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Abstract

OXIDANT STRESS AS A REGULATOR OF 
RENAL FUNCTION IN DISEASE

Stephen G. Holt

Abstract

There is evidence to suggest that oxidant injury plays a part in the pathogenesis of renal 
impairment in a number of conditions. Rhabdomyolysis and liver disease were studied 
because oxidant stress has been previously implicated in the renal impairment of these 
conditions.

In this thesis oxidative stress was assessed by quantification of the plasma, urine and 
tissue F2 -isoprostanes, which are prostaglandin-like compounds formed by peroxidation 
of arachidonic acid and have been shown to be excellent markers of lipid peroxidation in 
vivo. These compounds also possess biological activity and can cause renal 
vasoconstriction, raising the possibility that they may themselves be modulators of renal 
dysfunction.

Studies in the acute bile duct ligated animal, a model of renal dysfunction in liver 
disease, there was marked lipid peroxidation but treatment with effective anti-oxidants 
confers some, but incomplete protection against renal impairment. Moreover, N- 
acetylcysteine conferred good protection against development of renal failure, but was 
relatively ineffective at inhibiting lipid peroxidation, suggesting that a mechanism other 
than lipid peroxidation is involved. A pilot study demonstrated that N-acetylcysteine 
improved renal function in patients with the hepatorenal syndrome.

By contrast the studies in patients with rhabdomyolysis as well as in an animal model of 
this syndrome demonstrate that oxidant injury and lipid peroxidation is important in the 
pathogenesis of this form of renal failure. However, in contrast to previous studies that 
implicate free iron as the initiator of oxidant injury, the work in this thesis implicates 
myoglobin itself, involving redox cycling of the haem iron, which remains co-ordinated 
within the protein. Alkalinization of the urine decreases oxidant injury to the kidney by 
stabilising one of the higher oxidation states of myoglobin. This has led to preliminary 
experimental work suggesting that antioxidants may be useful in preventing 
rhabdomyolysis-induced acute renal failure.
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Hypothesis

Hypothesis:

This thesis will test the hypothesis that oxidant stress Is causally related to the 
development of renal dysfunction In biliary obstruction, severe liver disease or 
rhabdomyolysis.
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Chapter 1 - Introduction

Chapter 1- Introduction

1.1 Oxidative Stress

Free radicals are unstable reactive species containing unpaired electrons that attain 

stability by accepting electrons. In doing this free radicals cause oxidation (by electron 

loss) and are themselves reduced (by electron gain), and this is a redox reaction. 

Oxidative stress occurs when free radical generation (causing oxidation) overwhelms 

free radical scavenging systems (antioxidant defences). The reaction of a free radical 

with a non-radical often generates another radical, which is often less reactive than the 

original.

2 O2 +H' SOD H2O2 +O2 extracellular

GPx
membraneGSSH +LOH+ H2O2GSH +LOOH

cytosolSOD GPx

mitochondria
peroxisome

catalase
SOD

GPx

H2O2 +2GSH

SOD
nucleus

GPx

H2O2 +2GSH
Figure 1: Endogenous pathways of dealing with reactive oxygen species SOD- superoxide 
dismutase, GPx-glutathione peroxidase, GSH/GSSH-reduced/oxidised glutathione, LOOH-lipid 
peroxide, (modified from {Englehardt J., 1999))
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Chapter 1 - Introduction

The most compelling reason for believing oxidation is harmful is the observation that 

numerous cellular defence mechanisms exist to prevent or contain oxidative injury 

(figure 1 ). However, there is more direct evidence that oxidation can damage normal 

cellular processes, and these are discussed below. Although oxidant stress is often 

mediated by reactive oxygen species, this is not always the case and recently a role for 

reactive nitrogen and chloride species has been demonstrated. Free radical species that 

may be relevant to biological systems include the oxygen derived species singlet oxygen, 

superoxide (O2  ) and peroxide (02̂  ) and hydroxyl (OH*) and other radicals including 

peroxynitrite (NOG*) and thiyi (RS*) species. These radicals may be formed in vivo during 

the respiratory burst of neutrophils, the reaction of superoxide and nitric oxide producing 

peroxynitrite or generated by metal or haem protein catalysis. There are a number of 

conditions in which free radicals may be involved in tissue injury (table 1 ) and this 

spectrum of conditions continues to grow. In this thesis the role of lipid peroxidation is 

considered in more detail and the relevance of some of these species is discussed.

Table 1 : Conditions in which free radical injury has been implicated

Ageing

Acute respiratory 
distress syndrome

Atherosclerosis

Cancer

Cardiovascular disease 

Cataracts

Cystic fibrosis 

Diabetes

Down's syndrome 

Muscular Dystrophy 

Haem protein injury 

Hepatitis

Glomerulonephritis 

Motor neurone disease 

Oxygen toxicity 

Reperfusion injury 

Rheumatoid disease 

Sepsis

18



Chapter 1 - Introduction

1.1.1 Effects of Reactive Oxygen Species

Oxidant injury can damage any cellular structure, for example it can cause DNA damage 

and strand breaks, protein or lipid modification or alter membrane properties. More 

recently redox sensitive elements within cells have been identified, that are capable of 

sensing the changes in oxidant-antioxidant status leading to alterations in gene 

expression. In these ways oxidant injury can lead to cellular phenotypic changes that 

include toxic cell death, apoptosis or altered protein function, membrane characteristics 

or receptor kinetics.

1.1.2 Genetic Modulation

Oxidative stress can influence gene expression through a series of recently identified 

pathways (e.g. NFkB, AP-1, SAPK/JNK, p53, p38 and c-myc). Redox activation of such 

pathways results in alterations in cellular responses to environmental stimuli, for example 

by causing cellular apoptosis, cytokine expression or cell cycling. One of the best known 

and ubiquitous redox cell signals is NFkB.

1.1.21 NFkB

Nuclear Factor k B (NFkB) proteins are part of the immediate early response gene

family. They are transcription factors found to be present in the cytoplasm of numerous

cell lines, although originally described in cells of the myelomonocytic cells. As a redox

sensitive transcription factors they have been shown to be important in upregulating the

expression of numerous cytokines including TNFa and IL-6 {Kopp and Ghosh, 1995).

NFkB exists as a heterodimer of p65 and p50 proteins and activation is controlled by a

repressor protein (IkB) to which it is bound in the cytoplasm (figure 2). A change in redox

state (e.g. secondary to oxidant stress) causes phosphorylation of two serine residues by

19



Chapter 1 - Introduction

a large molecular weight IkB kinase (IKK). After phosphorylation IkB dissociates from 

N F kB exposing the nuclear localisation sequence (NLS). The free heterodimer then 

passes to the nucleus where the NLS binds to specific sequences in sites upstream of 

various transcription regions, resulting in increased transcription and mRNA synthesis. In 

response to cellular stress NFk B binding mainly occurs in Kupffer cells, but is also 

detectable in hepatocytes in the liver {Freedman et al. 1992).

ROS

Cytosol

IKK

Nucleus
DNA

Enhancer
mRNA5’-AOTTGAGOGOACTTTCX:CAGG C-3’ 

3'-TCA ACT CGC GIG AAA GGG TCG G-5’

Figure 2: Activation of NFkB by oxidant stress. A change in redox tone (e.g. 
secondary to reactive oxygen species (ROS)) or receptor mediated activation of 
IkB kinase (IKK) occurs in the cytosol, causing IkB to dissociate from the p65-p50 
heterodimer. This localises to enhancer sequences in the nucleus where it 
upregulates gene expression.

1.1.2 ii Other redox pathways

Other pathways of altered gene expression include AP-1 transcription factor complex

(jun, fos, Fra1&2, JunB&D) and these pathways are very important in the regulation of

cell cycling and apoptosis {Karin et al. 1997). Activation of these factors occurs mostly at

the post translational level by redox active kinases. This phosphorylation controls the

transcriptional activity of the AP-1 complex. Redox Factor 1 (Ref-1) is another redox

sensitive protein which has a general role mediating the binding of various transcription
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factors (e.g. NFkB and AP-1) and serves as a DNA repair enzyme {Nakamura et al. 

1997). Finally the Rac proteins are redox sensitive proteins which activate NADPH 

oxidase enzymes in phagocytes which are involved in the generation of superoxide, and 

are activated particularly by ischaemia-reperfusion and by proinflammatory cytokines 

{Englehardt J., 1999).

1.1.3 Protein modification

One of the more recent fields of interest has been the area of oxidant modification of 

proteins creating reactive carbonyl compounds and advanced oxidation protein products 

(AOPPs). AOPPS can be formed by chloramines and hypochlorous acid, possibly 

generated by myeloperoxidase released during the respiratory burst from neutrophils 

{Witko-Sarsat et al. 1999). The existence of non-enzymatic pathways for protein 

conjugation with glucose creating advanced glycation end products (AG Es) has been 

known for many years. However, oxidation is also important after glycation, creating 

glycoxidation end products (GOPs) even in conditions of normoglycaemia. Recent 

studies have shown that although AG Es were originally described in diabetics there 

appears to be no difference in plasma levels of GOPS (like carboxymethyllysine and 

pentosidine) in diabetic and non-diabetic dialysis patients {Wada et al. 1999). The 

implications of this are that hyperglycaemia per se is not the rate limiting step for these 

reactions. AOPPs have been implicated in ageing, dialysis amyloid, uraemic 

arthropathies, immune dysregulation and atherosclerosis (figure 3){Witko-Sarsat et al. 

1999).
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Figure 3: Effects of advanced oxidation end products (AOPPs) have been 
implicated in the pathogenesis of a number of conditions. Modified from 
Witko-Sarsat et al. 1999.

1.1.4 Lipid peroxidation

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

polyunsaturated fatty acids resulting in abstraction of a hydrogen atom. Unsaturated fatty 

acids are susceptible to free radical attack since the presence of a double bond adjacent 

to a methylene group weakens the (-CH-) bond so that hydrogen abstraction is easier. 

This results in the formation of a carbon radical or dienyl radical (-C’H-). The carbon 

radical then stabilises by molecular rearrangement, to form a conjugated diene (a 

structure that contains two double bonds separated by a single bond). Conjugated 

dienes can then either cross link with similar radicals on other unsaturated fatty acids or 

under aerobic conditions becomes a peroxyl radical (-CHOO*-). The peroxyl radical can 

then propagate the reaction to other lipids resulting in a chain reaction and the 

generation of lipid hydroperoxides (or lipid peroxides) and further carbon radicals. This 

cascade reaction is termed lipid peroxidation. Lipid peroxides then decompose to form a

22



Chapter 1 - Introduction

variety of aldehydes, and these may be measured to provide an index of lipid 

peroxidation (figure 4).

unsaturated fatty acid

^  free radical

R— Ç R' + OH ■

H

unsaturated fatty acid 
H

carbon radical

R — Ç R' + H2O

H
O2

O— d

— Q  peroxyl radical

H

O—O—H 

R— Ç — R' + R— C ------R'

A
lipid hydroperoxide carbon radical

Initiation

Propagation

Figure 4: Initiation and propagation of lipid peroxidation (R or R’ are unsaturated side chains)

1.1.5 Assessment of lipid peroxidation

There have been a number of methods used to assess the production of lipid peroxides, 

and many are useful when applied to simple systems in vitro. However, until recently it 

has been difficult to apply many of these methods with specificity to biological systems. 

Conjugated dienes may be detected by their ability to absorb UV light at 234nm, but 

since many compounds absorb at or near this wavelength the specificity of this property

23



Chapter 1 - Introduction

is often unhelpful. The thiobarbituric acid reactive substances (TBARS) test is the oldest 

and one of the easiest tests to assess lipid peroxidation (figure 5). In this assay the 

sample is heated with thiobarbituric acid and the resulting pink chromophore produced is 

measured at 532nm. However, thiobarbituric acid is very reactive and suffers severely 

from specificity problems. The assay depends on the reaction of malondialdehyde (MDA) 

(figure 5) with thiobarbituric acid, however up to 98% of malondialdehyde that reacts is 

formed during sample preparation and reaction conditions. As such the test may be 

useful as an index of oxidisability of a sample but results are difficult to interpret in 

biological samples.

HS. OH

OH
Figure 5: Thiobarbituric acid (TBA) and Maiondialdehyde (MDA)

OH H

H3C— C H 2-C H 2-C H 2-C H 2-C H -C =C ----C= 0

H H

Figure 6: Hydroxynonenal (4-HNE)

Another major product of lipid peroxidation, is hydroxynonenal (4HNE) (figure 6) which 

can be measured by its absorbance at 223nm, but again this suffers from lack of 

specificity when measured in biological samples in this way. Derivatisation allows 

detection by gas chromatography mass spectrometry (GCMS) either as native 

hydroxynonenal or its thioester adducts with lysine and histidine.

There are other methods used to assess lipid peroxidation (figure 7) including 

measurement of low molecular weight alkanes such as pentane, which are formed as by

products during lipid peroxidation and these can be quantified by gas chromatography

(GC), however these compounds may be influenced by bacteria which also produce
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them, local oxygen tension and metabolism by cytochrome p450 systems. 

Chemiluminescence based assays measure light produced during the reaction of lipid 

peroxides with isoluminol after separation with HPLC. lodometric assays rely on the 

measurement of iodine produced by the reaction of lipid peroxides with iodide in acid 

conditions. This method is poorly sensitive and prone to interference by substances 

reacting with iodine. The FOX (Ferrous Oxidation of Xylenol) assay uses lipid peroxides 

to oxidise ferrous to ferric iron, which is then detected by Xylenol orange which changes 

to blue absorbing at 560nm. (reviewed in {Moore and Roberts, 1998)).

U V  spectroscopy

FOX assay 
chemiluminescence, 
lodometric assay

Polyunsaturated Fatty Acid
Free radical

Conjugated Diene

Lipid Hydroperoxide

GC Alkanes

TBARS <
HNE/MDA-adduct
GCMS
HPLC
other

■ Aldehydes 
eg M D A,HN E

Alkoxyl Radicals

P cleavage

Peroxyl Radicals

Isoprostanes ► q c m s

Immunological
assays

Further lipid peroxidation

Mono/dihydroxylated 
fatty acids - >  GCMS

Figure 7: Methods of assessment of lipid peroxidation (modified from {Moore and 
Roberts, 1998)).
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1.1.6 The isoprostanes

In the last 10 years there has been an increasing interest in the measurement of 

isoprostanes. Isoprostanes are prostaglandins that are formed largely independently of 

the cyclo-oxygenase (COX) enzyme, by the action of free radicals on arachidonic acid 

{Morrow and Roberts, 1996). Free radical attack on arachidonic acid causes 

peroxidation, resulting in a number of isomers of prostaglandin p2a. Since these 

compounds share the cyclopentane ring structure of PGp2a they are termed P2 - 

isoprostanes (figure 8).

P-ring 
 _

F-ring

HO
OH

COOH HO, OOH

HO OH HO

Figure 8: The structure of PG Fza (left) and SIsoPG p2a (right) showing the F ring structure.

There are 4 main isomers formed by this process and each of these has eight of racemic 

diasterioisomers, making a total of 32 different compounds (figure 9) {Morrow and 

Roberts, 1996). All contain the P ring cyclopentane structure shared by prostaglandins of 

the P series but differ in their tail structure {Awad J. et al. 1996). The position of the 

side-chain hydroxyl group is counted from the carboxylic acid group (Cl ) {Taber D. et al. 

1997).
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Figure 9: Generation of the 4 main isoprostane isomers from arachidonic acid, each has a 
further 4 racemates. The 8 series (dotted) are the most abundant isomer formed in vivo.

The major Faisoprostane formed in vivo under conditions of oxidative stress is 8- 

isoPGp2 a {Morrow et al. 1994). This compound and its metabolites can be demonstrated 

by mass spectrometry and gas chromatography and detected in plasma and urine 

{Roberts et al. 1996). There are now enzyme linked immunoassays for isoprostanes, but 

their specificity has not yet been reliably proven.

These compounds are formed in situ in membrane phospholipids {Morrow et al. 1992) 

and low density lipoproteins {Lynch et al. 1994) by free radical catalysed peroxidation of 

arachidonic acid. These esterified prostanoids can then cleaved by hydrolysis from the 

parent phospholipid by the action of a phopholipase or similar enzyme system (figure 

10).
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OH

spholipid membrane 

Free radical
Isoprostane

Phospholipase

Distorted membrane

OOH

Arachidonic acid

Figure 10: Synthesis and cleavage of isoprostanes in plasma membranes. Free radical attack 
on arachidonic acid forms an isoprostane esterified to membrane phospholipid, and this 
perturbs the membrane structure. Phospholipase cleavage restores membrane integrity and 
releases free isoprostane

1.1.7 Use of isoprostanes to assess lipid peroxidation

The isoprostanes were discovered by accident during analysis of samples that had been 

stored at -20®C. In contrast to conjugated dienes and MDA the isoprostanes are 

relatively stable in vivo and in vitro, but are generated spontaneously in plasma samples 

stored at -20° 0. Isoprostanes can be measured in any biological material including 

plasma, urine, cerebrospinal fluid and tissues. Analysis may be performed to determine 

free isoprostanes, that is those already hydrolysed from parent phospholipids in vivo. 

Alternatively total isoprostanes may be measured by extracting tissue lipids and 

measuring the isoprostanes released after hydrolysis in vitro. Measurement of esterified 

levels of p2-isoprostanes in tissues can be used to localise the site of lipid peroxidation, 

provided that they are formed at a rate that exceeds hydrolysis {Morrow et ai. 1992). 

Recently it has been reported that small amounts of F2-isoprostanes are produced by 

cyclo-oxygenase in platelets stimulated {Pratico et ai. 1995) and pulmonary smooth
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muscle cells in vitro {Jordan et al. 1998). However data is somewhat contradictory, as in 

some studies normal isoprostane levels are slightly reduced by NSAIDS {Klein et al. 

1997) but unaffected in others {Awad J. et al. 1996).

Like most prostaglandins produced systemically the urinary excretion rate is dependent 

upon renal function and thus it has be conventional to correct excretion of F2- 

isoprostanes for creatinine clearance to take into account the widely differing degrees of 

renal dysfunction. Since clearance and excretion rate are both a function of time this is 

calculated as either:

Equation 1

Fglsoprostanesurine (PQ/ml) x Creatininepiasma (PM)

Creatinineurine (PM)

Equation 2

FglsoprostaneSurine (pg/min) 

Creatinine clearance (ml/min)

Thus isoprostanes are useful as markers of lipid peroxidation and have been be 

measured in plasma and urine by mass spectrometry and immunoassays. They have 

been shown to be valuable markers of oxidative stress in vivo in a variety of conditions 

(table 2 ).
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Table 2: Diseases In which Isoprostane levels are Increased.

Condition Reference

Alzheimer’s disease {Montine et al. 1999)
Atherosclerosis {Pratico et al. 1997)
Cirrhosis {Morrow et al. 1993)
GOAD {Pratico et al. 1998)
Diabetes {Davietal. 1999)
End stage renal failure {NourooZ'Zadeh et al. 1997)
Multiple Sclerosis {Greco et al. 1999)
Pancreatic disorders {Leoetal. 1997)
Pre-eclampsia {Barden A. et al. 1996)
Scleroderma {Stein et al. 1996b)
Ventilator lung injury {Becker et al. 1998)

1.1.8 Biological activity of isoprostanes

Because of the structural similarity with biologically active prostanoids produced by cyclo- 

oxygenase, a natural extension of this discovery was to investigate the pharmacological 

or physiological roles of isoprostanes in vivo. Infusion of 8 -iso PGF2«into the renal artery 

of rats causes intense renal vasoconstriction {Takabashi et al. 1992) in low 

concentrations. It decreases both glomerular filtration rate (GFR) and renal blood flow 

(RBF). The renal effects are known to be blocked by a thromboxane A2 /prostaglandin H2  

receptor antagonist (SQ29548), suggesting the action was on a thromboxane-like 

receptor {Takabashi et al. 1992). There is evidence that this may be a unique receptor 

for isoprostanes, with the inference that isoprostanes have a physiological function 

{Fukunaga et al. 1997) {Longmire et al. 1994). Since their discovery these compounds 

have been shown to have a number of other biological properties that may be relevant to 

different pathology (table 3).
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Table 3: Biological activity of isoprostanes

Action of isoprostanes Reference

Renal vasoconstriction {Takabashi at al. 1992)

Endothelin release from cultured endothelial cells {Fukunaga at al. 1995)

Increased platelet adherence and adhesion 
molecule expression

{Andrioli at al. 1997)

Increase in pulmonary vascular resistance {John and Valantin, 1997)

Coronary artery vasoconstriction {Kromar and Tippins, 1996)

Portal vasoconstriction {Marlayatal. 1997)

Increased collagen expression in cell culture {Banoatal. 1994)

1.1.9 Choice of study area

To test the relationship between oxidant stress and renal function in vivo, two animal 

models were studied in detail, namely acute bile duct ligation and glycerol induced 

rhabdomyolysis. These animal models were studied together with their counterparts in 

human disease, namely hepatorenal syndrome and rhabdomyolysis. Both the renal 

impairment associated with liver disease and rhabdomyolysis involve distal organ 

dysfunction associated with a reduction of renal blood flow and evidence of oxidant 

stress. However they differ in that Bile duct ligation (BDL) is associated with cortical 

underperfusion and relative tubular preservation, while in contrast in rhabdomyolysis 

there is preferential medullary underperfusion and tubular damage. The background to 

these conditions will now be discussed in detail.
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1.2 Liver disease and renal dysfunction

While renal impairment frequently complicates liver disease, there are often reasons, 

other than liver failure per se, to explain a decline in renal function and commonly these 

include sepsis and/or drugs. Two situations in which renal impairment is known to occur 

in the absence of intrinsic renal pathology are obstructive jaundice and the hepatorenal 

syndrome. Helwig and Schulz {Helwig and Shulz, 1930) described patients developing 

renal failure following biliary tract surgery in 1930 and coined the term ‘hepatorenal 

syndrome'. This term now refers to the development of renal failure in the context of 

hepatocellular dysfunction of whatever cause, rather than in association with obstructive 

jaundice.

1.2.1 Obstructive Jaundice

Obstructive jaundice occurs when there is an obstruction to the bile flow in the liver, 

causing accumulation of bilirubin, bile acids (cholic, deoxycholic, chenodeoxycholic) and 

salts (glycine or taurine conjugated acids) in the circulation (figure 1 1 ).

Cholic acid

dehydroxylation

Cholesterol
CT-CHl-CHl-CH

ItHz-CHrC^

sulphation

Conjugation 
(glycine/taurine)

sulphation

Deoxycholic acid

Chenodeoxycholic acid

dehydroxylation

l-CHr-CHr-C^

Lithocholic acid
Sulphated bile acids 

Figure 11: Synthesis of bile acids and salts from cholesterol.
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Bilirubin concentration rises from ~1 2 nM (<1 mg/dl) to -350 pM (SOmg/dl) after 

uncomplicated complete biliary obstruction, but it may rise as high as ~1200|liM 

(1 0 0 mg/dl) if renal failure occurs.

The concentration of bile acids in the systemic circulation is usually negligible (<1 pM), 

but is higher in the portal circulation because of enterohepatic circulation (Ostrow J.,

1993). Free levels are low (nM) since most bile acids are found bound to albumin and 

lipoproteins {Bomzon et al. 1997). However, following biliary obstruction this rises up to 

~800nM {Ostrow J., 1993). Most commonly this occurs due to biliary stone disease but it 

can occur in other situations such as malignancies of the pancreas or biliary system.

Previous studies have noted that -10% of these patients have renal failure {Wait and 

Kahng, 1989). Apart from renal dysfunction, cholaemia perse predisposes to sepsis and 

poor wound healing. The mortality rate for jaundiced patients undergoing biliary surgery 

is -16-18% and this rises to 70-80% in patients who develop ARP {Green and Better, 

1995', Thompson et al. 1987). This is a huge increase in risk compared to the -0.1 % risk 

of biliary tract surgery in the non- jaundiced.

In a study of patients with cholangiocarcinoma, the renal functional abnormalities were 

proportional to the degree of jaundice and hepatic dysfunction and no abnormality of 

renal function or sodium excretion was observed in patients with mild disease. In this 

study, patients with moderate disease (bilirubin -300-500)liM) creatinine clearance was 

decreased but urinary sodium increased, and no reduction in renal blood flow was found. 

In patients with severe jaundice (bilirubin >500nM) renal blood flow, GFR, sodium 

excretion and free water clearance were all decreased {Sitprija et al. 1990).

Dawson measured creatinine clearance in icteric surgical patients pre- and post-

operatively and compared these to similar surgical patients who were not jaundiced. All

patients had reduced creatinine clearances post operatively, but the magnitude of the
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reduction was larger in the jaundiced patients {Dawson, 1968). Similarly most patients 

with clinically significant cirrhosis have impaired creatinine clearance {Gines et al. 1997). 

In one previous study, creatinine clearance was decreased to 60% of normal in patients 

cirrhosis or acute biliary obstruction {Moore et al. 1990).

1.2.2 Models of biliary obstruction

The purest animal models are produced using a choledochocaval anastamosis in which 

the bile duct is diverted into the inferior vena cava producing pure cholaemia. A simpler 

model is that of the bile duct ligated rat, and this has been studied in detail {Better, 1988, 

Monasterolo et al. 1993).

A distinction should be made between acute biliary obstruction (<7 days) and chronic 

BDL (>7 days) since renal pathology varies. Experimental biliary obstruction in animals 

causes renal impairment in all species studied. This is associated with a reduction in 

renal blood flow and or glomerular filtration rate {Hishida et al. 1988, Yarger et al. 197&, 

Monasterolo et al. 1993, Bomzon and Kew, 1983, Better, 1983). (table 4)

Table 4: Plasma findings In the acute bile duct ligated ra t.

Characteristic Effect of 
BDL

Reference 
(only one shown)

Aspartate transaminase Î {Vakil et al. 1994)

Alkaline phosphatase T {Tsai et al. 1997)

y-glutamyl transferase T {Tsai et al. 1997)

Lactate dehydrogenase T {Monasterolo et al. 1993)

Creatinine T {Vakil et al. 1994)

Bilirubin T {Monasterolo et al. 1993)

Renal plasma flow i {Yarger et al. 1976)

Plasma volume {Yarger et al. 1976)
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1.2.2 i Acute BDL

Acute BDL is accompanied by an increase in urine output {Vakil et ai. 1994] O’Neill et al. 

1991). While some workers have suggested that this may be due to a diuretic effect of 

bilirubin {Better, 1983) or other osmotic agent it may equally reflect impaired tubular 

dysfunction. However since the filtration fraction increases it suggests that efferent 

arteriolar vasoconstriction may be an important element acting to increase renal vascular 

resistance but limiting the fall in GFR {Monasterolo et al. 1993).

In the bile duct ligated (BDL) rat model significant renal dysfunction is seen by 24 hours 

and is maximal between day 2  and 4, with GFR being decreased by 40%-60% {O’Neill et 

al. 1990). The renal dysfunction is accompanied by a reduction in urine sodium excretion 

by around 30% (table 5) {O’Neill et al. 1991) {Bank and Aynedjian, 1975).

Table 5 : Characteristic renal changes seen after acute bile duct ligation in the ra t.

Characteristic Effect of 
BDL

Reference 
(oniy one shown)

Urine output T {Vakil et al. 1994)

Renal plasma flow i {Yarger et al. 1976)

Glomerular filtration rate {Yarger et al. 1976)

Filtration fraction Î {Monasterolo et al. 1993)

Free water clearance t {Monasterolo et al. 1993)

Urine protein {Amodie et al. 1985)

Urine calcium excretion T {Vakil et al. 1994)

Urine sodium excretion {Vakil et al. 1994)

Urine/plasma osmolality {Monasterolo et al. 1993)

Urine tubular enzymuria —> {Amodie et al. 1985)
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Despite the fall in glomerular filtration rate and renal plasma flow, urine volumes are 

increased after BDL {Monasterolo et ai. 1993). The consequent intravascular volume 

depletion and increase in renin angiotensin and sympathetic nervous system activity 

causes renal vasoconstriction {Green et ai. 1984] Alon et al. 1982b; Green and Better,

1995).

Reduction in renal blood flow would be expected to cause an increases tubular 

reabsorption of sodium provided that tubular function is intact, and indeed micropuncture 

experiments have demonstrated marked increases in proximal tubular sodium 

reabsorption as well as increased reabsorption more distally {Bank and Aynedjian, 

1975). Decreased RBF is mediated by afferent or efferent vasoconstriction and a 

number of vasoactive mediators have been proposed including thromboxane A2 , 

angiotensin II, endotoxin or sympathetic stimulation. However denervation of the kidney 

or inhibition of cyclo-oxygenase with indomethacin does not protect animals from renal 

impairment, and no change has been reported in plasma renin activity {O’Neill et al.

1991] O’Neill et al. 1990).

Table 5 reviews the characteristic of acute (<7 days) BDL in the rat. The mechanisms 

involved in these changes are poorly understood but there have been a number of 

proposed etiological factors. Thus the reduction in glomerular filtration rate seems in part 

to be mediated by alterations in renal vascular tone and specifically cortical 

vasoconstriction and it is likely to be multi-factorial.

1.2.2 a Chronic BDL

Chronic biliary obstruction causes proliferation of bile ducts, cell necrosis and bridging 

fibrosis with features of biliary cirrhosis and elevation in portal pressure {Bravo et al. 

1997). The renal changes following chronic BDL varies between species and study 

(reviewed in {Better, 1983)) (table 6 ) and are not further considered here.
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Table 6 : Renal function in chronic BDL in different species

Species Glomerular
filtration

rate

Renal
plasma

flow

Urine
sodium

Reference

Rat i i {Yargaratal. 1976)

Rabbit i {Hishida at al. 1980)

Dog —> {Battar and Massry, 1972)

Baboon Not Done —> Not Done {Bloom at al. 1976)

1.2.3 Evidence for lipid peroxidation foiiowing biliary obstruction

There is now accumulating evidence that lipid peroxidation occurs following BDL. 

Malondialdehyde (MDA) and other thiobarbituric acid reactive substances (TBARS) are 

elevated in the serum, urine {Panozzo at al. 1995\ Singh at al. 1992) and in 

mitochondria {Krahanbuhl at al. 1995).

In addition host defence against oxidant injury is impaired following BDL with a reduction 

in plasma vitamin E, selenium, catalase, glutathione transferase and glutathione 

peroxidase {Singh at al. 1992) (table 7).

Table 7: Evidence for oxidative injury In the acute bile duct ligated ra t. GSH- reduced glutathione, 
GSSG-oxidlsed glutathione, SOD-Superoxide dismutase.

Characteristic Effect of 
BDL

Reference 
(only one shown)

Plasma a-tocopherol i {Tsai at al. 1997)

Plasma GSH/GSSG ratio t {Tsai at al. 1997)

Plasma malondialdehyde Î {Tsai at al. 1997)

Cholesterol and triglycerides —> {Monastarolo at al. 1993)

Hepatic a-tocopherol {Tsai at al. 1997)

Hepatic catalase {Singh at al. 1992)

Hepatic malondialdehyde T {Tsai at al. 1997)

Hepatic SOD {Tsai at al. 1997)
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No information exists as to the species of free radicals that are generated during bile duct 

ligation. However the mitochondria isolated from the liver of bile duct ligated rats show 

increased concentrations of TBARS and reduced levels of the antioxidants glutathione 

and ubiquinone. Moreover the activities of complexes II, III and IV of the electron 

transport chain were reduced. This suggests that mitochondrial dysfunction may be due 

to oxidant injury {Krahenbuhl et al. 1995).

In addition the toxicity of bile acids acts to rat hepatocytes varies with the individual bile 

acid. Reduced hepatocyte viability (by 40% to 50%) was found when 

taurochenodeoxycholic acid and taurolithocholic acid were tested, while taurocholic acid 

and tauroursodeoxycholic acid were not toxic. In those cells that died increased lipid 

peroxidation was detected. Pre-incubation with different antioxidants protected against 

the loss of viability and inhibited lipid peroxidation {Sokol et al. 1991).

Rats fed either vitamin E deficient, or supplemented, diets showed increased, or 

reduced, TBARS and conjugated dienes in hepatic mitochondria respectively. 

Furthermore the levels of bilirubin and alanine transaminase correlated with the level of 

TBARS and conjugated dienes {Sokol et al. 1993).

This data suggest that bile acids may disrupt mitochondrial electron transport causing 

generation and local release of oxygen free radicals causing lipid peroxidation and 

cellular damage.

1.2.4 Mechanisms of renal dysfunction in Biliary Obstruction

1.2.41 Endotoxaemia

Following BDL increased circulating levels of endotoxin and TNF, together with impaired

immune performance can be demonstrated {Bemelmans et al. 1996) {Greve et al.

1992). Endotoxaemia occurs in -85% of patients with biliary obstruction and is thought to

be due to enhanced absorption of gut derived endotoxins secondary to the low intestinal

38



Chapter 1 - Introduction

bile acid concentrations and reduced secretion of immunoglobulin A {Pain and Bailey, 

1986) {Wardle and Wright, 1979, Cahill et al. 1987). Endotoxin enters the portal 

circulation and is then cleared by Kupffer cells and hepatocytes {Epstein, 1996). The 

clearance of endotoxin may be impaired following BDL leading to systemic 

endotoxaemia. Endotoxin activates macrophages, monocytes and polymorphs to 

produce numerous inflammatory mediators such as TNF, IL-1, IL-6 , prostaglandins, 

thromboxanes, leukotrienes and reactive oxygen species (figure 12) {Bemelmans et al. 

1992, Jones et al. 1990).

Endotoxin

Macrophage activation

Cytokine release 
e.g. IFNY,TNFa, 111P, 116,118 

I
Adhesion molecules
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Vascular permeability factors
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Cytoskeletal disruption Chemokines
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Apoptotic cell signals
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Free radicals 
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Activation o f complement

Microcirculatory ^poptosis 
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Reduced renal 
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Figure 12: Effects of endotoxin causing acute renal failure

TNFa and IL- 6  have previously been shown to rise in prolonged biliary obstruction

{Bemelmans et al. 1992) in mice. IL- 6  is the most important cytokine in the generation of

an acute phase protein response but TNFa and IL-1 have also been implicated {Heinrich

et al. 1990). Endotoxin itself can cause renal vasoconstriction {Badr et al. 1986-, Zager

and Prior, 1986), and oxidative stress {Demling et al. 1988) {Chang et al. 1988).

Following BDL, TNF is produced at high levels by macrophages of normal animals, but

values are much lower in germ-free rats, which have much lower gut endotoxin levels.
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Lactulose decreases systemic and portal endotoxin levels {Pain and Bailey, 198&, Greve 

et ai. 1992) by reducing bowel flora and thus endotoxin load. Additionally lactulose 

directly lowers TNF production by endotoxin stimulated monocytes in vitro in a 

mechanism that does not involve endotoxin inactivation {Greve et ai. 1990b). Lactulose 

and bile salts have also been shown to decrease postoperative rates of renal failure and 

mortality {Greve et al. 1990a; Cahill et al. 1987), suggesting a link between endotoxin 

adsorption and or immune activation and renal impairment endotoxaemia.

Moreover TNF and endotoxin are likely to play a major a role in the induction of the 

haemodynamic changes seen after biliary obstruction leading to the development of a 

hyperdynamic circulation with renal underperfusion {Kimmings et al. 1995).

In the partial portal vein ligated rat model the hyperdynamic circulation may be partially 

reversed by anti-TNFa antibody {Lopez-Talavera et al. 1995), tyrosine kinase inhibition 

with tryphostin {Lopez-Talavera et al. 1997) or NFkB inhibition with N-acetylcysteine 

{Fernando et al. 1998). In the biliary cirrhotic animal, the anti-oxidant lipoic acid also 

prevents the development of the hyperdynamic circulation {Marley et al. 1999a).

In the lung at least, antioxidants can attenuate activation of alveolar macrophages 

{Mendez et al. 1995). There is also evidence that the anti-oxidant N-acetylcysteine 

(NAC) can inhibit TNF production {Redondo and Subira, 1996). Taken together these 

data suggest that reducing the inflammatory response to endotoxin or the downstream 

consequences may abrogate the development of the hyperdynamic state, which in turn 

may improve renal haemodynamics, and these pathways are summarised in figure 13.
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Figure 13: Putative pathways linking endotoxin with the
development of the hyperdynamic circulation, and some of the 
strategies used to block these pathways.

1.2.4 a Nitric oxide

Endotoxin increases synthesis of NO by upregulation of nitric oxide synthase by 

hepatocytes and macrophages {Vallance and Moncada, 1991). Paradoxically the NO 

production stimulated by LPS protects against hepatotoxicity of endotoxin {Harbrecht et 

ai. 1992). Nitric oxide produced by the endothelium cannot be measured directly, 

however it reacts with its chemical environment to produce different redox forms. For 

example NO can give rise to nitrosonium (NO"), nitrite (NO2), nitrate (NO3), or 

peroxynitrite (ONOO“ ) ions. NO and its metabolites can complex with transition metal 

ions and thiols to form s-nitroso-iron complexes or S-nitrosothiols. The biological 

relevance of these compounds is not clear but they may play a major role in modulation 

of NO effects, both locally and distal to the site of production. Thus any upregulation of 

NO either directly or via nitrosothiol generation can cause both a reduction in mean 

arterial pressure and fall in GFR.
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1.2.4 Hi Endothelin

Endothelin-1 (ET-1 ) was first described in 1988 {Yanagisawa et ai. 1988), subsequent 

studies have revealed three isoforms, each with vasoconstrictor activity with possible 

roles as mitogens and angiogenic factors. Endothelin-1 infusion in the dog reduces renal 

blood flow and glomerular filtration rate, at doses that do not affect blood pressure and 

preferentially constrict efferent arteries {Rossi et af. 1988). They are synthesised by the 

vascular endothelium in response numerous to stimuli (injury, ischaemia, endotoxin, 

inflammatory mediators, thrombin, transforming growth factor P, turbulent flow, stretch, 

shear) (reviewed in {Simonson, 1993)). Endothelins are also formed in most tissues but 

in the kidney most is produced in the inner medullary vessels. There are three endothelin 

receptors (A, B and 0). In the kidney both ETa and ETg are found (2:1 B:A) in the 

medulla, vasa recta and cortex. Signal transduction is modulated by calcium, 

phosphatidyl inositol and protein kinase 0  pathways. The affinity of the ETa receptor is 

almost exclusively for ET-1, whilst the ETg receptor binds ET-1, 2 and 3. The receptor 

kinetics are such that endothelins have a relatively long duration of action {Kon and Badr, 

1991).

In rat models of acute BDL an endothelin receptor antagonist (Bosentan) improves renal 

function {Kramer et ai. 1997) {Ozgogan et al. 1997), suggesting that it may play a role in 

the renal dysfunction.

1.2.4 iv Renin-Angiotensin System

Some studies suggest that the renin angiotensin system (RAS) is activated after BDL 

with evidence of increased plasma renin activity and circulating angiotensin. Activation of 

the renin angiotensin system may occur secondary to the reduction in plasma volume 

due to the diuresis seen. The further effects of mainly efferent vasoconstriction may
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contribute to the reduction in GFR. However there is no direct evidence of a link between 

sodium retention and plasma aldosterone levels {Lieberman F. et al. 1970).

Bile duct ligated dogs have elevated circulating levels of angiotensin at one week and 

demonstrate a reduced pressor effect to exogenous angiotensin {Naveh et ai. 1988). 

This may be due to down-regulation of vascular angiotensin receptors or reduced 

response by continuous receptor occupation {Griendling et ai. 1994). However no 

differences have been found in BDL or sham plasma renin activity (PRA) at 4 days post 

BDL in the rat {O’Neill et al. 1990). In addition a decrease in aldosterone has been 

shown in some studies {Griendling et al. 1994).

Finally, angiotensin II can increase vascular production of superoxide, due to activation 

of the NADH/NADPH oxidase system and this can be partially blocked by liposomal 

superoxide dismutase or the angiotensin II receptor blocker Losartan {Rajagopalan et al.

1996).

Thus there is some evidence of RAAS overactivity after BDL and this may lead to renal 

vasoconstriction, sodium retention and increased oxidant stress.

1.2.4 V Eicosanoids

Eicosanoids are produced by stereo-selective oxidation of arachidonic acid (figure 14) 

and have important functions in regulating renal function. They have effects on renal 

blood flow, glomerular capillary ultrafiltration and tubular function.
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Figure 14: Synthesis of mediators derived from arachidonic acid.
The compounds in blue may play an important role in regulating 
renal function.

These compounds serve to 'fine tune' the actions of other hormones or stimuli. In general 

prostacyclin (PGE) and prostaglandin E2  (PGE2 ) serve as vasodilators on vascular 

smooth muscle and mesangial cells, while thromboxane A2 (TXA2 ) and PGp2a do the 

reverse. In the thick ascending limb of the loop of Henie and collecting tubule PGE and 

PGE2 have effects on sodium reabsorption, however these effects are species 

dependent.

PGE2 is upregulated by and inhibits the actions of vasopressin and PGE2 / PGE both 

induce renin release {Miyamoh et ai. 1979). Thus PGE / PGE2 are released as a 

compensatory responses to vasoconstrictors in order to preserve renal blood flow.

Normally these prostaglandins have little role in maintaining renal blood flow or 

glomerular filtration rate since these parameters are not altered by cyclo-oxygenase 

inhibition in health. In the face of vasoconstrictor system activation, release of these 

prostaglandins is stimulated {O'Neill et al. 1990\ Fletcher, 1993) {McMillen and Sumpio,
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1995). Stimulation can also occur with endotoxin, proinflammatory cytokines, polypeptide 

growth factors and reactive oxygen species {Badr et al. 198&, Schlondorff and Ardaillou, 

198&, Margolis of al. 1988; Adler et al. 1987). In cirrhosis cyclo-oxygenase inhibition 

with indomethacin reduces renal plasma flow and creatinine clearance {Boyer et al. 

1979).

There are a number of problems in interpreting studies of prostanoid profiles in disease 

states, mainly due to the variety of metabolic and breakdown products. Urinary PGE2  is 

considered to reflect renal production of PGE2 , but a number of other metabolites are 

noted. PGI2  is hydrolysed in aqueous conditions to 6-0x0 PGFi„ and this is further 

metabolised to 2,3 dinor 6-0x0 PGFi« and other metabolites. Urinary 6 -oxoPGFia should 

mainly reflect renal synthesis of PGI2  under basal conditions, but at times of increased 

systemic production urinary levels are also increased {FitzGerald et al. 1985) leading to 

difficulty in interpretation. TXB2  is seen in the urine as a relatively stable hydrolysis 

product of TxA2 .

Renal function influences excretion of systemically produced prostaglandins and with the 

exception of those metabolites thought to reflect only renal synthesis (essentially PGE2 ), 

and urinary levels may should be interpreted in the light of GFR {Moore, 1997).

That said, BDL causes a twofold increase in urinary excretion of 6 -oxoPGFi„ and a 

fourfold increase in PGE2  and TXB2  {O’Neill et al. 1990). This increase is associated 

with a fall in creatinine clearance by -40% and a fall in sodium excretion by -38%. The 

effect on creatinine clearance is not reversed by indomethacin and the rate of fall of 

sodium excretion is larger.

Kramer et al have shown that administration of Daltroban, a thromboxane A2  / 

Prostaglandin H2  receptor antagonist prevents the renal dysfunction caused by BDL, 

while urinary TXB2  increases approximately 2-fold following BDL {Kramer et al. 1995).
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1.2.4 vi Sympathetic NS

Cirrhotic patients with ascites have high levels of circulating noradrenaline and 

demonstrate increased renal vascular response to adrenergic stimulation. In the BDL 

model the a-blocker phenoxybenzamine has been reported to cause a significant 

increase in the creatinine clearance after BDL {Bloom et ai. 197&, Bomzon et al. 1977), 

suggesting that the SNS may be important. Yet denervation of the kidney does not 

protect from renal failure {O’Neill et al. 1991). Thus there is contradictory evidence for 

the role of the SNS in this model. The usual homeostatic renal response to 

catecholamines involves increases in counteregulatory vasodilator prostaglandins (e.g. 

PGE2/PGI2 ) abrogating the vasoconstrictor effect of alpha adrenoceptor stimulation and it 

may be too simplistic to look at the SNS in isolation.

1.2.4 vii Bile salts and bilirubin

Infusion of bile or the bile salt taurocholic acid intra-renally or intravenously into dogs 

causes a diuresis, natriuresis and kaliuresis. {Alon et al. 1982a), {Topuzlu C. and Stahl 

W., 1966). Dialysis or cholestyramine treatment of bile abolishes the diuretic effects of 

bile infusion {Finestone et al. 1984). These data suggest that bile salts are responsible 

for the natriuretic and diuretic effects of biliary obstruction. Tubular micro-perfusion 

experiments suggest that the site of action of these bile acids are directly on the proximal 

tubular cells {Better et al. 1987) by impairing proximal tubular fluid absorption by -30%. 

At high levels bile salts inhibit ATPase activity, disrupt lipid membranes and lysosomes 

{Guldutuna et al. 1993).

No changes are seen on light microscopic studies in kidneys from BDL animals 

{Panozzo et al. 1995), however perfusion experiments show that both bilirubin and bile 

acids can induce ultrastructural changes in tubular cells at concentrations similar to those 

present in cholaemia {Gollan et al. 1976). These changes may be linked to changes in 

membrane fluidity, caused by and increase in the phospholipid;cholesterol ratio,
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observed in BDL animals {Owen at al. 1982). However bile acids themselves are 

unlikely to be responsible for these changes {Bomzon and Ljubuncic, 1995). The infusion 

of bile salts in the dog renal artery alone is not associated with a reduction in GFR or 

renal plasma flow {Finestone et ai. 1984). This data suggests that while bile acids/salts 

may be directly responsible for the increase in urine volumes they are not necessarily 

implicated in the pathogenesis of the renal dysfunction through these actions. Bilirubin 

has no direct renal effects when infused alone, but conjugated bilirubin is capable of 

causing haemolysis in animal models {Powell et al. 1968).

Cholaemia has a general vascular effect of reducing left ventricular performance and 

decreasing peripheral vascular resistance by a direct action on the SNS or smooth 

muscle {Bomzon & Ljubuncic 1995). Implicating bile in the generation of more 

widespread vascular dysfunction.
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1.3 The hepatorenal syndrome

The hepatorenal syndrome (HRS) is a rather unsatisfactory term for a diagnosis that 

represents one end of a spectrum of multi-organ dysfunction associated with severe liver 

disease. Since renal impairment frequently complicates hepatic disease, the condition is 

often overdiagnosed. However there are often other factors contributing to declining renal 

function, commonly including sepsis or drug induced renal impairment.

HRS may be defined as "Incompletely explained renal failure in patients with liver 

disease, in the absence of clinical, laboratory or anatomical evidence of other causes of 

renal failure." (Epstein, 1996). Until recently the lack of consensus on the definition of 

HRS has caused difficulty in the interpretation and comparison of studies in this field. 

Although this is largely a diagnosis of exclusion previous definitions have relied heavily 

on urinary findings and were considered somewhat too strict. There are now 

internationally agreed criteria for the definition of HRS see table 8  {Arroyo et al. 1996). 

Table 8 : Major diagnostic criteria for HRS 

Diagnostic criteria -  Major 

Acute/chronic liver disease 

Low GFR

Creatinine Clearance <40 ml/min or serum creatinine >136 pmol/l 

No shock, bacterial infection, nephrotoxic drugs, fluid losses 

No sustained improvement after volume expansion 

Proteinuria <500mg /day 

Normal Renal imaging
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The major criteria must be present for the diagnosis of HRS, and while the additional 

criteria (table 9) may represent supportive evidence, they are not necessary for the 

diagnosis.

Table 9: Additional diagnostic criteria, which may be 
helpful, but are not required for the diagnosis of HRS.

Diagnostic criteria -  additional

• Urine volume <500 ml/day

• Urine Sodium <10 mmol/l

• Urine osmolality > plasma osmolality

• Urine microscopy < 50 red blood cells per high powered field

• Serum sodium <130 mmol/l

There has been a move to subdivide HRS into types I and II; Type I representing severe 

or rapidly progressive renal failure with a doubling serum creatinine or initial level > 2 2 0  

pM or halving creatinine clearance to <20ml/min in <2weeks. While type II has a more 

insidious course {Arroyo et al. 1996). The rational for this distinction is that it 

distinguishes patients with rapid renal decline from patients with diuretic resistant ascites, 

since there is a feeling that the pathogenesis and response to treatment may differ. 

However since this is only a relatively recent development there is as yet little evidence 

that this subdivision is helpful in prognosis or management.

Predictive factors for the development of HRS in this study are listed in table 10, but 

notably absent are the liver function tests and the aetiology of the liver disease {Gines et 

al. 1993).
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Table 10: Predictive factors for the deveiopment of HRS (Gines ef a /1993)

Clinical

• Previous episodes of 
ascites

• Poor nutritional status

• Absence of hepatomegaly

• oesophageal varices

• Mean arterial pressure 

(<85mmHg)

Laboratory

Low serum Sodium (Na<133)

High serum potassium (K>4 mEq/l)

Low urinary sodium excretion (Naynne 
<2mEq/day)

Low free water clearance (<3.3 ml/min)

low plasma osmolality 
(^79mOsm/kg)

High urine osmolality 
(>553mOsm/kg)

Glomerular filtration rate 
(<80ml/min)

High plasma noradrenaline 
(> 544 pg/ml)

High plasma renin activity 
(>3.5 ng/ml/hr)
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1.3.1 Pathology

The renal failure of HRS is characterised by a lack and inconsistency of pathological 

findings seen at post mortem {Shear at a i 1965). Studies on pathology are hampered by 

the lack of an accepted and well-validated animal model of HRS. However 

galactosamine induced liver injury with secondary renal impairment is currently being 

evaluated as a better animal model of HRS {Javie et a i 1998) {Anand et a i 1998). 

Tubular function appears to be intact, at least early in the syndrome, since there is avid 

sodium retention and oliguria, out of keeping with the renal dysfunction per se.

Renal impairment in the setting of cirrhosis has a grave prognosis with >95% mortality 

within 3 weeks, and a mean survival of 1.7 weeks. Papper studied 200 patients and only 

2 spontaneously recovered {Papper, 1983). Although some studies have estimated that 

spontaneous recovery rates are higher, these usually follow improvement in hepatic 

function. It should be noted that uraemia per se is not usually the immediate cause of 

death, since patients often die of sepsis or liver failure.

1.3.2 Mechanisms of renal dysfunction

Many studies have demonstrated a reduction in renal perfusion, however a similar 

reduction in renal perfusion may be seen in patients with CRF who may still have urine 

volumes >1 litre. Thus renal blood flow per se is not the only determinant of urine output 

{Hollenberg et a i 1968). There appear to be three components to the reduction in renal 

blood flow;

• Reduction in perfusion pressure secondary reduced arteriai 

biood pressure.

• Increased formation of renai vasoconstrictors

• Reflex vasoconstriction via neuronal mediators.
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1.3.3 Reduction in perfusion pressure secondary reduced arterial blood pressure.

A hyperdynamic circulation develops in cirrhosis consisting of increased heart rate and 

cardiac output but reduced systemic vascular resistance and blood pressure. In addition 

to increased portal pressure there is an elevation in splanchnic blood flow. However 

there is a marked reduction in renal blood flow, and this is thought to reflect the intense 

cortical vasoconstriction. Epstein et al demonstrated this phenomenon vividly in a study 

with pre- and post-mortem angiograms in a patient dying with HRS {Epstein et al. 1970). 

These showed markedly attenuated cortical perfusion prior to death which was reversible 

as shown by the normal vascular pattern obtained at post mortem angiography.

Kidneys taken from patients with HRS and transplanted into patients with a normal liver 

function may recover {Koppel et al. 1969). The same is true for native kidneys in patients 

who receive a transplanted liver, although recovery rate is slower {Gonwa et al. 1995).

In order to explain the changes in systemic haemodynamics it is necessary to consider 

how various homeostatic mechanisms are activated, and to consider the vasoconstrictor- 

vasodilator balance in the cirrhotic state. Although plasma and blood volumes increase, 

the effective blood volume in cirrhosis is reduced despite the massive salt and water 

retention {Epstein, 1996). In addition a number of vasoconstrictor systems are found to 

be activated, for example an increase in the activity of the renin angiotensin aldosterone 

system (RAAS) {Epstein et al. 1977a), the sympathetic nervous system (SNS) 

{Henriksen et al. 1989) and increases in vasopressin {Pasqualetti and Casale, 1998) are 

well documented.

Traditionally the reduction in effective blood volume was thought to have been brought

about by an increase in hepatic sinusoidal pressure leading to extravasation of fluid into

the peritoneal cavity from the portal circulation. When the amount of such a transudate
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exceeds the ability of the peritoneal lymphatics to remove the fluid, ascites develops with 

consequent reduction in central blood volume {Epstein, 1980) {Better and Schrier, 1983). 

There is now considerable doubt that this is the main mechanism at work in reducing 

blood volume, and while it may play a role in the continuation of the problem is unlikely to 

be a primary event.

The response of some cirrhotic patients to head out of water immersion, with natriuresis 

and improved renal haemodynamics, suggests that the vascular compartment is 

relatively underfilled {Epstein et al. 1985). Systemic vasodilatation appears to be central 

to this problem. There is no doubt that there are profound changes in blood flow to 

various vascular beds. Notably blood flow to the skin is increased {Lunzer et al. 1973), 

skeletal muscle flow is probably also enhanced {Lunzer et al. 1973) but this needs to be 

cautiously interpreted because cirrhotics have reduced muscle mass. There is a also 

reduction in arterial oxygen saturation caused by ventilation perfusion mismatching 

leading to the hepatopulmonary syndrome {Krowka, 1993).

It is still a matter of some debate as to whether systemic vasodilatation or sodium 

retention occurs first. However there is an early reduction in vascular resistance causing 

a reduction in effective blood volume. This reduction is exacerbated by impaired 

response to consequently activated pressor stimuli {Castro et al. 1993). HRS may be 

seen as one end of this disease continuum, with profound systemic vasodilatation but 

activation of all vasoconstrictive mechanisms in order to try to maintain effective blood 

volume by vasoconstriction.

The increased circulating levels and renal venous levels of noradrenaline, reflect total

body sympathetic and renal sympathetic activity respectively {Henriksen et al. 1989).

Since sympathetic activity correlates inversely with effective blood volume, these findings

suggest that the vascular compartment is underfilled. Thus, in cirrhosis there is under-
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loading of volume and baroreceptors, with consequent increased sympathetic 

stimulation. This causes renal afferent vasoconstriction leading to salt and water 

retention and eventually to renal failure {Schrier et al. 1988). It is of note that renal blood 

flow does not correlate with cardiac output, as it does for example in OOF. In fact in HRS 

most patients have a normal or elevated cardiac output {Epstein et al. 1977b).

Some argue against this hypothesis (the vasodilatation hypothesis) because atrial 

natriuretic peptide (ANP) levels increased, implying that effective blood volume is actually 

increased {Pasqualetti and Casale, 1996). Some workers believe that in cirrhosis there is 

inappropriate ANP production by the ventricles, but reason for this is unknown {Poulos et 

al. 1995). Sodium retention, as well as a reduction in peripheral vascular resistance, can 

be demonstrated prior to ascites formation {Schrier et al. 1988). Thus an alternate 

hypothesis assumes that liver impairment causes renal vasoconstriction and sodium 

retention as the primary abnormality. The excess sodium expands the effective blood 

volume, increasing ANP, and the vasculature accommodates such an increase by 

vasodilatation or by distribution into the extracellular compartments including ascites in 

the peritoneal cavity.

In summary, central to the pathogenesis of the HRS is the fact that blood flow in the 

splanchnic circulation is increased {Benoit and Granger, 1986) while RBF is reduced 

{Epstein et al. 1970). There is vasodilatation in most vascular beds with compensatory 

activation of vasoconstrictor systems but failure of local mechanisms to preserve renal 

blood flow.

1.3.31 Modulators of systemic vasorelaxation

A number of vasodilatory compounds have been suggested to be important in the 

reduction in systemic vascular resistance, and these are summarised in table 11. Most
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evidence points to NO as the major, but not the exclusive, regulator of the redistribution 

of blood flow.

Table 11 : Modulators of reduction in systemic vascular resistance

Modulator Reference

Adrenomedullin {Chaung and Laung, 1997)

Atrial natriuretic peptide {Garbasatal. 1987)

Calcitonin gene related peptide {Gupta at al. 1992)

Glucagon {Hattoriatal. 1984)

Prostacyclin {Guarnaratal. 1986)

Met-encephalin {Thornton at al. 1988)

Nitric oxide ( Vallanca and Moncada, 1991).

Substance P {HortnagI at al. 1984)

Vasointestinal polypeptide {Hanriksan at al. 1980)

1.3.3.Ü Nitric Oxide

Much of the systemic vasodilatation seen is likely to be due to overproduction of nitric 

oxide. The cause for NO overproduction is not clear but may be related to elevated levels 

of endotoxin or cytokines, such as TNF« {Chu et al. 1997) or produced in response to 

increased shear stress caused by the hyperdynamic circulation {Martin at at. 1996). In 

humans there are higher systemic plasma concentrations of nitrite and nitrate in 

cirrhotics compared to normals, with even higher levels in the portal circulation {Battista 

at al. 1997). Additionally NOS activity is higher in neutrophils taken from cirrhotics 

compared to normal individuals {Laffi at al. 1995). The cause of this is not known but 

several studies show that cirrhotic patients have significant portal and peripheral
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endotoxaemia compared to controls as in obstructive jaundice {Lumsden et al. 1988) 

{Bigatello et ai. 1987) {Fukui et al. 1991’, Fox et al. 1990).

The inhibitor of NO synthase (NOS) N-omega-nitro-L-arginine (L-NMMA) has been 

shown to improve, but importantly not completely reverse, the systemic haemodynamic 

changes {Pizcueta et al. 1992). L-NMMA given to cirrhotic animals increases systemic 

blood pressure, reduces plasma volume and sodium retention {Lee et al. 1993) {Ros et 

al. 1995). In humans the only published study of NOS inhibition shows that a 30 minute 

infusion of NOS inhibitor increases blood pressure but does not change portal pressure, 

but no effect on renal function was measured {Forrest et al. 1995).

NO has an important role in renal haemodynamics, since in normal animals short-term 

inhibition of NOS causes a renal vasoconstriction, a reduction in RPF and GFR. In 

cirrhotic rats by contrast there appears to be no effect on RPF or GFR {Ros et al. 1995), 

but leads to an increase in urine volume and sodium excretion {Garcia-Estan et al.

1994), implying tubular effects. Prolonged inhibition of NOS in cirrhotic rats leads to 

improved systemic haemodynamics and increased sodium and water excretion {Martin et 

al. 1998).

Additionally there are maladaptive changes in the vasculature of cirrhotic animals with an 

impaired vasoconstrictor response to pressor stimuli {Weigert et al. 1997), and an 

increased response to NO dependent vasodilators eg ADP {Claria et al. 1994).

In summary NO has a pivotal role in the pathogenesis of the systemic vasodilatation in 

cirrhosis with both increases in NO synthesis and impaired responsiveness to 

vasoconstrictors. Inhibition of NOS can reverse some of the hyperdynamic changes in 

these patients.
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1.3.4 Renal vasoconstriction

The systemic vasodilatation that occurs with the cirrhotic state activates homeostatic 

vasoconstrictor mechanisms, which under certain circumstances can be detrimental to 

renal blood flow.

1.3.41 Renin-Angiotensin Aldosterone System

Patients with decompensated cirrhosis have markedly elevated plasma renin activity 

(PRA)(Sc/7roec/er et ai. 1970) {Epstein et ai. 1977a). Although this may that may be 

partially explained by a reduction in renin breakdown by the liver, most of the increase is 

due to elevated renal secretion. This is a consequence of the reduction in effective blood 

volume and renal hypoperfusion. Angiotensin II reduces renal plasma flow and increases 

filtration fraction by causing renal efferent arteriolar vasoconstriction. The failure of 

homeostatic mechanisms to increase afferent flow results in maladaptive effects of 

angiotensin.

1.3.4.1V Prostaglandins 

Prostaglandin E2  (PGE2  )

PGE2  is a renal vasodilator and the major prostanoid synthesised in the kidney. Very little 

systemically infused PGE2  appears in the urine, thus urinary PGE2  is mainly renal in 

origin, most (>95%) made in the collecting tubules. It stimulates renin release from the 

juxtaglomerular apparatus and its synthesis is itself stimulated by Angiotensin II, 

vasopressin, bradykinin and frusemide {Moore, 1999). PGE2  counteracts the effects of 

vasopressin in the collecting tubule, but its synthesis is itself stimulated by it. In normals 

urinary PGE2  is inversley proportional to urine flow, and thus it is not surprising that 

elevated levels of urinary PGE2  are found in patients with cirrhosis with ascites {Boyer et 

ai. 1979). Reduced levels are found in HRS {Zipser et ai 1983). Unfortunately the PGEi
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analogue, misoprostol, has no effect on renal dysfunction when administered to cirrhotics 

{HsiaetaL 1995).

Prostacyclin (PGI2)

Prostacyclin (PGI2 ) is another renal vasodilator and is produced mainly by vascular 

endothelial cells but also produced in the renal parenchyma mainly by glomeruli 

{Moore, 1999). Mesangial cells are stimulated to produce more PGI2  by angiotensin II, 

platelet activating factor and vasopressin. A stable urinary hydrolysis product ( 6  

oxoPGFia) of PGI2  may be measured in the urine. Its measurement as a guide to renal 

production is difficult since around 6 % of systemically produced PGI2  will appear in the 

urine as this metabolite. Given the large quantities produced systemically, 

interpretation of urinary levels may be unhelpful. However patients with 

decompensated cirrhosis without renal impairment there is increased urinary excretion 

of 6  oxoPGFia {Guarner et ai. 1986). Although urinary levels of 6  oxoPGFi„ are 

markedly elevated in cirrhotics they decline in parallel to creatinine clearance {Moore et 

ai. 1991), suggesting that it is not deficiency of PGI2  leading to decline in renal 

function. In any event there is unlikely to be significant renal vasodilatation, given the 

increases in urinary levels.

1.3.4.V Leukotrienes

Leukotrienes (LT) are formed by the action of lipoxygenase in macrophages and 

monocytes. Their half-life is very short (<60secs) and they are cleared mainly by the liver. 

In the kidney they cause efferent arteriolar vasoconstriction leading to a reduction in 

renal blood flow and also mesangial cell contraction leading to a reduction in filtration 

fraction {Badr et ai. 1984). Their synthesis is promoted by endotoxin, complement 

activation and cytokines {Badr et al. 1986) {Jaeschke et al. 1992) {Moore et al. 1991) 

and metabolism is impaired by hepatic dysfunction {Dargel, 1995). The synthesis of

58



Chapter 1 - Introduction

leukotrienes (04 and D4) are selectively increased in HRS, but no studies using LT 

antagonists have yet been carried out {Moore et al, 1990; Huber et al. 1989).

1.3.4 vi Thromboxanes

Thromboxane A2  is a renal vasoconstrictor, which has a T% of <2 seconds before being 

hydrolysed to thromboxane 6 2  (TXB2  ). Receptors in the kidney are located throughout 

the nephron with the highest concentrations of receptor mRNA being in the glomerulus, 

distal tubule and outer collecting duct. Infusion of TXA2  analogues causes intense renal 

vasoconstriction, a reduction in glomerular capillary ultrafiltration coefficient and a fall in 

GFR {Ferrario et al. 1989).

Urinary TXB2  concentrations were found to be low in cirrhotics but high in patients with 

HRS in early studies {Zipser et al. 1983). However later studies showed that the rate of 

formation of TxB2 or its urinary metabolites was no different in cirrhotics with or without 

renal dysfunction {Rimola et al. 1986). Thus measurement of these compounds again 

should be corrected for GFR {Moore et al. 1990). When this is done it appears that 

levels of TxB2  corrected for creatinine clearance are directly proportional to the severity 

of the liver disease {Moore et al. 1991).

Trials of a thromboxane synthase inhibitor (dazoxiben) have not been able to 

demonstrate an improvement in renal function {Zipser et al. 1984). In summary, 

although thromboxane synthesis appears parallel the severity of the liver disease there is 

no evidence that it is an important mediator of renal dysfunction in HRS.

1.3.4 vii Endothelin

Endothelins -1 and -3 are increased in hepatic dysfunction and especially in the 

hepatorenal syndrome HRS (figure 15) {Moore et al. 1992).
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Figure 15: Endothelin levels in liver and renal disease. CRF- 
chronic renal failure, ARF-acute renal failure, CLO-chronic liver 
disease, RF+LD-renal failure and liver disease (but not HRS), 
HRS-hepatorenal syndrome, (modified from {Moore et al. 1992))

1.3.5 Neural pathways

The existence of a neural connection between the liver and the renal circulation has 

been suspected for some years. The infusion of glutamine into the systemic circulation 

has no effect on renal function in experimental animals. However, if infused into the 

portal vein it causes hepatocyte swelling and a reduction in renal blood flow and 

glomerular filtration rate (figure 16) {Lang et al. 1991). Spinal transection, renal 

denervation or section of the vagal hepatic nerves abolishes this effect {Lang et al. 

1991).
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Figure 16; Effect of glutamine Infusion Into jugular vein (JV) or 
superior mesenteric vein (SMV) on GFR In rats (adapted from 
{Lang et aL 1991)).

Evidence for the existence of a similar pathway in humans comes from a study of renal 

haemodynamics during transhepatic portosystemic shunt procedures (TIPS). Inflation of 

the balloon causes an immediate increase in portal pressure with a simultaneous 

reduction in renal blood flow (figure 17) {Jalan et al. 1997).

4 0 0
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pr e  s t e n t
o c c l u s i o n
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p o s t  s t e n t  
o c c l u s  Ion

Figure 17: Effect of occlusion of TIPS stent on 
renal blood flow In humans (adapted from 
{Jalan et ai. 1997)).

The hepatorenal reflex may be an important pathway since Solis-Herruzo showed that 

temporary lumbar sympathectomy can improve renal function in HRS (Solis-Herruzo et 

al. 1987).
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Figure 18: Summary of pathways leading to renal Impairment In HRS

In summary the main pathways leading to renal dysfunction in the hepatorenal syndrome 

are illustrated in figure 18.
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1.4 Rhabdomvolvsis

Toxic myopathy with myoglobinuria has been recognised and was mentioned in the 

Bible, described after ingestion of quail {Rosner, 1970). In modern medical literature, the 

association between crush injury and renal impairment was first reported in Germany by 

Colmers in 1909 {Kagen, 1973). Epidemics of Haff disease occurred in 1925, 1932 and 

1942, this illness was characterised by myalgia, paralysis and renal failure associated 

with ingestion of eels and burbot and widely believed to be caused by a toxin {Kagen, 

1973).

Detailed clinical studies were not performed until World War II. Bywaters and Beall noted 

the association of brown granular casts and acute renal failure after a crush injury during 

the bombing of London {Bywaters and Beall, 1941), and went on to perform much of the 

early work.

During peacetime rhabdomyolysis is responsible for 5-7% of all causes of acute renal 

failure in the USA {Ward, 1988). In the course of wars or major disasters trauma causes 

high morbidity, frequently oven/vhelming medical facilities. For example, just under half 

the survivors of a collapsed building develop rhabdomyolysis {Better, 1990). In the Kobe 

earthquake (Japan) in 1995, -5% of the affected population suffered a crush injury 

{Tanaka, 1996), while 600 people in the Armenian earthquake of 1988 developed 

rhabdomyolysis induced ARP {Collins and Burzstein, 1991).

Nearly 1 in 1,000 patients admitted to hospital have an elevated creatine kinase (CK), 

and of those with a CK >5,000, more than 50% develop acute renal failure {Veenstra et 

al. 1994).

The primary mechanisms by which Mb causes renal failure include renal vasoconstriction 

and tubular obstruction, but possibly the most important mechanisms involve lipid 

peroxidation and tubular injury.
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1.4.1 Animal models of rhabdomyolysis

The two most widely used models of rhabdomyolysis are the infusion of myoglobin into 

experimental animals and the intramuscular injection of glycerol, which causes direct 

muscle injury. Although there are other models including direct crush Injury {Bywaters 

and Popjack, 1942) and injection of the King Brown snake venom {Ponraj and 

Gopalakrishnakone, 1996) these are not widely used.

1.4.11 Myoglobin infusion

The most direct evidence that Mb is toxic to the kidneys comes from early experiments 

described by Bywaters and Stead {Bywaters and Stead, 1944). These workers described 

a model of acute renal failure caused by injecting purified Mb intravenously into rabbits, 

and similar data has been reported in other animals {Nicolau et ai. 1996). Initial 

experiments with this model in rabbits showed that ARF was difficult to induce in the 

absence of dehydration and acidosis {Bywaters and Stead, 1944). Most infusion 

experiments have used purified preparations of Mb, in which the Mb is present the ferric 

(Fe^) form. In muscle Mb is kept reduced as the ferrous form (Fe^ )̂.

1.4.1 a Glycerol Model

In experimental animals the intramuscular injection of a 50% solution of glycerol in 0.9% 

saline disrupts myocyte cell wall causing release of intracellular contents into the 

circulation. This model has served to act a model of rhabdomyolysis in a number of 

studies. Advocates point out the excellent correlation with human clinical data, but some 

regard this is a model of haemomyoglob'munc renal failure as it also causes haemolysis 

and intravascular volume depletion. Thus this model has been criticised as having subtly 

different pathophysiology to pure myoglobin induced renal injury. However the amount
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of Mb greatly exceeds the haemoglobin (Hb), and both Mb and Hb possess haem 

proteins and prosthetic groups, which behave in a very similar manner. Furthermore 

traumatic human rhabdomyolysis is frequently accompanied by a degree of haemolysis 

and fluid loss making this an excellent model of rhabdomyolysis.

Acute renal failure can be easily induced in rat models, with a dose of 10ml/kg of 50% 

glycerol causing a -70% reduction in GFR {Moore et al. 1998). However other 

laboratories have reported varying degrees of renal impairment, most likely due colony 

and species difference and experimental design.

1.4.2 Mechanism of renal dysfunction

1.4.2 i Renal vasoconstriction.

There is a rapid reduction in renal blood flow after induction of rhabdomyolysis by 

glycerol injection. Fluid loss from traumatic injury and movement of fluid into damaged 

muscle rapidly depletes the circulating plasma volume. This activates homeostatic 

mechanisms to maintain the circulating blood volume such as sympathetic nervous 

system and renin angiotensin system. This explains why early volume replacement is the 

single most important therapy to prevent ARF since this corrects hypovolemia and 

promotes Mb excretion.

A number of other vasoactive mediators are also important in reducing renal blood flow.

Myoglobin itself appears to act as a vasoconstrictor. Infusion of Mb during haemorrhagic

hypotension causes renal vasoconstriction {Vetterlein et al. 1995) in a pH dependent

manner. Studies in the isolated perfused kidney demonstrate that Mb causes little

change in perfusate flow at physiological pH, but at acid pH induces profound

vasoconstriction together with a reduction in GFR and tubular reabsorption of sodium

{Heyman et al. 1997). Most infusion experiments have been carried out with MetMb

(Fe^) (figure 19). However, infusion of ferrous Mb, prepared by reduction with sodium
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dithionite, is more potent renal vasoconstrictor than MetMb {Vetterlein et ai. 1996). Nitric 

oxide (NO) donors can protect against ARF, while NO synthase inhibitors potentiate 

renal injury {Heyman et ai. 1996). It is known that NO is intimately involved in 

maintaining renal blood flow (RBF), specifically that to the renal medulla. Thus myoglobin 

infusion reduces medullary blood flow probably by scavenging NO.

Heam protein
Porphyrin ring

Figure 19: Tertiary structure of myoglobin (apoprotein with porphyrin ring and O2 on the 
left and the porphyrin ring shown in detail of the right with its co-ordinating protein arms)

Finally, a number of other circulating mediators may be involved. In the animal model

there are increased concentrations of plasma endothelin, and renal failure is partially

prevented by the administration of the endothelin receptor antagonist Bosentan {Karam

et ai. 1995). Thromboxane A2 synthesis is also increased and thromboxane receptor

antagonists protect against renal failure {Benabe et ai. 1980). Tumour necrosis factor a

(TNFa) levels are also elevated and infusion of neutralising antibody ameliorates the

renal dysfunction {Garber et al. 1995). However, the exact mechanism by which TNF

affects renal function in this model is unknown.
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1.4.2 a Tubular obstruction

Myoglobin is freely filtered (MW 17kD) and is progressively concentrated in the urine due 

to reabsorption of fluid and solutes. The concurrent volume depletion and renal 

vasoconstriction enhance its concentration. Precipitation of Mb occurs within kidney 

tubules and these are visible in the urine as dark brown pigment casts as originally 

described by Bywaters & Beall {Bywaters and Beall, 1941). Despite the solubility of Mb 

itself being high, the binding of the ionic urinary Tamm Horsfall protein causes 

precipitation and promotes cast formation such that at pH 5 Mb precipitation is promoted, 

and alkalinisation decreases cast formation in animal models {Zager, 1989). Early views 

of the mechanism of the renal failure in rhabdomyolysis viewed Mb as an inert precipitant 

causing tubular obstruction and secondary organ dysfunction. Tubular obstruction has 

been inferred by the presence of tubular dilatation, which is known to occur in histological 

sections. However kidney micropuncture show that intra-tubular pressures are 

unexpectedly low. Casts in these tubules may also be removed by perfusion of the 

segment with buffer at pressures that should easily be obtained during normal tubular 

flow rates {Oken et al. 1966). These data suggest that casts may be formed as a 

consequence of sluggish urine flow reflecting the low GFR, rather than as a cause of 

obstruction perse.

1.4.2 Hi The role of lipid peroxidation

There is now considerable evidence that free radical injury and renal lipid peroxidation 

occur in rhabdomyolysis. Malondialdehyde and conjugated diene levels are increased in 

animal models {Salahudeen et al. 1996) but these methodologies lack specificity. 

Glutathione levels become depleted in the kidneys In rhabdomyolytic animals and 

administration of glutathione improves renal function {Abul-Ezz et al. 1991). The lipid
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peroxyl scavengers, 2 1 -amino steroids (21 AS), protect proximal tubular cells from haem 

mediated injury {Salahudeen et ai. 1995) in vitro and have a synergistic effect to a fluid- 

alkaline-mannitol in the glycerol model {Salahudeen et al. 1996). However, the pathways 

leading to the generation of free radicals and thus lipid peroxidation and renal 

dysfunction are still a matter of some debate.

Until recently, most data implicated free iron mediated Fenton reactions (i.e. Fe^̂  

catalysed formation of hydroxyl radicals (OH’) from hydrogen peroxide (H2O2 )) as the 

pathway initiating lipid peroxidation. The primary evidence for this involves the 

demonstration that desferrioxamine (DFO), an iron chelator, partially decreases renal 

injury in the rat model {Shah and Walker, 1988) and prevents direct cytotoxicity of Mb on 

cultured proximal renal tubular cells in vitro {Zager and Burkhart, 1997). Several studies 

have shown that exogenous free iron causes lipid peroxidation and tubular injury in vitro, 

but its role in vivo is questionable. Teleologically this is not surprising since the body has 

developed comprehensive mechanisms to bind free iron and prevent such toxicity in 

vivo.

Indirect evidence for involvement of iron mediated Fenton reactions comprise studies 

using hydroxyl radical scavengers (sodium benzoate and dimethylthiourea), which are 

partially effective decreasing renal injury in vivo {Shah and Walker, 1988). However, 

experiments isolating proximal tubular segments from the rat model and a salicylate trap 

method demonstrate that less OH* is formed after glycerol treatment compared to 

controls {Zager et al. 1995). Moreover there is no protective effect of OH* scavengers 

(mannitol, sodium benzoate and dimethylthiourea), superoxide dismutase or inhibition of 

xanthine oxidase in cultured human kidney cells subjected to Mb stress {Zager and 

Burkhart, 1997). Thus, evidence for the existence of Fenton reactions causing lipid 

peroxidation in vivo is weak.
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Haem oxygenase is a stress protein induced in response to any stimulus producing 

oxidative stress including haem, nitric oxide, hydrogen peroxide and glutathione 

depletion. This enzyme breaks down haem and liberates free iron, and is rapidly 

upregulated in a myoglobinuric acute renal failure {Nath et al. 1992). It has been 

proposed that its actions are central to the pathogenesis of haem protein induced tubular 

cell death. Thus, inhibition of haem oxygenase should protect from haem protein toxicity. 

Tin protoporphyrin, a competitive inhibitor of haem oxygenase, does indeed protect 

proximal tubular cells isolated from glycerol treated animals from lipid peroxidation and 

cell death {Zager et ai. 1995). However the reverse appears to occur in vivo, and 

inhibitors of haem oxygenase cause a deterioration of renal function in the rat model, 

suggesting a protective effect of haem oxygenase. Conversely induction of haem 

oxygenase with a small dose of Mb protects renal function from subsequent 

rhabdomyolysis {Nath et ai. 1992). Likewise the observation that haem oxygenase-1 

gene is upregulated exclusively in distal parts of the nephron while the proximal tubule is 

the primary site of injury also suggests a renoprotective effect {ishizuka et ai. 1997). 

Thus, the in vivo data suggests that induction of stress proteins such as haem 

oxygenase and ferritin are protective.

More recently there has been an accumulation of evidence that implicates the haem 

group in Mb itself in the nephrotoxicity. In 1985 it was shown that myoglobin itself could 

cause peroxidation of arachidonic acid {Grisham, 1985). Marked formation of F2- 

isoprostanes was observed in 1991 when LDL was incubated with Mb even in the 

presence of iron chelators {Moore et ai. 1998). Thus, a mechanistic link between Mb 

deposition and lipid peroxidation had been established and explored further in this thesis. 

In conclusion, renal dysfunction following rhabdomyolysis is multifactorial but Mb induced 

lipid peroxidation, as opposed to free iron, is may be one of the main mediators of renal 

injury.
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1.5 Antioxidants used in this thesis 

1.5.1 Vitamin C
OH

HC

OH

Figure 20: Ascorbic acid

Ascorbic acid is an essential dietary component since in man (figure 20) it is not 

endogenously synthesised and is usually derived from citrus fruits. It is required as a 

cofactor for several metal containing enzymes involved in the biosynthesis of collagen. 

Its action in these enzymes is probably to keep the metal (iron or copper) in reduced 

states. The oxidised forms (semidehydroascorbate and dehydroascorbate) breakdown 

rapidly to give oxalic and other acids. Ascorbate can scavenge O2 -, HO2 * and OH", singlet 

O2 , RS’(thiyl radicals), HOCI and is capable of reducing oxidised vitamin E and iron.

1.5.2 Vitamin E

HO

Figure 21 : a  tocopherol

Vitamin E is a fat-soluble vitamin (figure 21), and a useful chain breaking anti-oxidant in 

lipid systems. There are 4 tocopherols, but a-tocopherol is most biologically important 

and a powerful agent against lipid peroxidation. It is found in lipid membranes and at high
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concentrations where free radical production is high (e.g. mitochondria). It can quench 

and react with singlet O2  , OH* and protect lipid before peroxidation occurs but its main 

function is to prevent chain propagation by reacting with ROO* /RO*.

1.5.3 Glutathione

Glycine Cysteine Glutamine

HO II II OH
^C—CH2-NH-C-CH-NH-C—CH2CH2CH-C^

SH

Figure 22: Glutathione (GSH)

Glutathione (figure 2 2 ) is a tripeptide (y-glutamyl-cysteinylglycine) and is the major 

intracellular antioxidant present intracellularly at high concentrations (~5mM). It is able to 

regenerate other anti-oxidants such the vitamin C and E. It acts as a very efficient 

reducing agent for example detoxifying peroxides catalysed by glutathione peroxidase 

(GPx).

GPx

2 GSH + H2O2  ^  GSSG + H2 O 

It maintains cysteine residues in proteins in the reduced state, for example in Hb allowing 

it to carry oxygen. The oxidised form (GSSG) can be reduced back to GSH by the 

enzyme glutathione reductase (GRx) and NADPH produced via the pentose shunt.

GRx

GSSG + NADPH + H + ^  2GSH + NADP+
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All these antioxidants can interact in complex ways, however they all appear important in 

detoxifying lipid peroxidation (figure 23).

L O O *

L O O H

HC— ^  f  ^
O H  r 1

6  o

GSSG

Figure 23: Interaction between antioxidants to prevent lipid peroxidation, can involve 
vitamin E, which in turn oxidises ascorbate, which is further reduced by glutathione in a 
final step.

1.5.4 N-Acetylcysteine
O

HO
/C -CH-NH-CH2CH3 

ÇH2  

SH

Figure 24: N-Acetylcysteine

N-Acetylcysteine (NAG) is a compound that has seen clinical use since the 1950’s, being

available as an oral formulation in the USA, and as both an oral and intravenous

formulation in Europe (figure 24). It has been widely studied at both high and low doses,

and has a good safety profile. It has poor oral bioavailability with <5% being absorbed

after enteral dosing. After parenteral administration NAG is easily taken into cells and

metabolised to cysteine, the precursor and rate-limiting step in glutathione synthesis.

NAG is able to increase tissue reduced glutathione levels, through a combination of
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increasing glutathione synthesis and direct mobilising from intracytoplasmic stores 

{Cotgreave, 1997). In addition it may participate directly in scavenging OH* , H2O2  and 

HOCI, but not O2* {Moldeus and Cotgreave, 1994).

MAC can improve outcome in fulminant hepatic failure induced by the paracetamol 

metabolite N-acetyl-p-benzoquinone (NAPQI), which is normally detoxified by 

conjugation with glutathione {Prescott, 1983). Studies have also suggested that MAC can 

improve O2  delivery and consumption in patients with fulminant hepatic failure from 

paracetamol and other causes {Harrison et ai. 1991).

Infusion of MAC causes acute vasodilatation in patients with chronic liver disease {Jones 

et al. 1994) an effect believed to be caused by the release of nitric oxide. Administration 

of MAC also restores nitrate tolerance in vasculature, possible by repleting thiol groups in 

the guanylate cyclase {Lawson et al. 1996). MAC inhibits activation of NFkB and the 

signal transduction pathways involved in cytokine signalling and apoptosis {Staal et ai. 

1995). MAC may therefore downregulate the acute cytokine responses e.g. to TNFa 

possible.

1.5.5 Lipoic Acid

Ï — I  "  i n  SH

Figure 25: Lipoic Acid and Dihydroiipoic acid

Alpha lipoic acid (LA) is a disulphide derivative of octanoic acid (figure 24), and occurs 

naturally as a cofactor of the alpha keto acid dehydrogenase complex. However, given in 

pharmacological doses it can act as powerful antioxidant.

Following oral administration LA is rapidly and almost completely absorbed by the gut 

and it is quickly taken up by many cells, but especially hepatocytes, by receptor mediated
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and diffusive processes. In cells it is reduced to dihydrolipoic acid (DHLA), using NADH 

as the hydrogen donor. This is reaction is catalysed by glutathione reductase in the 

cytosol or by the respiratory chain complex in mitochondria.

Physiological blood levels are normally -80 ±17 nM. Apart from reduction there is very 

little metabolism of this compound and 45% of a single dose of LA is excreted in the 

urine, the rest being mainly excreted in the bile. LA has been used in the treatment of 

diabetic neuropathy {Ziegler et al. 1995). LA and DHLA can scavenge H2O2 , HOCI and 

OH* radicals {Haenen and Bast, 199V, Suzuki et al. 1991). In addition DHLA can 

scavenge O2  {Suzuki et al. 1993) and lipid peroxyl radicals {Kagan et al. 1992). LA 

interacts with the other major cellular antioxidants, with ability to regenerate regenerates 

ascorbate radicals {Kagan et al. 1992). Treatment of cultured cells with a dose of 10- 

lOOuM increases cellular glutathione by 30-70%, and DHLA is capable of regenerating 

reduced glutathione from its oxidised form {Jocelyn, 1967), and this may regenerate 

vitamin E. DHLA can reduce H2 O2  by acting as a substrate for glutathione peroxidase, 

although the efficacy is less than that of reduced glutathione. It is unlikely that 

competitive inhibition of this enzyme occurs due to the very high intracellular 

concentrations of GSH (lOmM). However DHLA may also inhibit catalase, and this may 

be relevant to these results {Packer et al. 1995). Another interesting property is its ability 

to reduce metMb and ferryIMb {Romero et al. 1992).
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Chapter 2 -  Materials and Methods

2.1 Chemicals

The thromboxane receptor antagonist BAYU3405 (figure 26) ((3R)-3-(4-

Fiuorophenylsulfonamido)-1,2,3,4-tetrahydro-9-carbazolepranoic acid) was kindly 

donated by Bayer AG (Wuppertal, Germany). It was given at a total dose of 

10mg/kg/day as an IP injection in Tris (pH 7.4).

,F

COOH

Figure 26: BAY U3405

N-Acetylcysteine was obtained from Evans Medical, Leatherhead, UK. Unless otherwise 

stated, all other chemicals were purchased from Sigma (Poole, Dorset, UK).

2.2 Analysis and measurement of Isoprostanes

Measurement of isoprostanes was performed by GOMS after extraction, purification 

and derivatisation (figure 29) (modification from the method of Morrow and Roberts 

{Morrow and Roberts, 1994), see fig 29). Esterified isoprostanes were first released 

from their parent phospholipid by extraction into chloroform and followed by hydrolysis. 

Free or hydrolyzed isoprostanes were then measured in a similar manner.
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2.2.1 Extraction of esterified isoprostanes

A Folch extraction was performed to remove the lipid fraction. Firstly twice the volume of 

ice cold folch (chloroform : methanol 2:1 containing BHT 5mg/100ml and 

triphenylphosphine 50mg/100ml) was added to the tissue extract or plasma (1 ml plasma 

to 5 ml pH 3.0 water). This solution was then vortexed, allowed to stand for 30 minutes 

and then centrifuged for 10 mins at 2,000 G. This revealed separation of three phases; 

organic, precipitate and aqueous. The organic lower layer was removed without 

disturbing the precipitate above,. It was then dried under nitrogen in a waterbath at 

37°C. Resuspension was performed in 0.5ml methanol (containing BHT 5mg/100ml) 

and the phospholipids were hydrolysed by adding 0.5ml 15% potassium hydroxide 

(KOH) for 30mins at 37°C. The pH was then corrected back to 3.0 with 1M HOI.

2.2.2 Extraction and purification of free isoprostanes

In order to clean up the sample sufficiently to enable GOMS analysis a number of solid 

phase chromatography steps were performed. Solid phase cartridges (Waters, MA,USA) 

were used to remove water soluble and uncharged organic components, taking 

advantage of the lipid nature of the molecule combined with the polar -OH, and -COOH 

groups. Thin layer chromatographic steps then further separated the compounds 

according to their chromatographic behaviour, which again depends on charge.

2.2.3 Solid phase chromatography

One nanogram of deuterated D4 -8 -iso-PGF2a and 5ng D4 -PGF2« (Cayman Chemical, Ml, 

USA) were first added to 5ml pH 3.0 water as internal standards Plasma or urine 

samples were then added and pH corrected to 3.0 with acetic acid. Initial extraction of 

the prostaglandin like compound was then performed using tC18 columns (-Si-CisHs?)
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(tC18 Sep-Pak, Waters Corporation, MA, USA). These were prepared by washing with 6  

ml methanol followed by 6  ml pH 3.0 water. The sample was then loaded onto the 

column and washed with 6 ml pH 3.0 water to remove water soluble compounds. At this 

pH the isoprostanes remain relatively uncharged and are bound to the solid phase. The 

column was then washed with 6 ml heptane to elute completely hydrophobic lipids. 

Isoprostanes were then eluted into polypropylene tubes with 6 ml of heptane : ethyl 

acetate: methanol (40:50:10).These were then dried under nitrogen at 37°C in a water 

bath and resuspended in 80pl ethanol and then diluted with 3 ml of ethyl acetate.

A further normal phase extraction was then carried out using a silica column (-Si-OH) 

(Waters Corporation, MA, USA). The cartridges were washed with 6  ml ethyl acetate, 

the sample loaded in ethyl acetate, and washed with 6 ml ethyl acetate. The 

isoprostanes were then eluted with 6 ml ethyl acetate : methanol (60:40) and dried under 

nitrogen.

2.2A  Thin Layer Chromatography 1 (TLC)

Urine samples then underwent two additional clean up steps with TLC. Thin layer 

chromatography plates (Whatman Silica Gel 60A, Linear K6 D, 5x20cm, 250pm thick) 

were pre-run in methanol for approximately 1 hour and then dried. Thin layer 

chromatography tanks were prepared in advance with a mixture of chloroform, 

methanol, glacial acetic acid and water (93ml:7ml:1ml:0.8ml) and allowed to equilibrate 

for 1 hour. Samples were resuspended in 40pl of chloroform : methanol (2 :1 ) , loaded 

onto the plates and run along with a separate plate loaded with 5pg PGF2«. The plates 

were run to ~13cm and dried. The PGp2a plate was then dried, sprayed with 10% 

phosphomolybdic acid in ethanol and heated. This developed a band at ~5.5-6.5cm
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(figure 27). The other plates were scraped at 1.5cm above and below the running 

position of PGF2a-

Figure 27: Thin layer chromatography of free acid standards.

PGFza

8 iSOPGF2a
PGE2

1 x0 2

6 cm

The isoprostanes were then extracted with 900pl of ethylacetate : methanol (50:50). The 

supernatant was aspirated and dried down under nitrogen.

2.2.5 Preparation of pentafluorobenzyl ester.

The pentafluorobenzyl ester was prepared by addition of 20pl 10% DIPEA (N,N -di- 

isopropylethylamine) in acetonitrile (AcN) and 40pl 10% PFBR 

(pentafluorobenzylbromide in AcN) in the fume hood. This was left at room temperature 

for 30 minutes and dried down under nitrogen.

2.2.6 Tfiin Layer Chromatography 2

The pentafluorobenzyl (PFB) esters were isolated following TLC using identical 

conditions to those described in TLC1 but using tanks prepared with a chloroform and
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ethanol mixture (93ml:7ml). On a separate plate 5-1 Opg of the isopropyl or methyl ester 

of PGp2a was run as a standard. The solvent front was run to -13cm above application 

zone (-30 mins). The PFB derivatives of PGp2aand 8 -iso- PGp2« ran at -3.6 and 2.9cm 

respectively, with the methyl ester running just behind these compounds (and the 

isopropyl ester, not shown in figure 28, running just in front). The sample plates were 

then scraped and the PPBR esters were extracted into 0.9ml ethyl acetate : methanol 

(50:50). The supernatant was removed after spinning and dried down under nitrogen.

Figure 28:TLC 2 PFB ester

PGP2a-PPB

8 isoPGP2a-PPB

PGP2a-Me

8 isoPGP2a-Me

2.2.7 Preparation of thmethylsHyl derivative.

Pinal estérification was achieved by adding lOpI anhydrous dimethylformamide (DMP) 

and 20 pi BSTPA (bis-siylyltrimethylfluoroacetamide) for 30 minutes under argon. 

Samples were dried down under nitrogen and resuspended in 10-20pl of undecane, 

transferred to a conical autosampler vial and sealed under argon.
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Figure 29: Summary of the derivatisation of isoprostanes with PFBBr 

(red) and BSTFA (blue).
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2.2.8 Gas Chromatograph^ - Ma^^s^^trometry

r

■’Wf

Figure 30 : Benchtop GCMS machine used to analyse isoprostanes.

After injection into GCMS appartus (figure 30) of 4pl of sample the isomers were 

separated by gas chromatography with 8  isoPGp2a coming off the column first.

Sample ID: standardlnst 
Acquired 25-Mar-1998 at 16:06 46 
SGHSTD01 

lOOn

7.210
1200

8iS0PGp2a

8762
1821346

8 558 
527712

8859
30348

PGP2a

—  4 2 Channels Cl- 
573 20 
1 63e6 
Height

SIR of 2 Channels 01-SGHSTD01
8.779
22867

569.20
2.60e4
Height

100-1

8 575 
7393■  %-

9.503
1717

7.564
1141

8 500 9.000 9 500 10 000 10.5007.500 8 000

Figure 31 : GC-MS trace of PGF2a .SisoPGFja and deuterated derivatives

PGFza retention time=8.779mins and 8 isoPGF2a (rt=8.575mins) at m/z 569.20 (B) and similar deuterated 
derivatives at 573.20 (A).
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Negative ion chemical ionisation with ammonia was used to determine the mass 

spectrum (figure 32). Selective ion monitoring at 569 and 573 m/z was performed, as 

these were the masses of the predominant fragments of the undeuterated and 

deuterated forms of the isomers respectively (figure 31 A and B).

Sample ID: 8-lsoPGF2a + PGF2a 
Acquired 02-Mar-1999 at 17:04:25 
PG_STD122 (9 018)ç j ^^

H3C— Si-CHs^^C

,481.29 495 29/  423.21 45318-465.23 477.29 511.30 1511.30 523 36 539 36 553 32

571.44

Scan CF 
2.79e6

 -  585 3 5 /

410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 660 570 580 590 600

Figure 32: Major fragments of derivatlsed 8lso PGFza- The large peak (at 569) 
corresponds to the fragment inset.

Plasma F2-isoprostane results were expressed as nmol/ml, urinary F2-isoprostanes pg/ml

cr. cl., and tissue levels as ng/g wet weight. All organic reagents were purchased from

Sigma-Aldrich (Poole, Dorset, UK).

2.3 Animal experiments

All animal experiments were performed according to UK Home Office guidelines under 

the Animals in Scientific Procedures Act 1986. Male Sprague Dawley rats weighing 

-200-350 g were obtained from the Comparative Biology Unit (CBU), Royal Free 

Hospital School of Medicine. All animals were housed in the CBU on a standard diet 

with a light cycle of 12 hours on and 12 hours off, at a temperature of 19-23°C. Baseline
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24-hour urine collections were performed with free access to food and water immediately 

prior to operations

2.3.1 Bile duct ligation

Rats were anaesthetized with I.M. Hypnorm (Janssen Pharmaceuticals, Oxford, UK) and 

ip diazepam (Dumex Ltd, Tring, UK). After induction of anaethesia the abdomen was 

shaved and a ~1cm incison was made in the midline just beneath the costal margin. The 

duodenum was mobilised from its site beneath the liver with a small hook and the bile 

duct identified. The mesentry was divided either side of the bile duct and it was ligated 

with three separate sutures. The bile duct was then sectioned between two proximal 

sutures and one distal (figure 33).

Figure 33: Bile duct ligated between two sutures.

The animal was given 8  pl/g body weight of fluid I P. (-2 ml) through the incison before

the abdomen was sutured in two layers (first the parietal peritoneum and muscle layer

and finally the skin). The animal was allowed to recover for at least 16hrs. Following

recovery the animals were allowed free access to water and standard laboratory diet.

Animals were exsanguinated under Petabarbitone (Saggatal, Rhane-Poulenc, France)

anesthesia at the end of the study period. Blood was collected from the inferior vena

cava into EDTA tubes, centrifuged immediately at 4°C. Plasma and urine were frozen
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and stored at -80°C until analysis. Small sections of tissue were taken directly into 

formalin or glutaldehyde for light and electron microscopy respectively and stored at 

+4°C. Lastly large sections were taken and immediately frozen by squashing in metal 

clamps cooled in liquid nitrogen, and stored at -80°C.

2.3.2 Glycerol induced Rhabdomyolysis

Animals were kept under identical conditions to that of the BDL groups. Baseline 

metabolic studies were performed with animals in metabolic cages, with free access to 

water or Vit 0  2mg/ml (Redoxon orange, Roche,Herts UK) or lipoic acid (0.1 mg/ml). Rats 

were then anaethetised using with inhalational mixture of halothane (Rhone-Poulanc 

Rorer, Eastbourne) and oxygen (BOG gases, Manchester), to allow rapid recovery. While 

under anaesthesia they were given 0 .1 ml 100 mcg/kg S.C. injection of buprenorphine 

(Temgesic, Recitt & Colman, Hull) as pain relief. Rats treated with vitamin E were then 

given 20mg/kg of a-tocopherol acetate (Sigma, Poole, Dorset) in a 200pl I.P. injection 

of 20% a fractionated soya oil suspension (Intralipid, Pharmacia & Upjohn Ltd, Milton 

Keynes). Control rats received 200pl of Intralipid alone. Rhabdomyiolysis was induced by 

injection of 50% glycerol/saline at lOml/kg (between 3-4ml) in divided doses 

intramuscularly into the large muscles of each hind limb. The animals were then allowed 

to recover in the metabolic cages and a further 24hr urine collection was performed. 

Animals were sacrified at 24 hours after glycerol injection under pentabarbitoine 

anasethesia as above.

2.3.4 Pharmacology of 8 isoPGF2a

The measurement of urinary 8 -iso PGF2« as a marker of systemic or renal lipid 

peroxidation, would be flawed if this compound was not excreted primarily by the kidney. 

For example if there was significant biliary excretion, then ligation of the bile duct would
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increase urinary F2 -isoprostane excretion. In order to determine whether biliary 

obstruction was responsible for an increase in urinary 8 -iso PGF2« a tritiated compound 

was prepared by reduction of 8 -isoPGE2  by sodium borotritile (K. Moore). It was then 

purified by high performance liquid chromatography (HPLC) and lyophelisd to remove 

tritiated water. The compound was checked for purity by co-migration with 8 -iso PGF2« 

on thin layer chromatography. A known quantity of this compound was then infused as a 

bolus over 2 minutes into an anaesthetised rat. The rat had either previously undergone 

a bile duct ligation or sham procedure at 2 hours or 2 days prior to the infusion. The 

bladder was exposed and cannulated with fine bore plastic tubing 3cm in length. The 

right femoral vein was cannulated and a maintainence infusion of normal saline was 

given at 10 mI/hr. Urine was collected for 90 minutres after the infusion at timed intervals. 

Aliquots of urine were then counted in scintillation fluid (Flouran X, BDH) using a beta 

counter (Kontron Instruments,UK). The cumulative percentage of injected compound 

were then calculated.

2.4 Nitric Oxide Anaiysis

A nitric oxide analyser (Sievers, Colorado, USA) was used to measure NO produced in a 

reaction chamber attached to the machine. This measured current produced by a 

photomultiplier based on a chemiluminescent reaction. In the absence of 

oxyhaemoglobin or superoxide anion, nitrite will be the major oxidation product of nitric 

oxide. To measure nitrite it is converted to NO in a system of refluxing reducing agent 

(1 ml Kl -50 mg/ml + 4 ml glacial acetic acid)

I2  + 2 NO2  + 4H+ 2N0 + I2  + 2 H2 O
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The integrity of the reducing agent was checked by frequent injection of standard 

sample. However if the solution became yellow, due to the formation of I3 ' then the 

solution was discarded.

2.4.1 Measurement of nitrate/nitrite

The reduction of nitrate to nitrite was performed by a modification of techniques 

previously published This method differs slightly from previously published methods 

{Grisham et al. 1996) which did not work very efficiently in this laboratory. Thus a brief 

validation of this method is provided here. tOOpI sample was added Aspergillus nitrate 

reductase (0.04 U/ml) along with its cofactors (Nicotinamide Adenine Dinucleotide 

phosphate (NADPH) 80 îM, Flavine Adenine Dinucleotide (FAD) 8 jiiM, 20mM 

Tris(hydroxymethyl)aminomethane (TRIS) pH 7.6) with a final total volume of 500p,l. 

After incubation for 1 hr at room temp, 30pl of this sample was assayed immediately in 

the NOA. Separate experiments revealed no advantage in heating to 37°C or incubating 

for more than 60 minutes, when all the nitrate had been converted. Injection of sample 

into the analysis chamber allowed chemiluminescent detection and a voltage change 

recorded by the machine as a curve. The areas of each curve were calculated by 

integration representing the amount of NO detected. Standards were prepared as 1 M 

sodium nitrite and nitrate with fresh double distilled reverse osmosis purified water daily 

and serially diluted to the range 0-100|laM. Using the equations derived from these 

standard curves it was possible to calculate the amount of nitrite produced by the nitrate 

reductase in each experiment. Conversion was nearly 100% (figure 34).
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Figure 34: Comparison between nitrate and nitrite standard curves.

2.4.3 Measurement of nitrosothiols

NO and its metabolites can also complex with thiol groups, especially the amino acid 

cysteine, to form S-nitrosothiols. These compounds can release biologically active NO 

under certain circumstances, possibly contributing to NO mediated vasodilatation. The 

measurement of S-nitrosothiols has previously been measured using the Seville reaction 

{Saville, 1958). This reaction is based release of nitrosonium by mercury, which then 

reacts with the Griess reagent to form an azo dye. Although other assay methods exist, 

the one used here was based upon a recently published sensitive (nm range) method for 

detection of these compounds in biological samples. This method has an intra-assay 

coefficient of variation of 3.7% and the inter-assay coefficient of variation of 4.3% {Marley 

et at. 2000).

This method measures S-nitrosothiols by reduction to, and detection of NO by 

chemiluminescence as above. This assay was applied to BDL plasma samples from 

blood collected into EDTA and spun immediately at 4°C. Nitrite in solution is also 

converted to NO during this assay, so nitrite was removed from the sample by reacting 

nitrite with 0.5% sulfanilamide in 0.1 M hydrochloric acid. In addition, free thiols were
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alkylated with NEM (5mM) in all samples to prevent copper/free thiol catalysed release of 

NO from compounds such as nitrosoglucose and to stabilise S-nitrosothiols. In order to 

prevent foaming in the reaction chamber antifoam (Sievers, Boulder, Colorado) was 

added to the samples. The reaction chamber was filled with 8ml glacial acetic acid and 

2ml potassium iodide (50mg/ml), heated to 70°C and constantly purged with nitrogen. 

200pl Copper sulphate (200mM) was added and left to equilibrate. Aliquots of 1000-2000 

pi of plasma were injected into the chamber, where any s-nitrosothiol present caused 

immediate release of NO which was detected by the NOA. The solution was changed 

after each sample and the s-nitrosothiol concentrations determined by comparison to a 

nitrosoalbumin standard curve.

In order to prevent foaming in the reaction chamber antifoam (Sievers, Boulder, 

Colorado) was added to all plasma samples in a ratio of 1:9, prior to injection.

2.4,3. i Preparation of S-nitrosoalbumin

S-nitrosoalbumin was prepared by adding equimolar sodium nitrite to l-cysteine 

hydrochloride to make S-nitrosocysteine, and incubating this with reduced albumin 

(lOmg/ml) for 30 minutes in the dark. The albumin was 95% transnitrosated. The 

remaining thiol groups were blocked by alkylation with 1 mM N-ethyl maleimide at room 

temperature followed by dialysis at 4°C against 3 x 31 PBS + DTPA. The stock solution of 

S-nitrosoalbumin (=150pM) was stored at -20°C and assayed prior to use by the Saville 

reaction.

2.5 Haemodynamics

Haemodynamic measurements were carried out with animals anaesthetised with I.P. 

Inactin (0.6g in 1ml at 0.1ml /lOOg) (Inactin, Sigma). This gave good anaesthesia and
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analgesia and has been shown to cause minimal changes to cardiovascular physiology. 

After induction of anaesthesia rats were placed supine on a warming pad and 95% 

oxygen was delivered via a facemask. A left inguinal incision was made in order to 

expose and dissect the femoral artery from between the femoral nerve lying rostral and 

the vein lying caudal to the artery. Having dissected the artery a ligature was placed and 

tied at its distal end. Two ligatures were passed around the artery proximally. Pulling on 

the proximal ligature occluded the artery, while a small cut was made between the 

sutures with micro-dissection scissors. A small cannula (Abbocath 21G) was shortened 

and fed into the artery under direct vision and tied into place. This was then connected to 

the pressure transducer to record blood pressure. The femoral vein was located in a 

similar fashion of the opposite side but not dissected out. The vein was cannulated in a 

standard way and this cannula was connected to an infusion pump delivering 5mI/hr 

normal saline while the animal had no laparotomy and then 15ml hr when the abdomen 

was opened.

Figure 35: Cannulation of femoral artery and Doppler flow probe around renal artery.

A midline laparotomy was then performed and the exposed gut mobilised to the right of 

the animal, wrapped in a wet swab and covered in cling film. The left kidney and renal
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artery were exposed and mobilised. A Doppler flow probe was placed around the femoral 

artery (figure 35). Readings were taken for 30 secs every two minutes by a macro written 

for the MacLab software. Readings were then analysed for stable periods within these 30 

second intervals for periods ranging from 8-30 seconds.

2.6 Measurement of Urinary Thromboxane 82

Urinary thromboxane 6 2  (as the stable metabolite of A2 ) excretion was estimated using 

an enzyme immunoassay kit (Cayman Chemical, Ml, USA). This Thromboxane B2  

enzyme immunoassay was based on the competition between free TXB2  and a TXB2  

tracer (TXB2  linked to an acetlycholinesterase molecule) for a number of TXB2  specific 

rabbit antiserum binding sites. The concentration of the TXB2  tracer is held constant while 

the concentration of the free TXB2  (standard or sample) varies. The amount of TXB2  tracer 

that is able to bind the rabbit antiserum is then inversely proportional to the concentration 

of free TXB2  in the well. This rabbit antiserum-TxB2  complex then binds to a mouse 

monoclonal rabbit antibody that was attached to the well. The plate was then washed to 

remove unbound reagents and Ellman's reagent (acetylthiocholine and 5,5’-dithiobis-(2- 

nitrobenzoic acid)) was added. The product of the enzymatic reaction between Ellman’s 

with acetylcholinesterase is yellow (5-thio-2-nitrobenzoic acid) absorbing at 412nm. The 

intensity of the colour is proportional to the bound TXB2  tracer and inversely proportional 

to the sample TXB2  (figure 36).
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Figure 36: Reaction of Ellman's reagent with acetylcholinesterase

The antibody specificity was as follows TXB2 100%, 2,3,dinor TXB2 8 .2 %, PGD2 0.44%, 

PGF2a0 .2 2 %, 11-dehydro TXB2 0.2%, PGFia 0.05%, PGE2 / 6 -ketoPGFi„ / 2,3-dinor-G- 

ketoPGFia / 13,14-dihydro-5-keto PGF2« / LTB4 all <0.01%. Results were expressed as 

pg/min.

2.7 Measurement of NFkB activation.

Activation of NFkB was assessed by demonstrating translocation of the p50-p65 

heterodimer to the nucleus by an electromobility gel shift assay (Promega, Wl, USA) as 

described previously {Manning A. et al. 1995). This Gel shift assay is based on the 

observation that DNA-protein complexes migrate through non-denaturing gels more 

slowly than unbound DNA fragments.

Nuclear extracts were prepared by rinsing tissue in ice cold calcium/magnesium free

phosphate buffered saline and homogenised in 5ml of 0.1% Nonidet P-40 and ice-cold

buffer solution (lOmM HEPES pH 7.9,1.5mM MgCb, 10 mM KOI, ImM PMSF) using a

pestle. The homogenate was then centrifuged for lOmins at 850g at 4“C. The pellet was

resuspended in buffer and after incubation on ice for 1 0  mins re-centrifuged and the

process was repeated. The pellet was resuspended in 200pl of salt extraction buffer

(20mM HEPES pH 7.9, 0.42 M NaCI,1.5mM MgCb, 0.2 mM EDTA, O.SmM DTT, ImM
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PMSF). After 30 minutes incubation the nuclear protein was extracted following 

centrifugation at 100,000g for 20minutes at 4°C. Protein concentrations were determined 

using the Bradford assay {Bradford M., 1976) with bovine serum albumin as a standard.

The EMSA was performed according to the manufacturer's protocol (Promega Corp., Wl, 

USA). Double stranded NFkB consensus oligonucleotide probe 

(5’AGTTGAGGGGACTTTCCCAGGC-3’) were end labelled with y[^^P]ATP. Binding 

reactions contained 3pg nuclear protein in 6 pl and were conducted at RTP in a total 

volume of 10pl (1pl of water and 3pl buffer:lOmM TRIS-HCI pH7.5, 50mM NaCI, 1 MM 

MgCb, 0.5mM EDTA, 0.5 mM DTT, 4% glycerol [v/v] and O.Spg poly dl.dC. The reaction 

mixture was incubated for 1 hour after which 1  ̂ il of 1 0 x gel loading buffer was added to 

the reaction to terminate the reaction. The sample was then subjected to non-denaturing 

7% polyacrylamide gel electrophoresis 3mm thick in low ionic strength (45mM TRIS- 

borate, 1mM EDTA) at 75mV/8mA for approximately 3 hours. Gels were dried and 

exposed to X-ray film at -70-C. Autoradiographs were quantitated by a GS670 

densitometer (BioRad, UK). The density of the NFkB band density being quantified by 

comparing it against a standard run on each gel, to allow comparison between films 

(figure 37). The Promega EMSA assay was performed by Radhi Anand at the RFH.
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Figure 37: Gel shift assay demonstrating NFkB in liver preparations at day 3 post 
operatively. Lanes were loaded with material with the same protein content. Lanes 1 and 2 
are from BDL animals at day 3 while lanes 3 and 4 are sham operated animals at the same 
time point. The control lane (C) contains size markers. The arrow shows the NFkB band. 
Densitometry quantifies the signal of this band relative to the conrol lane to allow for 
comparason between films.

2.8 Hepatic Glutathione

Hepatic levels of glutathione were estimated using a colourimetric assay kit (Oxis 

International, OR, USA) measuring total glutathione. This assay was based on a 

chemical reaction leading to the formation of a substituted thioester followed by p 

elimination under alkaline conditions to form a thioester which absorbs at 400nm (figure 

38). Hepatic glutathione was measured following homogenisation and precipitation in 

metaphosphoric acid, followed by filtration through 30,000 molecular weight cut-off filters. 

Results are expressed as pmol/g liver.
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Figure 38: Formation of chromophore thioester from glutathione.

2.9 Anatomical studies

A number of techniques were used to examine sections of tissue.

2.9.1 Light microscopy

Light microscopy was performed by preparing paraffin blocks from formalin preserved 

tissue, or fresh tissue in OCT, and cutting 4pm sections onto slides. Staining was with 

haematdxylin and eosin and this was performed by the histopathology department at the 

Royal Free Hospital.
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2.9.2 Electron Microscopy

Cubes of tissue less than 2 mm in thickness were cut from the specimen and fixed in 1 % 

paraformaldehyde/1.5% glutaraldehyde (TAAB Laboratories Equipment Ltd, Reading, 

Berks.) in phosphate buffer for 2 hours. The preparations were then washed with 

phosphate buffered saline and postfixed using 1% osmium tetroxide/1.5% potassium 

ferricyanide (BDH-Merck Ltd, Leicester) for VÆ hours. The specimens were then washed 

using distilled water and dehydrated using graded alcohols from 30% to 100%. They 

were then left in 50% alcohol/50% Lemix epoxy resin (Oxoid Ltd, London) mixture 

overnight, and the following day infiltrated with 100% Lemix resin for a minimum of 6  

hours. They were finally embedded in fresh Lemix Resin and polymerised at 70- C 

overnight. Semi-thin (1 pm) sections were then cut using glass knives on a Reichert-Jung 

ultracut microtome, collected on glass microscope slides and stained using 1 % toluidene 

blue/0.2% pyronine in 1% borax stain. Ultra-thin sections were cut using a diamond knife 

(Diatome) and collected on 200HS, 3.05mm copper grids (Gilder) and G300HS-N3 nickel 

grids which have been coated with piloform. The sections were viewed and 

photographed using a Philips CM120 transmission electron microscope fitted with an 

ED/\X DX-4 microanalytical system. These preparations were performed by the electron 

microscopy department of the RFH.

2.9.3 Electron Diffusion Analysis by X-ray (EDAX) Electron Microscopy

EDAX (Electron Diffusion Analysis by X-ray) electron microscopy was performed on

sections of kidney tissue prepared for EM. This technique is an extension of standard

electron microscopy and relies on X-ray generation from a sample when hit by the high

velocity electrons during the EM process. X-ray energy is produced when inner shell

electrons are knocked from their orbits by the incident electron beam, and electrons from
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higher shells rapidly fill the void generated. Microanalysis of this energy can be analysed 

by wavelength allowing generation of a spectrum from sampled areas. Analysis of the 

peak permits the elemental makeup of the sample to be determined. The EM department 

at the RFH performed these studies.

2.10 Optical Spectroscopy

Optical spectroscopy was performed using a Varian Cary 5E UV-visible 

spectrophotometer. An optical spectrum of a 10pm section of kidney was obtained using 

a cell holder adapted for a microscope slide (a background spectrum was subtracted 

using a control kidney slide). Analysis of Mb contained within the kidney sections was 

conducted by washing the 10mm sections with 200pl sodium phosphate buffer pH 7.4 

containing 10pM DTPA. The spectrum of Mb extracted from the kidney was compared 

to purified metMb. Sodium dithionite (1 mM) was added to produce the deoxy form for 

comparison with purified deoxyMb. These studies were performed with Dr B. Reeder and 

Dr M. Wilson at the University of Essex.

2.11 Electron Paramagnetic Resonance (EPR)

Electron Paramagnetic Resonance is a method of analysing the absorption of 

electromagnetic radiation (in the microwave region) by paramagnetic species that are 

subjected to an external magnetic field. Paramagnetic species, like free radicals and 

some metal ions, have molecules whose total electron spin is not equal to zero and 

these species can therefore be thought of as small magnets. When a collection of such 

magnets is placed in a external magnetic field, each of the magnets will have one of the 

two possible energy values, high or low. Most align along the direction of the external 

magnetic field, and this is low energy level. A few magnets align in the opposite direction 

corresponding to the higher level. Electromagnetic radiation supplied to this system with 

an can induce transitions between these levels. Under certain conditions electromagnetic
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radiation will be absorbed by the sample and this absorbance can be quantitatively 

measured by an EPR spectrometer.

Rat kidney was cut into pieces of similar size and frozen in liquid nitrogen. One EPR 

sample, always made of one kidney, consisted of 20-30 such pieces (~0.3g). When 

placed directly into a Bruker finger Dewar (ID=4.5 mm) without using an EPR tube, such 

a sample occupied the volume of the Dewar, the length of which was always greater than 

the working zone of the cavity, 22 mm. This ensured that an EPR spectrum was always 

taken of the same volume (the cavity working zone) fully filled with the sample, the 

packing of this volume with tissue pieces being the only variable factor. This packing 

factor, however, was not a problem since an EPR spectrum taken of the same sample 

after reloading into the Dewar (thus providing a different packing) differed by less than 

5% in signal intensity. Furthermore EPR spectra of samples made from different parts of 

the same kidney differed by less than 1 0 % in signal intensity. The tissue pieces were 

retained in the finger of the Dewar with a quartz rod to avoid movement of the pieces 

caused by liquid nitrogen boiling. Since sufficient kidney tissue was used to extend the 

sample beyond the working zone, the rod did not cause a problem with either frequency 

tuning or induce any background signals. All EPR measurements were performed at 77 

K. The EPR spectra were measured on a Bruker EMX spectrometer with an ER 041XG 

microwave bridge (X-band). A 4103TM cavity was used. The experimental conditions 

comprised: microwave frequency 9.2689 GHz, microwave power 3.16 mW, modulation 

frequency 100 kHz, modulation amplitude 7 G, time constant 0.041s, sweep time 84 s, 

receiver gain 104, number of scans 4, data points 2048/scan. These studies were 

performed with Dr D.A. Svistunenko at the University of Essex.
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2.12 Patients with HRS

Ethical approval was obtained from the ethics committee at the Royal Free Hospital 

(see appendix II). Patients were selected consecutively from those admitted or referred 

to the liver or renal units (table 1 2 ), fulfilling the major criteria for the diagnosis of HRS:

Inclusion criteria were:

1. Acute or chronic hepatocellular dysfunction

2. Serum creatinine increasing to above 136pM or measured creatinine clearance 

of less than 40 ml/min.

3. No response or transient response to colloid filling

While exclusion criteria

1. Positive blood or urine cultures.

2. Gastrointestinal haemorrhage in the 5 days prior to treatment.

3. Recent nephrotoxic drug treatment

4. Biliary obstruction.

5. Intrinsic renal disease

6 . Proteinuria >0.5g/day

Diuretics had been stopped at least 2 days prior to treatment, however it was evident 

from the sodium data that in 4 cases that a diuretic induced natriuresis was still 

present.
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Table 12: Biochemical profile of patients recruited with HRS

Patient Age Diag Great. Or. 01. AST Bilirubin PT
t (pM) (ml/min) (U/l) (pM) (Secs)

Normal 60-120 100-130 5-40 5-17 12-16

1 50 HC 192 36 71 31 19
2 70 IH 235 24 8 8 41 18
3 61 HC 238 16 90 148 39
4 46 AH 193 36 65 353 42
5 49 AH 362 7 63 299 38
6 46 AH 214 37 38 589 24
7 48 AH 430 7 70 400 2 2

8 35 AH 231 25 107 777 23
9 52 AH 118 2 2 79 334 34

1 0 46 AH 134 34 47 577 17
1 1 40 AH 183 2 1 71 595 26
1 2 29 AH 133 24 42 481 51

Mean 48 222 24 69 385 29
(±SE)

/ *  A U

(3) (27) (3) (6) (67) (3)

All patients had central venous catheters inserted and all had received a fluid challenge 

with at least 1500ml of 5% human albumin solution or equivalent colloid, to which they 

were refractory. Serum albumin was 31 ± 7  g/dl at baseline but subsequent analysis of 

albumin concentration was not performed since many patients had received 

intravenous albumin infusion as part of standard supportive therapy.

All patients were given low dose (-2.5 pg/kg/min) dopamine intravenously prior to, and 

throughout the study period to avoid any confounding effect of withdrawal of this drug. 

No patient received any other inotropic or vasoconstrictor support. All received 

antibiotic therapy as part of routine cover but no patient included in the study had 

positive blood cultures within one week of commencing the study. Thus, patients who
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received NAG had exhausted conventional supportive therapy, and would then 

normally have been considered for continuous venovenous haemofiltration as the next 

step in escalating treatment.

2.13 Treatment with NAC

Patients were given an infusion of N-acetylcysteine (NAC) 150mg/kg in 5% dextrose over 

two hours (maximum of 12g) and then 100mg/kg/24hrs in 5% dextrose over the next five 

days.

Urine samples were collected daily at timed intervals and measured gravimetrically. 

Standard liver and renal function tests were performed daily during the study period. 

Blood pressure readings were collected by the nursing staff 4-6 hourly. The systolic 

(SBP) and diastolic blood pressures (DBP) were obtained from the nursing observation 

charts, which were available in 1 1 / 1 2  patients ( 1  patient had incomplete records). 

Systolic and diastolic pressure was calculated from the mean of all the readings (at least 

4) on a given day. Mean arterial pressure (MAP) was calculated as the diastolic plus V3  

pulse pressure.

2.14 Patients with Rhabdomyoiysis

Eight patients admitted to hospital with rhabdomyoiysis and renal impairment were 

studied. The cause of rhabdomyoiysis was collapse (n=5), ischaemic limb (n=2) and 

unknown (n=1), aged 56 ± 5 years. The mean CPK was 45 000 ± 18400 U/l, and serum 

creatinine was 376 ± 40 pM, and all had Mb in their urine. Control groups comprised 7 

patients with chronic renal failure not requiring dialysis, and 10 normal controls. The 

aetiology of chronic renal failure was glomerulonephritis (n=2 ), diabetes (n=1 ), 

hypertension (n=1 ), polyarteritis (n=1 ), systemic lupus erythematosus (n=1 ) and 

Wegner’s glomerulonephritis (n=1), and the mean serum creatinine was 366 ± 55 pM.
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2.15 Statistics

Data from each experiment was recorded in Microsoft Excel (Microsoft Corp. USA) 

spreadsheets and compared using statistical analysis tools in Excel or exported to Instat 

statistics program (GraphPad Software Ltd, CA, USA). Statistical tests used included 

Student's t-test for parametric data comparing two groups. One way analysis of variance 

was used for multiple comparisons (ANOVA) and where appropriate the Tukey-Kramer 

multiple comparison post-test. For tests failing the Bartlett test to ensure standard 

deviations were similar in all groups, the Kruskal-Wallis (non-parametric ANOVA) was 

used followed by Dunn’s multiple comparison test. Results were considered significant 

when p<0.05.
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C h a p t e r  3 -  R e s u l t s

Chapter 3 -  Results

3.1 Effects of 8~lso PGp2a Infusion

It has previously been shown that infusion of 8 -isoPGp2a at 0.5-2 pg/kg/min into the renal 

artery causes intense renal vasoconstriction {Takabashi et al. 1992). To confirm these 

observations, HOpg 8 -iso PGp2a (in 200pl 0.9% saline) was infused into the internal 

jugular vein of an anaesthetised animal. A bolus injection (arrow) was given and renal 

blood flow was measured by Doppler ultrasound and blood pressure directly from the 

femoral artery. The mean arterial blood pressure (MAP) and left renal blood flow prior to 

injection was 115±0 mmHg and 1.76±0 ml/min respectively. After the injection the MAP 

increased to 118 ± 0 mmHg (p<0.0001) and left renal blood flow decreased to 1.5 ± 0 

ml/min (p<0.0001) indicative of both systemic and renal vasoconstriction (figure 39).
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Figure 39: Effect of 8 -lsoPGF2a on BP and RBF
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3.2 Bile duct ligation (BDL)

The effects of BDL on renal and hepatic function were first established, followed by 

determination of isoprostane excretion as a marker of oxidative stress. To establish 

whether oxidative stress and specifically isoprostane formation may have a causative 

role in the renal dysfunction, strategies to reduce oxidative injury or antagonise the 

effects of isoprostanes were then investigated.

3.2.1 Liver function after BDL

Biliary obstruction was confirmed by an increase in plasma bilirubin from 2 ± 2 to 185 ± 9 

pmol/l and AST from 111 ± 13 to 1419 ± 8 6  I U/l. ALP was not measured because EDTA 

into which blood was collected interferes with the assay.

3.2.2 Renal function after BDL.

All groups had similar baseline renal function, but 48 hrs after BDL creatinine increased 

by -50% and creatinine clearance decreased similarly (table 13).

Table 13: Renal function after BDL

Plasma Creatinine
p,M

(±SEM)

Creatinine
Clearance
(ml/min)

Baseline 43 ±2 1.1 ±0.05

Post BDL 75 ±5 0.55 ± 0.05

Unpaired t-test p<0 . 0 0 0 1 p<0 . 0 0 1
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Creatinine clearance was unaffected by sham operation (1.15 ± 0.06 (pre) to 1.20 ± 0.06 

ml/min (post)). Baseline sodium excretion was similar in all the groups (52 ± 3 |imol/hr, 

p=ns) and was unchanged by sham operation (48 ± 3 pmol/hr). Following BDL sodium 

excretion fell to 17 ± 3 îmol/hr on day 2 (p<0.05).

3.2.3 Histology

The effect of acute BDL was investigated at the ultrastructural level by examining light 

and electron microscopy of kidneys and liver of animals after 3 days of BDL.

3.2.3 I Light microscopy

There were few differences visible on LM with grossly preserved glomerular and tubular 

architecture (figure 40).

Figure 40: BDL kidney (H&E) x 400, showing essentially normal appearance 
of glomeruli and tubules under the light microscope.
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sham BDL

-3 r  -

#

Figure 41: Proximal tubuiar cells from sham (L) and BDL (R) kidneys, showing a slight increase 
in tubuiar vacuolation, but otherwise few macroscopic changes.

Higher power examination of proximal tubular cells showed a slight increase in apical

vacuolation (figure 41).

3.2.3 a Electron Microscopy

?
A

Figure 42: Scanning EM of BDL glomerulus

Scanning EM of glomeruli from BDL animals (figure 42) showed no anatomical

differences in morphology of glomeruli compared to normal animals (it was hoped to
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appreciate a difference between afferent and efferent arteriolar diameter when 

comparing BDL and normal animals). No difference in diameter could be demonstrated 

with this technique between BDL and normal animals by simple measurement from 

photographs, although this technique was found to be poorly reproducible. Transmission 

EM of the BDL kidney showed that glomerular ultrastructure was preserved in the 

glomerulus, suggesting that there was no significant glomerular pathology associated 

with acute BDL. Ultrastructural features such as glomerular epithelial cell and endothelial 

fenestrae were no bigger than expected at <800A. The basement membrane was 

<0.2pm and there was no podocyte fusion or retraction. There were no deposits about 

the basement membrane.

Figure 43: Transmission EM (x5160) of BDL kidney (inset basement membrane region (x10)), 
showing normal glomerular architecture.
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Figure 44: Transmission EM (x6825) of tubular architecture in BDL. As in the light 
microscopic appearances, there were few differences from the sham control 
animals. The changes of increased vacuolation (V) are however more prominently 
seen here, as well as additional phagolysosomes (PL) as described previously.

Tubular architecture was also relatively well preserved with well-defined brush border. 

However, confirming LM features there was more apical vacuolation than found in 

normal animals. In addition in the BDL animals there were additional phagolysosomes 

with membrane-like inclusions. These were similar to those reported by Gollan et al 

{Gollan et al. 1976) in isolated kidneys perfused with conjugated bilirubin.
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3.2.4 Plasma Isoprostanes after BDL

Plasma isoprostanes increased by 24 hours following BDL, and remained high for at 

least 96 hours (figure 45).
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Figure 45: Free plasma isoprostanes were increased following BDL or sham 
operation (*p<0.05 of sham operation).

3.2.5 Urinary Isoprostanes after BDL

Pilot studies revealed that total urinary isoprostanes were markedly increased by 24 

hours and previous studies suggested that these levels remain elevated for at least 4 

weeks. However this ignores the concurrent reduction in renal function. In order to 

correct for renal function isoprostane excretion was expressed as pg/ml of creatinine
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clearance. Baseline urinary F2-isoprostane excretion was similar in all groups, but with a 

14-fold rise after BDL (table 14).

Table 14 : Urinary isoprostanes were also increased after BDL

Urinary Isoprostanes P=

(pg/ml or. cl.) (t-test)

Baseline 14 + 2

Day 2 197 + 22 *p<0 . 0 1

Days 158+18 *p<0 . 0 1

3.2.6 Route of isoprostane excretion

It was necessary to determine if the biliary route of excretion was important, such that a 

reduction in hepatic clearance might lead to an increased renal clearance. Thus, infusion 

of tritiated pH]-8 -iso PGp2a to determine recovery was performed. This showed that 

urinary excretion of tritium (^H) labelled isoprostane or metabolite was similar in BDL and 

normal animals, with little biliary diversion being evident. Analysis of a biliary sample 

obtained from the BDL animals showed very few counts (<0.001% total counts injected - 

ie < 2 0 0  dps in >2 0 0 , 0 0 0  dps injected), suggesting that the biliary route was not an 

important route of excretion of 8 -iso PGF2« in these animals under the conditions 

employed. Although the machine was set up to correct for quenching, strictly speaking 

quench curves for bile should have been performed before this result can be considered 

completely valid. Infusion was performed in a normal animal, a bile duct ligated animal at 

2 hours and a separate BDL animal at 2 days.
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Figure 46: Urinary excretion of infused tritiated isoprostane.

Assuming 60% total recovery and fitting a logarithmic curve to these data a mathematical 

approximation was obtained (y= 16.35 ln(x)-24.21 for normals, y= 13.25 ln(x)-20.49 for 

2 day BDL animals). From these equations the excretionT% was calculated for normal 

animals at -30 mins while BDL animals it was -45 mins (figure 46).

3.2.7 Site of production of excess isoprostanes

3.2.7 /■ Hepatic esterified isoprostanes

Since the liver takes the brunt of the initial injury, it was expected that this would be the 

site of isoprostane production. Thus hepatic esterified levels were measured. Levels 

preoperatively were 16.2 ± 0.4 ng/g. In the sham groups on days 2 and 3 respectively the 

values were 15.2 ± 2.3 and 16.8 ±1.8 ng/g. While the BDL group the equivalent values 

were 18.6 ±1.7 and 14.7 ± 2.8 ng/g (n=4, p=ns in each group). To detect a difference 

with these results with 95% confidence would have required -100 animals in each group.
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Figure 47; Esterified isoprostanes in the liver did not differ between BDL and 
sham groups.

However, unexpectedly, there was no excess isoprostane production in the liver with 

esterified isoprostane levels being similar pre and post operatively and between BDL and 

sham animals (figure 47). This lead to obvious speculation as to whether in fact the site 

of oxidant injury was only the kidney and thus renal esterified levels were determined.

3.2.7 /■/ Renal esterified isoprostanes

Renal esterified levels were also determined to investigate whether isoprostanes, and 

hence lipid peroxidation and oxidative stress, was occurring in the kidney (table 15). 

These results showed no difference in esterified levels, at day 2 or 3 compared to 

preoperative or sham levels. Sham operation had no effect on levels. Thus no significant 

differences in renal esterified isoprostanes were detected.
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Table 15: Esterified isoprostanes in the kidney

BDL

(ng/g)

Sham

(ng/g)

P=

Pre-op 3.8±0.7

(n=8 )

ns

Day 2 4.0 ±1.2 

(n=4)

2 . 2  ± 0 . 6  

(n=4)

ns

Day 3 4.3 ± 0.37 

(n=1 2 )

2.1 ±0.25 

(n=4)

ns

3,2.7.Hi Venous isoprostane levels

Since it had already been established that plasma levels were higher, the site of 

production of the free isoprostanes had not been established. Thus venous sampling 

from various tissue beds was performed.

One millilitre of venous blood was sampled from the hepatic, renal and portal veins in 

addition to an arterial sample from the aorta. This was performed on anaesthetised 

animals which had been bile duct ligated -36 hours previously. Free isoprostane levels 

were then determined in plasma for day 2 post BDL. Hepatic venous levels were 228±13 

pg/ml (n=10), renal venous levels 241 ±15 pg/ml (n=9), aorta 243±15 (n=10), portal 

venous levels 324 ± 22 (n=9, p<0.01).

The data passes the Kolmogorov and Smirnov normality test and thus ANOVA analysis 

was performed. This reveals that these result are extremely significant (p=0.0009), 

indicating that variation among the groups is significantly greater than expected by
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chance. These results were further analysed by the Tukey-Kramer multiple comparison 

test, with portal venous levels being higher than the others (*P<0.01) (figure 48).

(/) o)

Port. VHep Vein Ren. V Aorta

Figure 48: Plasma free levels of Isoprostanes In different tissue beds 
reveals that portal venous levels are elevated compared to other areas 
(*P<0.01)

This suggested that isoprostanes may be produced by the gut. To further investigate this 

possibility the esterified gut levels were measured.

3.2.7 /V Gut esterified isoprostanes

Animals on day 2 post BDL or sham operations were again anaesthetised. Bowel was 

removed and luminal contents removed by washing in iced saline. Large bowel (LB) and 

small bowel (SB) were separated and esterified isoprostane levels determined and 

expressed per g of wet weight. In the sham group levels were 1.19 ± 0.07 and 1.21 ± 

0.09 ng/g in the large and small bowel respectively, while in the BDL group levels were

1.08 ± 0.05 and 0.81 ± 0.07 ng/g (P<0.02 cf sham group). These determinations were 

performed by Dr Zackert in Prof. J. Roberts lab, Vanderbuilt, USA. Levels were similar in 

the large and small bowel of sham operated animals. However significantly lower levels 

(*p<0.02) were seen in the small bowel of BDL animals. This may indicate that at the SB
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site there is increased formation, but that there is increased cleavage once formed (figure 

49).

□  BDL

□  Sham<D (/)

Figure 49 : Esterified isoprostanes in gut post BDL, reveal that small bowel 
(SB) esterified isoprostanes are reduced after BDL (*p<0.05). This was not 
the case in the large bowel (LB), where levels were similar.

3.2.8 The effects of antioxidant and thromboxane receptor antagonist treatment

In order to determine the role of oxidant injury in the renal dysfunction of biliary 

obstruction, two approaches were chosen. Firstly in order to limit free radical damage, 

various anti-oxidants were used. These were N-acetylcysteine (NAC) (n=16) and lipoic 

acid (LA) (n=12). In order to block the effects of the isoprostanes the thromboxane 

receptor antagonist (TxRA) BAY u3506 was used (n=12). These groups were compared 

with placebo treated animals (n=8 ).
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3.2.8 i Effect of treatment on liver function tests after BDL

The BDL was confirmed by significant increases in bilirubin and aspartate transaminase 

(AST) (table 16).

Table 16: Liver biochemistry after treatment and BDL
C p<0.01, *p<0.05, * p<0.02, **p<0.002)

Treatment Bilirubin

(pmol/l)

AST

(lU/l)

Albumin

(g/i)

Sham 2 ± 0 111+13 31±1 S

Placebo 185 ±9 1419 ± 8 6 27 ±1

NAC 2 0 0  ± 1 0 1192±91 * 27 ±1

LA 161 ± 6  + 1824 ±205 27 ±1

TxRA 169 ± 7 * 983 ± 78 ** 29 ± 0.4

Bilirubin increased in all groups after BDL as expected. The difference between placebo 

and treatment groups by ANOVA analysis was significant. Tukey-Kramer comparison 

revealed significant differences between bilirubin levels in the LA vs NAC (̂  p<0.01 ) and 

NAC vs TxRA (*p<0.05) groups.

The rise in AST was significantly attenuated by TxRA (**p<0.002) and NAC (* p<0.02) 

when compared with placebo by t-test alone, but the significance was just lost when 

compared with Tukey-Kramer multiple comparison test. However this test revealed a
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significant difference when comparing LA and TxRA group, suggesting a possible 

protective effect of TxRA or an adverse effect of LA.

Plasma albumin was not significantly different between BDL treated groups (27 ± 1 g/l) 

but this was lower than sham operated animals (31 ± 1 g/l, ^p<0.05) (figure 50).

2000 H

1000 4

Sham TxRA

**

NAC Placebo LA

Figure 50: AST after treatment. The TxRA and NAC significantly reduced 
plasma AST levels, compared to the placebo group, suggesting a possible 
hepatoprotective mechanism of action ( **p<0.002, *p<0.02).

3.2.8 ii Effect of treatment on renal function

Baseline creatinine clearance did not differ within the groups. The administration of NAC,

LA or TxRA each partially prevented the fall in creatinine clearance to a variable degree

with the most marked renoprotective effect being observed in the TxRA group. All

groups had similar baseline renal function (-1.10 ± 0.05 ml/min) but decreased by

50% between days 2 and 3 after BDL (0.55 ± 0.05 ml/min, p<0.001) (figure 51).
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Creatinine clearance was unaffected by sham operation (1.15 ± 0.06 (pre) to 1.20 ± 

0.06 ml/min (post)).

NAC improved creatinine clearance from 0.55 ± 0.05 to 0.73 ± 0.05 ml/min at day 2 

and 0.75 ± 0.03 ml/min (p<0.05) at day 3. LA had a small but statistically significant 

effect on renal function at 2 days (0.64 ± 0.03 ml/min, p<0.05) but not at 3 days (0.65 

± 0.04 ml/min, p=ns). The effects of a TxRA (BAY u3406) on renal function were the 

most marked, with creatinine clearance increasing to 0.90 ±0.15 ml/min and 0.89 ± 

0.16 ml/min at day 2 and 3 respectively (p<0.05). This is consistent with the 

observations of Kramer et al {Kramer et al. 1995), who used a different TxRA in the 

same model.
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Figure 51: Creatinine clearance after BDL. This shows that treatment with LA, NAC or TxRA 
improved renal function compared to placebo groups, but being most marked in the TxRA 
group. (*p<0.05)
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3.2.8 iv Effect of treatment on sodium excretion

Baseline sodium excretion was similar in all the groups at 52 ± 3 pmol/hr (p=ns). While 

Sodium excretion dropped profoundly in control animals (17 ± 3 pmol/hr). NAC, LA and 

TxRA increased sodium excretion following BDL to 34 ± 5, 29 ± 3 and 38 ± 5 pmol/hr 

respectively on day 2 (**p<0.005), with similar results on day 3 (*p<0.05) compared to 

placebo (figure 52).
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Figure 52: Urine sodium after BDL. Urine sodium falls dramatically after BDL, 
but this effect is markedly attenuated by all treatments (*p<0.05,**p<0.005)

3.2.8 V Effects of treatment on isoprostane formation

Baseline urinary F2 -isoprostane excretion was similar in all groups with a mean level 

of 14 ± 2 pg/ml cr. cl. respectively. Following bile duct ligation F2 -isoprostane 

excretion increased by -20-fold to 197 ±11 and 158 ± 12 pg/ml cr. cl. (p<0.01) at
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days 2 and 3 respectively indicative of lipid peroxidation. Administration of LA 

significantly inhibited F2 -isoprostane production with levels of 36 ± 11 pg/ ml cr. cl. 

and 49±18 pg/ ml cr. cl. at day 2 and day 3 respectively (p<0.05). NAC partially 

attenuated lipid peroxidation within the first 2 days (urinary p2 -isoprostane levels 

being 146 ± 14 pg/ml cr. cl. (p<0.05)), but this effect was lost by 3 days (F2 - 

isoprostanes 180±19 pg/ ml cr. cl., p=ns). Treatment with TxRA had no effect on F2 - 

isoprostane excretion following BDL with urinary values of 204 ± 28 and 177 ± 21 

pg/ml cr. cl. at day 2 and day 3 respectively, p=ns).

In summary administration of LA significantly inhibited F2-isoprostane production with 

very low urine levels, while NAC was only partially effective in reducing urinary 

isoprostanes at day 2 and the TxRA was ineffective, compared to control animals (figure 

53).
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Figure 53: Effect of treatment on urinary isoprostanes after BDL. LA markedly 
attenuated isoprostane excretion, but NAC attenuated levels only slightly at 
day 2 and TxRA was ineffective (*p<0.05, **p<0.001)
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3.2,8 vi Thromboxane production after BDL

Urinary TXB2  was estimated, as an index of TXA2  production, on baseline urine (n=7) 

baseline of 2.2 ± 1 to pg/min (table 17). Urinary TXB2  excretion increased on day 2 

(p<0.001) in all groups. However there was no difference between excretion in any 

treatment group. Indicating that these anti-oxidants are unlikely to modify thromboxane 

production in this model.

Table 17 : TxB2 excretion on day 2 post BDL

TxB2

(pg/min)

n= P=

Control 2.2 ±1 7 p<0.001

BDL-Placebo 111 ±25 7 ns

BDL-NAC 115139 6 ns

BDL-LA 109 ±28 6 ns

3.2.8 vil Hepatic Glutathione

Hepatic levels of total glutathione (reduced + oxidised) were measured in control animals 

and after BDL following treatment with placebo, NAC or LA. The total hepatic glutathione 

level was significantly increased by treatment with NAC compared to normal and placebo 

treated animals. While the glutathione content of liver in the LA group was increased 

compared to control animals only (table 18).
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Table 18: Total liver glutathione after BDL

BDL group

Total glutathione 

(jLimol/g)

n= P=

Control 6.5 ± 0.3 pmol/g 7 ns

BDL-Placebo 6.8 ± 0.4 pmol/g 7 ns

BDL-LA 7.7 ± 0.3 |imol/g 7 *p<0.01 cf control

BDL-NAC 8.8 ± 0.5 |imol/g 7 **p<0.01 cf placebo

3.2.8 via Effect of NAC on NFkB

The effect on the redox sensitive transcription factor NFkB in the liver was studied. 

Activation of hepatic NFkB was noted, with progressive increase in optical density of the 

band on gel-shift assay, after BDL (figure 54).
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Figure 54: NFkB is progressively activated in the liver following 
BDL (n=4 in each group), suggesting that oxidant stress increases 
in the liver following BDL.
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It has also been possible to demonstrate that this activation could be attenuated by NAC 

treatment, with a significant reduction in optical density (* P=0.03 ,Mann-Whitley U) 

compared to BDL untreated. This not only proves that NAC was effectively reaching 

hepatocytes but also that it was effective at improving redox tone. However NFkB 

binding was not examined for the other treatment groups (figure 55).
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Figure 55: NAC treatment reduces NFkB activation after 
BDL, suggesting improvement in redox status (n=4 in each 
group), with possible protection from free radical injury.
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3.2.8 via Effect of anti-oxidants on esterified isoprostanes in the kidney

In a separate cohort of animals the effect of anti-oxidants on esterified isoprostanes 

was performed (table 19). ANOVA analysis (p<0.0001) unexpectedly revealed that 

NAC actually increased esterified isoprostane levels.

Table 19: Total kidney Isoprostanes after BDL

Kidney esterified 
isoprostanes. 

(ng/g)

n= P=

(Tukey-Kramer)

BDL-Control 4.9 ± 0.3 8

BDL-LA 5.2 ± 0.5 8 *p<0.001 cf BDL-NAC

BDL-NAC 10.1 ±1.1 8 *p<0.001 cf BDL-Control

3.2.9 Effect of cycio-oxygenase inhibition

Following reports that under certain circumstances platelet activation can increase 

isoprostane formation {Pratico et al. 1995), further experiments were conducted to 

validate the above results, using indomethacin to block cyclo-oxygenase. A separate set 

of experiments, including new controls (because of difficulties in obtaining Royal Free 

bred animals) were performed (n=5 in each group). Baseline creatine clearance was 

similar in BDL indomethacin and saline treated animals (~1.34 ± 0.05 ml/min). This is 

slightly higher than RFH bred animals (whose baseline was -1.1 ml/min). BDL lead to a 

fall in creatinine clearance at day 2 and day 3 (p<0.01 ). Comparing indomethacin and 

saline treated groups, renal function was worse in the indomethacin group (0.75 ± 0.06 

at day 2 (p<0.02) and 0.54 ±0.14 ml/min (p=ns)) compared to saline treated control 

animals (1.09 ± 0.10 at day 2 and 0.83 ± 0.03 ml/min). This suggests that cyclo- 

oxygenase derived prostanoids are protective in the renal dysfunction of BDL (figure 56).
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Figure 56: Effect of Indomethacin on creatinine clearance after BDL. Renal 
function was worse in the indomethacin group compared to the saline 
group at day 2 (*P<0.02).

3.2.10 Effect of cyclo-oxygenase inhibition on isoprostanes

The effect of indomethacin on sham operated animals was negligible (13±3 pg/ml cr. cl., 

n=4) compared to control animals (10±1 pg/ml) p=ns,. After BDL, indomethacin 

increased isoprostane excretion to 97±17 (n=5) and 117± 15 pg/ml cr. cl. (n=8) at day 2 

and day 3. This was no different to BDL placebo treated animals 104±27pg/ml cr. cl. at 

day 3 (n=4) respectively (p=ns), day 2 BDL saline was not performed (figure 57). Thus 

there was no evidence that cyclo-oxygenase inhibition affected isoprostane production in 

this model.
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Figure 57: The effect of indomethacin on urinary isoprostanes after BDL was 
not significantly different to treatment with saline.

3.2.11 Plasma nitrate/nitrite

In order to explain the data on why NAG improved renal function but poorly inhibited 

isoprostane formation we sought to define the effects of NAG on plasma nitrate and 

nitrite as an index of NO production. Nitrite was negligible in all samples (<0.1 pm). 

Nitrate levels were increased in all BDL animals (ANOVA p=0.0008) increasing from 11.7 

± 1.8 pM (n=10) in sham animals to 28.8 ± 3.7 pM (p<0.01, n=13) after BDL. NAG had 

no effect on reducing levels post BDL (31.2 ± 3.0pM, n=6). NAG had no significant effect 

on sham animals (21.3 ± 2.1, p=ns).
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Figure 58: Plasma nitrite/nitrate levels after BDL were higher In BDL 
animals but not significantly modulated by NAC (*p<0.01).

NAG had no significant effect on nitrate levels in either sham or BDL operated animals,

suggesting that modulation of nitric oxide synthase was not a major contributing factor to

its effects (figure 58).

3.2.12 Plasma s-nitrosothiols

Plasma nitrosothiols were measured using a recently published method from our 

laboratory. This showed that BDL increased s-nitrosothiol generation after BDL, but this 

was not affected by NAC treatment (ANOVA <0.0001). Sham nitrosothiol levels were

20.1 ±1.1 nm (n=4) and these levels increased to 36.8 ± 3.0 nm post BDL (P<0.01, n=4). 

NAC had no effect on baseline or BDL levels (21.3 ± 0.7 and 37.9 ± 3.2nm respectively, 

n=6).
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Figure 59: Plasma nitrosothiols were increased after BDL (*p<0.001), but 
not influenced by treatment with NAC.

This suggests that NAC is neither increasing nor decreasing the genesis or removal of 

s-nitrosothiols (figure 59).
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3.3 Treatment of patients with the hepatorenal syndrome

3.3.1 Serum creatinine

Serum creatinine, which was increasing or static in all patients, decreased during the 

period of treatment with NAC. Serum creatinine (222±28pmol/l on day 0) continued to fall 

after stopping treatment and was 155 ± 12 pmol/l by day 7.

To demonstrate the reversal in the trend of the increasing serum creatinine, the slope of 

the creatinine on days -2 to 0 were compared with that of days +1 to +5. The slope of the 

mean creatinine prior to therapy was +16 pmol/day indicating a decline in renal function 

and a rise in serum creatinine (figure 60). In contrast, serum creatinine decreased 

significantly following initiation of treatment, slope of -11 pmol/day (p<0.001 ).
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Figure 60: Serum Creatinine after NAC treatment in HRS. Renal function is deteriorating 

prior to NAC therapy which starts at day 0. The trend is reversed by 5 days of NAC 

therapy.

The effect was most noted in one patient (LS) studied, whose serum creatinine and 

creatinine clearances are shown below (figure 61 A &B).
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Figure 61: The serum creatinine (A) and creatinine clearance (B) in one patient (LS) 
after NAC treatment. This demonstrates the dramatic improvement in renal function 
after commencing NAC treatment.
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3.3.2 Creatinine clearance

There was a progressive reduction in serum creatinine and increase in creatinine 

clearance following NAC administration (figure 62 and table 20).

Table 20: Renal function following NAC therapy

Serum
Creatinine
(pmol/l)

t-test Creatinine
Clearance
(ml/min)

t-test

Day 0 222 ± 28 24 ±3

Day 2 201 ± 23 p<0.05 35 ±4 *p<0.01

Day 5 168 ±17 p<0.02 43±4 **p<0.001

Days of treatment

Figure 62: Improvement in creatinine clearance following NAC therapy in 
HRS (*p<0.01,**p<0.001)
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3.3.3 Liver function tests

There was no significant change in liver function as assessed by aspartate 

transaminase, alanine transaminase, prothrombin time (PI) or serum bilirubin 

concentration. Serum albumin was not used as an index of synthetic function since all 

patients received infusion of human albumin solution and these were therefore 

misleading. However albumin data has been included for completeness.

Table 21:Hepatlc Indices In HRS patients

AST
(U/l)

ALT
(U/l)

Bilirubin
(pM)

PT
(secs)

Albumin
(g/di)

Day 0 70 ±6 40 ±9 395 ± 74 29 ±11 31 ±2

Day 2 77 ±6 46 ± 9 412 ±68 31 ±11 33 ±2

Day 5 83 ±12 51 ±12 385 ± 67 32 ± 9 34 ±2

p value ns ns ns ns ns
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3.3.4 Haemodynamic parameters

There were no significant changes in measured haemodynamics in the patients (figure 

63). Mean arterial pressure was calculated to be 86 ± 3, 86 ± 3 and 83 ± 4 mmHg on 

days 0, 2 and 5 respectively (p=ns).

150 -1

SBP
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DBP

Days from NAC

Figure 63: Haemodynamic parameters did not change during the duration of 
the study in HRS patients (SBP - systolic BP, MAP- mean arterial pressure, 
DBP - diastolic blood pressure)

3.3.5 Plasma and urine sodium

Serum sodium concentrations increased during therapy from 131 ±3 mM at day 0 to 137 

± 3 mM at day 5 (p<0.02). Urine sodium varied greatly in this study, however low urinary 

sodium concentrations are not a prerequisite for the diagnosis of HRS. Seven patients 

had a urine sodium concentration <20 mM (table 22). Urine sodium excretion increased 

from 1.2 ± 0.5 mmol/hr on day 0 to 2.0 ± 0.88 mmol/hr on day 2 (p=0.06, ns) and 1.8 ± 

0.6 mmol/hr on day 5 (p<0.05).
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Table 22: Urine sodium and urine output in patients with HRS

Urine Na 
(mmol/hr)

Urine vol 
(ml/hr)

Day 0 1.2 ±0.5 46 ±7

Day 2 2.0 ±0.8 70 ±10**

Day 5 1.8 ±0.5* 68 ±6*

P value *<0.05 **<0.003 *<0.001

3.3.6 Urine output

Urine output at baseline ranged from 12 to 82 ml/hr. Urine output increased from a mean 

of 46 ± 7 ml/hr at day 0 to 70 ± 10 ml/hr at day 2 (**p<0.02) and 68 ± 6 ml/hr at day 5 

(*p<0.05) (figure 64).
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Figure 64: Urine output after NAC treatment increased significantly.
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3,3.7Plasma isoprostanes in cirrhosis

Plasma isoprostanes were compared with normal individuals and with cirrhotic patients 

(table 23). The isoprostanes were increased as expected in the patients with HRS 

(ANOVA p=0.04). However the cirrhotic patients had isoprostanes that were not 

significantly above normal but this is likely to be due to small numbers. When subgroup 

analysis of the cirrhotic group was performed, there was little difference between those 

who were compensated or decompensated.

Table 23: Plasma Isoprostanes in patients

Isoprostanes
(pg/ml)

n= P=

(Tukey-Kramer)

Normals 21. 8  ± 4.2 4 ns

Cirrhotics 52.1 ± 9.3 7 ns

HRS 71.4 ±9.5 6 *p<0.05 vs normals

3.3.8 Plasma isoprostanes in HRS after NAC

There was no significant effect of NAC on plasma F2 -isoprostanes (p=0.54) (table 24), 

either implying that this was not the mechanism of action or a type II error had occurred. 

Table 24: Plasma isoprostanes during NAC therapy

Isoprostanes
(pg/ml)

P=

(Tukey-Kramer)

Day 0 71.4 ±9.5 ns

Day 2 56.0 ± 9.7 ns

Day 5 58.1 ±15.7 ns
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3.3.9 Nitrate and nitrite in HRS

In addition the effect of NAC on urinary nitrate and nitrite were investigated in order to try 

to explain the effect on renal dysfunction by way of a modulating the NO system. No 

statistical effect was detected on nitrate/nitrite excretion (table 25).

Table 25: Urinary nitrate/nitrite during NAC therapy

Urine NO2 /NO3  

(|imol/min) 
(n=11)

P=

(paired t-test)

Day 0 202 ±57

Day 2 136 ±28 ns

Day 5 188 ±47 ns

3.3.10 Mortality

The one month survival rate was 8/12 (67%) for those who completed treatment. Of the 8  

patients who survived one month, a single patient died of sepsis (day 40). Two of the 8  

survivors received an orthotopic liver transplant, for end stage liver disease. Thus five 

patients were alive at 3 months with independent renal function and had not been 

transplanted. The overall survival at 3 months was 7/12 (58%), 2  of whom survived long 

enough to receive a liver transplant (figure 65). Comparing to historical controls one 

might have expected a higher mortality, mostly at one month.
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OLTx

Alive

Dead

Figure 65: Three month survival from HRS after NAC 
( OLTx - orthotopic liver transplant)
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3.4 Rhabdomyolysis

Rhabdomyolysis induced by intramuscular glycerol injection caused swelling at the 

injection sites, with the hind limbs becoming stiff and poorly mobile. Despite analgesia 

the animals looked sick, with poor grooming. The urine produced immediately after 

injection was black in colour and its volume was reduced or normal. Animals sacrificed at 

24 hours had visibly darker, almost black kidneys. On section of the kidney deposition of 

Mb in the medulla and inner cortex of the kidney was apparent by visual inspection 

alone.

3.4.1 Histology
3.4.11 Macroscopic inspection

R N

Figure 66: Visual Inspection of kidneys after rhabdomyolysis, 
allows easy visualisation of myoglobin deposition In the 
rhabdomyolysed kidney (R) compared to the normal (N).

Visual inspection of a kidney taken from an animal treated with 50% glycerol (figure 66)

and compared to a normal kidney clearly shows the presence of myoglobin deposited

predominantly in the medulla.
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3.4.1 ii Light microscopy
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Figure 67: Low power light microscopic appearance of the
rhabdomyolysed kidney, clearly showing tubular casts as amorphous 
pink staining material in the tubules (arrow - cross cut tubule with cast).

Classical changes on light microscopy were seen with tubular necrosis and cast 

formation (figure 67).

3.4.1 iii Electron microscopy.

Samples were examined under the electron microscope. Tubular casts could clearly be 

seen alongside damaged tubular cells (figure 68).
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Figure 68: EM of tubular casts, showing the crystalline 
structure of the myoglobin-Tamm Horsfall casts along 
with tubular debris.

3.4.1 iv Electron Diffusion Analysis by x-ray.

Electron Diffusion Analysis by x-ray (EDAX) was performed in order to prove that these 

casts contained myoglobin or at least iron. The EM close up field of a myoglobin cast (A) 

is seen in figure 69 with the EDAX window set for iron on the right (B). This clearly shows 

the presence of iron in high concentration in the tubular casts, with bright dots 

representing high iron signal corresponding to the EM field. Nevertheless, it is impossible 

from these studies to infer presence of free or haem bound iron.
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Figure 69: Close up of EM cast (A) with EDAX image of the same field (B) demonstrating a 
clear signal, proving that these casts contain iron.

3.4.2 Creatinine Clearance

There was a profound reduction in creatinine clearance in the glycerol treated group 

(0.32 ±0.13 ml/min, n=6) compared to the control group (1.09 ± 0.01, *p<0.02, n=8). 

Alkalinization of the urine significantly attenuated the fall in creatinine clearance (0.74 ± 

0.13 ml/min, *p<0.02 vs Rhabdo, n=6) (figure 70).
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Figure 70: Rhabdomyolysis causes a profound reduction in creatinine clearance, 
which is attenuated by alkalinisation (*p<0.02).
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3.4.3 Urinary isoprostanes

The urinary excretion of F2-lsoprostanes was also markedly increased in the Rhabdo 

group (65 ± 4 pg/ml cr. cl) compared to the control group (10 ± 1, *p<0.01). The 

enhanced urinary excretion of p2-lsoprostanes in the glycerol group was markedly 

suppressed by alkalinization ( 23 ± 4 pg/ml cr. cl.,**p<0.01 cf Rhabdo). The difference 

between urinary levels of p2-lsoprostanes in the control and Rhabdo-Alk groups became 

statistically insignificant (p=0.17) (figure 71).

Rhabdo Rhabdo + Alkalicontrol

Figure 71: Urinary isoprostanes after rhbdomyolysis increase dramatically 
but the increase is attenuated by alkalinization (*p<0.01 cf control, **p<0.01 
cf rhabdo).

3.4.4 Esterified isoprostanes

To unequivocally establish that oxidant injury occurs in the kidney, levels of P2- 

Isoprostanes esterified in renal lipids were also measured and found to be elevated 

(mean 7.5-fold) in the Rhabdo group (39 ± 4 pg/mg kidney) compared to the control
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group ( 5 ± 1 pg/mg, *p<0.01), but reduced by alkalinization (30 ±2 pg/mg, **p<0.05 ) 

(figure 72).

rhabdo rhabdo+alkcontrol

Figure 72: Esterified isoprostanes in the kidney are increased by 
rhabdomyolysis (*p<0.01), but reduced by alkalinization (**p<0.05 cf rhabdo).

3.4.5 Lipid peroxidation in tiuman rhabdomyolysis

In order to extend these observations to patients, urinary excretion of F2 -isoprostanes 

was measured in patients presenting to the renal unit with rhabdomyolysis. A group of 

patients with similar creatinine clearances but without rhabdomyolysis were used as a 

second control group. Isoprostanes were markedly increased in patients with 

rhabdomyolysis (46 ± 14 pg/ml cr. cl., n=8) compared to normal subjects (16 ± 2 pg/ml 

cr. cl., n=10 *p<0.02) and patients with chronic renal failure (10 ± 6 pg/ml cr. cl., n=7, 

*p<0.02) (figure 73).
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Figure 73: Urinary isoprostanes were markedly elevated {*p<0.02) 
compared to normals after rhabdomyolysis in humans. Chronic renal 
failure (CRF) patients were used as a second control group with 
similar creatinine clearances to those of the rhabdo group. These 
patients had isoprostane excretions no different to normals and 
markedly less than those with rhabdomyolysis (**p<002).

3.4.6 Optical spectroscopy

In order to demonstrate redox active Mb was present in the urine, studies were 

conducted in samples from the glycerol rats. Optical spectroscopy of rhabdomyolytic 

kidney indicated the presence of metMb from the characteristic peak centered at 630nm. 

Haem proteins were not detected in extracts from control kidneys. The spectrum of an 

extract washed from a rhabdomyolytic kidney section is shown below (figure 74)

143



Chapter 3 - Results

Optical Spectra

Metmyoglobin (rhabdo)

Metmyoglobin + Dithionite

630 680430 480 530

Wavelength (nm)
580380

Figure 74: Optical spectrum of kidney from a glycerol treated animal before (pink) and after reduction 
(blue) with dithionite. This is characteristic of MetMb showing the major Soret peak at 406nm which is 
shifted to 430nm after reduction.

The spectrum of an extract washed from a rhabdomyolytic kidney section is shown by in 

Figure 74. The major feature is the Soret peak at 406nm (pink), typical of metMb. 

Analysis following reduction and deoxygenation of the Mb extract with sodium dithionite 

is also shown. Both a red shift of the Soret peak to 430nm and the peak at 550nm in the 

visible region indicate the conversion of Mb to the deoxy ferrous form. These studies 

were performed at the University of Essex in conjunction with Prof. M. Wilson and Dr 

B. Reeder.
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Optical Spectra
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Figure 75: Close up of the visible region of optical spectra showing how the visible region of 
metMb peak changes with reduction by dithionite.

Close up of the visible region (450-650nm) shows peaks at approximately 502nm and

630nm, also characteristic of metMb, in the rhabdo kidney. A red shift of the peak at

550nm in this region indicates the conversion of Mb to the deoxyferrous form. However,

a peak at 620nm is resistant to dithionite treatment. This absorbance band is consistent

with the interaction of sulfide or sulfur-containing compounds, e.g. glutathione, with the

porphyrin ring in ferryIMb to form sulfMb, a reaction that presumably occurred in the

kidney. Evidence that the species of Mb washed from the kidney and thus deposited in

vivo is MetMb (Fe3+).

3.4.7 Electron paramagnetic resonance

Ferric iron, but not ferrous or ferryl Fe, in Mb is detectable by electron paramagnetic 

spectroscopy (EPR) because of the unpaired electron. Quantitative changes in the 

metMb concentration were measured using this technique at the University of Essex. 

Significant changes were seen in EPR spectra from the kidneys of rhabdomyolytic rats
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(Figure 75) compared to controls. Specifically, there was a large increase in the g=6 high 

spin ferric haem signal. The transferrin signal, however, was unchanged in the 

rhabdomyolytic rats with a new signal overlaying it at g=4.3, suggestive of an increase in 

low-molecular weight ferric pools in the rhabdomyolytic kidneys.
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Figure 76: EPR of (A) normal kidneys (B) rhabdomyolysed kidneys

Decreases are seen in all the other cellular EPR signals (e.g. cytochrome P450, iron- 

sulfur enzymes) which may be explained as a result of general cellular damage in the 

kidney (figure 76).
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Figure 77: EPR of normal, rhabdo and rhabdo-alk kidneys, showing high signal at g=6 (arrow) in 
both rhabdomyolysis groups. The size of this peak does not differ significantly in these groups.

Similar signals were seen in kidneys taken from animals that had had alkalinising therapy

(figure 77). It is of note that the g=6 peak is statistically no different to the signal from the

rhabdomyolysis alone kidney. This suggests that samples had similar quantities of ferric

iron. The signals were quantitated with respect to known standards and the results

compared to normal tissue (table 26)

Table 26 : EPR signal quantitation

g= Normal
(uM)

Rhabdo
(nM)

Rhabdo-Alk
(fM)

High spin haem 6 22 ± 5 215 ±46 331 ± 67

Rhombic Fê  
(transferrin)

4.3 Not detected 7.5 ±2.5 7±3

Cytochrome P450 2.25-2.42 105 ± 1.5 74 ±4 76 ±11

It is of note that the Cytochrome P450 signal is reduced only slightly, while the high-spin 

haem signal (MetMb) is huge.
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3.4.8 Cross-linking of Myoglobin

In order to further confirm the presence of the ferryl form the presence of cross linking, 

only formed by the presence of the ferryl form, in Mb was examined (figure 78).

Protein

His93

Fe

Tyr103

Fe

' Fiaem
B

Figure 78: Schematic representation of myoglobin. The haem group containing 
the central Iron (Fe) atom Is burled within the hydrophobic core of the protein. 
The haem group Is linked to the porphyrin through co-ordination of the nitrogen 
(N) of histidine 93 to the Iron atom (A). Following formation of ferryl iron, 
through reaction with peroxides, a proportion of the haem group becomes cross- 
linked to the protein via tyrosine 103 (B)

Figure 79 shows the characteristic difference spectrum of Mb (ferrous - met) isolated 

from human urine of one patient (blue). Following the formation of ferryl iron, a proportion 

of the haem becomes cross-linked to the protein. This cross-linked haem is not 

amenable to extraction because the N-Fe co-ordination can be disrupted by acid 

treatment and the haem can be extracted. Flowever, the haem/tyrosine covalent bound 

cannot be broken, rendering the haem non-extractable into acid/butanone. The second 

curve (brown) shows the optical spectrum after such extraction, and if no Mb is cross- 

linked there would be no signal. However cross-linked Mb remains in the urine sample
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because the Mb spectrum persists. Quantifying this signal, non-extractable (cross-linked) 

Mb accounts for 15% of all haem in the urine.

<5 31 il 400 440 461 480 500 560 580 600

Wavelength (nm)

Figure 79: The difference spectrum (ferrous-met) of Mb demonstrating how 
cross-linked Mb is detected after extraction. The second signal (brown) is that 
which is detected when the prosthetic group is washed from the apoprotein, and 
would not be detected unless covalent linkage has occurred. (For clarity, the 
sample in blue is diluted three fold with respect to the brown).

Cross linked myoglobin was determined in a number of samples by Dr B. Reeder. This 

shows that very little myoglobin is cross linked in freshly prepared Mb from rat muscle or 

horse Mb purchased from Sigma (table 27). In contrast in both the experimental animal 

model and human rhabdomyolysis the percentage cross linking is high.
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Table 27: Cross linked Mb

Sample n Percent Std.

cross linked Err

Myoglobin from human urine 3 12 1.5

Myoglobin from rat urine after glycerol treatment 15 23 2.4

Myoglobin isolated from normal rat muscle 2 <1 -

Myoglobin from horse heart (Sigma) 3 1 0.5

3.4.9 Effect of anti oxidants

Anti-oxidant treatment might be able to modulate the effects of Myoglobin mediated 

injury on the kidney and the effect of vitamin E, vitamin 0, vitamins E + 0  and lipoic acid 

versus control animals was studied (table 28).

Controls were given 0.9% saline as an intramuscular injection, which in itself caused mild 

muscle disruption. Only two control animals were sacrificed, since the aim was merely to 

ensure that an IM injection was not in itself sufficient to cause renal impairment. Since 

only 2 animals were used statistic analysis was not performed on these animals.

There were no significant differences between plasma CK and AST levels in any group 

after glycerol (ANOVA p=0.24 and p=0.32 respectively). The standard deviation (and 

thus SE) in each group was much higher than expected leading to a possible type II 

error, and demanding higher numbers.
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Table 28 iplasma biochemistry after gycerol treatment

CK
U/ml

AST
(U/ml)

n= P—
(Tukey-Kramer) 

vs all groups

Sham control 236±20 130 ± 8 2 -

Rhabdo control 2631 ±1505 1046 ±157 8 ns

Rhabdo + vit C 410 ±97 826 ± 83 10 ns

Rhabdo + vit E 1119±575 908 ±118 8 ns

Rhabdo + vit C & E 415 ±50 889 ±113 12 ns

Rhabdo + LA 565 ± 82 667 ± 83 6 ns

3.4.9 i Creatinine Clearance

All groups had similar creatinine clearance values prior to 

rhabdomyolysis (1.27 ± 0.04 ml/min, ANOVA p=ns) (table 29).

the induction of

Table 29: Creatinine clearance after rhabdomyolysis was impaired in ail groups compared with 
baseline. When each goup was analysed significant improvement was noted in thegroup treated 
with vitamin 0  alone.

Great. Clear, 
(ml/min)

N= P=

(Tukey-Kramer)

Sham control 0.92 ± 0.26 2 -

Rhabdo control 0.32 ± 0.28 8 ns

Rhabdo + LA 0.42 ± 0.03 6 ns

Rhabdo + vit C & E 0.47 ±0.04 12 ns

Rhabdo + vit E 0.49 ±0.03 8 ns

Rhabdo + vit C 0.59 ±0.04 10 *p<0.01 vs Rhabdo control
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Multiple comparison analysis between the groups ( ANOVA p<0.0001 ) demonstrated 

that only vitamin 0  was able to significantly improve renal function when looking at 

creatinine clearance.

3.4.9 a Urine volumes

Urine volume was generally increased at 24 hours after rhabdomyolysis, this result 

should be tempered by the empirical observation that a diuresis occurred in the first few 

hours following injection, but in most groups urine output tailed off after this time. The 

most unexpected, and consistent result from these experiments was the effect of vitamin 

E alone to increase urine volumes (table 30). In contrast, vitamin 0  alone or in 

combination with vitamin E had no effect on urine volume, and similar observations were 

noted in the LA group. The significance and cause of these observations is unclear and 

is under investigation.

Table 30 : Urine volumes in glycerol treated rats are increased over baseline after induction 
of rhabdomyolysis. Vitamin E doubled urine output

Urine
Volume

(ml/24hrs)

P=

(Tukey-Kramer)

Sham control 8.0 ±1.5 -

Rhabdo + vit C & E 12.9 ±1.0 ns

Rhabdo + LA 13.0 ±1.0 ns

Rhabdo + vit C 14.4 ±1.0 ns

Rhabdo control 17.3 ±1.8 ns

Rhabdo + vit E 30.4 ± 3.6 *p<0.001 vs all other groups
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3.4.9 Hi Creatinine clearance per 100g body weight

Problems were encountered in obtaining animals of exactly the same weight for 

comparisons between groups, since these experiments could not all be done 

simultaneously. A number of problems were encountered in using animals that had not 

been bred in house and the comparative biology unit attempted to breed animals to the 

correct weight but there were nevertheless slight (~50g) weight differences between 

groups treated with anti-oxidants and those treated with alkali/TxRA. Thus comparison 

between these groups was also performed after correcting for body weight.

Using this strategy baseline creatinine clearances were similar in all groups (unpaired t- 

test p=0.72). ANOVA analysis of the significantly effective therapies showed that vitamin 

C, alkalinisation and TxRA improved creatinine clearance (figure 80).

control Rhabdo Rhabdo + Rhabdo + Rhabdo +
control TxRA

Figure 80; Comparison between successful therapies for rhabdomyolysis in 
glycerol Induced rhabdomyolysis In protection of renal function shows that TxRA 
>Alkalinlsation>Vltamln 0  at 24 hours. (*p<0.01, **p<0.001)
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3.4.9 iv Myoglobin cross-linking after antioxidant treatment.

Urine samples were analysed for Myoglobin cross-linking, as an index of ferryl Mb 

formation (figure 81). ANOVA analysis revealed no significant differences between the 

groups (p=0.21). However the Bartlet method detected that there was a significant 

difference between SD’s and thus further analysis was performed using a non-parametric 

test. Even when Dunn’s multiple comparison test was applied there were no significant 

differences between groups. Cross linking was 8.5 ± 0.7 % with rhabdo + vitamin C, 0.89 

± 0.7 % with vitamin E. The rhabdo control group had 10.9 ± 1.7 % and LA 12.8 ±2.5 %. 

Unfortunately due to problems with sample storage, none of the original samples from 

the alkali experiments survived to be analysed by cross linking and this will need to be 

repeated.

Vit E Control LA Vi tC + E

Figure 81: Myoglobin cross-linking following rhabdomyolysis, although it 
looks like there may be a trend there was no statistical difference between 
groups.
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Chapter 4 - Discussion

4.1 Introduction

This thesis set out to examine the relationship between oxidant injury and renal 

dysfunction. Many experimental approaches to the study of oxidant stress have 

concentrated on simple model systems e.g. cell culture and these have revealed 

valuable insights into oxidative mechanisms. However, it may be difficult to extrapolate 

such studies to pathology as applied to the in vivo situation.

In this thesis whole animal systems have been used in an attempt to address this 

question with specific regard to renal dysfunction and acute renal failure using both 

human and animal studies. Following the discovery of isoprostanes, it is now possible to 

reliably measuring oxidant injury in vivo,.

Both acute renal failure of liver disease and rhabdomyolysis are linked in that there is an 

emerging body of evidence implicating a role for enhanced oxidative stress in these 

conditions. This evidence sheds little light on whether the oxidant injury is cause or effect 

of the renal impairment or involved in the primary insult. Thus there are similarities in the 

renal impairment seen in both cases, but there are also differences. While liver 

dysfunction causes renal impairment the source of free radical production is not known, 

and was previously assumed to be the liver, while in rhabdomyolysis the oxidant injury is 

presumably localised within the kidney.

Although reference will be made to all results, for clarity they will be broken down into 

results obtained from BDL animal studies, patients with HRS and finally those relating to 

rhabdomyolysis.
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4.2 Discussion of Bile duct ligation data

Initially haemodynamic experiments sought to confirm the observations Takahashi et al 

{Takahashi et al. 1992) that intrarenal arterial infusion was associated with renal 

vasoconstriction. This study extends these observations by demonstrating that systemic 

intravenous infusion has the same effect (3.1) and interestingly increases blood 

pressure. It has not been established if this is due to vasoconstriction in other vascular 

beds, but this seems likely. Further haemodynamic measurements of cardiac output and 

regional tissue perfusion were not performed to investigate this further.

Following BDL, there is a fall in creatinine clearance a rise in plasma creatinine, and a fall 

in total sodium excretion. Little structural or ultrastructural change was noted 

macroscopically, microscopically or by electron microscopy, and this data is consistent 

with previous microscopic studies (Panozzo et al. 1995) (3.2.3). The minor tubular 

changes seen on EM mirror changes seen after isolated kidney preparation perfused 

with conjugated bilirubin {Gollan et al. 1976). However, these changes are not 

associated with changes in GFR or renal plasma flow. The primary implication of these 

data suggest that, although minor tubular abnormalities are seen at an electron 

microscopic level, the changes in renal function are likely to be haemodynamically 

mediated.

Evidence presented in the introduction suggests that free radical mediated lipid 

peroxidation may occur after BDL. Increased plasma and hepatic lipid peroxide levels 

are found in cholestatic patients (Tsa/ et al. 1993) and in the rat following bile duct 

ligation {Panozzo et al. 1995) {Parola et al. 1996). However these studies were at later 

time points, and no data exist on the early changes in lipid peroxide levels. The current 

studies found evidence that lipid peroxidation is an early event after BDL by
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demonstrating an early (<24hrs) rise in both plasma and urinary excretion of F2 - 

isoprostanes.

There remained the possibility that by blocking the biliary route of excretion, the increase 

in urinary isoprostanes was merely due to diversion of othen/vise biliary excreted 

compounds into the urine. To investigate this possibility tritiated Fa-isoprostane was 

infused into biliary obstructed and non-obstructed animals. In this way it was shown that 

the biliary route is unlikely to be an important route of excretion in this animal model. 

Acute biliary obstruction does not stop bile flow completely, merely prevents it from 

draining into the gut and it collects in a biliary system that progressively dilates. Bile 

collected from the obstructed bile duct was assayed for tritiated compound and revealed 

very few counts, suggesting that this route was not a major one. Further the amount of 

tritiated compound recovered from the urine was no greater in the biliary obstructed 

animals, as might be expected if there was merely biliary diversion. Thus it appears that 

biliary diversion is not responsible for these increases in urinary isoprostanes.

Free radical injury therefore occurs in parallel with the changes in renal haemodynamics, 

and the connection between these two events, was further investigated.

The mechanism of the oxidative damage is unknown but potential mechanisms could 

include bile acid induced mitochondrial dysfunction, endotoxaemia or immune activation 

leading to neutrophil respiratory burst, all of which have been shown to increase 

oxidative stress and to secondarily impair host defence against oxidative stress.

Further studies were then undertaken to define the site of production of the isoprostanes. 

Firstly esterified isoprostanes were measured in tissues, an excess production could be 

reflected by excess esterified isoprostanes in tissue. However if a phospholipase were 

concurrently or constitutively upregulated this may not necessarily be the case. If 

esterified isoprostanes had been cleaved then one might expect an excess plasma level 

in the venous bed draining the tissue. The tissue level in these circumstances may be
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elevated, the same or even lower if the rate of hydrolysis exceeds the rate of formation. 

The role of phospholipases in this regard is unclear, but phospholipase A2  activity is 

upregulated by oxidant stress {Chen et al. 1996) per se and in cirrhosis {Vishwanath,

1996).

There was no change in esterified levels of hepatic or renal esterified F2 -isoprostane 

levels (3.2.7 i-ii). No difference in arteriovenous gradient could be found (3.2.7iii), 

suggesting that the lung is unlikely to be the source of isoprostane generation, as has 

been suggested by some studies {Chang and Ohara, 1994). Of course this does not 

discount the possibility that the rate of formation and hydrolysis is the same leading to 

the total esterified level of F2 -isoprostanes being unchanged, but this seems less likely. 

What is intriguing is the observation that small bowel esterified levels were reduced in 

the context of elevated levels of free F2 -isoprostanes in the portal vein. This could mean 

that that isoprostanes have been excessively cleaved by increased phospholipase 

activity in the small bowel. Or both isoprostane production (i.e. free radical damage) and 

enzymatic hydrolysis are upregulated but with hydrolysis exceeding production. This is 

an attractive theory since there is evidence that endotoxin or some other bowel 

constituent is important in the genesis of the oxidative stress {Kimmings et al. 1996) 

{Harry et al. 1999). Phospholipase A2  activity is upregulated in a rat model of bile duct 

ligation and cirrhosis {Chen et al. 1996, Kuo et al. 1995)

The lack of a difference in plasma levels may reflect a long half life (t%) with a relatively 

low generation rate for the compound. Since if the t% is long enough plasma venous 

levels might be unhelpful. However since the portal venous bed was higher than the 

others this suggests that this is not the case. An approximations of the half life was 

made from this study using infusion of deuterated isoprostanes suggest that the t% in 

normal animals is -30 mins but -45 mins BDL animals (3.2.6), which suggests that 

levels are likely to rise in the circulation generally.
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Reports have more recently suggested that cyclo-oxygenase may be responsible for 

some of the isoprostane production {Pratico et al. 1994). This might invalidate the 

isoprostane results if this were the case. However in studies giving NSAIDS to exclude 

this possibility demonstrated no evidence that significant amounts of isoprostanes were 

produced via the cytochrome p-450 enzyme in this species of rat (3.2.9).

Another approach to determine if these compounds were modulators of renal dysfunction 

was to determine whether strategies aimed at repleting or replacing cellular reducing 

equivalents, could improve renal dysfunction in this model. If Fa-isoprostane formation 

plays a major role in modulating renal dysfunction in BDL, suppression of their formation 

could be associated with improved renal function. N-acetylcysteine (NAG) and Lipoic 

acid (LA), both powerful reducing agent were chosen for these experiments.

Both NAG and LA increase intracellular glutathione conferring antioxidant protection. The 

rise in hepatic glutathione levels after administration confirms that these drugs had been 

effectively administered (3.2.8vii). Plasma glutathione has not been shown to increase 

acutely after NAG administration {Cotgreave, 1997) and was therefore not measured. 

There were unexpected and contrasting effects of NAG and LA on both renal function 

and isoprostane production.

LA virtually completely suppressed the urinary levels of p2 -isoprostanes, while NAG only 

had a minimal impact on p2-isoprostane levels at day 2, with no significant effect at day 3 

(3.2.8v). In contrast the renoprotective effects of NAG were much more marked than 

those of LA. This was rather counterintuitive and somewhat of a surprise, and further 

analysis of the data is required to help explain these results. Firstly one explanation of 

these results could lie in the liver function tests in that NAG may have some 

hepatoprotective properties since hepatic enzymes were not as elevated (AST 1192±91
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U/i of. 1419 ± 86.). There is no evidence that this is due to the anti-oxidant properties of 

NAG, but this may be important since NFkB activation (3.2.8viii) occurs in the liver after 

BDL. When liver from animals treated with NAG was examined there was less NFkB 

activation. The protective role of NAG on NFkB activation has been well described, with 

all the consequent downstream effects involved in cytokine signalling and apoptosis 

{Lopez-Talavera et al, 1995). This might imply that NAG may protect kidneys by 

inhibiting the pro-inflammatory cytokine activation consequent upon perhaps 

endotoxaemia leading to the hyperdynamic circulation {Fernando et al. 1997). Thus one 

explanation for the renoprotective properties of NAG could involve improved indices of 

hepatic function. Further it could be hypothesised that improvement in renal function was 

unrelated to anti-oxidant effect upon the kidney but solely due to effects to improve 

hepatic function (3.2.8i). Indeed previous studies have shown that NAG can improve 

hepatic histology after chronic BDL {Bravo et al. 1997), reducing ductular proliferation 

and fibrosis. In addition bile salts have been shown to induce apoptosis in hepatocytes 

{Patel et al. 1994), which can be inhibited by lazaroid anti-oxidants, suggesting an 

oxidant mechanism may be involved {Patel and Gores, 1997). NAG has been shown to 

be useful in preventing apoptotic pathways {Cossarizza et al. 1995) and this may be the 

mechanism whereby NAG improves hepatic and therefore renal function. However since 

LA is also a powerful reducing agent this does not explain why LA is not equally effective. 

And since we could show it had a dramatic effect upon F2 -isoprostane it might have been 

expected to have been equally efficacious in terms of hepatoprotection. One possibility is 

that the active form of LA is dihydrolipoic acid (DHLA) i.e. it needs to be reduced first. 

Although this is said to be possible in many cells it may occur largely in the liver, further 

straining the reducing agent pool. To investigate this possibility hepatic glutathione was 

determined and showed that both NAG and LA increased total hepatic glutathione. 

Although total glutathione was increased, the ratio of oxidised (GSH) to reduced (GSSG)
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glutathione needs to be determined. Experiments were conducted with DHLA but these 

were unsuccessful possibly due to the auto-oxidation of DHLA prior to administration. 

Further EMSA of liver from LA treated animals needs to be examined, to discover if LA 

has similar effects on the NFkB pathways.

Another line of enquiry was the possibility that renal functional improvement was in fact 

unrelated to anti-oxidant potential but perhaps to a property unique to chemicals with a 

NAC-like structure, and not shared by LA. Although data collected thus far has not found 

a clear solution, a clue may come from the results looking at the interaction of thiols with 

the NO system. Nitrate/nitrite levels were increased by BDL, suggesting that NO 

synthesis was increased, and this agrees previous studies {Vallance and Moncada, 

1991). There was an interesting but not significant trend towards higher levels in the 

sham NAG treated animals. This is interesting because infusion of NAG causes acute 

vasodilatation in patients with chronic liver disease {Jones et al. 1994), an effect 

believed to be caused by the release of nitric oxide. Thus, NAG may increase renal 

production of NO, and increase the glomerular capillary ultrafiltration coefficient and 

increase GFR. NAG may therefore downregulate the acute cytokine response, known to 

occur following acute BDL {Kimmings et al. 1995) and which may cause circulatory 

changes detrimental to renal function. In addition, it has been reported improve 

haemodynamics and oxygen transport in patients with acute liver failure {Devlin et al. 

1997), and may therefore have beneficial effects in other forms of liver disease.

Additionally this study is the first to demonstrate elevated levels of nitrosothiols in the

plasma of BDL animals (3.2.12) {Marley et al. 1999c). However, I was unable to

demonstrate that NAG could decrease NAG these levels. This does not necessarily

mean that nitrosothiols are not involved in vasodilatation, and it may be that some of the

signal generated during this assay is due to the nitrosation product of NAG, namely

nitrosoNAG. NitrosoNAG is a low molecular weight thiol that may release NO more easily
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than say, nitrosoalbumin and hence may thus modulate NO related vasodilatation (figure 

82).

O :)C *

NO 0^
-SH NO

(^ ^ S H ------------ ► (^ ^ S N O --------- ► (^ ^ S H

RNOS

Figure 82: Possible interaction of low molecular weight thiols with endogenous 
nitrosothiols (NO -  nitric oxide, SH- thiol group, RNOS-Nitrosothiols).

Low molecular weight thiols (like nitrosoNAG) may act in two ways. Acutely their 

presence may lead to rapid transnitrosation from endogenous nitrosothiols (eg 

nitrosoalbumin). This would lead to rapid NO release, and possibly acute vasodilatation. 

Whereas is if these compounds were to persist in the circulation they may perhaps 

deplete the endogenous nitrosothiol pool leading to a reduction in vasorelaxatior 

compounds and possibly a normalisation of vascular function (figure 83).
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Liver disease
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Figure 83: Speculative mechanisms of NAC action 
(RNS-Reactive nitrogen species)

Thus NAG could influence nitric oxide vasotone in two ways; firstly nitric oxide synthase 

(NOS) is in part redox regulated (Vos et al. 1999), and secondly NA could interact with 

nitrosothiols leading to more rapid NO release or alternatively nitrosothiol depletion.

The second strategy for determining whether isoprostanes where important in the renal 

dysfunction was to block their biological actions as vasoconstrictors via thromboxane A2- 

like receptors. As anticipated, the thromboxane receptor antagonist (TxRA) had no effect 

on urinary p2-isoprostane excretion (3.2.8vi) since its effects are to antagonise their 

action, rather than inhibit their production. The observation that the thromboxane 

receptor antagonist BAYu3405 improved renal function in this model confirms the 

findings of Kramer. In this study urinary TXB2  increased from 57 to 117 pmol.24hrs‘ 

\lOOg'^ following bile duct ligation {Kramer et al. 1995) in parallel to a renal dysfunction. 

For comparison basal TXB2 excretion in our animals were 3±1pmol.24hrs'\l00g'\
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increasing to 184±40pmol.24hrs \l00g'^ following BDL. These levels were essentially 

unchanged by NAC (166154 pmol.24hrs\l00g‘ )̂ or LA (173145 pmol.24hrs'\l00g'^). 

Thus we observed an even more striking increase than Kramer in urinary TxB2  excretion, 

although postoperative levels were comparable (3.2.8v). We presume that the lower pre

operative levels are a reflection of species differences, or activation in sample 

preparation in previous studies {Granstrom, 1986). However treatment with NAC or LA 

does not change TxA2  synthesis and thus do not explain the improvements seen in renal 

function in these groups (3.2.8Ü). The implication is that although renal formation of 

thromboxane may be an important mediator of renal vasoconstriction in biliary 

obstruction, this is not the mechanism through which LA and NAC are effective.

Conclusion from BDL data

In conclusion biliary ligation in the rat is associated with a marked increase in urinary and 

plasma F2-isoprostanes and therefore an increase in oxidant injury. This phenomenon 

occurs within 24 hours and there is associated sodium retention and a decreased 

creatinine clearance. There is some evidence from these studies that excess 

isoprostanes release occurs in the bowel, probably small, and this may be due to 

endotoxaemia. Renal function may be improved by NAC and TxRA, with significant 

change in p2 -isoprostane levels. LA can markedly reduce isoprostane levels, but does 

not result in marked renal improvement. While this is not definitive evidence that 

isoprostanes are uninvolved with the renal vasoconstriction that accompanies BDL it 

certainly appears likely that these compounds are not central to the pathogenesis of 

renal dysfunction after BDL {Holt et al. 1999). Nevertheless this data does not 

completely exclude a role for oxidant stress in the pathogenesis of renal dysfunction in 

BDL. Investigation of alternative pathways for the action of NAC have excluded a role for
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thromboxanes, and have focussed on NO pathways. Total NO increased after BDL, as 

do nitrosothiol levels. Further work needs to be done to establish if NAC influences 

regional NO generation or nitrosothiol generation.
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4.3 Hepatorenal syndrome

Progressive renal failure is a recognised feature of advanced liver disease occurring in 

40-80% of cases {Moore, 1997). Although the development of renal impairment is 

common in liver disease, the term hepatorenal syndrome is reserved for cases when 

there are no other causes of renal impairment, other than the presence of severe liver 

dysfunction. In the past the term HRS has been applied to a wide variety of patients with 

renal dysfunction, with some physicians reserving the term for patients who are anuric 

and perimortem. Previous definitions have focussed on the urinary electrolytes as the 

only important diagnostic test. However it is now recognised that these are not the most 

important factor and that as functional renal failure leads to ATM urinary electrolyte profile 

changes. Thus the definition chosen in this study was the one published by the 

international ascites club, in which the diagnosis of the hepatorenal syndrome requires 

fulfilment of strict major diagnostic criteria {Arroyo et al. 199&, Stein et al. 1996a). These 

stress the importance of intravascular filling and exclusion of sepsis and other 

nephrotoxins. The fact that many of these patients are prone to sepsis and are often 

receiving multiple drugs makes clinical study in this syndrome difficult.

The patients included in this pilot study were therefore screened for sepsis and 

appropriately filled with albumin. Importantly this definition does not require anuria or low 

urine sodium as essential for the diagnosis, and had it done so this may have excluded 

some of the patients treated here. This also justified use of patients in whom the effects 

of diuretics, stopped at least 3 days prior to study, but in whom residual diuretic induced 

sodium concentrations were thought to be present (since urinary sodium concentrations 

were higher than expected).

However, in view of the appallingly poor prognosis, any therapy that can prolong survival,

either as a bridge to liver transplantation, or to allow spontaneous improvement in liver
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function must be seen as a significant advance in therapy for this condition. Thus it was 

not difficult to obtain ethical approval for such a pilot study. It had been intended to 

extend this therapeutic trial to be a multi-centre placebo controlled study. However there 

were problems encountered in recruiting patients at other centres, and thus only the data 

related to the pilot study are reported. Thus the patient consent form is written to include 

a placebo arm (Appendix I). It was explained to the pilot study patients that there was no 

possibility of them receiving placebo.

Several lines of evidence have suggested that anti-oxidant therapy might be useful in this 

condition. There is evidence suggesting oxidative stress is enhanced in HRS {Moore,

1997) as well as enhanced endothelin release {Moore et a i 1992). In a previous 

prospective trial using NAC, Keays et al continued NAC treatment in fulminant hepatic 

failure due to paracetamol overdose (POD) {Keays et a i 1991). In this study the 

requirement for renal replacement therapy was decreased in the treated group from 60% 

in the control group to 40%, although this did not achieve statistical significance.

Evidence supporting a possible benefit from a clinical trial of anti-oxidant therapy came 

from the results of the previously noted animal studies and others from this laboratory 

{Holt et a i 1999), {Fernando et a i 1998), {Marley et a i 1999a). These studies 

suggested that NAC may not only act to reduce oxidant injury but also by modulating the 

hyperdynamic circulation characteristic of the cirrhotic state. Apart from its potential 

therapeutic efficacy, it also has an excellent safety profile in humans {Cotgreave, 1997), 

with only occasional adverse reaction reports {Vale and Wheeler, 1982).

This was an open pilot study, and as such was merely designed to evaluate potential 

therapeutic usefulness, rather than definitively demonstrate an effect. Its conclusions 

must therefore be interpreted with caution. Nevertheless it demonstrated that NAC 

appeared to reverse the decline in renal dysfunction in patients with early HRS. The
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results of this pilot study showed that there was a temporal relationship between starting 

NAC therapy and improvement in renal function, with a significant fall in plasma 

creatinine and rise in creatinine clearance. In parallel there was a rise in urine output and 

there was an increase plasma and urine sodium levels. There was no effect on 

measured gross haemodynamic parameters or liver function as assessed by PT, AST 

and ALT (3.3.3). The mechanism of action causing this effect is unclear. In its original 

concept it was hoped to reduce plasma or urinary isoprostanes, which have previously 

been shown to be elevated in patients with HRS due to acute liver failure and alcoholic 

hepatitis (personal communication Dr K Moore). This study did show a significantly 

higher level of plasma isoprostanes in patients with HRS compared to normals, 

compensated and decompensated cirrhotics (3.3.7). The isoprostane levels shown in this 

study are lower than those previously published. Previously normal plasma levels (in this 

study 21.8+4.2 pg/ml) have been reported as high as 35±6 pg/ml (Awad J. et al. 1996). 

Although these levels are in good agreement with other published reports of 19 ± 7pg/ml, 

the HRS values are lower than in this study 113 ± 30 pg/ml (71 ±1 Opg ml this study). This 

was based on slightly different methodology but one has to consider a calibration error or 

a difference in patient selection {Morrow at ai. 1993). The fact that these represent data 

from only some of the patients treated (3.3.7-B) represents technique and equipment 

failures on other samples which have now sadly been exhausted. However although 

there was a trend towards lower levels, there was no significant reduction of plasma or 

urinary isoprostanes with NAC therapy (3.3.8).

How then to explain the observed effects on renal function?. Although the primary use of 

NAC was in order to abrogate oxidant injury, this study was unable to demonstrate a 

change in anti-oxidant status. This may be because there was none or that it was 

undetected. However NAC is also known to have different pharmacological properties, 

and the observed effects may be unrelated to its anti-oxidant characteristics. For
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example, NAC could interact with endogenous nitric oxide systems either via nitric oxide 

synthase or interaction with nitrosothiols. Thus, it may be these properties which underlie 

its therapeutic efficacy rather than an effect on lipid peroxidation per so. Previous 

studies have suggested that NAC can reduce systemic vascular resistance in cirrhosis 

without changes in blood pressure, and with a compensatory rise in cardiac index 

{Harrison et al. 1991). In this setting NAC has been shown to increase oxygen delivery 

and consumption which may also reflect organ recovery {Harrison et al. 1991). Further it 

has been shown to attenuate IN F  production in the endotoxaemic dog {Bakker et al. 

1994). Although there are some studies that suggest that this may not be the case 

{Walsh et al. 1998; AgustI et al. 1997), its effect is certainly worth investigating since its 

mode of action is unknown. Pizzulli et a! showed that NAC could restore vascular 

reactivity to nitroglycerine {Plzzulll et al. 1997) in patients with angina, suggesting an 

effect to restore NO sensitivity, perhaps to the renal circulation. Although since NO is 

predominately involved in mediating medullary blood flow, rather than cortical perfusion, 

it seems less likely that NAC would improve cortical perfusion, but the possibility remains 

to be tested, perhaps by Doppler ultrasound {CelebI et al. 1997; RIvolta et al. 1998). 

When given to normal individuals, NAC has no effect on metacholine-induced 

vasorelaxation, but increases sensitivity to nitroglycerine {Creager et al. 1997). Thus, 

NAC may restore renal vascular reactivity to endogenous NO or other vasoactive 

compounds resulting in improved blood flow to certain tissue beds. In cirrhosis however 

one might expect this to be rather counterproductive since most vascular beds are 

already over vasodilated {Lunzer et al. 1973). Furthermore, if this was the mode of 

action, one might expect NAC infusion to be counterproductive in causing a further fall in 

vascular resistance. No effect was observed on systemic haemodynamics (3.3.4), but 

this does not exclude significant changes in the microcirculation, and this could be 

studied by more invasive haemodynamic measurements.
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Although plasma glutathione was measured (and found to be unchanged), this is a poor 

marker of tissue levels {Cotgreave, 1997), and was therefore not reported. No objective 

evidence can be presented to indicate that the NAC had reached target organs, since 

biopsy of any organ was clearly inappropriate, in these patients.

In order to test the hypothesis that NAC may be modulating NO production, urine nitrate 

and nitrite levels were measured, as an index of prevailing NO concentrations. Urinary 

levels must be interpreted with much caution since dietary intake may contribute to the 

urinary nitrate and nitrite. Nevertheless since only three of these patients were eating 

adequately these data are presented. These results showed varied production (3.3.9) 

and there was no clear correlation with clinical or biochemical improvement. In summary 

the nitrate nitrite data is confusing, possibly due to the limitations of the technique as an 

index of NO production. No firm conclusions may be drawn as to the therapeutic mode of 

action of this drug from this data.

The mortality data is worthy of comment, since traditionally survival from HRS is rare 

<5% and most deaths occur within 3 weeks. Thus the survival data presented (3.3.11) 

here is better than historical controls {Epstein, 1996), but clearly needs a controlled study 

to evaluate this further.
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Conclusion from HRS data

in conclusion we have shown that NAC therapy given to patients with developing renal 

impairment improves renal function, without improving hepatic indices. Moreover this 

was associated with a 67% survival at one month. Although the exact mechanism of 

these therapeutic effects is not clear at present, if confirmed by a placebo controlled 

study, this would represent a major advance in the treatment of patients with HRS in 

whom there is often little therapeutically to offer beyond supportive therapy.

4.4 Rhabdomyolysis

Rhabdomyolysis is an important cause of acute renal failure as discussed in the 

introduction (1.4). However traditional views of its pathogenesis have been questioned 

and it now seems unlikely that tubular obstruction by cast formation plays a large part in 

the acute renal failure. On the other hand, oxidant injury may be important in the tubular 

necrosis and the reduction in renal blood flow. These studies were designed to extend 

the understanding of these mechanisms.

Firstly these studies looked at the pathological changes occurring in the kidney, simple 

visual inspection of the kidney shows that Mb is deposited in the parenchyma (3.4.1 i). 

Light microscopy shows the characteristic tubular casts present predominantly within 

distal tubules. This study also shows the EM features of Mb crystals and these are 

scarce within the literature (3.4.1 iii). The relatively new invention of EDAX has allowed 

analysis of these crystals to demonstrate that iron is present particularly in a distribution 

that mirrors the EM appearance of the casts. Unfortunately EDAX is unable to resolve 

the iron state or tell whether it is free or bound.

Secondly these studies have been able to confirm the efficacy of alkalinisation in

improving renal function in an animal model (3.4.2). However previously this was thought

to reflect tubular washout by solubilization, when one might expect the total Mb content
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of kidney to fall {Zager, 1989). In contrast the EPR signals failed to show a reduction in 

total kidney Mb content (3.4.7) as would be expected if alkalinisation merely increased 

solubility. However it is conceivable that, a reduction in tubular cast formation may occur 

without reducing the total Mb burden on the kidney, but this seems unlikely. An 

explanation is therefore required as to why alkalinization should have such profound 

effect upon renal function without reducing Mb burden. This data suggests that pH may 

be a critical determinant of lipid peroxidation and thus renal injury. There is now 

considerable evidence that free radical injury and lipid peroxidation occurs in 

rhabdomyolysis. Previous experimental data has shown increases in malondialdehyde 

and conjugated diene levels {Salahudeen et al. 1996). Glutathione levels become 

depleted in the kidneys in rhabdomyolytic animals and administration of 

glutathione {Abul-Ezz et al. 1991) improves renal function. These studies show that the 

p2 -isoprostanes are elevated in the urine (3.4.3) and the kidneys (3.4.4) of experimental 

animals {Moore et al. 1998) and in the urine of patients with rhabdomyolysis (3.4.5) {Holt 

et al. 1999). Suggesting that there is ongoing lipid peroxidation that is centred on the 

kidney. If this lipid peroxidation is part of the renal pathology, therapeutic use of 

antioxidants or strategies to reduce lipid peroxidation should be beneficial in terms of 

renal function.

The pathways leading to the generation of free radicals and thus lipid peroxidation are 

still a matter of some debate. As stated in the introduction (1.4.1 iii) previously Fenton 

reactions (i.e. free Fe^  ̂catalysed formation of hydroxyl radicals (OH*) )were thought to 

be the main mechanism of lipid peroxidation.

This is based upon evidence that desferrioxamine (DFO), an iron chelator, decreases 

renal injury in the rat model {Palier, 1988) and prevents direct cytotoxicity of Mb on 

cultured proximal renal tubular cells in vitro {Zager and Burkhart, 1997). Several studies

172



Chapter 4-Discussion

have shown that exogenous free iron causes lipid peroxidation and tubular injury in vitro, 

but its role in vivo is questionable.

More recent evidence suggests that free iron may not be the initiating mechanism and 

that either the haem group in Mb itself or cytochrome P450 may be involved. It has 

previously been shown that myoglobin itself can cause peroxidation of arachidonic acid 

{Grisham, 1985). Furthermore Fa-isoprostanes formation from LDL may be easily 

induced by incubated with Mb, even in the presence of iron chelators {Moore et al.

1998). However, we come back to the observation that alkalinization of the urine 

prevented renal failure (3.4.2). Although myoglobin precipitates in acid urine (pH 5) at 

concentrations above ~60mM, extensive lipid peroxidation occurs at Mb concentrations 

of lOpM or lower. Thus, it is not surprising that elevated urinary F2 -isoprostane levels 

were subsequently observed in patients with rhabdomyolysis (3.4.5) {Hoit et al. 1999). 

Yet the mechanistic link between alkalinization and lipid peroxidation was still unclear. 

Previous studies had shown Mb induced oxidation of arachidonic acid was enhanced at 

acid pH {Fantone et al. 1989). Subsequent experiments confirmed that LDL oxidation 

was markedly inhibited by Mb at alkaline pH {Moore et al. 1998)'{Rodriguez-Malaver et 

al. 1997). Moreover, alkalinization of the urine in the animal model, almost completely 

prevented the development of renal failure, and markedly suppressed the formation of 

both renal and urinary isoprostanes but had no effect on levels of ferricMb in the kidney 

{Moore et al. 1998). This suggests that alkalinization works by inhibiting the capacity of 

Mb to cause lipid peroxidation.

The haem group in Mb is capable of redox cycling between different oxidation states 

(ferrous (Fê "̂ ), ferric (Fe^), and ferryl (Fe"^)) and the latter species can initiate lipid 

peroxidation without the need to invoke free iron and Fenton reactions {Hogg et al.

1994). The process leading to the formation of the potent oxidising species ferryl Mb
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requires the presence of lipid peroxide or hydrogen peroxide, and once initiated, the 

redox cycling can occur unabated.

P(Fen + H2O2  (Fe^=0^-) P' + HgO 

or

Fe^ + LOOM ^  (Fe‘̂ =0^ ) + LO" + H*

Equation 3: Reaction of ferric iron centres within proteins 
(P) with hydrogen peroxide (H2O2) or lipid hydroperoxides 
(LOOM) to form protein radicals (P*) or other lipid peroxide 
radicals (LO*) via the formation of the ferryi species.

The ferryi form is associated with production of a protein radical (P*) when H2 O2  is oxidant 

and lipid peroxide radical (LO*) when a lipid hydroperoxide (LOOM) is the electron donor. 

Redox cycling requires the presence of small amounts of lipid peroxides or hydrogen 

peroxide (H2 O2 ) to initiate the process. Additional evidence that hydrogen peroxide may 

be involved comes from in vitro studies showing that catalase can protect tubular cells 

from Mb toxicity by breaking down H2O2  {Nath et al. 1995).

Kinetic studies suggest that alkalinization may prevent redox cycling by stabilisation of 

the highly reactive ferryIMb, which may become pronated at acid pH forming an even 

more reactive species.

Fe'^OH' Fe‘̂ =0^- + H*
(acid) (alkali)

Equation 4: Stabilization of ferryi species by alkaline pH
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Kinetic studies suggest that alkalinization prevents this cycling by stabilisation of the 

highly reactive ferryIMb. To demonstrate that redox cycling of Mb occurs in vivo required 

the demonstration that Mb was present in the kidney as both the ferric and ferryi form. 

Demonstration of ferric Mb in rhabdomyolytic kidneys was confirmed by electron 

paramagnetic resonance (3.4.7) while the presence of ferryi Mb was inferred from UV 

spectroscopy studies (2.4.6). Further evidence that ferryi Mb occurs in vivo was obtained 

by showing that a high percentage of the haem present in the urine of patients with 

rhabdomyolysis was cross-linked to protein (3.4.8) {Holt et al. 1999), a process that only 

occurs during formation of the ferryi form. Follow up (and as yet unpublished) work by 

Prof. M. Wilson and Dr B. Reader has shown that the degree of cross-linking is 

proportional to pH (personal communication MW and BR). Thus Mb likely to be 

deposited in the kidney as ferric Mb and in the presence of peroxides initiates redox 

cycling to the ferryi form of Mb, initiating a chain reaction continuing the lipid peroxidation 

and the formation of vasoactive compounds, such as Fa-isoprostanes (figure 84).
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Lipid Peroxidation

LOOH < LOO

LH

LO LOOH

OLOO*

LOOH LOO*

ROOH

Lipid Peroxidation Lipid Peroxidation

Figure 84: Schematic diagram of redox cyciing of myogiobin leading to iipid 
peroxidation

Alkalinization inhibits this process by stabilising the highly reactive ferryi Mb and not by 

solubilization of Mb as originally proposed. The reason for this pH dependence may 

indicate that the reactive species is the protonated form of ferryi haem (Fe(IV)OH*), and 

that alkalinization therefore prevents the formation of this radical, thus inhibiting lipid 

peroxidation and cell injury in vivo.

This is especially relevant when one considers that tubular fluid is relatively acidic and 

that tubular pH drops even further during low blood flow states (Granstrom, 1986). In 

order for Mb to catalyse lipid peroxidation, ferrousMb must be oxidised to the ferric form, 

which is competent to induce lipid peroxidation by redox cycling with ferryIMb, the highly 

reactive form of Mb. In support of the latter hypothesis, the redox form of Mb deposited 

in the kidney is metMb (3.4.6). Importantly, in addition to explaining the occurrence of 

renal tubular necrosis, oxidant injury may also provide a plausible explanation for the 

occurrence of renal vasoconstriction in this disorder, which contributes to the renal
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dysfunction. The finding that Isoprostanes are markedly overproduced in myoglobinuria 

is potential highly relevant since they cause renal vasoconstriction and endothelin 

release. Perhaps relevant to the latter finding is the recent report that Bosentan, a 

combined ETA and ETB endothelin receptor antagonist, partially protects against renal 

failure in rhabdomyolysis {Halliwell and Grootveld, 1987). Thus, although it remains to 

be proven, it is attractive to speculate that overproduction of isoprostanes may in part be 

responsible for the intense renal vasoconstriction which occurs in myoglobinuria.

Moreover, the evidence suggesting a role for free iron can be re-interpreted to support a 

role for Mb, since desferrioxamine can inhibit lipid peroxidation by altering the redox state 

of Mb without chelating free iron {Kanner and Harel, 1987). Thus desferrioxamine is 

capable of limiting redox cycling and hence lipid peroxidation. Likewise the protective 

effects of NO can be re-interpreted since NO can reduce ferryIMb to metMb again 

limiting the oxidising species {Dee et al. 1991). Redox cycling requires the presence of 

small quantities of lipid peroxides or hydrogen peroxide (H2O2 ) {Patel et al. 1996) to 

initiate the process, and these may be detected in the rat model. Additional evidence that 

hydrogen peroxide may be involved comes from in vitro studies showing that catalase 

can protect tubular cells from Mb toxicity by breaking down H2O2  {Zager and Burkhart,

1997).

As mentioned above some workers have suggested that cytochrome P-450 may be the 

source of endogenous free radicals. These studies rely on the specificity of cimetidine 

and piperonyl butoxide as exclusive inhibitors of P-450 {Baliga et al. 1996). Since 

cimetidine contains both imidazole and cyano groups which can interact with haem iron 

in both P-450 and in Mb such specificity is overstated. The beneficial effects of these 

compounds may be due to inhibition of Mb redox cycling and the formation of the
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oxidising species (Cox and Hollaway, 1977). Moreover in this study a small decrease in 

P-450 iron signal in ERR studies (3.4.7) was seen, but this was dwarfed by the huge 

increase in haem iron signal. Thus while not denying that a small increase in cytochrome 

P-450 derived iron may occur intracellularly as a result of general cellular damage, this is 

negligible compared to the amount of Mb signal present.

These data suggest that treatment directed towards protection from free radical injury or 

lipid peroxidation may be useful. Indeed the lipid peroxyl scavengers, 21-amino steroids 

(21 AS), protect proximal tubular cells from haem mediated injury (Salahudeen et al.

1995) in vitro and have a synergistic effect to a fluid-alkaline-mannitol in the glycerol 

model (Salahudeen et al. 1996). Thus the rational existed for attempting to use lipid 

peroxide inhibitors in these studies. Vitamin 0  alone, but not together with vitamin E 

improved renal function after glycerol induced rhabdomyolysis. This sheds further doubt 

that Fenton reactions are unlikely to be at work in this model since free Fê  ̂formation 

might be promoted by vitamin 0, while redox cycling of myoglobin may be impeded. 

Indeed vitamin C (and E) also tended to reduce cross-linking albeit not significantly (3.4.9 

iv). The isoprostane levels were the most disappointing since there were no significant 

differences between the groups (3.4.9v). These results are disappointing but may be a 

combination of type I errors due to numbers and type II due to baseline isoprostane 

levels or inadequate dosing. The most striking feature was the polyuria induced by 

vitamin E alone, but not in combination with vitamin C, for which I have no good 

explanation at present (3.4.9 ii). This however may be therapeutically useful and worth 

investigating further.

Conclusion from Rhabdomyolysis data

A number of important new insights regarding the mechanism of the pathogenesis of the 

renal failure of rhabdomyolysis have emerged from these studies. First, compelling
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evidence was obtained for the occurrence of oxidant injury to the kidney in 

rhabdomyolysis. Second, the observation that p2-isoprostane production is increased 

may explain the occurrence of intense renal vasoconstriction in this disorder. Third, the 

identification of metMb as the principal redox form of Mb deposited in the kidney provides 

a mechanistic basis to explain how myoglobinuria can cause lipid peroxidation 

independent of free iron and conventional Fenton reactions. Fourth, data obtained 

suggests that the mechanism by which alkalinization protects against renal failure is not 

by increasing solubility of Mb as previously proposed, but by stabilisation of the highly 

reactive ferryIMb. Lastly although there was some data suggesting that lipids 

peroxidation could be modified by anti-oxidants further studies are needed to provide 

better myoglobin stabilisation. These may impact significantly on our ability to preserve 

renal function in patients with rhabdomyolysis.
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Summary

In this thesis I have attempted to link oxidant injury to renal dysfunction. In the case of 

acute renal failure due to bile duct ligation, the weight of evidence presented here 

suggests that there is no direct link. W hile agents which have anti-oxidant properties do 

appear to be able to abrogate renal dysfunction this does not appear to be via a 

reduction in oxidant injury directly perse.

In the case of the hepatorenal syndrome, results of a pilot study of NAG are encouraging 

and require further development with a randomised trial. Again it seems unlikely that this 

is related purely to its anti-oxidant properties.

Finally rhabdomyolysis is likely to cause renal dysfunction at least in part by direct 

oxidant injury in the kidney. The mechanisms explored in this thesis tend to suggest that 

this is due to Mb itself, and not free iron, as previously suggested. Future work is now 

being carried out in collaboration to elucidate these mechanisms further.
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Appendix II -  Information for patients

Consent form for HRS study
ANTIOXIDANTS IN THE PREVENTION OF RENAL DYSFUNCTION

IN LIVER DISEASE STUDY 

INFORMATION SHEET FOR PATIENTS

You are being asked to participate in a research project. The statement below explains 

in ordinary language what will happen if you agree to take part; it describes any risks or 

discomfort you may experience, and it also explains what we hope to learn as a result of 

your taking part.

You should not take part if you do not wish to do so.

If you do decide to take part you should tell the doctor about any other research projects 

you have volunteered for during the last 12 months. If you decide not to take part your 

treatment will not be affected by your decision. You are free to withdraw at any time 

without it affecting your subsequent treatment.

YOU WILL BE GIVEN A COPY OF THIS INFORMATION SHEET

It is known that when the liver stops working properly some patients may suffer some 

degree of kidney failure and may require dialysis or other treatment. You are being asked 

to participate in a study to determine if some treatments will help prevent your kidneys 

from being affected.
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Oxidation is a process going on in the body all the time and your body has a good 

defense mechanism for dealing with it, in particular the body takes in certain vitamins and 

makes various anti-oxidants to protect you. When the liver does not work properly for 

whatever reason the amount of oxidation in the body increases and we do not know why 

but we think that this process generates toxins. We want to prevent toxins from being 

produced by limiting the amount of oxidation that occurs by giving you anti-oxidants. We 

plan to measure the toxins in your blood and urine.

You will be given one of the following treatments but will not be told which one.

Parvolex - a very safe drug in a sugar solution. It is usually given as an antidote in order 

to improve liver function in patients with paracetamol poisoning.

OR

5% dextrose - a sugar solution.

We are not being paid to do this study and it has been approved by the Ethics 

Committee of the Royal Free Hospital.

Once you have agreed to participate in the study you will be given a drip initially (which 

may be set up anyway). The drug will be infused continuously for 3 to 7 days depending 

on how long you are in hospital. You will not be kept in longer than necessary for the 

study. Blood will be taken when you come in, then after 2 hrs, 8hrs then after around 

18hrs, then at 34hrs and then daily until you leave for 4 days.. We will take blood from 

the drip if at all possible avoiding further needles if possible. We would like to collect all 

the urine that you pass and you will be given a special collecting vessel. You may need 

blood samples at these times anyway and we would collect these at the same time.
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The drug has very few known side effects but as with all drugs some patients have an 

allergy and develop a skin rash or wheeze. In this instance the drug would be 

discontinued and you would be withdrawn from the study.

If you or your relatives have any questions relating to this study I (Dr. Steve Holt) would 

be happy to discuss them.

I agree to participate in the study. I have read the above explanation and understand that 

I am free to withdraw at any time

Signed
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Glossary of Abbreviations

21 AS -  21 -Aminosteroid

AcN - acetonitrile

ADP -  Adenosine Diphosphate

ALT -  Alanine transaminase

ANOVA -  Analysis of Variance

ANP -  atrial Natriuretic Peptide

AP-1 -  Redox sensitive transcription factor

ARP -  Acute Renal Failure

AST -  Aspartate transaminase

ATP -  Adenosine Triphosphate

BDL -  Bile duct ligation

BHT -  Betahydroxytoluine

BP -  Blood pressure

BSTFA - bis-siylyltrimethylfluoroacetamide 

OBU -  Comparative Biology Unit 

OOF -  Congestive Cardiac Failure 

CK -  Creatine kinase (syn. CPK)

CLD -  Chronic Liver Disease

c-myc - Redox sensitive gene and proto-oncogene

COAD -  Chronic Obstruct Airways Disease

COX -  Cyclooxygenase

CPK -  Creatine phosphokinase (syn. CK)

Cr. Cl. -  Creatinine clearance
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DAG -  Diacylglycerol

DBF -  Diastolic blood pressure

DFO- Desferrioxamine

DHLA -  Dihydroxy lipoic acid (reduced form of LA)

DIPEA - N,N -di-isopropylethylamine

dps -  disintegrations per second

DMF - dimethylformamide

DTT -  dithiothreitol

EDAX -  Electron Diffusion Analysis by X-ray 

EDTA -  ethylenediaminetetraacetic acid 

EM- Electron Microscopy 

EMSA -  Electromobility Shift Assay 

ERR -  Electron Paramagnetic Resonance 

ERRF -  Effective Renal Plasma Flow 

ET -  Endothelin

FAD -  Flavine Adenine Dinucleotide 

Fe- Iron

FOX -  Ferrous Oxidation of Xylenol

GO -  Gas Chromatography

GCMS -  Gas Chromatography Mass Spectrometry

GFR -  Glomerular filtration rate

GPx -  Glutathione peroxidase

GRx -  glutathione reductase

GSH -  Oxidised form of glutathione

GSSG - Reduced form of glutathione
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H2O2- hydrogen peroxide 

Hb - Haemoglobin 

MCI -  Hydrochloric acid 

HNE -  4 Hydroxynonenal

HPLC -  High Performance Liquid Chromatography

HRS -  Hepatorenal Syndrome

IkB -  Inhibitor k B protein

IFN -  Interferon

IKK -  Inhibitor k  B Kinase

I L -  Interleukin

JV -  Jugular vein

LA - Lipoic Acid

LD -  Liver disease

LDL -  Low Density Lipoprotein

LM -  light microscopy

L-NMMA -  N-omega-nitro-L-arginine

LOOH -  Lipid peroxide

LT -  Leukotriene

m/z -  mass charge ratio

MAP -  mean arterial pressure

Mb -  Myoglobin

MDA -  Malondialdehyde

MHO -  Major histocompatibility Complex

MW -  Molecular Weight

MAC - N Acetylcysteine (antioxidant)
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NAD(H) -  Nicotinamide Adenine Dinucleotide (reduced)

NADP(H) -  Nicotinamide Adenine Dinucleotide Phosphate (reduced) 

NAPQI -  N-acetyl-p-benzoquinone

NFkB- Nuclear Factor k  B redox sensitive transcription factor

NLS -  Nuclear Localization Sequence

NO -  nitric oxide

NOA -Nitric Oxide Analyser

NOS -  Nitric Oxide Synthase

NSAID - Non steroidal anti-inflammatory drug

O2 -  Oxygen

OH -  Hydroxyl

PAF- Platelet Activating Factor

PBS -  Phosphate Buffered Saline

PFBR -pentafluorobenzylbromide (syn PFBBr)

PG -  Prostaglandin 

PKC -  Protein kinase 0  

PRA -  Plasma Renin Activity 

PT -  Prothrombin time

RAAS -  Renin Angiotensin Aldosterone System

RAS -  Renin Angiotensin System

RNS - reactive nitrogen species

RSNO - nitrosothiols

RBF -  renal blood flow

SAPK/JNK - Redox sensitive transcription factor 

SBP -  Systolic blood pressure
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SMV -  Superior Mesenteric Vein 

SNS -  Sympathetic Nervous System 

SOD - Superoxide dismutase 

Ti/, - Half life

TBARS -  Thiobarbituric acid reactive substances

TIPS -  Transjugular Intrahepatic Portosystemic Shunt

TLC -  Thin Layer Chromatography

TNF -  Tumour Necrosis Factor

TPP -  Triphenylphosphine

Tx -  Thromboxane

TxRA - Thromboxane receptor antagonist 

UK -  United Kingdom 

USA- United States of America 

UV -  Ultravi26olet
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