself functions normally. The animal model chosen for the work outlined in this

thesis is the bile duct ligated rat.
-20-



The bile duct ligated rat has the advantage of being technically simple and of producing
cirrhosis within a relatively short period of time. The first documented model of bile duct
ligation was in cats in 1637 by Malpigui, who, by tying off the common bile duct and the cystic
duct, was able to disprove an earlier hypothesis of the Italian anatomist Fallopius (1523 - 62),
that bile was produced in the gallbladder. The earliest study of pathological changes following
bile duct ligation in rats was from University College Hospital by Cameron and Oakley (/932),
who documented cirrhotic change. Subsequently Kountouras et al (198+4) described fully the
pathological changes. Within the first 10 days there is an expansion of portal tracts by fibrosis
together with bile duct proliferation, the ductular proliferation extending beyond the limits of
the portal tracts to invade the liver parenchyme. By 15 days fibrous connective tissue septae
bridge portal areas and frequently extend into the lobules. By 28 days the majority of rats
develop well defined nodules indicative of cirrhosis, together with the development of ascites

and increased spleen weight, consistent with portal hypertension.

1.2 OXIDATIVE STRESS AND THE PATHOGENESIS OF LIVER DISEASE

There are several potential sources of reactive oxygen species across the whole spectrum of
clinical and experimental liver disease (see¢ figure 1.3). Kupffer cells and newly recruited
mononuclear cells and neutrophils release ROS as part of diseases such as alcoholic and viral
hepatitis. Pro-inflammatory cytokines such as TNF-a can induce the formation of ROS from
hepatocytes. Moreover, ischaemic cell damage can lead to an intracellular oxidant stress,
generated by mitochondria and xanthine oxidase. during reoxygenation. Cholestatic liver
disease is also associated with oxidant stress, possibly as a result of accumulation of cytotoxic
bile acids. Special reference to oxidative stress in the animal model studied in this work, the

bile duct ligated rat, will be described in more detail in section 1.5.1.
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As reactive oxygen species are highly charged they can react with all biological molecules,

including lipids, proteins, nucleic acids and carbohydrates. At a cellular level this leads to a

variety of pathological processes with associated liver damage.

Major sources of ROS

Damaged hepatocytes
*Leaking™ mitochondria
Activated inflammatory cells
CYP2EI isoforms

Peroxisomes and others

ROS

Lipid peroxidation

|

Apoptosis

Necrosis

v

Inflammatory response

y

Progression of fibrosis

Iron, ethanol, age.
viruses, obesity

Modulating factors

Figure 1.3 Sources of reactive oxygen species (ROS) in liver disease and the pathogenesis of

liver disease (adapted from Parola and Robino 2001)

1.2.1 Oxidant Stress and Lipid Peroxidation

Lipid peroxidation is initiated by free radical attack on a methylene group (-CH,-) of

polyunsaturated fatty acids. This leads to a variety of end products including 4-hydroxy-2,3-

nonenal (HNE) and related 4-hydroxy-2.3-alkenals (HAKs). There is no evidence to suggest

that lipid peroxidation per se leads to cell death, however products of lipid peroxidation, in

particular HAKSs, are chemotactic for neutrophils and can induce fibrosis by enhancing collagen

gene expression in activated stellate cells (Casini et al. 1997).




1.2.2 Oxidative Stress and Apoptosis

Reactive oxygen species have been implicated in the apoptotic cell death of both hepatocytes
and endothelial cells in the liver (Sanchez et al. 1996). This may be due to changes induced in
mitochondrial membrane permeability, a process central both to cell apoptosis and necrosis, or
alternatively via an action on caspase enzymes, a family of cysteine proteases that are important
for the initiation and progression of apoptosis. [t has been demonstrated that caspases can be

activated even at low concentrations of hydrogen peroxide (Herrera et al. 2001).

1.2.3 Oxidant Stress and Gene Transcription

In addition to inducing direct cell injury and death ROS can affect these processes indirectly by
actions on gene expression. One ubiquitous transcription factor of particular importance in
immune and inflammatory responses, which is in part under oxidative control, is nuclear factor-
kB (NF-kB) (see figure 1.4). The activated form of NF-kB is a heterodimer which usually
consists of two proteins, a p65 and a p50 subunit. Other subunits may also be a part of activated
NF-xB, and differences between these may lead to the activation of different sets of target
genes. In unstimulated cells NF-xB is found in the cytoplasm and is bound to an inhibitory
factor, IkB, which prevents it from entering the nuclei. When these cells are stimulated,
specific kinases phosphorylate 1kB, causing its rapid degradation. The release of NF-kB from
kB results in the passage of NF-xB into the nucleus where it binds to specific sequences in the
promoter regions of target genes including the inducible form of nitric oxide synthase as well as
pro-inflammatory cytokines such as TNF-a and interleukin-1. In addition to ROS many other

stimuli activate NF-kB including cytokines and viruses.
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Figure 1.4. Activation of nuclear factor kappa B by reactive oxygen species (from Holt 2000)

1.3 MEASUREMENT OF LIPID PEROXIDATION

Free radicals can react with all biological macromolecules. Measurement of lipid peroxidation
products is the simplest and most accurate way to quantify ongoing oxidative stress, and can be
applied to a wide variety of biological samples including tissue, plasma, and urine. Examples of
intermediate or end products of lipid peroxidation that have been applied to clinical and
experimental studies include measurement of conjugated dienes, thiobarbituric acid reactive
substances (TBARS), exhalation of the alkanes pentane and ethane gases, and cytotoxic
aldehydes. The currently accepted gold standard, however, is the measurement of isoprostanes.

The methods are briefly reviewed below, with special reference to isoprostanes.

1.3.1 Thiobarbituric acid-reacting substance assay (TBARS)

This involves indirect measurement of malondialdehyde (MDA) concentrations, by measuring
absorbance of a pink chromogen at 532 nm, which is formed by the reaction of MDA with
TBARS at an acid pH. It is of limited value in biological substances because other aldehydes

can also form chromogens with absorbance at 532 nm. Moreover TBARS rarely measure the
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free MDA content but rather MDA generated by decomposition of lipid peroxides during the
acid-heating stage of the test. Finally MDA is also a by-product of cyclooxygenase activity in
platelets, further reducing its specificity. Applications of a gas chromatography / mass
spectroscopy (GC/MS) assay for MDA has indicated that the commonly used TBARS assay

overestimates true MDA concentrations by up to 6-fold (Liu et al. 1997).

1.3.2 Ethane and Pentane gases

Measurement of exhalation of volatile hydrocarbons has been used as an in vivo measure of
lipid peroxidation. The main issues of concern regarding this method is that hydrocarbon gases
are produced by bacteria and are also susceptible to varying rates of in vivo metabolism. In
addition, the method of separation most commonly used, gas chromatography, cannot easily
distinguish pentane from another hydrocarbon, isoprene, due to similar boiling points making

interpretation questionable.

1.3.3 Conjugated Dienes

The peroxidation of unsaturated fatty acids is accompanied by the formation of conjugated
dienes that absorb ultraviolet light at 230 — 235 nm. Again this methodology suffers from two
major drawbacks. Other biological molecules can absorb light at this wavelength and

generation of dienes continues to occur ex vivo following sampling.

1.3.4 Aldehydes

Following peroxidation of w-6 and w-3 polyunsaturated fatty acids, relatively unstable fatty acid
hydroperoxides are converted into more stable aldehydes. The major aldehydes formed by
peroxidation of w-6 fatty acids are 4-hydroxynonenal and hexanal, whereas peroxidation of w-3
fatty acids results in formation of 4-hydroxynonenal and propanol. These aldehydes may be

measured by highly specific and sensitive GC/MS.

-25-



1.3.5 Isoprostanes

The isoprostanes are a family of compounds produced from polyunsaturated fatty acids via a
free radical catalysed mechanism. They are isomers of conventional prostaglandins. Most
interest has focused on isoprostanes derived from arachidonic acid, although free radical-
derived isomers of other prostaglandins, leukotrienes and thromboxanes have also been reported
(Morrow et al. 1994, Morrow et al. 1996, Harrison and Murphy 1995). The first demonstration
that these compounds were produced in vivo came from Morrow et al. (1990) who reported the
discovery of prostaglandin F>-like compounds, termed the F,-isoprostanes, which were

generated by free radical induced peroxidation of arachidonic acid.

1.3.5.i Structure and Synthesis of Isoprostanes

Isoprostanes differ from conventional prostaglandins in that they are formed, via a
cyclooxygenase independent pathway, on intact phospholipids and are released by the action of
phospholipases. As is shown in figure 1.5 arachidonyl radicals are formed in siru which can
then form one of four prostaglandin H, isomers. These four prostaglandin H, isomers can then
be fully reduced to form four prostaglandin F,, regioisomers, or partially reduced to form four
prostaglandin E or prostaglandin Ds regioisomers. As each regioisomer is comprised of eight
racemic diastereoisomers, 64 different F, and 64 different E,-isoprostanes can be generated
from arachidonic acid (Cracowski et al. 2001). There are two current nomenclature systems for

isoprostanes in current use (Taber et al. 1997, Rokach et al. 1997).
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Figure 1.5 The isoprostane pathway (adapted from Cracowski et al. 2001)

Among the 64 F»-isoprostanes the most extensively studied is isoprostaglandin F», type 111 (aiso
called 15-F,-isoP and formerly called 8-iso-PGF.,), as this is the most abundant F»-isoprostane
formed in vivo under conditions of oxidative stress (Morrow et al. 1994). For the rest of the

thesis this compound will be referred to by its original name of 8-is0-PGF,,, (see figure 1.6).

Figure 1.6 The chemical structure of prostaglandin F,, (above) and 8-iso-prostaglandin F,,

(below).
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Isoprostanes can be measured in any biological material including plasma, urine, bile and tissue
samples, and their measurement is now accepted as the most accurate method for the assessment
of oxidative stress in vivo (Moore and Roberts 1998). The gold standard measure has been of 8-
iso-PGF,, by gas chromatography mass spectrometry against widely available deuterated
standards, though there are also commercially available immunoassay kits. Recently there has
been some doubt as to the validity of 8-iso-PGF», as a pure marker of oxidant injury because in
vitro cyclooxygenase dependent pathways have been described for formation in platelets and
monocytes (Pratico et al. 1995, Pratico and Fitzgerald 1996). However, clinical studies have
shown that cyclooxygenase inhibitors were unable to decrease the formation of F-isoprostanes
in healthy subjects (Wang et al. 1995). Furthermore, following lipopolysaccharide injection in
healthy human volunteers, which increases COX-2 expression, cycloxygenase inhibitors do not
effect the production of 8-iso-PGF,, whereas they do decrease production of conventional

prostanoids (McAdam et al. 2000).

1.3.5.ii Isoprostane Production in Liver Disease

Isoprostane levels have been shown to be elevated in a variety of liver diseases, both in animal

models and human studies, consistent with ongoing oxidative injury. See table 1.1.
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ANIMAL MODELS

Acute carbon tetrachloride toxicity - rat

Morrow et al. 1992

Alcohol induced liver injury - rat

Nanyjii et al. 1994

Iron overload - rat

Dabbagh et al. 1994

Diquat toxicity in selenium deficiency - rat

Burk et al. 1995

Halothane hepatitis - rat

Awad et al. 1996

Acute bile duct ligation - rat

Holt et al. 1999

Chronic bile duct ligation - rat

Harry et al. 1999

HUMAN STUDIES

Hepatorenal syndrome

Morrow et al. 1993.

Biliary obstruction

Leo et al. 1997

Alcoholic hepatitis

Aleynik et al. 1998

Cirrhotic liver disease

Pratico et al. 1998

Alcoholic liver disease

Hill and Awad 1999

Hepatitis C

Jain et al. 2002

Table 1.1 Liver diseases associated with elevated isoprostane levels.
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1.4 ANTIOXIDANT LEVELS IN LIVER DISEASE

Ongoing liver disease and production of reactive oxygen species leads to a depletion in
endogenous antioxidants, further contributing to oxidative stress. There have been several
studies addressing the levels of endogenous antioxidants in the bile duct ligated rat, the model

used in the work in this thesis, and in humans. These are summarised below.

1.4.1  The Bile Duct Ligated Rat
Chronic bile duct ligation is associated with oxidative stress as is shown by an increase in

markers of lipid peroxidation as well as a reduction in endogenous antioxidants see table 1.2

MARKER OF OXIDANT STRESS EFFECT OF BDL REFERENCE
Plasma and Hepatic Malondialdehyde 1 A
Hepatic TBARS i C. E
Mitochondrial TBARS i C.D
Plasma Dichlorofluoroscein 1 B

ANTIOXIDANT EFFECT OF BDL REFERENCE
Vitamin E ] A
Hepatic reduced glutathione l A.B,E
Catalase activity l A.B
Glutathione peroxidase and transferase activity l A B
Superoxide dismutase activity } B
Mitochondrial ubiquinones ! C

A) Singh et al. 1992 B) Pastor et al. 1997 C) Krahenbuhl et al. 1995

D) Sokol et al. 1991 E) Panozzo et al. 1995

Table 1.2 Oxidant stress and antioxidant levels in bile duct ligated rats



The mechanism underlying this increase in oxidative stress is likely to be multifactorial.
Following bile duct ligation lipophilic bile acids accumulate in the liver (Dueland et al. 1991).
At low concentrations the bile acids are incorporated into the mitochondrial membranes with a
reduction in phospholipid content (Krahenbuhl 1993), changes in membrane fluidity and
subsequent impairment of the function of enzyme complexes of the electron transport chain,
leading to free radical production. In addition following bile duct ligation there is a significant
endotoxaemia and production of proinflammatory cytokines such as TNF-a, which will further

contribute to oxidant injury.

1.4.2 Antioxidant Levels in Human Liver Disease

Ongoing oxidative stress with pre-cirrhotic liver diseases such as alcoholic liver disease and
hepatitis C has been shown to be associated with depleted antioxidant levels (Girre et al. 1990,
Jain et al. 2002). Chronic cholestatic liver diseases such as primary biliary cirrhosis are
frequently associated with malabsorption of fat soluble vitamins and therefore depleted vitamin
E levels, as well as low levels of a variety of other antioxidants. Table 1.3 summarises the

evidence for depletion of antioxidants in cirrhotic liver disease.
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TISSUE ANTIOXIDANT REFERENCE
Liver biopsy | selenium Dworkin et al. 1988
Liver biopsy | superoxide dismutase Togashi et al. 1990

activity
| catalase activity
< glutathione peroxidase

activity

Liver biopsy

| a-tocopherol

Bell et al. 1992

Liver biopsy | a-tocopherol Leo et al 1993
| B-carotene
| lycopene
Plasma / erythrocytes | reduced glutathione Loguercio et al. 1996

Plasma / erythrocytes

| reduced glutathione

| B-carotene

< glutathione peroxidase
activity

<> superoxide dismutase
activity

<> a-tocopherol

Van de Casteele et al. 2002

Plasma | selenium Burk et al. 1998

1 glutathione peroxidase

activity
Serum | a-tocopherol Look et al. 1999
Erythrocytes | superoxide dismutase Hadi Yasa et al. 1999

activity
| glutathione peroxidase

activity

Table 1.3 Antioxidant levels in human cirrhotic liver disease
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1.5 NITRIC OXIDE

In 1987 Palmer et al. demonstrated that cultured endothelial cells from pig aortas released NO,
with similar characteristics to the previously described endothelium derived relaxing factor
(Furchgott and Zawaadski 1980), and in a concentration sufficient to induce rapid and transient
vasodilatation. In the 17 years since this first description a vast amount of information has been
described about the biochemistry, physiology and pathophysiology of nitric oxide, and the

enzyme responsible for its synthesis — nitric oxide synthase.

1.5.1 Nitric Oxide Synthase

Three isoforms of nitric oxide synthase (NOS) have been cloned. NOS1 (hereafter referred to as
neuronal NOS or nNOS), NOS2 (hereafter inducible NOS or iNOS) and NOS3 (hereafter
endothelial or eNOS). All three are dimeric, containing both a reductase and an oxidase
domain. The overall reaction catalysed by NOS and the co-factors involved is shown in figure

7.

02.'.

Citrulline
NO (or NO7)

Figure 1.7 Overall reaction catylysed and cofactors of NOS (from Alderton et al. 2001).

Electrons (¢") are donated by NADPH to the reductase domain of the enzyme and proceed via
flavine adenine dinucleotide (FAD) and flavine mononucleotide (FMN) redox carriers to the
oxygenase domain. There they interact with haem iron and tetrahydrobiopterin (BH,) at the
active site to catalyse the reaction of oxygen with L-arginine, generating citrulline and NO as

products. Electron flow through the reductase domain requires the presence of bound Ca™" /
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calmodulin. It was previously thought that iNOS acted in a calcium independent fashion. It has
now been shown, however, that all three isoforms require caimodulin for their enzymic activity
(Bredt and Snyder 1990), though iNOS requires much lower Ca'" concentrations than either

eNOS or nNOS.

Inducible nitric oxide synthase (iNOS) is synthesised de novo in numerous cell types including
macrophages, endothelial cells and vascular smooth muscle cells, following induction by
lipopolysaccharide and inflammatory cytokines such as tumour necrosis factor-a (TNF-a) and
interferon-y (IFN-y) (Nathan and Xie 1994). Once expressed, iNOS synthesises large amounts

of NO for extensive periods of time, independent of any haemodynamic or mechanical stimuli.

Endothelial nitric oxide synthase (eNOS), by contrast, releases NO for short periods of time in
response to several endogenous and exogenous stimuli, including mechanical factors such as
shear stress and receptor-dependent activation of G-proteins by agonists such as acetylcholine
and bradykinin. Endothelial NOS expression is not limited to endothelial cells but also is found

in many other cell types including mesangial cells and neurones.

Neuronal nitric oxide synthase (nNOS) is activated by depolarisation of nerve endings. This
nitronergic transmission has been demonstrated in the central, autonomic and enteric nervous

systems.

1.5.2 The Chemistry of Nitric Oxide

The biochemical properties of nitric oxide determine its activity and short half-life (t.,=3 -5
seconds). At room temperature and atmospheric pressure, it is a colourless gas with a solubility
in water similar to that of oxygen. It is a free radical by virtue of its unpaired electron, though
the NO molecule is not highly reactive per se. Its complete lack of reactivity with water gives it
a lipophilic character, allowing it to freely diffuse freely through cell membranes. This allows

NO to exert its biological effects in a rapid, regional and non-receptor dependent fashion.
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Its reactions with other molecules produce a wide variety of complex biochemical interactions
and products (Fukuto 1995). In the biological milieu the direct chemical interactions of NO are
limited to those with transition metals in various oxidation states, with other free radicals and
with molecular oxygen. The latter two classes of reactions give rise to more reactive
compounds that are capable of triggering a variety of events collectively termed indirect effects
of NO. This is in contrast to the direct effects, in the main reactions with iron-containing

prosthetic groups of enzymes such as guanylate cyclase (see figure 1.8).

DIRECT
EFFECTS
Reactions with Scavenging of
transition metals free radicals

NO
NO;, N,0;, N,O... Peroxynitrite

v +

Nitrosation Oxidation Nitration
reactions reactions reactions
INDIRECT
EFFECTS

Figure 1.8 Direct and indirect chemistry of NO

One very important principle of nitric oxide chemistry is that at low concentrations of NO
(nanomolar), as typically result from activation of eNOS, direct and homeostatic effects tend to
prevail, whereas at higher concentrations (micromolar) indirect and deleterious effects tend to

prevail. High concentrations are more easily achieved in relation to iNOS expression.

1.5.2.i Direct Effects of Nitric Oxide
In vivo an essential metabolic fate of NO that limits its local concentration is its diffusion into

erythrocytes, where it oxidises the ferrous iron of oxyhaemoglobin to yield nitrate anions (NO5)
AN



and methaemoglobin. In the physiological state this mechanism keeps the concentration of NO
in the nanomolar range in the non-hydrophobic compartment (i.e outside biological membranes)
(Beckman and Koppenhol 1996). Under normal physiological conditions the direct effects of
NO prevail. The best characterised one is the activation of soluble guanylate cyclase, which in
turn mediates a wide variety of physiological responses (Nathan and Xie 1994) including
smooth muscle relaxation, inhibition of platelet aggregation and inhibition of leucocyte

adhesion.

1.5.2.ii Indirect Effects of Nitric Oxide
When high concentrations of NO arise, it can react with molecular oxygen or superoxide and

generate highly reactive species, which are responsible for nitrosative stress.

Reaction of Nitric Oxide with Oxygen. In aqueous solutions, NO decays to nitrite (NO;) by a
reaction with oxygen, via steps involving the generation of nitrogen dioxide NO," and a potent
nitrosating species, dinitrogen trioxide (N,Os;). The rate of this reaction is inversely
proportional to the square of NO concentration, therefore at physiological concentrations its
importance is at most marginal (Beckman and Koppenol 1996). However, due to the lipophilic
character of both NO and O, the reaction is markedly accelerated in the hydrophobic
compartment of biological membranes, where formation of N,O; may increase by a factor of

10" in conditions of high NO production (Miller and Sandoval 1999).

In human plasma, higher oxides of nitrogen lead to oxidative damage and antioxidant depletion
(Halliwell et al. 1992). Another important chemical consequence are nitrosation reactions. The
major target for nitrosation are thiol groups of proteins and peptides such as glutathione, with
the formation of a group of compounds termed the S-nitrosothiols. As they are a focus of the

work presented in this thesis they will be discussed in more detail in sections 1.5.4 and 1.9.3.

Reaction of Nitric Oxide with Superoxide. NO rapidly reacts with the superoxide radical (O,)

to yield peroxynitrite (ONOO"), a highly reactive oxidant species, at a near diffusion limited
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rate. The half life of peroxynitrite is short (~ 1s), but sufficient to allow significant reactions
with biomolecules. At physiological levels of O, production, tissue concentrations of
superoxide dismutase are sufficient to divert O,” away from NO, towards transformation into
hydrogen peroxide. Studies in biological systems have shown that peroxynitrite formation is
restricted to conditions characterised by abnormally high and approximately equal fluxes of NO

and O, (Miles et al. 1996, Rubbo et al. 1994).

Peroxynitrite is a major source of oxidant injury, both by initiation of lipid peroxidation (Hogg
and Kalyanaram 1999) and oxidation of reduced glutathione (Arteel et al. 1999). It is capable
of irreversibly inhibiting several steps in the mitochondrial electron transport chain (Brown
1999) and modifying DNA. Several of its biological effects are related to nitration of tyrosine
residues in proteins, particularly enzymes including manganese SOD (MacMillan-Crow and
Thompson 1996) and prostaglandin 1, synthase (Zou et al. 1999). This free radical has also been

implicated in the generation of S-nitrosothiols.

1.5.3 Measurement of Nitric Oxide Production
As a result of a greater understanding of the chemistry of NO a variety of methods have evolved

that have allowed NO production to be accurately measured in a variety of biological systems.

1.5.3.i Electrochemical Detection
NO is an electrochemically reactive species that can be oxidised at the surface of a metallic
carbon or carbon-modified anode.

—€ +OH" -H"
NO — NO' — HONO — NO;

The current generated from the oxidation is directly proportional to the concentration of NO,
with a detection limit as low as 10 nmol/L. Electrochemical detection has been used to measure

NO release from cultured cells and in addition, a porphyrinic microsensor has been developed
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which can measure direct vascular release of NO in the human circulation (Vallance et al.

1995).

1.5.3.ii Haemoglobin Oxidation
The reaction of oxyhaemoglobin (HbO,) with NO to form methaemoglobin (metHb) and nitrate

(NO5') has also been used as the basis of an assay to measure NO production.

HbFe?'0, + NO — HbFe*" + NOy

The rapid reaction of NO and HbO, (3.7 x 107 [mol/L]".s™") ensures that under most conditions

NO will be consumed stoichiometrically.

1.5.3.iii Chemiluminescent Detection
Nitric oxide will react with ozone (Os) to form nitrogen dioxide (NO»), a portion of which is in

an excited state. As the NO, species return to ground state, light is emitted.

0; + NO — 0, + NO,” — NO, + hv

The rapid rate of reaction of NO with ozone (~10" [mol/L]".s™") and the sensitivity of the
chemiluminescense detection of the light emitted by NO," (~100 pmol/L) allows real time
monitoring of NO production. This method can be employed to measure NO in exhaled breath

or production from cell culture systems.

As the majority of NO produced in vivo will be rapidly oxidised to NO, and NO;’, these
metabolites must first be reduced to accurately measure NO production. This can be achieved
by using the enzyme nitrate reductase to reduce NO;™ to NO,", which is further reduced to NO

by its reaction with iodide under acidic conditions.
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1.5.3.iv Arginine-Clitrulline conversion

Nitric oxide synthase catalyses the oxidation of arginine, resulting in the formation of NO and
stoichiometric amounts of citrulline. Thus, the net production of NO by a cell preparation or
tissue extract can be estimated by the rates of formation of radiolabelled citrulline from
radiolabelled arginine, in the presence of saturating concentrations of the NOS co-factors FAD,
FMN, NADPH, tetrahydrobiopterin, calcium and calmodulin (in the case of endothelial and
neuronal NOS). To initiate the reaction, radiolabelled arginine and cofactors are added to the
cell or tissue preparation, the reaction is then terminated by the addition of EDTA at pH 5.5 to
bind calcium, resulting in enzyme inactivation. Samples are then eluted on a cation exchange
column, which binds arginine but not citrulline, which can then be measured in a liquid

scintillation counter.

1.5.3.v The Griess reaction

Nitrite, as a stable product of NO, can be measured in a spectrophotometric assay using the
Griess reagents sulfanilamide, HCl and N-(1-napthyl)-ethylenediamine (NED), which together
with nitrite produce an azo dye, as illustrated below. To measure total NO accumulation

products, any NO;™ must first be reduced to NO, as above.

Lo Compound

Figure 1.9 The Griess reaction

The reaction can be monitored at As,g in a standard spectrophotometer, or it can be adapted for a

microplate reader using a 550 nm filter.
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1.5.4 Nitric Oxide Transport

The half-life of NO in whole blood has been estimated to be 1.8 msec (Liu et al. 1998). In spite
of this there is evidence to suggest that NO can produce effects distant to its site of production,
consistent with a much longer physiological half-life. For example inhaled NO causes
vasodilatation and inhibits platelet aggregation in the peripheral circulation in animal models
(Fox-Robichaud et al. 1998) and increases renal blood flow in healthy human volunteers
(Wraight and Young 2001). This is consistent with the hypothesis that carrier molecules exist
capable of binding NO and transporting and delivering it within the circulation. The two most

likely candidate molecules are haemoglobin and thiol containing peptides or proteins.

1.5.4.i Haemoglobin as a Nitric Oxide Transporter

It has been known for several years that the interaction of NO with oxy-haemoglobin and the
subsequent formation of met-haemoglobin and nitrate is a major pathway for NO inactivation
and elimination. The rate of NO consumption by red blood cells is, however, much slower than
predicted from the rate of NO reaction with free haemoglobin. There are multiple mechanisms,
under physiological conditions, which may explain this discrepancy including flow
characteristics within blood vessels and the diffusion layer surrounding erythrocytes.

Transmembrane and intracellular diffusion are also rate limiting.

Another reason for this apparent discrepancy is that haemoglobin may act as a NO transporter as
suggested by Gow and Stamler (/998). NO reacts with the haem-Fe (I1) moiety of haemoglobin
resulting in the formation of iron-nitrosyl-Hb (HbFe;NO). Furthermore under condition of high
oxgyen tension, as may occur in the alveolar capillaries, allosteric transition of Hb leads to the
transfer of NO from the haem group to the cysteine 93 residue of the 3 chain, forming S-nitroso-
haemoglobin (SNO-Hb). Conversely SNO-HbD releases NO when the pO, drops, as in peripheral
tissues, thus oxygen tension may control NO release via allosteric regulation of haemoglobin,

and would therefore, hypothetically, control blood flow to areas of relative hypoxia.
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1.5.4.ii S-nitrosothiols

Over the past decade there has been significant interest in a class of compounds termed the S-
nitrosothiols, which share many of the physiological properties of NO, but differ in that they
have a significantly longer half life. S-nitrosothiols are formed by S-nitrosation of the thiol
group or cysteine residues in proteins. They have the general formula RSNO, where R is
usually a protein, a peptide or an amino acid. Examples of endogenous S-nitrosothiols include
S-nitrosoalbumin (SNO-albumin), S-nitrososglutathione (GSNO) and S-nitrosocysteine (SNO-

cysteine).

1.5.4.ii.a Biochemical Properties of S-nitrosothiols
Chemically RSNOs can be considered as the covalent link between NO' and a thiolate anion.
Depending upon the thiol they differ in terms of their half-lives, for example SNO-albumin has

a half -life in buffer solution of hours, whereas that of SNO-cysteine is only minutes.

Nitric oxide release from RSNOs can occur by both heterolytic and homolytic mechanisms.
This degradation to produce the corresponding disulphide and NO is enhanced in the presence
of free thiols, high oxygen tensions and at a pH > 2. An example of homolytic cleavage is the

effect of ultraviolet light and transition metal ions such as copper and mercury.

Ascorbate and copper containing proteins such as caeruloplasmin also decompose RSNOs,
which may have important consequences in vivo. In addition, enymatic cleavage by y-glutamyl
transpeptidase (Hogg et al. 1997), glutathione peroxidase (Freedman et al. 1995), and xanthine

oxidase (Tryjillo et al. 1998) have also been described.

-41-



Transnitrosation reactions i.e the transfer of NO™ between thiols and RSNOs have also been
suggested to be one mechanism underlying the biological action of RSNOs in vivo (Stamler

1994).

RSNO + R’SH & RSH + R’SNO

Since the nirosomium ion (NO"’ does not react with haem this may in part explain why RSNOs

avoid rapid scavenging by haemoglobin.

In vivo, the rate of transnitrosation will be dependent upon the relative concentrations and pKa’s
of the donor and recipient thiols, and on the relative stabilities of the respective RSNOs (Singh
et al. 1996) such that intracellularly GSNO formation will be favoured, whereas in plasma the
most abundant thiol is albumin, with lower concentrations of glutathione and cysteine. Based
upon the calculated kinetics and equilibrium constants of transnitrosation reactions between
these thiols, and their known physiological concentrations some authors have suggested that
transnitrosation reactions are unimportant (Meyer et al. 1994). However, Scharfstein ef al.
(1994) showed that the hypotensive effects of infusing S-nitrosoalbumin into rabbits were
markedly enhanced and reduced in duration if cysteine was pre-infused, suggesting that
transnitrosation reactions are physiologically important, particularly if the resultant RSNO is

rapidly metabolised to release NO.

Alb-SNO + RSH & Alb-SH + RSNO — Metabolism
1.5.4.iib Physiological Properties of S-nitrosothiols
S-nitrosothiols show important physiological properties similar to those of NO, including
vasodilatation, smooth muscle relaxation, soluble guanylate cyclase activation and inhibition of

platelet function.

The importance of transnitrosation reactions in the physiological actions of RSNOs has been

shown using synthetic S-nitroso-glutathionyl-Sepharose-4B beads, which at 37°C and pH 7.4
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have a half life of 7 days (Liu et al. 1998), and are too large to be transported intracellularly.
The beads have the same physiological characteristics as low molecular weight RSNOs, albeit
in plasma free systems, of vasorelaxation and inhibition of platelet aggregation thereby

implicating S-transnitrosation reactions at the cell surface in NO signal transduction pathways.

Although NO release by S-nitrosothiols is clearly important in their mode of action, it may not
be the sole mechanism. A study by Ceron et al. (2001) showed that S-nitrosoglutathione and
SNO-N-acetylcysteine cause rat aorta vasodilatation in a manner which was not proportional to
NO release. Moreover, they showed that blockade of low conductance potassium channel
blockers and K ,rp channel blockers partially prevent their action. It is now recognised that S-
nitrosation may also involve membrane bound proteins such as ion channels, leading to
functional changes in activity. A further example of this is the mechanism by which NO, bound
to haemoglobin, is exported from erythrocytes. It has been demonstrated that upon
deoxygenation, the NO group is transferred through transnitrosation from the cysteine residue of
haemoglobin to a cysteine residue in the cytoplasmic domain of a plasma membrane protein —
the anion-exchange protein AE-1 (Pawloski et al. 2001). This has lead to suggestions that there

may be tissue specific mechanisms for RSNO metabolism.

As previously described the predominant circulating thiol containing protein is albumin. Its role
in nitric oxide transport was highlighted in an elegant study by Minamiyama et al. (1996).
Administration of a NO donor NOC-7 to normal rats caused prolonged vasodilatation and
hypotension. However, rats which genetically lacked albumin experienced only a transient
vasodilatory effect. An interpretation consistent with these data is that immediate relaxation is
due to the direct release of NO from the NO donor, and simultaneous with this process is the S-
nitrosation of albumin. The prolonged relaxation observed in normal rats was dependent on the
subsequent conversion of SNO-albumin to form a species capable of eliciting vessel relaxation,
whereas this could not occur in the analbuminaemic rats. This is consistent with the hypothesis
that the formation of RSNOs and more specifically SNO-albumin in blood may represent a

buffer or storage system being used to transport NO to sites distal to those of its production.
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1.6 NITRIC OXIDE AND LIVER DISEASE

Production of nitric oxide in liver disease may have both beneficial and detrimental effects. The
balance between these positive and negative outcomes is likely to depend upon a variety of
factors, though of importance is the amount of NO produced and the antioxidant capacity of the
liver. NO production will be increased as a part of all liver diseases, due to increased cytokine
production. A low dose of NO serves to maximise blood perfusion, prevent platelet aggregation
and thrombosis. In addition, in acute hepatitis infections and other inflammatory processes NO
has important antimicrobial and antiapoptotic properties. However, in cirrhotic liver disease it
would appear that there is a sustained upregulation of the inducible NOS isoform with
consequent production of relatively high levels of NO. This leads to important haemodynamic
consequences as outlined below. Moreover, in the absence of adequate antioxidant defences
and an ongoing production of toxic reactive oxygen intermediates formation of peroxynitrite
will be favoured. This free radical is capable of altering protein and DNA function, and

contributes to cellular injury.

This dual effect of NO was illustrated in a recent study looking at progression of liver fibrosis,
following bile duct ligation (Mayoral et al. 1999). In this study both augmentation and
inhibition of NO production, with arginine and L-NAME respectively, lead to increased fibrosis
and liver damage. In another study Diez Fernandez et al. (1998) showed that NOS inhibition

with aminoguanidine markedly reduced liver injury following administration of thioacetamide.

The overproduction of NO in cirrhosis has important cardiovascular effects and is almost

certainly of importance in the pathogenesis of the hyperdynamic circulation, as will be

discussed below.
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1.6.1 Nitric Oxide and the Hyperdynamic Circulation

In 1991 Vallance and Moncada proposed that increased synthesis and release of NO, secondary
to upregulation of iNOS, in turn secondary to endotoxaemia and increased cytokine production,
was responsible for vasodilatation and the hyperdynamic circulation in chronic liver disease.
Their hypothesis was based upon the following evidence: 1) NOS is induced in the endothelium
and smooth muscle when vascular tissue is exposed to endotoxin or cytokines in vitro (Busse
and Mulsch 1990). 2) Infusion of endotoxin into humans leads to the gradual appearance of
peripheral vasodilatation (Suffredini et al 1989, Fong et al. 1990). 3) High circulating levels of
endotoxin are found in cirrhotic patients with or without clinical evidence of infection (Lumsden

et al. 1988).

Over the subsequent decade there have been three principle lines of evidence supporting
overproduction of nitric oxide in patients and experimental animal studies. First, products of
nitric oxide metabolism, such as nitrite and nitrate, are elevated in liver disease, second
vascular tissue shows an NO dependent hyporesponsiveness to vasoconstrictors and third NOS

inhibitors are capable of partially reversing the hyperdynamic circulation.

Identification of the isoform responsible for this increased production has been more
contentious. In agreement with the Vallance and Moncada hypothesis, several studies have
shown increased INOS activity in liver disease, although others have suggested that
upregulation of the eNOS isoform is responsible for increases in NO production. This has lead
to suggestions that NO overproduction may actually be partly an effect rather than directly a
cause of the hyperdynamic circulation, with the stimulus to eNOS upregulation being increased
shear stress, secondary to architectural and vascular distortion occuring as a part of the natural

history of cirrhosis itself (see figure 1.9).
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Figure 1.10 Nitric oxide and the hyperdynamic circulation

One explanation for these apparent disparities is the recently discovered link between cytokines,
endotoxaemia and increased eNOS activity. Tetrahydrobiopterin (BH,) is an essential and rate-
limiting cofactor in nitric oxide production. Upregulation of BH, directly increases the activity
of eNOS in the absence of a detectable increase in eNOS levels (Wever et al. 1997). Moreover,
expression of the rate-determining enzyme in the synthesis of BH,, GTP cyclohydrolase 1, is
under the control of proinflammatory cytokines (Rosenkranz-Weiss et al. 1994, Walter et al.
1998). In the context of liver disease, Wiest et al. (1999) have demonstrated that bacterial
translocation in cirrhotic rats is associated with increased NO related vascular hyporeactivity

together with elevated levels of BH,; and increased eNOS activity.

There have been several publications examining the role of nitric oxide in the development of
the hyperdynamic circulation. The following discussion will be limited to studies of rats with

secondary biliary cirrhosis and humans with cirrhotic liver disease.
T



1.6.2 Nitric Oxide Production in the Bile Duct Ligated Rat

A variety of vasodilators have been implicated in the development of the hyperdynamic
circulation following bile duct ligation including bile salts (Pak and Lee 1993) and glucagon
(Ohara et al. 1993). The majority of recent publications have examined the role of nitric oxide
with most, though not all (Kanwar et al. 1996) concluding that nitric oxide overproduction is

important.

Simple assays of plasma products of nitric oxide metabolism have shown higher levels when
compared to sham operated animals (Liu et al. 1999, Criado et al. 1997, Heller et al. 2000).
Consistent with the Vallance and Moncada hypothesis endotoxin levels (Clements et al. 1995)
and a variety of proinflammatory cytokines have also been shown to be higher in BDL animals,
including TNF-a (Liu et al. 1999, Heller et al. 2000), 1L-6 and IL-1B (Liu et al, 2001).
Moreover Schmandra et al. (2001) showed that incubating serum from cirrhotic bile duct ligated
rats with aortic rings obtained from normal rats lead to a hyporesponsiveness to the
vasoconstrictor phenylepherine in the normal rat vessels, which could be inhibited by a nitirc
oxide synthase inhibitor. This would suggest a circulating factor, perhaps endotoxin or

cytokines, leading to upregulation of nitric oxide production.

A nitric oxide dependent hyporesponsiveness to vasoconstrictors has been well documented in
aortic rings from bile duct ligated animals (Ortiz et al. 1996, Kimpel et al. 1998). Splanchnic
vasodilatation is a prominent feature of the hyperdynamic circulation, and consistent with a role
for NO, Pateron et al. (1999) found that in BDL cirrhotic rats the aorta and superior mesenteric
artery exhibited significant nitric oxide dependent hyporeactivity to phenylepherine, whereas
the carotid artery did not. Further evidence for a role for NO overproduction comes from
Criado et al. (1997) and Pilette et al. (1996) who demonstrated that nitric oxide synthase

inhibitors significantly reversed the circulatory changes associated with cirrhosis in this model.
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Measurement of the changes in expression and activity of the different isoforms of NOS
following experimental liver injury has lead to many conflicting results which appear partly
related to the nature of the liver injury and also to its duration. Rockey and Chung (/997) found
that iNOS could not be detected in any cell types in the liver following chronic carbon
tetrachloride induced cirrhosis (though it was detected in Kupffer cells following a single dose)
whereas it was found in all non-parenchymal cell types after bile duct ligation. As both iNOS
and eNOS are subject to significant post-translational modification, protein and mRNA
measurements per se are of little value by comparison to measurements of activity by way of
the arginine — citrulline conversion assay. A recent study by Wei ¢t al. (2002) in rats with
secondary biliary cirrhosis showed that eNOS activity in the liver was reduced by
approximately one half, although levels of eNOS protein or mRNA were actually increased. In
contrast, activity of iNOS was markedly increased by comparison to sham operated animals.
One explanation for this decrease in eNOS activity may relate to increased binding of the
protein caveolin-1, which reduces eNOS activity. Recent work by Shah et al. (1999) using a
different experimental model of cirrhosis has shown that reduced eNOS activity in cirrhotic

livers was associated with increased caveolin binding.

Nitric oxide synthase expression and activity has also been examined in a variety of other
tissues in animals with secondary biliary cirrhosis, as outlined in table 1.4. Upregulation of
NOS activity in these tissues has been proposed to underly the development of cirrhotic
cardiomyopathy, hepatopulmonary syndrome and the maintenance of renal blood flow in

cirrhosis.
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1 total pulmonary NOS activity
1 iNOS in pulmonary intravascular

macrophages

TISSUE RESULT REFERENCE
Aorta No change in eNOS mRNA Sogni et al. 1997
No detection of INOS mRNA
1 eNOS mRNA & protein Liu et al. 1999
No detection of iINOS mRNA or protein
1 total & iNOS activity
1 iINOS protein Tazi et al. 2002
1 eNOS protein
Leucocytes 1 iNOS expression in péripheral lymphocytes | Criado et al. 1 997
1 INOS activity in peritoneal macrophages Heller et al. 2000
Kidney 1 glomerular NO production Criado et al. 1997
1 glomerular iINOS mRNA & protein
1 glomerular INOS mRNA & protein Porst et al. 2001
1 mesangial cell iNOS immunostaining
[ Heart T iNOS mRNA in cardiac myocytes | Liueral 2000 )
Lungs 1 exhaled NO levels Nunes et al. 2001

Table 1.4 Extrahepatic nitric oxide production in BDL rats

1.6.3 Nitric Oxide Production in Human Liver Disease

The role of nitric oxide in the development of the hyperdynamic circulation has also been

extensively examined in patients with cirrhosis. Serum and urinary nitrite and nitrate levels are

elevated proportionally to the severity of the liver disease and the degree of haemodynamic

compromise (Sanchez-Rodriguez et al. 1998, Hori et al. 1996). However, Heller et al. (1999)
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