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ABSTRACT 

Reperfusion injury occurs in ischaemic tissues after the restoration of blood supply. It adds 

to the damage due to ischaemia and it can involve remote organs. 

Some clinical emergencies involve ischaemia reperfusion injury. These include 

traumatic amputations of limbs and thromboembolic events such as strokes, myocardial 

infarcts, and vascular accidents. In these scenarios, there is no opportunity for any 

prophylactic pre-ischaemic therapy. The management of patients in this situation involves 

the restoration of blood supply and supportive treatment to reduce the extent of ischaemia 

reperfusion injury in local and remote organs. 

The pathobiology of ischaemia reperfusion injury involves most defensive effects or 

mechanisms generated by leukocytes and macrophages. Included here are the reactive 

oxygen species, complement, nitric oxide, and cytokines including TNFoc. There is a need 

to identify the reversible stem events and develop prophylactic interventions for situations 

that can lead to ischaemia reperfusion injury, such organ transplantation and cardio

vascular surgery. 

At the heart of this thesis are two sets of experiments. The first set of experiments 

employed M H C H 2 congenic B A L B . B or BALB/c mice with an ischaemic lower limb to 

evaluate the possible benefits of ischaemic preconditioning and pre-treatment with soluble 

T N F a receptor. The effects were assessed by measuring the expression of T N F a , IL-lp\ 

iNOS and B A T 1 genes. The concentration of F2-isoprostane was used as an index of lipid 

peroxidation in the skeletal muscle. B A T 1 is encoded in the M H C adjacent to T N F and 

may function to regulate cell activation including inflammation. 

Soluble T N F receptor reduced the expression of T N F a m R N A (p < 0.05) and 

increased the expression of B A T 1 m R N A (p < 0.05).This intervention also reduced the 

extent of lipid peroxidation in the skeletal muscle (p < 0.05) (described in Appendix I). 

However, there was a lack of any beneficial effect on BALB/c mice with similar injuries. 

This suggests that sTNFR treatment was most beneficial for H 2 b mice, which expressed 

and synthesized more T N F a when stimulated. Soluble T N F receptor marginally decreased 
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the expression of IL-lp gene and has no effect on iNOS expression and total nitrite/nitrate 

level. In addition, soluble T N F receptor did not show any significant changes in the 

expression of TNFa, B A T 1 , IL-lp and iNOS in peritoneal cells in either strain, suggesting 

that soluble T N F receptor has no role in reducing IRI in remote systems. Ischaemic 

preconditioning had no effect on the expression of TNFa, IL-1(3, iNOS and B A T 1 genes in 

muscles or peritoneal cells in either B A L B . B or BALB/c mice. Ischaemic preconditioning 

with abolishment of T N F a by soluble T N F receptor marginally reduced the expression of 

IL-ip (p = 0.092), but it was not significant as compared to non-treated ischaemic muscle 

in B A L B . B mice. 

The second set of experiments involved the establishment of a model of jejunal 

ischaemia using inbred Wistar rats. This was used to evaluate the effects of intravenously 

infusing the amino acid precursors of glutathione (glutamine, glycine, and N-

acetylcysteine). Glutathione is a ubiquitous thiol-containing tripeptide that modulates 

cellular responses to redox changes associated with the reactive oxygen species. The 

possible roles of glutamine and glycine in ischaemia reperfusion injury have been evaluated 

in previously published animal studies. 

The extent of ischaemia reperfusion injury to the jejunum was assessed by 

measuring the activity of glutamate cysteine ligase, which indicates the extent of the 

cellular response to oxidative stress. In addition, the regeneration potential of this response 

was examined by measuring the expression of the catalytic and modifier subunits of this 

enzyme, G C L C and G C L M , respectively. The level of T N F a m R N A was measured as a 

marker of the inflammatory response; and the F2-isoprostane level in the jejunum indicated 

the extent of lipid peroxidation. Also, the blood pressure response to declamping was 

assessed by monitoring intra-arterial pressure. 

Forty-five minutes ischaemia followed by one hour reperfusion increased the 

expression of T N F a (p < 0.05), increased the F2-isoprostane level (p < 0.05), and 

suppressed the activity of glutamate cysteine ligase (p < 0.05) in jejunal mucosa. Glycine 

treatment increased the regeneration potential of glutamate cysteine ligase through G C L C 

expression (p < 0.05). Glutamine treatment reduced the F2-isoprostane level (p < 0.05). 

However, neither N-acetylcysteine nor the equimolar mixture of all amino acids, precursor 

of glutathione, has any beneficial effect on the jejunal mucosa. 
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The lung was used to observe the distant effects of IRI to the jejunum. Jejunum IRI 

increased the F2-isoprostane level (p < 0.05) and reduced the glutathione concentration (p < 

0.05) in the lung. Glycine treatment had a beneficial effect on the lung by preserving the 

glutathione content (p < 0.05) and maintained the glutamate cysteine ligase activity (p < 

0.05). However, the expressions of G C L C and G C L M m R N A s in the lung were not 

affected by any of the interventions. The intra-venous infusion of glutathione precursors 

failed to reduce the extent of lipid peroxidation in the lung. Glutamine and glycine 

infusions improved the systolic blood pressure response, while N-acetylcysteine and the 

equimolar mixture of amino acid had no effect on the systolic blood pressure response. 

In conclusion, soluble T N F receptor pretreatment was beneficial in reducing T N F a 

and reperfusion injury in skeletal muscle. However, the treatment was specific to a 

particular strain of mice that express H 2 haplotype. Glutamine and glycine infusions were 

beneficial in reducing the extent of IRI when given after an ischaemic event in jejunum. 

However, N-acetylcysteine and an equimolar mixture of glutathione precursors failed to 

demonstrate any benefits. This evidence is in line with the literature supporting the use of 

these amino acids in organ preservation prior to transplantation. In essence, this thesis 

suggests that pre-treatment with soluble T N F receptor, and the infusion of glutamine and 

glycine solutions during the immediate reperfusion phase, are prime targets for clinical 

evaluation. 
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CHAPTER 1 

INTRODUCTION 



Physiology has a special role to play here, for after probing the submicroscopic, 
life is left behind. It is physiology's responsibility to put together the lifeless pieces 

of the molecular biologist into living systems. 

Alfred P Fishman 

Ischaemia denies tissues of both oxygen and substrates for energy. This is more damaging 

than hypoxia or anoxia that only disrupts the supply of oxygen. For a short period of time, 

ischaemic tissues rely on glycolysis (from the available glucose and glycogen) for the 

synthesis of adenosine triphosphate (ATP). Continuation of ischaemia reduces the 

production of A T P and the accumulation of lactic acid. The lack of A T P impairs the 

activity of the NaK ATPase ion pump and this leads to cellular swelling, whilst the 

accumulation of lactic acid reduces the intracellular p H and this leads to D N A clumping 

and a reduction in protein synthesis. These cellular changes indicate the reversible phase of 

ischaemia. If the blood supply is not restored, the tissues enter the irreversible phase of 

ischaemia which leads to the death of cells. 

Before the late 1970's it was assumed that the restoration of blood supply after a 

reversible ischaemic event would return the biochemical and micro structural changes 

within cells to their pre-ischaemic state. However, it is n o w appreciated that the restoration 

of blood flow causes even more damage. The first clue to the existence of such reperfusion 

injury came in the 1960's when it was recognized that the restoration of blood flow after 

the prolonged clamping of major arteries could result in systemic shock and acidosis (Baue 

& McClerkin, 1965). This phenomenon was referred to as 'declamping shock'. It is n o w 

appreciated that declamping shock is more than just the flushing out of the 'toxic 

metabolites' that accumulate in ischaemic tissues (Vetto & Brandt, 1968). 

The damage induced during reperfusion is known as reperfusion injury and was first 

described by Cerra et al, in 1975. They initially studied myocardial pedicles in dogs and, in 

an experiment that was carefully designed to detect the extent of reperfusion injury, found 

that restoration of blood flow was associated with subendothelial haemorrhagic necrosis. 

This inspired them to review the clinical notes and autopsy findings of 25 patients w h o died 
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after aortic valve replacement. They concluded that five of these patients probably died as a 

result of a reperfusion injury - all of these patients had subendothelial haemorrhagic 

necrosis at autopsy and had been subjected to more than 70 minutes of cardiopulmonary 

bypass. It was concluded that reperfusion injury was the commonest cause of myocardial 

infarction after surgery for the replacement of an aortic valve. 

In 1993, Kloner described four forms of reperfusion injury based on his experience 

in myocardium reperfusion injury; (a) 'lethal reperfusion injury' with cell death due to 

reperfusion itself rather than to the preceding ischemia; (b) 'vascular reperfusion injury' 

with progressive damage to the vasculature during the phase of reperfusion - this 

deterioration of blood flow is the cause of the 'no-reflow phenomenon'; (c) 'functional 

reperfusion injury' described the post ischemic ventricular dysfunction of viable myocytes; 

and, (d) 'reperfusion arrhythmias' represented the fourth form of reperfusion injury of the 

heart. Only the first two forms of reperfusion injury are applicable to other non-

myocardium tissue since functional reperfusion injury and reperfusion arrhythmia are 

myocardium-specific. Nevertheless, all tissues have impaired function when subjected to 

reperfusion injury. So the components of reperfusion injury can be restated as: 

Cell death 

Vascular damage 

Impaired function 

Ischaemia has been studied in great detail in animal models and culture systems as 

well as in patients (Jennings & Reimer, 1991). As a consequence, its management has 

improved greatly over the past several decades; and this is especially so in transplantation 

surgery, vascular surgery, and on-pump cardiac surgery. The severity and duration of 

ischaemia of organs in these surgical disciplines have been reduced by specific 

pretreatment such as hypothermia, surgical manoeuvers to reduce the 'clamp time', and the 

use of organ preservative solution. Several types of organ preservative solution were widely 

used clinically to reduce ischaemic injury, enabling harvested organ to be transported and 

stored prior to surgery. Also, low temperature cardioplegic solution is widely used in 

coronary bypass to reduce the extent of ischaemia during on-pump cardiac surgery. 

Because the extent of reperfusion injury is related to the extent of ischaemic injury, the total 

extent of injury is drastically reduced by such pretreatments, and this has been 
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evidenced by marked improvements in clinical outcome. The research reported by Frank 

Cerra and others in 1975 has had a profound effect on the evolution of surgery. 

In surgical emergencies - such as thromboembolism, traumatic vascular injury and 

amputation of limbs - the severity and duration of ischaemia is beyond the control of the 

clinician. The priority is to restore the blood supply. However, failure of effective perfusion 

after the restoration of blood supply is usually caused by the no-reflow phenomenon and, to 

a lesser extent, microthrombi within capillaries as a result of reperfusion injury. Prevention 

of thrombotic events with anti thrombotic and anti fibrinolytic agents are still the principal 

treatment options and there is a lack of effective therapies that target reperfusion injury. 

However, there is more to consider than the local consequences of such corrective surgical 

procedures. Ischaemia reperfusion injury (IRI) is also associated with damage to remote 

organs. 

If severe enough, IRI can interfere with all remote organ systems; but principally 

the lungs, kidneys, gut, brain and liver. There is no doubt that severe IRI can result in the 

multiple organ failure syndrome, but critical illness can also generate IRI through the 

inherent global underperfusion of tissues as well as the consequences of drugs used for 

inotropic support. 

In 1989, Schmeling et al. reported that IRI of the intestine is associated with acute 

lung injury as evidenced by: increased microvascular permeability, capillary endothelial 

cell injury, reduced tissue A T P levels, and the sequestration of neutrophils. It was 

postulated that endotoxin released by the translocated bacteria from the ischaemic gut may 

be responsible for the injury. However, Koike et al. (1994) suggested that intestinal IRI 

primes circulating neutrophils and this produces lung injury by a mechanism independent 

of endotoxin. The net effect of the fluid-shift from the intravascular into the extravascular 

space, as well as from the extracellular to the intracellular compartment, leads to an overall 

reduction in lung function. It is of interest that Tumage et al. (1994) reported that 

correction of hypovolaemia with normal saline after intestinal reperfusion aggravated lung 

oedema, but attenuated intestinal and liver injury. 

The following section provides an overview of the pathophysiology of IRI and 

special emphasis is placed on the role of Tumor Necrosis Factor alpha (TNFa) and 

glutathione metabolism. This establishes a background for the two main sets of experiments 
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that form the body of this thesis. Next there is a summary of the techniques for the 

assessment of the severity of IRI that have been reported in the scientific and clinical 

literature. This includes the assessment of both local and remote effects. The penultimate 

chapter discusses traditional and experimental interventions that m a y have a role in 

diminishing the extent of IRI. Finally, this chapter concludes with an outline of the general 

objectives of this thesis. 
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1.1 Modulators of Ischaemia Reperfusion Injury 

It was initially thought that free radicals, or reactive oxygen species as they are now called, 

were the main cause of IRI. Early experiments certainly supported this contention. In 1983, 

Stewart et al. demonstrated that cardioplegic solution containing free radical scavengers 

significantly protected the mechanical and subcellular functions of canine hearts that had 

been subjected to 60 minutes of ischaemia followed by 45 minutes of reperfusion. A few 

years later, Hearse et al. (1986) reported that a specific inhibitor of xanthine oxidase - an 

enzyme necessary for the effective generation of free radicals - reduced the size of 

myocardial infarcts in dogs. 

It was soon appreciated that the pathobiology of IRI was much more complex. 

Although free radicals are an important effector mechanism in IRI, for obvious reasons 

related to survival of the species, this biological system is subjected to stringent control 

mechanisms. This is not an unusual circumstance. Many apparently simple biological 

processes are governed by exceedingly complex control mechanisms. 

Neutrophils play a key role in IRI. In a seminal study, Seibert et al. (1993) reported 

an accumulation of leukocytes on the vascular endothelial wall during low-flow reperfusion 

in isolated lung preparations. Later, it was discovered that leukocyte-endothelial 

interactions form part of the microvascular response to reperfusion (Gonzalez et al, 1994). 

Moreover, inhibition of this interaction confers some protection against IRI (Scalia et al, 

1996). Other studies explored the roles of complement (Hill et al, 1992) and cytokines 

(Nose, 1993). 

More recently, it has been reported that antibody complexes (Zhang et al., 2004) 

and mast cells (Lazarus et al., 2000) are involved in IRI. It is n o w evident that IRI involves 

many of the biological mediators. Although clinical advances have been made, there is 

great potential benefit to be gained by identifying new therapeutic targets. Such advances 

will be aided by a better appreciation of the pathobiology of IRI. 
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1.1.1 Reactive Oxygen Species 

Free radicals are highly reactive, unstable molecules with unpaired electrons. Most 

biologically relevant free radicals are oxygen derived, and are referred as reactive oxygen 

species (ROS) (Cheeseman & Slater, 1993). Oxygen-derived molecules that are classified 

as R O S include superoxide anions (02--), hydroxyl radicals ( O H ) , nitric oxide (NO), 

peroxynitrite (0N00-), hypochlorous acid (H0C1), hydrogen peroxide (H202), alkoxyl 

radical (LO) and carbon-centered free radicals (C0C13). 

R O S are capable of oxidizing many biological molecules such as proteins, lipids 

and nucleotides (Granger et al, 1986). They are generated during normal physiological 

events such as aerobic respiration and exercise, and it is evident that they play a 'mopping 

up' role in tissues as part of normal processes. They also play a role in the conjugation of 

drugs and metabolites. Many ROS-generating enzymes are activated during ischaemia and 

this effect is amplified during reperfusion. 

The Source of Reactive Oxygen Species 

The source of R O S differs from cell to cell. For example, cytochrome P450 is the major 

source of R O S in the lung after reperfusion injury (Bysani, 1990) while xanthine oxidase 

and cycloxygenase are two major sources of R O S in retinal endothelium (Rieger et al, 

2002). T w o major systems generate R O S during reperfusion; (a) the xanthine 

dehydrogenase-oxidase system, and (b) the nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase and myeloperoxidase-halide system. Other systems implicated are the 

oxygenases (heme oxygenase, cycloxygenase and lipoxygenase) and P450 cytochrome. 

Xanthine dehydrogenase is a metalloflavoprotein that catalyzes conversion of 

hypoxanthine to xanthine and xanthine to uric acid. It is a cytoplasmic enzyme, 

approximately 270 kD in size and has two flavin molecules as flavin adenine dinucleotide 

(FAD), 2 molybdenum, and eight iron atoms bound per enzyme unit. During ischaemia, the 

enzyme is converted into the ROS-generating xanthine oxidase by calcium-dependent 

proteolytic cleavage (Parks & Granger, 1988). Xanthine dehydrogenase is present in many 

tissues including leukocytes (Judge & Dodd, 2004), endothelial cells in brain (Terada et al, 

1991), heart (Hearse et al, 1986), lung and kidney (Greene & Paller, 1992) and gut (Anup 

etal, 2000). 
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During reperfusion, adenosine monophosphate ( A M P ) and diphosphate (ADP), from the 

consumption of A T P during anaerobic respiration, as well as oxygen provide the necessary 

substrates for xanthine oxidase to catalyze the reactions that lead to the formation of 

hypoxanthine and xanthine with the coincident release of R O S (Grisham et al, 1986). 

Xanthine oxidase is one of the major producers of R O S during reperfusion. 

Cytoplasmic 
component of 
NADPH oxidase 

NADPH 

NADP+ 

A 

Complete active 
form of 

NADPH oxidase 

Phagocytic 
vacuole 

Membrane 
component of 
NADPH oxidase 

0, 

2H+ 

• H202 

Fe2+ 

> Fe3+ 

OH-

Myeloperoxidase 

Figure 1.1 The generation of R O S by NADPH oxidase and myeloperoxidase. 

02--= Superoxide radical; 0 H = Hydroxy! radical; 0C1 = Perchloric radicals 

NADPH oxidase and myeloperoxidase are part of the leukocytes bactericidal 

mechanism. These enzymes use oxygen as substrate and generate R O S to kill invading 

pathogens. Under normal condition, NADPH oxidase is separated into two parts, the 

cytoplasmic and the membrane-bound components. Upon activation, the cytoplasmic 

component translocates to the plasma membrane where it is assembled into the complete 

active form. Superoxide radicals subsequently convert into hydrogen peroxide under 

spontaneous dismutation. Hydrogen peroxide (H2O2) is converted into hydroxyl radicals 

through the Fenton reaction, and into hypochlorous acid (H0C1) via a reaction catalysed by 
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myeloperoxidase. All of these radicals participate in bacterial killing and the tissue damage 

that occurs in response to reperfusion. 

Injury Associated with the Reactive Oxygen Species 

R O S induce damage by "stealing" an electron from molecules making them unstable 

radicals. The action of free radicals against fatty acid side chains in the various cellular 

lipid membranes, especially mitochondrial membranes, leads to lipid peroxidation and this 

is detrimental to cellular survival. Free radicals m a y propagate from a molecule to the 

adjacent or nearby molecules, leaving the former altered permanently, as illustrated in the 

following figure: 
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Figure 1.2 Propagation of free radicals. Hydroxyl radicals attack a carbon atom in the fatty acid 
chain to form a water molecule; leaving the carbon atom with an unpaired electron (red dot). 

The carbon-centered radical can react with other molecules such as oxygen or other fatty 

acid to form another radical and this propagation process continues until the free radicals 

are captured by radical scavengers. 

R O S reduces the nitric oxide (NO) level by forming another highly reactive radical, 

peroxynitrite (Wang & Zweier, 1996). N O is synthesized by endothelial cell. It prevents 

platelet aggregations, regulates leukocyte recruitment and has vasodilatory effects on the 

vascular smooth muscle. N O reduction by R O S leads to thrombogenic events and 
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vasoconstriction. In addition, lipid peroxidation directly affects endothelial cells and this 

can lead to thrombosis ( W u & Thiagarajan, 1996). During reperfusion, the development of 

microthrombi contributes to the no-reflow phenomenon (Forman et al, 1989). 

R O S can cause protein damage, this includes functional proteins such as enzymes. 

Protease inhibitors such as a2-antiplasmin, antithrombin III and the CI esterase inhibitor 

can be deactivated by R O S . These proteases are involved in coagulation and complement 

regulation. Deactivation of these proteases can lead to an unopposed procoagulant event 

and progression of complement cascades. 

1.1.2 Leukocyte-Endothelial Interactions 

Leukocyte-endothelial interactions occur during inflammation when leukocytes come into 

close contact and adhere to vascular endothelial cells. Seibert et al. (1993) discovered that 

there was greatest accumulation of leukocytes on the endothelial wall during low flow 

reperfusion in isolated lungs. Later, it was found that leukocyte-endothelial interaction 

plays a major role in the microvascular reperfusion injury (Gonzalez et al, 1994) and that 

inhibition of this interaction conferred protection against reperfusion injury (Scalia et al, 

1996). Clinical studies have reported that leukocyte-depleted therapy confers some 

protection against reperfusion injury (Pearl et al, 1992; Chiba et al, 1993; Sisley et al, 

1994). 

Leukocyte Chemotaxis 

Phopholipase A2 is a membrane-bound enzyme responsible for converting phospholipid 

into arachidonic acid, which is a precursor of inflammatory mediators through the 

cycloxygenase and lipoxygenase pathways (illustrated on the next page). 

During reperfusion, leukocytes damage tissues via the actions of the leukotrienes B4 

(LB4) and 5-HETE (5-hydroxyelcosatetraenoic acid). LTB4 is a potent chemotactic agent 

that promotes neutrophil aggregation and adhesion to venular endothelium. Other 

endogenous chemical mediators such as complement 5 a, interleukin 8 and platelet 

activating factor (PAF) are also chemotactic to neutrophil. Binding of these chemotactic 

agents to specific receptors on leukocytes activates a series of intracellular events that leads 

to the assembly of contractile elements responsible for cell movement (Rosenkranz et al., 

1999). 
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Figure 1.3 The cycloxygenase and lipoxygenase pathways of arachidonic acid. 

The recruitment process encompasses leukocyte margination, rolling, activation, 

adhesion and transmigration (Ley, 1996). Margination is a cellular event manifested by the 

accumulation and pavementing of leukocytes along the endothelial surface, away from the 

axial flow of erythrocytes. Rolling of leukocytes involves interactions between E-selectin 

(present only on endothelial cells and highly regulated) and P-selectin (constitutively 

expressed in platelets and endothelial cells) with glycoproteins expressed by activated 

leukocytes (eg: sialylated Lewis X ) . 

Leukocyte Adhesion 

Adhesion involves adhesion molecules and integrins, expressed on the surface of 

endothelial cells and leukocytes, respectively. Intercellular adhesion molecule (ICAM-1) 

and vascular cell adhesion molecule ( V C A M - 1 ) are two endothelial adhesion molecules 

that belong to the immunoglobulin family. 

Integrins are transmembrane-adhesive heterodimeric glycoproteins, made up of a 

and P chains that also function as receptors. The interaction between adhesion molecules 
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and integrins are specific. ICAM-1 interacts principally with p2 integrins, lymphocyte 

function-associated antigen 1 (LFA-1), CDlla/CD18 and CDllb/CD18 while VCAM-1 

interacts principally with integrin a4(31 and a4p7. Transmigration of leukocytes occurs 

largely through the intercellular junctions of endothelial cells, predominantly in high 

endothelial venules. Leukocytes penetrate the basement membrane by secreting 

collagenase and migrating to the interstitial space. 

Molecule 

P-selectin 

E-selectin 

ICAM-1 

VCAM-1 

CD34 
GlyCam-1 

Leukocyte receptor 

Sialyl-Lewis X 

PSGL-1 

Sialyl-Lewis X 

ESL-1, PSGL-1 

Integrins; 
CD11/CD18, 

LFA-1 (|32) 

Integrins; 

a4pl,a4p7 

L-selectin 

Major Role 

Rolling (neutrophils, monocytes, 
lymphocytes) 

Rolling, adhesion to activated endothelial 
(neutrophils, monocytes, T lymphocytes) 

Adhesion, arrest, transmigration of all 
leukocytes. 

Adhesion (eosinophils, monocytes, 
lymphocytes) 

Lymphocyte homing to high endothelial 
venules. Neutrophils and monocytes rolling. 

Table 1.1 Molecules involved in leukocyte-endothelial adhesion. ESL-1 = E-selectin ligand 1; 
PSGL-1 = P-selectin glycoprotein ligand 1; ICAM-1 = Intercellular adhesion molecule 1; VCAM-1 = 
vascular cell adhesion molecule 1. (Adapted from Robbins Pathologic Basis of Disease 6th Ed.). 

Leukocyte-induced Injury 

Leukocytes generate two major cytotoxic mediators, R O S and proteases from lysosomes. 

Lysosomal enzymes are initially released into the phagolysosome but lysozymes may 

release enzymes into the extracellular space when the phagocytic vacuole remains 

transiently open prior to complete closure of the phagolysosome. 
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Apart from the lysosomal enzymes, R O S , released by the NADPH oxidase and 

myeloperoxidase halide system in activated neutrophil also induced lipid peroxidation to 

endothelial cells that lead to microvascular dysfunction and the no-reflow phenomenon 

(Cotran, 1999). 

Treatment 

Antibody against 
integrinCD18 

Antibody against 
P-selectin 

Antibody against 
E-selectin and 
L-selectin 

Antibody against 
L-selectin 

Conclusion 

Reduced sequestration of neutrophil in lung after jejunal 
IRI (Hill et al, 1993) 

Inhibit abnormal shunts and ventilation-perfusion mismatch 
in transplanted lung (Kapelanski et al, 1993). 

Inhibit polymorphonuclear-mediated contractile 
dysfunction in myocardial IRI model (Lefer et al, 1993) 

Protect against attenuation of coronary flow reserve and 
myocardial contractile function in myocardial IRI model 
(Chen et al, 1994) 

Reduced reperfusion injury in soft tissue in rabbit ear IRI 
model (Winn et al, 1993) 

Increased muscle viability in skeletal muscle IRI model 
(Stotlandera/., 1997) 

Improved lung function and reduced in-vivo neutrophils 
activation (Demertzis et al, 1999) 

Reduced neutrophils infiltration and tissue oedema; 
improved muscle contractile force (Yan et al., 2000) 

Table 1.2 Experiments evaluating leukocyte-endothelial interactions in IRI models. Antibodies 
that bind the selectins and integrins interfere with this interaction and protect organs. 

Vascular Endothelial Cells 

Endothelial cells are thin and flat cells that line the interior surface of blood vessels, 

forming an interface between the blood in the lumen and the rest of vessel wall. They 

regulate blood flow via vasodilatations and vasoconstrictions, produce factors that regulate 
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haemostasis, thrombosis and fibrinolysis, produce factors that regulate angiogenesis; 

interact with leukocytes during inflammation and regulate the migration of leukocytes into 

the interstitial space. Endothelial cells synthesize prostacylin, which has an antiplatelet role, 

and N O . The cells have a membrane-bound heparin-like molecule. Together with 

antithrombin III, it inhibits coagulation factors including factor Xa and inactivates 

thrombin. Endothelium cells also synthesize tissue plasminogen activator that is involved in 

fibrinolysis. 

i 
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neutrophil 

NADPH oxidase 
Myeloperoxidase 

I 
Reactive 
oxygen <«-
species 
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Parenchymal 
cell injury 

The no-reflow phenomenon is associated with endothelium injury secondary to 

ischaemia and reperfusion. Reperfusion injury accelerates functional and structure changes 

in endothelial cells, progressively decreasing microcirculatory flow (Forman et al, 1989). 

As a consequence, these investigators described two distinct patterns of microvascular 

injury in skeletal muscle after ischaemia and reperfusion. The first pattern was seen about 

three hours post-ischaemia and was characterised by progressive extravasation, some 

capillary (but no arteriolar or venular) obstruction and a progressive increase in the flow 

velocity over time. The second pattern was seen between four and five hours post-

ischaemia and was characterised by a greater heterogeneity in the distribution of damage 
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with extensive capillary, arteriolar, and venular obstruction, as well as a progressive decline 

in flow velocities. These changes were not associated with thrombosis of the inflow vessels 

(Messina, 1990). 

Although R O S damages the microvascular endothelium after reperfusion, it may not 

be the culprit (Menger et al., 1992). N O production plays a key role in the prevention of the 

no-reflow phenomenon. In a rabbit model, L-arginine (a precursor of N O ) supplement can 

increase N O production with a reduction in neutrophil plugging and microvascular 

constriction, when compared to antioxidant therapy (Nanobashvili et al, 2004). 

1.1.3 Complement 

The complement system has probably evolved, in both innate and adaptive senses, as a 

defense against microbes through the formation of the membrane attack complex ( M A C ) 

(Reid et al, 1998). The complement system comprises over twenty soluble proteins. All are 

synthesized by the liver in their inactive forms, and are designated as CI through C9. The 

complement system is activated when the component, C3, undergoes proteolytic cleavage 

by the enzyme C3 convertase. C3 convertase can be activated via either the classical 

pathway or the alternative pathway as illustrated on the next page. 

There are two major biological functions performed by the complement system; (a) 

cell lysis by the M A C ; and (b) diverse phenomena in acute inflammation such as increased 

in vascular permeability and vasodilatation (C3a, C5a), chemotactic (C5a), and enhances 

phagocytosis of pathogen via opsonization (C3b, C3bi). 

Complement Pathways 

It was initially thought that "complement-induced" reperfusion injury was mediated via the 

alternative pathway. This was supported by the observation that IRI was alleviated in mice 

treated to inhibit alternative pathway, but not the classical pathway (Pemberton et al., 

1993). Moreover, an immunoreactive factor Bb increases during the first fifteen minutes of 

reperfusion, which is consistent with activation of the alternative pathway (Amsterdam, 

1995). However, Williams et al. (1999) demonstrated that Ig-deficient mice were protected 

against IRI and reconstitution of IgM restored the injury to the seen in wild-type mice. In 

situ activation of the classical pathway of complement was evident by deposition of IgM, 

complement C4, and C3 in damaged tissue after passive transfer of IgM (Zhang et al, 

2004). These findings suggest involvement of the classical pathway in "complement-
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induced" reperfusion injury. On balance, it now seems that both complement pathways are 

involved in complement-induced reperfusion injury. 

CI 

- - CI inhibitor 

C4 Activated 
CI 
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C3 
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Figure 1.5 Classical and alternative complement pathways. Complement cascades are regulated 
via decay-accelerating factor (DAF) to the convertase complexes, CI inhibitor or CD59. (Adapted 

from Robbins Pathologic Basis of Disease 6th Ed). 
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The Membrane Attack Complex 

In 1983, Smith et al. identified the deposition of immune complexes and complement 

components in reperfused myocardium. It is now appreciated that complement can induce 

reperfusion injury directly through M A C . A n experimental study has shown that C3-, C5-

and C6-deficient mice, but not C4-deficient mice, have some additional protection against 

reperfusion injury. C6 complement is important in the formation of M A C . Whilst 

reconstitution of C6 in C6-deficient mice restored reperfusion injury, blocking C5 in C6 

deficient mice did not have a synergistic protective effect (Zhou et al, 2000). The primary 

effect of complement is organ-specific. For example, the primary effect of complement is 

on the parenchymal cells in the heart and intestine; but endothelial cells are the primary 

target in the kidney (Austen et al., 1999). 

Histamine 

Histamine is one of the mediators in the complement-induced reperfusion injury. C3a, C5a 

and, to a smaller extent, C4a increase vascular permeability and cause vasodilatation by 

releasing histamine from mast cells. Andoh et al. (2001) have reported that histamine 

increases the mucosal permeability of the gut after IRI. 

1.1.4 Tumour Necrosis Factor 

Tumour necrosis factor alpha (TNFa) is a cytokine produced mainly by macrophages and 

monocytes. It has the ability to induce tumour cell necrosis, hence the name. The biological 

activity of TNFa was discovered in mid 1970s when they purified a mouse TNFa and 

studied its effect on tumour cell lines (Haranaka et al, 1986). The c D N A of T N F A was 

first cloned in 1984 and it was then discovered that TNFa was homologous to the 

previously identified lymphotoxin (Gray et al, 1984). 

TNFa is a mediator in IRI, which fits with the observation that carriage of allele 2 at 

the polymorphism TNFA-308 (TNFA-308*2, nomenclature explained on the next page) is 

associated with pulmonary complications after coronary artery surgery (Yende, 2004). 

Furthermore, T N F A gene expression was significantly up-regulated 18 hours after 

secondary ischaemia in rat gracilis muscle subjected to ischaemia and TNFa has been 

implicated in remote organ injury (Gilmont et al, 1996; Welborn et al, 1996). Moreover, 

inhibition of TNFa can reduce the extent of the injury to local and remote organs after IRI 
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in animal models (Gaines et al, 1999; Souza et al, 2001). The role of anti-TNF therapy in 

clinical practice is still under evaluation (Pascher et al, 2005) and is addressed in this 

thesis. 

Nomenclature 

Gene (all capital 
letter if human) 

Denotes the 
rare allele 

r 
TNFA-308*2 

4 " 

Symbols '+' or '-' denotes 
downstream or upstream 

relative to the transcription start 
site. 

Denotes position of the locus 
(number of nucleotides) relative 
to the transcription start site. 

Figure 1.6 Nomenclature of TNFA-308 

The TNF/TNFR Superfamily 

Many members of the T N F superfamily have been identified in the past two decades. The 

T N F ligand superfamily has at least 19 different peptides which include the TNFa, 

lymphotoxin a (LTa, TNFp1), LT(3, FasL (fibroblast-associated surface ligand, CD95L, 

C D 178), CD30L, CD40L and LIGHT (Locksley et al, 2001). These have diverse 

biological functions. TNFa exists in both soluble and membrane-bound form. It is primarily 

expressed as a type II transmembrane protein arranged in homotrimers (Kriegler et al., 

1988). Soluble TNFa is derived from the membrane-bound after a proteolytic cleavage by 

the metalloprotease TNF-alpha-converting-enzyme (TACE) (Black et al., 1997). Soluble 

TNFa is unstable but biologically active. The membrane-bound form can mediate the 

cytotoxic and inflammatory effects of T N F through cell-to-cell contact. 

The T N F receptor superfamily belongs to type I transmembrane glycoprotein and 

include T N F receptor I (TNFR1), T N F receptor II (TNFR2) (Locksley et al, 2001), LT-(3 

receptor (LTpR)(Ware, 1995), Fas (CD95), CD30, CD40 and the herpesvirus entry 

mediator ( H V E M ) (Mauri, 1998). Fas and TNFR1 have a characteristic structural cassette 

termed a death domain in their intracytoplasmic sequence, which is absent from other 

members of the family. The death domain participates in apoptosis (see Figure 1.7, Page 

32). 
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Regulation of TNFa and TNFR Synthesis 

TNFa synthesis is regulated at the level of gene transcription and protein processing (Han 

et al, 1990). T N F a can directly induce the expression and release of several humoral 

factors including interleukin-10 (Platzer et al., 1995), corticosteroids (Butler et al, 1989) 

and prostanoids (Scales et al, 1989; Caughey et al., 1997). These in turn regulate T N F a 

production via negative feedback loops. T N F a may also down regulate T N F R expression 

(van der Poll etal, 1995). 

Biological Activity of TNFa 

TNFa play a major role in inflammation. It has immuno-stimulatory, bactericidal and 

tumoricidal properties (Walczak et al, 1999). T N F a is also involved in sleep regulation 

(Krueger et al, 1998) and development of embryo (Wride & Sanders, 1995). TNFa exert 

its effect via two distinct receptors; TNFR1 and TNFR2. TNFR1 is constitutively expressed 

in most tissues, binds primarily to the soluble form of T N F a and is the key mediator of 

T N F signaling in many cells. T N F R 2 expression is highly regulated, typically found in 

endothelial and immune-related cells and appears only activated by the membrane-bound 

T N F (Grell et al, 1998). TNFR1 and T N F R 2 are not expressed on erythrocytes and 

unstimulated T lymphocytes. Both receptors can exist in soluble form and secreted in urine 

(Engelmann et al, 1990). The membrane-bound T N F R 2 can be cleaved by T A C E to 

release the free-soluble form, while membrane-bound TNFR1 is released by two 

mechanisms, proteolytic cleavage of soluble TNFR1 ectodomains by T A C E and the release 

of full-length 55-kDa TNFR1 in the membranes of exosome-like vesicles (Islam et al., 

2006). It has been postulated that these soluble form of T N F R down regulate the T N F 

signaling by acting as a decoy. 

TNF-induced cell survival is complex process that involved activation of nuclear 

factor kappa B ( N F K B ) through series of docking proteins. TNFR1 associated death domain 

(TRADD) is an intracellular protein involved in the cell survival and pro-inflammatory 

signaling. Through TNFR1 and T N F R 2 signaling, the T R A D D protein interacts with T N F 

receptor-associated factor (TRAF) protein 2, and through the activation of series of 

mitogen-activated protein kinases ( M A P K ) , it activates and translocates the N F K B . 

In normal conditions, N F K B is inhibited by inhibitory K B (IKB) in the cytoplasm. 

During inflammation, there is a rapid phosphorylation of N F K B / I K B complexes by M A P K 

and I K B dissociates from N F K B . N F - K B is a p50/p65 heterodimer transcription protein 
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(Huxford et al, 1998) and exerts its effect by binding to the promoter of target genes, 

including cytokines, chemokines, cell adhesion molecules, growth factors, and 

immunoreceptors (Lee & Burckart, 1998). 

Figure 1.7 Activation of docking proteins by TNFa. T R A D D = TNF receptor 1 associated death 
domain; TRAF2 = TNF receptor associated factor 2; M A P K = Mitogen activated protein kinase; 
NIK = N F K B inhibitory kinase; I-KB = Inhibitory kappa B. (Adapted from Ksontini et al, 1998) 

TNFa-induced cell death is due to: (a) oncosis, cell death by cellular swelling and 

lysis (Majno & Joris, 1995); or, (b) apoptosis, cell death by a conserved and biochemical 

driven process with a distinct morphological features (Steller, 1995). TNF-induced oncosis 

suggest that T N F a has the ability to alter cell volume. T N F a homotrimer, in relatively low 

pH, undergoes conformation changes that allow it to form a functional ion channel 

(Baldwin et al, 1996). Lang et al. (1998) showed that T N F a binding mediates alteration in 

cell volume through a number of anion and cation channels. Apoptosis is induced when 

T N F a binds to TNFR1. This triggers the recruitment of several docking proteins, such as 

receptor interacting protein (RIP) and T R A D D protein. 
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Figure 1.8 TNFa and the Fas ligand. Fas = Fibroblast-associated surface protein; T R A D D = TNF 
receptor 1 associated death domain; F A D D = Fas-associated death domain; TRAF = TNF receptor 

associated factor; ICE = IL-1 converting enzyme. (Adapted from Ksontini et al, 1998) 

The TRADD protein recruits TRAF which subsequently interacts with pro caspase 

8. The cascade begins with the activation of caspase 1, an IL-1 (3 converting enzyme (ICE) 

like protease (Hsu et al, 1995) that finally leads to apoptosis. Apoptosis can also be 

induced through Fas receptor via the Fas ligand (FasL), a TNF-like protein that restricted to 

the surfaces of cytotoxic T lymphocytes, activated macrophages and neutrophils (Nagata & 

Goldstein, 1995). T N F R 2 may induce apoptosis (Vandenabeele et al, 1995), however, the 

signaling pathway is different from TNFR1. It has been postulated that T N F R 2 may induce 

apoptosis through T N F R 1 activation (Grell et al, 1999). 
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TNFA Gene 

T N F A is located within the major histocompatibility complex ( M H C ) on chromosome 

6p21.3, adjacent to the genes encoding LTa and LTp D(LTA and LTB) (Hajeer & 

Hutchinson, 2000). Together these comprise the T N F locus and there are also at least five 

microsatellite markers in the T N F locus allowing the precise definition of haplotypes 

(Udalova et al, 1993). 
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Figure 1.9 A schematic diagram of the M H C showing major gene blocks. The TNF block is 
expanded showing known single nucleotide polymrphisms and polymorphic microsatellites. 

Many bi-allelic single nucleotide polymorphisms exist in the upstream proximal 

promoter of T N F A (Hajeer & Hutchinson, 2000). These may influence T N F a production 

and hence inflammatory responses and disease. The best studied is a substitution at position 

-308 relative to the transcription start site. The rare alleles at position -308 (denoted TNFA-

308*2) are associated with high production of T N F a (Braun et al, 1996; Kroeger et al, 

1997;Huizingae/ al, 1997). 

The effect of TNFA-308 was first demonstrated by comparing T N F a responses of 

donors with and without TNFA-308*2. However most Caucasians with TNFA-308*2 carry 

a conserved ancestral M H C haplotype defined as HLA-A1, B8, LTA+250*2, TNFA-

308*2, D R 3 and D Q 2 . Carriage of all or part of this haplotype has been associated with 

many diseases with immunopathological aetiology and it has been impossible to ascertain 

which genes and alleles are directly responsible (Price et al, 1999). TNFA-308 remains a 
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candidate because it can effect transcription in luciferase reporter constructs (Kroeger et al, 

1997), but this data has been disputed (Bayley et al., 2004) and its importance in vivo is 

unclear. However it is reasonable to accept an association between polymorphisms in the 

T N F A and disease susceptibility as indicative of a role for cytokines encoded in the T N F 

locus in the pathogenic process. 

MHC Congenic Mice 

In order to evaluate the effect of T N F A polymorphisms in IRI studies, I used M H C 

congenic mice that have different M H C haplotypes (known as H 2 d or H2b) but identical in 

genetic background (eg: B A L B or BIO). Matthews (2001) studied the effects of M H C 

region using M H C congenic mice as a model because mice and humans have many 

similarities in their M H C organization and gene function. He demonstrated that the H 2 

haplotype carries an immunoregulatory allele which consistently down regulates 

lymphokines levels whilst up-regulating synthesis of proinflammatory cytokines in 

macrophage cultures. Peritoneal macrophage from mice with a H 2 haplotype produced 

higher levels of IL-1 P, T N F a and T N F R as compared to H 2 haplotype. Because ischaemic 

injury provokes intense inflammatory response in the living animal, it seems reasonable to 

postulate that the production of T N F a (and hence IL-ip) in H 2 b and H 2 d may differ 

following IRI and may affect the outcome of treatment. 

BAT I Gene 

The B A T 1 (HLA-B associated transcript 1) gene is located about 30 kb upstream from the 

T N F A locus and close to a NFKB-related gene of the nuclear factor family in the M H C of 

human, mouse and pig (Peelman et al, 1995). It is a member of DEAD-box (D-E-A-D is 

the single letter code for amino acid Asp-Glu-Ala-Asp) family of ATP-dependent R N A 

helicases, which 'unwind' nucleic acid and possibly mediate R N A structural 

rearrangements in a variety of cellular processes, including nuclear pre-mRNA splicing, 

ribosome assembly, protein synthesis, nuclear transport, and R N A degradation (Aubourg et 

al, 1999; de la Cruz et al, 1999). Recent studies have shown that B A T 1 may be involved 

in the down regulation of acute phase proteins. Monocyte and T-cell lines infected with 

retroviral constructs containing B A T 1 antisense sequence produced higher levels of TNFa, 

IL-1 and IL-6 than cells infected with the vector alone (Allcock et al, 2001). However, the 

association of B A T 1 and T N F A in IRI is unknown. More recently, we showed in mice that 

levels of B A T 1 m R N A in tissue increase after an inflammatory challenge, but peak later 
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than T N F A m R N A . This is consistent with an anti-inflammatory role. However, B A T 1 

m R N A is constitutively expressed in all tissue and levels were highest in embryos. This 

suggests a broader role in the regulation of cellular activation and proliferation (Allcock et 

al, 2006). 

Interleukin-1 (1 

IL-ip is a proinflammatory cytokine with the ability to affect nearly every cell type. It is 

mainly produced by activated macrophage and has many biological similarities to TNFa. 

There are three members of IL-1 family; IL-1 a, IL-lp and IL-1 receptor antagonist (IL-

lRa). There are two IL-1 receptor (IL-1R); IL-1R type I receptor transduces a signal, 

whereas type II receptor binds to IL-1 but does not transduce a signal i.e., it is a decoy 

receptor (Dinarello, 1996). IL-ip gene expression can be triggered by endotoxin and 

prostaglandins. IL-ip can induce fever and anorexia if injected systemically. It also induces 

hypotension and increases the circulating N O (Szabo et al, 1993). 

IL-1 is not encoded in the M H C region. IL-1 a and IL-ip are encoded by two 

different genes of different lengths (ILIA =12 kb; IL1B =9.7 kb) and similar organization 

comprising seven exons. The IL-1 a and IL-ip m R N A s are 2.0-2.3 and 1.6-1.7 kb in length, 

respectively. At the D N A level both genes show a homology of approximately 45 %.The 

sequences of rat and human IL-1 a show approximately 73 % sequence homology. The IL-

ip promoter is approximately 10-50-fold stronger than that of the IL-1 a gene. The human 

IL1 genes map to chromosome 2 (ILIA =2ql3; IL1B =2ql3-q21) in the vicinity of the gene 

encoding the IL-1 receptor antagonist (IL-lra). In the mouse the two genes map to 

chromosome 2 and are approximately 50 kb apart. They have the same orientation and the 

IL1B gene is 5' of the ILIA gene. 

Therefore, the two H 2 haplotype mouse strains (BALB.B and BALB/c) employed 

in this study theoretically will have similar outcome in the IL-ip expression if IL-1 levels 

after IRI are determined by IL1 genotype. If differences are found it would suggest that 

levels of IL-1 are determined indirectly by levels of TNFa. 

1.1.5 Nitric oxide 

Nitric oxide (NO) is a biologically active radical synthesized by the endothelial cell, 

macrophage and specific neurons in the brain. It was previously know as endothelial-

derived relaxing factor and it is involved in many biological processes such as vascular 
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homeostasis, inflammation (Hickey, 2003) and neurotransmission (Gentiloni Silvery et al, 

2001). The role of N O in IRI is unique, as it can be damaging as well as protective. Under 

normal condition, there is a critical balance between cellular concentrations of N O , O2" and 

superoxide dismutase which favour N O production. As mentioned earlier, N O play a role in 

the prevention of the no-reflow phenomenon. However, the overproduction of O2" and N O 

during reperfusion may lead to the formation of the highly reactive peroxynitriate 

(Ferdinandy et al, 2003). In animal studies, it was demonstrated that inhalation of N O can 

increase IRI (Kao et al, 2003); whilst inhibition of iNOS diminished IRI (Zhang et al, 

2003). 

Biological activity of Nitric Oxide 

N O acts in a paracrine manner on target cells, principally the vascular smooth muscle cells 

and leukocytes through induction of cyclic guanosine monophosphate. It causes vascular 

smooth muscle relaxation, vasodilation and alteration in vascular permeability (Gentiloni 

Silvery et al, 2001). During inflammation, N O reduces platelet aggregation and adhesion, 

and regulates leukocyte recruitment. N O inhibits leukocyte rolling and adhesion, thus, 

overproduction of N O by macrophage during inflammation is an endogenous compensatory 

mechanism that reduces leukocytes recruitment. N O is responsible in the bactericidal action 

of leukocytes. Several NO-related radicals such as peroxynitrite (OONO"), S-nitrosothiols 

(R-S-NO) and nitrogen dioxide (N02) as a result of N O interaction with reactive oxygen 

species. It is cytotoxic and has the ability to damage microbial D N A , protein and lipids. 

Nitric Oxide Isoenzymes and Synthesis 

N O is synthesized from L-arginine by the enzyme nitric oxide synthase (NOS). The 

enzymes require five cofactors/prothetic groups to function; flavin adenine dinucleotide 

(FAD), flavin mononucleotide (FMN), a heme molecule, tetrahydrobiopterin (BH4) and 

Ca2+ calmodulin. Nitric oxide synthase produce N O by catalyzing a fiveelectron oxidation 

of a guanidino nitrogen of L-arginine. Oxidation of L-arginine to Lcitrulline occurs via two 

successive mono oxygenation reactions (Koppenol, 1996). There are three N O S 

isoenzymes, neuronal N O S (nNOS or N O S 1), inducible N O S (iNOS or N O S 2 ) and 

endothelial N O S (eNOS or NOS3), encoded in three different genes in mammal (Knowles 

& Moncada, 1994). N O S 2 is predominantly found in cytosol of macrophages and 

neutrophils, expressed as soluble proteins. It is induced during inflammation. N O S 3 is 

constitutively expressed as a membrane-bound protein predominantly in endothelial cell. 
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1.2 Glutathione 

Glutathione (GSH) is a ubiquitous thiol-containing tripeptide that plays a key role in cell 

biology, predominantly in eukaryotic cells. The second set of experiments in this thesis 

evaluates the ability of G S H precursors to protect against IRI. As discussed in Section 

1.4.5, Page 57, the amino acid precursors of G S H m a y be protective when given before 

ischaemia. Also, in this thesis the activity of glutamate cysteine ligase (GCL) has been used 

as a marker for the cellular response to oxidative stress. This section provides an overview 

of the biochemistry of G S H as a background to the set of experiments detailed in Section 3. 

G S H modulates cell response to redox changes associated with reactive oxygen 

species, detoxifies the metabolites of drugs, regulates gene expression and apoptosis, and is 

involved in the transmembrane transport of organic solutes (Jefferies H et al, 2003). It was 

initially referred to as "philothion", after its discovery in ethanol-extract of baker's yeast in 

1888 (Li et al, 2004). Subsequently, it was renamed glutathione following the 

establishment of its molecular structure in 1921 (Penninckx et al, 1993). 

L-cysteine L-glycine 

L-glutamate •̂̂ "̂""''---̂  » y-glutamylcysteine -~^^- >^^^ » Glutathione 

glutamate? > f glutathione^ 

ATP Xase6 AD
p
P+ ATP S^efaS6 AD

p
P+ 

Figure 1.10 Glutathione synthesis. 

Glutathione is synthesized in the cytoplasm in two-step enzymatic reactions from 

three amino acid precursors; L-glutamate, L-cysteine and L-glycine. The catalytic enzymes 

that are involved in these reactions are glutamate cysteine ligase and glutathione synthetase 

It has been established that L-cysteine is the limiting substrate in the synthesis of G S H . 

Glutamate and glycine are usually present in abundance within tissues. 
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1.2.1 Glutamate Cysteine Ligase 

Glutamate cysteine ligase (GCL, previously named y-glutamylcysteine synthetase) is the 

rate-limiting enzyme involved in the production of G S H (Lu, 1998). G C L was first purified 

from porcine liver in 1949 (Johnston & Bloch, 1951). However, the credit for describing 

the techniques that lead to the most highly purified preparations must go to Seelig & 

Meister (1985). They purified rat G C L from the kidneys and in so doing established a 

standard laboratory technique. 

Rat GCL is a heterodimer with a molecular weight of about 104 kD. It dissociates 

under denaturing conditions to yield two subunits with molecular weights of 73.0 kD 

(Richman & Meister, 1975) and 27.7 k D (Seelig & Meister, 1984). It can dissociate in non-

denaturing condition when exposed to dithiothreitol (Richman & Meister, 1975), which 

provides an alternative technique for its isolation. Environmental pollutants can regulate the 

expression of these subunits, which has generated a number of studies relating to biological 

ecosystems. The heavier subunit of 73 kD (known as the 'catalytic subunit') exhibits all of 

the catalytic activities of G C L and is inhibited by glutathione, just like the holoenzyme. 

The light subunit (27.7 kD, known as the 'modifier subunit) modifies the heavy 

subunit by reducing its Michaelis constant (Km) for L-glutamate from 18.2 m M to 1.4 m M 

and increasing its inhibitory constant (Ki) for glutathione from 1.8 m M to 8.2 m M . The 

heavy and light subunits are linked by hydrophobic interactions (Anderson, 1998). GCL 

activity is optimal at a p H between 8.0 - 8.4. The K m values for L-glutamate, ATP, and L-

cysteine are 1.6, 0.2 and 0.3 m M , respectively (Richman & Meister, 1975). The apparent Ki 

value of G C L for glutathione is about 2.3 m M . 

Rat GCL subunits are encoded on different chromosomes. The G C L catalytic 

(GCLC) subunit m R N A is a 3079 bp encoded at chromosome 8q31 (GenBank® Accession 

NM_012815), while G L C modifier ( G C L M ) subunit m R N A is a 1524 bp encoded at 

chromosome 2q41 (GenBank Accession® N M 0 1 7 3 0 5 ) . Both genes and their 5' flanking 

regions have been cloned to identify the D N A binding sites in the promoters involved in the 

regulation of transcription (Yang et al, 2001(a); Yang et al., 2001(b)). Human and rat G C L 

are highly homologous. 
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1.2.2 Glutathione Synthetase 

Glutathione synthetase (GS) catalyzes the ATP-dependent formation of G S H from y-

glutamylcysteine and glycine (Figure 1.10, Page 37). GS was first identified in pigeon liver 

(Bloch & Snoke., 1952), and has been studied in a wide range of tissues in both animals 

and humans (Majerus et al, 1971). Rat GShas been cloned and sequenced (Huang et al., 

1995). 

Rat GS is a homodimer, consisting of 2 identical subunits about 59 k D in molecular 

weight. It showed an optimum activity within p H range of 8.0 to 8.5. The K m value for 

glycine was 0.76 m M and A T P was 33 uM. However, the apparent K m value for y-

glutamyl-a-aminobutyrate (a non-thiol analog of y-glutamylcysteine) gave non-linear 

double reciprocal plots that indicate K m apparent values of 20 and 200 u M at enzyme 

concentration of 0.1 m M and 1.0 m M , respectively. The rat GS is highly specific for 

glycine and the cysteinyl moiety of y-glutamylcysteine and inhibited by p-

chloromecuribenzoate (Meister, 1995). It has an 8 3 % homology with human GS (Gali R et 

al, 1995). 

The rat G S gene is a 1882 bp encoded in chromosome 3q42 (GenBank® Accession 

N M 0 1 2 9 6 2 ) . Several strands of evidences suggest G C L regulates G S (Luo et al, 1998). 

Expression of rat G C L and G S enhanced G S H synthesis above that observed with increased 

G C L expression alone (Huang et al, 2000). Yang et al. (2002) demonstrated the 

coordinated regulation of rat GCL and GS by activator protein 1 (AP-1) in response to tert 

butylhydroperoxide. The human G S 5' flanking region has been cloned and a D N A binding 

site, NFE2, identified that can upregulate G S gene expression after the binding of the 

nuclear transcription factors Nrfl, Nrf2, and c-Jun (Lee et al, 2005). 

1.2.3 The Regulation of Glutathione Synthesis 

Glutathione synthesis is regulated at both transcriptional and post-transcriptional levels. 

The post-transcriptional regulation of the enzyme involved the non-allosteric binding of 

glutathione to the glutamate-binding site of GCL. The binding inhibits the enzyme. Such 

inhibition constitutes a physiologically significant negative feedback mechanism (Seelig & 

Meister, 1984). 
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The activity of G C L is regulated through transcription of the G C L C gene, by S-

nitrosylation (Griffith et al, 1999), phosphorylation (Sun et al, 1996) and oxidation (Ochi 

et al, 1995). Yang et al. (2001) identified consensus binding sites for many transcription 

factors including AP-1, transcription factor 11 (TCF11), heat shock transcription factor 

(HSF) and nuclear factor kappa B ( N F K B ) in the 5' flanking region of rat G C L M . They also 

cloned the 5' flanking region of rat G C L C and found three cis-acting elements - anti

oxidant response element (ARE), AP-1 and N F K B . These promoters have been implicated 

in the transcriptional regulation of both genes as illustrated: 
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Figure 1.11 Regulation of the G C L C gene. 

1.2.4 Biological Activity of Glutathione 

A n important function of G S H is to maintain the redox balance and act as an anti-oxidant 

scavenger. Glutathione has a sulfhydryl group involved in the biological redox reaction. 

The "reduced" form of G S H can donate an electron from highly oxidative element resulting 
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in the formation of'oxidized' glutathione. The 'oxidized' form of G S H - glutathione 

disulphide - consists of two G S H molecules linked by a disulphide bond. 

Sulfhydryl 
group 

HOOC 

NH2 

H 

0 
|| 

- CH2-CH2-C- N 

L-Glutamate L-cysteine L-glycine 

y-carboxyl bond 

Figure 1.12 The sulfhydryl group in glutathione. 

The antioxidant role of GSH is often misunderstood. GSH does not react directly 

with hydroperoxides but it is used as a substrate by the selenium-containing glutathione 

peroxidase. This is the predominant mechanism in the reduction of hydrogen peroxides and 

lipid hydroperoxides (Cohen & Hochstein, 1963). 

Once consumed, the oxidized G S H can be; (a) transported out from the cell via the 

transmembrane multidrug-resistance transport protein or ATP-dependent transport 

mechanism (Sharma et al, 1990); (b) recycled by the NAPDH-dependent glutathione 

reductase to form glutathione, or (c) exchanged with the protein sulfhydryls to produce 

protein-glutathione mixed disulphides (see Figure 1.13 on the next page). Glutathione can 

react readily with carbon-centered radicals (R-), or act in concert with superoxide dismutase 

to eliminate reactive oxygen species. 

Glutathione involved in the amino acid transport via y-glutamyltranspeptidase, and 

the y-glutamyl moiety coupled to another amino acid is transported actively into cell. The 

y-glutamyl moiety is separated to release the free amino acid in the cell and recycled for the 

synthesis of G S H as illustrated on the next page. 
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Figure 1.13 Consumption and recycling of glutathione. G S H = Reduced glutathione; G S S G = 
Oxidized glutathione; Protein-SH = Proteins with a reduced sulfhydryl group; Protein-SSG = 

Conjugation between protein and glutathione. 

The intracellular GSH concentration changes in response to different environmental 

factors. The concentration of glutathione is influenced by the presence of heavy metals 

(Woods et al, 1995), high glucose concentration such as diabetes mellitus (Urata et al, 

1996), heat shock (Kondo et al, 1993), reactive oxygen species generating compound (Liu 

et al, 1996) or other reactive biological products such as prostaglandin J2 (Levonen et al, 

2001) and low-density lipoproteins (Moellering et al, 2002). In response to these factors, 

G S H synthesis is up regulated to maintain the balance and compensate for G S H 

consumption and depletion. 

Glutathione forms conjugates with m a n y electrophilic compounds, primarily 

through the action of glutathione S-transferase (Figure 1.13, on the next page). This 

conjugation is an essential aspect in both xenobiotic and normal physiological metabolisms 

(Eaton et al, 1999). 
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Figure 1.14 Conjugation of xenobiotics with glutathione. 

Drugs and xenobiotics can be detoxified through this mechanism, and glutathione 

conjugates are excreted actively via transmembrane transport protein (Akerboom et al, 

1989). Conjugated xenobiotics or metabolites are further degraded outside the cell to 

release amino acid y-glutamate and glycine. 
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1.3 Assessing the Extent of Ischaemia 

Reperfusion Injury 

The effectiveness of IRI therapy depends on the duration of ischaemia, the tissue subjected 

to ischaemia, and the time in commencing the anti-IRI treatment. Surgeons appreciate the 

need to minimize the length of ischaemia. This can be achieved in a number of ways. For 

example, use of an intra-arterial shunt during arterial surgery can maintain the flow of 

blood whilst an isolated segment of artery is operated upon. Rapidly proliferating tissues, 

such as the gut mucosa, are much more susceptible to ischaemia than skeletal muscle. 

Finally, pretreatment, treatment given before the event of ischaemia, is particularly useful 

in transplantation and on-pump cardiac surgery. However, it is unfortunately not applicable 

to emergencies when the ischaemic event has already taken place. 

The extent of IRI is difficult to predict and assess in clinical practice. In the clinical 

setting the injuries tend to become manifest as organ dysfunction, changes in radiological 

imaging, or as a biochemical derangement. None of these changes are very specific. For 

example, gut IRI may result in adult respiratory distress syndrome. Here, the lung 

dysfunction manisfested by type II respiratory failure with retention of C O 2 and decrease in 

O2 level, while radiological changes includes diffuse and thickened alveolar septae, hyaline 

membrane formation and pulmonary oedema (Steinberg et al., 2005). A change in the 

protein level in the bronchoalveolar lavage indicates the biochemical derangement. 

However, adult respiratory distress syndrome is a general collection of symptoms and signs 

that may result from other pathological conditions such as septicaemia, haemorrhagic shock 

or disseminating cancer. 

It is not practical to perform an invasive procedure to retrieve tissue sample for 

assessing the severity of IRI in clinical practice. However, a number of experiments have 

been explored in an attempt to find the most reliable method for assessing IRI, as outlined 

Table 1.3 on the next page. 
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References Outcome 

Scarabelli etal, 2001 

Baumeister et al., 2004 

Urbaniake^a/., 1997 

Morris et al, 1993 

El-Desokye/tf/.,2001 

Heart muscle: Histological sections were stained 
with terminal deoxynucleotidyl transferase-mediated 
d U T P nick-end labeling ( T U N E L ) and propidium 
iodide and with anti-von Willebrand factor, anti-
desmin, or anti-active caspase 3 antibodies. They 
were then visualized by confocal microscopy to 
determine the number of apoptotic cells after 
reperfusion. This is a reliable method. 

Skeletal muscle: Nitroblue tetrazolium staining, Wet 
to dry weight ratio, Histology of muscle, Serum K + 

level, Serum creatine kinase, and nitroblue 
tetrazolium staining and wet to dry weight ratio are 
reliable tool to assess the outcome of IRI. 

Skeletal muscle: Direct videomicroscopy of skeletal 
muscle microcirculation by examining the no reflow 
triad (categories of ischaemia, intimal damage, the 
presence of systemic or local responses). Provide 
detailed information of the microcirculation changes 
during reperfusion such as disruption in blood flow 
patterns, vortex formation, regional stasis, adhesion 
and migration of leukocytes, focal hemorrhage, 
oedema, vasospasm and platelet aggregation. 

Latissimus dorsi myocutaneousflap: Fluorescein 
and nitroblue tetrazolium staining. These are reliable 
methods for assessing the extent of IRI. There is a 
high concordance between muscle viability and 
staining. 

Liver: Measuring the intracellular tissue 
oxygenation level using near infrared spectroscopy 
to monitor liver oxyhaemoglobin, 
deoxyhaemoglobin and cytochrome oxidase. A 
potentially reliable method for monitoring the extent 
of IRI in liver. 

Table 1.3 Animal experiments evaluating the measurement of IRI. 

45 



1.3.1 Lipid Peroxidation 

Lipid peroxidation assay has gained popularity among researchers as one of the more 

reliable methods in the assessment of IRI. Mathews et al, (1994) demonstrated that 

F2-isoprostane level increased by 60 to 2 5 0 % in plasma following liver ischaemia and 

reperfusion. In addition, Kramer et al, (1994) demonstrated that by monitoring of the lipid 

peroxidation product with the E S R spin trapping technique provides a quantitative index of 

irreversible oxidative injury following reperfusion, and an approach for assessing 

protection against IRI-mediated oxidative injury in the presence of anti-radical 

interventions. The F2-isoprostane assay is both tedious and expensive (this assay is 

described in detail in Section 3.4.1, Page 113) 

Lipid peroxidation occurs either enzymatically or non-enzymatically. Enzymatic 

lipid peroxidation is through the generation of lipid hydroperoxides, which is achieved by 

the insertion of an oxygen molecule at the active centre of an enzyme (Gutteridge, 1995). A 

classical example of enzymatic lipid peroxidation is via cycloxygenase and lipoxygenase 

pathways. Both of these enzymes are involved in the formation of inflammatory 

eicosanoids such as prostaglandins and leukotrienes. 

The non-enzymatic lipid peroxidation occurs when a reactive oxygen species, with a 

sufficient reactivity, abstracts a hydrogen atom from a methylene group in a polysaturated 

fatty acid or an eicosanoid to form a primary lipid peroxidation product. This reaction also 

produces secondary lipid peroxidation products - decomposed primary lipid peroxidation 

products - such as malondialdehyde and hydrocarbon gases. Either the primary or 

secondary lipid peroxidation products are measured to assess the extent of lipid 

peroxidation. In this thesis, the extent of lipid peroxidation was assessed by measuring the 

secondary lipid peroxidation product, F2-isoprostane. 

Other lipid peroxidation assays that can be used to assess IRI are summarized in 

Table 1.5 on the next page. As can be seen, many assays were performed to detect 

secondary lipid peroxidation metabolites such as F2-isoprostane. This technique has gained 

popularity among many researchers due to its specificity. 
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Products 

Unsaturated fatty acids 

Uptake of oxygen 

Total lipid hydroperoxides 

Individual lipid hydroperoxides 

Conjugated dienes 

Hydrocarbon gases 

Thiobarbituric acid reactive 
substance / malondialdehyde 
Aldehydes 

F2-isoprostane 

Assay 

GC/HPLC 

Oxygen electrode 

Iodide oxidation (Cramer et al, 1991) 

Glutathione peroxidase (O'Gara et al, 1989) 

Cycloxygenase (Kulmacz et al, 1990) 

GC-MS/HPLC (Zamburlini etal, 1995) 

HPLC (Dormandy et al, 1987) 

Second derivative spectroscopy (Corongiu & Banni, 
1994) 
Gas chromatography 

uv absorbance 

Fluorescence (Yagi, 1984) 

HPLC - uv absorbance (Chirico, 1994) 

HPLC - fluorescence (Fukunaga et al, 1993) 

GC-MS/HPLC (Morrow et al, 1990) 

Immunoassay (Basu et al, 1998) 

Table 1.5 Summary of lipid peroxidation assays used to assess IRI. 

1.3.2 Histopathology 

Histopathology of tissue samples is a crude method for assessing IRI. For this reason, it is 

usually performed in conjunction with a more reliable test, such as the F2-isoprostane assay. 

It is a useful adjunct because lipid peroxidation can occur in systemic disorders such as 

severe sepsis and the multiple organ failure syndromes. 

Tissue histopathology provides descriptive information about the severity of IRI 

sustained by specific tissues. For example, Park et al, (1991) designed a grading system to 

assess the severity of IRI in jejunum. However, it is therefore important that such 

measurements are performed by an experience histologist in a random sequence with 
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repeated assessments of the same to document the intra-observer variation. Both 

approaches are particularly useful in the gut where there is a heterogeneous effect on the 

tissues. 

Grade 

0 

1 

2 

3 

4 

5 

6 

7 

8 

Table 1.4 

Histology 

Normal mucosa (intact epithelium and lamina mucosa). 

Discreet subepithelial oedema of the villous space and 
formation of Gruenhagen's spaces. 

Accentuation of subepithelial oedema of the villous apexes 
compared to grade 1. 

Massive subepithelial oedema, sloughing of the epithelium 
from lamina propria down to the base of the villi. 

Denudation of lamina propria, uncovering of the dilated 
blood capillaries. 

Loss of villous structure. 

Loss of villous structure and damage to crypts cells. 

Transmucosal haemorrhage. 

Transmural infarction of the whole small bowel wall with 
total damage of villous structure. 

Histological changes in the jejunum after IRI (Park et al, 1991). 

1.3.3 Nitroblue Tetrazolium 

Nitroblue tetrazolium (NBT) is a dye that commonly used to test for tissue viability and to 

assess IRI. This technique relies on the ability of dehydrogenase enzymes and cofactors in 

the tissue to react with tetrazolium salts to form a formazan pigment. Tissues lacking either 

of these compounds are non-viable. O n the other hand, tissue that stains positively is not 

necessarily healthy and may succumb hours or even days later. For that reason, the longer 
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the reperfusion period after an ischemic insult, the more reliable the method becomes for 

discriminating between non-viable and viable tissue. N B T also has 1 0 0 % sensitivity and 

94%) specificity in detecting ischaemia that has occurred over more than 30 minutes 

(Powell et al, 1995). This technique is limited to local tissue or organ subjected to IRI and 

it is not applicable to assess the extent of injury in remote organ. 

1.3.4 Concluding Comments 

The techniques used to assess IRI in this thesis depend on the type of tissue or cells 

harvested from the animals. In the mouse model, left gastrocnemius muscle and peritoneal 

cells (from peritoneal lavage) represent the local and remote organ, respectively, and the 

endpoints were assessed 24 hours post-ischaemia. Peritoneal lavage was performed to 

obtain a rich concentration of macrophages. This is a routine technique within our 

laboratories and about 7 0 % of the cells harvested in the manner outlined in this thesis, are 

macrophages. The remained of the cells include leukocytes and peritoneal mesothelial cells. 

The latter are related to vascular endothelial cells, are a rich source of cytokines and growth 

factors and participate in the selectin/integrin mediated migration of modulating and 

effector cells. Peritoneal fluid contains more macrophages, leukocytes and lymphocytes 

than blood. Peritoneal fluid collected from patients without any evidence of intraperitoneal 

inflammation contained 45%» macrophages/monocytes (CD68+), 4 5 % T-lymphocytes 

(CD2+), 8 % N K cells (CD57+), and 2 % are other cells including C D 2 2 + immunocytes 

(Kubicka et al., 1996). 

The mouse model evaluated the effectiveness of several treatments, including 

ischaemic preconditioning and soluble T N F receptor against reperfusion injury. The 

assessment was achieved by examining the expression of inflammatory cytokines such as 

TNFa, IL-lp, iNOS and B A T 1 m R N A s . iNOS expression was evaluated because it is an 

important gene that was expressed during delayed phase of ischaemic preconditioning, and 

may be use to evaluate the effectiveness of treatment against IRI. F2-isoprostane assay was 

performed to assess lipid peroxidation in the left gastrocnemius muscle as a preliminary 

experiment to evaluate treatment with soluble T N F receptor against reperfusion injury. 

In the rat model, the jejunum and lung were retrieved to assess the local and remote 

effects of IRI. Since jejunum is the only organ subjected to ischaemia and reperfusion, it is 

not useful to assess the extent of IRI in any of the remote organ with nitroblue tetrazolium 
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or histopathology. However, F2-isoprostane assay allowed both tissues to be assessed 

objectively for oxidative damage and, therefore, this is the technique of choice. The extent 

of IRI was assessed by measuring the level of F2-isoprostane in jejunum. T N F a m R N A also 

was measured in jejunum to assess the effectiveness of the interventions. 

Organs such as liver and lung harbour many tissue macrophages (Kupffer cells in 

liver and alveolar macrophages in lungs) which are responsible for the immunological 

protection of the resident organ. The level of inflammatory cytokine protein and m R N A is a 

sensitive index (but may not be specific) to assess the extent of injury sustained by a remote 

organ. For example, T N F a protein and m R N A level in the lung tissue and lung 

permeability index were used as a marker to measure the extent of remote organ injury 

secondary to intestinal IRI (Harkin et al, 2004). 
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1.4 Therapeutic Interventions 

Many animal experiments and clinical studies have been performed in a quest to define 

appropriate ways of diminishing the extent of IRI. Overall, the animal studies have served 

to generate a number of useful clinical studies. Such translational research has been of 

greatest value in the development of tissue flaps and organ transplantation. 

1.4.1 Ischaemic Preconditioning and Surgical Delay 

Ischaemic preconditioning (IP) is defined as a cycle of short periods of ischaemia and 

reperfusion prior to a more prolonged period of ischaemia. It is an attempt to increase the 

ability of tissues to withstand ischemia within the course of an operation and applies to the 

formation of flaps as well as organ transplantation and cardiovascular surgery (Carroll et 

al, 1997). 

A distinction needs to be made between IP and surgical delay. Surgical delay aims 

to promote angiogenesis (allows the development of blood supply from wound edges 

before the main pedicle supply is occluded) and thereby improve flap survival, and it is a 

standard surgical manoeuvre for flaps at high risk of failure. Zahir et al. (1998) found that 

IP and surgical delay had similar benefits when evaluating the survival of 

musculocutaneous flaps in an animal model. A clinical study evaluating the effectiveness of 

selective embolization of the deep inferior epigastric artery in the delay of transverse rectus 

abdominis musculocutaneous flaps was successful in each of the 40 patients under 

evaluation without any flap loss (Scheufler et al, 2000). The mean interval between 

embolization and surgery was just over three months. So, surgical delay has the major 

disadvantage of requiring an extra surgical procedure some time in the future, whilst IP can 

be performed during the operation that is being performed to create the flap. 

The IP response differs between tissues. It was first described after coronary artery 

occlusion in dogs (Murry et al, 1986). It was the success of IP in the myocardium that led 

to it being evaluated in other other organs, particularly skeletal muscle and myocutaneous 

flaps. The effectiveness of IP in plastic surgery requires more detailed evaluation. In 1998, 

Restifo et al, (1998) reported good results after using IP on pedicled transverse rectus 
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abdominis myocutaneous ( T R A M ) flaps in six patients. Cheng et al. (1999) studied the 

effectiveness of IP on pedicled groin flap in 12 patients with severe hand injuries. Early 

pedicle division, after assessments using Doppler measurements, was possible after a mean 

period of 8.4 days with success rate of 90%). Such studies support the further evaluation of 

IP in plastic surgery. 

It is evident that the protective effects of IP involve an adjustment of the molecular 

events contributing to the pathobiology of IRI in different tissues. For example, in the heart 

IP activates protein kinase CI, which subsequently activates ATP-sensitive potassium 

channels. However, in the liver, IP can increase protein kinase C production leading to the 

liberation of N O that inhibits endothelin release (Ishida et al, 1997; Peralta et al, 1996). 

The protective effects of such IP are related to the duration of each cycle of 

ischaemia and reperfusion (ischaemia-reperfusion cycle) as well as the number of cycles. 

Zahir et al. (1998) have reported that, for myocutaneous flaps in rats, IP with 10-minute 

cycles is superior to 5-minute cycles; and, three cycles is superior to one or two cycles. 

The protective effect of IP is biphasic. Whilst the window period for early phase 

protection lasts for several hours, the delayed phase begins 12-24 hours after the onset of 

reperfusion and lasts for several days (Bolli et al, 1998). The most important factor in the 

early phase appears to be the generation of adenosine with the subsequent activation of 

protein kinase C. The delayed phase seems to involve a wide variety of mechanisms 

including those related to N O and T N F a (Brown et al, 1992; Takano et al, 1998; 

Shinmura et al., 2000). 

N O biosynthesis by endothelial nitric oxide synthase (eNOS) is essential to trigger 

the delayed phase of ischaemia-induced preconditioning, while N O biosynthesis by 

inducible nitric oxide synthase (iNOS) is required to mediate the protection conferred in the 

delayed phase IP. N O play a dual role in the pathophysiology of delayed phase IP acting 

initially as the trigger and subsequently as the mediator of this adaptive response (Bolli, 

2001). 

Shinoda et al, (2002) reported that T N F a production and T N F a m R N A expression 

were suppressed by IP and suggested that the protective effects of IP may be closely related 

to the regulation of TNFa. In another animal study, IP reduced both leukocyte-endothelial 

interactions and the no-reflow phenomenon, plus attenuation of I K B phosphorylation and 

N F K B translocation with a subsequent reduction in T N F a synthesis (Hung et al, 2004). 
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Pre-treatment with a low-dose of T N F a mimicked the protective effect of IP, possibly 

through the activation of N F K B (Teoh et al, 2003). 

In early phase IP, the protection mechanism is mainly through suppression of T N F a 

production, whilst delayed phase protection requires T N F a as a trigger or mediator. Recent 

studies have shown that protective mechanism of delayed phase IP is T N F a dependent 

probably through T N F R 1 (Ren et al, 2004). T A C E and T N F R 1 are upregulated during IP 

(Pradillo et al, 2005). The role of other cytokines in IP probably relates to down-stream 

events rather than stem events (Pera et al, 2004). This will be discussed further in relation 

to m y results. 

The protective effects of IP may extend to distant organs i.e., remote 

preconditioning. For example, transient limb ischaemia diminishes reperfusion-induced 

endothelial dysfunction in the human heart (Kharbanda et al., 2002). This protective effect 

may be mediated by the release of prostaglandins and calcitonin gene-related peptide 

(Brzozowski et al, 2004). Remote preconditioning can improve flap survival in animal 

models. One experiment has shown that subjecting a hind limb of rats to ten minutes 

ischaemia and thirty minutes reperfusion enhances the survival of epigastric flaps 

(Kuntscher et al, 2002). 

1.4.2 Hypothermia and Intra-arterial Infusions 

Hypothermia has been used to reduce ischaemic insult to both organs and tissues. The rapid 

induction and maintenance of hypothermia prolongs the viability of amputated limbs and 

digits (Sapega et al, 1988), and enhances their survival once they have been replanted 

(Usui et al, 1978). Hypothermia also has a well established role in organ transplantion 

where it is used for the preservation of donor organs. Hypothermia reduces leukocyte 

infiltration into tissues after reperfusion. This is associated with a diminished output of 

reactive oxygen species (Mowlavi et al., 2003). 

Local hypothermia is also an effective way of maintaining the viability of tissues 

(Mowlavi et al, 2003). It can extend the viability of musculocutaneous flaps for up to 96 

hours; however, intraarterial flushing with ice-cold modified Collins solution can further 

extend this time (Tsai et al, 1982). In 1992, Francel and others reported a 1 0 0 % success 

rate when using such a technique during the closure of 80 patients with grade III open tibia-

fibula fractures using free muscles transfers. This treatment is only applicable to muscle 
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flaps, not flaps that contain skin such as myocutaneous, fasciocutaneous or perforator flaps. 

The cooling of these types of flaps, especially fasciocutaneous flaps, decreases blood flow 

as well as protective post-occlusive hyperaemia (Kinnunen et al., 2002). 

Intra-arterial infusion or flushing is another treatment employed to reduce IRI. 

Various solutions and pharmacological agents have been used, either alone or in 

combination. The University of Wisconsin ( U W ) and the Euro Collins solutions have been 

subjected to the greatest scrutiny in the storage of organs before transplanatation. However, 

Bschorer and others (1987) compared three tissue preservation fluids and reported that U W 

solution provides optimal endothelial protection for free flap in humans. The U W solution 

has been modified further to counteract reperfusion injury by the addition of a lipid 

peroxidation inhibitor, radical scavengers, anti-inflammatory modulators, and a nitric oxide 

donor (Aeba et al, 1992; G u et al, 2004). 

1.4.3 Free Radical Scavengers 

Scavengers of free radicals were first evaluated in animal models, but have now been tested 

in clinical situations. H u m a n recombinant and bovine superoxide dismutase has been used 

to treat patients with renal transplants. Cyclosporine-treated recipients of cadaveric renal 

allografts who received recombinant human superoxide dismutase prior to surgery were 

less likely to develop acute rejection when compared to patients who were only treated with 

cyclosporine (Land et al, 1994). The clinical value of superoxide dismutase in flaps is yet 

to be established, but it has been reported to improve the outcome of musculocutaneous and 

skeletal muscle flaps when given parenterally to animals (Prada et al., 2002). They found 

that superoxide dismutase had a greater effect than allopurinol and hyperbaric oxygen. 

Vitamin A, C and E have anti-oxidant properties. These vitamins are not effective 

as radical scavengers when given alone, but in combination with other vitamins or 

pharmacological agents, they may be able to work synergistically to reduce IRI. For 

example, vitamin A and E when given together can reduce lipid peroxidation and increase 

the surviving flap area, in an animal model (Bilgin-Karabulut et al, 2001). Vitamin E in 

combination with iloprost (a stable form of prostacylin) may attenuate IRI in skeletal 

muscle by reducing lipid peroxidation (Bozkurt, 2002). 

Allopurinol, a. xanthine oxidase inhibitor, reduces the formation of reactive oxygen 

species (Rees et al, 1994). The presence of xanthine oxidase varies between organs and 
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between species. For example, the activity of this enzyme is 40 times greater in the skin of 

rats compared to pigs and humans (Picard-Ami et al, 1991). Furthermore, the activity of 

xanthine oxidase is not effected by ischaemia in human skin; whereas, in human muscle, 

there is an increase in this enzyme's activity during normothermic ischaemia (Wilkins et 

al, 1993). Nevertheless, a clinical study evaluating 60 patients with reimplanted thumbs 

found that allopurinol therapy for five days resulted in less inflammation and a faster 

recovery of thumb sensation (Waikakul et al, 1999). 

1.4.4 Cytokines and Complement 

Many agents have been fabricated to target and manipulate the actions of cytokines and 

complement. However, these have been of limited value in clinical practice. A n exception 

is soluble T N F receptor (sTNFR), marketed as Etanercept™, reduces T N F a activity by 

acting as a decoy. This has reduced IRI in the lung. 

Intervention 

TNFa 

Pretreatment with anti 

T N F a antibody 

Pretreatment with anti 

T N F a antibody 

Pretreatment with 
soluble T N F receptor 

Model & Outcome 

I IRI in isolated rat liver, evidenced by i in 
hepatocyte apoptosis and liver enzymes (Ben-
Ari etal, 2002) 

•I intestinal microvascular injury and 4-
pulmonary leukocytes sequestration in warm 
ischaemia and reperfusion of rat intestine 
(Koksoyera/.,2002) 

I pulmonary leukocytes sequestration after 
intestinal IRI (Sorkine et al, 1995) 

Table 1.6 Experiments evaluating anti T N F a antibody and sTNFR. 

These studies may be very relevant to clinical practice. Although the problems 

caused by leukocyte sequestration in the lungs have great potential relevance to surgical 

patients with severe sepsis, it is extremely difficult to perform clinical studies that are both 

relevant and reliable. 
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Anti inflammatory cytokines, such IL-10 have been used directly as anti IRI agents 

for the remote organ. Lane et al. (1997) (see Table 1.7 on this page) demonstrated that IL-

10 pretreatment reduced the level of TNFa, IL-6 and neutrophil infiltration in the lungs. 

This study suggested that IL-10 exerts its effect by blocking cytokine production and 

remote organ neutrophil accumulation. However, its efficacy has not been tested in humans 

with severe IRI. 

Intervention 

T N F a and IL-lp 

T N F a and IL-1(3 
inhibitor 

11-10 

IL-10 injection 

IL-10 gene therapy 

Model & Outcome 

i leukocyte sequestration in lungs after 
intestinal IRI (Yamada et al, 1998) 

i leukocyte sequestration in lungs after 
intestinal IRI (Lane et al, 1997) 

i leukocyte sequestration in lungs after 
intestinal IRI (Kabay et al, 2005) 

Complement Inhibitor 

C5 monoclonal 
antibody 

C5a receptor 
antagonist 

i leukocyte sequestration in lungs (Wada et al, 
2001) 

i leukocyte sequestration in lungs (Harkin et 
al, 2004) 

Table 1.7 Experiments evaluating anticytokines and anticomplement therapies. 

Complements, as described earlier, play an important role in IRI. Agents that block the 

progression of complement cascade have been shown to reduce IRI. For example, Harkin et 

al, (2004) demonstrated that C5a receptor antagonist reduced neutrophil accumulation in 

remote organ following aortic aneurysm rupture in rat model and suggested that 

inflammation and IRI can be modulated at the C5a receptor level (Table 1.7). Blocking 

multiple pro-inflammatory and complement pathways may provide synergistic protection 

against IRI, however, this polytherapy approach has not been tested. 
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1.4.5 A m i n o Acid Precursors of Glutathione 

The amino acid precursor of glutathione (GSH) - glutamine, N-acetylcysteine and glycine -

are candidate therapies for IRI. They are evaluated in the set of experiments outlined in 

Section 3 of this thesis on Page 100. 

Glutamine 

Glutamine is a five-carbon, non-essential amino acid with two amino moieties, and 

accounts for 30-35 per cent of all of the amino acid nitrogen that is transported in the 

plasma (Krebs, 1935). 

Figure 1.15 The glutamine molecule. 

Glutamine is an important as a constituent of proteins and as a central metabolic for 

amino acid transamination via a-ketoglutarate and glutamic acid. Glutamine has 

immunoregulative and cell-regulative properties. It also operates as nitrogen shuttle, taking 

up excess ammonia and forming urea. Glutamine is primarily formed and stored in skeletal 

muscle and lungs, and is the principal metabolic fuel for small intestine enterocytes, 

lymphocytes, macrophages and fibroblasts (Miller, 1999). 

Glutamine is essential for the cell growth in culture media. In 1959, Harry Eagle 

demonstrated that it was impossible to keep lymphocytes alive in cell cultures in the 

absence of glutamine. It serves as both a fuel and a supply of nitrogen for rapidly dividing 

cells. Glutamine is a precursor for purines and pyrimidines, which are needed for D N A and 
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R N A syntheses during rapid proliferation of cell. Glutamine depletion arrests cells 

proliferation in the phase G O to Gl (Bussolati et al, 1995). Glutamine also plays an 

important role in the immune system where it acts as an immunoregulator for lymphocytes 

and monocytes. T-lymphocyte proliferation following its activation is highly dependent on 

the glutamine concentration in culture medium. The expression of CD25, C D 4 5 R O and 

CD71; and the production of T N F a and interferon-y by T-lymphocytes are glutamine-

dependent (Horig et al, 1993). 

The syntheses of cytokines in monocytes is also influenced by glutamine. 

Glutamine-depletion studies have shown that low glutamine concentration: (a) decreases 

the expression of human leukocyte antigen D R on monocytes by 40%> (Spittler et al, 

1995); (b) downregulates the expression of ICAM-1 (CD54), Fc receptor for 

immunoglobulin G (CD64), complement receptors type 3 (CD1 lb/CD 18) and type 4 

(CD1 lc/CD18) (Spittler et al, 1995); (c) affects the phagocytosis of opsonized Escherichia 

coli and ox erythrocytes; and, (d) impairs the maturation of myelomonocytic cells (Spittler 

et al, 1997). In addition, glutamine enhances IL-2, IL-10 and interferon-y production by 

increasing their respective m R N A (Yaqoob & Calder, 1998). 

Glutamine is also involved in the regulation of cell volume and protein metabolism. 

Administration of glutamine to hepatocytes stimulates anabolic processes within the cell, 

evidenced by increases in D N A , R N A and protein syntheses (Haussinger et al, 1994). Cell 

volume increased by 10 to 15%> during the anabolic state, while the catabolic state was 

characterized by cellular shrinkage (Haussinger, 1993). Glutamine increases the production 

of heat shock protein in cells (Sanders & Kon, 1991) and together, they influenced the ion 

transport across the cell membrane by the maintenance of the intracellular ion environment. 

Glutamine activates extracellular signal-regulated kinases and Jun nuclear kinases in 

intestinal lining cells via epidermal growth factor, which may explain some of glutamine's 

action on the regulation and intracellular signalling properties on cellular proliferation 

(Rhoadsera/., 1997). 

Harward and others (1994) have shown that preserves the concentration of 

glutathione within the intestine after IRI. Glutamine can be administered via enteral or 

parenteral route. Many animal studies have demonstrated the benefits of glutamine when 

given prior to IRI. Of particular interest is the reported ability to reduce 
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lipid peroxidation and upregulate the expression of superoxide dismutase and heme 

oxygenease as outlined in Table 1.8. 

References Study Result 

Harward 
etal, 1994 

Basoglu 
etal, 1997 

Prem, et al, 
1999 

Tamaki 
etal, 1999 

Masuko 
etal, 2002 

Ikeda et al., 
2002 

Rat intestine subjected to 30/60 
min warm ischaemia and 60 min 
reperfusion. IV 3 % glutamine at 
2 ml/h 24 hours pre-ischaemia. 

Rabbit intestine subjected to 
30/60 min warm ischaemia and 
60 min reperfusion. IV 204 m M 
glutamine at 4 ml/h for 24 hours 
pre-ischaemia. 

Rat skeletal muscle subjected to 
2 hours warm ischaemia and 
30/120 min reperfusion. 8 ml 3 % 
glutamine intraperitoneally over 
48 hours pre-ischaemia. 

Rat intestine subjected to 60 min 
warm ischaemia and 120 min 
reperfusion. IV 200 mM/kg 
glutamine at 0.5 ml/min was 
given 24 hours pre-ischaemia. 

Rat intestine subjected to 60 min 
warm ischaemia and 24 hours 
reperfusion. 

Rat intestine subjected to 30 min 
ischaemia and 72 hours 
reperfusion. 2%> glutamine in 
total parenteral nutrition at 4 to 
10 ml/24h for 5 days pre-
ischaemia. 

Intestinal G S H level was 
significantly increased by 
glutamine. 

Mucosal G S H was increased 
and total nitrite/nitrate was 
significantly reduced in 
glutamine-treated group. 

Total G S H was reduced in 
glutamine-treated and control 
rats. There was no significant 
different in the extent of lipid 
peroxidation in both groups. 

GSH level, superoxide 
dismutase activity and heme 
oxygenase 1 m R N A were 
significantly increased in 
glutamine-treated rats 

The expression of heme 
oxygenase 1 and the ratio of 
Bcl-2/Bax ratio were increased. 

Survival rate in rats that were 
treated with TPN-glutamine 
was higher than rats in the total 
parenteral nutrition group. 

Table 1.8 Experiments evaluating the role of glutamine therapy. 

N-acetylcysteine 

N-acetylcysteine (NAC) is a precursor of L-cysteine, an essential amino acid that contains a 

sulfhydryl group. It is a precursor of GSH and apart from being a structural component of 
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proteins, it is a scavenger. Aruoma et al, (1989) compared the scavenging properties of 

N A C with those of several oxidants and concluded that: N A C has poor scavenging 

properties against O2" and that it is a slow scavenger of H2O2, but it is an effective 

scavenger against H O C L . Other studies have shown that N A C confers protection against 

oxidant damage in isolated cells (Junod et al, 1987) and animal lungs in-vivo (Bernard et 

al, 1984). These effects are via its ability to maintain the intracellular concentration of 

GSH(Moldeus^a/.,1986). 

N A C is an anti oxidant; either through direct scavenging of free radicals, especially 

through molecules such as HOC1, or indirectly by increasing the intracellular G S H 

concentration (Weinbroum et al, 2000). Several studies have demonstrated the ability of 

N A C to improve oxygen delivery to tissues during reperfusion. For example, Harrison and 

others (1991) demonstrated that the infusion of N A C to patients with fulminant hepatic 

failure resulted in vasodilation with an increase in tissue oxygen extraction and 

consumption. Pretreatment with N A C also increased blood supply to the gut after IRI 

through vasodilatation (Sun et al, 2002). 

N A C can reduce leukocyte-endothelial interactions. It achieves this by: (a) 

suppressing the cytokine-stimulated expression of V C A M - 1 on endothelial cell by up to 

90%>; and, (b) inhibiting the binding of N F K B to the K B motif of V C A M - 1 promoter (Marui 

et al, 1993); and, reducing IL-1-stimulated expression of E-selectin (Faruqi et al, 1997). 

The protection conferred by N A C was believed due to its scavenging properties. In 1998, 

E-selectin expression can be inhibited by the antioxidant action of N A C (Rahman et al, 

1998). This is important because T N F a induces N F - K B activation and the resultant E-

selectin gene expression by a pathway that involves formation of R O S . 

The reduction in leukocyte-endothelial interaction is probably the result of R O S 

reduction by N A C . N A C abolishes the endothelial induction of ICAM-1 by about two-

thirds and almost completely abolishes the endothelial induction of V C A M - 1 . There effects 

are achieved by a reduction in R O S levels through the blockade of c-fos expression, which 

can be induced by cyclic strain and and oscillatory shear stress (Cheng et al, 1998; 

Chappel et al, 1998). A number of animal studies have evaluating the role of N A C to 

reduce the extent of tissue damage caused by IRI. These studies are outlined in Table 1.9 on 

the next page. 
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References Study Result 

Sochman, Dog heart subjected to 120 min 
et al, 1990 warm ischaemia and 120 min 

reperfusion. Intravenous 100 
mg/kg N-acetylcysteine (NAC) 
was given immediately before 
ischaemia. 

N A C reduced the incidence of 
ventricular fibrillation and the 
area of cardiac infarcts. 

Fukuzawa, Pig liver subjected to 2 hours 
et al, 1995 warm ischaemia and 1 hour 

reperfusion. IV 150 mh/kg 
N A C was given continuously 
for 60 min pre-ischaemia; and, 
20 min before reperfusion for 
60 min. 

ATP, bile output and survival 
were increased in NAC-treated 
group. N A C pre-ischaemia +/-
post-ischaemia helped to 
maintain G S H concentration 

Nakano, Rat liver subjected to 48 hours 
etal, 1995 of cold ischaemia and 2 hours 

reperfusion. 150 mg/kg N A C 
was administered into the 
portal vein prior to harvesting 
of the liver. 

N A C treatment reduced the 
extent of cellular injury. It 
increased the G S H output at 
the end of reperfusion. 

Tripathy, Dog heart subjected to 90 min 
et al, 1998 warm ischaemia and 4 hours 

reperfusion. IV loading dose of 
250 mg/kg N A C , followed by 
70 mg/kg for 3 hours. 

Cuzzocrea, Rat intestine subjected to 
et al, 2000 warm ischaemia and 

reperfusion; 20 mg/kg N A C 
was given IV 5 min pre-
ischaemia and 20 mg/kg/h at 
reperfusion. 

Sehirli, Rat kidney was subjected to 45 
et al, 2003 min warm ischaemia and 60 

min reperfusion. IV 150 mg/kg 
N A C was given 15 min pre-
ischaemia and at reperfusion. 

N o difference in infarct size, 
superoxide dismutase activity 
and G S H content. However, 
N A C treatment reduced the 
extent of lipid peroxidation. 

NAC reduced the migration of 
leukocytes by inhibiting the 
expression of I-CAM and P-
selectin. 

N A C protects the kidney from 
oxidative damage, and 
prevented the retention of 
serum creatinine and blood 
urea nitrogen. 

Table 1.9 Experiments evaluating N A C in IRI. 
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Glycine 

Glycine is the smallest of the amino acids with only one carbon atom. Its small size makes 

it an ideal component of molecules that contain tight spirals, such as collagen, or variable 

configurations, such as receptor sites. Its size also makes it a useful tool for changing 

osmolarity - fish that migrate between salt and fresh waters have a glycine pump 

mechanism within cells that allows them to remain isotonic. 

References Study Result 

Mangino, Dog kidney subjected to 48 hours 
et al, 1991 cold ischaemia and 1 hour 

reperfusion. Intraarterial flushing 
with cold Collins solution (with and 
without 50 mg/ml glycine) during 
organ retrieval. 

Mangino, Dog intestine subjected to 48 hours 
et al, 1996 of cold ischaemia and 1 hour 

reperfusion. Intraarterial flushing 
with cold Collins solution (with and 
without 0.375 mg/ml glycine) 
during organ retrieval. 

Iijima, Mouse intestine subjected to 20 min 
et al, 1997 warm ischaemia and 340 min 

reperfusion. Gastric gavage 
containing 200 mg/ml glycine was 
given 60 min pre-ischaemia. 

Ascher, Skeletal muscle in dogs were 
et al, 2001 subjected to 345 min of ischaemia 

followed by 75 min reperfusion. IV 
2.2% glycine was administered 15 
min pre-ischaemia. 

Omasa, Rat lung was isolated and subjected 
et al, 2003 to 15 hours of cold ischaemia 

fiollowed by 60 min reperfusion. 
Intra-arterial flushing with 50 
mg/ml glycine was performed 
during retrieval of the lung. 

Improved glomerular flitration 
rate and urine output. It also 
increased A T P production and 
the concentration of G S H . 

Improved O2 consumption, 
increased the fluid and protein 
flux, reduced both 
myeloperoxidase activity and 
leukotriene B 4 level. 

Reduced the extent of intestinal 
injury, the lung 
myeloperoxidase activity and 
mortality. 

Improved contractility and 
reduced myonecrosis. It 
preserved A T P content and the 
phosphocreatine level. 

Improved pulmonary function 
and reduced apoptosis and the 
T N F a level. 

Table 1.10 Experiments evaluating glycine in IRI. 
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Glycine is mainly use to reduce ischaemic injury, rather than reperfusion injury. 

Therefore, glycine has been used extensively in organ preservation and during organ 

transplantation. However, as the table on the next page demonstrates, glycine does appear 

to have a role in reducing the extent of reperfusion injury. 

1.4.6 Antithrombotic Agents 

The rationale for using heparin to salvage precarious flaps is based upon its anti-thrombotic 

properties (Renaud et al, 1996; Hataya et al, 1999). However, heparin also has three 

important anti-inflammatory actions (Wan et al., 2002). First, heparin binds to P and L 

selectin, which m a y reduce the passage of leucocytes from blood into tissues (Nelson et al., 

1993; Zhou et al, 2002). Second, heparin inhibits the activation of the pro-inflammatory 

transcription factor, the N F K B , thereby disrupting the inflammatory cascade (Thourani et 

al, 2000). Finally, heparin reduces the generation of reactive oxygen species from 

leukocytes (Dandona et al, 1999). 

Heparin has improved the survival of flaps in a number of animal models (Maeda et 

al, 1991; Li et al, 1993; Li et al, 1995). It can reduce the no-reflow phenomenon by 

diminishing the leukocyte-endothelial interaction at the post capillary venule, which results 

in a reduction of platelet aggregation and microthrombi formation. 

Clinical studies have also supported the judicious use of heparin. Local 

heparinization in 28 patients having a free myocutaneous flap of the latissimus dorsi muscle 

significant improved both the venous patency rate and the survival of flaps (Labosky, 

1991). The intra-arterial infusion of heparin and prostaglandins El resulted in survival of a 

flap survival of a free myocutaneous flap in 15 out of 16 high-risk patients (Matsuo et al, 

1992). Finally, a prospective study of 493 free-flaps constructed using microsurgery 

reported that subcutaneous heparin had a significant benefit in reducing the incidence of 

post operative thromboses within the flap (Khouri et al, 1998). 
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1.5 The General Objectives of this Thesis 

At the core of this thesis are two sets of experiments: 

1. The role of soluble T N F a receptor and ischaemic precoditioning in a mouse model 

of IRI (Section 2). The purpose of this study was to evaluate whether the 

administration of soluble T N F a receptor and/or the technique of ischaemic 

precoditioning could reduce the extent of IRI. 

2. The effect of glutathione precursors on IRI in a rat model (Section 3). The purpose 

of this study was to evaluate whether the administration of the amino acid 

precursors of glutathione could reduce the extent of IRI. 

Each of the interventions under evaluation - soluble TNF receptor, ischaemic 

precoditioning, and the amino acid precursors of glutathione - have the potential to be 

translated into clinically useful interventions. 

Perhaps on a more personal level, there was a strong desire to become proficient at a wide 

range of laboratory techniques because I did not have a background in laboratory research. 

A high priority has been given to problem-solving within the laboratory and the 

performance of investigations aimed at quality control. Furthermore, three pilot studies, 

which are included as appendices to this thesis, were performed whilst establishing the 

design of the studies. The specific aims for each set of experiments is provided at the start 

of each of the relevant sections. 
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CHAPTER 2 

THE ROLE OF 

SOLUBLE TNFa RECEPTOR 

AND 

ISCHAEMIC PRECONDITIONING 

IN A MOUSE MODEL 
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2.1 Aim 

The aim of this study was to examine the effects of: 

• Pretreatment with soluble TNFa receptor (sTNFR), and 

• Ischaemic preconditioning (IP) 

in BALB.B and BALB/c mice receiving a standard IRI to a lower limb on the: 

• Local response within skeletal muscle, and a 

• Remote response within peritoneal cells 

by measuring the response of biological modifiers related to the production of 

T N F a and nitric oxide. 

IL-lp was measured as an effector molecule likely to be downstream of TNF. 

IL-1 [3 has been implicated in IRI. BAT1 was assessed as a novel putative 

regulatory molecule (the BAT1 gene is next to TNFA). All m R N A 

measurements were undertaken using p-actin as the house keeping gene. 

The underlying hypotheses were that: 

• Pretreatment with sTNFR will diminish both the local and remote responses. 

• IP will diminish both the local and remote responses. 

• The combined effects of pretreatment with sTNFR and IP will be additive. 

• That the M H C congenic BALB.B and BALB/c mice will have divergent 

responses in both the local and remote sites because they differ in their T N F 

Block genes including BAT1. 

Details of sample sizes for the BALB.B and BALB/c mice, the sTNFR dosage regimen, the 

IP schedule, the timing of the various events, and a list of the endpoints for each type of 

tissue sample are included in the next section. 
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2.2 Study Design 

This study was approved by the Animal Ethics Committee at Royal Perth Hospital. 

BALB.B mice 
(N=24) 

' ' 

Acclimatization 
of animals 

Random 
allocation into 

groups 

1 ' 

Peritoneal cells 

mRNA TNFa 
mRNA BATl 
mRNA IL-1 p 
mF INA . UNU 5 

Lower limb warm 
ischaemia (1 hour) 

Reperfusion (24 hours) 

< • 

Animals euthanized 

i ' 

Harvesting of tissue and 
assessment of endpoints 

1 ' 

Blood 

Total serum 
nitrate/nitrite 

level 

BALB/c mice 
(N=24) 

*' 

Acclimatization 
of animals 

i ' 

Random 
allocation into 

groups 

1 ' 

Skeletal muscle 

mRNA TNFa 
mRNA BATl 
mRNA IL-1 P 

mr UN/* L 11NUO 

Figure 2.1 Study outline. There are four groups under study for each strain of mice: Control, 
Ischaemic preconditioning (IP), Soluble T N F receptor (sTNFR), and IP plus sTNFR. Hence, there 

are eight groups of mice under evaluation. 
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2.3 General Methods 

Specific pathogen-free young adult male BALB.B and BALB/c mice weighing between 

15g and 25g were obtained from the Animal Resources Centre (Murdoch University, W A ) 

and housed within the Research Centre at Royal Perth Hospital. They were acclimatized for 

one week whilst being housed in separate cages at contant temperature and humidity levels, 

given rat chow and water ad libitum, and exposed to 12 hours cycles of light and dark. 

The mice were anaesthetized by inhaling a 500 ml/min mixture of oxygen, nitrous 

oxide and halothane (50%:45%:5%). The mice from each strain (N = 24) were randomized 

into four groups using a blocked randomization strategy based on random numbers so that 

there were six mice in each group. The allocated treatments were administered prior to 

induction of lower limb ischaemia. Ischaemia was induced with a tourniquet on the left 

hind limb for 1 hour. The animals were then allowed to recover from general anaesthesia 

and recuperate withinin their own cages. Oral analgesia was provided by mixing 125g 

paracetamol / 100 ml of drinking water, which was available to the mice ad libitum. The 

mice were sacrificed after 24 hours and tissues were harvested for the assessment of the 

endpoints. 

2.3.1 The Interventions 

The four groups under study with the interventions: 

Group Intervention 

Nil 

T w o cycles: each cycle consisting of 10 minutes ischaemia 
and 10 minutes reperfusion. A silicone vessel loop was 
applied at the level of mid-thigh to induce ischaemia. 

Intravenous injection of sTNFR (Etanercept™) at 0.02 
mg/kg via dorsal mouse tail vein, 15 minutes prior to 

lower limb ischaemia. 

Intravenous injection of sTNFR (Etanercept™) at 0.02 
IP and sTNFR mg/kg via dorsal mouse tail vein, 15 minutes prior to 2 

cycles of IP. 

Table 2.1 The interventions. 

Ischaemia (ISCH) 

Ischaemic 
preconditioning (IP) 

Soluble TNF receptor 
(sTNFR) 
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T w o pilot studies were performed relating to the study design. The first study found that 

sTNFR administration to B A L B . B mice reduced F2-isoprostane levels in muscle after the 

induction of IRI (Appendix 1, Page 177). The second study concerned a comparison of 

T N F a expression after a lipopolysaccharide challenge in M H C congenic mice (Appendix 2, 

Page 178). 

2.3.2 Lower Limb Ischaemia 

The initial pilot attempt to induce total ischaemia to the hind limb was made by clamping 

the left femoral artery. This technique did not induce total ischaemia to the hind limb, 

because of the presence of collateral vessels. A capillary return test was positive in the toe 

pulp of the foot. This is consistent with a study of angiography of collateral vessels 

following ligation of the femoral artery in rats. They found a lack of necrosis to the lower 

limb, and the limb survived with the formation of collateral vessels (Wagner et al, 2004). 

Dissection and ligation of the femoral artery is invasive and time consuming for m y project. 

To achieve total ischaemia, a tourniquet made from silicone rubber (from a vessel-loop) 

was applied to the mid thigh of the left lower limb (the right lower limb remain perfused 

the entire experiment). This technique induced total ischaemia to the left lower limb (left 

gastrocnemius principally) and was also non-invasive and easy to perform. 

2.3.3 Harvesting of Tissues 

At the end of the study period, the mice were dissected to obtain peritoneal cells, a blood 

sample, and a portion of the left gatrocnemius muscle. 

Peritoneal Cells 

Peritoneal cells were harvested immediately before the mice were euthanised by bleeding. 

The peritoneal cavity was exposed via a lenthy midline abdominal incision. The anterior 

abdominal wall was retracted laterally to expose the extra-peritoneal surface of the parietal 

peritoneum. Cells were collected from peritoneum by injecting 5.0 ml of cold phosphate-

buffered saline into the peritoneal cavity through a direct puncture, just above the urinary 

bladder (Figure 2.2 see next page). The fluid-filled peritoneal content was agitated with a 

cotton bud for one minute. A direct needle puncture was made in the left lower quadrant 

close to the iliac crest, taking care to avoid the vessel running beneath the parietal 
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peritoneum. This was used to aspirate all of the fluid. After waiting five minutes; this 

process was repeated with a direct needle puncture in the right lower quadrant. The total 

volume of aspitated fluid was always in excess of 8.0 ml, but never exceeded 9.0 ml. Care 

was taken to avoid any contamination of the peritoneal fluid with blood. The phosphate-

buffered saline containing the peritoneal cells was then transferred in a sterile non-

pyrogenic Falcon tube and immediately placed on ice. 

Figure 2.2 The peritoneal cavity filled with phosphate-buffered saline. The thick arrow in the 
midline indicates the injection site for phosphate-buffered saline, whilst the two thin lateral arrows 

indicate the aspiration sites. 

Blood 

The pleural cavity was opened by extending the laparotomy incision through the sternum 

into the base of the neck. The pleural cavity was opened to expose the heart and collapsed 

lungs. A 1 ml syringe was used to directly puncture the distended right atrium and blood 

was then slowly aspirated. It is possible to consistently obtain between 0.8 and 1.0 ml of 

blood using this method. The blood sample was then transferred into a 1 ml Eppendorf tube 

and left to stand on ice for 2 hours. The coagulated blood was centrifuged at 2,500 rpm for 

15 minutes at 4 °C. The supernatant was then transferred into 200 pL Eppendorf tubes and 

stored in a -80 °C freezer. 
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Skeletal Muscle 

The right and left hindlimbs were degloved to expose the left and right gastrocnemius 

muscles. Both gastrocnemius muscles were released and divided from its origin to its 

insertion. Gastrocnemius muscles (left gastrocnemius was subjected to ischaemia; right 

gastrocnemius was not subjected to ischaemia) from both hindlimbs were divided into 

equal portions for total R N A extraction. The muscle tissue was snap frozen with liquid 

nitrogen and stored in a -80 °C freezer. 

2.3.4 Statistics 

Based on our previous studies, there were 6 mice in each group. This was estimated to 

reliably test a 2 5 % difference in outcome between the groups with a power > 80%. This 

difference approximates the zone that demonstrates biological relevance. Data were stored 

in Microsoft Excel. All statistical analyses were performed using Microsoft Excel™. Data 

were expressed as mean +/- standard error of the mean (SEM). This reflects an interest in 

the mean values of the groups, rather than the dispersal of measurements around the mean 

values. The Student's t-test was used to compare the means between groups. Significant 

was defined as the probability of a Type I Error of less than 5%. Statistical significance was 

defined as the probability of a Type I Error of less than 5%. 
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2.4 Assay Techniques 

The assays described below are common to experiments described in Section 2 

(Investigations of IRI in the mouse hind limb) and Section 3 (Investigations of IRI in rat 

jejunum). 

2.4.1 Expression of m R N A 

This section details the reverse transcription process that was a necessary precursor to the 

RT-PCR assay. Two methods of detection are described - the detection of amplicons using 

the conventional S Y B R Green for real time RT-PCR assay in rat model and a pre-designed 

D N A hybridization probe was used to detect very low concentrations of m R N A (for TNFa 

and IL-113) in the mouse model. 

Total RNA Extraction from Tissue Samples 

One ml Tri-Reagent® (Sigma) was added to approximately 100 m g tissue sample in a glass 

tube and the mixture was homogenized with Ulfraturrax™ homogenizer for 20 to 30 

seconds. The mixture was left to stand at room temperature for 15 minutes. Subsequently, 

200 pL chloroform (Sigma) was added (per ml Tri-Reagent used) and the mixture was 

vortexed for 30 seconds. It was left to stand for 15 minutes on ice. The mixture was again 

centrifuged at 10,000 rpm for 5 minutes at 4°C (Eppendorf™ Centrifuge 5414 C), resulting 

in the formation of three phases; the top aqueous phase containing RNA, the intermediate 

D N A phase and the red organic/protein phase at the bottom. The top aqueous layer was 

carefully transferred into a fresh 1 ml Eppendorf™ tube and 500 pL isopropanol (Sigma) 

was added. The aqueous mixture was vortexed for 10 seconds and left to stand on ice. To 

isolate the R N A pellet, the aqueous mixture was centrifuged at 12,000 rpm for 5 minutes at 

4°C. Total R N A pellet was flushed with 7 5 % high grade ethanol, and can be stored in 

100%ethanolat-20°C. 

Total RNA Extraction from Peritoneal Cells 

Total R N A extraction from fresh cells was performed using RNeasy® kits from Qiagen™. 

Cells collected from peritoneal lavage were lysed by adding 350 pL R L T buffer. The cell 
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pellet was loosen by flicking the tube and was then homogenized with QIAshredder® spin 

column (Qiagen™). A n equal volume of 7 0 % ethanol was added to the homogenized cells 

and mixed thoroughly. The sample mixture was transferred into an RNeasy mini column in 

a 2 ml collection tube and centrifuged for 15 seconds at 12,000 rpm. The flow-though 

liquid was discarded and 700 pL buffer R W 1 was added into the RNeasy® column. The 

tube was then centrifuged for 15 seconds at 12,000 rpm. The flow-through liquid and 

collection tube were discarded and the column was placed into a new collection tube and 

500 pL of Buffer R P E was added into the column. The tube was centrifuged for 2 minutes 

at 12,000 rpm. The RNeasy® column was then placed into 1.5 ml collection tubes and the 

R N A was eluted by adding 30 pL of RNase-free water. The collection tube was centrifuged 

for 1 minute at 12,000 rpm and the eluted total R N A was stored at -80 °C. 

Total RNA quantitation and purity 

The R N A pellet was dissolved in 20-50 pL nuclease-free water. The water volume was 

adjusted to ensure R N A was dissolved. The total R N A concentration was measured using 

Nanodrop® spectrophotometer (ND-1000, BioRad). 
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Figure 2.3 Quantitative analysis of RNA. One pL of neat R N A was placed on 
the Nanodrop uv absorbance pedestal. 

The absorbance were analysed to calculate the R N A concentration and purity. A 

A260:A280 ratio of 1.7 or less indicates that the R N A is contaminated with D N A . For this 

experiment, R N A samples with high purity (A260:A280 > 1.8) were used. Contaminated 

samples were treated with DNase kit to remove the D N A contaminant. 

The integrity of total R N A was assessed by 2 % agarose gel electrophoresis. A 

dilution of R N A was made by adding 10 pL of neat R N A to an appropriate volume of 

nuclease-free water to make a 100 ng per pL R N A solution. The neat and diluted R N A 
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were stored at -80 °C. Total R N A < 50 ng/pL was not diluted and was used neat for reverse 

transcription. 

Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to determine the size of P C R amplicons and the 

integrity of R N A from ischaemic tissue. Agarose is a linear polymer made from alternating 

residues of D- and L-galactose, joined by a-(l->3) and P-(l->4) glycosidic linkage. 

Gelation of agarose results in three-dimensional mesh of channels whose diameters range 

from 50 n m to >200 n m (Norton et al, 1986). 

High grade agarose was used to sieve and separate D N A molecules based on their 

size as they migrate along an electrical field. In this regard, a linear D N A fragment of a 

given size migrates at different rates through gels containing different concentrations of 

agarose. The various conformations of the D N A - superhelical circular (form I), nicked 

circular (form II) and linear (form III) - migrate through agarose gels at different rate. The 

rate of migration of linear DNA-dye complex through gels is reduced by 1 5 % compared to 

linear D N A (Sharp et al, 1973). Also, higher voltage results in faster D N A migration. The 

optimum resolution of D N A fragments that are more than 2 kb require less then 5-8 V/cm. 

The technique used was as follows. T B E stock buffer (5x) was made by dissolving 

54 g Tris base, 27.5 g boric acid and 20 ml 0.5M E D T A [pH 8.0]. T B E working buffer (x 

0.5) was prepared by diluting the T B E stock buffer 1 in 10 with double-distilled water. 8 g 

of Agarose (Promega) was added to 400 ml T B E working buffer (x 0.5). The mixture was 

then heated to dissolve the gel and 10 pL ethidium bromide (10 mg/mL) was added for 

every 200 ml molten gel. The open-ends of plastic gel trays were sealed with tape and 

molten agarose gel was poured into a horizontal plastic tray and a comb was mounted to 

create multiple uniform wells. The gel was allowed to set for 45 minutes at room 

temperature before removing the sealing tapes and placing the plastic trays into the 

electrophoresis tank. 

T B E working buffer was poured into the electrophoresis tank to cover the gel to a 

depth of 1 m m . 2 pL 6x Blue-Orange gel-loading buffer (Promega) was set on paraffin tape 

and was mixed with 10 pL 100 ng/pL D N A ladder (1 kb ladder, Invitrogen). This mixture 

was loaded on the first well in the gel as control to estimate the size of samples D N A . The 

process were repeated with gel-loading buffer and loaded in the subsequent wells. A 

voltage of 1-5 V/cm was applied to separate the D N A for 45 minutes. The gel was 
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visualized under uv light. Bands in sample were compared with bands from D N A ladder to 

estimate the size. 

Reverse Transcription 

RT-PCR assay cannot use R N A as a template and so it has to be converted into 

complementary D N A (cDNA) using reverse transcriptase (RT). RT derived from an RNA-

containing retrovirus is a multifunctional enzyme with three distinct enzymatic activities: 

an RNA-dependent DNA polymerase, a hybrid-dependent exoribonuclease (RNase H) and a 

DNA-dependent DNA polymerase. The two most commonly use RT are avian myelomatosis 

virus reverse transcriptase (AMV-RT) and Moloney murine leukemia virus reverse 

transcriptase (MMLV-RT). AMV-RT is more robust than MMLV-RT (Brooks et al, 1995), 

but the latter is more suitable for amplification of full-length c D N A molecules because it 

has lower RNase Hactivity (DeStefano et al, 1991). 

Omniscript™ (Qiagen) i?rkits were used for total R N A between 50 ng and 2 pg, 

while Sensicript™ 7?rkits were used when the total R N A was less than 50 ng. Oligo-dT 

primers were used to maximize the number of m R N A molecules that can be analysed that 

were specific to poly-A tail R N A . RNase inhibitor was added to prevent R N A degradation 

during the process. 

Real Time PCR 

Real time RT-PCR was used to quantify the levels of TNFa, IL-lp, iNOS, BATl and p-

actin (the house keeping gene). iNOS, BATl and J3-actin P C R amplicons were detected 

using the S Y B R Green which binds non-specifically to double-stranded D N A . TNFa and 

IL-ip were quantified using Quantitect® D N A probes. This method was preferred because 

the level of TNFa and IL-ip m R N A were very low in mouse tissue, even after stimulation 

and upregulation of the genes. 

Polymerase chain reaction (PCR) is a process where by many copies of D N A 

fragment are made through repeated cycles of denaturing, annealing and extension from the 

D N A of interest using optimized reagents and the enzyme D N A polymerase. In real time 

P C R the accumulation of the amplified product is continuously monitored during cycling 

by monitoring the changes in the fluorescence within the P C R tube (Livak et al, 1995). 

The expression of a particular gene can be detected and quantified through the 

amount of its transcription product, the m R N A . The m R N A level can be quantified by 

northern blotting and in situ hybridization (Parker et al, 1999), RNase protection assays 

75 



(Saccomanno et al, 1992), c D N A arrays (Bucher et al, 1999) and the reverse transcription 

P C R (RT-PCR) (Weis et al, 1992). Each method has its advantages and disadvantages 

(Bustin, 2000). 

RT-PCR requires conversion of m R N A to its complementary D N A (cDNA) 

through reverse transcription. P C R reactions require a thermostable DNA-dependent D N A 

polymerase. There are several enzymes that differ in their processivity, fidelity, thermal 

stability and ability to read modified triphosphate (Adams & Kelly, 1994; Perler et al, 

1996). A n enzyme Taq polymerase, from a bacterium Thermus aquaticus, is often used. 

Taq polymerase catalyzes the template-directed synthesis of D N A from nucleotide 

triphosphates and has a 5'-3' nuclease activity but lacks a 3'-5' proofreading exonuclease 

activity, and hence has low fidelity. Other thermostable DNA-dependent D N A polymerases 

are Vent polymerase (or Tli polymerase, from the bacterium Thermococcus litoralis) and 

Pfu polymerase (from the bacterium Pyrococcus furiosus). These enzymes have the 3'-5' 

proofreading exonuclease activity. Taq polymerase has maximal catalytic activity at 75 °C 

to 80 °C, and substantially reduced activites at lower temperatures. At 37 °C, Taq 

polymerase has only about 1 0 % of its maximal activity. Also, imbalances in the nucleotide 

triphosphate mixture can reduce polymerase fidelity (Eckert & Kunkel, 1991). 

Magnesium ions (Mg ) play an important role in the activity of Taq polymerase. It 

forms soluble complexes with dNTPs to produce the actual substrate that the polymerase 

recognizes and increases the melting temperature (Tm) of double-stranded D N A . 

Therefore, high concentrations of dNTPs interfere with polymerase activity and effect 
94- 94-

primer annealing by reducing free M g . M g concentration and annealing temperature 

must be optimized prior to any P C R assay. 

Annealing temperature (Td) is defined as a temperature at which 5 0 % of the primers 

are annealed to their target sequence and can be calculated by the following equation 

(Wallace et al, 1987): Td = 4(G + C) + 2(A + T), where A,T,G and C are the numbers of 

those bases in the primer. Since Td depends on the primer's nucleotide content, it can be 

calculcated. The recommended annealing time is 1 minute. However, for small volume 

reactions (10-25 pL) this can be reduced to 30 seconds (McPherson, 1995). For quality 

control, the P C R product is resolved by electrophoresis on 2 % agarose-ethidium bromide 

gels with the amplicon size and unwanted products visualized under uv light. 
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Primer Design 

Primers are 18-25 base pair oligonucleotides designed to match the desired target gene to 

be amplified. They should have virtually no homology to any other sequences in the 

template mixtures (McPherson, 1995). For RT-PCR, primers should span separate exons to 

avoid amplification of contaminating genomic DNA. Primer design can be done manually 

or computer-assisted software i.e. OLIGO (Molecular Biology Insights, Cascade, CO, 

USA, http://oligo.net). The design is based on estimated Tm and the desire for small 

amplicon size. The optimal length for single stranded primers is about 15-20 bases and G/C 

content should be between 50 to 70%. The Tm for each primer (sense and antisense) should 

not differ by more than 1-2 °C. In general, primer concentrations range between 50 to 200 

nM (high concentrations may promote accumulation of non-specific product). 

Primer Sequence * °j „„. Amplicons 

BATl F 5'-AGAGGCTCTCTCGGTATCA-3' 3.0 62.0 262 bp 

R 5'-GCTGATGTTGACCTCGAAA-3' 

iNOS F 5'-GCCTCATGCCATTGAGTTCATCAACC-3' 3.0 62.0 372 bp 

R 5 '-GAGCTGTGAATTCCAGAGCCTGAAG-3' 

pactin F 5'-TGGAATCCTGTGGCATCCATGAAAC-3' 3.0 62.0 349 bp 

R 5'-TAAAACGCAGCTCAGTAACAGTAAG-3' 

Table 2.2 Primers used in the mouse model. [Mg] = Magnesium concentration (mM); At = 
Annealing temperature (°C); F = Sense primer; R = Anti sense primer. 

94-

P actin served as a housekeeping gene was purchased from Qiagen. The Mg 

concentration and annealing temperature of each set of primers were optimized. Similarly, 

the mouse BATl (Allcock et al, 2006) and iNOS (Baylis et al, 1999) primers were 

designed and purchase from Promega™. These m R N A are quite abundant in the cell, so I 

used SYBRGreen to detect the amplicons. 

The mouse TNFa and IL-ip were very low in mouse tissue, even after IRI and a 

pre-design D N A hydridization probe for each primer was purchased from Qiagen™. These 
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primers were already optimized by the manufacturer and, hence, there was no need to 
9-1-

change the M g concentration and the annealing temperature. 

Instrumentation and Chemistry 

All RT-PCR was performed on a Rotor-Gene™ 2000 (Corbett-Research, Australia). It is a 

real-time thermal cycling system for D N A amplification and hybridization. The instrument 

has two rotor options; a 36-well rotor that hold up to 36 x 0.2 m L microfuge tubes and a 

72-well rotor that hold up to 72 x 0.1 ml, a specially-design mini-tube with cap. There are 

two detection modules, allowing multiplexed samples to be run. 

The operation of Rotor-Gene™ involves a high-powered L E D that strobes the tube 

spinning at 500 rpm. The rotor spins in a closed chamber where the ambient temperature is 

regulated with high precision. Temperature levels and times can be programmed to suit 

specific requirements during amplification. DNA-binding dyes such as S Y B R Green I emit 

signal when they bind to double-stranded D N A (dsDNA), and as D N A amplicons 

accumulate during each cycle, the signal strength increases proportionately. Fluorescent 

signals emitted from the samples were collected by a photomultiplier. These signals were 

interpreted using the supplied computer software that averaged the energy of each sample 

over a number of revolutions. 

Detection of PCR Amplicons 

There are three techniques used to detect amplified product in RT-PCR; DNA-binding 

dyes, D N A hydridization probes (Molecular beacons, Strategene), and hybridization plus 

hydrolysis probes (Wittwer et al, 1997). Only the first two were used in this thesis. D N A -

binding dye is the simplest method of detecting amplified product. S Y B R Green I binds to 

d s D N A through intercalation and external binding. This dye is weakly fluorescenct in its 

free-state, but during elongation increasing amounts of dye intercalate with the nascent 

dsDNA. Real time monitoring increases the fluorescent signal during polymerization. The 

specificity is determined entirely by its primer as non specific d s D N A also binds to the dye. 

The identity of the product is checked by plotting fluorescence as a function of temperature 

to generate a melting curve of the amplicon (Ririe et al, 1997). This was done at the end of 

the P C R cycle by increasing the temperature above the Tm until all D N A denatures, and 

then letting it cool to the ambient temperature. 

Molecular beacon (Startagene) is a D N A hybridization probe that forms a stem-and-

loop structure; the loop portion of the molecule is complementary to the target nucleic acid 
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molecule and the stem is formed by the annealing of complementary arm sequences on the 

ends of the probe sequence (Tyagi & Kramer, 1996). The probe comprises a fluorescent 

marker at one end and a quencher (non-fluorescence chromophobe) at the other. It adopts a 

hairpin structure and the stem keeps the arms in close proximity, resulting in the quenching 

of the fluorophore. The loop has a specific sequence designed to bind to specific target 

D N A and when it encounters the complementary target D N A at annealing temperature, 

conformational transition occurred that forces the stem apart, resulting in a stable 

probe/target hybrid. This separates the fluorophore and the quencher, leading to the 

restoration of fluorescence. Hybridization and fluorescence will not occur if 

there is a mismatch between the target D N A and the probe. Hence, this method is 

probe/target specific. The disadvantage of this method is the difficulty in designing the 

probe itself. Suboptimal design leads to false positive results and may generate large 

background signals. 

Quantiprobes™ (Qiagen) employed similar principles as D N A hybridization 

probes. The probe design, however, differs from molecular beacon (Stratagene). 

Quantiprobes™ are sequence-specific dual-labeled probes with a fluorophore at the 3' end 

and a non fluorescence quencher and a minor groove binder at the 5' end (prevents 

hydrolysis of the Quantiprobe™ by the 5'-3' exonuclease activity of Taq polymerase). It 

has modified bases, known as Superbases in the Quantiprobe™ sequence, to increase 

annealing efficiency and enable successful detection of difficult templates. It has no 

complementary arms sequences on the ends of the probe sequence, therefore, does not 

take the form of hairpin-like structure. However, in its free state, both ends are in close 

proximity to quench the fluorescence signal. W h e n Quantiprobes™ hybridize to its target 

sequence during the P C R annealing step, the fluorophore and quencher separate and a 

fluorescence signal is generated. In this thesis, all P C R products were detected using S Y B R 

Green I except for mouse T N F a and IL-ip m R N A s . The expressions of these m R N A s were 

too low to be detected using conventional DNA-binding dye methods. Therefore, specific-

D N A hybridization probes for mouse T N F a and IL-ip were purchased from Qiagen. 
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Figure 2.4 Detection of P C R amplicons using unbound S Y B R Green 

Internal Standard (Housekeeping Gene) 

A n internal standard or housekeeping gene corrects for differences in the amounts of tissue 

used to extract R N A . Genes that are expressed at a constant level in all cells, irrespective of 

the experimental treatment, are ideal internal standards. Ideally, sample to sample variation 

is corrected by amplifying the target gene and the housekeeping gene simultaneously 

(Karge et al, 1998). Here a chosen house keeping gene w a s amplified in all samples and 

quantified (in duplicates) initially. Samples that expressed very low or very high house 

keeping gene in comparison with the normalized value were discarded and reverse 

transcription w a s performed to obtained n e w c D N A to replace the erroneous sample. 

80 



There are three housekeeping genes that are commonly used to normalize patterns 

of gene expression; P-actin, glyceraldehydes-3-phosphate-dehydrogenase (GAPDH) and 

ribosomal R N A (18S or 28S rRNA). p-actin m R N A is expressed at moderately abundant 

levels in most types of cells. However, the level of transcription can vary over time. This 

has been demonstrated in human breast epithelial cells responding to drugs (Spanakis, 

1993), blastomeres (Krussel et al, 1998), porcine tissues (Foss et al, 1998), canine 

myocardium (Carlyle at al, 1996) and rat gut mucosae (Yamada et al, 1997). 

GAPDH m R N A is moderately expressed in most tissue and remains constant at 

different times and after experimental manipulation (Winer et al, 1999). However, there is 

some evidence against the use of GAPDH as a housekeeping gene (Thellin et al, 1999). 

GAPDH expression varies during pregnancy (Cale et al, 1997) and can increase after 

administration of drugs such as insulin (Barroso et al, 1999), dexamethasone (Oikarinen et 

al, 1991), growth hormone (Freyschuss et al, 1994) and vitamin D (Desprez et al, 1992). 

Other conditions such as hypoxia (Zhong & Simons, 1999) and oxidative stress (Ito et al, 

1996) also induced GAPDH transcription. 

rRNA is expressed most abundantly in tissues and constitute 85-90%) of total 

cellular R N A . It has been shown to be reliable housekeeping gene in rat liver (de Leeuw et 

al, 1989), human skin fibroblasts (Mansur et al, 1993) and mouse malignant cell lines 

(Bhatia et al., 1994). However, its use is limited in samples with enriched m R N A (rRNA 

lost during purification), in samples subjected to reverse transcription using oligodT as a 

primer (rRNA has no poly-A tail), and in sample with very low target m R N A (rRNA is 

expressed at much greater level, resulted in very low ratio number between target gene and 

housekeeping gene levels). 

After taking all the above into consideration, G A P D H and P-actin were used as a 

housekeeping gene in the rat and mouse tissues, respectively. In this thesis, G A P D H was 

used as housekeeping gene in the rat model. The oxidative stress that was subjected to the 

animal was not long enough to cause changes in the expression of particular gene. P-actin 

was used as a housekeeping gene in the mouse model. 

Quantitect® Probe PCR assay 

For this purpose, mouse TNFa and IL-ip Quantiprobe™ ( F A M Quantitect® D N A 

Expression Assay, Qiagen) were purchased. Quantitect® D N A expression assay contained 

a pre-design probe specific to its respective target D N A (e.g. T N F a and IL-lp). This assay 
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is used together with Quantitect® Probe P C R Master Mix, containing HotStarTaq® D N A 

polymerase, Quantitect® Probe P C R buffer, dNTP mix including dUTP, R O X ™ (passive 

reference dye) and 8 m M MgC^. The kit also comes with RNase-free water. Amplification 

was performed on thermocycler RotorGene™ 2000. The Quantitect® PCR Master Mix, 

Quantiprobe® and sample c D N A were thawed and placed on ice and a master mix was 

prepared as followed: 

Component 

Master mix 

2x Quantitect® Probe 

P C R Master Mix 

Quantitect® F A M 
expression assay (TNFa or 

Nuclease-free water 

Sample c D N A 

Total volume 

DNA 
IL-IP) 

Volume per 
reaction 

10 pL 

2 pL 

3 pL 

5 pL 

20.0 pL 

Comments 

[Mg2+] in PCR master 
mix was optimized by 
manufacturer 

1 in 4 dilution 

PCR mixtures were placed on 0.1 m L tubes. A tube containing PCR mixture without 

sample c D N A was added as control. The thermocycler was programmed to run for 45 

cycles as indicated: 

Cycles 1 2 to 44 

94 * 56 76 
Temperature (°C) ** 95 (denaturing) (annealing) (extension) 

Duration (sec) 900 15 30 30 

Annealing temperature was optimized by manufacturer. Thermocycler was 
programmed to analyze fluorescence signal (FAM) emitted during annealing. 

Incubation period step to activate HotStarTaq® polymerase. 
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D N A standards were prepared from purified P C R amplicons. A linear standard 

curve was constructed from cycle threshold (Ct) value calculated from amplified D N A 

standards (in serial dilutions). A correlation was obtained and target m R N A copies were 

calculated, as was the ratio between targets m R N A to the P-actin. 

Real time RT-PCR assay using SYBR Green I 

RT-PCR was performed using Platinum® Taq D N A polymerase kit purchased from 

Invitrogen™. The kit comes with Platinum® Taq polymerase, lOx P C R buffer (without 

M g ) and 50 m M M g C ^ . Amplifications were performed on thermocycler RotorGene™ 

2000 and analysed with the software provided. In this technique lOx Taq buffer (200 m M 

Tris-HCl [pH 8.4] and 500 m M KC1), dNTP mix (16 m M ) , sense and antisense primers 

(100 n M each), MgCl 2 (20 m M ) , Platinum® Taq polymerase (5 units/pL), S Y B R Green I 

(1 in 15 dilution), sample c D N A (1 in 4 dilution) and nuclease-free water were thawed and 

placed on ice. The master mix: 

Component 

Master mix 

1 Ox PCR Buffer 

Sense primer (100 nM) 

Antisense primer (lOOnM) 

dNTP mix (16 m M each) 

SYBR Green I 

Platinum® Taq polymerase 

* MgCl2 (20 m M ) 

Nuclease-free water 

Sample cDNA (1 in 4 dilution) 

Total volume 

* The Mg2+ concentration was optimized 

Volume per Reaction 

2.0 pL 

2.0 pL 

2.0 pL 

1.0 pL 

1.0 pL 

0.3 pL 

2.5, 3.0 or 3.5 pL 

Added to make a final 
volume of 15 pL 

5pL 

20.0 pL 

for each different set of primer. 
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P C R mixtures were placed in 0.1 m L tubes. A tube containing P C R mixture without 

sample c D N A was added as control. The thermocycler was programmed to run for 30 

cycles as follows in the table below: 

Cycles 

Temperature 
(°C) 

Duration 
(sec) 

1 

94 
95 

(denaturing) 

300 30 

2 to 29 

* 60-64 
(annealing) 

20-30 

** "12 

(extension) 

30 

End cycle 

60 to 94 to 
generate 

melting curve 

10 sec per 
unit °C 

* For every new set of primers, Mg 2 + concentration and annealing temperature were 
optimized accordingly. Melting curve was analysed 
amplified. 

** Thermocycler 
emitted during 

to ensure specific product was 

was programmed to analyze fluorescence signal (SYBR Green I) 
extension. 

For quality control, the melting curve was analysed. Melting curves provide information on 

the identity of the amplicon. For example, p-actin has a melting temperature of 94 °C, and 

anything lower may suggest non-specific amplicon. If there was inconsistency in the 

expected melting temperature, P C R amplicons were resolved by electrophoresis on 2 % 

agarose gels. 

Purification of PCR Amplicons for DNA Standards 

The absolute amount of the target c D N A was determined using external standards. At least 

5 different known concentrations of the standard was measured and analyzed using linear 

regression (R2 value of more than 0.9 demonstrate high correlation between concentration 

and number of copies). Several types of D N A can be used as standard (e.g. Plasmid D N A , 

Genomic D N A , P C R amplicons/products). Here, P C R amplicons was purified and the final 

concentration was measured. Serial dilutions were made and amplified in duplicate to 

obtain a standard curve. P C R amplicons were purified with UltraClean™ P C R Clean-up™ 

Kit ( M O BIO Lab Inc). A serial dilution (in duplicate) of 1 in 10 was made from the stock 
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solution. These dilutions were used as standard for absolute quantitation in real time RT-

P C R assay. 

In this technique 5 volumes of SpinBind (supplied with the kit) were added to one 

volume of P C R product (e.g. 500 pL SpinBind to 100 pL P C R product) and were mixed 

thoroughly. The mixture was transferred into a spin filter unit (supplied with the kit) and 

the tube was centrifuged at 14,000 r.p.m for 30 sec. The spin filter basket was removed and 

the liquid flow-through in the collecting tube was discarded. The spin filter basket was 

placed back in the same collecting tube. 300 pL SpinClean buffer (supplied with the kit) 

was added and the tube was centrifuged at 14,000 r.p.m for 30 sec. The spin filter basket 

was removed and the liquid flow-through in the collecting tube was discarded. The spin 

filter basket was placed back in the same collecting tube. The tube was centrifuged at 

14,000 r.p.m for 60 sec. The spin filter was removed and placed on a new collecting tube. 

50 pL of Elution buffer (supplied with the kit) was added into the spin filter, directly onto 

the center of the white spin filter membrane. The tube was centrifuged at 14,000 r.p.m for 

60 sec and the final collected flow-through fluid was measured for D N A concentration with 

Nanodrop® spectrophotometer (ND-1000, BioRad). 

20 

TO 

0 
l10A-9 |10A-8 i10A-7 |10A-G i10A-5 |10A-4 |10A-3 |10A-2 |10 Concentration 

Figure 2.5 The DNA standard curve for GCLC (R2=0.995). 

Optimization of Real Time RT-PCR 

Optimization of real time RT-PCR is crucial to ensure reproducibility and validity of 

results. Briefly, a real time RT-PCR assay was performed on c D N A template with a set of 

primer at different M g 2 + concentrations. The amplification was performed for 30 cycles 

with denaturing temperature at 94 °C, annealing temperature at 60 °C and extension at 

72°C. A melting curve was generated at the end of cycle and was analysed. A high melting 
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temperature (90.0-95.0 °C) usually indicates a single specific product has been amplified. 

However, low melting temperature (<90 °C) or multiple peaks may indicate amplifications 

of non-specific or multiple products, respectively. Subsequently, the PCR products were 

resolved on 2% agarose gel to identify the number and size of amplicons. If multiple 

bands/amplicons or primer-dimers appeared on the gel, the optimization process was 

repeated, and a higher annealing temperature was applied for the next run. Below is a 

flowchart of the steps involved in the optimization of real time RT-PCR. 

Primers of 
interest (sense 

and antisense) 

PCR Master Mix: 
Buffers, Taq 
polymerase, dNTPs, 
SybrGreen I, cDNA 
kidney 

[Mg2+] at 
(A)l.OmM 
(B)1.5mM 
(C) 2.0 m M 
(D) 2.5 m M 
(E) 3.0 m M 
(F) 3.5 m M 
(F) 4.0 m M 

Amplification for 30 cycles 
Denature at 94 °C for 15 s 
Annealing at 58, 60, 62 or 64 °C for 30 s 
Extension at 72 °C for 30 s 

T 
Serial dilution of 
purified PCR product 
and quantitation of 
sample with optimized 
[Mg ] and annealing 
temperature 

Analysis of the 

melting curve 

T 

1 

PCR products 
resolved on 2 % 
agarose gel. 

Purification 
of PCR 

product 

T 
Single, 

specific band 

Re-optimization of 
Mg2+ concentration 

or annealing °C 

1 
Non specific 
product or 

primer-dimer 

Figure 2.7 The optimization of real time RT-PCR. 
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2.4.2 Total S e r u m Nitrate/Nitrite 

Total nitrate/nitrite colorimetric assay was performed using a kit from Cayman Chemical. 

N O cannot be measured directly with this assay. However, N O undergoes a series of 

reactions with several molecules to generate nitrate (NO3") and nitrite (NO2") as end product 

as illustrated below: 

O N 0 2 " + FT 

K* 
NO. 

NO 

02 

N204 + H20 

N 0 2 " + N 0 3 " 

N 0 2 

N 2 0 3 + H 2 0 

2N02" 

Figure 2.8 The NO2" and NO3" pathway. 

The principle of this assay was to measure the absorbance of azo chromophore, an 

end product of nitrite with Griess Reagent (supplied with the kit). The first step was to 

convert all nitrates to nitrite by utilizing nitrate reductase. The second step was to convert 

all nitrite into a deep purple azo compound by adding Griess Reagent. 

Serum samples (at -80 °C) were thawed at room temperature and ultrafiltered using 

Ultrafree® - M C centrifugal filtration unit (10 k D molecular weight cut-off filter, Amicon). 

The ultrafilter was pre-rinsed with MilliQ water and 500 pL serum was introduced into the 

filter basket and ultracentrifuged (100,000 g, 30 minutes). The assay buffer, nitrate 

reductase, enzyme cofactors and nitrite/nitrate standards were prepared according to 

manufacturer's instructions. A nitrate standard curve was made by diluting 200 p M nitrate 

standard. A serial of 5 p M dilution of 80 pL volume was placed on the 96-well plate as 

outlined in next page. 
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96-well 
plate 

A1,A2 

B1,B2 

C1,C2 

D1,D2 

E1,E2 

F1,F2 

G1,G2 

H1,H2 

Nitrate 
standard 
(HL) 

0 

5 

10 

15 

20 

25 

30 

35 

Assay 
buffer 
(HL) 

80 

75 

60 

55 

50 

45 

40 

35 

Final nitrate 
concentration 

(pM) 

0 

5 

10 

15 

20 

25 

30 

35 

Table 2.3 Serial dilutions of nitrate standard in a 96-well plate. 

In this technique 200 pL assay buffer was used as blank and pipetted into a 96-well plate. 

80 pL sample (40 pL plasma were diluted with 40 pL MilliQ water) and placed accordingly 

in the 96-well plate (in duplicate). 10 pL of the enzyme cofactor mixture was added to each 

well (standards and samples), followed by 10 pL of the nitrate reductase mixture. 

Total nitrate standard cu\e 

o 0.2 0.4 0.6 

Ate (540 nm) 

Figure 2.9 The standard curve for total nitrate. Perfiormed in duplicate; y-axis = the concentration 
of nitrate & x-axis = the uv absorbance value at 540 nm (y = 40.115x - 0.1408; R2=0.998). 
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The plate was covered and incubated for 3 hours at room temperature. 50 pL Griess 

Reagent Rl (supplied with the kit) was added followed immediately by 50 pL Griess 

Reagent R 2 (supplied with the kit) to each well (standards and samples). The plate was left 

to stand for 10 minutes to allow for color development. Absorbance at 540 n m was read 

using plate reader. Standard curve was plotted and the unknown total nitrate/nitrate was 

calculated from the normal curve. 
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2.5 Results 

Using the protocol described in Section 2.2,1 determined whether IRI without intervention, 

IRI with intervention (IP, sTNFR or combination) or T N F (H2) genotype affect the levels 

of cytokine m R N A s in gastrocnemius muscle and peritoneal cells. 

2.5.1 TNFa Expression 

Skeletal muscle (muscle subjected to IRI) 

Muscle subjected to IRI from BALB.B mice treated with sTNFR had significantly reduced 

expression of TNFa compared with untreated IRI group (ISCH). Muscle subjected to IRI 

from BALB.B mice that received IP with sTNFR pretreatment (IP+sTNFR) had 

significantly reduced TNFa expression as compared to IP-alone treatment (p=0.033). 

2 

100 

80 

60 

40 

20 

DISCH I IP D sIT-FR • IP+sTNFR DISCH BIP OsTTsFR D IP+sTNFR 

BALB.B (muscle) 

Treatment 

ISCH 

IP 

sTNFR 

IP+sTNFR 

BALB.B (skeletal muscle) 

N 

6 

6 

6 

6 

Mean+SE 

2.9±0.5 (*) 

3.5±0.5 (#) 

1.2±0.2(*) 

2.0±0.6 (#) 

P 

-

0.195 

0.006 

0.139 

B lALB/c (muscle 0 

BALB/c (skeletal muscle) 

N 

6 

6 

6 

6 

Mean+SE 

65±24 

58±15 

57±11 

42±9.3 

P 

-

0.400 

0.384 

0.189 

Figure 2.10 TNFa expression in skeletal muscle (TNF and p actin ratio x 10,000) 

ISCH=Ischaemia Only; IP=Ischaemic preconditioning; sTNFR=soluble TNF receptor; 

IP+sTNFR=Combinations of IP and sTNFR; (*,#)=significant difference between indicated groups, 
p<0.05. 
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Peritoneal Cells 

In BALB.B mice, IP and sTNFR (individually or in combination) marginally reduced the 

mean T N F a m R N A expression in peritoneal cells. However, this difference did not achieve 

statistical significance. The same trend was evident in BALB/c mice. 

250 

200 

150 

100 

50 

__ . 

^^^^^^m T 
• 

I I I ^ I 

D ISCH • IP • sTNFR D IP+sTNFR 

B ALB.B (peritoneal cells) 

400 

300 

200 

100 

I ISCH IIP QsTNFR DIP+ETHA 

BALB/c (peritoneal cells) 

Treatment 

ISCH 

IP 

sTNFR 

IP+sTNFR 

BALB.B (peritoneal cells) 

N 

5 

4 

5 

4 

Mean+SE 

133+92 

23+7.3 

21+5.0 

8.8+1.9 

P 

-

0.166 

0.132 

0.138 

BALB/c (peritoneal cells) 

N 

6 

6 

6 

6 

Mean+SE 

298+99 

219+75 

161+48 

111+42 

P 

-

0.271 

0.122 

0.057 

Figure 2.11 TNFa expression in peritoneal cells (TNF and (3 actin ratio x 10,000). 

ISCH=Ischaemia Only; IP=Ischaemic preconditioning; sTNFR=soluble TNF receptor; 

IP+sTNFR=Combinations of IP and sTNFR. 
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2.5.2 B A T l Expression 

Skeletal Muscle (left gastrocnemius) 

The expression of BATl was significantly increased in muscle from mice treated with 

sTNFR when compared to untreated ischaemic group. However, this treatment had no 

effect on BATl expression in muscle from BALB/c mice. Similarly, IP did not affect 

expression of BATl m R N A from muscle subjected to ischaemia. 

60 

50 

40 

30 

20 

10 

DISCH DSTTNFR • P+STTNFR 

200 •-

150 •-

100 --

50 -

0 

T 

1 
T 

BALB.B (skeletal muscle) 

O ISCH • P D sTNFR D IP+STNFR 

BALB/c (skeletal muscle) 

Treatment 

ISCH 

IP 

sTNFR 

IP+sTNFR 

BALB.B (skeletal muscle) 

N 

6 

6 

6 

6 

Mean±SE 

34+3.7 (*) 

44+7.6 

45+4.0 (*) 

39+3.8 

P 

-

0.138 

0.039 

0.199 

BAI 

N 

6 

6 

6 

6 

.JB/C (skeletal 

Mean±SE 

173+42 

152+16 

202+15 

159+12 

muscle) 

P 

-

0.316 

0.249 

0.371 

Figure 2.12 The BATl expression in skeletal muscle (BATl and P-actin ratio x 10,000). 

ISCH=Ischaemia Only; IP=Ischaemic preconditioning; sTNFR=soluble TNF receptor; 

IP+sTNFR=Combinations of IP and sTNFR; (*)=statistical significant between indicated groups. 
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Peritoneal Cells 

Neither IP treatment nor sTNFR affected BATl expression in peritoneal cells from either 

mice strain. 

6 

5 

4 -

3 

2 

1 

o II --
I 

• ISCH • IP D sTNFR D P+sTNFR 

350 

300 

250 

200 

150-

100 

50 

0 

T 

D ISCH • P D sTNFR O P+sTNFR 

BALB.B (peritoneal cells) BALB/c (peritoneal cells) 

Treatment 

ISCH 

IP 

sTNFR 

IP+sTNFR 

BALB.B (peritoneal cells) 

N 

5 

4 

5 

4 

Mean±SE 

3.2+2.0 

1.9+1.0 

3.5+2.8 

1.6+0.6 

P 

-

0.308 

0.460 

0.256 

BALB/c (peritoneal cells) 

N 

6 

6 

6 

6 

Mean±SE 

253+55 

289+52 

294+61 

219+53 

P 

-

0.323 

0.318 

0.335 

Figure 2.13 The BATl expression in peritoneal cells (BATl and P-actin ratio x 10,000). 

ISCH=Ischaemia Only; IP=Ischaemic preconditioning; sTNFR=soluble TNF receptor; 

IP+sTNFR-Combinations of IP and sTNFR. 
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2.5.3 IL-ip Expression 

Skeletal Muscle (gastrocnemius) 

There was no significant change in the IL-ip expression following either IP or sTNFR 

treatment in muscle from either strain. There was a significant decreased in IL-ip 

expression in muscle from BALB.B mice that received combination IP and sTNFR 

treatment when compared to the group that received IP treatment alone (p=0.03). 

1400 

1200 

1000 

800-

600 

400 

200 

0 

i::= 
I ISCH IIP D sTNFR D IP+sTNFR 

450 

400 

350 

300 

250 

200 

150 

100 

50 

0 

[- J 

*fr 

---

B A L B . B (skeletal muscle) 

D ISCH • IP D sTNFR D IP+sTNFR 

BALB/c (skeletal muscle) 

Treatment 

ISCH 

IP 

sTNFR 

IP+sTNFR 

BALB.B (skeletal muscle) 

N 

6 

6 

6 

6 

Mean+SE 

761+490 

186+56 (#) 

33+13 

48+19 (#) 

P 

-

0.136 

0.089 

0.092 

BALB/c (skeletal 

N 

6 

6 

6 

6 

Mean+SE 

259+135 

105+30 

69+20 

263+118 

muscle) 

P 

-

0.179 

0.130 

0.492 

Figure 2.14 IL-ip expression in skeletal muscle (IL-1 and P-actin ratio x 10,000). 

ISCH=Ischaemia Only; IP=Ischaemic preconditioning; sTNFR=soluble TNF receptor; 

IP+sTNFR=Combinations of IP and sTNFR; (#)=statistical significant between indicated groups. 
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Peritoneal Cells 

There was no significant difference in IL-ip expression in peritoneal cells from BALB.B or 

BALB/c that received IP or sTNFR treatment. However, there was a significant different in 

IL-ip expression between BALB.B mice that were IP-treated when compared to 

combination IP and sTNFR treated (p=0.035). Similar trends were observed in IL-ip 

expressions between two strains of mice in regards to type of treatment. 

400 

350 

300 

250 

200 

150 

100 

50 

0 

# 

• • • 
. J 

# 

DISCH I IP D sTNFR D IP+sTNFR 

BALB.B (peritoneal cells) 

DISCH • P DsTNFR D P+sTNFR 

BALB/c (peritoneal cells) 

Treatment 

ISCH 

IP 

sTNFR 

IP+sTNFR 

BALB.B (peritoneal cells) 

N 

5 

4 

5 

4 

Mean+SE 

259+135 

105+30 (#) 

69+20 

263+118 (#) 

P 

-

0.179 

0.130 

0.492 

BALB/c (peritoneal cells) 

N 

6 

6 

6 

6 

Mean+SE 

374+149 

210+83 

165+59 

356+220 

P 

-

0.183 

0.115 

0.473 

Figure 2.15 IL-ip expression in peritoneal cells (IL-1 and P-actin ratio x 10,000). 

ISCH^Ischaemia Only; IP = Ischaemic preconditioning; sTNFR = soluble TNF receptor; 

IP+sTNFR=Combinations of IP and sTNFR; (#)=statistical significant between indicated groups. 

N O T E : A similar pattern of IL-1 P m R N A expressions was noted in both muscle and 

peritoneal cells from both strains, with an exception to the combination IP and sTNFR-

treated group in muscle from BALB.B. 
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2.5.4 i N O S Expression 

There was no significant difference in the iNOS expression in skeletal muscle from 

BALB.B mice in any of the treatment groups. However, in BALB/c, there was a significant 

increased in iNOS expression in left gastrocnemius (subjected to ischaemia) as compared to 

right gastrocnemius (perfused normal muscle) in the same mouse (two groups of mice are 

shown here, a group without intervention (ISCH) and with IP treatment (IP)). 

800 

600 

400 

200 

2.0 

IN(ISCH) BN(IP) DISCH DIP • sTNFR D IP+sTNFR 

BALB.B (skeletal muscle) 

1.5 

1.0 

0.5 

0.0 i 

II-

DN(ISCH) "N(IP) DISCH DIP • sTNFR • IP+sTNFR 

BALB/c (skeletal muscle) 

Treatment 

N(ISCH) 

N(IP) 

ISCH 

IP 

sTNFR 

IP+sTNFR 

N 

6 

6 

6 

6 

6 

6 

BALB.B strain 

iNOS p 

389+92.5 

348+53.9 

359+152.7 

508+104.1 

352+41.5 

370+63.7 

0.436 

0.101 

-

0.219 

0.483 

0.474 

BALB/c strain 

iNOS p 

0.57+0.09 (*) 

0.57+0.09 (#) 

1.28+0.23 (*) 

1.46+0.18 (#) 

1.40+0.28 

1.08+0.21 

0.014 

0.001 

-

0.282 

0.380 

0.268 

Figure 2.16 iNOS expression in muscle (iNOS and P actin ratio x 1,000). 

N(ISCH)=Right gastrocnemius of ischaemia group; N(IP)=Right gastrocnemius of IP group; 

ISCH=Ischaemia Only; IP=Ischaemic preconditioning; sTNFR=soluble TNF receptor; 

IP+sTNFR=Combinations of IP and sTNFR. (*,#)=statistical significant between indicated groups. 
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2.5.5 Serum Total Nitrate/Nitrite 

There was no significant difference in mean value of total serum nitrate/nitrite between the 

control group and any of the treatment groups in either BALB.B or BALB/c mice. 

350 

300 

E 
2 250 

200 

CD 

O 150 

E 
o 
O 100 

E 
50 

ISCH IP 

• BALB/b 

sTNFR IP+sTNFR 

BALB/c 

Treatment N 
BALB.B mice 

Mean+SE p 

BALB/c mice 

Mean+SE p 

ISCH 202+53.9 178+22.3 

IP 207+52.6 0.474 166+20.6 0.342 

sTNFR 238+79.3 0.222 129+20.5 0.066 

IP+sTNFR 6 182+38.9 0.384 169+24.6 0.391 

Figure 2.17 Serum total nitrate/nitrite. ISCH=Ischaemia Only; IP=Ischaemic preconditioning; 
sTNFR=soluble TNF receptor; IP+sTNFR=Combinations of IP and sTNFR. 
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sTNFR treatment has no effect on the expression of iNOS or the serum total nitrate/nitrite. 

Similarly, IP treatment did not alter the expression of iNOS and the serum total 

nitrate/nitrite. The expression of iNOS in right gastrocnemius (normal muscle) from 

BALB.B mice was significantly higher as compared to BALB/c mice. iNOS expression in 

muscle from BALB.B was not effected by ischaemia, however, in BALB/c, iNOS 

expression was significantly higher in ischaemia muscle as compared to the normal muscle. 

2.5.6 Summary 

In comparison between BALB.B and BALB/c mice, previous studies suggest that BALB.B 

mice produce higher levels of TNFa then BALB/c mice. These studies (Matthews, 2001) 

were performed over 4 hours after LPS stimulation and were repeated in this project (see 

Appendix 2, on Page 178). Equivalent differences in TNFa and IL-ip were not seen in the 

IRI model. This is attributed to the longer time period (24 hours) and more moderate 

stiumulation involved. The finding highlights the need for detailed kinetic studies. 
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Figure 2.18 Summary of the results for BALB.B mice. 

t= increase; l=decrease; -o>=no changes; * as compared to non-treated ischaemia (ISCH). 
Note: IL1 showing a small decrease under most treatments as the results were highly 

consistent even though individual T-tests showed differences at p < 0.10. 
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Figure 2.19 Summary of the results for BALB/c mice. 

t=increased; i=decrease; <-^=no changes; 

* as compared to non-treated ischaemia (ISCH). 

The key findings are: 

1. Differences in the TNF genes carried by BALB/c and BALB.B mice affect the 

expressions of T N F a and IL-lp m R N A in mice with IRI. 

2. Soluble TNF receptor (sTNFR) reduced TNFa and increased BATl mRNA 

expression in skeletal muscle from BALB.B mice. 

3. Neither soluble TNF receptor nor ischaemic preconditioning had any observed 

effect in iNOS expression in muscle or peritoneal cells from either strain of mice. 

Neither soluble T N F receptor nor ischaemic preconditioning had any observed 

effect on peritoneal cells from either strain of mice. 
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CHAPTER 3 

THE EFFECT OF GLUTATHIONE 

PRECURSORS ON REPERFUSION 

INJURY IN A RAT MODEL 
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3.1 Aim 

The aim of this study was to examine the effects of intravenous infusions of 

the amino acid precursors of glutathione 

• Glycine, 

• Glutamine, 

• N-acetylcysteine, and 

• An equimolar mixture of these amino acids, 

at the time of reperfusion in inbred Wistar rats receiving a standard IRI to 

jejunum: 

• Local response within jejunum, and a 

• Remote response within the lung 

This was achieved by measuring the the extent of IRI as evidenced by 

• The amount of tissue damage as measured by histopathology and the 

tissue concentration of reduced glutathione and F2- isoprostane, 

• The oxidative stress as indicated by the expression of glutamate cysteine 

ligase was assessed as a marker for cellular response against oxidative 

stress (the regeneration potential of this response was examined by 

measuring the expression of the catalytic and modifier subunits of this 

enzyme), 

• The cytokine response as indicated by the expression of T N F a m R N A . 

All m R N A measurements were undertaken using G A P D H as the house 

keeping gene. In addition, the effect of intravenous glutathione precursors on 

blood pressure response following declamping was assessed by measuring 

systolic and diastolic blood pressures at five minutes interval for thirty 

minutes. 
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The underlying hypotheses were that: 

• The infusion of intra-venous glycine during the reperfusion phase after jejunal 

ischaemia would reduce the extent of IRI both in the jejunum and within a 

remote organ (lung). 

• The infusion of intra-venous glutamine during the reperfusion phase after 

jejunal ischaemia would reduce the extent of IRI both in the jejunum and 

within a remote organ (lung). 

• The infusion of intra-venous N-acetylcysteine during the reperfusion phase 

after jejunal ischaemia would reduce the extent of IRI both in the jejunum and 

within a remote organ (lung). 

• The infusion of an intra-venous equimolar mixture of glycine, glutamine, and 

N-acetylcysteine during the reperfusion phase after jejunal ischaemia would 

reduce the extent of IRI both in the jejunum and within a remote organ (lung). 

• The expression of the genes of the catalytic and modifier subunits of glutamate 

cysteine ligase ( G C L C & G C L M ) will reflect the extent of the cellular 

response against oxidative stress both in the jejunum and within a remote organ 

(lung) after jejunal ischaemia. 

• The expression of T N F a will reflect the extent of the cellular response against 

oxidative stress in the jejunum. 

• The systolic and diastolic blood pressure response to IRI of the jejunum during 

the reperfusion phase will be influenced by the infusion of glycine, glutamine, 

N-acefylcysteine, and an equimolar mixture of these amino acids. 
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3.2 Study Design 

This study was approved by the Animal Ethics Committee at Royal Perth Hospital. 

Acclimatization of 
animal 
(N=48) 

I 
Cannulation of carotid and jugular vessels and 

continuous blood pressure monitoring 

I 
30 min 

stabilization 

I 
Laparotomy and isolation of 

splanchnic artery 

I 
Sham 
(N=8) 

I 
Control 

(N=8) 

I 
GLY 
(N=8) 

I 
GLU 
(N=8) 

I 
NAC 
(N=8) 

1 
MIX 
(N=8) 

Clamping of splanchnic artery 

for 45 min 

I 
Reperfusion and the 

beginning of treatment 

infusion for 60 minutes 

I 
Animal 

euthanized 

I 
Endpoints 

Figure 3.1 A flow chart of the study design. Sham = Sham operated; G L Y = Glycine; 

G L U = Glutamine; N A C - N = N-acetylcysteine; M I X = Equimolar mixture of glycine, 

glutamine and N-acetylcysteine. 
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It is necessary to have a set of outcome events that document the extent of IRI. Although 

histopathology provides visual evidence of the damage, it is not a quantitative 

measurement. So, the concentration of F2- isoprostane (jejunum and lung), glutamate 

cysteine ligase activity (jejunum and lung), and reduced glutathione (lung) have been 

adopted as markers of the extent of oxidative damage in IRI. 

The other endpoints reflect the hypotheses under evaluation. The effects of 

administering the various amino acids has been observed on: (a) the expression of the genes 

of the catalytic and modifier subunits of glutamate cysteine ligase ( G C L C & G C L M ) in 

both the jejunum and the lung; and (b) the expression of T N F a within the jejunum. 

ho 
I_/I1U[JU1X1LO 

1' 

Jejunum 

F2-isoprostane 
Glutamate cysteine ligase activity 

"Reduced" glutathione 
GCLC mRNA 
GCLM mRNA 
TNFa mRNA 

1' 

Lung 

F2-isoprostane 
Glutamate cysteine ligase activity 

"Reduced" glutathione 
GCLC mRNA 
GCLM mRNA 

Figure 3.2 The study endpoints. 

The effect of infusing the intravenous glutathione precursors on the blood pressure response 

after declamping has also been assessed in this set of experiments. Details of the animal 

model, the blood pressure measurements, the amino acid dosage regimens, the timing of the 

various events, and the harvesting of tissue samples are included in the next section. 
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3.3 General Methods 

Specific-pathogen free inbred adult male Wistar rats (Rattus norwegicus) weighing between 

350g and 450g were obtained from the Animal resources Centre (Murdoch, W A ) and 

housed within the Research Centre at Royal Perth Hospital. They were acclimatized for one 

week whilst being housed in separate cages at constant temperature and humidity levels, 

given rat chow and water ad libitum, and exposed to 12 hours cycles of light and dark. 

The rats were anaesthetized by inhaling a 500 ml/min mixture of oxygen, nitrous 

oxide and halothane (50%:45%:5%). The rats (N = 48) were randomized into six groups 

using a blocked randomization strategy based on random numbers so that there were eight 

rats in each group. The rats were then weighed (treatment dose is weight-dependent) and 

anaesthetized with 50 mg/kg intra-peritoneal phenobarbitone. The neck and the abdomen 

were shaved and the rats were then placed supine on a warm dissecting board. 

3.3.1 Cannulation of Vessels 

The site of the incision was infiltrated with 0.5 ml of 1 % lignocaine. A midline 

incision was made just below the menti and the left carotid artery was exposed by retracting 

the sternohyoid and sternocleidomastoid muscles laterally. The carotid artery is easily 

identified deep to these muscles where it is closely related to the vagus nerve. 

A sterile polyethylene tube, 0.8 m m in diameter, was connected to a 'blunted' 28G 

needle and primed with heparinised saline (100 IU/ml). A n arteriotomy was made in the 

carotid artery and the beveled-end of the cannula was inserted into the lumen of the artery. 

The cannula was then secured with a 6/0 silk suture and 0.1 ml of heparinised saline was 

injected through the cannula (this is illustrated on the next page). Patency was tested by 

observing pulsatile backflow within the cannula. The arterial cannula was connected to a 

transducer for blood pressure and pulse rate monitoring. 

Cannulation of the carotid artery can be accompanied by spasm, and this was 

accompanied by the recording of a low blood pressure. It became evident that minimal 

handling of the artery was mandatory to prevent vessel spasm. If the initial attempt to 

cannulate the artery resulted in arterial spasm then several infusions of heparinised saline 
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(5000 IU heparin in 500 ml normal saline) were required to achieve patency of the vessel. 

However, this has two disadvantages. First, too many injections could result in a volume 

overload. This was prevented by only using minimal volumes - the osmolarity of rat plasma 

(290 m o s m ) is slightly higher than that of normal saline (285 mosm ) , and this may lead to 

an intracellular shift of fluid. Second, heparin has an anti-reperfusion property and, 

although this less important in short-term reperfusion studies than in the long-term outcome 

of flaps, it could potentially confound the results of the experiment. As an alternative local 

infiltration with 2 % lignocaine was used to induce vasodilatation, but the results were 

variable and unpredictable. The final solution was to avoid handling the carotid artery and 

to manage any arterial spasm using minimal amounts heparinised saline and lignocaine. 

This technique was mastered before starting the experiments. 

Figure 3.3 (A) Midline incision and exposure of carotid artery; and (B) The carotid 
artery embraced by two silk sutures. 

Dissection of the jugular vein was time consuming because of its inconsistent 

location. The vein does not accompany the artery, but lies imbedded within subcutaneous 

connective tissue anterolateral to the sternocleidomastoid. Cannulation of vein was also 

more difficult because of its tortuous course and the presence of several tributaries. Once 

the dissection was completed, a sterile polyethylene tube, 0.8 m m in diameter, was inserted 

into the lumen of the vein and secured with a single 6/0 silk suture. The cannula was 

primed with heparinised saline (100 IU/ml) and connected to a 10 ml syringe fitted onto an 

infusion p u m p (Datex Model 110). 
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3.3.2 Preparation of the Splanchnic Artery 

A midline abdominal incision was made to enter the peritoneal cavity. The splanchnic 

artery was identified by locating the thickened white band that anchored the duodeno

jejunal junction to the colon and posterior abdominal. It was embedded in the fatty tissue, 

together with the portal vein and lymphatic vessel, medial to the thickened white band as 

illustrated below: 

Figure 3.4 Identification of splanchnic artery in the rat: (A) The thickened band (double white 

arrow) that anchored the duodenojejunal junction to the posterior abdominal wall; 

(B) The thickened band was released; (C) Fatty tissue was dissected to expose the splanchnic 

artery (short white arrow); and, (D) The splanchnic artery. 

The main concern when dissecting was to avoid perforation of the adjacent lymphatic 

vessels, which leads to spillage of 'milky' lymph and this hinders the dissection. The 

branches of the splanchnic artery were identified and hemostasis of minor bleeding was 

secured by compression. Obstacles encountered during the pilot dissections included 

slipped arterial cannulae, low blood pressure and pulse rate reading (probably due to 

vasovagal response), bleeding, and sudden death due to aspiration as evidenced by 

generalized inflammation of the lungs at autopsy. 
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3.3.3 T h e Interventions 

All of the rats had cannulae inserted and were prepared for an infusion. The groups under 

study are listed below along with their allocated intervention: 

Group Intervention 

Sham No IRI or treatment infusion. 

Control Infusion of normal saline at 4 ml/kg/h 

G L Y Infusion of 250 m M glycine at 4 ml/kg/h 

G L U Infusion of 250 m M glutamine at 4 ml/kg/h 

N A C Infusion of 250 m M N-acetylcysteine at 4 ml/kg/h 

M I X Infusion of an equimolar solution of glycine, glutamine 
and N-acetylcysteine (250 m M each) at 4 ml/kg/h 

Table 3.1 The intervention for each group. 

All of the rats - except for those in the sham operation group - were subjected to 45 

minutes of ischaemia and 60 minutes of reperfusion to jejunum. Rats in these groups then 

received either a specific amino acid solution or saline intravenously for 60 minutes 

commencing at the end of the peroiod of ischaemia. 

The infusions started when the tissues were being reperfused immediately after the 

end of the period of ischaemia. One hour of reperfusion for the gut was preferred as longer 

period can result in sepsis. Translocation of bacteria occurs when the gut barrier is breeched 

during ischaemia and reperfusion (Tsunooka et al, 2004). A breakdown in the barrier 

function of the gut can result in endotoxin leakage into the portal circulation. Endotoxin is a 

potent inducer of T N F a and, hence, high level of endotoxin in portal vein may activate the 

Kupffer cells in the liver to release massive amounts of TNFa. The gut bacterial load can be 

reduced with bowel preparation and 24-hours fasting; however, the latter may alter the 

expression G A P D H and p-actin (Yamada et al, 1997), making them unsuitable as internal 

standards. 
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Optimization of amino acid dosage and reperfusion time 

Solutions of L-glycine, L-glutamine and N-acetylcysteine were prepared by dissolving 

equimolar amounts of the amino acids non-pyrogenic sterile water. These mixtures were 

maintained between 285 and 300 m o s m by the addition of sodium chloride. 

The dose volume was fixed at 1 ml and this was administered over one hour. This 

was decided upon after testing infusions of 1.0 ml, 2.0 ml and 3 ml/hour. These volumes 

are within the range that is appropriate for rats. A n infusion rate at 1 ml/hour did not alter 

the blood pressure or the pulse rate of the rat. This preliminary experiment was crucial to 

prevent volume overload and at the same time, maintained the osmolarity and therapeutic 

level of amino acid solution. The osmolarity is important because of the suggestion that 

hyperosmolarity of plasma is associated with an attenuation of IRI (Oredsson et al, 1994). 

Finally, the decision was made to administer 250 m M of each amino acid intravenously at a 

rate of 4 ml/kg/hour. 

3.3.4 Harvesting of Tissues 

A lung and a segment of jejunum were dissected from each rat and washed with cold saline. 

A 15 cm jejunal segment (with duodenojejunal junction as a point of origin) was retrieved. 

The jejunal lumen was flushed with cold saline several times and the mesenteric border was 

slit open. Using a microscope glass slide, the jejunal mucosa was scraped and transferred 

into a 50 ml Falcon tube, which was then placed on ice. 

Figure 3.5 Isolation of the jejunal mucosa. A - The mesenteric border of a jejunum 

was slit open; B - The musoca was scraped with a glass slide. 
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A midline thoracotomy was made to induce pneumothorax. The collapsed lungs 

were dissected at the hilum. Both lungs were placed in cold saline, in a 50 ml Falcon tube. 

All tissue samples were cleaned, prepared and kept on ice at all time and homogenized 

within 30 minutes of harvesting to minimize cellular degradation. Tissue samples were 

weighed, placed in 50 ml Falcon tubes and tissue was homogenized in buffer (1 in 4 

volume) containing 50 m M imidazole and 10 m M MgCl2 (pH 7.4). Homogenates were 

stored on ice and processed within 1 hour. After centrifugation (2,500 rpm for 15 minutes 

at 4°C), the supernatant was transferred into 2 ml Eppendorf tubes and re-centrifuged at 

15,000 rpm for 20 minutes at 4 °C. The final supernatant was transferred into a fresh 2 ml 

Eppendorf. In the rest of this section, this is referred to as the "homogenate". 

3.3.5 Histopathology 

Tissue sections were fixed and stained with haematoxylin and eosin by the Histopathology 

Department, Royal Perth Hospital. Normal jejunum has four distinct layers: the outer 

serosal layer, the muscularis proria, the submucosa and inner mucosal layer. Jejunum 

subjected to IRI (45 min ischaemia / 60 min reperfusion) sustained a loss of mucosa with 

denudation, distortion of villi, and exfoliation of cells into the lumen. 

Figure 3.6 Normal jejunum stained with haematoxylin and eosin (magnified 40X) 
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Figure 3.7 Jejunum with IRI stained with haematoxylin and eosin (magnified 40X) 

3.3.6 Blood Pressure 

Blood pressures were monitored continuously from the beginning of ischaemia until the 

end of reperfusion. Systolic and diastolic blood pressures (BP) were recorded 5 minutes 

before reperfusion (declamping), at the time of declamping and at every 5 minutes interval. 

The blood pressure response was determined by comparing the systolic and diastolic B P at 

the time of declamping with each of the B P recorded at 5 minutes interval over 30 minutes 

period, in each respective group. The responses were plotted in a graph to determine the 

trend and the rate of response between control and treatment groups. 

3.3.7 Statistics 

Based on our previous studies, there were 8 rats in each group. This was estimated to 

reliably test a 2 5 % difference in outcome between the groups with a power > 80%. This 

difference approximates the zone that demonstrates biological relevance. Data were stored 

in Microsoft Excel All statistical analyses were performed using Microsoft Excel. All 

statistical analyses were performed using Microsoft Excel™) for analysis. Data were 

expressed as mean +/- standard error of the mean (SEM). This reflects an interest in the 

mean values of the groups, rather than the dispersal of measurements around the mean 

values. The Student's t-test was used to compare the means between groups. A non 
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parametric Wilcoxon signed-rank test was performed on the blood pressure between the 

time of declamping and each subsequent 5 minutes interval after declamping. The test was 

performed using Analyse-It™. Statistical significance was defined as the probability of a 

Type I Error of less than 5%. 
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3.4 ASSAY TECHNIQUES 

3.4.1 F2-Isoprostane 

This assay was performed on jejunum and lung tissue to measure the extent of lipid 

peroxidation (Roberts & Morrow, 1994). In essence, F2-isoprostane was isolated by 

extraction, hydrolysis, and purification before being subjected to derivatization and 

quantitation. 

Cryopreserved tissue samples were weighed, thawed and blotted-dry. The tissues 

were then divided into portions that weighed approximately 100 m g before being placed 

into dried glass tube: 5 ml of cold Folch solution (chloroforrmmethanol 2:1 v/v and 0.005% 

butylated hydroxytoulene) were then added to each tube. The resulting mixture was 

homogenized for 1 minute at room temperature and 5 ng d4-8-isoprostane was added to act 

as the internal standard. The mixture was then centrifuged at 2,500 rpm for 10 min at 4°C. 

The top aqueous phase was removed and the organic phase was transferred into dried glass 

tube. The air within the tubes was then displaced with nitrogen before sealing the glass 

mouths of the tubes. The sealed, dried organic phase was stored between -20 and -80 °C. 

The stored supernatants for isoprostane assay were thawed and dried under nitrogen. 

The dried organic extract was re-constituted with 1 ml of 1 5 % KC1 and 1 ml of 100%) 

methanol. The mixture was incubated for 1 hour at 45°C before the addition of 5 ml of 100 

m M K P O 4 buffer [pH 4.0]. The tubes were then placed on ice and the p H adjusted to 3.0 

with 5 M HC1. Isoprostane was purified with 2 steps chromatography using Sep-Pak CI 8 

(Waters Corp) and Sep-Pak silica (Waters Corp). 

The final extract was dried under N2. 40 pL 10%» pentafluorobenzylbromide ester 

(in acetonitrile) and 20 pL 10%> N,N-diisopropylethylamine (in acetonitrile) were added 

into the dried organic extract. The mixture was vortex and left standing at room 

temperature for 30 min. The mixture was re-dried under nitrogen. 20 pL of N,0-

bis(trimethyl-silyl) trifluoroacetamide + 1%> trimethylchlorosilane (BSTFA + 1%. T M S ) 
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and 10 pL pyridine (redistilled) were added into dried organic extract. The mixture was 

vortexed, heated to 45 °C for 20 min and re-dried under nitrogen. The dried sample was re

constituted by adding 25 pL 2,2,4-trimethylpentane. The final sample was injected into gas 

chromatography and mass spectrometry for separation and detection of each prostaglandins 

component. Area under the peak of each component (including standard) was calculated. 

F2-isoprostane purification steps with Waters Sep-Pak Cig (filtration and separation): 

Chemical Vacuum Event 

5 ml methanol 

5 ml H 2 0 pH 3.0 

Sample from step 3 

10mlH2O[pH3.0] 

10 ml acetonitrile:water 

(15:85 v/v) 

10 ml petroleum spirit 

10 ml ethyl acetate :petroleum 
spirit (50:50 v/v) 

Collection into dry glass tubes 

Small spatula of M g S 0 4 anhydrous 

Centrifuged at 2500 rpm for 2 min 

No vacuum 

Slow vacuum 

No vacuum 

Slow vacuum 

Slow vacuum 

Slow vacuum 

No vacuum 

Priming of column 

Drying of sample 

F2-isoprostane purification steps with Waters Sep-Pak silica (filtration and separation): 

Chemical Vacuum 

~ 10 ml of collected samples from N o vacuum 

Sep-Paks Cis separation. 

5 ml H 2 0 [pH 3.0] N o vacuum 

Sample from step 3 No vacuum 

10mlH2O[pH3.0] 

10 ml acetonitrile:water (15:85 v/v) 

Event 
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3.4.2 R e d u c e d Glutathione 

Reduced glutathione is a low molecular weight ( L M W ) thiol. It was measured together with 

other L M W thiols such as cysteine and y-glutamylcysteine during separation and detection 

of thiol-bimane conjugate by HPLC. 

Briefly, 100 pL homogenate was added to 400 pL enzymatic reaction mixture, and 

immediately, 50 pL 5%> trichloroacetic acid was added to the mixture. This represent the 

"zero minute" G C L assay, as opposed to the addition of 5%> trichloroacetic acid after 15 

minutes incubation at 37 °C. The product of "zero minute" G C L assay (after conjugation 

with monobromobimane) will reflect the level of L M W thiol in cells/tissues. Reduced 

glutathione can also be measured by direct conjugation of monobromobimane with 

homogenate, followed by separation and detection by HPLC. However, the addition of 400 

pL enzymatic reaction mixtures and immediate addition of 50 pL 5%o trichloroacetic acid to 

the homogenate will standardize all assays that require H P L C separation. Furthermore, the 

Y-glutamylcysteine in cell had to be excluded in the G C L assay (by substracting the 

concentration level of y-glutamylcysteine measured at 0 min from 15 min) to determine the 

accurate level of glutamate cysteine ligase activity. 

3.4.3 Glutamate Cysteine Ligase Assay 

This assay method was specific for this study. The original technique was described by Yan 

and Huxtable (1995); however, several modifications and optimizations were made to suit 

the available equipment (the optimization of this assay is described in Appendix 4, Page 

183). The in-vitro activity ofglutamate cysteine ligase (GCL) of jejunum and lung were 

determined as described in this section. The next two sections will explain the functions 

and properties of the H P L C machine and then the enzyme assay. 

High Performance Liquid Chromatography 

High performance liquid chromatography (HPLC) is used for the separation, detection and 

quantitation of many organic or inorganic chemicals. Chromatography is defined as a 

physical method in which the components are distributed between two phases; one is a 

stationary bed, while the other moves through this bed. Separation is due to the differences 

in the distribution coefficients of the individual sample component. Liquid chromatography 
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can be divided into four modes; adsorption, partition, ion-exchange and size exclusion 

liquid chromatography. Modes of separation are usually defined depending on the relative 

polarity of the two phases: normal phase or reverse-phase chromatography. All H P L C were 

performed on Waters™ Model 2695. It has four separate pumps with precision flow-rate 

regulation, fully automated and precision small sample (microliter) introduction. The 

separation column was housed in temperature regulated chamber. The separation column 

includes small diameter (2-5 m m ) reusable column, very small particles (3-50 p m ) column 

packing (to be used as stationary phases) with relatively high inlet pressure. 

Fluorescence and ultraviolet (uv) are two most commonly use detectors in H P L C 

system. T w o detectors were used here; the uv (Waters™ Model 2467) and fluorescence 

( H P ™ Model 1024A). Fluorescence is more specific than ultraviolet. Some chemicals have 

no uv or fluorescence properties, thus require derivatization with other chemical agents. 

L M W thiol by itself, has no uv or fluorescence properties, however, derivatization with 

monobromobimane makes it highly fluorescence. 

NORMAL PHASE REVERSE PHASE 

a 

\UOQ 

r(CHJh --CH3 
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-(CH)n -C 

~(CH)n -CH3 
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-(CH> -CH3 O 
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Figure 3.8 High Performance Liquid Chromatography. In normal phase, the stationary bed is 

strongly polar in nature (silica) and the mobile phase is non polar (n-hexane or tetrahydrofuran). 

Thus, retention time for polar samples is longer than non-polar. In the reverse phase, the stationary 

bed is non polar (hydrocarbon) in nature and the mobile phase is polar (water or alcohol), resulting 

in longer retention time for non polar samples. 
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The GCL assay described by Yan and Huxtable (1995) involved several steps. Firstly, the 

glutamate cysteine ligase enzymatic reaction; secondly, the conjugation of glutamate 

cysteine ligase assay end-product, principally the y-glutamylcysteine with 

monobromobimane; thirdly, the separation of derivatized thiol by H P L C and finally, the 

detection and quantitation of each derivatized thiol by fluorescence detector and analytical 

software, respectively. A pilot study was performed to measure the GCL activity in normal 

tissues from inbred Wistar rats (Appendix 3, Page 181). 

Enzymatic reaction 

The G C L assay was performed by adding 100 pL homogenate to 400 pL pre warmed (37 

°C) enzymatic reaction mixture. The mixture was incubated at 37 °C for 15 minutes. The 

enzymatic reaction mixture was prepared fresh on the day of experiment and consisted of 

15 m M L-glutamate, 3 m M L-cysteine, 10 m M N A 2 A T P and 500 p M acivicin in Tris-HCl 

buffer containing 100 m M Tris-HCl, 50 m M KC1, 20 m M MgCl 2 and 2 m M Na2EDTA. 

The enzyme activity was stopped by adding 50 pL 5 % trichloroacetic acid. The mixture 

was vortexed and centrifuged at 12,000 rpm for 10 minutes to separate protein precipitates 

from the supernatant. The supernatant contained y-glutamylcysteine, an enzymatic product 

of GCL, was transferred into fresh Eppendorf tubes. 

Conjugation with Monobromobimane 

Monobromobimane is an alkylating agent that has a weak fluorescent property and reacts 

readily with L M W thiols to yield a stable, highly fluorescence thiol-bimane conjugate. The 

conjugation was performed by adding 10 pL 50 m M monobromobimane and 50 pL 50 m M 

N-ethylmorpholine (adjusted p H 8.7) to 100 pL LMW-thiol standard or sample. The 

mixture was left in the dark for 15 minutes, followed by addition of 50 pL 36%o HC1 to stop 

the reaction. 100 pL was transferred into a glass tube, ready to be injected into the H P L C 

(Waters™ 2695). The H P L C was programmed using Empower© Software to inject 20 pL 

for separation and detection. 

Separation of Tthiol-Bimane Conjugate 

A reverse phase column packed with 5 p M CI8 silica in a 250 m m stainless steel column 

(Alltech® Alltima C18 reverse phase, 5 pM, 250 m m ) was used for the separation. Two 

mobile phases; 0.25% acetic acid (pH 3.9) (mobile phase A) and 100% H P L C grade 
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methanol (mobile phase B) were delivered via two precision pumps in a gradient manner at 

1 ml per minute (37.0 minutes per sample run). 

Time 
(minutes) 

0-4 

5-15 

16-20 

21-25 

26-27 

28-37 

Mobile phase A 

85% 

82% 

80% 

0 

0 

85% 

Mobile phase B 

15% 

18% 

20% 

100% 

100% 

15% 

Table 3.3 HPLC Mobile phases in the G C L assay - A (0.25% acetic acid, pH 3.9) 

and B (100% HPCL grade methanol) 
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Figure 3.9 The peak (mV) and retention time (min) for cysteine (Cys), 

y-glutamylcysteine (yGC) and glutathione (GSH). 

Detection of thiol-bimane conjugate 

The detection of thiol-bimane conjugate was performed on a fluorescence detector (HP 

1024A Fluorescence Detector) at 340 n m excitation and 455 n m emission wavelengths. The 

cysteine-bimane conjugate appeared first, at retention time of 9.058 min followed by y-

glutamylcysteine (retention time 11.382 min) and glutathione (retention time 13.515 min). 

The data were analysed using Empower Software. 
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3.4.4 Reverse Transcription and Real Time RT-PCR 

The extraction of total RNA and reverse transcription assay were performed following a 

method described in Chapter 2, Page 83. The expression level of GCLC, GCLM, TNFa and 

GAPDH genes were quantified with real time RT-PCR assay, as also described in in 

Section 2. The PCR amplicons of mRNA were detected using the standard SYBR Green 

probes. GAPDH was used as housekeeping gene. 

GCLC and GCLM Primer Design 

A search of PubMed GenBank for glutamate cysteine ligase catalytic (GCLC) mRNA 

revealed accession number (GenBank® NM_012815 for rat GCLC mRNA). The GCLC 

sequence was compared against the entire rat genome to identify the location of GCLC 

gene in a BLAST® search. 

GCLC sense primer 
5'-ATGGAAG 

GCLC 1,64 3 5'-AGGAAGGCGTGTTTCCTGGACTCATCCCCATTCTGAACTCCTACCTTGAAAACATGGAAG-3' 
s e q u e n c e I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I M 
Rat 52,37 9,592 AGGAAGGCGTGTTTCCTGGACTCATCCCCATTCTGAACTCCTACCTTGAAAACATGGAAG 
genome 

TCGACGTGGACAC-3, (Sense primer) 
GCLC 1,703 5' -TCGACGTGGACACCCGATGCAGTATTCTGAACTACCTGAAGCTAATTAAGAAGAGAGCAT-3' 
s e q u e n c e I I I I 1 I I I I 1 I I I I I I I I 1 1 I I I I I I I I 1 1 I I I 1 I I I I I I I I I I I I 1 I I I I I I I I I I I I I 
Rat 52,379,652 TCGACGTGGACACCCGATGCAGTATTCTGAACTACCTGAAGCTAATTAAGAAGAGAGCAT 
genome 

GCLC 1,763 5'-jCfi-3' 1,764 - 1,765 
sequence || 
Rat 52,379,712 CT 52,379,713 - (Untranslated sequence of 1076 nucleotides) - 52,380,789 
genome 

GCLC antisense primer 

GCLC 1,765 5' -GGAGAACTAATGACTGTTGCCAGGTGGATGAGAGAGTTTATTGCAAACCATCCTGACTAC-3' 
s e q u e n c e I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
Rat 52, 380, 789 GGAGAACTAATGACTGTTGCCAGGTGGATGAGAGAGTTTATTGCAAACCATCCTGACTAC 
genome 

GCLC 1,825 5'-AAGCAAGACAGTGTAATAACTGATGAGATCAACTATAGCCTCATTTTGAAATGCAATCAA-3' 
s e q u e n c e I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
Rat 52,380,84 9 AAGCAAGACAGTGTAATAACTGATGAGATCAACTATAGCCTCATTTTGAAATGCAATCAA 
genome 

3' -GTCTCAATGAACCTAGTCCG-5' (Antisense primer) 
GCLC 1,885 5'-ATTGCAAATGAATTGTGTGAATGTCCAGAGTTACTTGGATCAGGCTTTAGAAAAGCGAAG-3' 
s e q u e n c e I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
Rat 52,380,909 ATTGCAAATGAATTGTGTGAATGTCCAGAGTTACTTGGATCAGGCTTTAGAAAAGCGAAG 
genome 

Figure 3.10 GCLC and GCLM Primer Design. 
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The GCLC mRNA gene sequence is available as a component of the entire rat genome 

(http://www.ncbi.nlm.nih.gov/genome/seq/RnBlast.html). The GCLC gene matched the gene 

sequence encoded at chromosome 8, and the nucleotides number was designated next to the gene. 

Results were expressed as the ratio between the target gene and the house keeping gene. 

In living cells, "mature" m R N A represents the spliced poly-A tailed mRNA, 

therefore, only exons were expressed and introns were removed during splicing. Blasting 

the GCLC m R N A sequence against rat genome revealed an untranslated sequence that 

represents the intron. A sense primer with a sequence of 18 to 25 nucleotides with G/C 

content about 50% or more was identified within the GCLC m R N A sequence. The 

sequence: 

5'-ATGGAAGTCGACGTGGACAC-3' 

was selected. It has 20 nucleotides and has 55% G/C content. The calculated Tw was 62 °C. 

For the antisense primer, I sought a sequence of similar properties with at least one intron 

from the sense primer. A sequence 5'-CAGAGTTACTTGGATCAGGC-3' was selected 

and a reverse, complementary sequence from the former was designed. The new anti sense 

primer sequence: 

5' -GCCTGATCC A AGT A ACTCTG-3' 

has 20 nucleotides and has 50% G/C content. The calculated Tm was 60 °C. The sense and 

antisense primers spanned between an intron of 1076 nucleotides and gave rise to an 

amplicon of 234 bases. 

The G C L M primer designs followed in a similar manner. Briefly, the accession 

number for G C L M was obtained (GenBank® NM_017305 for rat G C L M mRNA) and this 

sequence was BLAST® against the rat genome. A G C L M sense primer was selected as: 

5' - ATC AAGTTAATCTTGCCTCCTGC-3' 

It has 23 nucleotides and about 43% G/C content. The GCLM antisense primer was: 

5' -CGATGACCGAGTACCTC AGCAGC-3'. 

It has 23 nucleotides and about 61%) G/C content. 

Rat GCLC, G C L M and TNFa primers (sense and antisense) were designed and 

purchased from Promega™. GAPDH served as a housekeeping gene was purchased from 

Qiagen. Each set of primers was optimized to determine the Mg + concentration and 

annealing temperature, as described as also described in Section 2. 
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M g At 
Primer Sequence " or, Size 

mM C 

3.0 62.0 236 bp 

3.5 62.0 208 bp 

3.0 64.0 546 bp 

3.0 64.0 515 bp 

G C L C F 5'-ATGGAAGTCGACGTGGACAC-3' 

R 5'-GCCTGATCCAAGTAACTCTG-3 

G C L M F 5'-ATCAAGTTAATCTTGCCTCCTGC-3' 

R 5'-CGATGACCGAGTACCTCAGCAGC-3' 

TNFa F 5' -C ACGCTCTTCTGTCTACTGA-3' 

R 5'-GGACTCCGTGATGTCTAAGT-3' 

GAPDH F 5'-AATGCATCCTGCACCACCAA-3' 

R 5'-GTAGCCATATTCATTGTCAT-3' 

Table 3.4 Primers used in the rat model - optimized for Mg2+ concentration and annealing 

temperature, product size and its respective sense and antisense sequences. [Mg] = Magnesium 
concentration (mM); A t= Annealing temperature (°C); F = Sense primer; R = Anti sense primer. 

Analyses of total RNA integrity in rat's ischaemic jejunum 

Ischaemia caused tissue damage. The duration of ischaemia is proportionate to the tissue 

damage until irreversible ischaemic phase is reached. Biochemical analyses of damage 

tissue can lead to frustrating outcome unless the ischaemia time is adjusted. The aim of the 

experiment is to determine the integrity of extracted R N A from normal jejunum, and 

jejunum subjected to 45 minutes and 60 minutes ischaemia. A total of three rats were used 

and divided into three treatment groups; a sham operated, a 45 minutes and a 60 minutes 

ischaemia to jejunum. 15 cm of ischaemic jejunum segment was dissected and divided into 

five equal segments. Total R N A extraction was performed for each segment and it was 

resolved on a 2% agarose gel. Total R N A from normal tissue showed two distinctive bands, 

the 28S and 18S bands. The 28S band has almost double the intensity compared to 18S. 

Sixty minutes ischaemia to jejunum leads to a total loss of RNA, evidenced by smearing of 

bands. However, 45 minutes ischaemia did not alter the R N A integrity and the distinctive 

28S and 18S bands were detected. Based on this result, an ischaemic time of 45 minutes 

was chosen. 
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RNA RNA 
Ladder Ladder 

Figure 3.11 Total R N A from jejunal mucosa on 2 % agarose gel. (A) Lane 2 showed good 

R N A integrity with two distinct bands, the ribosomal 28S and 18S, however, lane 3 onwards 

(from tissue subjected to 60 minutes ischaemia) showed smeared bands, indicative of degraded 

RNA. (B) R N A extraction was performed again on tissue sample subjected to 45 minutes 

ischaemic time and here, all lanes showed the distinctive 28S and 18S bands. 

(Lane 1 - 1000 bp R N A ladder (Invitrogen™); Lane 2 - normal tissue; Lane 3,4,5,6,7 - tissue 
subjected to IRI). 

NOTE: Jejunal mucosae subjected to ischaemia were immediately snap-frozen with liquid 

nitrogen to prevent further R N A degradation during handling. 
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3.5 Results 

3.5.1 F2-isoprostane 

Jejunum 

The mean concentration of F2-isoprostane in the jejunum was significantly higher in the 

Control Group (ischaemia and no intervention) when compared to the Sham Group (no 

ischaemia and no intervention). In addition, the mean concentration of F2-isoprostane was 

significantly lower in the Glutamine Group when compared to the Control Group. 
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.E 30 
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I 25 
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-I 20 
E 
CO 

c5> 15 
o 
o 
'a. 10 

• Sham 
• Glutamine 

Control 
NAC 

• Glycine 
OMIX 

,# Significant different between indicated groups 

Group -1-, N F2-isoprostane (pg m g protein") 

Sham 

Control 

Glycine 

Glutamine 

N-acetylcysteine 

Mixture 

8 

8 

8 

8 

8 

8 

22.8±2.30 (#) 

32.0±4.24 (#,*) 

32.5±4.94 

22.17±2.52(*) 

28.7±1.96 

29.1±2.68 

0.048 

-

0.470 

0.040 

0.249 

0.292 

Figure 3.12 F2-isoprostane level in the jejunum. 

123 



Lung 

There was a significant increased in F2-isoprostane level in the Control Group, as compared 

to the Sham Operated. However, there was no significant different in F2-isoprostane level 

between control and any of the treatment group. It was observed that F2-isoprostane was 

almost at the same level in all of the groups of animals that had ischaemia, except for sham 

group, regardless the treatment received. 

350 

300 

• Sham 
D Glutamine 

Control 
NAC 

D Glycine 
QMIX 

Group 

# Significant different between indicated groups 

N F2-isoprostane (pg m g protein" ) 

Sham 

Control 

Glycine 

Glutamine 

N-acetylcysteine 

Mixture 

8 

8 

8 

8 

8 

8 

161±11 

207±21 

199±9.3 

201+20 

256±30.7 

201+18.1 

0.049 

-

0.374 

0.425 

0.257 

0.426 

Figure 3.13 F2-isoprostane level in the lung 
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3.5.2 Glutamate Cysteine Ligase and "reduced" glutathione 

Jejunum 

The mean value of GCL activity was significantly lower in the Ischaemic Group (control) 

as compared to the sham operated animals. However, there was no significant difference 

between the control and treatment groups. Treatment with amino acid precursors of 

glutathione did not have any affect on GCL activity. 

The mean value of "reduced" glutathione was significantly decreased in jejunum 

subjected to ischaemie (control and treatment groups) as compared to sham-operated. 

There was no significant different in "reduced" glutathione level between control and any 

of the treatment groups. There was less than 1 picomol per m g protein "reduced" 

glutathione in jejunum subjected to ischaemia (control and treatment groups). 

Group 

Sham 

Control 

Glycine 

Glutamine 

N-acety ley stein e 

Mixture 

N 

8 

8 

8 

8 

8 

8 

G C L activity 

(nmol min"1 m g protein"1) 

0.91 ±0.11 

0.0030±0.076 

0.0062±0.131 

0.0071±0.170 

0.0017+0.090 

0.0029+.0.160 

Glutathione 

(nmol m g protein"1) 

503±30 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

Table 3.5 G C L activity in the jejunum. 
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Lung 

There was no significant different in GCL activity in the lung between sham operated and 

Control Group. However, there was a significant increased in GCL activity in glycine-

treated group as compared to Control Group. There was no significant different in GCL 

activity in the group receiving glutamine, N-acetylcysteine or the equimolar mixture of 

amino acids. 

"Reduced" glutathione concentration was significantly decreased in the Control 

Group compared to the Sham Group. There was a significant different in glutathione level 

between the gylcine-treated animals and the Control Group. There was no significant 

difference in the glutathione concentration between the Control Group and other groups. 

Group 

Sham 

Control 

Glycine 

Glutamine 

N-acetvlcvsteine 

N 

8 

8 

8 

8 

8 

Glutamate 
cysteine ligase 
(nmol min"1 

m g protein" ) 

1.1+0.09 

0.8 + 0.18 

1.5 + 0.27 

1.1+0.22 

1.2 + 0.15 

w\ 

p 

0.111 

-

0.026 

0.207 

0.061 

Glutathione 
level 

(nmol m g 
protein"1) 

12.4 + 0.71 

3.1+0.67 

5.6 + 0.42 

4.0 + 0.50 

4.2 ± 0.28 

n 

P 

0.000 

-

0.004 

0.163 

0.082 

Mixture 1.0 + 0.17 0.237 3.9 + 0.66 0.208 

Table 3.6 GCL activity and the glutathione concentration. 

The results were illustrated on the next page. 
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Figure 3.14 GCL activity in the lung 
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Figure 3.15 Glutathione level in the lung 
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3.5.3 G C L C and G C L M Expression 

Jejunum 

GCLC expression was significantly higher in all of the ischaemic groups, including the 

Control Group, when compared to the Sham Group. GCLC expression was higher in 

jejunum in all the treatment groups as compared to the control group, and it was 

significantly higher in the glycine-treated group. G C L M expression was lower in the 

Control Group and each of the treatment groups when compared to the Sham Group. 

GCLM expression was lower in the jejunum in all the treatment groups when compared to 

the Control Group, and it was significantly lower in the animals receiving glycine, 

glutamine, and the combination of amino acids. 
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Figure 3.16 GCLC expression in the jejunum. 
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Figure 3.17 GCLM expression in the jejunum. 

Group N 
Expression of target genes 

GCLC p GCLM 

Sham 

Control 

Glycine 

Glutamine 

N-acetylcysteine 

Mixture 

8 

8 

8 

8 

8 

8 

51.0+12.31 

64.3+14.00 

101.2+14.88 

85.9+11.29 

81.0+23.06 

68.6+2.06 

-

-

0.049 

0.129 

0.276 

0.385 

22.2+4.02 

19.3+3.78 

11.3+1.38 

10.0+2.23 

15.0+20.4 

9.7+2.90 

-

-

0.046 

0.036 

0.170 

0.039 

Table 3.22 G C L C and G C L M expression in the jejunum. 
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Lung 

There was no significant different in the expression of either G C L C or G C L M the control 

and the treatment groups (p values were not shown here). The overall mean expressions of 

G C L C were higher as compared to G C L M in all study groups. A wide margin of standard 

error was observed in all study groups indicated that G C L C and G C L M expressions may be 

affected by many factors. 
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Group N 
Expression of target genes 

GCLC GCLM 

Sham 

Control 

Glycine 

Glutamine 

N-acetylcysteine 

Mixture 

8 

8 

8 

8 

8 

8 

25.9 + 11.38 

20.6 ± 7.25 

11.5 + 1.93 

19.6+11.37 

13.6 + 3.47 

14.7 + 2.97 

10.1+6.18 

7.68 + 4.16 

6.32 ± 3.06 

6.74 + 3.81 

11.0 + 8.54 

8.62 + 3.87 

Figure 3.18 Expressions of GCLC and G C L M in the lung. 
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3.4.4 T N F a Expression 

TNFa expression was significantly higher in the control and treatment groups when 

compared to animals in the Sham Group. 
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Figure 3.19 TNFa expression in the jejunum 
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3.5.5 Blood Pressure 

The systolic blood pressure response, unlike the diastolic, was greatly influenced by the 

type of infusion that was administered during reperfusion. The Glutamine Group had the 

greatest number of significantly changed systolic pressures after declamping, when 

compared to both the Control Groups and the other groups receiving an infusion. The 

Glycine Group had three significant recorded systolic blood pressure recordings compared 

to one in the Control Group. N-acetylcysteine infusion did not show any significant 

recorded systolic blood pressure during the first 30 minutes of reperfusion. The mixture of 

all three amino acids showed one significant recorded systolic blood pressure, comparable 

to the Control Group. 

Number of significant BP changes 

Group < B P score> 
Systolic B P Diastolic B P 

Control 1 6 

Glycine 3 5 

Glutamine 6 6 

N-acetylcysteine 0 6 

Mixture 1 5 

Table 3.7 The number of significant recorded blood pressures in 30 minutes measured at 

5 minutes interval compared to the blood pressure just prior to removal of the clamp. 

The next several pages contain the blood pressure responses for each of the treatment 

groups. 
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BP Response: Glycine Group 

^^^^^^^^^^^^^H 

10 15 
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Figure 3.20 Blood pressure response in the Control and Glycine Groups. 
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BP Response: Glutamine Group 
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Figure 3.21 Blood pressure response in the Control and Glutamine Groups. 
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BP Response: N-acetylcysteine Group 
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Figure 3.22 Blood pressure response in the Control and N-acetylcysteine Groups. 
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BP Response: Mixed Amino Acid Group 
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Figure 3.23 Blood pressure response in the Control and Mixed Amino Acid Groups. 
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3.5.6 Summary 

Jejunum 
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Figure 3.24 Results for the jejunum. 
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Figure 3.25 Results for the lungs. 

f=significant increase (p<0.05); ̂ significant decrease (p<0.05); <->=no significant changes; 

* as compared to sham; ** as compared to control. 
GCL=Glutamate cysteine ligase activity; GSH="reduced" glutathione; G C L C = G C L C m R N A ; 

G C L M = G C L M m R N A ; T N F a = T N F a m R N A ; F2-iso=F2-isoprostane. 
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The key findings are: 

1. The Control Group (ischaemia/no intervention) had decreased GCL activity, 

decreased glutathione level and an increased F2-isoprostane level when compared to 

Sham Group (no ischaemia/no intervention). 

2. The Control Group (ischaemia/no intervention) had decreased glutathione level and 

increased F2-isoprostane level in the lung when compared to Sham Group (no 

ischaemia/ no intervention). 

And when the various rat groups received amino acid infusion were compared with 

the contral group: 

3. The Glycine Group had increased GCLC and decreased GCLM expressions in the 

jejunum. 

4. The Glutamine Group had decreased GCLM expression and decreased F2-

isoprostane level in jejunum. 

5. Equimolar mixture of amino acids had reduced GCLM expression in jejunum. 

6. The Glycine group had increased GCL activity and an increased glutathione level in 

the lung. 
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CHAPTER 4 

DISCUSSION 



From the outside, the core of this thesis is the two sets of experiments and the declared pilot 

studies. But to me, a major part of this thesis has involved problem-solving within the 

laboratory. This is why these topics may appear to receive a disproportionate amount of 

space in the following text, which has been organized under three main headings: 

4.1 Technical Issues and Laboratory Problem-solving 

The animal models, experiment designs and problems encountered while 

performing the assays that include real time RT-PCR and glutamate cysteine ligase 

assays. 

4.2 Outcome of experiments 

A discussion of the outcome for all of the experiments: 

Soluble T N F receptor 

Ischaemic preconditioning 

A comparison between B A L B . B and BALB/c mice 

Lipid peroxidation 

Glutamate cysteine ligase activity and glutathione 

Glutathione precursors 

Blood pressure response 

Effects on lungs 

4.3 Implication for Clinical Practice and Future Directions 

The clinical implications of sTNFR, ischaemic preconditioning and 

glutathione precursors treatment in surgical patients with reperfusion injury; 

focusing on free flap surgery, flap salvage, and traumatic amputations. 
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4.1 Technical Issues and Laboratory 

Problem-solving 

The Animal Models 

T w o species of rodents have been used in the main sets of experiments: inbred Wistar rats 

and M H C congenic mice with a B A L B background. The M H C congenic mice were chosen 

for the study that evaluated the influence of ischaemic preconditioning and pretreatment 

with sTNFR on the extent of reperfusion injury after ischaemia of a hind limb. They were 

chosen because of their unique genotypes with regard to the production of TNFa. This was 

important because the study involved measuring the expression of the m R N A s for several 

pro-inflammatory modulators of tissue damage. 

As mentioned on page 34, M H C congenic mice with B A L B background share 

identical genes, except for the M H C region. Specific genetic diversity in the M H C (H2) 

region between these two strains may result in different responses to injury and influence 

the clinical outcome. The use of M H C congenic mice for m y studies provides an 

opportunity to explore the role of genetics in varying the response of the inflammatory 

response to IRI and may be the stepping stone to the development of novel ways of 

managing IRI in clinical practice. 

Inbred Wistar rats were chosen for the studies on jejunal IRI, and this was mainly 

for convenience as a larger animal is required for the surgery involved in establishing a 

suitable model. Many of the techniques needed for this study had been previously 

developed within the laboratories of the University Department of Surgery at Royal Perth 

Hospital. Those studies included evaluations of enterocyte metabolism, the effects of IRI on 

the expression of adhesion molecules in the jejunum, and small bowel transplantation. The 

latter was particularly important because it takes both advanced microsurgical skills and a 

high standard of animal care to achieve a greater than 7 0 % success rate when performing 

small bowel transplants in rats. It was advantageous for m e to be able to draw upon this 

experience when establishing m y model. 
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I performed a number of preliminary dissections, involving both inbred Wistar rats 

and the M H C congenic mice, to familiarize myself with the relevant anatomy. The initial 

dissections of the inbred Wistar rats involved the identification of the carotid and jugular 

vessels, and the cannulation of these vessels. A s discussed in Chapter 3 (Page 105), a 

particular problem when cannulating the carotid artery, besides its small diameter, was the 

need for minimal handling to prevent vessel spasm. The initial attempts to cannulate the 

artery resulted in arterial spasm; and, to overcome this problem, it was necessary to flush 

the artery with heparinised saline and to infiltrate the vessel wall with 2 % lignocaine to 

induce vasodilatation. 

W h e n operating on the inbred Wistar rats, the jugular vein dissection was more time 

consuming than the dissection of the carotid artery. This was because of its inconsistent 

location. The vein does not accompany the artery but rather lies imbedded in the 

subcutaneous tissue anterolateral to the sternocleidomastoid muscle. Cannulation of vein 

was difficult because it runs a more tortuous course than the carotid artery and has a 

number of tributaries. Choosing the right vein for cannulation was time consuming. Despite 

frequent practical sessions, the total dissection and cannulation times for the jugular vein 

remained fairly constant. 

Another dissection skill that I developed was identification of the splanchnic artery. 

This was essential because of the need to identify the correct anatomical relationship 

between the splanchnic artery and the surrounding structures. The main problem I 

encountered here was damage to the lymphatic vessels that are located adjacent to the 

splanchnic artery. Perforation of lymphatic vessels leads to spillage of milky fluid and this 

interfered with the performance of an accurate dissection. In retrospect, m y training in 

microvascular surgery was an essential requirement for establishing this model: it would be 

extremely difficult for a postgraduate student without these skills to establish, with 

competence, a comparable animal model. 

The dissection was less extensive in the set of experiments involving M H C 

congenic mice. Nevertheless, m y initial attempt to induce total ischaemia to the hind limb 

did not work. Clamping of the femoral artery failed to reduce capillary return in the foot, 

which was due to the presence of collateral vessels, but clamping of the femoral artery is 

useful in other circumstances. It has been used to create low-flow hypoxaemia and this 
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induces angiogenesis with an eventual improvement in perfusion in non-acute experiments 

(Wagner et al, 2004). In order to achieve total ischaemia, a tourniquet was created using 

silicone rubber from a vessel-loop and this was applied to the mid-thigh. This technique 

induced total ischaemia and, at the same time, was both non-invasive and easy to perform. 

Harvesting of tissue for the analysis of endpoints also required the development of 

special skills. Retrieving jejunum and lung from the rat carcass and then cleaning, 

preparing and storing the tissue samples were very crucial steps needed to maintain the 

integrity of tissues that rapidly degrade if they are left at room temperature. For this reason, 

it was important to prepare and store tissue samples on ice at all times and, whenever 

possible, to perform the analyses of endpoints within one hour of the harvesting of tissues. 

Tissue samples that require later analyses were snapped frozen with liquid nitrogen and 

stored in a -80 °C freezer. I mention this because maintaining the integrity of the tissue 

samples is an important aspect of quality control. 

The performance of these studies has made m e appreciate the close relationship that 

exists between technical proficiency and the reliability of the results of animal experiments. 

A n analysis-focused approach to research involving animals, rather than one that places an 

emphasis on the types of quality control measures that I have just outlined, may be 

unreliable because, regardless of the sophistication of the assays, the tissues that are being 

evaluated have been inappropriately compromised. Evaluation of compliance with 

appropriate standards of animal preparation probably depends on the perceived standing of 

the laboratory because it is impossible to evaluate this aspect of research from the resulting 

publications. 

Design of the Experiments 

The experimental design for both studies was based on extensive literature reviews. For 

example, the rat model in this thesis was, to an appreciable extent, based on the work done 

by Harward et al, (1994) w h o examined the role of glutamine following jejunal IRI and 

assessed various markers of IRI including lipid peroxidation. They used adult Sprague-

Dawley rats and cannulated the external jugular vein; however, this was then tunneled 

subcutaneously and exited through the inter-scapular region to a swivel for chronic 

experiments. They also operated on the abdomen through a midline incision and clamped 
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the superior mesenteric artery at its origin with a non-crushing vascular clamp. I determined 

the ischaemic time, reperfusion time and the amino acid dosages based on the papers that 

were referenced in Table 1.8 on page 59. 

The ischaemic time has to be fine tuned when measuring enzyme activity and gene 

expression. Tissues subjected to ischaemia undergo microstructural and biochemical 

changes, and the extent of this damage is proportional to the duration of ischaemia. 

Functional proteins such as enzymes are disrupted during ischaemia, and this can be either 

reversible or irreversible. The type of tissue studied also must be considered when choosing 

the ischaemic time. For example, skeletal muscles are very resistant to ischaemic damage 

and can withstand warm ischaemia for up to two hours without any significant damage, 

whilst neurons and the jejunal mucosa are very sensitive and lesser periods of ischaemia 

can lead to tissue damage. 

M y review of the literature revealed that many studies of IRI in the gut employ 

warm ischaemia times between 30 minutes and two hours. While 30 minutes ischaemia to 

the intestine is considered a safe margin for avoiding full-thickness necrosis, it may not be 

'injurious' enough to mimic the severity of injuries that are of greatest concern in the 

clinical setting. For this reason, most studies choose a longer ischaemic time. In this study, 

the ischaemic time was initially set for 60 minutes; however, this resulted in damage to the 

jejunal mucosa that prevented the extraction of high quality R N A for analysis. 

Reperfusion time is another important variable to consider when designing 

experiments that evaluate IRI. In clinical setting, continuous reperfusion is allowed until the 

injured tissue either heals or regains its physiological function. However, in experimental 

studies such clinical outcomes are replaced by the evaluation of various markers. For 

example, the expression of T N F a and IL-1 (3 changes during the course of IRI (Zhang et al, 

2005). Furthermore, different genes are expressed at different rates. In the rat model, I 

determined that one hour of reperfusion to the gut was the preferred option because longer 

reperfusion periods may result in sepsis. Translocation of bacteria occurs when the gut 

barrier is breeched as a result of IRI (Tsunooka et al, 2004). Whilst the relevance of a 

breakdown in the gut barrier may be debatable in the clinical setting, there is ample 

evidence that the leakage of endotoxin and microbes across the wall of the gut is a potential 

confounding factor for acute experiments in animals. 
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Endotoxin is a potent inducer of T N F a production. The presence of endotoxin in the 

portal vein may activate the Kupffer cells in the liver to release considerable amounts of 

TNFa. Kupffer cells in the liver make up 7 0 % of the total macrophage content of the body 

and endotoxin that leaks across the wall of the gut, because its increased permeability, drain 

straight into the portal vein and the peritoneal cavity. It must be assumed that the presence 

of such a mass of macrophages being fed by the venous effluent from the gut is not a 

'biological accident', and that there is a relationship between structure and function. For 

these reasons, the extent of IRI is of paramount importance when the experimental design 

includes the assessment of T N F a production and the influence of pre-treatment with 

sTNFR. This is in addition to the changes that may occur within the macrophage-rich 

contents peritoneal fluid that I selected for evaluation in this thesis. 

The consequences of an increase in intestinal permeability may be influenced by a 

reduction in the amount of potentially harmful factors within the lumen of the gut. 

Although the bacterial load within the lumen of the gut can be reduced with extensive 

bowel preparation and fasting for 24 hours, these actions can alter the expression of house

keeping genes, making them unsuitable as internal standards. Yamada et al, (1997) 

evaluated the effects of food deprivation on the m R N A expression of gastrin, 

cholecystokinin, and somatostatin; and of house-keeping genes (3-actin and 18S rRNA. 

R N A that had been isolated from the upper gut mucosa was subjected to Northern blot 

analysis using complementary R N A probes. Compared to the fed rats, the food-deprived 

rats had reduced m R N A expression of gastrin, somatostatin, cholecystokinin, and P-actin; 

but did not alter the expression of 18S r R N A expression. 

A critical issue in the experiments that were performed using the rat model was the 

dosage regimen for the amino acids. In the published literature the dose of each of the 

amino acids varies with the animal species, the types of tissues under evaluation, and the 

intent of the study. I determined that the amino acid has to be given intravenously, while 

making some modification in the volume, concentration and osmolarity of each amino acid 

solution. The osmolarity of mixture was maintained between 285 and 300 m o s m by adding 

sodium chloride. The dose volume was fixed at 1.0 ml, to be given over one hour. A trial of 

1.0 ml, 2.0 ml and 3 ml/hour infusion were tested and, in normal animals not subjected to 

any other form of evaluation, the higher volumes altered the pulse rate and the blood 
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pressure. This preliminary experiment was crucial to prevent volume overload and at the 

same time maintain the osmolarity and potential therapeutic value of the amino acid 

solutions. 

A hyperosmolar mixture was created when equimolar amounts of glycine, 

glutamine and N-acetylcysteine were dissolved in water. Hyperosmolarity of plasma has 

been associated with attenuation of reperfusion injury; and, hence, hyperosmolarity is a 

potential confounding factor in m y set of experiments. Oredsson et al, (1994) evaluated 

whether the ability of mannitol to reduce IRI in skeletal muscle was due to the effects from 

hyperosmolarity or free radical scavenging. A rabbit hind limb perfusion model was used to 

evaluate oedema, compartment pressure, energy charge, and muscle injury after four hours 

of ischaemia and two hours of reperfusion. A n increase in energy charge following 

reperfusion, and a decrease in the extent of muscle injury, was only observed in the animals 

receiving mannitol. It was also observed that the compartment pressure was reduced by 

hyperosmolarity and free radical scavenging. The final decisions about optimization of the 

dosage regimens required a balance between osmolarity, dose volume and therapeutic level. 

Real Time RT-PCR assay 

Real time RT-PCR was the technique of choice to quantitate m R N A levels. This assay is 

straight forward and simple to perform, but it requires precision and a high standard of care 

when handling apparatus, reagents and samples. The bete noir of real time RT-PCR is 

contamination. All samples and reagents were checked for expiry dates and protected from 

temperature changes. The apparatus, including pipettes, were checked for precision and 

tubes were sterilized prior to use. The problems with the assay were solved through 

systematic trouble-shooting. However, m y main problem was within the tissue itself, 

because IRI damage to the jejunum causes degradation of R N A . 

Masuko et al. (2002) established a rat model of intestinal IRI that included 60 

minutes of warm ischaemia that was induced by clamping the superior mesenteric artery. 

They detect cellular apoptosis by histological examination through a method called T U N E L 

(Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling). They also 

measured m R N A expression and protein synthesis in the intestine after the ischaemia. In 
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m y preliminary experiment, 60 minutes of ischaemia to the jejunum lead to degradation of 

total R N A and it was impossible to detect any m R N A . Reverse transcription of R N A from 

these tissues did not yield any intact c D N A for quantitative studies. Therefore, the 

ischaemic time was reduced from 60 minutes to 45 minutes. Cellular injuries were then 

moderate and histological examination revealed preserved submusocal, muscularis propria 

and serosal layers in jejunum subjected to 45 minutes ischaemia. The differences between 

our results may relate to the age an species of rats that were selected for study, the extent of 

completeness of the ischaemia, or the extent of the microbial load within the lumen of the 

gut. 

IRI evokes an intense inflammatory response and one of the cardinal histological 

features of acute inflammation is infiltration of leukocytes into the interstitial spaces of 

tissues. This means that, to some extent, the harvested jejunum contained leukocytes. 

Therefore, m R N A analyses from the harvested tissues would have contained some m R N A 

from leukocytes as well as jejunum. Under natural circumstances the m R N A from 

leukocytes would contribute only a small percentage of the total m R N A . However, in the 

presence of glutamine, which Masuko et al (2002) reported to result in the rate of mucosal 

apoptosis and cellular damage, the attenuation of the IRI may have positively influenced 

the expression of genes and the synthesis of proteins. 

Another problem that I encountered related to the identification of appropriate 

internal standards and housekeeping genes in the rat model. Most commonly used are (3-

actin, glyceraldehyde-3-phosphate dehydrogenase ( G A P D H ) and ribosomal R N A 18S and 

28S. I previously mentioned the finding by Yamada et al, (1997) that food deprivation had 

an effect on the expression the house-keeping genes G A P D H , P-actin and 18S rRNA. 

Preliminary experiment showed that ribosomal R N A , especially 18S is very robust against 

IRI. There was no difference in 18S expression between normal and ischaemic tissue. 

However, the expression of ribosomal R N A is very high and the use of their expression as a 

denominator would have resulted in a very small expression ratio for the genes that I 

wished to study. 

p-actin is not a suitable housekeeping gene in the jejunum, because there is a 

gradient of expression along the crypto-villous axis. After several preliminary tests, I 

decided to use G A P D H as a housekeeping gene in m y rat model experiments. Although it 
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is not as robust as 18S, its expression remained constant across ischaemic and control 

groups. Since comparison was made between control and treatment groups, given that both 

of these groups were subjected to both ischaemia and reperfusion, the inter group variations 

in G A P D H expressions were very minimal. I observed that G A P D H expression was 

slightly lower in all of the animals subjected to ischaemia when compared to the sham 

operated animals, but this difference was not statistically significant. 

I used P-actin as a housekeeping gene in the mouse model. In that model, although 

the ischaemic time was 60 minutes, the damage to skeletal muscle was much less than that 

observed in the jejunum. The tissue damage was not enough to lead to any appreciable 

degradation of R N A . Furthermore, tissue samples were obtained 24 hours post-ischaemia, 

and the preliminary experiments failed to identify any significant difference in P-actin 

expression at 24 hours between the muscles of normal mice and those subjected to 60 

minutes of warm ischaemia. 

The conventional real time RT-PCR uses S Y B R Green 1 to detect amplified P C R 

product, but it is not suitable for low expression genes such as T N F a and IL-lp in mice. I 

encountered problems in detecting T N F a and IL-ip because they were expressed in 

nanogram concentration, which barely detectable using S Y B R Green 1 dye. Furthermore, 

non-specific product accumulated if the P C R cycle time was extended more than 30 cycles. 

After discussions with several local experts, I changed the detection technique to 

commercially-available D N A hybridization probes. This technique was more sensitive and 

specific but expensive. In larger studies the cost of such analyses could become a limiting 

factor. 

Glutamate Cysteine Ligase Assay 

The GCL assay was performed on homogenized tissue samples from the jejunum and the 

lung. I encountered several problems during the optimization of the G C L assay. The assay 

has two parts; the enzymatic reaction and the detection/quantitation of the end-product. The 

end-product of GCL (ligation of substrates glutamate and cysteine by the enzyme) was y-

glutamylcysteine, a low molecular weight ( L M W ) thiol. These molecules have a sulfhydryl 

group, which was the basis of detection by H P L C after conjugation with 

monobromobimane. The enzymatic reaction was straight forward, but the conjugation of 
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L M W thiol with monobromobimane required optimization and validation. This assay 

followed a method performed by Yan and Huxtable (1995), but unfortunately their paper 

did not mentioned the optimization of thiol-bimane conjugation. Furthermore, the 

instruments were different i.e., the use of H P L C separation columns. M y optimization of 

thiol-bimane conjugation included: 

(a) The volume of sample/standard; 

(b) The p H of derivatizing solution; 

(c) The stability of thiol-bimane conjugate; and 

(d) The thiol standard curve. 

Monobromobimane conjugation with L M W thiol worked best at high pH. Initially, I used 

100 pL of sample/standard for conjugation with 10 pL of 50 m M monobromobimane (in 50 

pL buffer) in an attempt to conjugate as much y-glutamylcysteine as possible to allow for 

better detection. However, the 100 pL sample/standard was too acidic for complete 

conjugation with monobromobimane - the addition of 100 pL 1 0 % trichloroacetic acid (a 

1:1 ratio with the sample volume) to stop the enzyme reaction was too acidic for the buffer 

to counter react. I overcame this by using smaller sample volume, 20 pL, and a lower 

trichloroacetic acid concentration (10 % reduced to 5 % ) , while maintaining the other 

parameters of the assay. 
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4.2 Outcome of Experiments 

MHC Congenic Mice 

There are many similarities between the human and mice major histocompatibility complex 

regions (MHC). In the mouse model, I used two strains of M H C congenic mice, BALB.B 

and BALB/c. Both strains were identical in genetic make-up and background (BALB), 

except for the M H C region (H2). The BALB.B carry H 2 b haplotype and the BALB/c carry 

the H 2 d haplotype. 

X~T Strain A 
(aa) 

Skin graft from 
strain A 

| | Graft taken 

! I Graft rejected 

ab 

Figure 4.1 Schematic representation for production of a M H C congenic line. 
(Adapted with modification from Paul W.E. Fundamental Immunology (2n 

Edition), 1989) 
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The M H C congenic mice produced by intercross-backcross system, in which 

selection of histocompatibility genes is performed by skin grafting progeny of each 

intercross generation. Animals that capable of rejecting grafts from a parent strain will be 

cross-bred again until the final strain differs only in M H C (H2) region as illustrated in 

Figure 1.9 on page 33). 

The murine M H C (H2) region is the region between Kifcl and H2-M2 (centromere 

to telomere) on chromosome 17 (Allcock et al., 2000). H 2 region sequences include more 

than 120 genes. These include genes that encodes complement components C4 and C2, 

T N F A (TNFa gene), L T A (lymphotoxin a gene), regulatory proteins such as BATl (HLA-

B associated transcript 1 gene) and Iicbl (inhibitory kappa; and Hsp70 (heat shock protein 

70 gene) that involved in inflammation. 

Ischaemia reperfusion injury induced tissue damage and intense inflammatory 

response. By employing M H C congenic mice, the response against IRI between two 

different haplotype can be studied. Matthews (2001) demonstrated that H 2 haplotype 

carries an immunoregulatory allele which consistently down regulates lymphokine levels 

whilst up-regulating pro-inflammatory cytokine levels in a macrophage culture. Peritoneal 

cells from H 2 b haplotype produced higher levels of IL-1 P, TNFa and T N F R when 

compared to the H 2 haplotype after lipopolysaccharide challenge. 

I performed a pilot study (Appendix 2, Page 178) that used M H C congenic mice 

(background B A L B and B10), the B A L B (BALB.B and BALB/c that carry H 2 b and H 2 d 

haplotype, respectively) and the B10 background (C57BL/6 and B10.BR that carry H 2 b and 

H 2 k haplotype, respectively). Matthews (2001) also demonstrated that the high T N F profile 

of H 2 b strains was consistent on the B10 (C57BL/6) and B A L B (BALB.B) background. 

Strain 

BALB.B 

C57BL/6 

B10.BR 

BALB/c 

Haplotype 

H2b 

H2h 

H2k 

H2d 

TNFa 

t 

t 

1 

I 

Table 4.1 Four strains of mice with varying haplotypes and TNF profiles. 

151 



In the pilot study there was a significant increase in the expression of TNFa, four hours 

after 25 pg LPS injection in all animals (p < 0.05) when compared to control, regardless of 

the strain and tissue type. However, the expression of T N F a was significantly higher in the 

lung from C57BL/6 (H2b haplotype) compared to B10.BR (H2k haplotype). 

The pilot study indicated that different strains of mice could be used to examine the 

response to IRI. In the main experiment, two strains of mice, BALB.B (high TNFa 

secretor) and BALB/c (low T N F a secretor) were used to study the TNFa, BATl, and IL-lp 

responses. 

Soluble TNF receptor 

Soluble T N F receptor (sTNFR) has been shown to reduce reperfusion injury in animal 

models, but not in humans with ischaemia reperfusion injury. It has been proven successful 

in the treatment of many immuno-related condition in humans including including 

rheumatoid arthritis (Franklin, 1999), haematologic malignancies (Tsimberidou et al, 

2002), and myelodysplastic syndrome (Deeg et al., 2002). 

sTNFR has anti inflammatory properties and may reduce local TNFa, and 

subsequently effect T N F a synthesis and its bioavailability by acting as a decoy. A study 

conducted by Olsson et al, (1993) demonstrated that sTNFR can reduce both the 

circulating T N F a level and the extent of inflammation. sTNFR can reduce the expression of 

cytokines after lipopolysaccharide stimulation in a mouse heart model. Whilst Kadokami et 

al. (2001). reported that LPS (4 microg/g body wt intraperitoneally) induced a marked 

increase in the expression of TNF-alpha, IL-ip, IL-6, and monocyte chemotactic protein 

one (MCP-1) in both plasma and the myocardium. In the mouse model, I demonstrated that 

sTNFR was beneficial in reducing pro-inflammatory cytokine and have an anti

inflammatory property. 

sTNFR significantly reduced T N F a expression in muscle from BALB.B strain when 

compared to non-treated ischaemic group. A reduction in TNFa expression could be a 

temporal response following ischaemia. All assays were performed 24 hours after the event 

of ischaemia. The time of endpoints were analysed was important because the level of 

TNFa expression and synthesis changes with time. Herskowitz et al. (1995) has 

demonstrated that T N F a expression differ over time following ischaemia and reperfusion. 
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In his study, the expression T N F a m R N A was detected as early as 15-30 minutes following 

ischaemia and remains elevated for three hours post-ischaemia. This expression returns to 

baseline after 24 hours, but increased again seven days after the ischaemic event. 

In order to be certain that sTNFR has a beneficial effect against IRI, I measured 

lipid peroxidation, as indicated by the level of F2-isoprostane, when comparing sTNFR-

treated group against non-treated ischaemic group (Appendix I, page 176). The F2-

isoprostane level was significantly lower in the group treated with soluble T N F receptor. 

These findings suggest that soluble T N F receptor is beneficial against IRI, and the 

reduction in T N F a expression was an active response from soluble T N F receptor treatment. 

sTNFR significantly increased the expression of B A T l m R N A in muscle from 

BALB.B mice. B A T l (HLA-B associated transcript 1) is a member member of DEAD-box 

family of ATP-dependent RNA helicases. B A T l is situated in the central region of the M H C 

~40 kb telomeric to the T N F A gene. It has been suggested that B A T l could down regulate 

T N F a synthesis (Allcock et al, 2001). I measured the expression of this gene to study the 

relationship of its responses to IRI with that of the T N F gene, and found that there was an 

inverse relationship. 

The B A T l gene may have a down regulatory function against TNFa, but the actual 

function of this gene is unknown and its role in IRI has not been described in the currently 

available literature. Recent studies showed that B A T l has anti-inflammatory roles, and its 

expression is up regulated following inflammatory challenge but peak later than T N F a 

m R N A (Allcock et al, 2006). I found that sTNFR treatment significantly reduced T N F a in 

muscle and that there was an inverse relation between T N F a and B A T l , which is consistent 

with the down regulatory role suggested by Allcock et al. (2006). 

sTNFR has no significant effect on the expression of IL-lp in muscle from BALB.B 

mice. IL-lp is a pro-inflammatory cytokine that mainly produced by activated macrophage 

and shared many similarities with TNFa. The synthesis and expression of IL-lp is parallel 

with T N F a in response to tissue injury. T N F a and IL-lp proteins (Seekamp & Warren, 

1993) and expression (Zhang et al, 2005) increase significantly following IRI. In m y 

experiments, it was an interesting observation that the mean expression of IL-1 p was lower 

in group treated with soluble T N F receptor, although it was not significant. It is quite 

possible that a study with a larger sample size might come to a positive conclusion. 
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sTNFR has no significant effect on the expression of iNOS in gastrocnemius muscle 

from B A L B . B mice, when compared to ischaemic muscle from the animals in the control 

group. It also failed to have a significant effect on the serum level of total nitrite/nitrate. 

However, T N F a is held to be responsible for the upregulation of iNOS (Greenberg et al, 

1995). As sTNFR act as a decoy to reduce the number of circulating TNFa, it was 

postulated that this would result in the down regulation of iNOS expression. This study 

failed to demonstrate such an effect, which is consistent with the relative levels of T N F a 

within the various groups. 

sTNFR has no significant effect on the expressions of TNFa, B A T l or IL-lp 

m R N A expressions in peritoneal cells. Peritoneal cells represent a remote system for the 

study of the more distant effects of IRI. It contained 4 5 % macrophages (CD68+), 4 5 % T-

lymphocytes (CD2+), 8 % N K cells (CD22+) and 2 % B-lymphocytes (CD22+) (Kubicka et 

al., 1996). In m y experiments the injury to the gastrocnemius muscle was not of a sufficient 

magnitude to result in any observable changes. Because synthesis and secretion of pro

inflammatory cytokines by macrophages that reside in remote organs following local organ 

IRI is the basis of remote organ injury, the most likely explanation for this result is the lack 

of severity of the local IRI injury. Certainly in clinical practice, effects at a remote site, 

such as the lungs or liver, are only evident after there has been severe local injury to 

skeletal muscle. 

The expression of pro-inflammatory cytokines in peritoneal cells from each animal 

within the same treatment group varied widely, as evidenced by the wide variance of the 

results. Although I believe that it is unlikely, this could be due to activation of peritoneal 

cells during handling and processing. Any impurities, especially lipopolysaccharides during 

handling can stimulate macrophage, thus resulting in an over-expression of pro

inflammatory cytokines. Similarly, overzealous handling of the cells may affect the 

viability of the cells. In future, direct assessment of remote organs such as lung, liver or 

kidney may be more useful and less erroneous. 

The role of s T N F R in attenuating IRI in remote system is unclear. Gaines et al. 

(1999) conducted studies looking into the role of sTNFR in an animal model and failed to 

show any benefit in lung and liver after four hours of ischaemia and four hours of 

reperfusion to a hindlimb. Furthermore, sTNFR may not be beneficial for remote sites 
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when given during the post-ischaemic phase (Gaines et al, 1999). The role of sTNFR in 

remote systems following ischaemia and reperfusion may be limited. In m y study, as 

commented, one hour of ischaemia to the lower limb only resulted in a mild injury. 

Furthermore, the assessment of endpoint took place 24 hours after the onset of reperfusion. 

It is possible that by this time cytokines had been down regulated and this could account for 

the low expressions of pro inflammatory cytokines in peritoneal cells. sTNFR treatment 

only marginally depressed the expression of IL-1 P m R N A in local system in BALB.B 

mice. This raises the possibility that sTNFR does not have the capacity to effectively block 

all aspects of the cytokine response to IRI and may not be beneficial in promoting remote 

systems against the effects of IRI. 

Ischaemic preconditioning 

Ischaemic preconditioning is an event whereby blood flow to a segment of tissue or organ 

is disrupted (ischaemia) for a short period of time (five to 15 minutes), followed by 

restoration of blood flow (reperfusion) (five to 15 minutes). This disruption and restoration 

of blood flow constitutes one cycle of ischaemic preconditioning. The time of 

ischaemic/reperfusion and number of cycles influenced the efficacy of ischaemic 

preconditioning. Zahir et al, (1998) demonstrated that ischaemic preconditioning with 10 

minutes cycles was superior to five minutes cycles; and three cycles was superior to one or 

two cycles. I found that two 10 minute cycles of ischaemia/reperfusion did not have any 

significant effects on the TNFa, B A T l or IL-ip m R N A expressions when compared to 

BALB.B mice in the control group. Also, there was no significant change in T N F a B A T l 

or IL-ip m R N A expressions in the peritoneal cells from the same group. 

The protection conferred by ischaemic preconditioning is biphasic. In the early 

phase, the protection lasted for several hours after ischaemia, whilst the delayed phase 

begins 12 to 24 hours after the onset of reperfusion and may last for several days (Bolli, 

1998). The protection mechanism in early phase is mainly through suppression of T N F a 

production, whilst the delayed phase requires T N F a to be present as a trigger (Ren et al, 

2004). In the the delayed phase, N O synthesized by endothelial e N O S is required as a 

trigger, while N O synthesized by iNOS is required as a mediator. However, I did not 

observe any relationship between the T N F a and N O responses. 
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Ischaemic preconditioning with sTNFR pre-treatment (abolishment of T N F a ) 

marginally reduced the expression of IL-1 p m R N A s , but has no effect on TNFa, B A T l or 

iNOS m R N A expressions when compared to non-treated ischaemic muscle from BALB.B 

mice. Also, there was a lack of evidence to suggest that the combination of ischaemic 

preconditioning and sTNFR could act synergistically to reduce the extent of injury. The 

only observation that may be worthy of future study relates to the expression of IL-lp 

m R N A in skeletal muscle, which was marginally reduced in the animals that received the 

combined treatments. 

I observed that the expression of B A T l and T N F a were inversely related. However, 

there were no significant changes in B A T l expression in muscle after exposure to the 

combination of ischaemic preconditioning and sTNFR. Ischaemic preconditioning also had 

no significant effect on the TNFa, B A T l or IL-ip m R N A expression in peritoneal cells 

from B A L B . B mice. It is of interest that Brzozowski et al. (2002) demonstrated that remote 

preconditioning may be mediated by local prostaglandins derived from cycloxygenase 

activity and activation of sensory nerves releasing calcitonin gene-related peptide. His 

finding was supported by Loukogeorgakis et al. (2005) who demonstrated that remote 

ischaemic preconditioning has two phases of protection, early and delayed, both of which 

are neuronally mediated. 

Ischaemic preconditioning has no significant effect on the iNOS m R N A expression 

in skeletal muscle from the B A L B . B mice when compared to animals that had ischaemia 

but no intervention. There was also no significant effect on the serum level of total 

nitrite/nitrate. The relationship between ischaemic preconditioning and N O has been 

studied intensively in IRI of the myocardium. The N O biosynthesis by e N O S during the 

early phase ischaemic preconditioning enhances the production of N O by iNOS in the late 

phase of ischaemic preconditioning. Thus, N O plays a dual role in the pathophysiology of 

the late phase of ischaemic preconditioning, acting initially as the trigger and subsequently 

as the mediator of this adaptive response within the myocardium. The unravelling of 

mechanism has thus revealed a cytoprotective function of iNOS in the heart, a novel 

paradigm which has recently been extended to other tissues, including kidney and intestine 

(Bolli, 2001). 
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Comparison between H2b (BALB.B) and H2d (BALB/c) haplotypes 

As described earlier, two M H C congenic strains of mice were used in m y experiments. I 

described the findings of TNFa, IL-1B and BATl gene expression in muscle from BALB.B 

strain (H2b haplotype). Matthews (2001) demonstrated that macrophages from H 2 b mice 

synthesized higher level of pro-inflammatory cytokines as compared to H 2 d (BALB/c). 

Dodd-o et al. (2006) conducted a study to compare the sensitivity of several difference 

mice strain against IRI. He demonstrated that C57BL/6 (carry H 2 b haplotype, similar to 

BALB.B) was more sensitive to IRI than BALB/c (H2d haplotype). He also showed that 

neutrophil-derived R O S production was greater in C57BL/6 as compared to BALB/c. His 

study concluded that there was a presence of genetic sensitivity against IRI. 

In m y study, ischaemic preconditioning treatment, sTNFR and combination 

treatment of ischaemic preconditioning and sTNFR failed to show any significant changes 

in TNFa expression in muscle from BALB/c. However, in BALB.B, soluble T N F receptor 

treatment significantly reduced the expression of TNFa m R N A . This finding suggested that 

the efficacy of soluble T N F receptor may be haplotype-specific. Since BALB.B (H2 

haplotype) was generally more sensitive to IRI, I postulated that these haplotype benefits 

from IRI treatment. BALB/c strain was more resistant and probably inherits innate 

protection against IRI, therefore, may not benefit from treatment. Similarly, no significant 

different in T N F a expression in the peritoneal cells from BALB/c strain between non-

treated ischaemic and all the treated ischaemic groups. 

sTNFR, ischaemic preconditioning and combination treatments of ischaemic 

preconditioning and sTNFR have no significant effect on the expression of BATl m R N A 

in BALB/c with IRI. B A T l gene expression was significantly increased in BALB.B strain 

that received sTNFR as compared to non-treated ischaemia. Here, I demonstrated that 

BALB.B and BALB/c mice responded differently despite a similar magnitude of injury and 

treatment. 

BATl is situated in the central region of the M H C ~40 kb telomeric to the T N F A 

gene. BALB.B and BALB/b mice shared identical background gene, except those in M H C 

region. Therefore, a difference in BATl m R N A expression between BALB.B and BALB/c 

following IRI and treatment was expected. BATl has a down regulatory role against 

TNFA; and this was clearly demonstrated in BALB.B mice receiving soluble T N F receptor 

157 



following IRI. However, m y study using BALB/c did not show any difference between 

T N F a and B A T l m R N A expression. 

Reperfusion injury to skeletal muscle significantly increased the expression of 

iNOS m R N A in muscle from BALB/c mice when compared to normal muscle, but not in 

BALB.B (Figure 2.16, Page 96). I observed that iNOS m R N A expression also was 

significantly increased following ischaemic preconditioning treatment when compared to 

normal muscle. N o significant different in iNOS expression between non-treated and 

treated (with ischaemic preconditioning) in BALB/c. Therefore, I postulated that IRI itself 

can trigger iNOS expression, with or without ischaemic preconditioning treatment. iNOS is 

specific to macrophages and neutrophils. Since neutrophils infiltration during inflammation 

occurred during the first few hours following injury, I postulated that iNOS that was 

measured in this study derived from macrophage (endpoint were taken 24 hours after 

ischaemia). Infiltration of macrophage occurred at the later phase of injury (Cotran, 1999), 

which is consistent with m y postulation. 

Malorny et al. (1990) studied the infiltration rate of macrophage in contact 

dermatitis (an inflammatory response) between H 2 b (C57BL/6) and H 2 d (BALB/c) and 

found that BALB/c has higher macrophage infiltration rate and expression of macrophage 

migration inhibitory factor in the early phase of inflammation. N o comparison can be made 

here because firstly, the agent that induced inflammation between this study (contact 

dermatitis) and m y study (ischaemia) was different in form and severity; and secondly, m y 

study measured the response at the late phase of inflammation (24 hours after induction of 

ischaemia) and thirdly, C57BL/6 and BALB.B have different backgrounds, which may 

have influence the response of iNOS to inflammation. However, it is an interesting 

observation which is worth pursuing in future, to compare the infiltration rate of leukocytes 

between two strains following injury at the late phase of inflammation. A histological 

comparison (specific antibody staining for macrophage) between BALB.B and BALB/c 

muscle may be useful to compare the number of macrophages after 24 hours post 

ischaemia. It is concluded that the treatment outcome is specific to a particular haplotype. 

In this case, B A L B . B (H2b haplotype) was more responsive to treatment as compared to 

BALB/c (H2d haplotype). iNOS expression was higher in BALB.B as compared to 

BALB/c, suggesting 
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that the presence of macrophages in B A L B . B muscle following ischaemia were more 

numerous. 

Lipid Peroxidation 

Lipid peroxidation can result in the oxidative degradation of the plasma bilipid membranes 

in cells. It is the process whereby free radicals 'steal' electrons from the lipids in cell 

membranes and it works via a free radical chain reaction mechanism. It most often affects 

polyunsaturated fatty acids, because they contain multiple double bonds with methylene-

CH2- groups that contain especially reactive hydrogens. The reaction consists of three 

steps: initiation, propagation and termination. During initiation, reactive oxygen species 

abstract a hydrogen atom from fatty acids to form a fatty acid radical and water. Fatty acid 

radical is highly unstable molecule and reacts with another reactive oxygen species to form 

a peroxy-fatty acid radical. A peroxy-fatty acid radical is also a highly unstable molecule 

and may transfer its free electron to other fatty acids. This propagation of electron results in 

extensive irreversible damage to lipid molecule. However, if this electron is captured by in-

vivo free radical scavenger, the propagation will be terminated. 

F2-Isoprostane is a biomarker of lipid peroxidation. Polyunsaturated fatty acids in 

the cell membrane are susceptible to the attack of reactive oxygen species that leads to the 

formation of isoprostane. Therefore, F2-isoprostane may be used to measure the extent of 

reperfusion injury, but it is both costly and tedious. Fortunately, I was able to collaborate 

with Associate Professor Kevin Croft from the University Department of Medicine at Royal 

Perth Hospital. His team uses the F2-isoprostane assay for cardiovascular research and they 

have refined, tested and validated the assay that was used in this thesis. As was expected, 

F2-isoprostane concentrations within the jejunum were significantly higher in all of the 

groups of animals that were subjected to ischemia of the jejunum. 

Glutamine was the only amino acid that was associated with a significantly lower 

F2-isoprostane concentration within the jejunum of rats subjected to ischaemia, when 

compared to animals that had a period of jejunal ischaemia but only received intravenous 

saline during the reperfusion period. This finding is consistent with the fact that glutamine 

is the primary fuel of enterocytes - in situations, such as conventional parenteral nutrition, 

there is atrophy of the gut mucosa (Hall et al, 1996). This effect is more pronounced in the 

jejunum than in the ileum and the onset is earlier in small animals than in humans. The 

159 



intestinal mucosa has a first-pass extraction rate of about 4 0 % for glutamine. As discussed 

in Section 1, glutamine is a required metabolite for all rapidly dividing cells, and this 

includes immunocytes. This is further illustrated by the following table that outlines the key 

role that glutamine plays in gut metabolism. 
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Figure 4.2 Glutamine metabolism. 

The administration of glutamine can stimulate the synthesis of A T P via through the 

Krebs cycle (Wischmeyer et al, 2003). Glutamine is hydrolyzed to glutamate, which then 

enters the tricarboxylic acid cycle as a substrate for A T P generation. It is a mitochondrial 

substrate and may bypass glucose-dependent pathways to enhance A T P synthesis in 

oxidant-injured endothelial cells (Hinshaw & Burger, 1990). A n increase in fuel supply 

provides energy to injured cells by reversing the dysfunction NaK-ATPase pump and 

recycling the oxidized glutathione to the reduced form. Reduced glutathione efficiently 

removed the reactive oxygen species generated during reperfusion. Therefore, the finding 

that the intravenous infusion of glutamine was associated with less peroxidation of lipid 

within the jejunal mucosa is biologically plausable. 

Although the finding was not statistically significant, there was a trend for the 

concentration of F2-isoprostane in the lung to be greatest in the animals that received the 

glutamine infusion, rather than the other amino acids. This is mentioned because Fukatsu et 

al. (2003) found that glutamine infusion can be detrimental to remote organs in mice with 
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an intestinal IRI. Their study was aimed at the evaluation of survival, the activation of 

myeloid cells (leukocytes and macrophages), and vascular permeability within remote 

organs. Control mice received normal saline infusion at 1 mL/h for 60 minutes during the 

ischemia phase, whereas animals in the experimental group received a solution containing 

3 % glutamine. Survival time in the animals receiving glutamine was significantly reduced 

compared with the control group (p = .02, log-rank test); and, these animals also had 

evidence of excessive priming of myeloid cells and increased hepatic vascular permeability. 

However, like m y study, this difference did not achieve statistical significance. Further 

studies are needed that evaluate larger numbers to increase the reliability of any observed 

differences between in groups. 

Glutamate Cysteine Ligase and glutathione 

In the rat model, glutamate cysteine ligase (GCL) activity in the jejunum decreased 

after prolonged ischemia. Post-ischaemic treatment with glutathione precursors failed to 

increase the activity of this enzyme to its pre-ischaemic state. The effect of IRI on G C L 

activity is dependent on the ischaemic time and the type of tissue. W h e n Accatino et al. 

(2003) evaluated the activity of GCL in the liver after IRI, they chose to assess bile 

secretory function in vivo in rats subjected to 30 minutes of warm lobar hepatic ischemia 

with assessments between one hour and seven days later. Bile secretory function was 

assessed after selective cannulation of bile ducts of ischemic and non-ischemic lobes. The 

activity of GCL remained unchanged in liver after thirty minute of warm hepatic ischemia. 

The accepted reason for this is that liver contains a very high concentration of glutathione 

and these acts as a protective buffer that maintains the level of GCL activity. They also 

observed a marked reduction in glutathione excretion between one hour and three days after 

the ischaemia, and it took another four days for glutathione excretion to return to the 

control value. 

Jejunum has low glutathione content and GCL activity and therefore, it is sensitive 

to oxidative damage. Yan & Huxtable (1995) applied reverse-phase H P L C separation of 

fluorescent o-phthalaldehyde derivatives to the assay of hepatic glutathione and G C L . They 

found that the activity of G C L in liver is four times higher than in jejunum. 
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M y experiments demonstrated that 45 minutes of warm ischaemia followed by 60 

minutes of reperfusion diminished jejunal defenses against oxidative stress. The 

administration of glutathione precursors - glycine, glutamine and N-acetylcysteine - during 

the post-ischemic phase did not alter the activity G C L . There was also no synergistic 

benefit detected after the administration of a mixture of the three glutathione precursors. 

One explanation for this is that lactic acid accumulation during ischaemia reduces the 

intracellular pH, and this may cause either partial or irreversible damage to the enzyme. So, 

despite the creation of optimum condition for the in vitro analysis of G C L , I only observed 

low levels of G C L activity within jejunal mucosa after IRI. 

Jejunal IRI did not alter the G C L activity within the lung tissue, but it did reduce the 

glutathione concentration. This is consistent with the finding of Ueno et al. (2005). These 

investigators studied the effects of starvation in mice who had either 15 or 45 minutes of 

gut ischemia and were then killed one or two hours later. Circulating myeloid cell priming 

and activation, in terms of R O I production and C D 1 lb expression, were enhanced in 

animals that received food ad libitum, but not in the animals that were starved. Gut and 

hepatic glutathione levels were also lower in the animals that were starved. They also 

observed histologic damage in the gut, liver, and lung 120 minutes after the start of 

reperfusion. 

GCL is a holoenzyme, and consists of two subunits, the catalytic and the modifier. 

Each subunit is encoded by a different gene locus and influenced by reactive oxygen 

species and oxidative injury. I demonstrated that ischaemia increased the expression of 

G C L C , which was probably triggered by reactive oxygen species released during 

reperfusion. Liu et al. (1996) noted that tert-butylhydroquinone ( T B H Q ) is a 

monofunctional Phase II enzyme inducer, which produces reactive oxygen species. T B H Q 

increased the intracellular glutathione concentration in rat lung epithelial L2 cells. 

Pretreatment with acivicin, an inhibitor of GCL, prevented the TBHQ-induced increase in 

glutathione and markedly diminished resistance to oxidative stress. 

I found that jejunal mucosa was able to express the G C L C after a severe ischemic 

insult and it was possible to detect an increased in m R N A expression after reperfusion for 

60 minutes. G C L C m R N A translates into the catalytic subunits of G C L , an important rate-

limiting enzyme in glutathione synthesis. The catalytic subunit of G C L is able to catalyze 
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the synthesis of y-glutamylcysteine, the precursor of glutathione. However, in normal 

conditions (without the modifier subunit) the enzymatic activity of catalytic subunit is 

inhibited by high glutathione levels (Anderson, 1998). 

Intracellular glutathione is consumed during ischaemia and, in theory, the catalytic 

subunit should be able to initiate the synthesis of glutathione precursors, even in the 

absence of the modifier subunit. I postulated that the administration of the substrates during 

IRI may improve glutathione synthesis. However, m y study failed to show an increase in 

either the G C L activity or the glutathione concentration with the administration of 

glutathione precursors, despite an increase in G C L C expression. 

There are several reasons why glutathione precursors may be associated with an 

increase in G C L C expression without an increase in G C L activity or glutathione 

concentration. First, G C L C m R N A needs to be subsequently translated into protein. 

Second, the protein that is translated must be functional. Third, the protein may not 

function at an optimal level due to the low p H secondary to ischaemia. Finally, the catalytic 

subunit without the modifier subunit requires more A T P to function when compared with 

its holoenzyme. 

Chen et al. (2005) used recombinant G C L C and G C L M and Gclm(-/-) mice to 

examine the role of G C L M on gamma-GC synthesis by G C L holoenzyme. G C L M 

decreased the K m for A T P almost six-fold. This, along with other experiments, led them to 

conclude that, in most tissues, G C L M is limiting, suggesting that an increase in G C L M 

alone would increase g a m m a - G C synthesis. O n the other hand, their results from kidney 

suggest that gamma-GC synthesis might be controlled post-translationally. In m y study it 

was clear that IRI did not provide an optimum condition for G C L C to function as a single 

entity. 

With regards to the amino acid infusions, the rats that received glycine alone 

showed a significant increased in the expression of G C L C compared to controls. Hence 

glycine m a y act directly as a cytoprotective agent, rather than a precursor for the synthesis 

of glutathione, thus protecting cells from damage and enabling the 'protected' cell to 

express this gene. This is reasonable because several reports suggest that prophylactic and 

therapeutic administration of glycine can protect organs and tissues in a number of different 

circumstances (Hall, 1998). Glycine can modulate the stimulated transmembranous 
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trafficking of calcium. Unlike other second messenger molecules, calcium cannot be 

metabolized and cells contain a number of mechanisms to tightly regulate intracellular 

calcium levels. Glycine-gated chloride channels have also been identified on the outer 

surface of many forms of immunocytes. In situations such as IRI glycine might achieve 

cytoprotective effects through a reduced production of TNF-a and R O S . 

The expression of G C L M was significantly reduced by ischaemia, and the 

administration of glutathione precursor did not increase its expression. In fact, glycine, 

glutamine and combination of amino acids significantly reduced the expression of G C L M . 

Glycine and glutamine may have an indirect effect on cellular protection, probably by 

reducing the number of trigger factors that upregulate the G C L M expression. Whilst G C L C 

and G C L M are independently regulated (Liu et al, 1998), equivalent discordant results 

have not been described previously. The reperfusion time in m y study may be the limiting 

factor, since endpoints were taken at the end of reperfusion. If the reperfusion time was 

extended to six or even 24 hours, injured tissue with glutathione precursor treatment may 

be allowed enough time to express these genes and this could give a different outcome. 

This issue could be resolved by performing an experiment that focused on evaluating an 

extended range of reperfusion times. 

There was no significant difference in the expression of G C L C and G C L M m R N A s 

in the lung following IRI of the jejunum. Amino acid precursors of glutathione did not 

show any beneficial affects on the expression of these m R N A and there were no significant 

differences between the treatment and the control groups. R O S is a potent activator of the 

G C L C and G C L M genes. However, as commented previously, one hour of reperfusion may 

not be long enough to induce an appreciable cellular response. In line with this, there was 

no significant different in the level of G C L C and G C L M m R N A s between the control and 

the sham operate group. 

Glutathione Precursors 

In the group of studies using rat as model, glutamine administered during the post-

ischaemic phase reduced the extent of reperfusion injury in gut and improved the recovery 

of systolic blood pressure during reperfusion. Glycine treatment improved the regeneration 

potential of glutamate cysteine ligase and moderately improved the recovery of systolic 

blood pressure. However, N-acetylcysteine treatment did not show any beneficial effect 

against 
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reperfusion injury when given during reperfusion. Surprisingly, the combination of 

glutathione precursors, glycine, glutamine and N-acetylcysteine did not show any 

synergistic effect. In fact, the protective effects of glutamine and glycine were eliminated in 

the presence of N-acetylcysteine when the infusion treatment was given after ischaemia. 

Glutamine therapies were successful in reducing reperfusion injury in many animal 

models. In the first experiment, I have shown that glutamine treatment alone was beneficial 

in the treatment of gut reperfusion injury, but when glutamine was combined with other 

amino acids (glycine and N-acetylcysteine), no beneficial effects was seen. However, its 

efficacy in clinical practice is controversial, even as a nutrional supplement in critically ill 

patients. A meta-analysis of 14 clinical studies conducted by Novak et al, (2002) indicated 

that glutamine supplementation were associated with lower rate of infectious complications 

and shorter hospital stay, and a high-dose parenteral glutamine was more beneficial than 

low-dose parenteral glutamine or enteral glutamine. This study also showed that, in the 

presence of other amino acids and macronutrient (TPN), the effectiveness of glutamine was 

"reduced", and a high-dose glutamine in T P N was more effective. 

Glycine pretreatment is beneficial in reducing reperfusion injury in animal 

models.The cytoprotective effect of glycine prevents cellular damage during ischaemia and 

reperfusion. I found that glycine can reduce the extent of IRI and improved the regeneration 

potential of G C L . There are many applications of glycine in humans including irrigation 

during urological procedure (Collins et al., 2005), acute alcohol hallucinosis (Aliyev & 

Aliyev, 2005), pre rinse solution in organ transplantation (Arora et al, 1999) and in 

psychological condition such schizephrenia (Heresco-Levy et al, 2004; Diaz et al., 2005). 

The beneficial effects of glycine pretreatment in reducing ischaemia reperfusion injury 

have been well documented in animal studies (Zhang et al, 2005; Omasa et al., 2003). It 

also minimized the no-reflow phenomenon following ischaemia and reperfusion in liver 

(Zhong et al, 1996). However, there are no published papers about glycine administration 

during reperfusion to overcome the low-flow or no-reflow phenomena in humans. A 

clinical trial investigating the hepatoprotective effects of glycine in the post-operative phase 

of liver transplantation reported that glycine may be beneficial in reducing IRI (Luntz et al, 

2005). 
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Intravenous glycine is safe in human. There were no short-term nutritional or 

metabolic disadvantages in glycine therapy and up to 2 5 % glycine can be given as nitrogen 

source in total parenteral nutrition (Rees et al., 1992). In the first study, I demonstrated that 

glycine when given after ischaemia, can improved the regeneration potential of glutamate 

cysteine ligase, the rate limiting enzyme of glutathione. Because of the proven safety of 

glycine and its beneficial effect in IRI animal models, glycine might be beneficial in 

ameliorating low-flow states due to IRI in humans. 

N-acetylcysteine is a free radical scavenger. Because of the safety of this agent in 

human and its profound scavenging abilities, many clinicians have attempted to use this 

amino acid to reduced oxidative stress in various clinical conditions. It has been use to treat 

paracetamol poisoning in adults (Tsai et al., 2005) and children (Marzullo, 2005). It also 

has a clinical role in preventing contrast-induced nephropathy (Liu et al, 2005). Animal 

studies suggest that administration of N-acetylcysteine works best when given before an 

ischaemic event (Glantzounis et al., 2004; Fuller et al., 2004; Erbas et al., 2004). N-

acetylcysteine is only effective when given after an ischaemic phase if the severity of the 

ischaemic insult is controlled through hypothermia. In transplantation surgery, organs are 

kept at low temperature with organ preservative solution to minimize ischaemic cellular 

injury. N-acetylcysteine administration following organ reperfusion has been reported to 

reduce IRI and the incidence of acute rejection (Cakir et al, 2004; Montero et al, 2003). In 

m y first study, administration of N-acetylcysteine during postischaemic phase did not 

protect tissues from reperfusion injury. 

I found that the combined infusion of glutamine, glycine and N-acetylcysteine failed 

to diminish the extent of jejunal IRI. There was no synergistic protective effect when given 

during post-ischaemic phase as postulated. In 2003, Wessner et al, studied the level of 

glutathione in myelomonocytic cells following the administration of glutamine, N-

acetylcystine and glycine. H e demonstrated that glutamine alone can increase the 

glutathione level by 1.5 fold. The addition of N-acetylcysteine stimulated glutathione 

synthesis only when glutamine was at a subphysiological level. Whilst glycine may 

enhance the synthesis of glutathione in glutamine-depleted media, it can cause a diminution 

of glutathione content in the presence of an optimum supply of glutamine. 
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The Blood Pressure Response 

A normal systolic blood pressure represents the m a x i m u m pressure recorded at the time of 

ventricular systole in a closed circulation and in the absent of aortic valve dysfunction. A 

normal diastolic blood pressure, on the other hand, represents the pressure recorded at the 

time of ventricular diastole, and it is contributed by the arterial vascular tone and peripheral 

resistance in a closed circulation. Occlusion to the splanchnic artery has been use in rats to 

study the haemodynamic effects of IRI (Kozar et al., 2004). In m y study, a consistent shock 

response was demonstrated when declamping of the splanchnic artery was performed after 

being occluded for 45 minutes. There was a significant reduction in both systolic and 

diastolic blood pressure following declamping of the artery. 

In m y experiment, infusion with normal saline was associated with a poor blood 

pressure systolic recovery following artery declamping (score of one). O n the other hand, 

glutamine infusion demonstrated remarkable systolic blood pressure improvement and 

recovery (score of six) in the first 30 minute after declamping. This is not surprising. 

Glutamine has been shown to improve cardiac viability and performance after heart 

ischaemia and reperfusion (Wischmeyer, 2003). By way of contrast, the Glycine Group 

only showed moderate improvement in systolic blood pressure when compared with the 

Control Group (three significant readings of blood pressure); and, N-acetylcysteine infusion 

(alone or combination) did not show any significant improvement in systolic blood 

pressure. It is possible that the time of administration can influence the response. Amino 

acid treatment when given before the event of ischaemia provides cells with fuel and 

substrate, thus reinforcing their ability against oxidative stress. After an ischaemia insult, 

cells may not be able to uptake and consume amino acids as efficient as its normal pre-

ischaemic state. 

Effects on lung 

Remote organ injury secondary to IRI carries a high morbidity and mortality. In this thesis, 

I demonstrated that jejunum IRI may have an adverse affect on the lungs with diminished 

glutathione content and glutamate cysteine ligase activity plus an increased the level of 

lipid peroxidation. This is important because remote organ injury may be aggravated by the 

spillage of inflammatory cytokines from local organs into the systemic circulation. 
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Circulating cytokines can activate inflammatory cells within the remote organ with 

subsequent release of R O S and cytokines that then cause dysfunction to remote organs 

(Ward etal, 1992). 

Alveloar macrophage is the most important cell that contributes to lung injury 

following IRI. LaNoue et al. (1998) reported that following activation, alveolar 

macrophages release twice the amount of thromboxane A2 and prostaglandins E2 as 

compared to normal lung. It also increased the procoagulant activity by nearly 100 fold, 7-

fold increased of P-glucoronidase (lysosomal enzyme) and 2.5-fold increased in superoxide 

radicals. 

In this study, I demonstrated that glycine significantly increased the GCL activity 

and "maintained" the glutathione level. Glutamine, N-acetylcysteine and equimolar mixture 

of amino acids have no significant effects on the GCL activity or glutathione level. Glycine 

has a cytoprotective effect (Hall, 1998). This effect may reduce the consumption of 

glutathione and preserve protein function principally the enzymes. This finding suggests 

that glycine is a potential treatment in remote organ injury. 

The deterioration in remote organ function was one of the most feared outcomes in 

IRI. For example, adult respiratory distress syndrome may lead cardiovascular complication 

such as right ventricular failure or even death. A n increase in pulmonary vascular resistance 

is one of the cardinal features in adult respiratory distress syndrome. Carter et al. (1995) 

studied the effect of intestinal IRI on the systemic haedynamic variables, subpleural 

arteriolar diameters and alveolar cross-sectional area. H e demonstrated that arterial pH, 

mean arterial pressure and cardiac output were decreased. However, subpleural arteriolar 

diameter remained maximally dilated. The alveolar cross-sectional area did not change 

which indicated a uniform inflation of the lungs. H e concluded that an increase in 

pulmonary vascular resistance in adult respiratory distress syndrome following intestinal 

IRI was not contributed by pulmonary arteriolar vasoconstriction. 

168 



4.3 Implications for Clinical Practice 

and Future Directions 

The management of clinical situations that generate IRI are usually based on 

supportive care after the event. Given the strong current trend towards minimal access 

surgery, this applies to many non-surgical procedures that are n o w performed by 

cardiologists and radiologists. The problem extends beyond the ever diminishing confines 

of surgical practice. The 'unblocking' of arterial obstructions related to thromboembolic 

events in the heart, brain and the arterial tree are usually managed by the use of 

antithrombotics and anticoagulants. 

The same situation exists in many situations where IRI seems to have escaped 

attention. For instance, in abdominal surgery for incarcerated bowel - secondary to 

pathologies such as hernias, adhesions and volvulus, there is often a period of time after the 

constriction has been removed before the compromised bowel has either been declared as 

viable or has been removed. During this period there should be concern about not just the 

local events but also the effect of IRI at remote sites. There are also many situations in 

which there is a resumption of blood flow to an organ without any procedural intervention. 

Such resolution of thromboembolic events, perhaps aided by the exhibition of 

antithrombotics and anticoagulants may result in IRI. The literature supports the view that 

anti-reperfusion agents works best when given prior to, not during or after, the onset of 

ischaemia. However, in clinical practice, only elective free flap surgery, cardiovascular 

surgery, and organ transplantation provide the opportunities for such interventions. Hence, 

the management of IRI can be either prophylactic or therapeutic (after the event). 

Ischaemic preconditioning has its o w n merit in the treatment of reperfusion injury, 

especially for "elective" ischaemia. This method surpasses any other treatment because it is 

easy to perform and has zero cost. As commented previously, the protection conferred by 

ischaemic preconditioning is biphasic, which is ideal for the management of reperfusion 

injury in pedicles and free flaps. Both early and late phase protections may prevent 
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complications such as the no-reflow phenomenon in flaps and reduce the need to use 

antithrombotic agents. 

In m y study, I demonstrated that soluble T N F receptor reduced the expression of 

pro-inflammatory cytokine, T N F a and lipid peroxidation in skeletal muscle following 

ischaemia and reperfusion. Soluble T N F alpha (Etanercept™) has been proven safe in 

human and successful in the treatment of several immunological diseases, but have not 

been use as a treatment for reperfusion injury in human. I postulate that soluble T N F 

receptor may be effective against "elective" ischaemia, and to certain extent "emergency" 

ischaemia. T N F a is a cytokine that play a major role in inflammation and tissue injury (of 

any kind). Abolishment of T N F a may help to reduce the extent of injury during 

reperfusion. 

The comparison IRI studies conducted on two different M H C congenic mice 

indicated that outcome of treatment can be genetically-dependent. It is not practical to 

identify every patient's genetic makeup in order to customize treatment. Several 

polymorphisms in the T N F A region have been identified. There was a close association 

between T N F A polymorphism and severity of IRI. Similarly, these polymorphisms can 

influence the outcome of IRI treatment. By identifying these polymorphisms in selected 

patients, treatment can be customized, thus, reducing the morbidity and cost. 

I also found that the glutathione precursors, glutamine and glycine, were beneficial 

in reducing the extent of IRI when administered during the period of reperfusion. 

Glutamine monotherapy administered after the event of ischaemia reduced the extent of 

lipid peroxidation in the jejunum, whilst post-ischaemic glycine monotherapy maintained 

G C L activity and the glutathione concentration in the lung. These findings could be the 

basis of an alternative treatment of reperfusion injury in emergency ischaemia; however, 

confirmation is required in other experimental and clinical studies. It is accepted that 

experiments, such as the ones that I have performed, in animal models can only serve as 

hypothesis generating exercises. Even if the results are reliable, there is a marked difference 

between acute biochemical changes that are observed in previously-healthy animals and 

clinically useful outcomes in patients. 

Locoregional and free flaps are useful in the management of complicated non

healing wounds. Patients who have high risk of thrombogenic event such as smokers, 
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peripheral vascular diseases, diabetes mellitus and hypercholesterolaemia are often at risk 

of developing non-healing wounds and almost always require flaps to cover the defect. 

Pedicled flap is the preferred choice in high risk patient to reduce the risk of flap failure. 

The microvessels in these patients are diseased; therefore, there are higher chances of 

thrombosis following micro anastomosis. Reperfusion injury in these patients is an added 

risk and conventionally, the post-operative management includes administration of 

antithrombotic agent to prevent flap failure. 

s T N F R can be beneficial against reperfusion injury in high risk patients undergoing 

flap surgery. Pretreatment with s T N F R reduces reperfusion injury, thereby, reducing the 

risk of flap failure. Furthermore, I postulated that s T N F R receptor also may be beneficial in 

wound healing. Rapala (1996) found that a dose of 100 ng/ml of T N F a to rats reduced the 

synthesis of H-hydroxyproline by 5 6 % in human granulation tissue, and reduced the pro 

alpha 1 type I and pro alpha 1 type III collagen m R N A s in granulation tissue. That study 

used subcutaneously implanted cylindrical hollow sponges to evaluate wound healing. 

However, s T N F R may be a double edge sword. It can reduce reperfusion injury and may 

improve the rate of wound healing. The efficacy of s T N F R in reperfusion injury and wound 

healing in humans is not established and there is no clinical study to support m y 

postulation. Future research to look into the efficacy of s T N F R in reperfusion injury in high 

risk patients and rate of wound healing may be useful. sTNFR may only be useful as a 

pretreatment and may not be suitable for flap salvage or when the ischaemic event has 

already taken place. 

Ischaemic preconditioning is a cheap way of reducing reperfusion injury. The 

numbers of animal experiment evaluating ischaemic preconditioning as a treatment in 

reperfusion injury are immense. There seems to be wide agreement that it is a useful 

strategy. Ischaemic preconditioning is useful in free flap surgery as prophylactic "agent" to 

reduce reperfusion injury. In free flap, the pedicle is easily treated for several cycles and 

surgeons have full control on the duration and number of cycles. However, this technique 

may not be practical in all circumstances. Remote ischaemic preconditioning is more 

practical. This method employed several cycles of ischaemic preconditioning on an organ, 

which is remotely located from the organ that undergoing "elective" ischaemia. For 
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example, a free T R A M flap can be remotely preconditioned by inducing several cycles of 

ischaemic preconditioning to the lower limb. 

Figure 4.3 A radial forearm free flap. The pedicle is clearly visible and several cycles of 
ischaemic preconditioning can be easily performed if required. 

Amino acids precursor of glutathione, glycine, glutamine and N-acetylcysteine 

received many credits as anti reperfusion agent when given prior to ischaemia 

(administered as pre treatment). In m y study, I demonstrated that glycine and glutamine can 

be a useful anti reperfusion agent when given after ischaemia. This might be particularly 

useful in the "emergency" type of ischaemia including flap salvage and amputation of 

limbs. N o reflow phenomenon is the main aetiology in flap failure and flap salvage is 

performed by exploring and revising the micro anastomosis. The use of these agents at that 

time may be beneficial. 

Reimplantation of amputated digits and limbs are a c o m m o n procedure due to 

advancement in microvascular surgery technique and equipment. Ironically, no great 

advancement has been made in the post operative management of reimplanted digits and 

limbs. Amputated digits and limbs are ischaemic to varying extent and after reimplantation 

the restored blood supply induces reperfusion injury. 
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Figure 4.4 Amputated lower limbs at the level of mid thigh. The finger is pointing 

to the femoral artery and vein. 

The current post operative management in reimplantation surgery includes antithrombotic 

and anti coagulant agents, however, it m a y not be applicable if the patients also suffered 

from consumptive coagulopathy secondary to haemorrhagic shock. Agents, such as 

heparin, also have anti-inflammatory and anti-reperfusion properties which may be useful 

against IRI. Glutathione precursors might be beneficial in these circumstances if they can 

be demonstrated to generate clinical benefit. There are no safety issues related to their 

administration. 

Future Directions 

Soluble T N F receptor, ischaemic preconditioning and glutathione precursors are 

several potential agents that can be used against reperfusion injury in plastic surgery. M y 

results suggest that there m a y be benefits associated with the targeted use of these 

interventions. In the animal model, glutamine and glycine had the ability to reduce 

reperfusion injury when given during the post-ischaemic phase, which m a y provide a 

valuable window of opportunity for managing IRI in patients. 
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It is evident from m y experiments that there are many factors that may confound the 

clinical evaluation of therapies aimed at reducing the extent of IRI. The severity of 

ischaemia greatly influences the outcome of treatment. Therefore, the magnitude of severity 

has to be established before commencing any form of therapy. The timing of administration 

is also crucial, as is the selection of appropriate endpoints because certain amino acids can 

lead to detrimental effects if given during ischaemia. 

There are two areas of clinical evaluation that flow from the results of m y thesis. 

First, the evaluation of glutamine and glycine monotherapies as a primary or adjunct 

therapy in flap salvage and "emergency" situations involving ischaemia. Second, the 

evaluation of soluble T N F receptor as a prophylactic measure prior to an ischaemic event. 
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Appendix 1 

Effect of sTNFR Administration to BALB.B Mice 

on F2Isoprostane Levels in Muscle 

All of the methods used in this pilot study are as outlined in Section 2. Here, two groups of 

B A L B . B mice (N = 6 per group) were both subjected to ischaemia of the left hind limb for 

1 hour. One group received s T N F R as outlined in the study protocol; the other group did 

not receive any intervention and acted as the control group. 

There was a significant reduction in F2-isoprostane level in the group that received 

sTNFR as compared to the control (85.8±23.71 vs 9.8±0.85 pg/mg tissue, p=0.005): 
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Figure A.l The concentration of isoprostane in muscle from BALB.B mice. The Ischaemia group 
(N = 6) is the control group and the Etanercept (sTNFR) group (N = 6) is the group under 

evaluation. 

The results of this pilot study support the hypothesis that petreatment with sTNFR has the 

capacity to diminish the local, and perhaps also the remote, response to IRI. 
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Appendix 2 

Comparison of TNFa Expression after 

Lipopolysaccharide Challenge in Mice with varying 

Haplotypes 

Mice with H2b haplotype have higher TNF profiles when compared to congenic H2k 

and H 2 d haplotype (Matthews et al, 2000). The aim of this pilot study was to determine 

whether there was a difference between these strains of mice in the T N F a response after 

the injection of lipopolysaccharide (potent stimulator of T N F a production). 

Strain 

BALB.B 

C57BL/6 

B10.BR 

BALB/c 

Haplotype 

H2b 

H2b 

H2k 

H2d 

TNFa 

t 
t 

I 

I 

Table A.l Four strains of mice with varying haplotypes and the expected TNFa 
response four hours after lipopolysaccharide injection. 

t=increase; -^decrease; 

Methods 

Two M H C congenic mice were used C57BL/6 (N = 6) and B10.BR (N=6). Each strain was 

divided into two groups, one group received 100 pL sterile phosphate buffered saline (PBS) 

(N = 3) and the other group received 100 pL PBS containing 25 pL LPS (N = 3), 

intravenously. All animal were sacrificed four hours after receiving the treatment. The 

lungs and liver were harvested from all the animals in both groups. Total R N A s from the 

liver and lungs of these mice was extracted and a reverse transcription assay was 

performed. The level T N F a and p-actin m R N A was quantified by real time RT-PCR. TNFa 
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amplicons was detected using a D N A hybridization probe (Qiagen™), while p-actin 

amplicons was detected using SybrGreen I (full details of these techniques are outlined in 

Section 2). 

This pilot study also served as a positive control for the optimization of primers. 

T N F a expression was too low to be detected using the DNA-binding dye method and P C R 

amplification was not specific after 30 cycles. Hence, Quantitect™ Probe (Qiagen) was 

used to detect and quantify TNFa. 

Results & Discussion 
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Figure A.2 Expression TNFa in liver and lung after LPS injection; 

A-Liver (B10BR); B-Liver (C57BL/6); C-Lung (B10BR); D-Lung (C57BL/6) 
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TNFa:P-
actin ratio 
x!00,000 

B10BR strain C57BL/6 strain 

N o LPS 1.6+0.10 N o LPS 2.0±0.57 
Liver < 0.001 0.006 

LPS 8.7±0.44 LPS 7.8+1.18 

Lung 
N o LPS 1.0+0.11 N o LPS 3.1 ±1.89 

0.014 0.001 
LPS 8.3±2.14 LPS 18.4+1.06 

Table A.2 Expression TNFa in liver and lung after LPS injection; 

A-Liver (B10BR); B-Liver (C57BL/6); C-Lung (B10BR); D-Lung (C57BL/6) 

There was a significant increase in the expresion of TNFa after the LPS injection in all 

animals (p < 0.05), regardless of the strain and tissue type. The level of m T N F a was 

significantly higher in the lung of C57BL/6 strain as compared to B10BR strain (18.4+1.06 

vs. 8.3+2.14; p<0.05). 

A pilot study was carried out to compare the level of TNFa expression between two 

strains of mice following LPS injection. The expression of TNFa in liver and lungs in both 

mice strains was significantly increased after LPS injection. However, the expression of 

T N F a was significantly higher in the lung from C57BL/6 (H haplotype) compared to 

B10BR (H2k haplotype). Cellular responses to physiological levels of LPS are dependent on 

LPS-binding protein (LBP). C D 14, a differentiation antigen on macrophage, binds to LBP 

and LPS, and act as an intracellular transferring protein to the Toll-like receptor 4/MD2 

complex. Engagement of this complex results in the activation of innate host defense 

mechanisms, such as release of inflammatory cytokines, and in upregulation of co-

stimulatory molecules. 

This study suggests that different strains of mice can be used to examine the 

response of specific treatments in conditions associated with an alteration in TNFa. In the 

main experiment, two strains of mice, BALB.B (high T N F a secretor) and BALB/c (low 

TNFa secretor) were used to study the role of T N F a in IRI based partially upon the results 

of this pilot study. 
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Appendix 3 

Glutamate Cysteine Ligase activity in Normal 

Tissues from Inbred Wistar Rats 

The aim of this pilot study was to: (a) assess the assay reproducibility; (b) compare the 

activity of glutamate cysteine ligase (GCL) and glutathione levels in different normal 

tissues; and (c) determine the optimum incubation time for GCL. 

Three Wistar rats were euthanised. The heart, lungs, liver, kidneys and gut mucosae 

were tested for GCL activity, y-glutamylcysteine and glutathione levels. Homogenates were 

incubated for 30 minutes with enzyme reaction mixture at 37 °C and the concentration of y-

glutamylcysteine and glutathione were measured every 5 minutes. 

Results & Discussion: 

G L C activity 
Tissue (umol/min/100 pL 

homogenate) 
(N = 3) 

y-glutamyl
cysteine 

(pmol/100 pL 
homogenate) 

(N = 3) 

Glutathione 
(pmol/100 pL 
homogenate) 

(N = 3) 

lejunal 
musoca * 

Liver * 

Kidney * 

Lung * 

Heart * 

0.8 ± 0.02 

5.5 + 0.08 

34.8 + 2.21 

0.2 ± 0.05 

0.3 ± 0.01 

3.8+1.32 

13.0 + 5.41 

58.5 + 23.12 

<0.01 

<0.01 

25.9 + 4.32 

77.7 ± 6.28 

<0.01 

15.1+7.46 

23.6 + 7.35 

* mean ± standard deviation 

Table A.3 GLC activity, y-glutamyl-cysteine content, and glutathione 

content of various tissues. 
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The glutamate cysteine ligase activity was taken as an accumulative y-glutamylcysteine 

concentration over 10 minutes and expressed in pmol/min/100 pL homogenate. Kidneys 

demonstrated the highest glutamate cysteine ligase activity (34.81 pmol/min/100 pL 

homogenate), while liver showed moderate activity (5.51 pmol/min/100 pL homogenate). 

The heart, lung and gut mucosa have low glutamate cysteine ligase activity (less than 5 

pmol/min/100 pL homogenate). This assay demonstrated good reproducibility. 

0 # 
10 15 

Time (min) 

20 25 30 

— glutathione —glutamylcysteine 

Figure A.3 The kinetic of G C L and glutathione levels in the kidney. 

There was a steady declined in y-glutamylcysteine concentration after 15 minutes 

Liver and gut mucosa had higher glutathione content than the lung and heart, while 

there was very low glutathione detected in kidney. All tissue homogenates (except kidney) 

incubated with the enzymatic reaction mixture showed progressive reduction in glutathione 

level over time. Kidney possessed high level of y-glutamylcysteine, a glutathione precursor. 

The present of A T P from enzymatic reaction mixture and glutathione synthetase in 

homogenate m a y be responsible in progressive increase in glutathione level in kidney. G C L 

activity increased in the first 15 minutes followed by a steady declined after 15 to 20 

minutes, as illustrated above. The optimum incubation period for this assay was between 10 

to 15 minutes, y-glutamylcysteine and glutathione were easily oxidized and 

monobromobimane conjugation occurred only with the reduced-form. Only the reduced-

form of y-glutamylcysteine could be quantified reliably. 
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Appendix 4 

Optimization of glutamate cysteine ligase assay 

The optimization of glutamate cysteine ligase assay was crucial in the proper experiment. 

Glutamate cysteine ligase assay has been described and published by many authors (Table 

1). Here, two assay methods were compared. Glutamate cysteine ligase assay described by 

Meister et al. (1985) utilized several coupling enzymes and the activity was assessed by 

measuring the decrease absorbance of N A D H at 340 nm. This method is easy and cheap. 

The second method was described by Yan et al. (1996) utilized high performance liquid 

chromatography (HPLC) to separate the thiol-bimane conjugate, following the conjugation 

of glutamate cysteine ligase end-product, y-glutamylcysteine with monobromobimane. 

Coupling method 

The enzyme coupling method was initially performed on rat liver homogenate. Kim et al. 

(2000) employed this method to measure the enzyme activity in rat liver. However, the 

result obtained was not reproducible. Instead of getting a decreased in N A P D absorbance, 

the opposite increased in N A D H absorbance was seen during the first five minutes. The 

experiment was repeated several times and it showed similar result. One probable reason 

was that liver homogenate contains many other enzymes that may produce N A D H when 

appropriate substrates are available. Meister et al. (1985) described their method using 

highly purified glutamate cysteine ligase from rat kidney to study its kinetic property. This 

method is not suitable to measure glutamate cysteine ligase activity in tissue homogenate. 

HPLC method 

This method was described by Yan et al. (1996) utilized H P L C to separate and detect the 

thiol-bimane conjugate. This method was tedious, costly and time consuming. However, it 
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was preferred because it is the gold standard for detection and quantitation of low 

molecular weight thiol. Several modifications were made that include: (a) The volume of 

sample/standard, (b) The p H of derivatizing solution, (c) The stability of thiol-bimane 

conjugate, and (d) The thiol standard curve 

Tissue 

Rat 
liver 

Rat 
liver 

Rat 
liver 

Rat 
liver 

Rat 
liver 

Rat 
liver 

Reaction mixture for 
glutamate cysteine 

ligase 

GLU, CYS, GLY, 
DTT, acivicin and 
glutathione synthetase 

GLU, CYS, GLY, 
DTT 

[14C]GLU, CYS, DTT 

[14C]GLU, CYS, PEP, 
pyruvate kinase 

GLU, a-
aminobutyrate, PEP, 
pyruvate kinase, 
GLU, CYS 

GLU, CYS, ATP 

Method 

Final product glutathione 
measured by the recycling 
method 

Final product glutathione 
measured by fluorimetric 
method 

y-GC reaction with cadmium 
and precipitation of cadmium 
mercaptides 

y-GC reaction with cadmium 
and precipitation of cadmium 
mercaptides 

A D P release as measured by 
N A D H oxidation 

Fluorimetric assay of 
monobromobimane adducts of 

Reference 

Volohonsky 
etal, 2002 

Lu et al., 
1992 

Darby et 
al, 1980 

Wirth et al., 
1978 

Meister et 
al,1985 

Yan et al., 
1996 

Mouse 
liver 

GLU, ATP, CYS 

y-GC and glutathione by 
HPLC 

Fluorimetric assay of NDA 
adducts in 96-well plate 

White et 
al,2002 

Table A.4 Glutamate cysteine ligase assay. GLU=L-Glutamate; GLY=L-Glycine; CYS=L-
Cysteine; DTT=Dithiothreitol; PEP=Phosphoenolpyruvate; ATP=Adenosine triphosphate; y-GC=y-

glutamylcysteine; NDA=2,3-Naphthalenedicarboxyaldehyde. 
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Volume modification 

The original author (Yan and Huxtable, 1998) used 100 pL of sample/standard and added 

10 pL 50 m M monobromobimane for conjugation. The thiol-bimane conjugate was diluted 

accordingly and 20 pL injected into the H P L C . Here, sample/standard volume modification 

was made from 100 pL to 10 pL, thus avoiding the dilution step. This also reduced the 

cysteine peak during analysis. 

pH optimization 

L M W thiols conjugate poorly with monobromobimane at low p H as evidence by low 

fluorescence intensity at p H 4 and below (Figure 1). There was an exponential increased in 

the intensity between p H 4 and 5 for y-glutamylcysteine- and glutathione-bimane 

conjugates. The intensity for glutathione was three times higher compared to y-

glutamylcysteine-bimane conjugate at this p H range despite their equal concentration. The 

intensity decreased slightly for both thiol above neutral pH. 

Glutamylcysteine -*— Glutathione 

Figure A.4 Correlations between area under peak and concentration of thiol standard; 
Glutathione (R2=0.999); y-glutamylcystine (R2=0.999) 
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p H optimization was determined because upon completion of the enzyme assay, glutamate 

cysteine ligase activity was terminated by adding 5 % trichloroacetic acid, resulting in 

acidic sample solution. L o w p H protects L M W thiol from oxidation but prevent complete 

conjugation between thiol and monobromobimane. To overcome this problem, 50 m M N-

ethylmorpholine ( N E M ) buffer at p H adjusted to 8.0 (instead of 5 m M N E M at p H 8.4 

described by the original author) was added to provide optimum p H for optimum 

conjugation between acidic sample solution and monobromobimane. 

Stability of thiol-bimane conjugate 

Thiol-bimane conjugate lost its fluorescence intensity gradually, especially if the solution 

was exposed to light. 3 6 % HC1 was added in attempt to stop thiol-bimane conjugation at 

the end of 15 minutes incubation period. However, this is not absolute and conjugation can 

occurred at extremely slow rate. Stability of thiol-bimane conjugate was determined 

because each injection of standard or sample takes 37.5 minutes to complete and the last 

sample will only be injected into the H P L C 10 hours after the addition of 3 6 % HC1. 

200 

180 

PH 

-•— Glutamylcysteine - 0 H -*- Glutamylcysteine -12 H 
-A—Glutathione - 0 H -*— Glutathione - 12 H 

Figure A.5 Fluoresence intensity glutamylcysteine and glutathione bimane 
conjugate at 0 and 12 hours after conjugation. 
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There was a 4.27% loss in fluorescence intensity for glutathione-bimane conjugate 

12 hours at p H 7.0 and higher. The fluorescence intensity of y-glutamylcysteine-bimane 

conjugates declined approximately 0.96% at p H 7.0 and above. This experiment 

demonstrates that there was no loss in fluorescence intensity of thiol-bimane conjugates at 

p H 4.0 and below (Figure 2). 

The LMW-thiol standard curve 

Standard concentrations for y-glutamylcysteine and glutathione were prepared and 3 m M of 

L-cysteine was added. The sample solution contained approximately 3 m M cysteine (one of 

the substrate in enzyme reaction mixture), therefore, by adding 3 m M cysteine to standard 

solution will standardized it with sample solution. L M W thiols react competitively with 

monobromobimane. 
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Figure A.6 Correlations between area under peak and concentration of thiol standard; 
Glutathione (R2=0.999); y-glutamylcystine (R2=0.999) 

Here, 50 mM monobromobimane was used and the presence of 3 mM cysteine did not alter 

the conjugation of the other two thiols. There was a strong correlation between the 

fluorescence intensity (represented by the area under peak) and the concentration of thiol 

standard. 
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